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Abstract

This Thesis describes the investigation of cobalt hydride complexes containing PN chelating
ligands for cobalt-catalysed H; evolution and CO; reduction reactions. An overview of strategies
for solar and electro-driven fuel production, the development of electrocatalysts for H,
evolution (HECs) by the natural hydrogenases, synthetic bio-inspired HECs and earth-abundant

transition metal complexes are discussed in Chapter 1.

Chapter 2 describes synthesis and characterisation of novel cobalt(lll) hydride complexes
supported by bis PN chelating diisopropylphosphino(2-methylpyridine) ligands:
[Co"(PN)2(H)(CI)][PFs] and [Co"(PN),(H)(MeCN)][PFes]. and related Co" complexes. Their

electronic and redox properties as well as mechanistic electron transfers are also discussed.
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The mechanistic studies for H, evolution catalysed by [Co"(PN),(MeCN)][BFs],, [Co"cis-
(PN)2CLL][PFs] as well as the corresponding hydride, [Co"(PN);(H)(MeCN)][PFs]. and
[Co"(PN),(H)(CI)][PFe] via ECEC pathways are discussed in Chapter 3. The kinetic information of
[Co"(PN)2(MeCN)][BF4]> and [Co™(PN).(H)(MeCN)][PFs]. as well as comparison of these two

catalysts to previously reported HECs are detailed in the Chapter 3. Preliminary CV studies of

CO; reduction activity of [Co™(PN)2(H)(CI)][PFs] and [Co"cis-(PN),Cl,][PFs] are also discussed.

Chapter 4 describes synthesis and characterisation of the novel Co(ll) complexes containing a
tetradentate PNNP 2,9-bis(di-t-butylphosphino-methyl)-1,10-phenanthroline ligand as well as
their electronic and redox properties. A chemical reduction of the [Co'"(PNNP)Cl,] and
[Co"(PNNP)MeCN][BF4], by LiMe or NaBEtsH suggested an activation mode of H-H bond
breaking/making involving metal-ligand cooperation and aromatization—dearomatization
processes. Furthermore, the H, evolution and CO, reaction activity of the [Co"(PNNP)Cl;] and the
[Co"(PNNP)(MeCN)][BF4]is also discussed. Finally, Chapter 5 summarizes the important findings

and suggests future work.
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Figure 4.2. X-ray crystal structure of [Co"(PNNP)CI][BArf4]. Hydrogen atoms and BArf4 counter
anion were removed for clarity. Thermal ellipsoids shown with probability of 50%. .............. 256
Figure 4.3. X-ray crystal structure of [Co"(PNNP)(MeCN)][BF.].. Hydrogen atoms and BF4 counter
anion were removed for clarity. Thermal ellipsoids shown with probability of 50%. .............. 257
Figure 4.4. X-ray crystal structure of [Co'(PNNP)][PFs] complex. Hydrogen atoms and PFs counter
anion were removed for clarity. Thermal ellipsoids shown with probability of 50%. .............. 258
Figure 4.5. 3'P{*H} NMR spectrum (red, frame) and *H NMR spectrum (black frame) of a solution
of the [Co(PNNP)(Me)]in C¢Ds left under Ar for (a) 30 min, (b) 2 days and (c) 4 days............. 260
Figure 4.6.3'P{*H} NMR spectrum (red inset), *H NMR spectrum (black in set, a) compared to
'H{3'P} NMR spectrum (black inset, b) of the dearomatized complex, [Co'(dPNNP)]in CeDs. ..262
Figure 4.7.*H-'H COSY NMR spectrum (a) and *H-3!P{*H} HMBC spectrum (b) of the dearomatized

complex, [Co'(dPNNP)] in C¢Ds, inset showed the expanded region of the Phen-Hs correlations

Figure 4.8. 3C{*H} NMR spectrum of the dearomatized complex, [Co(dPNNP)] in CeDs, inset
showed the expansion of aromatic and aliphatic carbon signals. ..........cccccciieiniiiiiiiiicen.. 265
Figure 4.9. C{*H} NMR spectrum of the dearomatized complex, [Co(dPNNP)] in CsDs (a)
compared to the 3C DEPT spectrum of this complex (D). ........cccvevieiieiiiecieiie e 265
Figure 4.10. H-13C DEPT spectrum of the dearomatized complex, [Co(dPNNP)]in CeDs.......... 266
Figure 4.11. X-ray crystal structure of the cation of [Co'(dPNNP)]. All hydrogen atoms apart from
H1, H12A and H12B are omitted for clarify. Thermal ellipsoids are shown at the 50% probability
1Y PP PP PPPPPTRPPP 268
Figure 4.12. 3'P{*H} NMR spectrum (red frame), *H NMR spectrum (black frame) of a solution of
the [Co(PNNP)(Me)] in C¢Ds left under Ar for 2 days (a), this solution under 4 bar of H, for 30 min
(b), 1 h (c), overnight (d), 2 days (e) and 4 days (f). The peak labels correspond to the signals of
each complexin Scheme 4.9. ..., 271
Figure 4.13. 3'P{*H} NMR spectrum of a solution of the [Co(dPNNP)]in CsD¢ leaving under 4 bar
of H, for 4 days, resulting in conversion to [CO(MPNNP)]. ... 272
Figure 4.14.'H NMR spectrum of a solution of the [Co(dPNNP)]in C¢D¢ leaving under 4 bar of H,
Lo T g e £ EPP 273
Figure 4.15. *H-'H COSY NMR spectrum of a solution of the [Co(dPNNP)]in CsDs leaving under 4
(o= Tao] il o P o) g e F- 1YL 273
Figure 4.16. *H NMR spectrum of a solution of the [Co(dPNNP)]in C¢Ds left under 4 bar of H, for
(a) 4 days compared to (b) the *H{31P} NMR of this SOIUtiON........ccvvevuiiiiiieiiceie e 274
Figure 4.17.*H-3'P{*H} HMBC spectrum of a solution of the [Co(dPNNP)]in C¢D¢ leaving under 4
(o= Tao] il o P o) g e F= 1YL 274

xviii



Figure 4.18. *C{*H} NMR spectrum (grey inset) of a solution of the [Co(dPNNP)]in C¢D¢ leaving
under 4 bar of H, for 4 days, 3C-DEPT spectrum (purple inset, b) of this solution compared to
the carbon signals in the 3 C{*H} NMR SPeCErUM (@)....ccveeereriierieieieeieeceee e eeeeereeeee e eeneeas 276
Figure 4.19. 'H-13C DEPT spectrum in aromatic region (a) and aliphatic region (b) of a solution of
the [Co(dPNNP)]in CsDs after leaving under 4 bar of H, for 4 days, inset showed the cross peaks
of the Phen-CH; group in the COMPIEX. ...coeeeiiiiiei e 276
Figure 4.20. 3'P{*H} NMR spectrum (red frame) and *H NMR spectrum (black frame) of (a) a
solution of [Co(dPNNP)]in CsDs left under Ar, (b) this solution under 4 bar of D, for 1 month,

compared to (c) that of a solution of the [Co(dPNNP)]in CsDs leaving under 4 bar of H, for 4 days.

Figure 4.21.'H NMR spectrum (black frame) and 3!P{*H} NMR spectrum (red frame) of a reaction
mixture of [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-dg left for 30 min under Ar.
The NMR signals with purple labels for [Co'(PNNP)(H)], orange labels for the hydrogenated
intermediate, brown labels for [Co'(mPNNP)] and blue labels for unidentified product. ........ 283
Figure 4.22. 'H-'H COSY NMR spectrum of a reaction mixture of [Co"(PNNP)(MeCN)][BF4], with
2.0 equiv. NaBEtsH in tol-dg left for 30 min under Ar. The black arrow showed the correlation
between two protons as labelled by purple colour in the spectrum for the NMR signal of
[CO' PNNP)(H)T: +veveeeeeeeeeee e eeeeeeeeeesee e e et et eee e e eeeeeseeeeeeeeeseseeeseeeeeeeeeeeeseeeeeeeseset et esssaeeseeeeneens 283
Figure 4.23. 'H NMR spectrum (black frame) and 3'P{*H} NMR spectrum (red frame) of a reaction
mixture of [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-ds left (a) for 30 min and (b)
overnight under Ar. The NMR signals with purple labels for [Co'(PNNP)(H)], orange labels for
hydrogenated intermediate and blue labels for unidentified product...........cccccccceeeirirnnnnnn. 285
Figure 4.24. X-ray crystal structure of [CO"(mPNNP)CI] compleX. .....c.cccoueevueeeieeiieeireecrieennnn, 288
Figure 4.25. 'H NMR spectrum (black frame) and 3'P{*H} NMR spectrum (red frame) of (a) a
reaction mixture of [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-dg left under Ar for
30 min compared to (b) reaction mixture of [Co'"(PNNP)Cl,] complex under similar conditions.
The NMR signals for each complex were indicated by purple labels for [Co'(PNNP)(H)], orange
and blue labels for unidentified intermediates and brown labels for [Co'(mPNNP)]. .............. 290
Figure 4.26. 3'P{*H} NMR spectrum (red frame) and *H NMR spectrum (black frame) of a reaction
mixture of [Co"(PNNP)CI,] with 2.0 equiv. NaBEtsH in tol-ds left under Ar for (a) 30 min, (b) 3
days, (c) 5 days, (d) 6 days. The NMR signals for each complex were indicated by brown labels
for the [Co'(mPNNP)], green labels for the [Co(dPNNP)], orange labels for the hydrogenated
intermediate and blue labels for the unidentified product...........cccccccieiiiiiiiiiiiii e, 291
Figure 4.27.3'P{*H} NMR spectrum (red frame) and *H NMR spectrum (black frame) of a reaction
mixture of [Co"(PNNP)Cl,] with 2.0 equiv. NaBEtsH in tol-dg left under Ar for 6 days recorded (a)
at298 Kand (b) at 223 K. oo 292

Xix



Figure 4.28. 3'P{*H} NMR spectrum (red frame), *H NMR spectrum (black frame) of a reaction
mixture of the [Co"(PNNP)CI,] with 2.0 equiv. NaBEtsH in CsDs left under Ar for (a) 30 min, (b)
this solution under 4 bar of H,for 1 h and (c) overnight.........cccccoooviiiiiiii 293
Figure 4.29. Comparison of X-ray crystal structure of (a) the unmodified [Co'(PNNP)][PF¢], (b)
dearomatized [COAPNNP) ..cc.uii ittt ettt ettt ettt e er e st e e sab e s et e e s snbeessnbessbeeesareas 294
Figure 4.30. Comparison of X-ray crystal structure of (a) the unmodified cobalt(ll) complex,
[Co"(PNNP)CI][BArf4] and (b) the hydrogenated [Co"(mPNNP)CI] compleX.....ccccovvvvvvvrevinnnnns 295
Figure 4.31. The UV-Vis spectrum (a) of [Co"(PNNP)(MeCN)][BFs], (5.75x10* M in MeCN)
compared to the spectrum of [Co"(PNNP)CI][BArf,] (4.81x10* M) in MeCN (red) [Co"(PNNP)CI;]
(5.75x10* M) in 4% v/v DCM in MeCN (pink), and the solution in DCM (blue). The UV-Vis
spectrum (b) of [Co"(PNNP)Cl;] in solution compared to the spectrum of CoCl, precursor
(5.75X10™ M) in MECN (BrEEN). c.uvviiievie ittt ettt ettt ettt e et e st e st s s sab e s e sbae s steeesateas 299
Figure 4.32. The UV-Vis spectrum of [Co'(PNNP)][PFe] (1.25x10* M in MeCN, red) and the
spectrum of [Co'(dPNNP)] (1.00x10™ M in toluene, bIUE). .......cocvvieverieiviieiirie e 300
Figure 4.33. Cyclic voltammogram (a) of [Co"(PNNP)CI,] complex (1 mM, 8% v/v DCM in CH3CN)
with 0.1 M TBAPF¢ at the scan rate 100 mV/s, black curve. Compared to the CV of
[Co"(PNNP)MeCN][BF4]2 1 mM, in CHsCN (red); (b) CVs in the potential window of Co(lll/Il) and
CO(I1/1) IN ThE COMPIEXES. weveeeeeeieectteeeee ettt et e e e e e e e e e e e e e e et raeeeeeeeeeennsreees 302
Figure 4.34. CVs at scan rate 100 mV/s of (a) [Co"(PNNP)CI,] and (b) [Co"(PNNP)(Cl),] (1 mM) in
CHsCN with 0.1 M TBAPFs upon titration with TFA acid, (c) comparison between CVs of these
two complex under catalytic condition using TFA as H * source, and (d) plot of i.t/i, for each
complex against the acid coNCeNtrations. ........ccoeeii i 303
Figure 4.35.CVs of [Co"(PNNP)CI,] (1mM) at the scan rate 100 mV/s in CHsCN containing 0.1 M
TBAPFs under Ar, compared with the CO,-saturated solution and addition of 0.9 M TFE. ...... 305
Figure 4.36. Cyclic voltammograms (CVs) of [Co"(PNNP)CIl,] (1 mM) at the scan rate 100mV/s in
CHs3CN containing 0.1 M TBAPF¢ under Ar, and the complex in CO,-saturated solution, compared
to the [Co"(PNNP)(MeCN)]?* under similar CONAItioNS. .....ceecvvivviiieiiiiiecieeceie et 305
Figure 4.37. CVs of [Co"(PNNP)(MeCN)]** (1 mM) at the scan rate 100mV/s in CHsCN containing
0.1 M TBAPFs under Ar, compared with the CO,-saturated solution and addition of 2% water (a),
and upon adding 0.36 M TFE (b), CVs of the complex in CO,-saturated CH3CN solution with 2%

water compared to the CV of this complex with 2% water under Ar.......cccccccvvvviiiiiiiiiiiinnnnnn. 306

Figure A 2.1."H NMR spectrum of the PN ligand in CDsCN, inset show expansion of signals in

aromatic region of Pyriding ProtoNS. ........ceuuiiiiiiii i 319
Figure A 2.2. 'H NMR spectrum of the PN ligand in CDsCN (aliphatic region). .........cccccevveunee. 319
Figure A 2.3. 3'P{*H} NMR spectrum of the PN ligand in CD3CN...........ccoeevreeeveeereereeireereeeeeneas 320

XX



Figure A 2.4. 3C{*H} NMR spectrum of the PN ligand in CD3CN...........ccceeeeveeereeeeereereere e 320
Figure A 2.5. 3C-DEPT NMR spectrum of the PN ligand in CD3CN. .........ccccoveveeeeereereereereennnn, 321
Figure A 2.6. 'H-">N HMBC spectrum of the PN ligand in CD3CN. ..........ccceeeueeirieireeeriecree e, 321
Figure A 2.7. (a) ESI-Mass spectrometry (positive ion mode in THF) of [Co'cis-(PN),CI][PFe] (top)
and the calculated peak at m/z =512.1682 for [C24H40CoN,P>Cl]* (bottom). (b) Experimental (top)
and simulated isotope distribution patterns (b) of the peak at m/z = 509.1883 for the
[CO PN 20T oo e e e e s e e s e s s e s e s s e s ssees e s s seees e se s seeee e eeee e reee e 322
Figure A 2.8. 'H NMR spectrum in aromatic region (bottom) and the *H{*'P} NMR spectrum (top)
of the [Co"'cis-(PN),ClL][PFs] in acetone-ds at 223 K. ...cocveviiviiiieiieiiie et eetee e svee et etee e 323
Figure A 2.9. *H-3'P{*H} HMBC correlation of [Co"cis-(PN),Cl,][PFs] in acetone-ds at 223K .....323
Figure A 2.10.*C-DEPT NMR spectrum of the [Co"cis-(PN),Cl,][PFs] in acetone-de at 223 K. ..324

Figure A 2.11. *H-">N HMBC spectrum of the [Co"cis-(PN),Cl,][PFe]in CD3CN........c.ccvveerrennene 324
Figure A 2.12. ESI-Mass spectrometry (positive ion mode in MeCN) of the [Co"cis-(PN),Cl>][PFs]
complex (top). Bottom: experimental (a) and simulated isotope distribution patterns (b) of the
PEAK G M/Z =547 1385, .ot e e e e e e e e e e e e e e e e e aaaaaes 325
Figure A 2.13. C{*H} NMR spectrum of the [Co"(PN)(H)(Cl) ][PFs] in CDsCN at room
L] 0] 0 1=1 = AU | =S 326
Figure A 2.14. C{*H} NMR spectra (top) and 3C DEPT experiment (bottom) of the
[CO"™(PN)2(H)(C)][PFs] in CD3CN at room t@MPErature. .....ccvcocveeevveeeieieesieeesreeesneeeesreeesveeens 326
Figure A 2.15. H-3C{*H} HSQC spectrum of the [Co"(PN),(H)(CI)][PFs] in CDsCN at room
temperature (aliphatic ProtoNns) ........cooevviiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 327
Figure A 2.16. 'H-13C{*H} HSQC NMR spectrum of the [Co"(PN),(H)(CI)][PFe] in CDsCN at room
temperature (aromatic ProtONS). ....coeiiiiiiiiieiieeeeeeeeeeeeeeeeeee et 327
Figure A 2.17. *H-13C DEPT correlation spectroscopy of the [Co"(PN),(H)(CI)][PFe] in CD3sCN at
room temperature (aliphatic ProtoNS). ... 328
Figure A 2.18. 'H-3C DEPT correlation spectroscopy of [Co"(PN),(H)(CI)][PFe] in CDsCN at room
temperature (aromatic ProtONS). ...cccceieiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 328
Figure A 2.19. *H-">N HMBC spectrum of the [Co"(PN),(H)(CI)][PFe]in CD3CN. .....cceeeveeereennenne 329
Figure A 2.20. ESI-Mass spectrometry (positive ion mode in MeCN) of the [Co"(PN),H)(Cl)][PFe]
complex(top). Bottom: experimental (a) and simulated isotope distribution patterns (b) of the
peak at m/z =513.1763 for [COM(PN)2H)(CI)]¥. ceoereiierie ettt 330
Figure A 2.21. ESI-Mass spectrometry (positive ion mode in acetone) of [Co"(PN)(MeCN)]%,
observed spectrum (top) and simulated spectrum (bottom)................cccc 331
Figure A 2.22. 'H NMR spectrum of [Co"(PN)2(H)(MeCN)]?* in CD3CN at room temperature..331
Figure A 2.23.'H NMR spectrum (aromatic protons) of [Co"(PN)z(H)(MeCN)]?* in CD3CN at room

L] 0] 011 = AU ] =S 332

Xxi



Figure A 2.24. 3'P{*H} NMR spectrum of [Co"(PN),(H)(MeCN)]** in CDsCN at room temperature.

Figure A 225 'H NMR spectrum (aliphatic protons and hydride signal) of the
[Co™(PN)2(H)(MeCN)][PFs]2 in CDsCN at room temperature (bottom) compared to the 3!P{*H}

Figure A 2.26. *H-3'P{*H} HMBC correlation of [Co"(PN)2(H)(MeCN)]**at room temperature in
CDsCN showing the whole spectrum (left), and the aliphatic region (right)............................ 333
Figure A 2.27. *H NMR spectrum of [Co"(PN),(H)(MeCN)]?*" in CD,Cl,, inset showed the H™ signal.

Figure A 2.29.'H-'H COSY NMR correlation of [Co"(PN)2(H)(MeCN)]** at room temperature in
CDsCN (aliphatic protons), the red arrows showed the correlation between two protons as
labelled in the SPECIIUML. ...... et e e e e e e e ettt e e e e e e e eeesrenaas 335
Figure A 2.30. 'H-'H COSY NMR correlation of [Co"(PN),(H)(MeCN)]**at room temperature in
CDsCN (aromatic protons), the red arrows showed the correlation between two protons as
labelled in the SPECIIUML. ...... e e e e et e e e e e e e e et e e e e e e eeesranaas 335
Figure A 2.31. 3C{*H} NMR spectrum of the [Co"(PN),(H)(MeCN)]?>* at room temperature in

Figure A 2.33. BC{*H} NMR spectra (top) and !*C DEPT experiment (bottom) of
[Co™(PN)2(H)(MeCN)]** at room temperature in CD3CN. .......cceeeueiivieiriecie et 337
Figure A 2.34. H-3C DEPT correlation spectroscopy of [Co"(PN)2(H)(MeCN)]** at room
temperature in CD;CN showing aliphatic protons(left) and aromatic protons (right). ............ 337
Figure A 2.35.ESI-Mass spectrometry (positive ion mode in MeCN) of [Co"(PN)2(H)(MeCN)][PF¢]
(top). Bottom: experimental (a) and simulated isotope distribution patterns (b) of the peak at
M/Z = 477.1994 FOr [CO'PN) 2] e eiiceeiiitii ettt ettt ettt e ettt sbes e sab e s e ebae s staeesateas 338
Figure A 2.36. UV-Vis spectrum of the CoCl, anhydrous (5.75x10* M) in CHsCN (a) and the
[Co"(MeCN)e][BF4]2 complex (5.75x10% M) in CH3CN (D)...ccvvivviiiiiiiiiiiecieeecee e 339

Figure A 2.37. UV-Vis spectrum of the P,N ligand (5.75x10* M) in CH3CN...........ccoceveerveannnnne. 339
Figure A 2.38.The UV-Vis spectrum of independently synthesized [Co"cis-(PN),CI][PFe] (5.75x10°
>M in MeCN, black solid) and the spectrum of the [Co"(PN),(MeCN)]?* with 1.0 equiv. CI"in MeCN

Xxii



Figure A 2.40. UV-Vis spectral changes of the [Co"(PN),Cl,] (5.75x10™* M, in CH3CN) upon addition
Of TBACI from 0 t0 4.0 EQUIV...cciiiiiiiiei et e e e e e e e ettt er s e e e e e e e ettt e e e aseesesrananaeeas 341
Figure A 2.41. The UV-Vis spectrum of the [Co"(PN).Cl;] (5.75x10° M in MeCN, black),
independently synthesized [Co"(PN)Cl,] (red) and the spectrum of [Co"(PN),(MeCN)]** with 2.2

eqg TBACI under the similar CoNditions. .........uuuiiiiiiiii e 341
Figure A 2.42. The NIR spectrum of the [Co"(PN),Cl,] (in CHCls, red), and the spectrum CHCl; with
(Yol oloTna] o] 1= q (o] F= Yol QTR 342
Figure A 3.1. CVs of the [Co"(PN),(H)(CI)][PFe] (1 mM) in CH3CN with 0.1 M TBAPFs, compared to
the hydride derivative containing CHsCN ligand at scan rate 100 mVs™. .....ococvevvviviiveevivenenn, 344
Figure A 3.2. (a) CVs of the PN ligand (2 mM) and [Co(CHsCN)s][BF4]> (1mM) in the absence and
presence of 170 mM TFA in CHsCN containing 0.1 M TBAPF¢ and (b) scanning to more negative
potential . SCan rate 100 MVS ™. ittt e st e e s sree e eareas 344
Figure A 3.3. CVs of [Co"(PN),(H)(CI)][PFe] (1 mM) in CH3CN with 0.1 M TBAPFs at 100 mV s™ in
the presence of various concentrations of CF3COOH at CO(II/I)-H .....cvvvveeeeeeeeeciiireeeeeeeeeenns 344
Figure A 3.4. a) Cyclic voltammograms of Co"(PN),Cl, (1 mM) in CHsCN with 0.1 M TBAPF; at
100 mV s in the presence of various concentrations of CF3COOH, b) plot of ict/i, taken from

the peak currents, in CHsCN with 0.1 M TBAPFg versus the concentration of TFA acid at 100 mV

Figure A 3.5.3'P{*H} NMR spectra of [Co"(PN),(H)(CI)][PFs] at room temperature (in CDsCN), a)
in the presence of 0.0 equiv CF3COOH, b) 10.0 equiv CFsCOOH left for 30 min and c) 10.0 equiv
CFsCOOH left for 2 days. Inset shows the *H NMR of these solutions in hydride region and the
orange and green labels indicated the signals of the [Co"(PN),(H)(CI)][PFs] and
[COM(PN)2(H)(MECN)]?, FESPECLIVEIY. .ttt ettt ettt enee e eaeeeneas 345
Figure A 3.6. 'H NMR spectra of [Co"(PN)2(H)(CI)][PFe] in CDsCN, a) in the presence of 0.0 equiv
CF3COOH, b) 10.0 equiv CF3COOH left for 30 min and ¢) 10.0 equiv CF3COOH left for 2 days, d) a
solution of 10.0 equiv CF3COOH in CDsCN. Orange labels and green labels indicate the signals of
the [Co"(PN),(H)(Cl)][PFs] and [Co™(PN)2(H)(MeCN)]?, respectively. .....cccccvvvecereveeeeeiirenenns 345
Figure A 3.7. (a) CVs of [Co"(PN)2(H)(CI)][PFe] (1mM) in CHsCN with 0.1 M TBAPF¢ at 100 mV s
in the presence of various concentrations of CH3COOH. (b) plot of ic.t/i, of the complex taken
from the peak current versus the concentration of aceticacid . .......ccooovvviiiiiiiiiiiiiiiiii, 346
Figure A 3.8. CVs of a) Co"PN,Cl, (1 mM), b) redox wave of Co(ll/1), in CH;CN with 0.1 M TBAPF,
at 100 mV s upon tritration with CH3COOH, c) plot of icat/i, of the complex taken from the peak
current versus the concentration of acetic acid compared to that of the hydride derivatives.347
Figure A 3.9. CVs of [Co"(PN)2(H)(CI)][PFe] (1 mM) in CHsCN with 0.1 M TBAPF¢ at 100 mV s in
the presence of various concentrations of H,0 (a), CVs of background (0.1 M TBAPF¢) with no

complex at 100 mV s in the presence of various concentrations of water, (b).........ccccuvene... 347

xxiii



Figure A 3.10. (a) UV-Vis spectral changes of [Co"(PN)2(MeCN)][BF4], (5.75x10* M, in CHsCN)
upon addition of TFA acid, (b) the solution with 2.0 equiv TFA upon addition of NEts............ 348
Figure A 3.11. UV-Vis spectral changes of [Co"(PN),(MeCN)][BF4]; (5.75x10* M, in CH3CN) upon
addition of CH3COOH from 0 t0 40.0 @QUIV. ..uuuuiieieeeieiiiiicie e e e eeeeicee e e e e e ettt e e e e e eeearaee e 348
Figure A 3.12. 'H NMR spectra of (a) [Co"(PN)2(H)(MeCN)]* 16.8 mM in CDsCN, (b) products
formed by protonation with TsOHeH,O following a reduction of [Co"(PN),(MeCN)]?* with KCsg, (c)
products obtained by a reaction of the [Co"(PN),(MeCN)]* complex with NaBH, . Red asterisks
signals of [COM(PN)2(H)(IMECN) ]2 ...ttt ettt ettt eae et ereeenae s 349
Figure A 3.13. 3'P{*H} NMR spectra of (a) [Co"(PN),(MeCN)(H)]** 16.8 mM in CDsCN, (b) products
formed by protonation by TsOHeH,O following reduction of [Co"(PN),(MeCN)]** with KCs, (c)
products obtained by a reaction of the [Co"(PN),(MeCN)]* complex with NaBH, . Red asterisks
signals of [COM(PN)2(H)(IMECN) ]2 ...ttt ettt ettt saa e teeae e ereeenee s 349
Figure A 3.14. CVs titration of (a) [Co"cis-(PN),Cl,][PFs].and (b) [Co"cis-(PN),CI][PFs] with TFA acid
(0-60 mM). Conditions: 1 mM of the complex in CH3CN with 0.1 M TBAPF¢ at scan rate of 100

Figure A 3.15. 'H NMR of [Co"cis-(PN),Cl,]PFs 16.8 mM in CDsCN in the absence (a) and in the
presence (b) of 10 @qUIV. OF TFA. . ... et e e e e e e e e e e e e e e e e 350
Figure A 3.16. 3'P{*H} NMR spectra of [Co"\cis-(PN),Cl,]PFs 16.8 mM in CDsCN in the absence (a)
and in the presence (b) of 10 equiv. of TFA. ... 350
Figure A 3.17. (a) UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10™* M, in CH3CN) upon addition
of TFA, (b) d-d transition bands in the visible region ranging from 400-800 nm. .................... 351
Figure A 3.18. UV-Vis spectral changes of [Co"(PN),Cl] (5.75x10™* M, in CH3CN) (a) with 5.4 equiv
TFA upon addition of NEts, (b) d-d transition bands in the visible region ranging from 400-800
3]0 0 351
Figure A 3.19. (a) UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10* M, in CH3CN) with 10 equiv
TFA acid compared to that of precursor CoCl,in the same conditions, (b) d-d transition bands in
the visible region ranging from 400-800 NM. .......ccoeiiiiiiiiiee e e e e e e e e e e 351
Figure A 3.20. *H NMR spectra of [Co"(PN),Cl,] 21.6 mM in CDsCN in the absence (bottom) and
in the presence (top) of 6.8 eq trifluoroacetic acid ........ccooeeeeeeieeiiiieieiieieeeeeeeeeeeeceeeeeeeeeeeee, 352
Figure A 3.21. (a) UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10™* M, in CH3CN) upon addition
of CH3COOH acid from 0 t0 40.0 EQUIV ...ceeeeiiiiiiee et e e e e e e e et e e e s e eeearaaeeeeas 352
Figure A 3.22. Calibration curve for Hy determination .......cccooeveiiiiiniiiiiiiiccicccceceecececeeeeecen 352
Figure A 3.23. Plot of peak area of H, evolved during the course of electrolysis of 0.9 mM
[Co"(PN)2(MeCN)][BF4]z (black) in CHsCN solution containing 0.1 M TBAPFs in the presence of 60
001\ o o N Y P 1 353

XXiv



Figure A 3.24. (a) Controlled potential electrolysis of 0.9 mM [Co"cis-(PN),Cl,]PFe in CH3CN
solution containing 0.1 M TBAPFs in the presence of 60 mM of TFA at E,pp, = -1.48 V vs Fc* for
2h. (b) the CV of this complex in the same solution recorded before electrolysis, right. Plot of
peak area (c) experimental number of moles of of H, (d) against bulk electrolysis time. ........ 353
Figure A 3.25. (a) Controlled potential electrolysis of 0.9 mM [Co"(PN),(H)(CI]PFs in CH3CN
solution containing 0.1 M TBAPFs in the presence of 30 mM of TFA at Epp, = -1.50 V vs Fc”* for
2h, (b) the CV of this complex in the same solution recorded before electrolysis, right. Plot of
peak area (c) experimental number of moles of of H, (d) against bulk electrolysis time. ........ 354
Figure A 3.26. (a) Controlled potential electrolysis of 0.9 mM [Co"(PN)2(H)(MeCN)][PFe], in
CH3CN solution containing 0.1 M TBAPF in the presence of 60 mM of TFA at Eapp =-1.40 V vs
Fc”* for 2h, (b) the CV of this complex in the same solution recorded before electrolysis. Plot of
peak area (c) experimental number of moles of of H, (d) against bulk electrolysis time. ........ 355
Figure A 3.27. FOWA plots and linear fit for [Co"(PN),(MeCN)][BF4], complex (1ImM in MeCN with
0.1 M TBAPF¢) with 25 mM TFA at different scan rates: (a) 0.1, (b) 0.5, (c) 1V s, (d) ket values
from the FOWA plot for the complex with 25 mM TFA (red dot) and 60 mM TFA (black square)
At dIffErent SCAN FAateS. ....ueiiiii e e e e s e e e e e e e 356
Figure A 3.28. CVs of [Co"(PN)2(H)(MeCN)][PFs]. complex (1 mM) in CHsCN containing 0.1 M
TBAPFs with 30 mM TFA acid at various scan rates from 0.1to 1.0V s™t....cccoiiiiieiecieenee, 356
Figure A 3.29. FOWA plots and linear fit for [Co"(PN),(H)(MeCN)][PFs]. complex (1mM in MeCN
with 0.1 M TBAPFs) with 30 mM TFA at different scan rates: (a) 0.1, (b) 0.5, (c) 1 V s, (d), kear
values from the FOWA plot for the complex at different scan rates........ccccccceeeeeeriieiiiinnenn.n. 357
Figure A 4.1. 'H NMR spectrum (black inset) and *'P{*"H} NMR spectrum (red in set) of PNNP
[T=2=TaTo I T o I 61 b U 358
Figure A 4.2. ESI-Mass spectrum (positive ion mode in MeCN) of the [Co"(PNNP)(MeCN)][BF]>
complex (top) and the calculated ion peak at m/z = 298.1361 for [C3;HasCoNsP,]?* (bottom). 358
Figure A 4.3. 'H-'H COSY NMR spectrum (aromatic region) of a solution of the [Co(PNNP)(Me)]
in CeDg left under Ar for 2 days. ..o e e e e et e e e e eaa s 359
Figure A 4.4, *H-3'P{*H} HMBC spectrum of a solution of the [Co(PNNP)(Me)] in CsDs left under
F N o (o] g - 1YL UEPP R 359
Figure A 4.5. LIFDI Mass spectra (in toluene) of [Co'(dPNNP)] (top), the expansion of the peak at
m/z = 554.23742 for [CaoHasN2P2CO] (DOTtOM). weeeiiiiiieeeeee e 360
Figure A 4.6. *'P{*H} NMR spectrum (red in set) and *H NMR spectrum (black in set) of a solution
of the free PNNP ligand in CsD¢ (a), compared to a solution of lithiated ligand CsDs (b), this
solution left under 4 bar of Ha for overnight (). ... 361

Figure A 4.7.'H NMR spectrum of a solution of the [Co(dPNNP)]in C¢Ds left under D, for 1 month

XXV



Figure A 4.8. (a) The *H NMR spectrum and (b) H{3!P} NMR spectrum of a reaction mixture of
[Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-ds left for 1 hour under Ar. The purple
labels represented the signals for [Co'(PNNP)(H)], orange labels for hydrogenated intermediate,
brown labels for [Co'(mPNNP)] and blue labels for unidentified product. Note that the spectra at
right are expanded vertically much less than the spectraatleft. ......cccccoeeiiiiiiiiiiinn e, 362
Figure A 4.9. The *H NMR spectrum (a) and *H{*'P} NMR spectrum (b) of a reaction mixture of
[Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-ds left for overnight under Ar. The NMR
signals with green labels for [Co'(dPNNP)], brown labels for [Co(mPNNP)], orange labels for
hydrogenated intermediate and blue labels for unidentified product..............ccccceeeiiirnnnnnn. 363
Figure A 4.10. 3!P{*H} NMR spectrum of a reaction mixture of [Co"(PNNP)(MeCN)]** with 2.0
equiv. NaBEtsH in tol-dg left for 30 min (a) and in C6D6 for 30 min (b) ..., 364
Figure A 4.11. *H NMR spectrum of a reaction mixture of [Co"(PNNP)(MeCN)]* with 2.0 equiv.
NaBEt;H leaving under Ar for 30 min in CeDg ...oevvvvviiiiiie i e e 364
Figure A 4.12. 3'P{*H} NMR spectrum (red in set), 'H NMR spectrum (black inset) of the
dearomatized complex, [CO'(APNNP)]IN CoDt.vveevurerevrriiirieiieiieiirieeerieesiteeeetee e seree s saeeesnveas 365
Figure A 4.13. 'H-'H COSY NMR correlation (aromatic protons) of the dearomatized complex,
[CO (APNNP)TIN CoDt. vevrereeeeeeeeeeeeeeseseeeeeeeeteee e eeeeeeeeeeeeeeeeeseses et e eeeeeeeeeeeeeeeeesesesesesessaeeseeeeeeens 365
Figure A 4.14. *H-3'P{*H} HMBC spectrum of the dearomatized complex, [Co'(dPNNP)]in CeDs.

Figure A 4.15. 3'P{*H} NMR spectrum of a reaction mixture of [Co"(PNNP)CI;] with 2.0 equiv.
NaBEts;H in tol-ds (a) compared to the reaction in C¢Dg (b) under Ar for 30 min .............eveeeee 366
Figure A 4.16. >'P{*"H} NMR spectrum (red inset) and *H NMR spectrum of the solid isolated from
a reaction of the [Co(PNNP)CIl;] with 2.0 equiv NaBEtsH in CsDs, inset showed the X-ray structure
of the [Co"(mPNNP)CI] which was obtained from the recrystallisation of this solid in
BOIUBNE/ PENTANE. ..eeeeee ettt e e e e e e e et e e e e e e e et aeeeeeeeeeeenatrreeeeeeeeaaanns 367
Figure A 4.17. The absorption spectrum of the [Co"(PNNP)(MeCN)][BF4], complex (1.5x10™* M)
TN IV CN . L s 367
Figure A 4.18. CV of a solution of the free PNNP ligand (1 mM) with 50 mM TFA acid in
acetonitrile solution containing 0.1 M TBAPFs compared to the CVs of [Co"(PNNP)CI,] under the
same catalytic conditions at a scan rate of 100 MV/S........uveeieieeeieiiiieeieeeeeeeeeeeeee e 367
Figure A 4.19. Chemical shift change of THF reference with temperature by Evans method for
(a) [Co"(PNNP)(MeCN)][BF4]2 (b) [Co"(PNNP)(CI)][BArF*] and (c) [Co'(PNNP)][PFs] in CDsCN. ..368
Figure A 4.20. ESI-Mass spectrum (positive ion mode in MeCN) of the [Co"(PNNP)CI][BArF*]
complex at m/z = 555.2468 for [C3oH4sCON2P,]* (top) and the calculated ion peak at m/z =
591.2229 for [C3oHasCON2P2CIT" (BOttOM). cooeeiieiiei 368

XXvi



List of Schemes

Scheme 1.1. Electrocatalysis by molecular electrocatalysts.®..........c.cccoevveeieieeicieceeceeeee 20
Scheme. 1.2. a) Possible reaction pathways for the HER catalyzed by metal complexes. ¢, b)
competitive reaction pathways for CO and HCO,H formation from CO, showing the role of the
metal-hydride for controlling product distribution.!® Either of the two hydrides shown can

undergo side reactions to form H; as shown in a. Inset shows mechanisms for CO; insertion into

Scheme 1.3. Design parameters for effective HECs that operate via a common metal-hydride
intermediate. Reproduced from ref 72 with permission from The Royal Society of Chemistry...24

Scheme 1.4. Modes of metal-hydride bond dissociation and related thermodynamic parameters.

Scheme 1.5. Free energy for protonation of a metal hydride.......ccccovvvviviiiiiiiiiiiiiiiieee, 26
Scheme 1.6. (a) Square scheme representing the thermodynamic factors for stepwise vs.

concerted electron-proton transfer and (b) corresponding energy profile for the different

Scheme 1.7. Proposed mechanistic pathway for H, production catalysed by [Ni(PR;N®;)2]>". R
groups on P are not shown, and R’ groups on N are not specified for clarify.®> Permission is
granted subject to an appropriate acknowledgement given to J. W. Wang, W. J. Liu, D. C. Zhong
and T. B. Lu, Nickel complexes as molecular catalysts for water splitting and CO; reduction, 2019,
378, 237261 et e e h et e e ettt e e e e b bt e e e ettt e e e et bt e e e e hbaeeeeaaraeeas 35
Scheme 2.1. Reaction scheme for preparation of the cobalt(lll) hydride complexes with bis-
chelating P,N based pyridine ligand, and preparation of the dichloro Co(ll) complex,
[Co"(PN),Cl,], the monochloride analogue, [Co"cis-(PN),CI][PFs] and the corresponding dichloro
Co(111) complex, [COMCiS=(PN)2CI[PF6]..veeierrieiiririirieiitiieistieeeteeesreeesteeesabesesreeesbeeesstesssbeeesnreeens 76
Scheme 2.2. Synthetic pathways for the acetonitrile derivative of cobalt(lll) hydride complex,
[COM(PN)2(H)(IMECN)IZ COMPIEX. vttt ettt ettt ettt eneeete et e snaeeteesaeesnaeaneeas 98

Scheme 2.3. The formation of chloride derivatives by the UV-Vis titration of the

[CO"(PN)2(MECN)]Z With TBACHIN IMECN ...eeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeeeeeeneseseseeeeeeeenaes 111
Scheme 2.4. Proposed EC mechanism for an electrochemical reduction of the [Co'"cis-
(PN),Cl,][PFs] complex in acetonitrile solution at -1.30 V for Co(ll/1) redox couple................. 131

Scheme 2.5. Possible chemical reactions of the reduced [Co"(PN),Cl,] following one-electron
reduction of the [Co"'cis-(PN),Cl,][PFe] in MeCN at -0.32 V (EqCi mechanism).........c..ccueenee..e. 131
Scheme 2.6. E,Ci mechanism for a reduction of [Co"(PN)(H)(CI)][PFe] in CH3CN at -1.48 V ....135
Scheme 2.7. Proposed mechanism for a reduction of [Co"(PN),Cl,][PFs] in MeCN for the new

redox wave at Epc 0f -1.23 V and Epa Of =111 V. oo 136

XXVii



Scheme 2.8. E.C, mechanism for a reduction of [Co"(PN),(H)(MeCN)][PFe]z in CH3CN at -1.10 V.

Scheme 2.9. Proposed electrochemical reaction mechanism of one-electron reduction of the
cobalt(lll) hydride complexes with bis P,N pyridine based ligands...............cccccccc. 145
Scheme 3.1. Reaction pathways for the evolution of H, from the reaction of a Co' complex with
Yoo [ (1Y TSRO 150
Scheme 3.2. Kinetics parameters for reactions leading to hydrogen evolution from a
CODAIOXIME. 22 ...ttt ettt ettt ettt et e ae et et ettt ettt reeaeereereereereeneeneeneens 162
Scheme 3.3. Postulated mechanism for electrocatalytic CO, reduction. 27...........ccccvveueene.e. 178
Scheme 3.4. Proposed catalytic H, evolution mechanism based on metal-centred reduction of
[Co"(PN)2(MeCN)][BF4]2 and the Co(lll) hydride derivative, [Co"(PN),(H)(MeCN)][PFe.. ......... 187
Scheme 3.5. Proposed reactions for [Co"(PN),(H)(CI)][PFe] in the presence of 5-10.0 equiv
TsOHeH,0 at r.t. (2-a) and for the reaction with 10.0 equiv TsOH-H,0 in CDsCN at 45 °C....... 195
Scheme 3.6. Reaction of [Co"(PN),(H)(CI)][PFe] in the presence of 10 equiv CF3COOH in CDsCN
upon leaving it at room temperature for 2 days and heated at 45°Cfor 6 h.......cccveevvennen.e. 196
Scheme 3.7. Proposed acid dependent catalytic H, evolution mechanisms based on metal-
centred reduction of isolated [Co"(PN),Cl,] and, [CO"(PN)2(H)(CH)IIPFe]..vecovvvrevreriireieivieenee. 198
Scheme 3.8. Proposed mechanism for electrocatalytic hydrogen evolution catalyzed by the
starting [CO"(PN)2(MeCN)][BFa]a COMPIEX. veevvveiiirieiiriiiitie et etee st seree st ssree e saeeas 201
Scheme 3.9. The formation of [Co"(PN),(H)(MeCN)]**via chemical reduction using KCs followed
by a protonation and a reaction with NaBH4in MeOH. ........ccoooiiiiiiiiiiiiie e, 201
Scheme 3.10. Proposed mechanism for electrocatalytic HER reaction catalyzed by the isolated
[Co"cis-(PN),Cl,]PFs [Co"cis-(PN),CIIPFs and [Co"(PN),(H)(Cl)][PFs] complexes using TFA acid as
[ Yo 10T ol T TSP PP PP PPPPPRORUPRR 204

Scheme 3.11. Proposed mechanism of the cobalt(lll) hydride complex for CO, reduction activity.

Scheme 4.1. Bond activation by MLC reactivity involving ligand aromatization—
dearomatization.3® . .........ciiiiicece e ens 234
Scheme 4.2. A well-defined pyridine and its derivatives based on pincer ligands involving
aromatization-dearomatization IMLC. ........oociiiiiiiiiiiie e e e 235

Scheme 4.3. A unique mode of stepwise MLC by an aromatization/deconjugation sequence for

H; activation by the compleX 1. ... e e et eaeeeaes 236
Scheme 4.4. Thermally stable cobalt complexes with "PNP ligands..........c.cooeeeieeieeeeennennee. 236
Scheme 4.5. Oxidative addition of H, and TolCCH with (""PNP)COCH3.2%..........ccoeevvererennee. 237

Scheme 4.6. Ligand modification via proposed H-atom loss from (*PNP)CoCH; complexes as

previously reported (R =Pra and TBu2).320. ....ouoiieiiceeeceee et 237

Xxviii



Scheme 4.7. Synthesis of the Co(ll) complexes: [Co"(PNNP)Cl;], [Co"(PNNP)CIJ[BArf,] and
[CO(PNNP)(IMECN)TIBFA]2: e+ veeerereeeeeeeeeeeeeereteeeeeeeeeeeeeeseseseseseseeeeeeeeeesesesseeseseeeeeeseteseseseseeeneeeaes 252
Scheme 4.8. The formation of dearomatized [Co'(dPNNP)] via a loss of CHs; from the
[CO'(PNNP)(CH3)] INtErMEIAte. cuvevieeiiitieeetie ettt ettt ettt et e st e e sab e s e sbeeesabeeens 259
Scheme 4.9. Possible routes (solid black arrows) of [Co'(dPNNP)] in C¢D¢ under 4 bar of H; for the
formation of the hydrogenated intermediate (orange label) and [Co(mPNNP)] (brown label),
dash black arrows indicating the formation of the hydrogenated intermediate (orange label)
Product Via the N%-Ha COMPIEX. .oueeuieierieiieiieieeieiiete ettt e e se e seeneas 270
Scheme 4.10. Reaction scheme of the PNNP with 1.0 eq LiMe for a generation of unidentified
lithiated COMPOUNG. .. ..o e e e e e e e et r e e e e e e e ettt e e eeaeeesssanans 278
Scheme 4.11. Possible routes (solid black arrows) for the formation of hydrogenated complexes,
[Co(mPNNP)] (brown label), hydrogenated intermediate (orange label) and unidentified product
(blue label), and dashed black arrows indicating the formation of these hydrogenated product
via the n>-H, complex. The solid and dashed blue arrows represented a reaction of [Co(dPNNP)]
under 4 bar of H, as shown previously in Scheme 4.9.........cccooiiiiiiiiiiiiiiiirrerreereere e 281
Scheme 4.12. Possible routes for the formation of hydrogenated complexes, [Co(mPNNP)]
(brown label), hydrogenated intermediate (orange label), unidentified product (blue label) and
dearomatized [Co(dPNNP)] (green label) by reaction of [Co"(PNNP)CI,] with 2.0 eq of NaBEtsH in
toluene-ds. Dashed black arrows indicate the formation of these hydrogenated product via the
n%-H, complex, solid green arrow show a reaction of [Co(dPNNP)] under 4 bar of H, and the
dashed green arrows represent the generation of [Co(dPNNP)] in the solution leaving under Ar
Lo T g T 1=V 289
Scheme 4.13. Possible pathway for a generation of the [Co"(mPNNP)CI] observed by the X-ray
and the [Co'(mPNNP)] by NMR by a reaction of the [Co"(PNNP)CI,] with 2.0 eq of NaBEtsH...289

XXiX



List of Tables

Table 1.1. Formal electrochemical redox potentials (pH 7) for the reduction of CO, and related

foloTp 0] oTeTUTaTe K To TR [ [UI=To U Eq g 0 Te | - SR 22
Table 2.1. Crystal data and structure refinement for [Co'cis-(PN),CI][PFe] (rnp 1903). ............. 64
Table 2.2. Crystal data and structure refinement for [Co"cis-(PN),Cl,][PF¢] complex. .............. 65
Table 2.3. Crystal data and structure refinement for [Co"(PN),(H)(CI)][PFe] (rnp1701). ........... 66

Table 2.4. Crystal data and structure refinement for [Co"(PN),(MeCN)][BF4] complex (rnp1804).

Table 2.6. Assighment of hydrogen, carbon and phosphorus-atoms of the [Co"'cis-(PN)2(Cl)2][PFs]
[ I 1ol Lo T aT=Rre PN A T | 85
Table 2.7. Selected bond distances (A) and bond angles (deg) for [Co"cis-(PN),Cl,][PFe].......... 88

Table 2.8. Assignment of hydrogen, carbon and phosphorus-atoms of the [Co"(PN),(H)(Cl)][PFs]

Table 2.9. Selected bond distances (A) and bond angles (deg) for the [Co"(PN),(H)(CI)][PFs]
[olo] 0] o] 1 U 96
Table 2.10. Selected bond distances (A) and bond angles (deg) in the [Co"(PN)2(MeCN)][BFa]>
[olo] '] o] 1 U 97

Table 2.11. Assignment of hydrogen, carbon and phosphorus NMR data of

[CO"™(PN)2(H)(MECN)][PF6]2 COMPIEX. ..civiiiierieiciiieectie e etee ettt et ste e et setes st e esateeesbeeesabeeens 100
Table 2.12. Selected bond length (A) and bond angle (deg) of all complexes.............ccc........ 102
Table 2.13. Selected bond length (A) and bond angle (deg) of all complexes...............c........ 104

Table 2.14. UV-Vis spectroscopic data of the P,N ligand, CoCl,, [Co(MeCN)g][BF.], and Co(ll)
complexes (5.75x10™* M) in acetonitrile SOIULION.........cocviviiiiiiciie ettt 106

Table 2.15. UV/Vis absorption data of [Co'"cis-(PN),CI][PFe] (5.75x10* M) in different solvents

Table 2.16. UV/Vis absorption data of [Co"(PN),Cl,] (5.75x10* M) in different solvents......... 115
Table 2.17. UV/vis characterization data of cobalt (Ill) complexes in acetonitrile solution. ....118
Table 2.18. Electrochemical characterization data of for all cobalt complexes (1mM) in
acetonitrile solution containing 0.1M TBAPFg. ....ccceiiiiiiiieii et e e e e e ee e 122
Table 2.19. The values for AE and the ratio of iy to i of [Co"(PN),Cl2] complex (1 mM) in CH3CN

with 0.1 M TBAPFg upon titration with water.............ouviiiii i, 128

XXX



Table 2.20. CV characterisation data of the  [Co"(PN)y(H)(CI)][PFs] and
[Co"(PN)2(H)(MeCN)][PFs]2 (ImM) in CH3CN with 0.1 M TBAPFs at a scan rate of 100 mV s*. 134
Table 2.21. Electron transfer kinetic parameters obtained from plots of Ep versus log(v)...... 141
Table 3.1. Electrochemical data for the cobalt complexes (in acetonitrile solution with 0.1M
TBAPFgin this study and in the [iterature).............uuuuuiiiiiiiiiiiiiiiiiiiiiiererreererrrrarerrrrr—————————. 183
Table 3.2. Conditions for bulk electrolysis of each complex (0.9 mM) in acetonitrile containing
0.1 M TBAPFeg acidified With TFA @Cid......ccooiiiiiiiiieie e 210
Table 3.3. Overpotentials (vs. Fc”*) and %FE for hydrogen evolution of each complex in this work
AN [ItErature @XaMIPI. .uue e e e e et e e e e e e e e et e e e e e e e a it as 213
Table 3.4. Conditions for CV studies of [Co"(PN)2(MeCN)][BF4]> (1 mM) and kinetic data from
FO N AL ettt ettt e e e h b et e e ettt e e e e bttt e e e hbee e e ettt e e e e bbteeeaanbaeeeeaaraeeaaaa 218
Table 3.5. Conditions for CV studies of [Co"(PN)2(H)(MeCN)][PFe]2 (1 mM) and kinetic data from
FOWN A ettt ettt ettt e e e hb e e e e ettt e e e e b et e e e e hbee e e e aabee e e e e bbeeeeaanbeeeesaaraeeaaaa 219
Table 3.6. Conditions for CV studies and observed rate constant (koss) from FOWA plots with the
corresponding catalytic rate constant (ket) values for all complexes..........cccccovvveiiiniinn. 219
Table 3.7. Conditions for CV studies and the kinetic data obtained from FOWA plot to construct
Tafel plot for aCh COMPIEX. ..uuuui e e et e e e e e e e et e e e aeeaenes 221
Table 3.8. Conditions for CV studies and the kinetic data obtained from FOWA plot and catalytic
Tafel plot for aCh COMPIEX. ..uuuue et e e e e e e e et e e e aeaeenes 223
Table 3.9. Data for catalytic Tafel plots for comparison of the complexes in this thesis with other
electrocatalysts for Hy @VOIULION. ....... i e 224

Table 3.10. Electrochemical data from CV measurements and conditions for the studies of

electrocatalytic CO, reduction activity of each compleX........coovvviiiiiiiiiiiiiiicc e, 230
Table 4.1. Crystal data and structure refinement for [Co"(PNNP)CI,] (rnp 1807). .....cc..cuv....... 240
Table 4.2. Crystal data and structure refinement for [Co"(PNNP)CI][BArT,] (rnp1811)............ 241

Table 4.3. Crystal data and structure refinement for [Co"(PNNP)(MeCN)][BF.], (rnp1810).....242

Table 4.4. Crystal data and structure refinement for [Co'(PNNP)][PF¢] (rnp1809). ................. 243
Table 4.5. Crystal data and structure refinement for [Co'(dPNNP)] (rnp2004)..........ccecveen.... 244
Table 4.6. Crystal data and structure refinement for [Co"(mPNNP)CI] (rnp1812). .................. 245
Table 4.7. Selected bond lengths (A) and angles (deg) in the [CO"(PNNP)CL2]. ....covvevevrernnnnee. 255

Table 4.8. Selected bond lengths (A) and angles (deg) for [Co"(PNNP)CI][BArs] complex........ 256
Table 4.9. Selected bond lengths (A) and angles (deg) for [Co"(PNNP)(MeCN)][BF.], complex.

XXXi



Table 4.12. Assignment of hydrogen, carbon and phosphorus-atoms of dearomatized
[CO'(APNNP)] COMPIEX. c.vviiitiiieitie ettt ettt et ee ettt ettt e sb e e tte e s ebae s sabesesbeessbesssnbesesrbessbesesnbenans 267
Table 4.13. Selected bond distances (A) and bond angles (deg) in the [Co'(dPNNP)] complex.

Table 4.14. Assignment of hydrogen, carbon and phosphorus-atoms of [Co(mPNNP)] and its
(o] 0 1] T TP PP TP PP P PPN PPPPPPTPPPPR 277
Table 4.15. Selected bond lengths (A) and angles (deg) for [Co"(mPNNP)CI] (RNP 1812)........ 288

Table 4.16. Lists of bond lengths (A) and bond angles (deg) of each complex for comparison.

Table 4.18. Electrochemical characterization data of the [Co"(PNNP)(MeCN)][BF.]; and the
[Co"(PNNP)CI,] in acetonitrile solution containing 0.1 M TBAPFg.......cccvevviiiiciieiiiieisiieesieeens 301
Table 4.19. Catalytic potential and overpotential for each complex (0.5 mM) in acetonitrile
containing 0.1 M TBAPF¢ acidified with TFA acid. .........ouuiiiiiiiiccee e, 304
Table 4.20. Electrochemical data from CV measurements and conditions for the studies of

electrocatalytic CO, reduction activity of each compleX........cooovviiiiiiiiiiiiicc e, 307

Table A 3.1. Overpotentials (V vs. Fc”*) of [Co"(PN),(H)(CI)][PF¢] in the presence of 5 equiv of
various acids in CH3CN containing 0.1 M TBAPFe.........uuuiiiiiieeeeeiiicceee et e et 355

XXXii



List of Charts

Chart 1.1. Carbon dioxide reduction catalysts with 3d transition metals. Inset shows fine
structural adjustments of Fe-porphyrin CO2RRCs with dramatic improvement of their catalytic
activities. Reproduced from ref 8 with permission from The Royal Society of Chemistry............ 32
Chart 1.2. The development of early synthetic HECs by mimicking of [Fe-Fe] hydrogenase active
site and DuBois HECs by implementing the role of pendant amine in the structure of the H-cluster
of [FeFe] hydrogenase with the proposed catalytic cycle for H, evolution by this enzyme.
Reproduced with permission from ref 132, Copyright 2017 American Chemical Society. The
deactivation pathway of the [Ni(P"",N*),]?* by formation of the exo isomer is reproduced with
permission from ref 133, Copyright 2013 American Chemical SOCiety........ccceevvvevueeeeeeieeiieeneene 34
Chart 1.3. Selected molecular electrocatalysts based on eaeth-abundant transition metals with
various ligand platforms. ... e e aaaean 37
Chart 2.1. Selected examples of transition metal complexes supported by bis-P,N chelating
ligands: Ru-1, Ru-2, Ru-3 and Ru-4 from ref. 1°°, Ru-5 from ref. 1% , Rh-1, Rh-2 and Rh-3 from
ref.’®’ and Ni-1 from ref 18, The inset shows general features of a P,N ligand. ®2.................... 38
Chart 2.2. Examples of cobalt pincer complexes and coordination mode with a PNP-, PNN- or
NPP tridentate [Iand. .......coouiinii it e e e et e e e e e e e et e e e e e e e eeasennans 40
Chart 2.3. Early cobalt hydride complexes and more recent examples for characterisations and
o] o1 1o 14 Te] a1 a Ier- 1 =1 V2] 1SR 51

Chart 3.1. Selected examples of cobaloxime derivatives and cobalt diimine-dioxime complexes.

............................................................................................................................................. 167
Chart 3.2. Examples of cobalt(ll) based polypyridyl catalysts for H, evolution........................ 168
Chart 3.3. Structures of various cobalt dithiolene catalysts. .........cccccciiiiii, 171

Chart 3.4. Examples of HECs based on-cobalt(Il) complexes containing a basic amine group. 172
Chart 3.5. Selected examples of cobalt catalysts with pendant basic group for selective CO,
conversion to CO (a) and HCOOH (D).2%2 ..ottt 177
Chart 3.6. Molecular structures of each catalyst in the Tafel plot. ..., 224

Chart 4.1. The structure of the tetradentate PNNP ligand compared to the bidentate PN ligand.

Chart A 3.1. The structures of cobalt complexes with different ligand scaffolds for

electrocatalytic hydrogen evolution in the literatures. ........oooveviiiiii i, 343

XXXiii



Acknowledgements

| would like to acknowledge my research advisors, Prof. Robin N. Perutz and Dr Richard E.
Douthwaithe, for their invaluable guidance, excellent support, helpful suggestions throughout
my research and the opportunity to work in the great research group. In addition, | would like
to thank Dr. Jason Lynam for his guidance and valuable comments as my IPM during the TAP

meetings.

| gratefully thank the assistance of Dr Naser Jasim, Dr Emma Dux, Dr Adrian Whitwood, Dr
Heather Fish, Mr Karl Heaton and Dr Alexander Heyam for training, technical support and advice.
| would like to special thank Dr Barbara Procacci for her great supports and contributions to the
NMR experiments, Dr. Joyashish Debgupta and Dr. Mina Anis Amin Ibrahim Meseha for their
help on electrochemistry, GC technique and valuable advice and all RNP and RED research

groups members.

| would like to acknowledge the Development and Promotion of Science and Technology Talents
Project (DPST), Thailand for financial support. Finally, | would like to thank all members of my

family, my friends for their love, care, kindness, and encouragement throughout my PhD life.

Khanittha Walaijai
March 2020

XXXiv



Author declaration

| declare that this thesis is a presentation of original work carried out at the university of York
between March 2016 and March 2020. This work has never been presented for an award at this
or any other university. | confirmed that the work submitted is my own except for the work of

others where the references have been given within this thesis and for the following:

e The X-ray crystallographic determination and data analysis were performed by Dr.

Adrian Whitwood
e Elemental analyses were performed by Dr Graeme McAllister.

e Mass spectra were recorded by Mr Karl Heaton.

Khanittha Walaijai
March 2020

XXXV



Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation and strategies for solar and electro-driven fuel production

There is an urgent need to find sustainable and clean energy sources due to population growth
and economic development in the coming decades.’ 2 This will inevitably cause a considerable
increase in global energy consumption which is expected to increase by over 50% by the mid-
2000s.2 The worldwide energy consumption has been mainly dependent on fossil fuels e.g. coal,
oil, and natural gas. However, traditional fossil fuels are non-renewable, regional around the
world, and contribute to climate change due to CO, emission.* Alternative energy sources such
as hydro, wind, and solar power are rapidly growing sources of sustainable electricity: however;
they are intermittent, and thus require massive energy storage for short and long terms.’
Renewable electricity also does not provide vehicle fuels for use in transportation particularly
long-distant air transport, nor feedstock chemicals for industry such as plastics, fertilizers, and
pharmaceuticals. Thus, it is necessary to find new approaches to provide sustainable resources
for fuels and commodity productions. Solar energy is the most abundant renewable and clean
energy source because the sun’s energy shining on earth every hour is greater than the
worldwide energy consumption for a whole year.®® Thus, storage and conversion of solar energy
into chemical fuels (e.g H, or valuable chemicals) or electricity is one of the most promising ways
to address a large energy demand. The energy stored in a chemical bond has a higher energy
density than electricity stored in battery with respect to weight and volume. Therefore, solar
fuels have the potential to store energy in chemical bonds on a large scale. It also an ideal energy

source for application in daily life such as long-distance transportation.

Hydrogen is considered as a renewable and environmental-friendly energy source® 1, and is a
carbon-free fuel. Moreover, it can be converted to liquid compounds such as formate which
allows for easier storage and transport. Regarding serious issue from global warming and climate
change by CO, emission, the sunlight-driven CO; reduction into useful fuels such as carbon
monoxide, formic acid, methanol or methane provides a more promising approach to alleviate

energy shortage as well as global warming.1*13
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In natural photosynthesis, solar energy is converted to chemical energy by reduction of CO;
coupled with oxidation of H,O to produce carbohydrates and oxygen (Figure 1.1 a).
Photosynthesis involves complicated processes where photo-induced water oxidation supplies
electrons and protons after a series of physical and chemical reactions in photosystem Il (PSll)
such as light harvesting, charge-separation and catalytic oxidation of H,0 by Mn cluster.” %5 to
0,, generating four protons and four electrons. After photo-excitation of photosystem | (PSI)
and the electron and proton transfer processes, the CO; is fixed, and separated electrons and
protons are finally consumed for CO; reduction to produce carbohydrates via the Calvin cycle.
Although natural photosynthesis is extremely complicated, the functions and chemical

processes can be mimicked by artificial photosynthesis to store energy in synthetic chemical

fuels.

For artificial photosynthesis (schematically represented in Figure 1.1 b), direct use of sunlight
for conversion of CO; into fuels and more valuable chemicals with water oxidation is considered

to have a promising solution for future energy supply and environmental issues.

(a) Jae (o Natural photosynthesis
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Figure 1.1. Schematic diagrams of a) natural photosynthesis and b) artificial photosynthesis
based on molecular systems, and the essential components and sequential processes after light
absorption. The abbreviations are photosensitizer or light absorbing unit (PS), oxygen-evolving
catalyst (OEC), sacrificial electron donor (SED), sacrificial electron acceptor (SEA), hydrogen

evolving catalyst (HEC) and CO, reduction catalysts (CO2RRc).*®

For molecular based artificial photosynthesis, the system comprises three important

components for fuel productions which are a photosensitizer or chromophore (PS), redox
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mediators (SED for sacrificial electron donor and SEA for sacrificial electron acceptor) and metal
complexes as catalysts (e.g. HEC, OEC and CO2RRc). Sequential processes required in the
molecular assembly for fuel productions are: light absorption by excitation of a chromophore
followed by energy-transfer sensitization of PS* or electron transfer quenching of a
donor-chromophore—acceptor (SED-PS-SEA) array by either oxidation process, SED-PS*-SEA
- SED-PS*-SEA, or reduction process, SED-PS*-SEA - SED*-PS™-SEA resulting in a spatial
charge separation state. Lastly, electron transfer occurs from SEA™ to a catalyst for reduction,
and to SED* from a catalyst for oxidation.}” Based on this approach for light driven fuel
production, a dye molecule or semiconductor is typically used as a chromophore for single
excitation site attached to an SED and SEA on different side. The electron donor material (SED)
requires that the energy level must be more negative than the excited state reduction potential
of the chromophore (PS"), but more positive than the potential of catalyst for oxidation reaction.
Similar requirements must also be met for the electron acceptor (SEA): its potential energy level
must be between the chromophore excited state oxidation potential and the water reduction

potential.

Artificial photosynthesis and Functional devices for solar fuel productions

Solar energy needs to be stored in a robust way in order to use it on demand when the sun is
not shining. It can be converted into fuels indirectly via electricity generated by solar energy to
drive electrocatalytic reactions as represented in Figure 1.2 a), route I-ll, or it can be converted
into chemical fuels by photoelectrocatalytic reactions (Figure 1.2, route Ill). There are two types
of devices have been designed for the solar fuels production: the photoelectrochemical (PEC)
cell and the photovoltaic-electrochemical (PV-EC) device. For example, solar H, production by
PEC water splitting cell and/or PV-EC device as schematically depicted in Figure 1.2 b) and c),
respectively. An ideal PEC device consists of a photoanode for the oxidation process and a
photocathode for the reduction process. Upon photo-excitation, the generated holes and
electrons are transferred to electrocatalysts modified on the surface of photoanode and
photocathode to drive photocatalytic reactions for production of chemical fuels. For the PV-EC
devices, the light absorption and charge separation are completed by a solar cell which can be

isolated from the electrolyzer cell.
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Figure 1.2. Schematic representation®® of general concept of artificial photosynthesis (a). Types
of solar-driven water splitting devices and their charge flows upon light absorption; (b) PEC and

(c) PV—EC systems. Reproduced from ref 1° with permission from The Royal Society of Chemistry.

As shown by these two example devices for H; fuel production, electrolysis is a promising
approach for the energy storage and conversion for hydrogen evolution reaction (HER) or CO,
reduction reaction (CO2RR). However, a large scale application of electrolysis is restricted by the
lack of efficient catalysts. ¥ 1° An ideal catalyst should have high activity, high stability and be
cost-efficient. Over the last decade, there has been considerable progress in the development
of many molecular catalyst-modified electrodes for artificial photosynthesis (AP) devices. 1>16:18
Several approaches have been developed for modification of molecular catalysts on different

conductive substrates for investigating their electrocatalytic properties.t> ¢

In order to harness solar energy directly for fuel production, effort has been focused on the
development of photoelectrochemical (PEC)?*2% and photocatalytic water splitting.?*> 2 By this
approach, semiconducting materials are generally employed as light-absorbers and modified
with molecular catalysts (will be presented in Section 1.1) or biocatalysts (as shown in Section
1.2) to drive the reduction process (e.g. water splitting, H* reduction or CO, reduction).
Overviews for development of molecular electrocatalysts for H, production and CO; reduction
will be illustrated in Section 1.3. This section will summarise challenges and design principles for
effective fuel production electrocatalysts including common mechanistic pathways for H* and CO,
reduction. Section 1.4 will show the early development of electrocatalysts for H, evolution (HECs)
by the natural hydrogenases, synthetic bio-inspired HECs and earth-abundant transition metal
complexes. Some examples of HECs based on various ligand platforms will be presented in
Section 1.5. Furthermore, some selected examples of molecular CO, reduction electrocatalysts

with well-defined mechanisms will be shown in Section 1.6.
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1.2 Semiconductor-molecular catalyst hybrid system for HER and CO2RR

Hybrid systems consisting of a metal complex and a semiconductor are among the most
promising systems for artificial photosynthesis because of the excellent electrochemical and/or
photocatalytic activity of metal complexes during CO, reduction catalysis. Moreover,
semiconductors are found to have promise for oxidizing water to O,. Extensive efforts have been

25,26 since Honda and

made for constructing metal complex/semiconductor hybrid systems
Fujita firstly demonstrated a TiO, semiconductor for water splitting in the 1970s. ¥’ For example,
hybrid systems as summarized in Figure 1.3 have been established for visible-light driven
photocatalytic and photoelectrochemical CO; reduction. The first system (A) consists of a metal
complex that serves as catalyst for CO; reduction and a semiconductor as a light-absorbing unit
and oxidation site. In the second system (B), the combination of a supramolecular catalyst with
an appropriate semiconductor photocatalyst that can absorb visible light can act as an artificial
Z-scheme for CO, reduction. The artificial Z-scheme photocatalyst that mimics natural
photosynthesis consists of two connected semiconductor photocatalysts. This process in green
plants looks like the “Z letter” involving with a two-step photoexcitation. This promising strategy
is designed to improve photocatalytic activity that is superior to single component
photocatalysts by increasing visible light absorption and promoting charge separation and
transportation of photoinduced charge carriers. For the Z-scheme system, the photocatalytic
activity is strongly dependent on both the metal complex and the semiconductor components.

Therefore, development of both metal complexes and semiconductors is very important for

light-driven CO; reduction by this approach.
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Figure 1.3. Component structure and energy diagram of a hybrid photocatalyst for CO;
reduction. A) a semi-conductor and a metal complex, B) artificial Z-scheme system composed of
a semi-conductor and a supramolecular metal complex for visible-light reduction of CO,. C)
Photoelectrochemical (PEC) system with a metal-complex catalyst. D) Photoelectrochemical
system with a supramolecular photocatalyst.?> Permission is granted subject to an appropriate
acknowledgement given to K. Maeda, Metal-Complex/Semiconductor Hybrid Photocatalysts and

Photoelectrodes for CO, Reduction Driven by Visible Light, 2019, 31, 1808205.

Much effort has been focused on photoelectrochemical cells (PEC)”; the hybrid photocatalyst
concept can be extended to PEC systems as shown in Figure 1.3 C and D. The single-absorber
system (A) with p-type visible light absorbing semiconductors (such as InP¥” and Cu,0%) or a
molecular dye-sensitized NiO electrode?® can be applied as a photocathode in a
photoelectrochemical cell (C). Similarly, a supramolecular metal complex/semiconductor Z-
scheme photocatalyst (B) can be employed in a two photon light-absorber PEC cell (D). In the
case of a photoanode, it can be n-type light-absorbing semiconductors with enough driving force
for water oxidation?! for example a-Fe,0s, WO; and BiVO, or a dye-sensitized TiO; electrode®
20 This photoanode supplies electrons through an external circuit. The overall system can be
considered as a photoelectrochemical Z-scheme when a visible-light-responsive photoanode is

employed.
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One of the photocatalyst hybrid systems that have also extensively been investigated is dye-
sensitized solar cell (DSPEC) as shown by the general concept for this system in Figure 1.5.2% The
DSPEC cells can be modified with molecular catalysts (e.g., WOCs, HECs or CO2RRc) to use the
electron flow to produce chemical fuels.?® The photoexcitation of chromophore (C) generates its
excited state C* which is oxidatively quenched by transfer of electrons to the conduction band
of the anode to form C*. The C* is reduced by the electrons from the catalyst for the oxidation
process (e.g. WOC). Electrons diffuse through the TiO; film to the conductive contactor, and then
to the cathode, where the electrons are finally transferred to a catalyst for reduction (e.g. HEC
or CO2RRc). Accordingly, this approach provides a straightforward theoretical basis for water

splitting and CO; reduction based on the molecular chromophore and molecular catalyst.

e’ "
; H, i
e 03 + 4H. HZ e
— * s
2H,0 4H*
—
—

Figure 1.4. Schematic representation of principle of molecular dye-sensitized solar cells.?®

The development of photocathode modified with HEC or CO2RRc for DSPEC

cell

The example of a DSPEC cell (Figure 1.5 a) with a NiO photocathode consisting of a molecular
catalyst and organic dye (the first noble-metal free and covalent dye-catalyst assembly) was
reported by Sun et.al in 2012.%° The cobaltoxime catalyst (as HEC) was immobilized onto the
photocathode. This was the first noble metal-free DSPEC cell that can produce hydrogen from
mildly acidic aqueous solution driven by sunlight. More recently, the Artero group 3! reported
covalently linked organic dye—cobaloxime catalyst assemblies (Figure 1.5 c). The CV responses
(Figure 1.5 b) of each redox couple in the covalently linked organic dye-cobaloxime catalyst
(compound 3) are similar to those for 2¢, and 1 indicating electronic decoupling of light
harvesting and electrocatalytic components in the covalent dyad 3. Moreover, from the redox
and photophysical data, the authors could estimate an Eq_ovalue (the HOMO-LUMO energy gap)
of 2.40 eV with a redox potential of -1.72 V vs Fc* for the 3+/3* couple (3* is the excited state
of 3). This potential could thermochemically drive generation of Co(l) state with driving forces

of 0.70 eV via oxidative quenching of 3* as shown in Figure 1.5 c.
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Figure 1.5. a) depiction of PEC devices consisting of a photocathode based on an organic dye
sensitized nanostructured NiO film coated with cobaloxime HEC and the photoelectrochemical
performance %, b) CVs of each component: 3 (middle) compared with those of 2¢, (top) and of
the dye precursor 1 (bottom) and c) energy diagram for covalently linked organic
dye-cobaloxime catalyst assemblies (3)-immobilized on NiO photocathode. Reproduced

with permission from ref 31, Copyright 2016 American Chemical Society.

CO2RR molecular-catalyst-modified dye-sensitized photocathode

Ishitani and co-workers 32 have developed a Ru(ll)—Re(l) supramolecular photocatalyst-modified
NiO p-type semiconductor for light-driven CO; reduction in an aqueous electrolyte solution. This
system has a bias potential of 1.25 V vs. Ag/AgNOs under light (A > 460 nm) illumination. A TON
of 32 and a Faradaic efficiency of 71% were achieved for the reduction of CO, into CO by this
DSPEC cell. Using a Ru(ll)-Re(l) supramolecular photocatalyst-modified CuGaO, p-type
semiconductor (RuRe/CuGaO0,) (Figure 1.6) instead of the NiO can achieve a 400 mV more
positive onset potential for the conversion of CO; to CO as compared to the previous system

using NiO photocathode . This visible-light-driven catalytic reduction of CO, using water as a
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reductant without applying any external bias is the first example of a self-driven system

constructed with a molecular photocatalyst.
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Figure 1.6. a) Schematic depiction of the hybrid photoelectrochemical cell in a Z-scheme
configuration, b) reaction scheme of the reduction of CO, by the RuRe/CuGaO, hybrid

photocathode. Reproduced from ref 3 with permission from The Royal Society of Chemistry.

A tandem DSPEC cell with visible light absorbing semiconductor (VLA-SC)

In DSPEC cells, organic dyes or molecular complexes are used to absorb light to generate charge
separation, and semiconductors with large band gap (TiO, and NiO) are typically used to
transport charge to catalytic sites. Recently, semiconductors with narrow band gaps, called
visible-light-absorbing semiconductors (VLA-SCs), have been used for photoelectrode
fabrication without sensitization of dyes. In recent years, p-type VLA-SCs, such as p-Si, InP, GaP,
and InGaP have been employed as photocathodes for proton and CO, reductions.® For example,
Ni-based “DuBois catalysts” and cobaloxime, which are some of the most efficient and robust
complexes for H, evolution catalysis, have also been investigated as cocatalysts on the surface

of VLA-SCs (Figure 1.7 a) for photoelectrochemical hydrogen production.3

The polymer-modified GaP electrode improves the stability of photocurrent involved with the
bare GaP surface by providing a protective layer that inhibits charge recombination at the bare
surface. In this work, a cobaloxime species attached to a polyvinylpyridine-modified GaP
electrode is photochemically active for H, evolution under simulated solar conditions (100 mW
cm?). Figure 1.7 b shows that the catalyst modified photocathode (red solid) achieves a selected
current density at lower potential than the polymer-funtionalized GaP electrode without
catalyst modification (grey dash). The photocurrent (Figure 1.7 c) of the cobaloxime catalysts-

polymer-modified electrodes (red solid) is relatively stable compared to unfunctionalized GaP
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(black solid): however, the photocurrent does decrease over time due to loss of surface attached

Co catalysts.This is a major issue for the reduction of photoperformance during operation.
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Figure 1.7. (a) cobaloxime-polymer-modified p-type GaP photocathode, the nickel
bisdiphosphine-functionalized p-type Si photocathode3; (b) linear sweep voltammetry of the
photocathode in the Fig. a (red solid), polyvinylpyridine-modified GaP substrate without catalyst
modification (grey, dash). (c) electrolysis experiments (E.pp +0.17 V vs RHE, under solar
conditions: 100 mW cm) using the photocathode a (red, solid), the polyvinylpyridine-modified
GaP substrate with no catalyst modification (grey, dash), and the unmodified GaP electrode
(black, solid). Figure d. shows the PEC device for CO, reduction consisting of a reduced SrTiOs;
photoanode and RuCP as molecular CO; reduction catalyst immobilized on InP photocathode,
and (e) plots of photocurrent versus time of degradation for the molecular catalyst modified

photoelectrodes. Reproduced from ref 3> with permission from The Royal Society of Chemistry.

So far VLA-SC based PEC tandem cells modified by a molecular catalyst have rarely been
reported. Arai and co-workers 3*> demonstrated a full device for solar formate production from
CO: and H,0 with no external electrical bias (Figure 1.7 d). The two half redox reactions were
successfully coupled by using the RuCP/p-InP photocathode (RuCP = a ruthenium complex
polymer) for CO, reduction and a reduced SrTiOs (r-STO) photoanode for water oxidation. This
tandem cell showed a stable photocurrent and selective conversion of CO, to formate (Figure

1.7 e).

Very recently, Souvik Roy and co-workers 3¢

reported a new three-dimensional MOF that
consists of cobaloximes (Figure 1.8 a), an extensively studied HEC, that act as metallo-linkers
between hexanuclear zirconium clusters. This MOF grown on glassy carbon is capable of

electrochemical H, production with percent faradaic efficiency (% FE) for H, production of 84 +
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5% over 5 h (Figure 1.8 b). Moreover, post-electrolysis studies show that the molecular
cobaloxime linkers remain intact. Powder XRD (Figure 1.8 c) confirmed that the MOF retains its

crystalline structure after electrolysis.

Hybrid materials containing cobaloxime catalyst for hydrogen production
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Figure 1.8. a) Structure of the cobaloxime linker and structural model of MOF viewed along
[001], b) controlled potential electrolysis by this system at -0.45 V vs RHE in acetate buffer at
pH 4 showing current density (black, solid), and faradaic efficiency for H, evolution (the red
circles), and c) PXRD patterns of the as-synthesized electrodes (black), after solvent exchange
with acetone for 24 h (blue), and after 5 h of electrocatalysis (red). Reproduced with permission

from ref 3. Copyright 2019 American Chemical Society.
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1.3 Semiconductior modified biocatalyst hybrid system for HER and CO2RR

Biocatalysts are one of the attractive approaches for light-driven fuel productions. Hydrogenase,
carbon monoxide dehydrogenase, CODHs and formic acid dehydrogenase FDH are among the
most important enzymes used in the visible light driven redox systems.?” For conversion of CO;
to CO, the [Ni-Fe]-CODHs type are only recognized as biocatalysts for the reverse reaction of
reducing CO, to CO at the thermodynamic potential.3® Hydrogenases are extremely active
microbial enzymes that catalyze the oxidation and production of hydrogen with reported
turnover frequencies exceeding 9000 s™.3% %0 The X-ray structure (Figure 1.9) of two main

1 and FeNi *? clusters were revealed during 1990s. The active site of

representative FeFe *
hydrogenases is deeply buried in the enzyme consisting of a [4Fe-4S] cluster as “electrical wire”
to transfer e” between the active site and protein surface, and a bimetallic [Fe-Fe] and [Ni-Fe]
complex. The [Ni-Fe] hydrogenase active site consists of one CO and two CNligands and the [Fe-
Fe] hydrogenase contains three CO and two CN"ligands as well as an aza-propanedithiolate (adt*

) ligand bridging the two metal centres.
[NiFe] Hydrogenase [FeFe] Hydrogenase

2H* H,

2e”
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Figure 1.9. Structure of (a) [NiFe]-hydrogenase and (b) [FeFe]-hydrogenase (H-cluster). Feq and
Fep, denote the distal and proximal iron, respectively. Schematically indicated are the ET chain
(via iron—sulfur centres), and the dihydrogen and the H* transfer pathways. The chemical
structure of the active sites are shown with the arrows indicating the open metal coordination

site. Adapted with permission from ref 3°. Copyright 2014 American Chemical Society.
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To date, several detailed reviews on structure of catalytic sites in hydrogenases and their
functional roles for H* /H, interconversion have been published. Since 2007, considerably more
information of this class of enzyme has been gained by several X-ray crystallographic structures.

4 novel electrochemical techniques®

Furthermore, advanced spectroscopic methods**
computational studies*® were applied together to understand structure of catalytic sites in
hydrogenases and the relationships between their structures and functions for H* uptake /H,
production. Moreover, in recent years, detailed information on the H, evolution mechanisms

has been reported by elucidating the role of hydride intermediate in hydrogenase active sites.*’

As mentioned previously, the future employment of the hydrogen economy requires processes
for producing H, from renewable sources (sunlight, water) and low cost techniques. Therefore,
substituting a cheap element that can catalyze the reaction at a reasonable potential is a
relevant approach as an alternative to the use of platinum electrode. Biocatalysts can fulfil these
requirements because they use earth abundant metals in their active site (Fe and Ni), and their

catalytic performance is comparable to Pt.*

Therefore, one of the promising ways for the
development of technologies for capturing and storing renewable energy as a fuel is using
biocatalysts integrated in fuel cells or artificial devices. However, some problems remain to be

faced in this area e.g. their stability under the air, enzyme immobilization.

For example, CODH modified on TiO, nanoparticles (Figure 1.10 a), with ruthenium complex as
photosensitizer, can selectively convert CO, to CO with a TOF of ~ 0.18 s™1.%8 Very recently,
Armstrong group *° developed the system for CO,conversion by the combination of nanoclusters
stabilized by polymethacrylic acid (AgNCs-PMAA) as effective photosensitizer (Figure 1.10 b).
This system showed fast and selective, visible-light driven conversion of CO,to CO with a TOF of
20 s at ambient temperature. Strong coupling of the Ag nanoclusters on TiO, facilitates the
electron transfer required for CO, reduction catalytic activity on CODH. More effective
performance of CO, conversion by hybrid semiconductor-photosensitizer/enzyme systems

could be achieved by increasing the flux of photo-generated electrons.*
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Figure 1.10. Examples of semiconductor-biohybrid systems for CO, reduction to CO with CODH
immobilised on TiO, nanoparticles sensitized with RuP dye (a). Reproduced with permission
from ref 8, Copyright 2010 American Chemical Society. TiO, nanoparticles sensitized with silver
nanoclusters stabilized by polymethacrylic acid (b) and CdS nanorods (c). Reproduced with
permission from ref *°. Copyright 2018 American Chemical Society. The semiconductor-
biohybrid systems (d) for H, evolution with hydrogenases immobilized on the same sensitizer as
that of a) with time-dependent H, evolution profile by irradiation (A > 420 nm) at 25 °C in neutral
aqueous solution (squares) measured by GC. Reproduced from ref *® with permission from The
Royal Society of Chemistry. A schematic representation (e) of e- flow through a conducting
particle modified with a hydrogenase and another enzyme for a reduction process. Reproduced

from ref °* with permission from The Royal Society of Chemistry.

Moreover, the use of this enzyme for visible-light driven CO, reduction by sensitized hybrid
semiconductor (Figure 1.10 c) developed by the same group was influenced by the size and
shapes of semiconductor particles. By this consideration, CODH attached on CdS nanorods
exhibited average TOF of 1.23 s, compared to 0.25 s observed for the enzyme on CdS
quantum dots.>> The semiconductor biohybrid system for visible-light-driven H, production
(Figure 1.10 d) was also acheved by the Armstrong group.>® This system is constructed by using

TiO, attached with the photosensitizer, [Ru'(bpy).(4,4’-(POsH,)-bpy)]?*(RuP), along with

Page 14 of 394


https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemistry/nanoclusters
https://www.sciencedirect.com/topics/chemistry/cadmium-sulfide
https://www.sciencedirect.com/topics/chemistry/nanorod

Chapter 1 Introduction

immobilized O,-tolerant [NiFeSe]-hydrogenase and using TEOA as a sacrificial electron donor
(D). The natural [NiFeSe]-hydrogenase (by changing one of terminal cysteine ligands on the
nickel ion to selenocysteine) is found to be more O, tolerant than the [Ni-Fe] hydrogenase.>? This
stable hydrogenase also displayed better electrocatalytic performance than that of the [Fe-Fe]-
and [Ni-Fe]-hydrogenases by showing higher oxygen tolerance with the retention of high H,
production. Another new concept (Figure 1.10 e) for enzymatic catalysis on conducting
substrates was developed by this group.>* Coupling of hydrogenase (electron donor enzyme)
and nitrate reductase or fumarate reductase (electron acceptor) to graphite particles can
achieve selective reduction of nitrate or fumarate by Ha. In recent years, the development of
immobilized biocatalysts on conductive material or semiconductors for photoelectrochemical or

electrochemical fuel-forming reactions has demonstrated promising results.>=’

1.4 Solar fuel productions by electrocatalysis

1.4.1 Electrocatalytic performance by hydrogenases

Electrocatalysis of hydrogenases for reversible uptake H*/H, production has been extensively
studied by “protein film electrochemistry” (PFE). The dynamic cyclic voltammetry technique was
first introduced by Armstrong and co-workers®® and has then been extensively used to
investigate catalytic properties of hydrogenases including their mechanisms and kinetics for
oxidation and reduction of molecular hydrogen as well as inactivation pathways of the
enzymes.> In PFE experiments, the hydrogenase has to be immobilized on the electrode surface
(Figure 1.11 a) via the distal [4Fe-4S] cluster to obtain direct ET between protein and electrode.
Monitoring current generated by catalytic reaction of hydrogenase in the presence of substrate

allows kinetic information (TOF) to be obtained as a function of the electrode potential.
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Figure 1.11. a) Schematic representation of the enzyme modified on electrode surface for PFE
experiment, b) cyclic voltammogram for reversible H, production obtained for the [FeFe]
hydrogenase from Dd (Desulfovibrio desulfuricans) attached to a pyrolytic graphite electrode
(PGE) operating near E°. Reproduced with permission from ref 3. Copyright 2014 American

Chemical Society.

A well-defined CV response is linked to the catalytic activity of the enzyme modified on the
electrode surface. For example, Figure 1.11 b shows positive currents which correspond to
oxidation of H, and negative currents to H* reduction (H, production). In terms of electrode
potentials, the three regions in the CV can be typically defined. Scanning to more negative
potentials, the higher negative current is obtained due to a H* reduction to H; and then the
direction of the reaction switches to H, oxidation at more positive potentials. At higher
potentials, the catalytic current starts to drop because the enzyme is oxidized to the inactive
states. The deactivation process of the enzyme occurs at higher potentials because the electrode
has such a strict redox control on the active site of the hydrogenase. At high potentials, the
enzyme is oxidized to the inactive states resulting in the start of current drop. This is a general
feature of [NiFe] and [FeFe] hydrogenases. When the potential is swept back to negative
direction, the catalytic activity is completely restored. Moreover, inhibition of the activity of

hydrogenases by O, ,H, or CO can be studied by dynamic voltammetry.
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1.4.2 Electrocatalysis by small-molecules for H, evolution

In an electrocatalytic H, production system by a molecular catalyst, at a given potential,
heterogeneous electron transfer is directly supplied from an electrode to a homogeneous
catalyst in a diffusion-reaction layer near electrode surface to form in situ the active
intermediates for H, production. Therefore, proton reduction catalysis by molecular catalysts is
generally indicated by changes in cyclic voltammetry upon addition of acid HA as illustrated by

the CVs of Dubois catalyst in Figure 1.12 a.

Overpotential

at Eca!lz
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3 Ni(1/0)
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Potential versus FeCpy/FeCps (V) E (V vs Cp,Fe*)
Figure 1.12. a) the CVs of a solution of the [Ni(P"";N";),(MeCN)]** in MeCN with TBAPFs upon
addition of H*-DMF(OTF)/DMF up to 437 mM, small inset displays ict/ip values vs. [H*-
DMF(OTF)/DMF] *8 and b) the CV of [Ni(P"",N"";),]?* showing catalytic current enhancement (jcat),
non-catalytic current (i,), thermodynamic potential for proton reduction (E%a), half wave
potential for catalysis (Ecat2), and the resultant overpotential at Eca2. Reproduced from ref >°

with permission from The Royal Society of Chemistry.

|”

An important thermodynamic parameter is the so called “overpotential” which is the difference
Ecat—E%a: overpotential (1) = Ecar-E%ua/ma. For accurate determination of the overpotential of a
catalysts, the catalytic potential at half of the observed current (Ecat/2, as shown in Figure 1.12 b)
is preferred to the overpotential calculated by using an onset potential at the base of the wave.*
In case of using HA acid in particular non-ageous solvent, E%a/mz can be determined by the eq

1.1 shown below, where E%./, is the potential of the proton/hydrogen couple® and pKauas is

the acid dissociation constant in a particular organic solvent (S).
EOHA/HZ = EOH+/H2— (2.303RT/F)|3K3,HA,5 eq 1.1

These catalysts are typically investigated in dry organic solvents (e.g. CHsCN, DMF or CH,Cly) with
added acids (HA) as H* source for investigating their catalytic activities and mechanistic H,

evolution pathways. Generally, direct electrochemical reduction of H* on electrode surfaces
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requires large overvoltages. The direct reduction potential of HA, standard potential E%afor the
HA/A", H, half-reactions by using glassy carbon electrode, and their pK,ua values in MeCN are
listed by Dempsey.®! The general concept of current enhancement is illustrated in Figure 1.12 b
which shows data of the [Ni(P"";N";),]?* catalysts for production of H,. The increase in catalytic
current occurs at the Ni(il/1) couple, and. the value of icat/ip is related to the observed rate

constant (kobs) as described laer in section1.5.1.

The example of electrocatalysis by a molecular system for reversible H, production is shown in
Figure 1.13. This is the first example of a synthetic catalyst that shows a similar catalytic role as
that observed in natural hydrogenases.®?> The interconversion between H* and H, could be
operated near the thermodynamic potential as indicated by a dotted line, and it catalyzes H,
production at very low overpotential (68 mV). From the CV response in each experiment, it can
be interpreted that the complex in a solution with added H* source under N, (green trace)
showed catalytic H* reduction at potentials negative of 0.55 V vs Fc*/Fc. When the same solution
is sparged with H, (red trace), an oxidation current is observed, indicating oxidation of H..

Furthermore, the reductive current is decreased because of product (H;) inhibition.

34
a) 1 atm N,

24 — b)1 atmH,;
— c¢)1atmN,

Current (pA)

R'=CH ECHQOME

-0.2 ' -U'.d ' -OI.E T -0.8
Potential (V vs. FeCp, ")

Figure 1.13. CVs obtained from molecular synthetic [Ni(P"",NR;);]>* displaying reversibly

catalytic H, production/oxidation. The dotted line indicates the formal reduction potential of the

H*/H, couple expected under these conditions.®? Permission is granted subject to an appropriate

acknowledgement given to S. E. Smith, J. Y. Yang, D. L. DuBois and R. M. Bullock, Reversible

Electrocatalytic Production and Oxidation of Hydrogen at Low Overpotentials by a Functional

Hydrogenase Mimic, 2012, 51, 3152-3155.
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1.5 Artificial molecular electrocatalysts for HER and CO2RR

As mentioned above, the development of non-precious metal-based catalysts has gained much
attention over the last decade. More recently, the integration of the molecular catalysts in solid-
state materials or devices to operate in water has been found to be very promising. The recent
review in artificial fuel synthesis ® commented that the construction of molecule-based devices
for the production of fuels from renewable source (sunlight, CO, and H;0) is still far from
practical applications. The main issues for molecular catalysts in artificial photosynthesis are
long-term stability and lack of effective heterogenization of them in artificial devices.'® This

review emphasized the importance of molecular catalysts, as listed below.

(1) Their active sites are clearly identified with readily characterized structure by
conventional spectroscopic and X-ray crystallographic analysis.

(2) Their catalytic mechanisms can be investigated by techniques such as UV-Vis
spectroscopy, in situ IR spectroscopy, in situ NMR spectroscopy and in situ MS and
spectroelectrochemistry.

(3) Their steric and electronic properties can be properly tuned by specific coordination
environment via ligand design.

(4) Their unique structures with single active sites have intrinsic catalytic activity which can
be directly improved by a rational design.

(5) Product selectivity is controlled by single, identifiable and adjustable active sites.

(6) Molecular catalysts have high metal-atom economy.

Accordingly, the first stage to achieve a viable AP device is the development of efficient and
robust molecular catalysts with high intrinsic activity, low overpotential, and a high catalytic

rate.
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1.5.1 General concepts for development of molecular electrocatalysts

In general, optimal electrocatalysts must have a good thermodynamic match between the redox
potential (E°) for electron transfer reaction and chemical reaction that is being catalysed as listed
in the Table 1.1. For example, reduction of substrate CO, to CO product requires an
electrocatalysts with formal potentials, E°(Cat™°) well matched to thermodynamic potential,
E°(CO/CO,), and appreciable rate constants, ke, for the chemical reduction of substrates to
products at this potential. Thus, both thermodynamic: £°(Cat™/°), E° (products/substrates) and
and kinetic parameters (k.at) are important for electrocatalysis. A general approach for substrate

conversion by electrocatalysis is represented in Scheme 1.1.

ng Substrates
L‘ﬂl
Electrode
e Cat"™

Products

Vapplied EYCat"?) EY(products/substrates)

Scheme 1.1. Electrocatalysis by molecular electrocatalysts.®

Direct electrochemical reduction of H* or carbon dioxide on most electrode surfaces requires
large overvoltages. The overvoltage or overpotential (n = Eapp-E°(products/substrates)) is
defined by the difference between the applied electrode potential (Eapp) and thermodynamic
potential, E°(products/substrates), at a given current density. Therefore, optimal catalysts are
expected to minimize overpotential, and their electron transfer and chemical kinetics must be
rapid for efficient catalysis. In addition, an electrocatalyst involves heterogeneous electron
transfer between the electrode and the catalyst in a solution. The heterogeneous rate constant,
kn, for reduction of the electrocatalyst at the electrode must be high for applied potential near

E°(Cat™").

Additionally, the value of ict/i, is essentially a measure of the rate of regeneration of the catalyst
present in the diffusion layer. For example, H, evolution electrocatalyst in the presence of high
acid concentration [HA], the catalytic current reaches a plateau value indicating that the current
is limited by the rate of the catalytic cycle, not by proton diffusion.>® Therefore, the icat/i, ratios

related to the observed rate constant (kobs) as shown in the eq 1.2 below.

icat — n RTkops
0.4463 Fv

r eql.2
P
For a two-electron (n = 2) catalytic process at 298 K, this equation can be rearranged to give kobs

which is equal to the TOF as shown in the eq 1.3
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kops = TOF = 0.0497 x £¥ x (aty2 eq1.3
RT lp

where R = universal gas constant, T =the temperature in Kelvin, F= Faraday's constant, and the
scan rate (v) in V s, °° Therefore, the catalytic rate of hydrogen evolution is reflected by TOF
value (s2). For comparison of electrocatalysts, there are typically two parameters (overpotential

and TOF values) that are employed for defining a good or bad catalyst.

Savéant ®

introduced a simple method for determining the TOF which is possible by comparing
the observed current for a catalyst under catalytic conditions to the current observed under
non-catalytic conditions. The more precise benchmarking of electrocatalysts by kinetic analysis
called “Foot-of-the-wave analysis” which was subsequently developed by Savéant will be
thoroughly described in chapter 3, section 3.1.2 Moreover, detailed cyclic voltammetry and the

electrochemistry of cobalt hydride complexes under non-catalytic condition will be presented in

chapter 2, section 2.2 and 2.3.3, respectively.
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1.5.2 Challenges in fuel production by molecular electrocatalysis

The catalysis for H, evolution (eq.8) or CO, reduction (eq.1-7 in ) involves multiple electron and
proton transfers, and they are both thermodynamically and kinetically unfavourable.®® The
multielectron reduction of CO, with coupled proton transfer occurs at similar thermodynamic
potentials (E°) to H* reduction. Therefore, different reactions can compete resulting in poor
selectivity particularly aqueous solution. Under the condition with water, proton reduction to
H, will become a significant competing reaction.’ ®> However, selectivity for a particular product

can be tuned by using molecular catalysts.

Table 1.1. Formal electrochemical redox potentials (pH 7) for the reduction of CO, and related

compounds in aqueous media.

Reduction potentials of CO, E°[V]vs SHE at pH 7
CO,+e —COy -1.9
CO, + 2H" + 26~ — HCOOH -0.61
CO, + 2H* + 2e~ —> CO + H,0 -0.52
2CO, + 12H* + 12e~ — C,H, + 4H,0 -0.34
CO, +4H" + 4~ —» HCHO + H,0 -0.51
CO, + 6H* + 66~ — CH,OH + H,O -0.38
CO, + 8H* + 8¢~ — CH, + 2H50 -0.24
2H* + 26" = H, -0.42

Typically, the use of metal complexes to catalyze H, evolution or CO; reduction involves multi-
electron and multi-proton transfer processes. This PCET reaction catalysed by 3d transition
metal complexes is much more challenging than the reaction catalysed by noble metal
complexes which can efficiently mediate two-electron transfer process as discussed below.®®
Most 3d transition metal complexes require relatively high overpotential to achieve the reaction
compared to the activity of noble-metal catalysts'®, and the reaction rate is slower than that

mediated by platinum complexes.®’

1.5.3 Common mechanistic pathways for H* and CO; reduction

Several research groups ® %871 have investigated the fundamental mechanisms of hydrogen
evolution in order to design more rational molecular catalysts for further application to
heterogeneous systems and use in fully aqueous condition. The mechanisms for H, production
by molecular transition-metal complexes have been studied both experimentally and
theoretically.”? In most cases, it is proposed to go via common metal-hydride intermediates
(Scheme. 1.2 a) which are formed by reduction and protonation of a metal centre.'® 7273 The

hydride intermediates can subsequently produce H, via two possible pathways. For the

Page 22 of 394



Chapter 1 Introduction

homolytic route, bimetallic reaction of metal hydride complexes results in H, formation via
reductive elimination. Alternatively, an additional reduction of H-M™* to H-M™* followed by
protonation can lead to a formation of H, by a heterolytic pathway. Both pathways can also
occur simultaneously, and the major route depends on the experimental conditions used (e.g.

catalysts concentration, proton source, or pH solution).”

=
a) H; evolution pathways S Hicas
path A path B
e e l l
Mt ———= M —— \g(n-2)+ 2 ¢
E A ==
H---C | C‘
c|H c|H | 0%
~ TS-1 TS-2
H_M(n+1)+—e> H_Mm 1
|
M 1]
homolysis C l H-M@+ 1+ Cc lH* heterolysis , © 0
] w o
M™ + H, M™ + H, ¥o] B
M. C—H
Ko}
I
b) CO; reduction pathways .
e e CO,
M M1 M(-2) MOCO,) 2295 o)+ co + 0%

H* H* (0% =CO4? in aprotic or
H,O/OH " in protic conditions)

e CO,
H-M"™1) —— H_M() —5 MO(OCHO) ———=  M® + HCO,™

Scheme. 1.2. a) Possible reaction pathways for the HER catalyzed by metal complexes. ®, b)
competitive reaction pathways for CO and HCO,H formation from CO; showing the role of the
metal-hydride for controlling product distribution.!® Either of the two hydrides shown can
undergo side reactions to form H; as shown in a. Inset shows mechanisms for CO; insertion into

M-H bond.

Reaction of CO, with molecular complexes often occurs either by insertion into a metal-hydride
bond or by binding to a vacant coordination site at the metal centre (Scheme. 1.2 b). The
common pathway is the CO; insertion into a metal-hydride which is believed to be promoted by
electrostatic attractions between the polarized 0%~C* and M®-H® bonds, positioning the
electrophilic carbon-atom in close proximity to the nucleophilic hydride moiety. The M-H
species interacts with CO, molecule either TS-1 or TS-2 resulting in the formation of a M—OCHO
or a M—COOH species (Scheme. 1.2, inset). It can also react with H" to produce molecular
hydrogen (H,): therefore; the acidity of a solution may influence the product distribution

between CO, formate and H, the products.

In contrast, electron-rich metal centre with free binding sites favour CO, activation through
monodentate C-coordination, leading to a metallo-carboxylate species. The n*-C-bound CO,
product is readily for protonation in order to facilitate C—O bond cleavage by a push—pull

mechanism.”® In this pathway, the electron-rich metal centre pushes electron density into the
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CO; ligand while the protons assist the electron transfer by pulling out electron density,
ultimately leading to C—O bond cleavage and liberation of water. Based on these two different
pathways that vary in the mode of CO; activation at metal centres, HCO,H is generally obtained
as a product in the former case, while the CO product formed by the latter pathways is more

often observed for electrocatalytic CO, reduction by transition metal complexes.

1.5.4 Design principles for effective hydrogen evolution electrocatalysts (HECs)

Mechanistic studies highlight several design considerations (Scheme 1.3) that are required for
effective catalytic H, production mediated by transition-metal complexes that involve formation
of hydride intermediates in catalytic cycles. Firstly, an available coordination site and suitable
electronic properties of the catalysts are important for a formation of metal-hydride
intermediates. Secondly, the overpotential required for proton reduction can be minimized by
choosing appropriate ligands that can stabilize reducing metal species. Tuning of their redox
potentials can mostly be achieved at the metal or via metal-ligand cooperativity using a non-
innocent redox active ligand. Alternatively, tuning of overpotential can be possible by
integration of protonation sites into the core structure of catalysts by mimicking the function of
hydrogenase (see section 1.6). Moreover, the design of catalysts that can function in fully
aqueous conditions offers advantages from the maintenance of high local substrate

concentration.”?

abundant and

green proton source
effective intra- or /
intermolecular H,0
proton transfer ~._ electrophile '
X-H
i =-—— generales basic
stabilizes low - M= metal hydride
oxidation states nugleophile
Hz0

Scheme 1.3. Design parameters for effective HECs that operate via a common metal-hydride

intermediate. Reproduced from ref 72 with permission from The Royal Society of Chemistry.

1.5.5 Thermodynamic and kinetic considerations for transition metal hydrides

M-H bond cleavage and reactivity of transition metal hydrides

The metal-hydride bond (M-H bond) in a transition metal hydride can be cleaved via three
different modes (Scheme 1.4): homolytic dissociation to a hydrogen atom or heterolytic
cleavage to a proton with the respective given bond dissociation energy (BDFE) and pKa
parameters. The third mode, the heterolytic bond dissociation free energy (AG%-) of the M-H

bond in a [M-H]™* to yield the [M]™ and the H™anion defines hydricity (hydride donor ability)
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of the metal hydride intermediate. The hydride donor ability is also considered synonymous with
the term thermodynamic hydricity, AG%-. The heterolytic clevage of M-H bond to give H" is
endoergic, and the magnitude of AG%. indicates the amount of energy required for bond
cleavage. Therefore, hydrides of metal with lower AG%- value are better hydride donors. The
formal cleavage of M-H can also lead a generation of M~and H*. The acidity of metal hydrides is
defined by pKa value and are considered as the same trend as the AG%:-value. The lower pKa

values are considered as better H* donor.

These three M-H clevage modes are related to one-electron reduction processes of the [M]"* via
the thermodynamic cycle (Scheme 1.4) showing the relationship between pKa, BDFE, hydricity

of a metal hydride and reduction potentails (E°(M**) and E°(M*")) of the parent [M]™.7®

M-H — o Mt H

pK, BDF +e (| EO v+l

HY+ M M+ H-
Eom/)

Scheme 1.4. Modes of metal-hydride bond dissociation and related thermodynamic parameters.

Acidity of metal hydrides

The acidity of metal hydrides trends to decrese from first or second row metals to third row
congeners: the more acidic of HMo(CO);Cp (pka =8.3) than the HW/(CO)sCp with the pka of 16.1.
The acidity of first-row metal hydride HMn(CO)s with pka = 14.2 is very different from the third
row congener HRe(CO)s (pKa of 21.1). Furthermore, oxidation of netral hydrides to cationic

hydride complexes can greatly increase the acidity.”’

The electronic effects from ligands can also result in changes of the acidity: for example;
changing from electron-withdrawing CO ligand to electron-donating phophine lowers the
acidity. The variation of substituents of the two phosphine ligands in the the Ni hydride
complexes changing from phenyl group in the [HNi(dppe)]* (dppe = 1,2-bis(di-
phenylphosphino)ethane) to better methyl electron donating moiety in the [HNi(dmpe),]*
(dmpe = 1,2-bis(di-methylphosphino)ethane) causes the much higher pKa values from 14.2 to
24.3in MeCN."®

The DuBois group 7 have examined the pKa values of a series of the cobalt hydrides containing

two phosphine ligands (dppe) exhibiting a considerable range of about 27 pKa units dependent
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on their oxidation states and charges. The neutral hydride HCo(dppe)z has a low acidity with pKa
of 38.1, while the dicationic hydride, [HCo(dppe) » (MeCN)?* (pKa = 11.3) is the most acidic

species among the compleses in this series.

Hydricity of transition metal hydrides

The hydricity for the well-studied [HM(diphosphine),]* series is dependent on three main factors
which are 1) the substituents on the phosphine ligand, 2) the bite angle of the diphosphine ligand
and 3) the metal. The hydricity of [HNi(dmpe).]* containing electron-donating Me groups is
greater than that of [HNi(dppe).]* by 12 kcal mol™?. The hydrides of Co, Rh, and Pd show the
similar trends to the hydricity of the Ni complexes by the same variation of the diphosphine
ligands. Remarkably changes in hydricity are found when the metal center is changed. For
isoelectronic complexes, the hydricity varies in the order second row > third row > first row.%
By variation of these structural and electronic parameters, the range of hydricities for metal
hydrides spans a range of AG%- value from 26 to 76 kcal mol? providing tunable reactivity of
metal hydrides in the designed catalyst that may require either strong or weak hydride donor

ability for specific H™ transfer reactions.®°

1.5.6 Hydride transfer reactions of metal hydrides for fuel-forming reactions
A crucial step for the reduction of H" to H, and conversion of CO, to formate catalysed reaction
by transition metal hydride intermediates is formal hydride transfer to the H*and CO, substrate.

Accordingly, hydride donor ability is a key descriptor of metal hydride reactivity.

For an electrocatalytic H* reduction, the thermodynamic considerations for HER mechanism that
involve with a protonation of the hydride intermediate can be described in terms of the hydricity
(hydride donor ability) of the metal hydride intermediate (AG%:-), the pKa of acid and the free
energy of heterolytic clevage of H, (hydricity of dihydrogen, AG® (H,) = 76.0 kcal mol™ in

acetonitrile (Scheme 1.5).5% 8

[M-H] (¢ e [M]M*+ H AG, @

W+ g —  H AS°h(H2) )
[M-H](-1+ + BH MM+ B+ H, AGO,, (rxn) (4)
AGu(rxn) = AS% - AGO () +1364PK, (1) ©)

Scheme 1.5. Free energy for protonation of a metal hydride.
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The hydricities of nickel based HECs with diphosphine ligands are systematically evaluated by
DuBois and co-workers.®2 The H, evolution catalysis by the Ni(diphosphine),**complexes can be
predicted by the careful evaluation of the factors that affect the thermodynamic hydricity. The
well-defined hydricity of a catalytic intermediate lead one to choose acid that will be needed for
favourable H; release (negative value of AG%.). Therefore, rationally chosen of acid as H* source
(mild acid) for the given hydricity of metal hydride that cause the eq 5 in Scheme 1.5 become

negative can achive lower overpotential compared to using relative strong acid as H* source.

The Kubiak group has reported on the relaionships between the hydricity of transition-metal
hydrides to the first reduction potential of the parent d® metal complex (E1/2(M™/("1*)) 8 These
relationships allow for the targeting, tuning, and prediction of metal hydride hydricities and can
subsequently be used in the consideration of the pKa values of added acids to match proton
sources to hydricities of hydride intermediates in order to favor hydrogen evolution with low
overpotentials.” 8A variety of molecular systems based on nickel, iron, and cobalt have been
developed, which exhibit excellent activity.?> 8 87 However, most of these systems are only
studied with strong acid substrates are still operated at high overpotentials, resulting in low

energy efficiency.
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Thermodynamic and kinetic consideration of PCET for molecular HECs

electrocatalysts

The thermodynamic of net multi protons and multi electron transfer processes for HER are
illustrated in Scheme 1.6 a. A metal hydride intermediate [M-H] formed by proton coupled

electron transfer (PCET) are often involved in the mechanism for HER.

- H+
a M-H] =< - M
) [ ] PKa1
G
"€ |0, n -e || po,
+ - He °
[M-H] _ M
pKaZ

Scheme 1.6. (a) Square scheme representing the thermodynamic factors for stepwise vs.
concerted electron-proton transfer and (b) corresponding energy profile for the different

pathway.

This PCET process can occur via either stepwise ET-PT, or PT-ET process (black arrows) or
concerted proton electron transfer (CPET), blue arrow. ®The reaction barrier for CPET (Scheme
1.6 b) is lower than AG for stepwise ET-PT or PT-ET process resulting in larger driving force for a
formation of the [M-H]. While, the stepwise electron-proton transfer with high intrinsic barrier
to form the metal hydride is kinetic challenge for H, evolution catalysis which means that
reaction can be slow. Therefore, mechanistic and thermochemical studies to understand the
factors that influence formation and protonation of metal hydride is critical for improved the
catalytic rate. The rates of protonation/deprotonation reactivity involving transition metal
complexes or “kinetic acidities” of metal hydride complexes can vary remarkably and are
typically much slower than rates of proton transfer to and from oxygen or nitrogen-containing
bases and acids with similar driving forces®® The structural modification of ligands with a
positioned pendant base in the second coordination sphere for nickel and cobalt catalysts®® near
the metal centre can overcome the slow kinetics of proton transfer to the metal centre to form
hydride intermedites by the proton relay groups.®> %2 For the nickel based HECs with pendant
amines, it has been proved that the catalytic rate is strongly influenced by the ability to deliver
protons to the correct location of the pendant amine. Protonation of the amine endo to the
metal leads to the N—H being positioned appropriately to favor rapid heterocoupling with the
M-H bond for H, liberation.?® The more acidic N-H (protonated amine) and the more hydridic

Ni-H bond favor H, evolution reaction kinetically.®*
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The next (section 1.6) will show the development of HECs and CO2RRCs based on molecular
complexes using earth abundant metals. Many molecular based catalysts for proton reduction
have been reported but their compatibility and solubility in full aqueous solution remain key
challenges. Therefore, the development of a catalyst for hydrogen evolution that use water as
H*source or substrate is one of important goals to achieve in solar-to-fuel conversion scheme.®*
2 The earth-abundant metal complexes can be potential catalysts for H, production because the
metal centre exhibits many oxidation states. However, the design and employment of the ligand

scaffold is crucial to achieve efficient catalysts.

For CO; conversion to CO and HCO,H with molecular electrocatalysts, proton-assisted
multielectron transfer processes can be considered for the design and development of
electrocatalysts for CO, and H* transformation by a combination of appropriate proton
donor-acceptor properties in the catalytic site.%® ®® 7* The development of catalysts with
appropriate distance between the proton shuttle moiety and catalytic site can be expected to
facilitate multielectron substrate conversions.®® 7* This approach for design of rational cobalt
catalysts will be presented in chapter 3, section 3.1.5.4 for H, evolution and section 3.1.6 for

CO,, reduction.
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1.6 The development of molecular electrocatalysts based on earth abundant metals

for CO2RR and HER

Overview of molecular COz reduction electrocatalysts

Among the numerous strategies for CO, transformation to useful chemical fuels,
electrochemical reduction of CO; is a promising approach.®> °® Consequently, tuning catalytic
activity of transition-metal complexes for CO; reduction catalysis by application of appropriate
ligands has been thoroughly investigated. Nitrogen-donor ligands have been proven to form an
important class of molecular electrocatalysts for CO, reduction.®” It has long been known that
metal complexes of the second- and third-row transition metals with polypyridyl ligands such as
2,2’-bipyridine or 1,10-phenanthroline are active electrocatalysts for CO, reduction. The fac-
[Re(bpy)(CO)sCl)] complex and bpy-substituted derivatives have been known as highly active for
CO,-to-CO conversion since Lehn et al’s report in the 1980s.%® This class of molecular catalysts
based on polypyridine ligands remains the most promising for the continued development of
molecular systems for CO, reduction. For this reason, macrocyclic and polycyclic compounds

containing nitrogen donors have since been employed as ligands for CO; reduction catalysts that

99 100 102,103

include porphyrins, polypyridines,'®* cyclam and related unsaturated N4-macrocycles.

1.6.1 Molecular catalysts based on earth-abundant metals for CO2RR

The most frequently studied family of homogeneous Mn analogues of the rhenium catalysts,
fac- [Mn(bpy)(CO):X] (X = Cl or Br) have been extensively reported. %1% The mechanistic study
of CO;reduction by these complexes was investigated by several groups, and various techniques
including CV, IR-SEC, pulse EPR spectroscopy were used. In the case of iron-based catalysts, iron
complexes with the porphyrin ligand, [(TPP)Fe"]CI (TPP = tetraphenylporphyrin), are the best-
characterized system. This class of catalyst for CO, to CO conversion was reported in the 1980s

by Savéant et al 7> 19110 for example, FeTPP ''° (Chart 1.1).

It was found that the activity and stability of the catalyst is greatly improved when the mono- or
divalent Lewis acids (e.g. Mg?*) or weak Bronsted acids (e.g.1-propanol, 2-pyrrolidine, and
CFsCH,0H) were added to the electrolyte solution. Significant progress in this class has been
made by Costentin and co-workers 1% by installing phenolic groups in the ortho position of all
arene substituents to attain the FeTDHPP as illustrated in Chart 1.1 (TDHPP=5,10,15,20-
tetrakis(2’,6’-dihydroxyphenyl)-porphyrin). These local proton sources in the complex could
stabilize the Fe(0) intermediate leading to enhanced catalytic activity for CO production in the
presence of 2 M water. This catalyst operated at an overpotential of 465 mV, and the faradaic

efficiency for CO production was greater than 90% through TONs of 50 million over 4 h
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electrolysis without degradation. More recently, the same group found that the analogous
complex with four cationic trimethylanilinium groups in the ortho position (Fe-o-PMA, Chart
1.1) ™ has a lower overpotential (nct) of 220 mV with a concomitant increase of TOFmay = 10°s”
1in DMF using PhOH as proton donor. The authors proposed that the ionic group at ortho
position allows for an efficient coulombic stabilization of the Fe-CO, adduct. This design mimics
the NiFe active site of CO dehydrogenases (CODHs) from the reduced CO; bound state of CODH-
llch (Carboxydothermus hydrogenoformans). The CO; binds between Ni and Fe as a bent bridging
ligand via n?, u, coordination mode and is stabilized in the protein pocket by H-bonding with

His93 anf Lys 563.1

Accordingly, a metal coordinated by a ligand with pendant proton donors is an effective design
motif for artificial CO, reduction catalysts. !> Moreover, the kinetics of this catalyzed reaction
can be significantly influenced by metal-ligand cooperation. The Co-macrocycle with the ligand
bearing pendant amines in the second coordination sphere or hydrogen donor moiety could
facilitate proton transfer to the metal centre by increasing the local proton concentration and/or
stabilization of the M-(7'-C)CO, intermediate via H-bonding as shown the structure in Chart
1.1.11%11¢ |inehan has developed the cobalt hydride analogue of Co(dmpe), (Chart 1.1), dmpe =
1,2-bis(dimethylphosphino)ethane) for production of formate from CO, and H,. The complex
exhibits a high catalytic activity with a TOF of 3400 h™* operating at r.t. under low pressure (P =
1 atm) of a mixture of gases of CO,:H,. The catalytic activity is comparable to those of noble
metal catalysts for CO, reduction with hydrogen, however, this catalytic system requires the

expensive base for regeneration of the hydride complex to complete the catalytic cycle.!'’
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Chart 1.1. Carbon dioxide reduction catalysts with 3d transition metals. Inset shows fine
structural adjustments of Fe-porphyrin CO2RRCs with dramatic improvement of their catalytic

f18

activities. Reproduced from ref *° with permission from The Royal Society of Chemistry.

The Chart 1.1, inset shows CO; reduction catalysts in the Fe-porphyrin class that demonstrate
the precise structural modification for achieving new catalysts with high intrinsic properties. It
highlights that a slight change in the structure of these molecular complexes may lead to a
considerable increase in their catalytic performances. Therefore, the development of efficient
catalysts requires a clear understanding of the catalytic mechanism and appropriate design of

the structure.

The early development of molecular HECs aimed for structural and functional mimics of the
active sites in [Fe-Fe]- and [Ni-Fe]-hydrogenases due to their exceptional catalytic activity for
reversible H, production as mentioned above.?® 118 11° However, the complexes mimicking the
hydrogenase active sites show low stability under aerobic conditions and poor catalytic activity
with operating at large overpotential (will be described in the next section 1.6.2). This led to a
search for robust inorganic compounds with various ligand platforms. The design of
electrocatalysts with various ligand platforms for complexation with non-precious metals (e.g,
Ni, Fe, Co and Mo), as will be described in section 1.6.3 is found to be a promising strategy for

molecular electrocatalysts for H; production.
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1.6.2 Biomimetic catalysts for electrocatalytic Hz production

From the striking electrocatalytic activity of two main classes: [Fe-Fe]- and [Ni-Fe]-hydrogenases,
over a hundred biomimetic synthetic complexes have been synthesized over the last decade by
various modifications of the [Fe-Fe] and [Ni-Fe]-hydrogenase active sites. % The early
biomimetic diiron complex (FeFe mimic, Chart 1.2) was firstly prepared by Rauchfuss and co-
workers 2°. It was found that the [Fe-Fe]-H,ase model complex with only CO bridges, [Fe2S,(CO)e]
is inactive for electrocatalytic H, evolution at the first reduction event in the presence of weak
acid (CHsCOOH) and requires a large overpotential for this catalysis at the second reduction
process.'?! The one e reduced cluster becomes electrocatalytically active for H, production by
replacement of one or two CO ligands by strong electron donating non-CO ligands (e.g. PRs, N-
heterocyclic carbene).'” The selected examples such as FeFe-2 and FeFe-3 (Chart 1.2) can
catalyse H, evolution at potentials in the range from -1.38 to -2.38 V vs. Fc”*.*?2 Darensbourg
and co-workers 2% proposed their H, evolution mechanism via the reduction of the Fe'Fe' parent
complex to FeFe!, followed by uptake of protons to generate (77°—H,)Fe'-Fe'. The hydride
species is also believed to be a key intermediate in the catalytic cycle for electrochemical H,
evolution. By comparison of the H, evolution pathway between the [Fe-Fe]-hydrogenase and
the artificial diiron complexes, the enzyme can achieve H, evolution via an [Fe'Fe'] intermediate
(HreaH* and HgeqH', Chart 1.2), while the biomimetics generally require the more reduced [FeFe']
state resulting in then operating at relatively more negative potential. Moreover, protonation

124127 instead of more reactive terminal

of the mimic complex often generates bridging hydrides
hydride species (Hnya) formed in the catalytic cycle of H, evolution by the [Fe-Fe]-enzyme

(highlighted inset, Chart 1.2).

Subsequent work by Rauchfuss and co-workers!?®

revealed the role of a pendant amine
positioned near the iron in the structure FeFe-4 (Chart 1.2). This basic amine group plays a key
role in the production of H, which has been proposed as a proton relay for facilitating the
formation or cleavage of the H-H bond.'*® The employment of the same concepts for artificial
systems by incorporating of appropriate basic groups in a secondary coordination sphere
surrounding a metal centre can help intra and intermolecular proton transfer as demonstrated
by the Dubois catalysts. This research group has mainly focused on developing mononuclear
complexes of Fe, Co, and Ni that contain a basic amine group in the second coordination sphere,
close to a vacant coordination site or a hydride ligand on the metal center.’?® Some of these

complexes are very effective electrocatalysts for H* reduction or H, oxidation.13 131
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Early synthetic mimics of [Fe-Fe] hydrogenase active sites
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Chart 1.2. The development of early synthetic HECs by mimicking of [Fe-Fe] hydrogenase active

site and DuBois HECs by implementing the role of pendant amine in the structure of the H-cluster

of [FeFe] hydrogenase with the proposed catalytic cycle for H, evolution by this enzyme.

Reproduced with permission from ref 132, Copyright 2017 American Chemical Society. The

deactivation pathway of the [Ni(P"",N¥),]?* by formation of the exo isomer is reproduced with

permission from ref 133, Copyright 2013 American Chemical Society.

The most efficient Dubois catalyst for H; production

The Dubois group **

in 2011 developed nickel diphosphine electrocatalysts with a basic amine

group (Chart 1.2) to structurally mimic a pendant amine in the structure of the active site of the

[FeFe] hydrogenase enzyme as proposed in the structure FeFe-4. For example, the selected

[Ni"(PP",NP",),]?* from the series of [Ni"(P®,N’),]**can catalyse H, evolution at low-overpotential

(320 mV), and in this case the proton coupled electron transfer (PCET) mechanism is believed to

operate for H* reduction catalysis.'®*® The in depth mechanistic studies®® %% 130 of the

[Ni"(PR,NF,),]?* series for H, evolution proved the crucial role of pendant bases in the second

coordination sphere for facilitating proton transfer (Scheme 1.7). The reduction of Ni(i1) to Ni(1)
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is followed by protonation of the pendant amine. This protonation is the key step that either
leads to the formation of productive endo isomer or inactive exo isomer (protonation far away
from the metal). The second electron transfer generates a Ni(0) species with a protonated
amine. Intramolecular proton transfer from the nitrogen to the nickel leads to formation of the
hydride species. It is subsequently protonated to generate the key intermediate with a Ni—H
bond and a N-H bond in close proximity (endo) or the deactivated exo isomer. The “dihydrogen
bond” between the protic N-H and hydridic Ni—H forms, and a molecular H; liberate from this

complex resulting in a regeneration the Ni(il) complex completing the catalytic cycle.>®

2+

H=N

N, ¥
Ny Base’ )
S, HBase i,
+e N-._P\ P2 N N\_P\ "‘\Pb‘N
— - <P,Ni‘ y Lic <F'/NI‘Py
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:,H
c N—N
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Scheme 1.7. Proposed mechanistic pathway for H, production catalysed by [Ni(PR;N®3)2]>". R
groups on P are not shown, and R’ groups on N are not specified for clarify.®> Permission is
granted subject to an appropriate acknowledgement given to J. W. Wang, W. J. Liu, D. C. Zhong
and T. B. Lu, Nickel complexes as molecular catalysts for water splitting and CO; reduction, 2019,

378, 237-261.

It was later found that the HER activity of the [Ni(P®?,N¥),]?" is greatly enhanced by using a PR,N¥
ligand, a seven-membered analogue of P?;NR; ligands with only one N® substituent. The TOF of
[Ni"(PP",NP"),]%* for H, production of 106,000 s™ at -1.13 V vs Fc”* was achieved but at a higher
overpotential (n = 625 mV) than that of the [Ni"(P?;NR),]%*. 3* The better catalytic activity with
high TOF for H, production of [Ni"(P?";N""),]** can be attributed to its structure. This complex
avoids the formation of exo isomer and facilitates formation of the endo isomer when
protonated as illustrated in Chart 1.2. The subsequent computational studies showed that

protonation at the endo isomer is favoured by 6 kcal/mol relative to that of the exo isomer.1
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To achieve more stable and efficient synthetic HECs compared to the biomimetic [Fe-Fe]-

hydrogenases, many other earth-abundant transition complexes by using metals e.g. nickel®,

138,139 16,122 ;

t70.136,137 incorporating various ligand platforms have been

cobal ,iron or molybdenum

designed and synthesized.
1.6.3 Molecular H; evolution catalysts (HECs) based on various ligand platforms

The concept of a pendant amine adjacent to a vacant coordination site or hydride ligand has
been extended to the development of electrocatalysts for production of H,. For example, simple
mononuclear complexes of Co and Fe with oxime moieties can potentially catalyse H»
evolution.” 8 140 The first generation cobaloxime developed as a mimic of vitamin B, with the
structure shown for [Co™(dmgH),(py)Cl] and [Co"(dmgBF,),(MeCN);] in Chart 1.3, and various
derivatives form one of the most extensively-studied groups of cobalt-based electrocatalysts
because of their high activity at low overpotentials for H, evolution.** Both experimental and
theoretical work have been investigated extensively to reveal the catalytic mechanism for H*
reduction.*? The same ligand core was employed for complexation with Fe by Gray et al. }** This
work demonstrated that the monometallic Fe complexes with fluorinated diglyoxime ligand,
[(dArfgBF,).Fe(py)2] (dArfgBF, = 1,2-bis(perfluorophenyl)ethane-1,2-dionedioxime) can act as

* with a turnover frequency (TOF) of 20 s™.

electrocatalysts for H, evolution at -1.28 V vs.Fc
Moreover, the corresponding monofluoroborated, proton-bridged complex [(dArfg,H—
BF,)Fe(py).] displayed an improved TOF of 200 s at -1.28 V vs.Fc”*. These iron complexes have
better catalytic activities and operate at much lower potential than the biomimetic diiron

systems (as shown the structure in Chart 1.2) and the Savéant complex (Fe-porphyrin, Chart

1.3).

Many porphyrin-based complexes of earth-abundant metals have been reported as H, evolution

139 Co-1%41% and Ni-porphyrins.t*® Nocera and co-workers *° synthesized

catalysts including Fe-,
a series of “hangman porphyrins” (Co-hangman porphyrine, Chart 1.3) where the ligand scaffold
was modified by incorporating dangling proton-transfer group such as carboxylic acid. The acidic
groups located on top of the active metal centre can promote PCET processes by exhibiting a
decrease of overpotential and an increase of a TOF for H, production.’*’ Furthermore, well-
designed macrocyclic ligand platforms for example the Ni-cyclam (Chart 1.3) shows good

performance for H, evolution electrocatalysis in organic-aqueous media **® and in fully aqueous

solution.'*®

Some examples of non-biomimetic synthetic catalysts such as molybdenum oxo,
[Mo"(Py5Me)(0)] (Chart 1.3) were reported by Chang et al.*° This is one of the most efficient

electrocatalysts for H, evolution from an aqueous medium at neutral pH with high stability and

Page 36 of 394



Chapter 1 Introduction

high turnover frequency. However, it still requires a large overpotential. Bulk electrolysis of a
solution of [Mo"(Py5Me)(0)] in phosphate buffer pH 7 for 71 h on a Hg pool electrode with an
overpotential of 1,000 mV showed 100% faradaic efficiency and a TOF of 2.4 s™. Recent studies
of dithiolene complex, [Co"(bdt);]” *' showed that it could efficiently catalyze both

electrochemical and photochemical H, evolution from water reduction.

. L

Cl P \ o// ~F C6F5 Py )
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/“ E CeFs \| N— CYC/ X o0 A —l
- /i NN
\(/ l\/ F/ > /h/\\ N o’
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[Coll(bdt)Z]- Co-hangman porphyrine Fe-porphyrine Ni-cyclam

Chart 1.3. Selected molecular electrocatalysts based on eaeth-abundant transition metals with

various ligand platforms.

The complexation of 3d-transition metals, especialy cobalt and nickel, with appropriate ligands
is found to be a promising way to attain efficient H, production catalysts. ® %’ The ligand with -
back-donating sulfur and phosphine donors can stabilize low-oxidation state metal species. 1*2
Moreover, the use of redox active ligands can be a promising approach because they can store
electrons in the ligand structure facilitating multi-electron transfer. For example, catalysts
containing redox active ligands can catalyse H, production at low overpotential 6 5% 15% gnd also

show efficient catalysis for CO, reduction.>> 1%¢
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Chapter 2 Introduction

Chapter 2

Synthesis and characterisation of cobalt complexes
with bis PN based pyridine ligands

2.1 Introduction

Bidentate ligands containing soft and hard donor atoms are able to give two different
coordination sites which are termed hemilabile by Rauchfuss.’® These bidentate ligands can
potentially stabilize a metal ion in many oxidation states and geometries. Additionally, for
catalysis applications, the hard atoms are weakly coordinated to soft metal centre and can be
easily dissociated in solution to open an accessible coordination site for binding substrate, while,
their chelate effect stabilizes the catalyst precursor in the absence of substrate. 1°8. During the
past decades, phosphinopyridines and related ligands (P,N ligands) have attracted considerable

139,160 coordination chemistry '¢* and catalysis.

interest in development of synthetic approaches
The combination of phosphorus (soft donor)- and nitrogen (hard donor)-atoms in pyridyl-
phosphines causes them to be among the most important and widely used ligands for the design
of unique catalysts for transition-metal homogeneous catalysis.®*% A P,N chelating ligand has

general features from P- and N- donor atom as pointed out in Chart 2.1

iPrP, CI|I \\PiPrz iPrzP% Cll \\PiPrz
P atom: N atom: o 2, |1
Electronically soft; M Electronically hard; Z IN \NI N = IN/ . NI A
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S ~ _—
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tune P atom, both 2 M H Incorporation of N atom = cl | P
electronically proirneicaniineiesse X h/,, Il WGl .
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Chart 2.1. Selected examples of transition metal complexes supported by bis-P,N chelating
ligands: Ru-1, Ru-2, Ru-3 and Ru-4 from ref. 1%°, Ru-5 from ref. 1% , Rh-1, Rh-2 and Rh-3 from

ref.’ and Ni-1 from ref 18, The inset shows general features of a P,N ligand. 1%2

The phosphorus acts as the m-acceptor which can stabilize a metal centre in a low oxidation

state, while the nitrogen as c-donor makes the metal more susceptible to oxidative addition
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reactions. %2 For example, the DPPMP ligands (DPPMP = diphenylphosphinomethylpyridine) can
stabilize the Rh(l) in a low oxidation state in Rh-1 and a high oxidation state of Rh(lll) in Rh-2 and
Rh-3 as shown the structures in Chart 2.1. Moreover, the P-atom of the P,N ligands can be
modified with different substituents (e.g. iPr, Cy or Ph) as exemplified in Chart 2.1, allowing the
development of a highly tuned scaffold both electronically and sterically. Based on the
coordination chemistry and structural studies of bidentate P,N ligands, their X-ray crystal
structures reported in the literature reveal a cis configuration between the two-P and two-N
atoms as shown Chart 2.1. This cis configuration is typical of mononuclear complexes supported
by bis-P,N chelating, but complexes with two P,N ligands in the precedent studies are relatively

rare compared to transition metal complexes containing a tridentate pincer ligand.

2.1.1 Cobalt complexes supported by PNP, PNN or NPP chelating phosphino
pyridines

Cobalt complexes with bis-P,N chelating ligands of pyridine phosphine derivatives have not been

reported: however, there are several examples of cobalt complexes (Chart 2.2) supported by

“pincer type” of a tridentate bis(phosphino)pyridine, PNP % and PNN ligand 17%173, Pioneering

works from the Milstein group as well as Chirik and co-workers show that these cobalt pincer

complexes containing a PNP ligand are potential catalysts for many reactions such as C-H

177,178 a nd

activation 174, borylation 1”°, C(sp?)-C(sp?) Suzuki-Miyaura coupling 1’6, reduction of CO;
hydrogenation of nitriles 1’°. Moreover, the studies from other research groups show that the

cobalt pincer complexes with a PNP scaffold are also used as catalysts for olefin polymerization

180, 181
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Chart 2.2. Examples of cobalt pincer complexes and coordination mode with a PNP-, PNN- or

NPP tridentate ligand.

Although there are numerous cobalt pincer complexes based on PNP and PNN ligands that are
well-characterized, the use of cobalt complexes supported by bis-P,N chelating ligands for
catalysis has not been reported. There are two examples of the dichloride Co(ll) complexes with
the tridentate NPP ligand (NPP = 2-pyridylbis(diphenylphosphino)methane) that were
characterized by X-ray crystallographic determination (Chart 2.2). The coordination mode of the
NPP ligand in these two cobalt complexes reveals that only a P,N bidentate coordination mode

was formed with the CoCl, salt.'8% 18

2.1.2 Electronic properties of cobalt complexes

Electronic properties of cobalt complexes

Cobalt coordination complexes exhibit interesting properties for redox catalysis due to their
many oxidation states ranging from Co(-l) to Co(IV). The two main oxidation states are Co(ll) and
Co(lll) complexes which are naturally found in biological system.!®* These two oxidation states
display different electronic properties. Co(lll), d® complexes are typically octahedral and may be
low or, very occasionally, high spin. The low spin d® (t2.®) configuration is diamagnetic and inert
for ligand substitution reactions.'® Co(ll), d’ complexes can be four-, five- or six-coordinate and
are paramagnetic and substitutionally labile compared to their Co(lll) complexes.'® 87 They may

adopt high spin (t2°eg?) or low spin (t;s%e4') configurations.

The one-electron reduction of a six-coordinate, d®, low spin, Co(lll) complex can cause the
change in spin state from Co(lll), low-spin (LS) to Co(ll), high spin state (HS). This change of spin
state results in the loss of its axial ligands from the labile Co(ll) complex in weakly coordinating

solvents. This evidence can be observed in the electrochemical studies of Co(lll) schiff base
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188,189 3nd Co(Ill) complexes with oher ligands.'®® 1°! The electrochemical reduction

complexes.
coupled with a chemical reduction (a ligand loss or exchange) results in irreversible Co(lll/Il)
couple with very large AEp value.’® It was generally found in the Co(lll/l) reduction for six-
coordinate Co(lll) complexes which are electrochemically irreversible in nature. It was proved
that one electron is added to the antibonding dz? orbital of the Co(lll) complexes to form the
labile Co(ll) which is tuned by the field strength of the axial ligands. The variation of ¢ donor
strength of the axial ligands (CI, SCN°, N37, NO7) in a series of diamagnetic cobalt(lll) complexes
of bpb and bpc ligands [H2bpb = 1,2-bis(2-pyridinecarboxamido)benzene; H2bpc = 4,5-dichloro-
1,2-bis(2-pyridinecarboxamido)benzene] shows a linear spectroelectrochemical correlation

between the ligand field strength of the axial ligands and the cathodic peak potential for the
Co(ll1)-Co(ll) couple.r®*

Octahedral low-spin Co(ll) complexes with ty°e,! electronic configuration are labile because one
electron is partially filled in the antibonding e orbital. This electron configuration has
unsymmetrical occupancy of the e; orbital and it is expected to be subject to a ground state
Jahn-Teller distortion. 1°2 This distortion is commonly observed among octahedral complexes
where the two axial bonds can be elongated or compressed from those of the equatorial bonds.
For example, such distortion is found in the crystal structure of the low-spin complex
K,Ba[Co"(NO,)s] which reveals an elongation along one axis. The three different Co-N bond
distances in the complex anion are 1.93(6), 1.91(2) and 2.12(2) A.»3 Alternatively, low spin Co(ll)

complexes may adopt a 5-coordinate square pyramidal geometry as in [Co(CN)s]*.
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2.2 Cyclic voltammetry

Cyclicvoltammetry (CV) is a popular and useful electrochemical technique typically used to study
the oxidations and the reductions of molecular species. Furthermore, this technique is powerful
194-197

to investigate electron transfer-initiated chemical reactions including catalytic processes.

CV experiments are performed in a three-electrode cell (Figure 2.1 a).
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Figure 2.1. Schematic representation of an electrochemical cell for CV experiments (a) and

idealized example of a cyclic voltammogram (b), inset showed a triangular waveform.*®

The fundamentals of CV consist of the sweep of working electrode potential which is immersed
in a solution of interest redox species, measuring the resulting current. The potential of the
working electrode (WE) is set relative to a reference electrode (RE), e.g. a silver/silver chloride
electrode (Ag/AgCl or a saturated calomel electrode (SCE). A counter electrode (CE) completes
the circuit allowing current to flow in the cell. The applied potential between the WE and RE
electrodes corresponds to the potential versus time (E-t) profile via a linear potential scan versus
time which is a triangular waveform (Figure 2.1 b, inset). The potential of the electrode is swept
between two values, sometimes called the switching potentials. At E;, the scan direction is
reversed back to the original potential of E;. The scan rate is reflected by the slope (red line) of
the triangular wave form. A cyclic voltammogram is a display of current (y-axis) versus potential
(x-axis) which is called i-E response. The voltammogram is obtained by measuring the current at
the working electrode during the potential scan. The x-axis shows the direction in which the
potential was scanned to record the data and the arrow represents the beginning and sweep
direction of the first segment (forward scan or negative direction). The reduction of a redox
species results in a cathodic current with the maximum value (ipc) at a potential Epc. In the
backward scan, the potential is swept positively from the switching potential E; to the starting
potential E1. This oxidation of the redox species causes an anodic current with the greatest iy,
value at Ep.. The formal reduction potential EY of the redox species is estimated as Ey/p =

(Ep,a + Epc)/2). The reversible redox couple is obtained when the CV is recored in a stationary
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solution and this technique can also be used to investigate electron transfer process in other
systems (e.g. catalysis, adsorption/desorption). Most of the background information for cyclic
voltammetry, summarizing redox processes and elucidating mechanism for homogeneous
electron transfer coupled chemical reactions can be found in standard textbooks by “Bard and
Faulkner” ¥°¢in chapter 6 and 12, and Savéant.®® Moreover, a practical guide for CV experiments

was published by Dempsey.?®

IUPAC and US convention for reporting a CV data

There are two conventions (Figure 2.2) that are commonly used to report CV data (i-E response):
the US convention and the IUPAC convention. Noted that our CV data here in the thesis is

reported by using the IUPAC convention.

a) US Convention b) IUPAC Convention

1 (A)
1(A)

potential (V} potential (V)

High Low Low High
potential potential potential potential

Figure 2.2. CV data reported by the US convention (a) and data reported by the IUPAC

convention (b).

The arrow indicates the potential at the beginning and the sweep direction of the first segment
(forward scan). Data reported by the two conventions is rotated by 180° with respect to one

another.
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Conversion constants for redox potential measured versus different

reference electrodes

The Ei/2, Ecat/2 and Ecat values reported versus SCE, NHE and SHE is recalculated to the potential
measured vs Fc*’° by conversion constants between different reference electrodes at 25°C as

shown below:
conversion from SCE to Fc*/° by -380 mV,
conversion from NHE to Fc*/° by -630 mV

conversion from SHE to Fc*/® by -624 mV.2%

A Nernstian one-electron wave and fast electron transfer kinetics

Considering the equilibrium described by the Nernst equation (eq 2.1), the equation relates the
potential of an electrochemical cell (E) to the formal potential of a redox species (E® ) and the
relative concentration of the oxidized (Ox) and the reduced (Red) species in the system at
equilibrium.

(0x)

_ o , RT, (0x) _ o RT
E=E" + —In = EY +2.3026 loglO(Red)

nF (Red) F

: eq2.1

In the equation, R is the gas constant, T is the temperature, n is the number of electrons and F
is Faraday’s constant. In experimental conditions, the standard potential is replaced with the
formal potential (EOI) which is often estimated with the experimentally determined E /, value
(E1/2 = (Ep,a + Ep)/2). For example, the one-electron reduction of Fc* to Fc (Figure 2.3, H in
inset), the E;/, corresponds to the average potential between F and C points. When the
potential is scanned over time during the CV experiment, the concentration of the species in
solution near the electrode changes following the Nernst equation. This results in attaining the

“Duck”- shaped voltammogram as well as the concentration-distance profiles for Fc* (blue) and

Fc (green) at different points in the cyclic voltammogram (H, inset).
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Figure 2.3. (A—G): simulated concentration profiles (mM) for Fc* (blue) and Fc (green) as a
function of the distance from the electrode (d, from the electrode surface to the bulk solution,
e.g. 0.5 mm) at various points during the voltammogram. (H): Voltammogram of the reversible
reduction of a 1 mM Fc* solution to Fc, at a scan rate of 100 mV s. (I): Applied potential as a
function of time for a generic cyclic voltammetry experiment, with the initial, switching, and end

potentials represented (A, D, and G, respectively).2®

Scanning to negative potentials (cathodically) from point A to D, the Fc'is steadily consumed
near the electrode because it is reduced to Fc. This results in the increase of current which is
governed by the diffusion process of Fc * from the bulk solution to the electrode surface. The
volume of the solution containing the reduced Fc, called the diffusion layer, continues to grow
upon scanning to point C. At this point, the peak cathodic current (ipc ) is reached and the
decrease in current is observed during scan to more negative potential (from A to D) because
the growth of the diffusion layer slows down mass transport of Fc* to the electrode. Thus, the
rate of diffusion of Fc* from bulk solution to the electrode becomes slower. While, [Fc *] at the
electrode surface was depleted, the [Fc] at the electrode increased to reach the equilibrium
determined by the Nernst equation. At the switching potential (point D), the scan direction is
reversed to positive (anodic) potential. The Fc present at the electrode surface is oxidized back
to Fc" during scanning to more positive direction. At point B and E, the concentrations of Fc*and
Fc at the electrode are equal where E = E7/, following the Nernst equation. This is consistent
to the halfway potential between the two peaks (C and F) providing the direct way to estimate
the E for a reversible electron transfer. Therefore, the peak separation is observed as a result
of the diffusion of the analyte to and from the electrode. For the chemically and
electrochemically reversible reduction (one-electron transfer process), the difference between
the anodic and cathodic peak potentials, called peak-to-peak separation (AE)) is 57 mV at 298

K (2.22 RT/F), and the width at half max on forward scan of the peak is 59 mV. %
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Scan rate variation

The scan rate of CV experiments controls how fast the applied potential is varied. Fast scan rates
result in decrease of the thickness of diffusion layer: as a result, higher currents are observed
compared to the currents obtained from slow scan rates. 1°® For electrochemically reversible
(fast) electron transfer processes involving freely diffusing redox species, the Randles-Sevcik (eq
2.2) shows how the peak current i), (A) increases linearly with the square root of the scan rate

v(Vs?
i, = 0.4463nFAC" % x Vv eq 2.2

where, n is the number of electrons transferred, F is the faraday constant, A (cm?) is the
electrode surface area, C° (mol cm™) is the bulk concentration of redox species, and D, (cm?s)
is the diffusion coefficient of the oxidized species. Accordingly, the plot of i,, as a function of Vv
should be linear for electrochemically reversible redox couple involving diffusion control.
Moreover, examination of peak-to-peak separation can help to identify the result of deviation
from this linear correlation which can be either an electrochemically quasi-reversible electron
transfer process or a deposition of species on the electrode surface. For a quasi-reversible
electron transfer process, the peak potentials shift with scan rate variation (described in section

2.2.3), while no peak-to-peak separation is observed for a surface-adsorbed species.?®

2.2.1 Beyond the Nernstian one-electron wave: slow electron transfer, coupled

chemical reactions, and multielectron processes

Electron transfer kinetics and electrochemical irreversibility

For fast kinetic one-electron transfer from the electrode to a redox species with diffusion
control, a fully reversible Nernstian wave can be obtained following the Nernst equation (eq
2.1). This reversible cyclic voltammogram (Figure 2.4, black curve) becomes more complicated
by several processes. In the simplest cases, the CV response is modified by slow electron transfer
or multielectron transfers. In the case of slow electron transfer from the electrode to redox
species, the establishment of Nernstian equilibrium will be prevented giving rise to a quasi-
reversible (blue curve) or irreversible redox wave with no peak current on a return sweep (red
curve). These distinct CV responses of the redox couple with the same formal potential as
defined as E are observed as a result of slow electron transfer kinetics. The inset shows the

triangular potential applied to the working electrode during measurements.2%2
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Reversible

Quasi-reversible

Irreversible

E’

Figure 2.4. Comparison of CVs for reversible, quasireversible, and irreversible electron transfer
process with the same formal potential, E®, on a macrodisk electrode. The inset shows the

sweep potential applied to the working electrode during measurements.2%2

Thus, this electrochemically reversibility is governed by electron transfer kinetics from the
electrode to a redox couple and is completely unrelated to chemically reversibility. If there is a
low barrier to electron transfer (electrochemically reversible), the Nernstian equilibrium is
immediately established upon any changes in applied potential. When there is a high barrier to
electron transfer (electrochemically irreversible), electron transfer is slow and more negative
potentials are required. It leads to larger AE}, value (> 57 mV) than that for the Nernstian one-
electron wave. The apparent electrochemical reversibility of a redox couple can be influenced
by changing the scan rate, and an irreversible redox wave can sometimes be forced into a quasi-

reversible wave.

The chemical reversibility is used to denote when the redox species is stable upon reduction and
can subsequently be reoxidized. The species that react in homogeneous chemical processes
after reduction (e.g. degradation or ligand loss) are not chemically reversible. This electron

transfer coupled chemical reaction will be described in the following section.
2.2.2 Redox processes in the absence of substrate

As mentioned above, if the electron transfer from the electrode to the redox couple is slow
enough to interfere with the Nernstian equilibrium, the cyclic voltammogram becomes quasi-
reversible or irreversible. Furthermore, the irreversible shape of CV can also be due to
subsequent chemical reaction (Figure 2.5), When electron transfers are coupled to chemical
reactions, the CV technique can also provide kinetic and mechanistic information. The specific
type of mechanism can help to diagnose the homogeneous reaction mechanism as well as the

kinetics of these reactions.203 196198 199,
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The notation E indicates an electron transfer step, C refers to a homogeneous chemical reaction
(a chemical step). Additionally, the subscript r indicates reversibility, and subscript i indicates
irreversibility. Each reaction is described for the reduction of the analyte Ox to Red as
represented for each reaction scheme in Figure 2.5. The same concept and notations can be
readily applied for oxidation processes. The general theory for electrode reactions with coupled
homogeneous chemical reaction (EC and CE mechanisms) and analysis methods to determine
which processes are occurring in a solution have been described by Bard (chapter 12) ¢ and

Savéant (chapter 2) **° as well as the early literature. 2°% 2%

a) Ox + e = — Red
k
EC, Red —— = Z
t| cE b) 7 = Ox
5 Ox + e == Red
o
c) Ox + e Red
Red + e Q

Potential

Figure 2.5. Examples of voltammograms modeled using DigiElch simulation software for three
common mechanisms. The currents are normalized. E.C; mechanism (a): increasing the scan rate
(from v =0.1 (red) to 1 (green) to 10 V s* (blue)) restores reversibility (rate constant for the C
step k=5 s1). C,E, mechanism (b): the faster the forward rate constant of the C, step, the more
reversible the voltammogram (K., = 0.1,k:= 1 (blue), 10 (dark green), 100 (lime green), 1000 s
(red)). E.E. mechanism (c): as the separations between the two reduction potentials (AEy),)
decreases, the peaks merge to become a single two-electron peak. AE;;,= —0.05 (dark blue), 0

(light blue), 0.05 (dark green), 0.1 (lime green), 0.15 (orange), and 0.2 V (red), from ref.2%

Reversible electron transfer followed by an irreversible homogeneous

chemical reaction (E.Ci)

The E:Ci mechanism (Figure 2.5 a) is the simple case of a reduction followed by irreversible
chemical reaction. The reversible redox Ox/Red couple with a slow homogeneous chemical
reaction (k) compared to electron transfer appears in the voltammogram, because the decrease
in the amount of Red is negligible.’®® As the rate constant (k) increases, the consumption of Red

by the chemical reaction increases, and the equilibrium is interrupted resulting in a non-
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Nernstian response. The ratio of the anodic and cathodic peak decrease because the reduced
species Red is consumed by the following chemical reaction, leading to lower concentration of
species to oxidize on the anodic scan. The CV response can be modified by varying the scan rate,
and the raising of scan rate increases the time scale of the CV experiment which competes with
the time scale of the chemical step. This results in more Red species for reoxidation on the
anodic scan. For fast enough scan rates, the redox wave will become more reversible because

oxidation outcompetes the chemical reaction.

Reversible chemical step followed by a reversible electron transfer (C.E,)

Another general electrode mechanism is a chemical reaction preceding electron transfer (CE
mechanism), and the simple case is the C.E; mechanism as shown in Figure 2.5 b. For this
reduction mechanism, the amount of accessible Ox is dependent on the equilibrium constant of
the first step. The greater the equilibrium constant, the more reversible redox wave is observed.
In the extremely large equilibrium constant value, the voltammogram becomes completely

reversible.

Two sequential electron transfer reversible process (E:E,)

For the two reversible electrochemical steps (Figure 2.5 c), the shape of the CV response is
dependent on the difference in formal potential of the two electron transfer steps. If the second
electron transfer is thermodynamically more favourable than the first, the voltammogram is
identical to a Nernstian two-electron wave, and the AE,, value will be 28.5 mV instead of 57 mV
for the one-electron wave. »® In a case where the second electron transfer becomes less
thermodynamically favourable, a maximum AE,, value of just over 140 mV can be reached. At

that point, the wave splits into two separated waves, each with AE, = 57 mV.
2.2.3 Peak shift analysis for non-catalytic EC mechanism

For a redox process involving EC coupled reactions, the evolution of peak potentials with scan
rate depends on the mechanism.?® 19 205 An jdeal reversible one-electron redox reaction
followed by an irreversible chemical reaction (an ideal E-Ci mechanism) has a characteristic slope

of E,/Alog(v) =30 mV.
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A quasi-reversible electron transfer governed by slow kinetic electron

transfer

Kinetic electron transfer between an electrode and a redox couple is governed by two key
electrochemical parameters: the standard heterogeneous electron-transfer rate constant, ks(cm
s1), and the transfer coefficient, o (unitless term). The o. parameter describes the symmetry of
the energy barrier for electron transfer (a. = 0.5 for a perfectly symmetrical barrier). 19¢1%° These

two parameters correspond to E,c and Epa by eq 2.3 and eq 2.4, respectively.

_ -0’ _ 078RT | 2.303RT RT
Epe =E — + — log <ks —aFvD> eq2.3

_ 0’ _ O078RT | 2303RT ’ RT
Epe =E o + —aF log (ks —(1_a)FvD) eq2.4

where E°' is the formal reduction potential of the couple, R is the gas constant, T is the

temperature (K), F is the Faraday constant, and D is the diffusion coefficient of the redox species
(cm?st). These equations can be rearranged to obtain a linear equation from plotting of Ejpc and

E,q versus log v as represented respectively in the eq 2.5 :and eq 2.6.

2aF aF aFD

_ 2.303RT o' _078RT | 2303 RT ’ RT
Epq = 20-aF log v+ [E o + —a)F log (ks —(1_a)FD)] eq 2.6

There are some examples of Co(lll) complexes where the Co(lll/1l) redox wave exhibits a quasi-

Epc=— Mlog v+ [EO’ _OTORT 4 2'3(3;” log <ks ﬂ)] eq 2.5

reversible voltammogram providing experimental examples of the ErCi mechanism for a redox
wave which is governed by slow electron transfer. The peak shift analysis from plotting of E
versus log v has a large value for a characteristic slope of AEs/Alog (v) greater than 30 mV for an
ideal E;Ci mechanism which was then denoted as E,Ci or E,Cr mechanism standing for quasi-
electron transfer (Eq) coupled with reversible (C;) or irreversible chemical reaction (Ci). For
example, the [HCo"(L2)(CHsCN)]?**has a slope of AEp/Alog(v) =-34 mV and the slope becomes -86-
89 mV when raising the scan rate greater than 5 V s .2% The Co(lll/ll) couple in the
[Co"(P™®,NP",)(CH3sCN)s]* is also influenced by slow electron transfer kinetics exhibiting the

AEp/Alog(v) =-57 mV from the plot of cathodic peak potential E,c versus log v. 27
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2.3 Overviews of cobalt hydride complexes

In early work, many cobalt hydride complexes supported by phosphine ligands have been
reported (Chart 2.3). There are some examples of cobalt hydride complexes that could be
isolated or generated in situ in a reaction. All of these hydride complexes were supported by
phosphine ligands, except for the hydridocobaloxime, and were characterized by spectroscopic

techniques without their crystal structures.
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Chart 2.3. Early cobalt hydride complexes and more recent examples for characterisations and

application in catalysis.

2.3.1 Synthesis and characterisation of early cobalt hydride complexes

In 1986, Koelle et al.?’® reported that a series of cobalt(lll) hydride complexes based on
cyclopentadienyl and phosphine derivatives, the [CpCo"H(PP)]*] (PP = PPh,CH-CHPPh; for CoH-
1 and PPh,CH,CH,PPh, for CoH-2) in Chart 2.3 were isolated by protonation of [CpCo'(PP)]" in

toluene/methanol solution with NHs* and were characterized by *H NMR spectroscopy.
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The synthesis of CoH-3 reported by Sacco was achieved by reduction of the [Co"(dppe)Br,] (dppe
= bis(diphenylphosphino)ethane) with NaBH,4 to obtain the Co(l) derivative. A protonation by
hydroxylic solvent (EtOH or H,0) furnished the red plates of CoH-3, and subsequent protonation
of the cobalt (1), CoH-3 by perchloric acid resulting in the formation of cobalt(lIl), CoH-4 as yellow
crystals. Moreover, the electrochemical oxidation of CoH-3 by exhaustive controlled potential
electrolysis resulted in a formation of the CoH-5. A bright yellow solid was isolated from the
oxidized solution and identified as the CoH-5 by elemental analysis and IR spectroscopy.?®. The
synthesis of CoH-5 was first reported by Sacco, and Dubois and coworkers 7° then fully
structurally characterized the complex by NMR and X-ray crystallography, and also investigated

their redox properties as well as the hydride donor ability of Co'H-3, Co"'H-4 and Co"'H-5.

A Co(lll) hydride supported by a tetrapodal phosphine ligand in CoH-6 was first prepared by
Bianchini?'®in 1988 as the dihydrogen [(PP3)Co(H,)]PFs derivative (PP3 = PhP(CH,CH,PPh,)s). The
complex was obtained as dark red crystals by protonation of the trigonal bipyramidal
monohydride [Co'(PP3)H] derivative in THF with HOSO,CFs, followed by addition of NH4PFs. The
dihydrogen complex was identified by IR spectroscopy and elemental analysis. The same group
has also reported that the cationic species can have either a dihydrogen or a dihydride structure
in the solid state, depending on the counteranion employed. It is reported that the PFs salt
crystallizes as the dihydrogen complex, while the BPh, salt adopts the dihydride structure.?!!
The further investigation by Heinekey et.al 2!2in 1996 showed a modification of synthetic route
for the CoH-6 and a detailed analysis of *H and *H{®P} NMR spectra of partially deuterated
derivatives and variable temperature NMR experiments. It demonstrated that the CoH-6 is a

highly dynamic dihydride species.

The cationic Co(lll) dihydride complex supported by chelating NN and monodentate phosphine
ligands (CoH-7) was first reported by Camus, Couver and Mestroni in 1972.233 The series of
cationic [Co(H)2(NN)(PRs3)2]* (NN = bpy or phen, R3 = Bus, Prs, Et; and Et, Ph) complexes was
prepared by a reaction with NaBH, together with H, bubbling, and followed by adding
ammonium salt in MeOH or EtOH solution. The H and 3!P NMR characterisation suggested the
structure of [Co(H)2(NN)(PRs):]* as shown in Chart 2.3 where the two H™ ligands are in the
equatorial plane and are trans to the N-atoms. The two phosphorus atoms in the complex are
mutually trans to each other in the axial position. This configuration is consistent with the NMR

studies and the X-ray structure of the same cationic [Co"(H)2(bpy)(PEt,Ph)]*in our study.
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Hydridocobaloxime by Schrauzer

In 1971, hydridocobaloxime stabilized by axial base trialkylphosphine (CoH-8) base was claimed
by Schrauzer.?!* The evidence for a Co-hydride bond came from IR spectroscopy showing the
stretch of this bond at 2240 cm™ and it was observed at 1680 cm™ for the deuteride analogue.
The *H NMR spectrum showed a chemical shift of the hydride ligand at & -5.06 which is unusual
value for the characteristic of formal hydride ligand. However, this value corresponds with a Co®
-H%* polarization of the metal-hydrogen bond due to the high acidity of this complex (pKa. = 7) in
methanol/water solution by showing the appearance of its conjugate base, Co(l) species with a

large absorption band over the 550-650 nm region in the UV-Vis spectrum.

The reinvestigation of hydridocobaloxime by Schrauzer

The reinvestigations of the hydridocobaloxime revealed that the structure of cobalt(lll) hydride
cobaloxime proposed by Artero and coworkers in 2012 (Chart 2.3) contradicts the
[Co"(dmgH)2(PBus)(H)]* discovered by Schrauzer. The NMR structural studies by Peters et al.
suggested that the hydride species resonance at 5 -5.06 is attributed to a trimeric complex which
can be formed by exposure to the air and is a paramagnetic species with the ground spin state
S =3/2. Norton and coworkers study the reaction of [Co"(dmgBF,),(CHsCN)] under high pressure
of H, (the equation shown in Chart 2.3). They found that a slowly reversible reaction of this
complex occurs to generate a new species with the exchangeable H atom at the ligand not
forming hydride species. This recent study confirmed that the structure of hydridocobaloxime

proposed by Schrauzer is unlikely.

2.3.2 Isolable cobalt hydride complexes and their X-ray structures
2.3.2.1 Cobalt hydride supported by a tetraphosphine ligand with pendant amine groups

The isolable [HCo"(L2)(CHsCN)]** and [HCo"(L3)(CHsCN)]?** containing tetradentate phosphine
ligands with a pendant amine moiety as shown in Chart 2.3 were prepared from their cobalt(ll)
analogues: [Co"(L2)(CH3sCN)s]?* and [Co"(L3)(CH3sCN)s]?*. These Co(ll) complexes supported by the
tetradentate phosphine ligand can inhibit ligand exchange and lead to isolable monohydride
analogues with well-characterized structures including NMR evidence and also their crystal
structures.?®® The [HCo"(L2)(CH3CN)]**complex was achieved by a reduction of
Co"(L2)(CH3CN)3]** with KCg in CH3CN followed by the protonation of the Co' analogue with p-
anilinium tetrafluoroborate (Figure 2.6). This complex was well characterized by NMR
techniques and X-ray crystallography. The hydride ligand appears as a broad signal at 6 -21.2
ppm in the *H NMR. The 3!P[*H} NMR spectrum also shows very broad peaks of two inequivalent

phosphorus at & 76 and 80 due to quadrupolar relaxation.
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Figure 2.6. Synthetic pathway and the X-ray structure for monohydride [HCo"(L2)(CHsCN)]*
2.3.2.2 Cobalt hydride with a tridentate bis-(phosphino)pyridine, PNP pincer ligand

The well-defined cobalt complexes supported by a tridentate bis(phosphino)pyridine were
reported independently by the groups of Milstein?!> and Chirik.1’# 77216 The preparation and
structures of selected examples of cobalt hydride pincer complexes with P'PNP and ®PNP
ligands are shown in Figure 2.7. All complexes were structurally characterized by *H NMR, 3!P{*H}
NMR, IR spectroscopy and X-ray crystallography. The (*®'PNP)Co'H complex exhibited a triplet
(*Jup = 65.3 Hz) at § —29.0 in the *H NMR spectrum which was assigned as the cobalt-hydride
resonance. A single 3P NMR signhal was observed at § 85.2, indicating formation of a diamagnetic
species with Cy, symmetry. The medium intensity band in the IR spectrum at 1746 cm™ (KBr disk)

was assigned to a terminal cobalt-hydride.
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Figure 2.7. Selected examples of the cobalt pincer hydride complexes from Chirik et al.

The Chirik group ’* reported that a cobalt(l11) trihydride complex could be prepared by oxidative
addition of H,to the (P™PNP)Co'CHjs (Figure 2.7 c).The P">PNP electron rich ligand can stabilize
the (P2PNP)Co'CHs and enables oxidative addition of H, and C-H bond of arene and terminal
alkyne to the Co(l) methyl complex. This results in formation of the cobalt(lll) trihydride complex
and bis(acetylide) complex with the X-ray structure shown in Figure 2.7 e. Moreover, the same
group investigated the mechanism of the C-H borylation of heteroarene catalysed by the cobalt
(1) alkyl complex, (P?PNP)Co'CH,SiMes The catalyst precursor is trans-(""PNP)Co""H,(BPin) which
generates the active species, -(""PNP)Co'(BPin) in the cycle by reductive elimination of H; via
either isomerisation to the cis isomer or by a phosphine dissociation. Trans-(*"/PNP)Co"H,(BPin)
was fully characterized by NMR and X-ray analysis (Figure 2.7, g) and the variable temperature
NMR spectra showed a triplet hydride signal at § -8.7 at 0 °C. The Co(H),-Bpin complex was
further discovered to be the catalyst resting state for the catalytic C-H borylation via a Co(l)-

Co(lll) redox couple. This cobalt(lll) hydride complex is generated by oxidative addition of HBpin

to the corresponding Co(l)-H species
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Proposed cobalt hydride intermediate in catalytic reactions

Cobalt has been gaining attention in homogeneous catalysis since it is earth abundant and shows
outstanding catalytic activity. The recent review of homogeneous cobalt-catalyzed hydride
transfer reactions provides a comprehensive overview of the design, synthesis, and reactivity of
cobalt catalysts, their catalytic applications, and reaction mechanisms.?” The Heinekey group 28
summarized the synthesis, structure and reactivity of cobalt hydride and dihydrogen complexes
in early work, and the development of cobalt-catalyzed H, production. Moreover, Perutz and
Procacci 2'° have reviewed the photochemistry of transition metal hydrides across the transition
metal groups. Therefore, studies of novel hydride complexes to understand the reactivity of M-
H bond are important to the rational development of new catalysts and discovery of their

reactivity for new catalytic processes.
2.3.2.3 Cobalt hydrides supported by a tridentate bis-(phosphino)pyridine, PNP pincer ligand

The reactivity and catalytic activity of the cationic cobalt(l) pincer complexes remains limited
compared to the catalytic chemistry of cationic Rh and Ir complexes. The Chirik group % has
recently reported that the oxidative addition of H, to [(""PNP)Co'(N,)]* resulted in formation of
the cationic cobalt(lll) dihydride, [(""PNP)Co"(H,)L]* , where L = THF or N, ("PNP = 2,6-
bis((diisopropylphosphaneyl)methyl)pyridine)as shown in Figure 2.8). The hydride signals in the
H NMR spectrum of the cationic dihydride complex at room temperature are broad peaks:
however; they become well-resolved signals by displaying two triplets of doublets at 6 -22.10
(Ypn=56.6 Hz) and -31.32 (Ypu= 63.1 Hz) at -60 °C. The broad *H NMR signals of this dihydride
species may be a result of rapid and reversible reductive elimination and oxidative addition of
H, or possibly due to an exchange of the neutral L ligand resulting in a Berry pseuorotation of

the five-coordinate intermediate.
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Figure 2.8. Hydride signals of [(*"PNP)Co"(H2)L]* in THF-ds from -60 to 25 °C and the reaction

scheme represented oxidation addition of H, to the [(""PNP)Co'(N,)]* cation.®®
2.3.2.4 Cobalt hydride complexes for CO; reduction and hydrogen evolution catalysis

Much effort has been taken to identify cobalt hydride species which are generally considered as
intermediates in the homogeneous catalysis of H, evolution by cobalt complexes.”% 87 140,151, 220-
223 Many molecular cobalt complexes are used as electrocatalysts for H, production: however;
the key hydride intermediate is frequently difficult to isolate and characterize as a result of high
reactivity. Full characterisation of the proposed cobalt (lll) hydride intermediates in the HER
catalytic cycle with direct evidence of their structure and their redox properties is very scarce.?!®,
There are very few examples of Co(lll)-H intermediates proposed in the catalytic cycle for
hydrogen production that are characterized by NMR techniques and X-ray crystallography. The
cobalt hydride complex with a tripodal phosphine ligand, [Co"(triphos)(CH3CN),(H)]** (Chart 2.3)
, reported by Gray and co-workers,?** is generated in situ by protonation of its Co(l) analogue
and exhibited a hydride resonance atd -7.6 (dt Jesne = 65 Hz and Jyans-np = 130 Hz). The
mechanistic studies of possible pathways for electrocatalytic H, production catalyzed by this

hydride complex in the presence of acid show reduction of Co"

-H intermediate and protonation
of the reduced Co'"-H species to evolve H,. Furthermore, the Linehan group ¥’ showed that
[Co(dmpe);H] (dmpe = 1,2- bis(dimethylphosphino)ethane) catalyses the reduction of CO; to
formate. The complex has remarkable turnover frequency of 3400 h™* at room temperature and

1 atm of 1:1 CO:H, (74 000 h™* at 20 atm) in THF.

Until now, such cobalt(lll) hydride intermediates have only been structurally characterized for a
few molecular cobalt-based catalysts in a homogeneous catalysis of hydrogen production.
Moreover, the electrochemical data was very limited in the literature. For this reason, molecular
hydrides of cobalt complexes have been widely investigated to identify and isolate this species

in a reaction.
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2.3.3 Electrochemistry of cobalt hydride complexes

CV studies of the isolable hydride [HCo"'(L2)(CH3CN)]?* supported by a

tetradentate phosphine

k2% achieved isolation of a series of Co(lll)-H supported by a

Recently, the group of Bulloc
multidentate phosphine with pendant amines as shown the structure of the [HCo"(L2)(MeCN]]*
in Figure 2.6. All of these complexes were fully characterized by H NMR and X-ray
crystallographic determination. The CV studies under non-catalytic conditions were also
investigated. The interpretation of the CV of [HCo"(L2)(CHsCN)]** under non-catalytic conditions
(Figure 2.9) was supported by digital simulation showing that a reduction of [HCo"(L2)(CHsCN)]*
proceeds via an E.CE; reduction mechanism. One electron transfer to the Co(lll)-H leads to
reversible MeCN dissociation from the Co(ll)-H which is further reduced to Co(l)-H. Moreover,
reduction of the Co(lll)-H also causes cleavage of the H-Co bond from both Co(ll)-H and Co(l)-H

species resulting in formation of [Co'(L2)(MeCN)]*identified by the anodic peak on the reverse

scan in the CV (Figure 2.9).
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NoH T2+ N I N 1 N H
<P».CL"¢PPh2 _+_e <P/;‘ usPPhy “CHECN - <p/;‘ \aPPh, *e€ ip/;t\m:hz
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Figure 2.9. Electrochemical reduction mechanism of the [HCo"(L2)(CHsCN)]** and CV of this
Co(lll)-H species at scan rate = 0.1 Vs with electrochemically generated species at certain

potentials. Adaped with permission from ref 26, Copyright 2013 American Chemical Society.

The electrochemical studies by the peak shift analysis of the [HCo"(L2)(CHsCN)]?*by varying scan
rates between 0.05 and 5 V s affords a slope of 34 mV from the plot of E, values versus log(v)
which supports the E.C.E, mechanism for the reduction of the [HCo"(L2)(CHsCN)]*". However,
raising scan rates (greater than v = 5 V s™%) caused an increase of the slope to 86-89 mV which

corresponded to a transition from reversible to quasi-reversible electron transfer.
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Well-tuned redox properties of isolated

[CpRCo"!(PtBU“2NPP2)H][BF4]complexes

Another series of isolable and well-characterized cobalt hydride complexes,
[CpRCo"(P®U2NP"2)H][BF4], where R = H, CgFs, CsFsN was reported. 22> The structure of these
Co(Ill)-H hydride complexes is shown in Figure 2.10 by the abbreviations of [Co"H]*, [Co"H]"cers,
and [Co"H]*csean indicating subscript R group on each structure. The preparation of these hydride
Co(lll)-H complexes was achieved by reduction of the Co" analogues by KCg leading to the neutral

" hydrides which were characterized by X-

Co(l) species. Subsequent protonation yields the Co
ray crystallography. The well-tuned redox properties as seen in the CVs (Figure 2.10) by a
positive shift of Co(lll/11) and Co(ll/1) couples in a series of the [Co"]*, [C0"]*cers, [CO"]*csran Were

achieved by variation of R group on the Cp ring in this Co(ll) series.??

' gHg T2+ /\ I'Bu %\j +
B =
Ph /\II’/ ; T ANGCHsy ph\N /\<P¢"—.c°“ i 10 pA [Co"Vespan
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Figure 2.10. Synthesis of [CpRCo"(P®“2NP"2)H][BF4] complexes®®. Inset shows the CV of
[CpCOII(PtBuzNPhZ)]+ ([COII]+), [CpCGFSCOII(PtBuzNPhZ)]+ ([COII]+C6F5), and [CpC5F4NCOII(PtBuzNPhZ)]+
([C0"*cskan). Conditions: v = 0.1V s, 1 mM cobalt complex in MeCN with 0.2 M TBAPFs, 1 mm

diameter glassy-carbon working electrode

The Co(llI/I1)-H couples of each complex in this series shift to more positive potentials as the Cp®
ligand becomes more electron withdrawing. The CVs of [Co"H]*, [Co"H]"cers, and [Co"H]"csean
showed an irreversible reduction wave of the Co(lll/Il)-H couple at E,c of -1.96, -1.73, and -1.61
V vs Fc*, respectively. These potentials are about 700 mV more negative than the Co(ll/l)
couples of the corresponding Co'" complexes [Co"]*, [C0"]*csrs, and [Co"]*csran. The CV of each
Co(lll)-H complex indicates that the reduced Co(ll)-H undergoes either a bimetallic or
monometallic Co-H bond cleavage reaction by exhibiting a new oxidation wave on the return
sweep at a potential near the Coll/I couple. A further study by variable scan rate analysis (0.1-3
V s7!) gave a slope of 18 mV from the plot of E, versus log v and supported a bimetallic reaction

of the electrochemically reduced Co(ll)-H species under non-catalytic conditions.
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2.4 Experimental

2.4.1 General Procedures and materials

All compounds were synthesized under an inert atmosphere of N, or Ar using standard Schlenk
line and glove box techniques unless otherwise noted. Glassware was dried at high
temperatures in the oven and evacuated under vacuum and refilled with N; at least three times
prior to performing a reaction. Dry and deoxygenated solvents were prepared according to
standard procedures. Benzene, toluene, hexane and THF, iPr-OH and n-BuOH were dried by
refluxing over Na under Ar. Acetonitrile, MeOH, CHCl; were refluxed and dried over CaH..
Deuterated solvents (CDsCN, CDs;0D, acetone-ds, toluene-ds, CsDs and CDCl; were purchased
from Aldrich). Acetone-ds, CD3CN, CD30D were dried over calcium hydride, and toluene-ds, CsDs
were dried over potassium prior to degas by freeze-pump-thawed technique (three times), and
stored under Ar atmosphere in a glove box.

Solvents for general use were purchased from Fisher Scientific Ltd. All commercial chemicals
were purchased from suppliers as following: Sigma-Aldrich (ammonium hexafluorophosphate,
cobalt(ll) tetrafluoroborate hexahydrate, chlorodiisopropylphosphine, 96%,
tetrabutylammonium hexafluorophosphate (TBAPF), trifluoroacetic acid, sodium borohydride),
Merck (2-methylpyridine, cobalt(ll) chloride anhydrous). All of these chemicals were used

without further purification.
2.4.2 Characterisation techniques

2.4.2.1 NMR spectroscopy

IH, BC{*H}, *°F, 3P{*H} and N NMR spectra were recorded on Bruker AV500 (500 MHz) at 298
K unless otherwise noted. The solvent signals were used as internal references for *H and 3C{*H}
spectra and the chemical shifts were reported relative to the tetramethylsilane (TMS) scale in
ppm (CDsCN 8H = 1.94 (5), 6C = 118.69 (1) and 1.39 (7) ppm; Acetone-ds dH = 2.05 (5), oC =
206.68 (1) and 29.92 (7), CDCls 8H = 7.24 (1), 8C = 77.23 (3); CsDs SH = 7.16 (1), 5C = 128.39 (3)
ppm; THF-ds 8H = 3.58 (1) and 1.73 (1), 8C = 67.57 (5) and 25.37 (5); Toluene-ds 6H = 2.09 (5),
6.98 (5), 7.00 (1) and 7.09 (m), 6C = 20.4 (7), 125.49 (3), 128.33 (3), 129.24 (3), and 137.86 (1);
methanol-ds. 8H = 3.31 (5), 4.78 (1), 6C = 49.15 (7), 3!P{*H}, *°F and **N spectra are referenced
against an external standard of H3PO., CFCl; and pyridine, respectively. Multiplicity is

abbreviated as: s, singlet; d, doublet; t, triplet; q, quartet; sep, septet; m, multiplet; br, broad.
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2.4.2.2 UV-Vis absorption and emission spectroscopy

UV-Vis absorption spectra were recorded at ambient temperature on an Agilent 8453
spectrometer using a quartz cell with 1 cm path length. The emission spectra were measured
using a Hitachi F-4500 fluorimeter. All solvents were dried over standard drying agent prior to

use and degassed by three freeze-pump-thaw cycles under N, or Ar.
2.4.2.3 Mass spectrometry

ESI mass spectra were recorded on a Bruker micrOTOF instrument
2.4.2.4 Magnetic susceptibility measurement

The NMR Evans’ method 2% 2% was used to measure the magnetic moment (u, in Bohr
magneton) for the paramagnetic complexes in solution in order to determine the number of
unpaired electrons in the complex. Following Evans’ method, a solution of the
[Co"(PN)2(MeCN)][BF4]2 (0.4 mL, 0.0347 M) was prepared by using the same stock solution for
pure solvent (1.67% THF in CDsCN) taken in the inner tube. The *H NMR spectra of the reference
compound (THF signals) in the two coaxial tubes were recorded on Bruker AV500 (500 MHz) in

the temperature range 298-330 K for Af measurements in Hertz.

n=2.84x,T eq 2.7

—3 Af

3
cm g —3,000 Af
= |—-1 000—-—|= |—
Xm |4nfm ’ L n

4nfc eq2.8

where KL = magnetic moment (Bohr magneton)
ym = molar susceptibility
T = absolute temperature (K)

Af = chemical shift difference (Hz)

f = spectrometer frequency (Hz)

m = mass concentration (g/cm?3)

g = mass of a paramagnetic material
n = mole of a paramagnetic material
¢ = molar concentration

Replacing the ywm value given in eq 2.8 by the eq 2.7 resulted in the relationship between p and

Af x Tas shownineq 2.9

’3,000~Af~T
u= 2.84 W eq2.9

Therefore, plotting of chemical-shift differences (Af) versus 1/T resulted in the linear correlation

with the slope corresponding to (Af x T) at zero Y-intercept (eq 2.9). This slope value is then
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taken into eq 2.9 resulting in obtaining the magnetic moment, 1 = 1.64 BM after temperature

calibration of the spectrometer. According to the eq 2.10,

ux2,/S(S+1) = Jn(n+2) eq 2.10
where S = total spin quantum number and n = the number of unpaired electrons. Therefore, the
magnetic moment of 1.64 BM corresponded to one unpaired electron in [Co"(PN)2(MeCN)][BFa]:
with total spin number of ¥ suggesting a d’, low-spin complex in the solution. It should be noted
that this method only probes the temperature-dependent component of the paramagnetic
susceptibility.

2.4.2.5 Electrochemistry

The electrochemical studies were performed using a BASi Epsilon-EC potentiostat. EC-Lab
software was used to process and analyse the data. All electrochemical experiments were
performed in a three-neck single compartment electrochemical cell under Ar atmosphere. A
glassy carbon disk electrode (3 mm diameter) was used as the working electrode for cyclic
voltammetry (CV) measurements. The auxiliary electrode was a platinum wire for all CV
experiments. The reference electrode was a pseudo reference electrode (Ag wire immersed in
CHsCN containing 0.1 M TBAPFs electrolyte solution) separated from the solution by a Vycor frit
and internally referenced to a standard Fc”*redox couple by setting to 0.0 V. All CV
measurements for each complex were carried out by using MeCN as solvent, which was dried

by distillation over calcium hydride under argon prior to use.
2.4.2.6 UV-Vis spectroelectrochemistry

A standard three-electrode UV-Vis spectroelectrochemical cell with 1 mm path length of a quartz
cuvette (BASi) was used. A Pt gauze was used as working electrode, and the counter electrode
was a Pt wire. The applied potential for bulk electrolysis of each complex in CHsCN was
referenced to a pseudo reference electrode containing the electrolyte solution and Ag wire
separated from the solution by a Vycor frit. The potential was applied using a BASi Epsilon-EC

potentiostat, and changes in UV-Vis spectra were measured using an Agilent 8453 spectrometer.
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2.4.2.7 X-ray crystallography

Diffraction data were collected at 110.05(10) K using an Agilent SuperNova diffractometer with
CuKa (A = 1.54184 A) or MoKa (A = 0.71073 A) radiation. The structures were solved using
Olex22% with the ShelXT %2° structure solution program using Intrinsic Phasing unless stated
otherwise. Refinement was carried out by the ShelXL 2*° refinement package using Least Squares

minimisation.

[Co'"cis-(PN)Cl][PFs] complex

Refinement Special Details
Three components of the structure exhibited disorder.

Firstly, the hexafluorophosphate was disordered and modelled in two positions with refined
occupancies of 0.558:0.442(13). The P-F bond lengths were restrained to be equal and the ADP

of the phosphorus atoms constrained to be equal.

Secondly, one tetrahydrofuran was modelled partly in two positions with refined occupancies
of 0.748:0.252(11). Three carbons were modelled in two positions. C26, C27 and C28. The C-C
bonds adjacent to the oxygen were restrained to be equal length and the C-C opposite the
oxygen were similarly restrained to be equal. The ADP of pairs of disordered carbons were

constrained to be equal, namely C26 & C26a, C27 and C27a, C28 & C28a.

Finally, there was a site which contained a mixture of THF and pentane. This was located at an
inversion centre so there was 0.5 molecules of solvent (either THF or pentane) per asymmetric
unit. The ratio of pentane to THF refined to 0.275:0.225(6). For the pentane, the C-C bond
lengths were restrained to be 1.52 A and the C-C-C distance to 2.49 A. For the THF, the C-C bond
lengths were restrained to be 1.52 A and the C-O bond lengths restrained to be 1.43 A. C-C-C
distances were restrained to be 2.36 A, the C-O-C distance restrained to be 2.32 A and the C-C-
O distances 2.34 A. The ADP of proximal atoms were constrained to be equal, namely, C33, C29
& 02, C30 & C35, C36 & C31, C37 & C32. The ADP of all atoms in this mixture were restrained to

be approximately isotropic.
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Table 2.1. Crystal data and structure refinement for [Co'cis-(PN),CI][PFe] (rnp 1903).

Empirical formula

C30.27Hs3.1CICOF6N201.23P3

Formula weight 766.04
Temperature/K 110.00(10)
Crystal system monoclinic
Space group P2:/n

a/A 13.15908(9)
b/A 12.41713(9)
c/A 22.29658(17)
o/° 90

B/° 94.0339(7)
v/° 90
Volume/A? 3634.19(5)
Z 4

Pealcg/cm? 1.400
w/mm? 6.135
F(000) 1606.0

Crystal size/mm3

0.244 x0.171 x 0.035

Radiation

CuKa (A = 1.54184)

o

20 range for data collection/

7.576 t0 134.146

Index ranges

15<h<14,-14<k<14,-25<1<26

Reflections collected

33324

Independent reflections

6498 [Rint = 0.0351, Rsigma = 0.0253]

Data/restraints/parameters

6498/163/507

Goodness-of-fit on F?

1.253

Final R indexes [I>=20 (1)]

R1=0.0476, wR, = 0.0963

Final R indexes [all data]

R1=0.0499, wR; = 0.0971

Largest diff. peak/hole / e A

0.73/-0.45
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[Co"'cis-(PN).CL][PFs]

Experimental

Single crystals of [Co"cis-(PN),Cl2][PFs] (rnp1805) were recrystallized from MeOH/hexane.

Table 2.2. Crystal data and structure refinement for [Co"cis-(PN),Cl,][PFs] complex.

Empirical formula C24H40Cl,CoFsN,P3
Formula weight 693.32
Temperature/K 110.05(10)
Crystal system monoclinic
Space group C2/c

a/A 12.0595(4)
b/A 11.3567(3)
c/A 22.3063(7)
o/° 90

B/° 98.322(3)
v/° 90
Volume/A3 3022.82(16)
z 4

Pealcg/cm’ 1.523
w/mm? 8.077
F(000) 1432.0

Crystal size/mm3

0.278 x 0.112 x 0.054

Radiation

CuKa (A = 1.54184)

20 range for data collection/®

8.012 to 134.08

Index ranges

11<h<14,-7<k<13,-24<1<26

Reflections collected 5249

Independent reflections 2700 [Rint = 0.0162, Rsigma = 0.0227]
Data/restraints/parameters 2700/0/178

Goodness-of-fit on F? 1.036

Final R indexes [I>=20 (1)]

R1=0.0245, wR, = 0.0620

Final R indexes [all data]

R1=0.0262, wR; = 0.0629

Largest diff. peak/hole / e A

0.26/-0.31
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[Co"(PN)o(H)(CI)][PFe]

Experimental

Single crystals of [Co"(PN),(H)(CI)][PFs] were recrystallized in acetone/hexane. Using Olex2 2%,

the structure was solved with the Superflip

structure solution program using Charge Flipping

and refined with the ShelXL%° refinement package using Least Squares minimisation.

Table 2.3. Crystal data and structure refinement for [Co"(PN),(H)(Cl)][PFe] (rnp1701).

Empirical formula C24H41CICoFsN;P;

Formula weight 658.88

Temperature/K 110.05(10)

Crystal system tetragonal
P452,2

Space group

a/R 10.81091(11)
b/A 10.81091(11)
c/A 24.8859(5)
o/° 90

B/° 90

v/° 90
Volume/A3 2908.57(8)

Z 4

Peaicg/cm’ 1.505
w/mm? 0.903

F(000) 1368.0

Crystal size/mm3

0.287 x0.127 x 0.09

Radiation

MoKa (A =0.71073)

o

20 range for data collection/

6.548 to 64.04

Index ranges

16<h<16,-14<k<15,-37<1<31

Reflections collected

18304

Independent reflections

4725 [Rint = 0.0366, Rsigma = 0.0330]

Data/restraints/parameters

4725/0/175

Goodness-of-fit on F?

1.076

Final R indexes [I>=20 (1)]

R1=0.0268, wR, = 0.0572

Final R indexes [all data]

R1=0.0301, wR;, = 0.0589

Largest diff. peak/hole / e A

0.37/-0.24

Page 66 of 394



Chapter 2

[Co"(PN)2(MeCN)][BF4]

Experimental

Single crystals of [Co"(PN),(MeCN)][BF4] were recrystallised from CHsCN/THF.

Table 2.4. Crystal data and structure refinement for [Co"(PN)(MeCN)][BF4] complex (rnp1804).

Empirical formula C26H43B2CoFgN3P>
Formula weight 692.12
Temperature/K 110.00(10)
Crystal system orthorhombic
Space group C222;

a/A 12.6973(5)
b/A 13.4740(5)
c/A 18.8166(7)
o/° 90

B/ 90

v/° 90
Volume/A3 3219.2(2)

z 4

Pealcg/cm’ 1.428

w/mm? 5.730

F(000) 1436.0

Crystal size/mm3

0.161 x 0.119 x 0.061

Radiation

CuKa (A = 1.54184)

20 range for data collection/®

9.4 to0 142.03

Index ranges

13<h<15,-16<k<11,-11<1<22

Reflections collected

3761

Independent reflections

2492 [Rint = 0.0360, Rsigma = 0.0584]

Data/restraints/parameters

2492/6/197

Goodness-of-fit on F?

1.097

Final R indexes [I>=20 (1)]

R1=0.0534, wR, =0.1324

Final R indexes [all data]

R1=0.0638, wR, =0.1374

Largest diff. peak/hole / e A

0.89/-0.45

Flack parameter

-0.019(9)
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2.4.3 Synthesis of 2-(diisopropylphosphino-methyl) pyridine, PN ligand

8b

The ligand was synthesized according to the method reported in the literature with a slight
change in conditions for reaction and distillation.'*® A solution of 2.5 M "Buli in hexane (11.0 mL,
1.1 mmol) was slowly added dropwise to a well-stirred solution of 2-methyl pyridine (2.33 g, 25
mmol) in 50 ml of dry and degassed THF at -78 °C. Upon adding the "Buli solution, the solution
changed from colourless to yellow. The solution was brought up to room temperature and left
to stir under N, atmosphere for 4 h yielding a clear deep red solution. After cooling to -78 °C,
this solution was slowly added via cannula to a stirred solution of chlorodiisopropylphosphine in
THF (50 mL) at -78 °C and was then vigorously stirred under N, overnight by allowing to warm
up at room temperature. The reaction was quenched by adding 1.0 mL of MeOH to obtain a
yellow-brown solution mixture. All volatiles solvents and compounds were subsequently
removed under vacuo using standard Schlenk line conditions at 60 °C to give a yellow-brown oil
with a precipitation of LiCl salt. This mixture of products was then purified by distillation at 105
°C under high vacuum (0.01 mbar) to give the yellow oil (3.0975 g, 59% vyield) as the product.

The yellow oil was characterized by NMR which was consistent with the literature.'>®

'H NMR (500 MHz,in CDsCN): & = 8.40 (ddd, /i = 4.8, *Jun = 1.8 Hz, *Juw = 0.9, 1H, Py-H;), 7.60
(td, 3Jupn = 7.9, “Jun 2.0 Hz, 1H, Py-Hs), 7.27 (ddt, *Juu= 7.9 Hz, “Juu= 1.1 Hz, >Juw= 1.0 Hz, 1H, Py-
Ha), 7.09 (ddd, 3Jupn = 7.4 Hz, *Jup= 5.0 Hz, *Jup= 1.1 Hz 1H, Py-H3), 2.96 (d, 2Jup= 2.2 Hz, 2H, Hs),
1.79 (dsp, Yup = 1.7 Hz, *Jup = 7.1 Hz, 2H, Hy), 1.05 (dd, 3Jup = 11.3 Hz, 3Jyu = 7.0 Hz, 6H, P-CH-
(CHs),), 1.02 (dd, *Jup = 13.5 Hz, 3Juu= 7.2 Hz, 6H, P-CH-(CH:),).

31p{'H} NMR (202.4 MHz, in CDsCN): & = 12.38 (s, 1P).

13C{'"H} NMR (125.7 MHz, in CDsCN): & = 162.53 (d, ¥Jcp = 8.9 Hz, Py-Cs), 150.29 (s, Py-C:), 137.42
(s, Py-Cs), 124.89 (d, 3 = 6.0 Hz, Py-Cs), 121.98 (d, *Jcp = 1.8 Hz, Py-C»), 33.46 (d, Ycp = 22.4 Hz
,Cs), 24.75 (d, Yep=14.7 Hz, C1), 20.47 (d, Ycp = 15.3 Hz, Csay 19.70 (d, Ycp = 10.8 Hz, Cap).

15\-'H HMBC (50.66 MHz, in CDsCN): & = 1.58 ppm (d, ¥y = 17 Hz).
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2.4.4 Synthesis of [Co"(PN)Cl;]

Anhydrous CoCl; (16.3 mg, 0.125 mmol) was dissolved in dry and degassed n-BuOH (2.0 mL) and
then added to a solution of PN ligand (0.0523 g, 0.25 mmol) in n-BuOH (3.0 mL). The solution
was left to stir under N for 3 h resulting in a dark red solution. This solution was then collected
and filtered via cannula to remove remaining CoCl, precursor. All volatiles were evaporated
under vacuum to obtain a purple solid which was subsequently washed with diethyl ether and
dried under vacuum to furnish the dichloro cobalt(ll) complex, [Co"(PN).Cl,], as a purple solid

(67 mg, 0.122 mmol 97% yield). This complex was characterized by CHN analysis.

Anal. Calcd for CasHaoCl2CoNaP2: C, 52.57; H, 7.35; N, 5.11
Found: C, 52.56; H, 7.42; N, 4.95

2.4.5 Synthesis of [Co''cis-(PN)CI][PFs] complex

Cl

7,
() \)
ad S
Co

P N
L5

The mono chloride complex, [Co'cis-(PN),CI][PFs] was prepared by a reaction of the

corresponding cobalt(ll) dichloride [Co"(PN).Cl,] complex (53.5 mg, 0.098 mmol) in MeCN
solution (3 mL) with NH4PFs. A solution of NH4PFs (19.0 mg, 0.12 mmol) dissolved in MeCN (1.0
mL) was added slowly to the solution of the starting complex. An immediate colour change from
deep green-blue to a red-brown solution was observed which was then stirred under N,
overnight resulting in precipitation of a white solid (NH4Cl) from a deep red-brown solution.
After filtration, all volatiles were removed from the filtrate under vacuum to obtain a deep
brown oil which was left to dry under vacuum prior to washing with Et,0. This solution mixture
was left to stir under N resulting in precipitation of a red-brown solid (45.3 mg, 0.064 mmol,
65% yield) which was collected to recrystallize in THF layered with pentane. A suitable single
crystal for X-ray crystallographic determination as deep red purple block was obtained after

leaving itin aJ Young NMR tube at room temperature for 3 days.

ESI-MS (THF): m/z 477.1985 [Co(PN),]*, calculated for [C2aHa0CoN,P,]* at 477.1993 (difference
0.8 mDa) and m/z 509.1883 [Co(PN),0,]*, and 509.1891 calculated for [C24H40CoN,0,P>]".
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2.4.6 Synthesis of [Co"'cis-(PN)2Cl;][PFe]

>7 —

R

eis-(PN),Cly][PFs] was successfully synthesized by air

The cobalt(lll) dichloro complex, [Co
oxidation of the corresponding cobalt(ll) dichloro complex. The fresh compound of [Co"(PN),Cl;]
(140 mg, 0.255 mmol), as prepared by the method mentioned in section 2.4.4, was dissolved in
MeOH (5.0 mL) to obtain a deep red solution. This solution was bubbled with air as well as
vigorously stirred. NH4PFs (41.6 mg, 0.255 mmol) was added as a solid. This mixture was left to

stirin air for 3 h resulting in precipitation of the [Co"cis-(PN),Cl,][PFs] as a greenish powder. This

product was purified by washing with diethyl ether to furnish the clean complex (50 mg, 0.072
mmol, 28% yield) in order to characterize by NMR spectroscopy. A single crystal of the [Co"cis-
(PN),Cl,][PFs] as a green block was grown from a MeOH solution layered with hexane and the

crystal structure was determined by X-ray crystallography.

'H NMR (500 MHz, in acetone-ds at 223 K): & = 8.46 (d, 3Jun= 5.9 Hz, 2H, Py-H1), 8.24 (t, 3Jun =
7.6 Hz, 2H, Py-H3), 7.97 (d, Juu= 7.7 Hz, 2H, Py-Ha), 7.68 (t, *Jun = 6.7 Hz, 2H, Py-Hz), 4.79 (m,
2Jun +2up, 2H, CHz (sa or6)-P), 4.03 (m (br), Zuu +2Jup, 2H, CH2 (6aor66)-P), 3.24 (M, 2H, P-CH(7q or 76
(CHs)a), 2.55 (M, 2H, P-CHyza or 76-(CH3)2), 1.64 (virtual g, Jun = 6.5 Hz, *Jup +*Jup = 6.3 Hz, 6H, P-
CH-(CHs (sa8))2), 1.53 (virtual g, 3Jun = 6.7 Hz, Jup +5Jup = 6.6 Hz, 6H, P-CH-(CHs (sa-8))2), 1.04 (br,
6H, P-CH-(CH3 (g2-34))2)-

31p{’H} NMR (202.4 MHz, in acetone-ds at 223 K): § = 55.13, (s, 2P), -144.37, (sep, Jpr = 706.1
Hz, 1PF¢)

13C{*H} NMR (125.7 MHz, in acetone-ds, 223K): 8: 164.23 (s, Py-Cs), 155.37 (s, Py-C1), 141.25 (s,
Py-Cs), 124.50 (t, 3Jcp+ SJcp= 5.17 Hz, Py-Cas), 124.96 (s, Py-Cz), 37.93 (m, Ycp + 3Jcp = 33.76, Py-
CieH2-P), 28.72 (m, Ycp + 3Jcp = 14.16, P-Ci7a or 7)H-(CH3)2), 28.31 (M, Ycp + 3Jcp = 22.60, P-Cjza or
75H-(CH3)2), 21.47 (br, P-CH-(Csa-sq)H3)2)), 19.21 (br, P-CH-(Cisa-sqyHs)2), 18.52 (br, P-CH-(Cisa-

sa)Hs)2).
15N-H HMBC (50.66 MHz, in CD:CN): & = -59.93 (s).

ESI-MS (MeCN): m/z = 547.1385 for [Co(PN).Cl,)]* (100 %) and m/z 547.1370 calculated for
[C24H40C|2C0N2P2]+ (100 %).
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Anal. Calcd for CoaHaoCl,CoFeN,P3: C, 41.58; H, 5.82; N, 4.04;
Found: C, 41.11; H, 5.75; N, 3.94.
2.4.7 Synthesis of [Co"(PN)2(H)(CI)][PFe]

)YJ { IT

1]}
O LR

o PFg

z N/l Np
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Freshly prepared purple complex, [Co"(PN),C);] (67 mg, 0.12 mmol) was dissolved in MeOH (5
mL) and allowed to degas by bubbling with N, for 10 min before adding NaBH, (5 mg, 0.132
mmol) as a solid to this solution. The mixture was stirred under N, for 1 h prior to adding solid
NH4PFs (20.4 mg, 0.125 mmol). This mixture was left to stir for another hour at room
temperature to obtain the [Co"(PN),(H)(CI)][PFs] as product which precipitated as an orange
solid. This solid was then washed with a small amount of MeOH and dried under vacuum to
obtain an orange solid (39 mg, 0.059 mmol 49% vyield). The [Co"(PN)2(H)(CI)][PFs complex was
characterized by NMR spectroscopy, ESI-MS and CHN analysis. A single crystal of this complex

suitable for X-ray crystallographic determination was obtained by recrystallization in acetone

using hexane as layering solvent to furnish orange-red crystals.

'H NMR (500 MHz,in CDsCN): & = 8.89 (d, 3Jup = 5.7 Hz, 2H, Py-Hi), 7.71 (td, 3Jup = 7.8, “Jupn 1.4
Hz, 2H, Py-Hs), 7.35 (d, ¥ u= 7.8 Hz, 2H, Py-Ha), 7.18 (t (br), 3Jup = 6.7 Hz, 2H, Py-Hz), 3.58 (d (br),
2Jyn=17.2 Hz, 2H, Py-CH (sa or 66)-P), 3.36 (d (br), ZJun = 17.0 Hz, 2H, Py-CH: s or 66)-P), 2.59 (sep
(br), *Jun = 7.1 Hz, *Jup=7.0 Hz, 2H, P-CH(za 0r 75)-(CH3)2), 2.25 (sep (br), *Juu = 7.1 Hz, *Jup= 7.0 Hz,
2H, P-CH (74 or 76)-(CH3)2), 1.62 (virtual g, *Jun = 7.1 Hz, 3Jup + *Jup = 7.3, 6H, P-CH-(CHs (ga54))2), 1.26
(virtual g, *Jun= 7.0 Hz, 3Jup + °Jup = 6.8, 6H, P-CH-(CH; (3a-84))2), 0.94 (virtual q, 3Juu=7.0 Hz, 3Jup
+°Jup = 7.1, 6H, P-CH-(CHs (32.84))2), 0.67 (virtual q, 3Jun = 7.1 Hz, 3Jup = 7.3 + Jup, 6H, P-CH-(CH3
(8a-8d))2), -19.05 (t, *Jup=59.7, 1H, Co-H).

31p{1H} NMR (202.4 MHz, in CDsCN): &: 66.4, (s, 2P), -144.62, (sep, Yp = 706.6 Hz, 1PFs)

B3C{IH} NMR (125.7 MHz,in CDsCN): 8: 164.88 (virtua t, 2Jcp+ “Jcp= 3.7 Hz, Py-Cs), 159.66 (t, “Jcp
+%Jcp= 4.3 Hz Py-C1), 140.14 (s, Py-C3), 124.95 (br, Py-C,), 124.22 (s, Py-C;), 36.00 (virtual t, YJcp
+3Jcp=15.5 Hz Py-C(s)H2-P), 28.86 (virtual t, Ycp + 3Jcp = 6.3 Hz, P-Ci740r 75)H-(CH3)2), 22.87 (virtual
t, Ucp+ 3Jcp=12.0 Hz, P-Ci7a0r 7)H-(CH3)2), 19.09 (s, P-CH-(Cga-84)H3)2), 18.34 (s, P-CH-(Csa-84)H3)2),
18.18 (s, P-CH-(C(ga-s4)H3)2), 18.03 (s, P-CH-(C{sa-8q)H3)2).

15\-'H HMBC (50.66 MHz, in CDsCN): §: -96.48 (s).
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ESI-MS (MeCN): m/z 513.1763 [Co(PN)2(H)(CI))]* (100 %) and m/z 513.1760 calculated for

[C24H41C|CON2Pz]+ (100 %).

Anal. Calcd for C2aHa1CICOFeN,P3: C, 43.75; H, 6.27; N, 4.25;
Found: C, 43.37; H, 6.03; N, 4.01
2.4.8 Synthesis of [Co"(PN)2(MeCN)][BF4]2

A solution of the PN ligand (167 mg, 0.8 mmol) in acetonitrile (5.0 mL) was added to a solution

of [Co"(CH3CN)e][BF4]2 (192 mg, 0.4 mmol)®in CHsCN (30.0 mL) resulting in an immediate colour

change from pink to a deep red solution. This mixture was left to stir at room temperature under

N, overnight prior to concentrating under vacuo to obtain a sticky deep red crude mixture. The

crude product was then washed with dry ether with stirring for 30 min to furnish a product as a

red-orange solid (249 mg, 0.36 mmol, 90% yield). This solid was then recrystallized by dissolved

in a small amount of CH3CN and layered with THF to obtain deep red crystals suitable for

characterization by X-ray crystallography.

ESI-Ms (Acetone): m/z 238.5966 [Co(PN),]** and m/z 238.5971 calculated for [C2sH10CoN2P,]*".

Anal. Calcd for C4H40B2CoFgN2P,: C, 44.27; H, 6.19; N, 4.30;
Found: C, 43.45; H, 6.12; N, 5.60
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2.4.9 Synthesis of [Co"'(PN)2(H)(MeCN)][PFs]:

—l 2%
"/,'J ] "
[PFs]2
z N/'L
Salts of [Co"(PN)2(H)(MeCN)][PFs]2 could be successfully obtained by two different approaches,

either via a reaction of the acetonitrile analogue of Co(ll) complex, [Co"(PN),(MeCN)][BF.], with

NaBH,4 (method A) or by a ligand exchange reaction (method B) as described below:
Method A:

The reaction of [Co"(PN),(MeCN)][BF4]z (56.7 mg, 0.082 mmol) in MeOH (1.0 mL) with 1.3 equiv
of NaBH4 (3.8 mg, 0.10 mmol) was performed following the same method as for the preparation
of [Co"(PN)2(H)(CI)][PFe] in section 2.4.7. The reaction mixture was left to stir for 1 h. Then, 2.0
equiv. of NH4PF¢(25.6 mg, 0.157 mmol) was added as a solid resulting in precipitation of the
analogous acetonitrile of [Co"(PN),(H)(MeCN)][PFs]. complex as a yellow powder (25 mg, 0.031
mmol, 38% yield) from a deep brown solution. The yellow solid was then characterized by multi-

nuclear NMR spectroscopy, ESI-MS.
Method B:

A solution of [Co"(PN)2(H)(CI)][PFe] (21.2 mg, 0.032 mmol) in MeCN (5.0 mL) was charged with
10.0 equiv of trifluoroacetic acid (25 ul, 0.32 mmol). This solution was heated to 45 °C and was
left to stir under N, for 6 h to obtain a greenish solution. All volatiles and excess CFsCOOH were
removed under vacuum. A greenish powder was obtained and subsequently washed three times
with a small amount of MeOH followed by hexane to afford a dry yellow solid as product (6 mg,

0.007 mmol 23% yield). The product was characterized by NMR spectroscopy.

1H NMR ( 500 MHz,in CDsCN): 8: 8.42 (d, 3= 5.8 Hz, 2H, Py-Hz), 7.83 (td, Jun = 7.8, Y 1.2
Hz, 2H, Py-Hs), 7.47 (d, 3Jun = 7.8 Hz, 2H, Py-Ha), 7.30 (t, Juu = 7.0 Hz, 2H, Py-H3), 3.71 (d (br),
2Jymu=17.6 Hz (in the *H{3'P} spectrum), 2H, Py-CH; (sa or 66)-P), 3.50 (d (br), ZJun= 17.5 Hz (in the
'H{**P} spectrum), 2H, Py-CH: (64 or65)-P), 2.74 (sep (br), *Jun = 7.1 Hz, 3Jup>> 7.3 Hz, 2H, P-CH 74 o
70-(CH3)2), 2.54 (s, 3H, CH)CN), 2.33 (sep (br), 3uu = 7.0 Hz, ¥Jup >> 6.9 Hz, 2H, P-CH,7q or 75)-
(CHs)2), 1.48 (virtual q, 3Jun= 7.2 Hz, 3Jup + °Jup = 7.4 Hz, 6H, P-CH-(CHs (8a-84))2), 1.26 (virtual g,
3Jun= 7.0 Hz, up + SJyp = 7.0 Hz, 6H, P-CH-(CHs (ga-50))2), 0.88 (virtual g, 3Jiun = 7.0 Hz, Jup + Iy =
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7.0 Hz, 6H, P-CH-(CHs (8a:84))2), 0.68 (virtual q, Jup= 7.2 Hz, 3Jup = 7.4 + 5Jyyp Hz, 6H, P-CH-(CHs (sa-
sq))2), -17.12 (t, 3Jup = 54.3 Hz, 1H, Co-H).

13C{1H} NMR (125.7 MHz, in CDsCN): 8: 164.56 (t, 2Jcp+ Ycp= 3.2 Hz, Py-Cs), 157.72 (t, “Jcp+ Slcp
= 4.7 Hz, Py-Gy), 141.11 (s, Py-Cs), 126.18 (t, *Jcp + SJcp = 3.8 Hz, Py-Ca), 125.56 (s, Py-Cy), 35.38
(virtual t, Ycp+3Jcp=15.4 Hz, Py-Cig)H2-P), 27.56 (virtual t, YJcp+ 3Jcp= 6.7 Hz, P-Ci7a0r 76)H-(CH3)2),
23.03 (virtual t, Ycp+ Jep= 13.2 Hz, P-Cizaor 7H-(CHs)2), 18.61 (s, P-CH-(CisaseHs)2)), 18.34 (s, P-
CH-(Cisa-sq)Hs)2), 17.96 (s, P-CH-(Cisa-sq)H3)2), 17.61 (s, P-CH-(Csa-34)H3)2).

31p{1H} NMR (202.4 MHz, in CDsCN): 8: 72.44, (s, 2P), -144.60, (sep, YUpr =706.3 Hz, 1PFs)
ESI-MS (MeCN): m/z 477.1994 [Co(PN),]* and 477.1993 calculated for [C24Ha0CoN2P,]*

Anal. Calcd for C4H41CoF12N2P4: C, 37.51; H, 5.38; N, 3.65;
Found: C, 37.14; H, 5.27; N, 4.08
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2.5 Results and Discussion

2.5.1 Synthesis and characterization of cobalt complexes with bidentate P,N
phosphine based pyridine ligands and their corresponding hydride complexes
The preparation of the PN ligand 2-(diisopropylphosphino-methyl) pyridine was performed
according to the method reported in the literature®® with some modifications which gave a
yellow oil as product with moderate yield (59% yield). The NMR data including *H, 3'P{*H}, *3*C{*H}
and *C-DEPT NMR spectrum (Figure A 2.1-2.5) of the P,N ligand (in CDsCN solution, 500 MHz) is
consistent with the data reported in the literature. The *H NMR spectrum (Figure A 2.1-2.2)
showed two equivalent CH, (& 2.96), CH of isopropyl protons and the four doublet signals of
methyl groups at chemical shifts around § 1.0. The 3!P{*H} spectrum (Figure A 2.3) displayed a
singlet phosphorus signal at § = 12.38. Moreover, the *H->N HMBC of the ligand (Figure A 2.6)
showed one doublet of the nitrogen in pyridine ring of the ligand at 8 1.58 with Jys = 17 Hz as

referenced to the pyridine ligand (set at & = 0).

A series of novel cobalt complexes with bis-P,N chelating based phosphine pyridine ligands
including the Co(ll) complexes: [Co"(PN),Cl,], [Co"cis-(PN),CI][PFs] and the corresponding Co(ll)
acetonitrile complex, [Co"(PN),(MeCN)][BF4]. were successfully synthesized with moderate to
high percent yield as summarized in Scheme 2.1. The synthesis of neutral dichloro cobalt(ll)
complex, [Co"(PN),Cl,] was achieved in high yield (97% yield) by reacting a solution of anhydrous
CoCl; with 2.0 equiv of PN ligand in n-BuOH solution. The corresponding Co(ll) acetonitrile
complex, [Co"(PN),(MeCN)][BF4]; as a red-orange solid (90% vyield) was prepared from
[Co"(MeCN)s][BF4]2 and 2.0 equiv. of the PN ligand. Furthermore, the [Co"(PN),Cl;] was used as
the starting compound for a synthesis of the chloro complexes in this series including
monochloride Co(ll) complex, [Co'cis-(PN)2(Cl)]*, the corresponding oxidized Co(lll) species,
[Co"cis-(PN),(Cl),]* and the hydrido, [Co"(PN)2(H)(CI)]* complex. A reaction of the [Co"(PN),(Cl),]
with 1.0 equiv of NH4PFs in MeCN resulted in a formation of the [Co"cis-(PN)2(Cl)][PF¢] as red-

purple solid (65% yield). The corresponding oxidized [Co"'cis-(PN).Cl;][PF¢] as a green solid with

28% yield was obtained by air oxidation of the Co"(PN),Cl, in MeOH.

The preparation and isolation of cobalt(lll) hydride complexes: [Co"(PN)2(H)(CI)][PFe] and
[Co"(PN)2(H)(MeCN)][PFs],, were achieved under mild reaction conditions at room
temperature using NaBH, as hydride source. These two hydride complexes could be
successfully isolated with a yield of 49% for [Co"(PN)2(H)(CI)][PFs] as an orange solid and
38% for [Co"(PN)2(H)(MeCN)][PFs), as a nice yellow powder. These two hydride complexes are
soluble and stable in common solvents (MeOH, CHsCN, THF and acetone) under Ar or N,

atmosphere.
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Scheme 2.1. Reaction scheme for preparation of the cobalt(lll) hydride complexes with bis-
chelating P,N based pyridine ligand, and preparation of the dichloro Co(ll) complex,
[Co"(PN),Cl,], the monochloride analogue, [Co"cis-(PN),CI][PFs] and the corresponding dichloro
Co(lll) complex, [Co"cis-(PN),CI][PF¢].

All diamagnetic low-spin d® cobalt(lll) complexes were characterized by NMR techniques
including *H, 3*P{*H} 3*C{*H}, *C-DEPT, and 2D NMR correlation techniques such as *H-'H COSY,
1H-31p{1H} HMBC, H->"N HMBC and H-3C-DEPT correlation, as well as by ESI-MS and CHN
analysis.  Fortunately, single crystals of the complexes [Co"cis-(PN),CI][PFe],
[Co"(PN)2(MeCN)][BFs],, [Co"cis-(PN),Cl,][PFs] and the CI- analogue of the hydride complex,
[Co"(PN)2(H)(CI)][PFs] could be obtained and were suitable for X-ray crystallographic
determination to obtain single crystal X-ray structures. However, the crystal structure of the
corresponding acetonitrile hydride complex, [Co"(PN),(H)(MeCN)][PFs]2, was unsuccessful due
to decomposition upon data collection for X-ray analysis. These three complexes are air stable
in the solid state and did not show a colour change upon leaving the powder in air. The electronic
properties and their redox properties of all cobalt complexes were also investigated by UV-Vis
spectroscopy (section 2.5.4), «cyclic voltammetry (section 2.5.5) and UV-Vis

spectroelectrochemistry (UV-Vis SEC) in section 2.5.6) for the Co(lll) complexes.
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2.5.2 Spectroscopic and crystallographic characterisation

2.5.2.1 Structural characterisation of [Co'cis-(PN),CI][PFs]

ESI-Mass spectrometry

The positive mode of ESI-MS of the [Co'"cis-(PN),CI][PF¢] (Figure A 2.7) showed the molecularion
peaks at m/z = 477.1985 and 509.1883 which corresponded to the monocationic [Co'(PN),]*and
[Co'(PN),0,]*, respectively. These ion peaks are consistent to the calculated isotopic distribution
pattern for [C24H40CoON,P,]* at m/z = 477.1993 and [Ca4H40CoN>0,P,]* at m/z = 509.1891 as shown
in Figure A 2.7 (bottom, b).

X-ray crystal structure of [Co'"cis-(PN).CI][PFs]

The X-ray crystal structure of this complex revealed that one Cl anion, two phosphorus and two
nitrogen atoms coordinate to the Co(ll) centre to furnish a five-coordinate complex which is best
described as a distorted square pyramidal geometry (Figure 2.11). The crystal structure showed
that the two P and N atoms occupy the equatorial plane of the square pyramid with cis
configuration between these two P atoms and an axial Cl" ligand. Selected bond distances and

bond angles are listed in Table 2.5

Figure 2.11. X-ray crystal structure of monochloride cobalt(ll) complex, [Co"cis-(PN),CI][PFe].
Selected hydrogen atoms and PFs” counter anion were removed for clarity. Thermal ellipsoids

shown with probability of 50%.
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Table 2.5. Selected bond distances (A) and bond angles (deg) in the [Co'cis-(PN),CI][PFs].complex.

atom | atom | bond lengths (&) | atom | atom | atom | bond angles (deg)
Col | Ci1 2.4299(9) P2 | Col | CI1 87.89(3)
Col | P2 2.2160(9) PL | Col | CI1 104.46(3)
Col | P1 2.2156(9) PL | Col | P2 101.58(3)
Col | N1 1.9933(14) N1 | Col | Ci1 90.78(6)
Col | N2 2.039(3) N1 | Col | P2 175.98(6)
N1 | Col | P1 82.42(6)
N1 | Col | N2 94.12(10)
N2 | Col | Ci1 95.53(8)
N2 | Col | P1 159.72(8)
N2 | Col | P2 82.24(8)

2.5.2.2 Structural characterisation of [Co"cis-(PN),Cl>][PFe]

NMR spectroscopy of [Co"cis-(PN).Cl,][PFe]

In the *H NMR spectrum at room temperature (Figure 2.12 a), the isopropyl protons including
eight CH; groups and CH (H7, and H7,) protons as well as CH; (Hea and Hep) as labelled in the
structure appeared as a broad signal while while the pyridine resonances are sharp. Moreover,
the 3P{*H} NMR spectrum (Figure 2.12 b) of a solution of this complex in CDsCN at room
temperature also appeared as a broad singlet signal at 55.10 ppm suggesting the two chemically
equivalent phosphorus atoms in the structure of [Co'"cis-(PN),Cl,][PFs]. The humber of NMR
signals is consistent to the structure of this complex containing the C,, symmetry. The solid-state
X-ray structure of this complex (Figure 2.21) revealed a distorted octahedral geometry where
the two P- and two N- atoms are in the equatorial plane and cis to each other. The two Cl~ligands

in the axial position are mutually trans to each other.
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Figure 2.12. *H NMR spectrum (a) and 3'P{*H} NMR spectrum (b) of [Co"'cis-(PN),Cl,][PF¢] (a) in

CD3CN at room temperature.
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According to the appearance of broad signals in the *H NMR (aliphatic region) at 8 4.66, 3.82,
2.94, 2.69 and 1.29 and broad phosphorus peak of this complex, a dynamic structure of the
complex in a solution at room temperature would be expected which might be dissociation of a
Cl" ligand or a change in configuration between the two P atoms in the ligands from cis geometry
in the solid state to trans configuration in the solution at room temperature or internal rotation
of the isopropyl groups. To investigate the fluxional behaviour of this complex, variable

temperature NMR experiments were performed in acetone-ds solution.
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Variable temperature NMR studies of the solution of [Co'""cis-(PN)2Cl2][PFe]

By comparison of the NMR measurements (Figure 2.13) between the solution of [Co"cis-
(PN),Cl,][PFs] at 223 K and the spectrum of the solution at room temperature (298K), the 3!P{*H}
NMR signal of the ligands in the complex at low temperature is sharper than that at room
temperature (Figure 2.13 a). Moreover, the isopropyl protons (CH and CHs; signals) and CH,
signals in the 'H NMR spectrum (Figure 2.13 b) at 223 K became well-separated and much
sharper than those signals in the spectrum at room temperature However, the aromatic proton
signals of pyridine ring did not show any change. This evidence confirmed dynamic behaviour of
[Co"cis-(PN),Cl,]*in a solution at room temperature which might be dissociation of a Cl" ligand
or a change in configuration between the two P atoms in the ligands from cis geometry in the
solid state to trans configuration in the solution at room temperature or internal rotation of the

isopropyl groups.
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Figure 2.13. 3'P{*H} NMR spectrum (a) and *H NMR spectrum (b) of the [Co"cis-(PN),Cl2][PFe]
complex in acetone-ds at room temperature (bottom) compared to that at 223 K (top), and the
31p{’H} NMR spectrum (c) and 'H NMR spectrum (d) of a solution of this complex at

room temperature (bottom) compared to that at 323K (top).
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The *H NMR spectrum (Figure 2.13 c) and the 3'P{*H} NMR spectrum (Figure 2.13 d) was further
recorded at 50 °C higher than room temperature, and one isopropyl methyl resonance was
observed in the 'H NMR spectrum at 323 K. This evidence supported the dynamic behaviour as

a result of internal rotation of the isopropyl groups of the complex in the solution.

According to the low-temperature *H NMR spectrum (Figure 2.14 a) showed that the protons of
isopropyl groups in the complex (Hea, Heb, H7a, H7b and Hsasq) coupled to the two phosphorus
atoms resulting in a complicated signal for these protons. For example, the signal at 6 4.03 for
the CH; arm (Hea or Hep) as expanded in blue inset appeared as a broad multiplet due to geminal
coupling to the proton with?J; = 16.9 Hz and to the two P atoms. Additionally, the two signals
of CHs protons (1.64 and 1.53 ppm as shown in Figure 2.14 b, inset) exhibited coupling to the
two P atoms with respective coupling constants of 3Junu=6.5,%Jup +°Jup =6.3and 3Jyu=6.7, Ynp

+°Jup = 6.6 Hz resulting in virtual quartet peaks.

The H{3'P} NMR spectrum (Figure 2.14 c) of the complex in solution at 223 K was much simpler
than the *H NMR spectrum. The CH, signals (He. and Hep) in this complex appeared as well-
resolved doublet peaks with 2Juny = 17.0 and 16.9 Hz for CH, protons at & = 4.79 and 4.03,
respectively. Moreover, the three separated peaks of methyl protons (Hs..s4) of the P,N ligands
at 1.64, 1.53 and 1.04 ppm sharpened in the *H{3'P} NMR spectrum. The overlapping peak at §
= 1.04 for two methyl groups could not be resolved. Coupling constants of 3Jy = 6.5 and 3Jyu =
6.7 Hz were obtained for the two separate doublets of the CHs3 groups at & 1.64 and 1.53,
respectively. Furthermore, the isopropyl protons (Hz,, Hzb) also showed sharper peaks. However,
the aromatic protons of pyridine rings in the *H NMR and *H{3!P} NMR spectrum are similar to
each other (Figure A 2.8). Moreover, the *H-'H COSY NMR spectrum in (Figure 2.15) showed
correlations of geminal protons of the CH, group, between Hg, and Hgp, the coupling between P-

CH-(CHs) of H7a, H7sand CHs in the isopropyl and also protons in pyridine rings.
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Figure 2.14. 'H NMR spectrum (a) of [Co"cis-(PN),Cl,][PFs] in acetone-ds¢ at 223 K, blue
inset showed the signals of isopropyl protons (Hs. and Hep) and the 'H NMR spectrum in
aliphatic region (b) with the zoom region of CHjs signals (Hsasq) compared to the *H{3'P} NMR

spectrum of this solution at 223 K (c).
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Figure 2.15. *H-'H COSY NMR spectrum of the Co"'cis-(PN),Cl;][PFs] in acetone-ds at 223 K, the

red arrows showed the correlation between two protons as labelled in the spectrum.
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The BC{*H} spectrum of the solution in acetone-ds at 223 K (Figure 2.16) showed resonances
corresponding to the 12 different carbon atoms as labelled in the structure. The result revealed
the characteristic signals of the isopropyl groups in the complex where the two phosphorus
atoms are cis to each other and magnetically inequivalent. Therefore, the carbon signals (Cs, C7a
and Cy) in the spectrum (Figure 2.16, top) of the cis complex showed complicated signals due
to the second-order effect of a four-spin [AX], system?? displaying the intense most outer lines
(the apparent coupling constants are listed in the Table 2.6). This coupling constant consists of

the Jcp+ Jcp as labelled carbon and phosphorus atoms in the structure.
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Figure 2.16. 3C{*H} NMR spectrum of the [Co"cis-(PN),Cl,][PFs] in acetone-ds at 223 K (a), the

isopropyl carbons for C¢ and C7, or Cz, (b).

Furthermore, the assignment of each carbon atom was supported by the 3C-DEPT 135
experiment (Figure A 2.10) and 2D NMR spectroscopy for *H-**C-DEPT correlation (Figure 2.17
and Figure 2.18). The signal at 6 38.0 in the '*C-DEPT spectrum with a negative phase
corresponded to Ce with two attached hydrogen atoms (Hea or Hep) Which is consistent to the

correlation peaks in the *H-13C-DEPT spectrum (red spots).
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Figure 2.17. *H-13C DEPT correlation spectroscopy of [Co"'cis-(PN),Cl,][PFe] in acetone-ds at 223K.
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All NMR characterisation data and assigned atoms in this complex are listed in Table 2.6. The
assigned atoms in the table correspond to the labelled atoms in the structure of this complex as
shown in Figure 2.19. Moreover, the *H->N HMBC (Figure A 2.11) of this complex suggested that
the two N atoms in the complex are chemically equivalent since they are observed as a singlet

signal at 6 —59.93 ppm.

Table 2.6. Assignment of hydrogen, carbon and phosphorus-atoms of the [Co"cis-(PN),(Cl),][PFe]

in acetone-dg at 223 K.

Assigned atom 6 (ppm) J (Hz) and multiplicity Integration
Hi (C1) 8.46 (155.37) 3Juu=5.9,d (s) 2H
Hs(Cs) 8.24(141.25) 3Jun=17.6,1(s) 2H
Ha(Ca) 7.97 (124.50) Jun=7.7,d 2H

Clep+cp=15.17, 1)
Cs (164.23) (s)
Ha(C2) 7.68 (124.96) 3un=16.7,t(s) 2H
4.79 (37.93) “nin=17.0,d 2H
Hea OF Hep (Yep+3Jcp=33.76, m)
(Ce) 403 (37.93) 2Jun=16.9,%)yp=17.2, m o
(br) (Yep+3Jcp=33.76, m)
H7. or Hyp 3.24 (28.31) m (Yep+3Jcp=22.60, m) 2H
(C7a or Csp) 2.55(28.72) m (Yep+3cp=14.16, m) 2H
1.64 (19.21) = 6,'5'21”'”4]”"’ =63, 6H
virtual q (br)
Hsa-8d (Csa-s4) 153 (21.47) un= 6:7, 2Jupt*Iup = 6.6, 6H
virtual q (br)
1.04 (18.52) br (br) 12H
P 55.10 S 2P
PFe -144.36 pr=706.1, sept 1P
N -59.93 S 2N

Figure 2.19. labelled atoms in the [Co"cis-(PN),Cl;][PFs] complex.
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As shown previously in Figure 2.12, broad peaks were observed for the isopropyl protons in the

eis-(PN),Cl][PFs] at room temperature However, the

'H NMR spectrum of the solution of [Co
low-temp NMR solution of the complex showed dramatic changes in the isopropyl signals which
became sharper and more well separated peaks (Figure 2.13, top). The fluxional behaviour could
be the result of the configuration change from cis to trans of the two phosphorus in the complex
once the complex was in the solution at room temperature In contrast to this, the isopropyl
groups in the [Co"(PN)2(H)(CI)][PFs] and [Co"(PN),(H)(MeCN)][PFs], where the two phosphorus
atoms are trans to each other showed well-resolved and sharp peaks in the *H spectrum (Figure
2.18 and Figure A 2.22). The ¥*C{*H} NMR spectrum of the [Co"(PN),(H)(MeCN)][PF¢]. (Figure
2.20, top) in CDsCN even at room temperature displayed sharp and well-resolved peaks. This
evidence suggested that the hydride complex in a solution has more rigid structure than the
[Co"cis-(PN),Cl;][PFs] in the solution at room temperature. Moreover, the 3C{*H} spectrum of
the [Co"(PN),(H)(MeCN)][PFs]. displayed triplet signals of Cs (8 35.38), C7a or C7, (8 27.56 and
23.03) indicating that the carbon couples to two magnetically and chemically equivalent
phosphorus atoms in the trans complex. These signals were completely different from the Cg,
C7a or Cyp in the [Co"cis-(PN),Cl,][PFs] as shown in Figure 2.20 (bottom) where the two P atoms
are cis to each other not only in the chemical shifts but also distinct in the multiplicity. Therefore,

eis-(PN),Cly][PFs] in the solution at low temperature and

these different signals between the [Co
those of the peaks in the solution of Co(lll) hydride complex at room temperature where two P
atoms are trans to each other confirmed the distinct configuration of the two phosphorus atoms
in the complexes. This analysis supports an alternative explanation of the dynamic broadening
of the H NMR spectrum of [Co"'cis-(PN),Cl;][PFs]. The simplest explanation is that the
broadening results from hindered internal rotation of the isopropyl groups. Such hindered
rotation is consistent with the observation that the pyridine resonances remain sharp
throughout. As a further test, the 'H NMR spectrum was recorded on heating above room

temperature, where we observed one isopropyl methyl resonances in the *H NMR spectrum at

323 K.
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Figure 2.20. The *C{*H} NMR spectrum of [Co"(PN),(H)(MeCN)][PFe], (top) in CD3 CN at room

temperature, and the spectrum of [Co"cis-(PN),Cl,][PFs] (bottom) in acetone-ds at 223 K.

ESI-Mass spectrometry of the [Co"cis-(PN)Cl>][PFs] complex

The positive mode of ESI-MS of the complex (Figure A 2.12) showed the molecular ion peaks at
m/z = 547.1385 (100%) for [Co"(PN)y(Cl);]* with isotopic patterns calculated for
[C24H40Cl,CON,P,]* at m/z = 547.1370 (100%).
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X-ray crystal structure of [Co"cis-(PN)Cl,][PFe]

structural characterisation

The crystal structure of the [Co"cis-(PN),Cl,][PF¢] (Figure 2.21) showed a distorted octahedral

geometry where the two N-atoms and two P-atoms are cis to each other in the equatorial

position. It contains two coordinated CI ligands in axial positions which are trans to each other.

The cis configuration between the two N- and P-atoms is similar to the crystal structure of the

corresponding Co(ll) complex containing one CI ligand (Figure 2.11). Selected bond lengths and

bond angles were listed in the Table 2.7.

Figure 2.21. X-ray crystal structure of [Co"'cis-(PN),Cl,][PFs]. Selected hydrogen atoms and PF¢

counter anion were removed for clarity. Thermal ellipsoids shown with probability of 50%.

Table 2.7. Selected bond distances (A) and bond angles (deg) for [Co"cis-(PN),Cl,][PFe).

atom | atom | bond lengths (&) | atom | atom | atom | bond angles (deg)
Col | Ci1 2.2471(4) Cl1 | Col | cl1? 179.01(3)
Col | P1 2.2736(5) Cl1 | Col | P1 84.614(16)
Col | N1 2.0366(15) cl1' | col1 | P1 95.976(16)
P1! | Col | P1 107.59(3)
N1 | Col | Cl1 93.04(4)
N1' | Col | CI1 86.26(4)
N1 | Col | Pil 167.78(4)
N1 | Col | P1 81.43(4)
N1 | Col | N1! 90.97(8)
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2.5.2.3 Structural characterisation of [Co" (PN),(H)(CI)][PFs]

The orange monohydride complex [Co"(PN)2(H)(CI)][PFe] (49% yield) was successfully prepared
under mild conditions as shown in Scheme 2.1. It should be noted that formation of the hydride
species by bubbling H, into a solution with NaBH, in the second step instead of N, led to
formation of the monohydride complex in similar yield after adding NH4PFs. This result suggests
that NaBH, could act as hydride donor for a precursor dichloro cobalt (II) complex to afford a
monohydride [Co"(PN),(H)(Cl)]*. Another possibility is that NaBH4 could play a role as reducing
agent, and the resulting Co(l) species could then be protonated by NH4PFs in MeOH to obtain
the monohydride complex. This pathway corresponds to the previous work by Koelle et al 28
which showed that protonation of Co(l) complexes, [CpCo(P).] with NH4PFs in toluene/MeOH

mixture yielded an isolable Co(lll)-H complex.

Structural characterisation of the product was performed by spectroscopic techniques H,
13C{*H}, 3C-DEPT, 3!P{'H} spectroscopy and 2D NMR correlation experiments, ESI-MS, CHN

analysis, and X-ray crystallography.

NMR spectroscopy of [Co"(PN)2(H)(CI)][PFs]

The *H NMR spectrum (Figure 2.22 a) of [Co"(PN)(H)(CI)]*, in solution at room temperature
showed sharp and well-resolved peaks for signals of isopropyl protons (Hea,Hsb, H7a, H7o and Hsa.
sd) Which suggested that this complex can be greatly stabilized by the chelating effect of the bis-
P,N ligands in the complex, where the two N- and two P-atoms are trans to each other and is a
diamagnetic species. Therefore, its diamagnetic nature suggested that the [Co"(PN),(H)(CI)]* in
CDsCN solution is octahedral, low-spin d® configuration. In the 3!P{*H} NMR spectrum (Figure
2.22 b), the complex showed one phosphorus signal for the two magnetically equivalent
phosphorus atoms at 8 66.44 with integral ratio of 2 relative to that of the PFs” peak (6 =-144.62).
Moreover, the number of resonance peaks in the H, 3P{*H} and 3*C{*H} NMR spectra of the
solution of [Co"(PN),(H)(CI)]* corresponded to the C, symmetry axis of the X-ray molecular

structure of the complex in solid state as shown in Figure 2.26, in set.

A hydride signal appeared at 6 -19.04 as a well-resolved triplet peak (Jcs-n-r = 58.4 Hz) due to
coupling with two equivalent phosphorus atoms in the complex. This coupling constant value is
consistent with that of cobalt dihydride complexes [Co"(2,2’-bipy)(PEt,Ph),H2]* with Jgsn.e = 64
Hz and [Co"(triphos)(H)(MeCN),]PFs (triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane) in
previous literature which shows Jeswp = 65 Hz.22* Moreover, there is virtual coupling between
the four signals of different CH; protons in isopropyl groups (Hsass) and phosphorus atoms
leading to virtual quartet signals at 8 = 1.62, 1.26, 0.94 and 0.67 in the *H NMR spectrum (Figure
2.22, inset).
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CD3CN at room temperature.

Moreover, the analysis of the signals in aliphatic region of the *H NMR spectrum (Figure 2.23 a)
agrees with the *H{3'P} NMR experiment which showed decoupled phosphorus peaks of Hea, Hep,
H7a, H7o and Hsasq (Figure 2.23 b). The hydride signal in the *H{3!P} NMR spectrum became a
singlet, when it was decoupled from the phosphorus. Furthermore, all CHs protons (Hsa, Hsb, Hsc
and Hsq) of isopropyl groups showed the disappearance of two outer lines with the same

intensity of four CHs protons, and the signals of Hga,Heb, H7a and Hz, became sharper peaks.
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However, the pyridine protons in the complex did not show any change in the *H{3!P} suggesting

no phosphorus coupling (Figure 2.23 a, top).
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Figure 2.23. 'H NMR spectrum in aromatic region (a) and in aliphatic region (b) compared to the

'H{3'P} NMR spectrum of [Co"'(PN),(H)(CI)][PFs] in CDsCN at room temperature

The *H-3'P{*H} HMBC experiment (Figure 2.24) also confirmed that the hydride signal, the CH,
proton and four peaks of CH; showed correlation signals to the two equivalent phosphorus

atoms in the complex.
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Figure 2.24. H-3'P{*H} HMBC correlation of [Co"(PN),(H)(CI)][PFs] in CDsCN at room

temperature showing the whole spectrum (a) and aliphatic protons (b).

This evidence supported the postulate that all these aliphatic protons of isopropyl groups can
couple to the phosphorus which is strongly coupled to another trans-phosphorus in the same

planar equatorial position resulting in an occurrence of the virtual coupling effect. This effect
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arises when protons are coupled to a group of other nuclei which are strongly coupled to each

other.?33

The assignments of each atom in the structure of [Co"(PN)2(H)(Cl)]* complex including chemical
shift, coupling constant, multiplicity and integration ratio are listed in the Table 2.8. Each proton
peak in the pyridine ring of the complex could be assigned by the information in the *H NMR
(Figure 2.22) and supported by the 2D COSY *H-'H NMR spectrum (Figure 2.25). However, the
information is insufficient to distinguish the chemical shift of each H7,,7, and the methyl protons

(Hga,Hgb,ch and Hgd).

O
H1 Hi HaH, Heaor Heb  Hyzor H oy A HTSd
__ N Y it

- monohydride NP complex E
® = /4’ &
< 8c  8d + PEz h | &
T 8b Hy5.C CH3ga —l 6 r
Hj g,C 7b [
T @ - LY [
z = N\ 2¢ :
:E 3 0\ H6a (—)Hﬁb H7a or 7b<_)HSa-8d
T P: re
5 PN
8
T
e
¢I~ Hi < H
I :: o G\Q
:E‘ — h’ = H, & Hs
- e
H3 > H4
—
T = -~ -
m}

8 4 4 2 F2 [ppm]

Figure 2.25. *H-'H COSY NMR spectrum of [Co"(PN)2(H)(CI)][PFe¢] in CDsCN at room temperature,

the red arrows showed the correlation between two protons as labelled in the spectrum.

The structural assignment of carbon atoms in the complex was further characterized by *C{*H}
technique (Figure A 2.13), 3C DEPT (Figure A 2.14, bottom), *H-3C{*H} HSQC experiments
(Figure A 2.15 and Figure A 2.16) and H-'3C DEPT correlation experiments (Figure A 2.17 and
Figure A 2.18). The singlet correlation peak in the *H-">°N 2D NMR of [Co"(PN),(H)(Cl)][PFe]
(Figure A 2.19) was shifted upfield from the signal of [Co"cis-(PN).Cl,][PFe] derivative by 36.55
ppm suggesting greater electron density on the Co(lll) centre with the hydride ligand. Based on
NMR evidence of this complex in MeCN solution, the assignment of each atom in the structure
corresponded to the symmetry element of the crystal structure with C; axis rendering the two

phosphorus atoms equivalent as shown in Figure 2.26.
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Table 2.8. Assignment of hydrogen, carbon and phosphorus-atoms of the [Co"(PN)x(H)(CI)][PFe].

Results and discussion

structural characterisation

Assigned atom o (ppm) J (Hz) and multiplicity Integration
H (C1) 8.89 (159.66) | MJun=5.7,d (YJep+5cp=4.3, 1) 2H
H3(C3) 7.71(140.14) | ¥Jun=7.8, “Yun=1.4,td (s) 2H
Ha(Ca) 7.35(124.95) | 3Juu=7.8,d (br) 2H

Cs (164.88) (2Jep+Ycp= 3.7, virtual t) -
Ha(C2) 7.18(124.22) | 3Jun=6.7,t (br) (s) 2H
Hea OF Hen (Cs) | 3.58 (36.00) 2)n=17.2,d (br) 2H
(Yep+3Jcp=15.5, virtual t)
3.36 (36.00) 2 n=17.0, d (br) 2H
(Yep+3Jcp=15.5, virtual t)
H7a or Hzp (C7a0r | 2.59 (28.86) 3Jun=7.1,3%)up=7.0, brsep 2H
Cop) (Yep+3Jcp=6.3, virtual t)
2.25(22.87) 3Jun=7.1, Jup = 7.0, br sep 2H
(Yep+3Jcp=12.0, virtual t)
Hga-gd (Csa-sd) 1.62 (19.09) 3un= 7.1, up+>Iup = 7.3, virtual q (s) 6H
1.26 (18.34) 3Jun=7.0, 3y p+>Iup = 6.8, virtual q (s) 6H
0.94 (18.18) 3Jun=7.0, 3up+Jup = 7.1, virtual q (s) 6H
0.67 (18.03) 3un= 7.1, 3up+>Iup = 7.3, virtual q (s) 6H
Hydride (H) | -19.05 3Jup=59.7, t 1H
P 66.4 S 2P
PFe 144.62 pe = 706.6 sep 1P
N -96.48 S IN

Figure 2.26. Labelled atoms in [Co"(PN),(H)(CI)][PFs] complex (left) and coloured C»- rotation

axis showing effect of symmetry operation (right).
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Accordingly, the phosphorus peak in the [Co"(PN),(H)(CI)][PFs] is sharper than that of [Co"cis-
(PN),CIl,][PFs], suggesting that the ligand configuration of the PN ligands in these two complexes
are distinct. In the solid state, the X-ray structure of [Co"cis-(PN),Cl,][PF¢] (Figure 2.21) revealed
that two bulky isopropyl phosphine groups are located in mutually cis positions which contrasts
with the trans configuration of the two phosphorus atoms of [Co"(PN),(H)(CI)][PFs]. From the
solution NMR studies at room temperature, this structural difference could account for the

eis-(PN),Cl,][PFs] which exhibits greater steric congestion than the

dynamic behaviour of [Co
[Co"(PN)2(H)(CN][PFs]. The hydride complex has the bulky isopropyl groups located far away
from each other in the trans position. Therefore, the *H NMR spectrum of [Co"(PN),(H)(CI)][PFe]
complex in MeCN solution at room temperature showed well-resolved proton signals of Py-CH»-
P, P-CH-(CHs), and P-CH-(CHs), groups compared to the broad signals in the H NMR spectrum
of the [Co"cis-(PN),Cl,][PFs]. For this reason, the broad signals in the *H NMR of the cis complex
in a solution at room temperature would be expected as a dynamic structure due to internal

rotation of isopropyl group rather than the contribution from the quadrupolar coupling to Co

center with nuclear spin (1 = 7/2).

There is one example of d® Rh(lll) complex supported by bis-chelating DPPMP
(IRh(DPPMP),Cl;][(benzoate),H], DPPMP = diphenylphosphinomethylpyridine) ligands reported
in the literature.'® The X-ray structure (Figure 2.27 c) of this complex showed the cis-
configuration of the two P- and two N-atoms in the complex which is the same configuration as
that of the two PN ligands in the [Co"cis-(PN),Cl;][PFs]. However, the two CI™ ligands in
[Rh(DPPMP),Cl;]* are cis to each other, while the two CI” ligands in the [Co"cis-
(PN),Cl,][PFs].located in axial positions and are mutually trans. Based on the *H and *'P{*H} NMR
1]

evidences, the [Rh(DPPMP),Cl,]* has relatively more rigid structure than the structure of [Co"'cis-

(PN)2Cl,]* in a solution.

ESI mass spectrometry of [Co"(PN)x(H)(Cl)][PFe]

The positive mode of ESI-MS of the complex (Figure A 2.20) displayed the molecular ion peaks
for [Co(PN)2(H)(CI))]*at m/z =513.1763 (calcd. 517.1760, difference 0.3 mDaltons) with isotopic
distribution patterns calculated for [C24H41CICON,P,]* .The ion peaks corresponded to the
[CO'(PN),]* at m/z = 477.1989 was also observed and calculated for [C2sH4CON2P,]* at m/z
477.1993.

X-ray crystal structure of [Co"(PN)x(H)(Cl)][PFe]
The crystal structure of hydride complex [Co"(PN)2(H)(CI)][PFe] (Figure 2.27) revealed that the
molecular structure of this complex in the solid state as a six-coordinate complex which is best

described as a distorted octahedral geometry containing a CI" ligand trans to a hydride in axial
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position and 2N and 2P atoms in the equatorial plane with trans configuration between the two

P atoms. Selected bond lengths and bond angles are listed in Table 2.9.

Figure 2.27. X-ray crystal structure of the [Co"(PN),(H)(CI)][PFs] complex. Selected hydrogen
atoms and PFs counter anion were removed for clarity. Thermal ellipsoids shown with

probability of 50%.
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Table 2.9. Selected bond distances (A) and bond angles (deg) for the [Co"(PN),(H)(CI)][PFs]

complex
atom | atom | bond lengths (&) | atom | atom | atom | bond angles (deg)
Col | N1 1.9528(15) N1' | Col | N1 175.35(10)
Col | P1 2.2425(5) N1' | Col | P1 96.43(5)
Col | ci1 2.3391(7) N1 | Col | P1 82.73(5)
Col H 1.54(7) Cll1 | Col | P1 100.339(15)
Cl11 | Col | N1 92.32(5)
P1! | Col | P1 159.32(3)

2.5.2.4 Structural characterisation of [Co"(PN)(MeCN)][BF.];

The red-orange acetonitrile analogue of the dichloro cobalt(ll) complex with bis-P,N chelating
pyridine phosphine ligands can be prepared in high yield (90% vyield) by a reaction of
[Co"(MeCN)s][BF4], and 2.0 equiv of the PN ligand in dry acetonitrile solution (Scheme 2.1). A
deep red single crystal grown from CH3CN/THF was suitable for analysis by X-ray crystallographic
determination as shown the structure in Figure 2.28. Elemental analysis of the complex showed
the experimental values correspond to the calculated values of the [Co"(PN)2][BF4]. complex with
no MeCN ligand. It should be noted that the MeCN loss was observed as a result of leaving it dry

under vacuum for 3 days.

ESI mass spectrometry of [Co"(PN)2(MeCN)][BFa)2

The positive mode of ESI-MS of the complex (Figure A 2.21) displayed the molecular ion peaks
at m/z = 238.5966 which corresponded to the dicationic [Co(PN),]%*. The isotopic distribution
patterns calculated for [C2sHi0CoN,P;]** showed at m/z 238.5971 as shown in Figure A 2.21

(bottom).
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X-ray crystal structure of [Co"(PN)2(MeCN)][BF1].

The crystal structure of this complex (Figure 2.28) showed five-coordination around the
cobalt(ll) centre from the two PN ligands and one nitrogen atom from an acetonitrile ligand. The
coordination geometry of this complex corresponded to a distorted square pyramid containing
the two pyridine phosphine ligands in the equatorial plane and acetonitrile in the axial position.
In contrast to the X-ray crystal structure of the [Co'cis-(PN)CI][PFs] and [Co"cis-(PN),Cl;][PFe]
complexes, the molecular structure of this complex revealed that the two phosphorus atoms of
the PN ligands are trans to each other which is similar to the configuration of the two P atoms
in the octahedral Co(lll) hydride, [Co"(PN)2(H)(CI)][PFs] complex with a CI" ligand as shown in
Figure 2.27.

Figure 2.28. X-ray crystal structure of the cation of [Co"(PN),(MeCN)][BF4].. All hydrogen atoms

and BF,™ are omitted for clarify. Thermal ellipsoids are shown at the 50% probability level.

Table 2.10. Selected bond distances (A) and bond angles (deg) in the [Co"(PN)2(MeCN)][BFa]>

complex.

atom | atom | bond lengths () | atom | atom | atom | bond angles (deg)

Col | N1 1.967(6) N1' | Col | N1 166.8(4)

Col | N2 2.034(9) N1 | Col | N2 96.58(19)

Col | P1 2.2621(18) N1 | Col | P1 81.53(17)
N1 | Col | P1! 96.25(17)
N2 | Col | P1 99.67(6)
P1 Col | P1l 160.67(12)
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2.5.2.5 Structural characterisation of [Co" (PN),(H)(MeCN)][PF;]:

The acetonitrile derivative of [Co"(PN)2(H)(MeCN)][PFs]. could be prepared by two different
methods as shown in Scheme 2.2. In the first approach, this complex (method A) is prepared
directly with a moderate yield (38%) by treatment of the corresponding cobalt(ll) complex,
[Co"(PN)2(MeCN)][BF4]> with 1.3 equiv of NaBH4. The addition of 2.0 equiv. NH4PFs caused a
precipitation of a yellow solid of the [Co"(PN).(H)(MeCN)][PF¢].. Alternatively, this hydride
complex could be synthesized from the chloride analogue of [Co"(PN),(H)(CI)][PFs] by an
exchange reaction between a CI" ligand of the complex and MeCN in acetonitrile solution with
10.0 equiv of TFA (method B) with a relatively low yield of yellow solid (23%). The resulting
product was then characterized by NMR spectroscopy, ESI-MS and CHN analysis.

—|2+

_<p_< method A )\\(m “ " \\\'@ -
(BF4)2

N 1. [Co"(CH3CN)g][BFa]2, Na, r.t., overnight "'LO‘\\
/N — NN\,
— 2. stirring with Et,0 |

2.0 eq. in CH3CN

red-orange powder
(0.082 mmol)

1. 1.0 mlin MeOH
2. 1.3eq. NaBH4/No, 1h, r.t.
3. 2.0eq. NH4PFg, 1h, r.t.

H
| Sj (PFe )2
i

38%, method A
23%, method B

g

H method B )\
| ”J 1. 5.0 ml of MeCN, N,
~ N/l 2.10.0 eq. CF,COOH, 45 °C, 6h
X

Scheme 2.2. Synthetic pathways for the acetonitrile derivative of cobalt(lll) hydride complex,

[Co"(PN),(H)(MeCN)]** complex.

A suitable crystal of the [Co"(PN),(H)(MeCN)][PFs]; prepared by method A could be successfully
grown in acetonitrile solution layered with dry diethyl ether to obtain a yellow-brown crystal.
Unfortunately, X-ray crystallographic analysis has not been achieved due to a decomposition
during recrystallisation. There are five dications of the [Co"(PN),(MeCN)]** and distorted

mixtures of ten counter anions (BF, and PFg’) in the asymmetric unit.
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NMR spectroscopy of [Co"(PN)2(H)(MeCN)][PFs)

The *H NMR (Figure A 2.22 and Figure A 2.23) and 3'P{*H} NMR (Figure A 2.24) spectra of
[Co"(PN)2(H)(MeCN)][PFs], in CDsCN at room temperature showed sharp and well-resolved
peaks similar to the NMR spectrum of [Co"(PN),(H)(CI)][PFs] with the same number of peaks and
similar multiplicities but at different chemical shifts. As a result, the structural symmetry of this
acetonitrile complex was expected to be the same as that of [Co"(PN),(H)(Cl)]PFs with C,
symmetry and trans configuration of the two P-atoms in the PN ligands (Figure 2.26). The sharp
NMR spectra indicate that [Co™(PN),(H)(MeCN)]** is also a low spin d® complex. The *H NMR
spectrum (Figure A 2.25, bottom) showed that the CH; and isopropyl protons coupled to the
phosphorus atoms in the complex by exhibiting virtual quartet signals of four methyl groups (H
sa-8d), broad septet peaks of H7., Hz,, broad doublet peaks of the methylene protons Hg, and Hgp
and a triplet hydride signal. In the H{>1P} NMR (Figure A 2.25, top) the signals for the isopropy!
protons, CH,, and hydride signal which coupled to the phosphorus atoms in the complex became
doublet peaks for Hsa.s4, sharper peaks of Hea, Heb, H7a and Hz, and a singlet signal for the hydride
ligand. Furthermore, the H-3!P{*H} HMBC experiment (Figure A 2.26) confirmed that hydride
signal, Hea, Hep and methyl protons of isopropyl groups in complex coupled to the two

phosphorus atoms.

To identify a coordinated MeCN peak of this complex in the 'H NMR spectrum, further
characterization of this hydride complex in non-coordinating CD,Cl, was then performed. In the
'H NMR spectrum (Figure A 2.27), the peak at 8 = 2.68 with the integral of 3.0 was assigned as
the CHj; proton of the coordinated acetonitrile ligand in this complex, and free acetonitrile in this
solution appeared at 8 1.99. The 3!P{*H} NMR spectrum of this solution (Figure A 2.28) showed
the ligand in the [Co"(PN),(H)(MeCN)]** resonance at § 72.44 and an additional small signal
which corresponded to the phosphorus signal in the corresponding cobalt(lll) hydride complex

with CI" ligand suggesting activation of C-Cl bond by this complex.

The structure of this complex was also supported by 2D NMR techniques including *H-'H COSY,
(Figure A 2.29-Figure A 2.30). Furthermore, the assignments of carbon atoms were supported
by the 3C{*H} NMR spectrum (Figure A 2.31-Figure A 2.32), 3C-DEPT NMR spectroscopy (Figure
A 2.33) and 'H-13C-DEPT correlation experiments (Figure A 2.34) The assigned protons, carbon
atoms and phosphorus atoms in the structure of [Co"(PN),(H)(MeCN)]?>* complex as labelled in

Figure 2.29) corresponded to the NMR spectroscopic data listed in Table 2.11
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Table 2.11. Assignment of hydrogen, carbon and phosphorus NMR data of

[Co"(PN),(H)(MeCN)][PFs], complex.

Assigned atom o (ppm) J (Hz) and multiplicity Integration
Hy (C1) 8.42 (157.72) 3un=5.8,d (Yep+Sicp=4.7,1) 2H
H3(Cs) 7.83 (141.11) 3un=7.8, Yun 1.2, td (s) 2H
Ha(Ca) 7.47 (126.18) 3un=7.8,d (3Jep+Jcp=3.8,1) 2H

Cs (164.56) 2Jep+cp=3.2,t -
Ha(Ca) 7.30 (125.56) 3un=7.0,t(s) 2H

ZJH,H = 176, d(br)
3.71(35.38) 2H
(Yep+3cp=15.4, virtual t)

Hea or Heb (Ce)
ZJH,H: 17.5, d(br)
3.50 (35.38) 2H
(Yep+3cp=15.4, virtual t)

3Jun=7.1, 3Jup >> 7.3, sep(br)
2.74 (27.56) 2H

Hya oF Hoe (Yep+3Jcp=6.7, virtual t)
(C7a2 or Cz) 3= 7.0, 3up >> 6.9, sep(br)
2.33(23.03) 2H
(Yep+3Jcp=13.2, virtual t)
1.48 (18.61) | 3Jun=7.2, 3 up+Jup=7.4, virtual q (s) 6H
1.26 (18.34) | 3Jun=7.0, 3y p+°Jup=7.0, virtual q (s) 6H
Hsa-8d(Csa-ga)
0.88(17.96) | 3Juu=7.0,3)up+>Jup = 7.0, virtual g (s) 6H
0.68(17.61) | 3Juu=7.2,3up+>Jup = 7.4, virtual q (s) 6H
Hs (CHsCN) 2.54 s 3H
Hydride (H) 17.12 2)p=54.3,t 1H
P 72.44 S 2P
PFs -144.60 Ypr=706.3, sep 1P

Figure 2.29. Labelled atoms in the structure of [Co"(PN),(H)(MeCN)]**complex.

Page 100 of 394



Chapter 2 Results and discussion structural characterisation

ESI mass spectrometry of [Co"(PN)2(H)(MeCN)][PFs):
The positive mode of ESI-MS of the complex showed molecular ion peaks at m/z = 477.1994
which corresponded to the [Co'(PN).]*. The isotopic distribution patterns calculated for

[C24H40CON2P,]* showed at m/z 477.1993 as shown in(Figure A 2.35 bottom).

2.5.3 Comparison of X-ray crystallographic data

The X-ray structure (Figure 2.30) of [Co"(PN),(MeCN)][BF.], (a) and [Co"cis-(PN),CI][PF¢] (b)
shows distorted square pyramidal geometry. The configuration of the two phosphorus atoms of
the PN ligands in these two complexes is different. The two P- and two-N atoms in the
[Co"(PN)2(MeCN)][BF4], are mutually trans configuration while the two P atoms are cis to each
other in the corresponding monochloride Co(ll) complex, [Co"cis-(PN),CI][PFs]. All bond
distances of the PN ligands around the Co(ll) centre (listed in Table 2.12) and the bite angle for
P-Co-N angle of the same ligand in these two complexes are comparable. This two bite angles of
the same ligands in [Co"(PN),(MeCN)][BF4), are the same value of 96.25 (17) deg. However, the
bond angles P-Co-P and N-Co-N between the two PN ligands lying in the equatorial plane in the
[Co"cis-(PN),CI][PFs] complex are considerably distinct by 7.46 deg. The bond angle of the atoms
lying trans to each other (P-Co-P and N-Co-N) in the equatorial plane of [Co"(PN),(MeCN)][BF4]:
is slightly different. However, the P-Co-N angles in the equatorial plane of [Co'cis-(PN),CI][PFe]
are very distinct. The inequivalence of these bond angles between the two ligands in [Co'cis-
(PN),CI][PF¢], where 2P atoms cis to each other, is possibly due to non-covalent interactions
between the two bulky isopropyl groups. Therefore, it supported a more distorted square

pyramidal geometry of the [Co'cis-(PN),CI][PFs] than the structure of [Co"(PN),(MeCN)][BF]..

The bite angles (P-Co-N) as listed in the Table 2.12 for [Co"(PN),(MeCN)][BF.],, [Co'cis-
(PN),CI][PFs], [Co"(C19H3sNP3)Cly], where CisHssNP, = 2-(bis(diisopropylphosphanyl)methyl)6-
methylpyridine, and [Co"(NPP)Cl;]®** (NPP = 2-pyridylbis(diphenylphosphino)methane) are
slightly distinct. These bite angles around 82-84 deg are typical for a five-membered bidentate
P,N ligand coordination to a metal center.'%> 2% The different geometry of the complexes, where
the different P,N- or N,P,P- ligands in the pseudo-square pyramidal complex for
[Co"(PN)2(MeCN)][BF4]> and [Co'cis-(PN),CI][PFs] and pseudo tetrahedral [Co"(C19H3sNP;)Cl,],
[Co"(NPP)CI,] (NPP = 2-pyridylbis(diphenylphosphino)methane), caused the similar degree of
bite angle P-Co-N. It suggested that bidentate P,N ligands has quite unique bite angle for
complexation with cobalt (Il) center. The investigation of coordination mode of NPP tridentate
ligands with different CoX; salts (X = Br, Cl and |) showed that only a P,N bidentate coordination

mode of this two phosphorus-nitrogen ligand (N,P,P) was formed with these cobalt salts.82
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Figure 2.30. X-ray crystal structures of the cation of [Co"(PN),(MeCN)][BF4], (a), [Co'cis-

(PN)2CI][PFe] (b), [Co"(C1sH35NP,)Cl5] (c), and [Co"(NPP)CI;] (d). All hydrogen atoms are omitted

except for the hydride ligand coordinated to cobalt. The PFs and BF, are omitted for clarity.

Thermal ellipsoids are shown at the 50% probability level for all complexes except for the

[Co"(NPP)Cly] with the 30% probability level.

Table 2.12. Selected bond length (A) and bond angle (deg) of all complexes.

[Co"(PN)(MeCN)]*

[COIICiS-(PN)2c|]+ [CO"(C19H35NP2)C|2]234 [CO”(NPP)Clzllsz

bond length (A)

Co-P1 2.2621(18) 2.2160(9), 2.373 2.376
Co-P2 2.2156(9) - -
Co-N1 1.967(6) 1.9933(14), 2.064 2.042
Co-N2 2.039(3) - -
Co-NCMe  2.034(9) - - -
2.203(Cl1),
Co-Cl - 2.4299(9) 2.228(Cl1),2.241 (CI2)
2.195(CI2)
bond angles (deg)
P1-Co-N1  81.53(17) 82.42(6) 84.51 82.63
P2-Co-N2 82.24(8) - -
P1-Co-P1  160.67 (12) 101.58(3)
N-Co-N 166.8(4) 94.12(10)
P1-Co-N1  96.25(17) 159.72(8)
P2-Co-N1 175.98(6)
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The solid-state X-ray structure (Figure 2.31) of [Co"cis-(PN),C,]J[PFs] (a) and
[Co"(PN)2(H)(CN][PF¢] (b) revealed a distorted octahedral complex with the two axial CI”ligands
for the [Co"cis-(PN),Cl;]*,and one axial CI and H™ for the [Co"(PN),(H)(CI)][PFs]. The two P,N
ligands in these two Co(lll) complexes are occupying in the equatorial position but in different
configuration for the two P- and two N-atoms. They are trans to each other for the
[Co"™(PN)2(H)(CN][PFs] while mutually cis configuration for the [Co"cis-(PN),Cl,]* . The cis-
configuration in this complex is similar to the coordination mode of bis-P,N chelating ligands in
the Rh(Ill) complexes as shown the X-ray crystal structure in Figure 2.31, c) for the
[Rh"(DPPMP),Cl,]* and d) for the [Rh"(DPPMP),(H)FBF;]*. This evidence also supported that a
bis-P,N chelating transition metal complex based bidentate pyridine phosphine ligands favoured
to coordinating to a metal center with the cis configuration rather than the trans configuration.
Therefore, the trans configuration between the two P-toms in the [Co"(PN),(H)(C)][PFe] is rarely

observed in a coordination chemistry of bidentate P,N ligands.

Based on comparison of the bond distances as listed in Table 2.13 between the Co(lll) hydride
chloride (d) and [Co"cis-(PN),Cl;][PF¢] (c), the Co-N bond in the [Co™(PN)2(H)(CI)][PF¢] is shorter
than that in the dichloro analogue by 0.0838 A, much larger than the esd. Replacement of an
axial CI” ligand by hydride in the octahedral Co(lll) complex resulted in the shortening of the axial
Co-Cl bond by 0.132 A. Moreover, the M-P distance for all complexes as listed in the Table 2.13
is slightly longer than the M-N bond lengths suggesting a relatively weaker interaction between
phosphorus and cobalt(lll) center than that of Co-N interaction. It was also observed that the
cis-configuration of the two P,N ligand in [Co"cis-(PN),Cl,][PFs] and [Rh"(DPPMP),(H)FBF;]*
where the two ligands are in the same equatorial planar caused a more distorted octahedral
structure as indicated by the greatly inequivalent of P-M-P and N-M-N by 5.31 deg in
[Rh"(DPPMP),(H)FBFs]* and 16.62 deg in [Co'"cis-(PN),Cl,]*. In contrast to these distinct bond
angles, the two P-Co-N angles between the different ligands in the [Co"(PN),(H)(CI)][PFs] and
[Co"(PN)2(MeCN)][BF4], are equivalent with the respective value of 96.43(5) and 96.25(17) deg.
Accordingly, for the Co(lll) complexes in the series, the structure of [Co"cis-(PN),Cl,][PFs] is more
distorted than the [Co"(PN),(H)(CI)][PFs] possibly due to the repulsion between the two bulky
isopropyl groups of the P,N ligands with cis configuration. Thus, we postulate that the [Co"cis-
(PN)2Cl,][PFs] in a solution at room temperature exhibited fluxional structure possibly due to

hemilabile P,N ligands coordination or might result in a configuration change from cis

configuration of the two phosphorus atoms in the solid state to the other isomers in solution.
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Figure 2.31. X-ray crystal structures of [Co"cis-(PN),Cl,][PFe] (a), [Co"(PN)2(H)(CI)][PFe] (b), the

cation of [Rh"(DPPMP),Cl,]* (c), and [Rh"(DPPMP),(H)FBFs]* (d). All hydrogen atoms are omitted

except for the hydride ligand coordinated to cobalt and rhodium. The PFs PhCOO and BF, are

omitted for clarity. Thermal ellipsoids are shown at the 50% probability level for all complexes.

Table 2.13. Selected bond length (A) and bond angle (deg) of all complexes.

[COIIICiS-(PN)2c|2]+

[Co"(PN)(H)(CI)]*

[Rh"(DPPMP),Cl,]* 167

[Rh"'(DPPMP),(H)FBFs]* 167

bond length (A)

M-P1 2.2735(5) 2.2425(5)  2.279 2.236

M-P2 2.267 2.246

M-N1 2.0366(15) 1.9528(15) 2.160 2.118

M-N2 2.068 2.132
2.404(CI1)

M-Cl 2.2471(4) 2.3391(7) -
2.344(CI2)

M-H - 1.54(7) 1.439

bond angles (deg)

P1-M-N1  81.43(4) 82.73(5) 79.84 82.44

P2-M-N2 83.92 80.59

P1-Co-P1  107.59(3) 159.32(3)

N-Co-N 90.97(8) 175.35(10)

P1-Co-N1  167.78(4) 96.43(5)

P1-Rh-P2 101.57

N1-Rh-N2 93.51 96.26

P2-Rh-N1 176.87

P1-Rh-N2 95.31

Cl-Rh-CI 91.83
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As a result, the solid-state structure of the [Co'cis-(PN),CI][PFs] and the [Co"'cis-(PN),Cl2][PFs]
with a cis-configuration between the two P- and two-N atoms of the P,N-ligands is common for
a coordination mode of other hemilabile bidentate P,N ligands to transition metal complexes.
For this study, the bite angle for P-Co-N of the same P,N ligand in all complexes in our study
ranging from 79 deg to 85 deg is comparable to this angle in the other transition metal

complexes containing P,N ligands with different substituents on phosphorus. 166168 234

Comparison of the crystal structure data for [Co'cis-(PN),CI][PFs] and [Co"cis-(PN),Cl2][PFs]
(Figure 2.30 c) revealed that, the Co-N, Co-P distances and P-Co-N bite angles in these two
complexes are comparable. However, the structure of [Co"cis-(PN),CI][PFs] has the axial Co-Cl
bond length of 2.4299 (9), while the Co-Cl bond in the analogous [Co"cis-(PN),CI][PFe] is
significantly shorter bond distance (by 0.183 A). This is in agreement with the empty antibonding
1l

orbital of dz2 orbital for Co(lll)- d® resulting in the shorter Co-Cl bond in the analogous [Co"'cis-

(PN),CI][PFs] compared to the Co-Cl bond distance in the corresponding Co(ll) complex.%®

As a consequence, the mutually trans configuration between the two P-atoms of the PN ligands
in the [Co"(PN),(MeCN)][BF4], and the [Co"(PN).(H)(CI)][PFs] is clearly unique configuration from
other transition metals supported by bis-PN chelating scaffolds. The unique trans configuration
of the two P,N ligands in equatorial plane in the [Co™(PN)2(H)(CI)][PFs] caused less distorted from
ideal octahedral geometry and resulted in more rigid structure in a solution compared to that of
the [Co"cis-(PN),Cl,][PFs]. The relatively more rigid structure of the [Co"(PN)y(H)(CI)][PFe] in a

solution at room temperature than the [Co"cis-(PN),Cl,][PFs] was observed.
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2.5.4 Absorption and emission properties

The electronic properties of the P,N ligand and all complexes in this series including the cobalt(ll)
complexes [Co"(PN),Cl], [Co"cis-(PN),CI][PFs], [Co"(PN).MeCN][BF.],, and the Co(lll) complexes
[Co"cis-(PN),Cl,][PFe],: [Co™(PN)2(H)(CI][PFs] and [Co"(PN),(H)(MeCN)][PFs], were characterized
by UV-Vis absorption spectroscopy. In general, the complexes in this study exhibited absorption
bands in the visible region attributed to Co?*/Co* d-d transition and/or charge transfer (CT)
transitions.?® The UV-Vis absorption properties for each complex in solution are discussed
below. The spectroscopic data for the P,N ligand and the Co(ll) complexes in MeCN solution are
summarized in the Table 2.14. The rates of ligand exchange of d’ Co(ll) complexes are typically
much greater than those of d® Co(Ill) complexes. As shown below, it was necessary to consider

ligand exchange processes in order to understand the UV/vis and electrochemical data.

Table 2.14. UV-Vis spectroscopic data of the P,N ligand, CoCl,, [Co(MeCN)g][BF.], and Co(ll)

complexes (5.75x10* M) in acetonitrile solution.

compound Amax (NM) e(M*cm?) Assigned band
P,N ligand 260 4270 -1 (L)
[Co"(MeCN)s][BFa]2 490 14 d-d transition
571 309 d-d transition:
585 251 4AL(F)>4T1(P)
CoCl, 236
613 318 transition
682 460
[Co"(PN)2(MeCN)][BF]. 448 902 cT
479 404 d-d transition + CT
580 144 d-d transition
[Co"cis-(PN)2(CI)][PFs] 650 107 d-d transition
688 155 d-d transition
780 182 d-d transition
310 1280 CT
350 802 CT
487 142 d-d transition
580 261 d-d transition
[Co"(PN),Cl5] —
650 278 d-d transition
688 408 d-d transition
780 69 d-d transition
1290 nm (NIR) - d-d transition
[CO"(NPP)CI,] 570, 650 and 694 A5 (F)>*T4(P)
(o' (Me-NPPICL] 562, 588, 675 and 704 A5 (F)>*T4(P)
1,000 and 1351 nm Ao (F)>*T1(F)

Me-NPP ligand = 2-bis(diphenylphosphino)methyl-6-methylpyridine, and NPP = 2-
pyridylbis(diphenylphosphino)methane.
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The UV-Vis spectrum of anhydrous CoCl (Figure A 2.36 a) in MeCN displayed the characteristic
bands in the range from 570 to 680 nm with £ = 250-460 M™ cm™. These transitions in the visible
region agree with those of Co'Cl,-H,O in MeCN which were assigned to the *A;(F)>*T.(P)

transition in the tetrahedral Co(ll) d’complex, [CoCl4].%2%®

2.5.4.1 UV-Vis absorption properties of the [Co"(PN),(MeCN)][BF.] in CHsCN solution

The UV-Vis spectrum of [Co"(PN)(MeCN)][BF4] in MeCN showed one absorption band in the
visible region centred at Amax450 nm with £ =902 M ™ cm * (Figure 2.32). This band was assigned
as a charge transfer (CT) transition band because the molar absorptivity of this complex was
considerably larger than the d-d transition in the centrosymmetric [Co"(MeCN)][BF4] precursor
at 490 nm with £ = 14 M cm™ (Figure A 2.36 b). Furthermore, the molar absorptivity was also
much larger than that for d-d transitions in six- or five-coordinated Co(ll) complexes. The ¢ of d-
d transitions of five-coordinated Co'" complexes ranges from 50-300 M ¢cm™.2®> For a six-
coordinated Co'" complex, the molar absorptivity (€) of d-d transitions is < 50 M cm™.237- 38 Since
[Co"(MeCN)s][BF4]2 shows no CT bands in the visible region and the free P,N ligand exhibited no
absorption spectrum in the range over 300 nm (Figure A 2.37 the CT transition of

[Co"(PN)2(MeCN)][BF4] must involve the PN ligand.

1.0
——[Co'(PN),(MeCN)][BF ],

06- | CT

0.4

Absorbance (a.u.)

0.2+

400 500 600 700 800 900 1000
Wavelength {(nm}

Figure 2.32. The absorption spectrum of the [Co"(PN),MeCN][BF4] complex (5.75x10* M) in
CH3CN.
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2.5.4.2 UV-Vis absorption properties of [Co"cis-(PN);CI][PF¢] in different solvents
UV-Vis spectra of [Co"cis-(PN),CI][PFs] recorded in various solvents such as THF, CH,Cl,, MeOH,

MeCN and acetone were solvent dependent (Table 2.15).

Table 2.15. UV/Vis absorption data of [Co'cis-(PN),CI][PFs] (5.75x10* M) in different solvents.

solvents Wavelengths, nm (g, Mcm™)
THF 320 (1,650), 350 (1250), 490 (225), 780 (126)
acetone 360 (965), 490 (112), 580 (51), 650 (44), 690 (101) 780 (69)
CH:CN | 320 (3190), 360 (1984) 490 (397), 580 (144), 650 (107), 690 (157), 780 (182)
CHCl, 320 (1990), 350 (1460), 490 (258), 780 (124)
MeOH 350 (330), 480 (57), 780 (20)

The spectrum of the complex in each solvent exhibited band/s below 400 nm with high intensity
compared to those bands in the visible region above 400 nm suggesting CT transition band at
the wavelength lower than 400 nm (Figure 2.33). The bands at wavelength above 400 nm with

molar absorptivity below 500 M cm™ were assigned to Co(ll) d-d transitions.

10
MeOH
——DCM
084 —— MeCN
3 acetone
£ 06 —THF
g 0
=
2
S 04
2
-
024
0.0 -

400 500 600 700 800 900 1000
Wavelength (nm}

Figure 2.33. UV-Vis absorption of the [Co'"cis-(PN),CI][PFs] complex (5.75x10* M) in different

solvents.

The very weak bands of this complex in MeOH centred at 480 and 780 nm with ¢ =57 M*cm™
and 20 Mtcm™, respectively could be assigned to Co(ll) d-d transition in a distorted octahedral
geometry indicating the formation of [Co"(PN),(MeOH),;]** in MeOH. This assignment is
consistent with the characteristic absorption bands of distorted octahedral Co(ll) complexes. For
example, the d-d transitions for a six-coordinated [Co'"(6MesTPA)(HSA)][BPhs] (6MesTPA =

tris(6—methyl-2—pyridylmethyl)amine, H,SA = salicylic acid) in CHsCN appeared at 476 nm (50
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M1ecm?), 515 nm (40 Mtecm™? ) and 557 nm (50 Mt cm™?). The [Co'(tren)(H20),]*] showed a very
weak Co*" d-d transition at 475 nm?*° and the diaqua 6-coordinated Co(ll) complex with
bis(iminopyridine) displayed band at 450 (60 M cm™).2*° The d-d transition at around 500 nm
with £ =20 M cm™ corresponded to the “Tig(F)>*T15(P) which was observed in the spectrum of

CoCly-H,0 in MeOH.2%¢

The UV-Vis spectrum of the complex in other solvents showed two bands at 480 nm and 800 nm
with € = 125-660 M™* cm™. These bands showed considerably higher intensity than that of the
complex in MeOH which were therefore assigned as d-d transitions in non-centrosymmetric
species for 5-coordinated [Co(PN).Cl]*. These characteristic bands corresponded to the
absorption spectrum of five-coordinated mono-acetonitrile species [Co"L(MeCN)]** which
showed a long wavelength absorption band pattern between 600 and 700 nm.23% 241242 The

[Co"(TPA)(HSA)][CIO,] in CH3CN displayed bands at 465 nm (200 M cm™®), 605 nm (160 Mt cm”
1)Yand 622 nm (140 Mt cm?).243

Moreover, the spectrum of this complex in MeCN and acetone displayed three additional bands
in the range from 580 to 700 nm (Figure 2.33 red and blue curve). The observation of new
absorption bands in the range from 580 nm to 700 nm agrees with the 5-coordinated Co(ll)
complexes containing Cl" ligand reported in the literature.?** The three low-intensity bands
reported in the literature at 524 (¢ = 100 M*cm™), 570 (e = 100 M cm™), and 640 (e = 100 M
cm™) were assigned as d-d transitions that are partially allowed by d-p orbital mixing, combined
with a Cl = Co" charge-transfer transition (LMCT). The characteristic bands in this region are also
in agreement with the absorption bands of polypyridyl Co(ll) complexes containing a CI

Iigand 238,245

To support the existence of five-coordinated [Co(PN),Cl]* species in solution, the interaction
between the independently synthesized [Co"(PN),(MeCN)]?>* and Cl"anion was monitored by UV-
Vis titration of a solution of the [Co"(PN),(MeCN)]?* with tetrabutyl ammonium chloride (TBACI)

in MeCN solution.

UV-Vis titrations of [Co"(PN).(MeCN)][BF:); in MeCN with TBACI

The addition of 1.0 equiv of Cl to a solution of the [Co"(PN),(MeCN)][BF4]> complex in MeCN
resulted in a large decrease of the CT band at Amax 450 nm concomitant with an enhancement
of the bands ranging from 580 nm to 800 nm (Figure 2.34 a). The spectrum of this solution with
1.0 equiv. CI” corresponded to the d-d transition bands of the isolated [Co"cis-(PN),CI][PFe] in
MeCN (Figure A 2.38) which supported binding of one CI~ to form 5-coordinated species
containing CI” ligand. The addition of CI™ to this solution up to 2.2 equivalents (Figure 2.34 b,

blue curve) showed further increases in absorption intensity of the three bands at 580, 650, and
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688 nm indicating the formation of new species. These bands are not consistent to the
absorption bands in the pseudo-octahedral [Co"(PN).Cl;] due to multiple and intense bands.
Therefore, the four-coordinated complex, [Co"(PN)Cl;] was expected to form in the solution by

a displacement of the PN ligand with two chlorides upon adding 2.2 equiv of CI™ to the solution.

a) os b) 054

——0eq TBACI

0.4+ —1.0

0.4+

0.3+ 0.3+

Abs (a.u.)

0.2+ 0.2

0.14 0.1+

0.0 L T T T T 0.0 L T T T T
400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm)

Figure 2.34. UV-Vis spectral changes of the [Co"(PN)2(MeCN)][BF4], (5.75x10™* M, in CH3CN) upon
addition of TBACI from 0 to 1.0 equiv (a) and adding Cl “to 2.2 equiv (b).

The addition of large excess ClI" (15.0 equiv) to the solution of this complex led to the appearance
of more intense bands at 580, 650 and 688 nm (Figure 2.35 a) which is consistent with the
spectra of CoCl, in MeCN solution with 4.0 equiv CI displaying four absorption bands at the
similar wavelengths with molar absorptivity in the range of 300-500 M™* cm™ (Figure 2.35 b).
These bands in the visible region are characteristic of [CoCl;]* species and they are attributed to

the %A,(F)->*T1(P) transition.?®

a) os b) os-
| co'cl,
04 04+ 0.4 eq. TBACI
|—02 eq. TBACI
- | |—— 12 eq. TBACI
i 3 03 |— 16 eq TBAC]
o3 i t — 20 eq. TBACI
2 |——2.4 eq. TBACI
< 5, |—238 eq. TBACI
02+ 02 |— 32 eq. TBACI
|—36 eq TBACI
|——4.0 eq TBAC
0 04
0.0 | 00 .
850

Figure 2.35. UV-Vis spectral changes of the [Co"(PN)2(MeCN)][BF4], (5.75x10™* M, in CH3CN) upon
addition of TBACI from 2.6 to 15.0 equiv (a) and a solution of CoCl, upon adding Cl"up to 4.0
equiv (b).

According to these results, the interaction of the [Co(PN),(MeCN)]** with different equivalents

of ClI”can be proposed in Scheme 2.3. The addition of 1.0 equiv CI" to the solution of the MeCN
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complex resulted in a formation of 5-coordinated complex and two Cl ions could replace the PN
ligand in the [Co"(PN)2(MeCN)]?* to form tetrahedral [Co"(PN)CI,] upon adding 2.2 eq TBACI. The
addition of excess CI" to the solution eventually caused displacement of both PN ligands

concomitant with the formation of tetrachloride Co(ll) dianionic species.

+1.0eqCl

" 2 " + +22eqCl " large excess CI
[Co"(PN)2(MeCN)]” —— = [Co (PN)2(CI)] —-N [Co"(PN)CI2] —PN> [CoCla®

Scheme 2.3. The formation of chloride derivatives by the UV-Vis titration of the
[Co"(PN)2(MeCN)]?* with TBACI in MeCN.

To support a formation of the tetrahedral Co(ll) complex, [Co"(PN)Cl;] for this titration
experiment, the [Co"(PN)Cl,] was prepared by a 1:1 reaction of CoCl;salt to the P,N ligand in THF
solution. The separately synthesized [Co"(PN)Cl] is a deep blue which characterized by the UV-
Vis measurements in different solutions (THF, MeCN, CHCIl; and MeOH). The UV-Vis spectrum
(Figure A 2.39) of this complex in THF, MeCN and CHCl; showed multiple bands ranging from
560 hm to 700 nm. These absorption bands corresponded to d-d transition attributed to *A;(F)-
>T,(P) transition in a pseudo-tetrahedral Co(ll) complex. The multi absorption bands are
consistent to d-d transitions in the four-coordinated Co(ll) complexes containing a bidentate P,N
coordination mode reported in the literatures for [Co"(NPP)CI;] 18 and [Co"(Me-NPP)Cl,].182 The
absorption bands of these two complexes with Td symmetry was assigned to *A,(F)->*T:(P) and

4A,(F)->*T1(F) transitions as listed in the Table 2.14.

Furthermore, another explanation for the observation of the three characteristic bands from
580 to 700 nm in the UV-Vis spectrum of this complex in MeCN and acetone (Figure 2.33 pink
and blue curve) could be that tetrahedral [Co(PN)Cl,] is formed by a bimolecular ligand exchange
reaction between a P,N ligand and CI" in the complex. We assumed that a P,N chelating ligand in
the complex could exchange with CI"in the MeCN solution to form the corresponding 4-

coordinated [Co"(PN)Cl;] and [Co"(PN),]?* species as proposed in the eq 2.11

2 [Co"PNRCT === [Co"(PN)CIz] * [Co"(PN)2(MeCN)[®* + free PN ligand eq2.11
A bimolecular ligand exchange reaction was evidenced in the cobalt(ll) complexes supported by
a single bidentate P{%NX ligand (PN, = 1,5-diaza-3,7-diphosphacyclooctane),
[Co"(PR,N,¥)(MeCN)]?* diphosphine ligands. This complex undergoes ligand exchange to yield

[Co"(PR,N,¥)2(MeCN)]?* species. 246247

In general, three transitions, “T,<*A, (v1), *T1(F) €*A; (v2) and *T1(P) <*A, (v3) may be observed
in the absorption spectrum of tetrahedral or pseudo-tetrahedral Co(ll) complexes. However, the

4T,&%A; (v1)bands usually lie in the range from 1700 nm to 4000 nm (2500-6000 cmt) 235 248 249,
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The *T1(F) €<*Az (v2) and *T1(P) €A, (v3) transitions appear as multiple absorption bands in the
near infrared and visible region. For example, the [Co"LCl,], ,where L = N,N-
diisobutylisonicotinamide containing the pseudo tetrahedral CoNOCl; chromophore showed
multiple structured bands in the visible region with maxima at 668 nm (430 M cm™), 624 nm
(327 M*cm™) and 593 nm (¢ = 352 M cm™). The anionic [CoLBr3] species displayed a multiple
structured band at 677 nm (g = 145 M cm™) with a sharp shoulder at 620 nm (g = 134 Mcm™)
in the visible region corresponding to *T1(P) <“A, (v3) transition for a tetrahedral Co(ll) complex.
250 The splitting of d-d transitions in the visible region in these two chromophores is considered
to stem from the lowering in orbital degeneracy due to the difference in the ligand field strength
of neutral ligand L and negative halide ligands.?* Therefore, these characteristic bands
corresponding to *T;(P) €<*A;in the visible region are consistent with the bands at 580 (144 M™
cm), 650 (107 M em™) and 690 (157 M em™®) which supported the formation of Co"(PN)Cl, as

proposed in Scheme 2.3.
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To investigate the equilibria further, the UV-Vis titration of a solution of the [Co(PN),Cl]* complex
with the P,N ligand in MeCN solution was performed. The addition of 1.0-3.0 equiv of the P,N
ligand to the solution of this complex led to the disappearance of these three absorptions bands
(580, 650 and 688 nm) with the enhancement of absorption intensity at 490 nm and 780 nm
(Figure 2.36) indicating a conversion of the Co"(PN)Cl; to the corresponding five-coordinated

[Co(PN),Cl]* as proposed in the eq 2.12

Abs (a.u.)

Wavelength {nm)

Figure 2.36. UV-Vis spectral changes of the [Co"cis-(PN),CI][PFe] (5.75x10* M, in CH3sCN) upon
adding a solution of the P,N ligand in MeCN (0.0-3.0 equiv).

+ 1.0 eq P,N ligand

2 [Co"(PN)CIT  ~=—=—  [Co"(PN)CIz] * [Co'(PN)2(MeCN)]*" * free P.N ligand eq2.12

2.5.4.3 UV-Vis absorption properties of the [Co"(PN).Cl;] complex in different solvents

The neutral dichloride [Co"(PN).Cl,] appeared purple in the solid state: however; a colour change
was observed upon dissolving in different solvents such as THF, acetone, MeCN, CHCls, DMF,
iPrOH, MeOH and H,0 as shown in Figure 2.37, inset. The spectrum of this complex in THF,
MeCN, acetone CHClzand 2-propanol suggested the formation of [Co"(PN)Cl,] by showing three
absorption bands at 570-700 nm with ¢ ranging from 250-450 M cm™ (Figure 2.37 and listed
in the Table 2.16). A formation of the [Co"(PN)Cl,] by dissolving the [Co"(PN),Cl,] in these
solvents was confirmed by displaying similar absorption bands to that of the independently
synthesized [Co"(PN)Cl,] as discussed in section 2.5.4.2. As a consequence, a loss of PN ligand
from the bis-PN coordinated [Co"(PN),Cl,] complex to generate the corresponding four-

coordinated Co(PN)Cl; occurred in the solutions.

In contrast to these solvents, the complex in MeOH and water did not show three characteristic
bands of the tetrahedral complex in the range from 590 to 700 nm. Thus, this evidence

suggested that two ClI dissociated from the complex concomitant with replacement by one or
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two of solvent molecule/s in MeOH or aqueous solution to form distorted octahedral complex:
[Co"(PN),(Cl)(solv)]CI or [Co"(PN)a(solv),]Cl or 5-coordinated [Co"(PN).CI]* in MeOH. The two
weak absorption bands around 480 (230 Mt cm™) nm and 770 (98 M cm™) nm were consistent
with the Co?* d-d transition of the monochloride derivative, [Co"(PN),CI][PFs], and the band at

480 nm corresponded to the distorted octahedral complex as reported in the literature.!

THF

acetone

CHsCN

CHCls

DMF

2-propanol

MeOH
T T T H,O

T T T T T
400 500 600 700 800 900 1000

wavelength {nm})

Figure 2.37. Absorption spectra of [Co"(PN),Cl,] at concentrations 5.75x10* M in different

solvents, inset showed different colour of the complex in each solution.

Moreover, the spectrum of this complex in CHsCN and 2-propanol shows a group of three bands
at 688, 650 and 580 nm and the two bands at 490 nm and 780 nm indicating a mixture of
tetrahedral [Co(PN)Cl;] and five- or six-coordinated complexes [Co'"(PN)(CI)]CI,
[Co"(PN),(Cl)(solv)]Cl, and [Co"(PN)a(solv):]Cl.. More specifically, the UV-Vis spectrum of the
[Co(PN),Cl;] in MeCN suggested the mixture of tetrahedral [Co(PN)Cl,] and five- and/or six-
coordinated complexes of [Co"(PN),CIICl, [Co"(PN):(Cl)(MeCN)]Cl, [Co"(PN)2(MeCN),]Cl, as

proposed in the eq 2.13 to eq 2.15.
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Dissociation of one P,N ligand from the dichloride complex resulted in the formation of the
[Co(PN)CI;] (eq 2.13). Moreover, this species could possibly be generated by P,N ligand loss from
the five-coordinated [Co"(PN),CI]Cl species to form [Co(PN)Cl,] in eq 2.14 which was proposed
based on similar evidence for the three characteristic bands (580 to 700 nm) observed in the

spectrum of isolated [Co'’cis-(PN),Cl][PFs] in MeCN.

-PN

[Co"(PN):Cl) — =<==== [Co'(PN)Cl2] N eq2.13

[Co"(PN)2Cl2] ‘—Cl_x [Co'(PN)2CIICI . o ? [Co"(PN)CI2] eq2.14

[COH(PN)zCIz] ‘—C—‘ [Co"(PN)2(Cl)(MeCN)]* ‘—T‘ [Co"(PN),(MeCN)]?* eq 2.15
-Cl- _Cl-

Additionally, the solution of this complex in H,0, MeOH, 2-iPrOH and MeCN have bands around
310 and 350 nm with larger absorption coefficients indicating charge transfer or intraligand
transitions of the cobalt(ll) complex containing monodentate anionic ligand in CHsCN solution

reported in the literature.?>? The bands were tentatively assigned to be CT bands.

Table 2.16. UV/Vis absorption data of [Co"(PN),Cl,] (5.75x10* M) in different solvents.

solvents Wavelengths, nm (¢, M cm)
THF 577 (259.7), 647 (247.5), 697 (395.8)
acetone 578 (230.6), 647(240.4), 692 (358.9)
310(1280), 350 (802.6) 487(141.6), 580 (261.3), 650 (278.0), 688
CHsCN
(408.0), 780 (79)
CHCl; 320(730.7), 579 (279.1), 646 (292.1), 691 (450.9)
DMF 320(126.7), 608 (117.4), 678 (216.0)

2-propanol | 308(1904), 486(209.2), 577(181.3), 647 (163.5), 690(237.0), 780 (96)

MeOH 310(1618), 484(229.4), 772(98.02)

H,0 297 (2408), 342 (754.4), 483 (107.5)

The interaction of [Co(PN),Cl;] with CI"in MeCN showed similar UV-Vis spectral changes (Figure
A 2.40) to that of [Co"(PN)2(MeCN)]?* solution upon adding ClI". These bands corresponded to the
spectrum of isolated [Co"(PN)CI] and [Co"(PN)2(MeCN)]?* with 2.2 equiv. CI” (Figure A 2.41)
which suggested that this solution contained [Co(PN)Cl,] and [Co"(PN),(CI)]*. Addition of a large
excess of Cl “to the solution of [Co(PN),Cl,] caused the complete decrease of bands at 480 and
800 nm (Figure A 2.40, bottom) and appearance of the characteristic bands of the [CoCl;]* at

610, 635, 665 and 695 nm (Figure A 2.40, top). This result supported complete formation of
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[CoCls)* by displacement of PN from all of the PN ligand-containing species to [CoCl;]* as

proposed in Scheme 2.3.

The UV-Vis titration of [Co(PN),Cl;] with the P,N ligand in MeCN solution was performed to
monitor the species involving PN ligand loss in the eq 2.13 and eq 2.14. The addition of 10.0
equiv of the P,N ligand to the solution led to the enhancement of intensity at 490 nm and 780
nm (Figure 2.38) indicating generation of more five-coordinated [Co(PN).CI]* (eq 2.14).
However, residual absorption at 590 and 700 nm showed that Co"(PN)Cl, could not be

completely converted to the [Co(PN).CI]CI (Figure 2.38, red).

1.0 [Co(PN),Cl,
— [Co(PN),Cl,+10eq PN ligand
[Co(PN)2CI]
0.8+ +1.0 eq PN ligand
3 +3.0 eq PN ligand
8
> 0.6-
Q
c
©
£
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<
0.2+
0.0
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Figure 2.38. UV-Vis spectral change of the [Co"(PN),Cl,](5.75x10* M, in CH3CN) with adding a
solution of the P,N ligand in MeCN (10.0 equiv), compared to the solution of the [Co'cis-(PN),Cl]*

with 1.0 equiv PN ligand (pink) and 3.0 equiv PN ligand (green).

In summary, the Co(ll) chloride derivatives showed similar characteristic bands in the visible
region at 480 and 780 nm and the bands ranging from 580-700 nm (Figure 2.39) which indicated
the mixture of [Co"(PN),Cl]*, [Co"(PN)Cl,] and [Co"(PN),(MeCN)]?** in MeCN. The electronic
spectrum obtained on dissolving dichloride [Co(PN).Cl.] complex displayed three characteristic
bands (580, 650 and 688 nm in the visible region with ¢ = 140-400 M™* cm™) of the tetrahedral
[Co(PN)CI,] by a dissociation of one PN ligand. The monochloride, [Co"cis-(PN),CI][PFs] complex
in MeCN showed the two more intense bands centred at 480 and 780 nm which are consistent
with d-d transitions in the 5-coordinated Co(ll) species. This evidence suggested that the two
P,N ligands are more likely to remain coordinated to the Co(ll) centre in the complex containing
one anionic ClI” ligand and a weakly coordinating counterion. In contrast to these chloride
analogues, [Co"(PN),(MeCN)]?* displayed a CT band at 450 nm with larger € (¢ =902 M 1 cm 2).
The charge transfer transition band was observed instead of d-d transition bands indicating that

changing axial ligands from a labile Cl" to a relatively strong coordinating MeCN ligand could
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greatly affect the stability and electronic properties of the Co(ll) complexes supported by bis P,N

pyridine based ligands.

0.8 - —— [Co"(PN),(MeCN)J]>*
——[Co"(PN),(CI)]*
——[Co(PN),(Cl),]

Abs (a.u.)

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 2.39. UV-Vis spectrum of the Co(ll) chloride derivatives (5.75x10* M, in CHsCN) for the
[Co"(PN),Cl,], [Co"cis-(PN),CI][PFs] and the acetonitrile analogue, [Co"(PN)2(MeCN)][BF4]..
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UV/vis spectra of Co(lll) complexes

The electronic properties of all cobalt(lll) complexes such as the dichloro complex [Co"cis-
(PN).CL,][PFs] and the two hydride complexes of [Co"(PN),(H)(CI)][PFs] and
[Co"(PN)2(H)(MeCN)]** in MeCN solution were also investigated by UV-Vis spectroscopy as
discussed below. Generally, the UV-Vis spectrum of all cobalt(lll) complexes in this study showed
only one absorption band in the visible region at maximum wavelength with molar absorptivity
as listed in the Table 2.17. Octahedral low spin Co(lll) complexes have a d® configuration leading
to two d-d absorption bands in a perfect octahedron but split into 3 or more components in
lower symmetry. For instance, [Co(en),Cl,]* has bands at 617 (34), 455 (24) and 355 (57) nm
with ¢ given in brackets (M cm™)?*> Charge transfer transitions are expected to have much

higher absorption coefficients. Chlorine substituents can give rise to LMCT transitions while

pyridine substituents are likely to give rise to MLCT transitions.

Table 2.17. UV/vis characterization data of cobalt (Ill) complexes in acetonitrile solution.

complex [complex]/M Amax /nm (e /M1 cm™?) Assigned band
, _ 370 (3292) Lor CT
[Co"'cis-(PN),Cl;][PFs] 5.75x10% —
450 (281),645 (226) d-d transition
[Co"(PN)2(H)(CI)][PFe] 1.50x10* 450 (2,200) cT
[Co"(PN)2(H)(MeCN)][PFsl. | 5.75x10* 413 (1,640) cT
496 (877), X=N3-
[Co"(N4Py(X)]?* 252 1.0x10° (877), X=Ns cT
504 (1,140 ), X=NCS°

2.5.4.4 UV-Vis absorption properties of [Co"'cis-(PN).Cl,][PFs]
The UV-Vis spectrum (Figure 2.40) of [Co"cis-(PN),Cl,]" solution in MeCN (5.75x10* M)
suggested a distorted octahedral structure by displaying two d-d transition bands at Amax = 645
nm with € = 226 M*cm™ and another band at 450 nm (281 M*cm™). The latter d-d transition to
high energy level band appeared as shoulder which might overlap with CT band at 370 nm (3290
M™ cm™). These d-d transitions at 645 nm and 450 nm were respectively assigned to Ty <- *Agq
and 1T <- Ay, which are typical for d®.low-spin cobalt(lll) complexes. The absorption spectrum
of this complex is consistent to the d-d bands (370-540 nm) observed for the [Co"(N4Py)X]*
cation, where X = MeCN, Cl~and Br with ¢ value ranging from 200-300 M*cm™.2>2 Moreover, it
also agrees with the apparent of two d-d transitions (at 530 and 330 nm) of the hexacoordinated
Co(lll) complex for [Co"(L)(Ns).]*, L = N,N' -(bis(pyridine-2-yl)benzylidene)-1,4-butanediamine

showing a pseudo-octahedral complex reported in the literature.?3 253

Moreover, the [Co"cis-(PN),Cl:][PFe] as a green powder did not show a colour change between

the solid state and solution upon dissolving in different solvents including MeCN, MeOH, CHCl;
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and DMSO. This supported that this complex is stable in these solution with no ligand exchange.
Accordingly, the UV-Vis spectrum of a solution of [Co"¢is-(PN),Cl;]*in MeCN indicated that the
two P,N ligands and two axial Cl"ligand stay coordinated at the Co(lll) metal center to obtain six-
coordinated cation in the solution. This is in contrast to the UV-Vis characterisation of the
corresponding 5-coordinated [Co''cis-(PN),Cl]* and 6-coordinated [Co"(PN),Cl,] in a MeCN
solution, these two Co(ll) complexes showed the d-d transitions that are attributed to the
pseudo-tetrahedral [Co"(PN)Cl,] formed in the solution by a ligand exchange reaction as

discussed in section 2.5.4.2.
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Figure 2.40. UV-Vis spectrum of the [Co"cis-(PN),Cl][PFs] complex (5.75x10* M) in CH3CN.

2.5.4.5 UV-Vis absorption properties of [Co"(PN):(H)(CI)][PFs]

The UV-Vis spectrum of [Co"(PN)2(H)(CI)]PFs (1.5x10* M) in CH3CN (Figure 2.41, black) showed
intense absorption bands below 300 nm attributed to ligand-centred transitions, and a band in
visible region displaying maximum absorption at A = 450 nm with molar absorptivity (€) 2,200
M em™. This band was tentatively assigned as a charge transfer (CT) transition involving the
Co(lll) and pyridine ligands as a consequence of higher molar absorptivity compared to that of a
forbidden d-d transition for the corresponding Co(lll) dichloride complex. This characteristic
band was also observed in the visible absorption band of a family of [Co"(N4Py(X)]™, as generally

evidenced in d® low-spin cobalt(lIl) complexes.?>?

2.5.4.6 UV-Vis absorption properties of [Co"(PN);(H)(MeCN)][PF;s]:

The UV-Vis absorption band of [Co"(PN),(H)(MeCN)]?* solution in MeCN (Figure 2.41, red)
appeared at Amax = 413 nm with € = 1640 M™ cm™ which was similarly assigned as CT band to
that of the corresponding chloro Co(lll) hydride complex based on the comparison of molar

coefficient value to the dichloride Co(lll) analogue. Interestingly, a change of the axial ligand
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trans to the hydride from CI to a relative strong field MeCN ligand led to a blue shift by 37 nm

from Amax 450 nm of the [Co"(PN),(H)(CI)][PFs] complex

1.2 1
1.0+
0.8

0.6

Abs (a.u.)

0.4

0.2

0-0 T T T T T T Tl
300 400 500 600 700 800 900 1000 1100

Wavelenght (nm)

Figure 2.41. The absorption spectrum of the [Co"(PN),(H)(CI)][PFs] complex (1.5x10* M), black
compared to the spectrum of [Co"(PN),(H)(MeCN)][PFs]. complex (5.75x10* M) in MeCN

solution.
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2.5.4.7 Emission properties of [Co" (PN)(H)(CI)]JPFs complex

The excited state properties of, [Co"(PN),(H)(CI)]PFs, were then investigated, and the steady
state emission spectrum of the complex (1.15x10* M) in CHsCN was recorded upon excitation
at Amax 450 nm. Compared to the absorption properties of the cobalt (1) dihydride, [Co"(2,2’-
bipy)(PEt,Ph);H,][PFs] supported with 2,2’-bipyridine ligand, the UV-Vis spectrum of
[Co"(PN)2(H)(CI)]PFs complex showed the band at similar wavelength (450 nm) and molar
absorptivity (Figure 2.42 a). However, the emission band at A 520 nm for [Co"(PN),(H)(Cl)]PFs is
much weaker intensity compared to the band of [Co"(2,2’-bipy)(PEt,Ph),H,][PFs] upon excitation
at maximum absorption wavelength (345 nm) as shown in Figure 2.42 b. This result indicated
that 2,2’-bipyridine moiety plays a significant role in an emission property of the cobalt(lll)
hydride complex. Substituting it with a pyridine ring resulted in a decrease in emission intensity

as observed in the complex [Co"(PN),(H)(CI)]PFes.
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Figure 2.42. Absorption spectra of [Co"(2,2’-bipy)(PEt,Ph),H][PFs], (a), red curve and
[Co"(PN),(H)(CI)]PFs (1.5x10* M) in CHsCN (black curve), overlay of emission spectra of
[Co"(2,2’-bipy)(PEt2Ph),H,][PFs] (1.15x10* M), in MeOH at Ae 345 nm (b, red curve) and
[Co"(PN)2(H)(CI)]PFs (1.15%10* M) in CH3CN at Aex 450 nm (black curve).

Because of the lack of emission properties upon excitation of the complex [Co"(PN),(H)(Cl)]PFs
at 450 nm in CHs;CN, photochemical properties of this complex in a solution were not
investigated further. This led us to start investigating its electrochemical properties in CH;CN

containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) solution.
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2.5.5 Electrochemical properties

Electrochemical characterization of the complexes in this series by cyclic voltammetry (CV) are

summarized in Table 2.18.

Table 2.18. Electrochemical characterization data of for all cobalt complexes (1ImM) in

acetonitrile solution containing 0.1M TBAPFs.

E1/2/V (AE;, mV) Epc /V
complex Co"/M Co"/! (Co'I-H) Co'or (Co""-H) | (Co"/-H)

Co'(L")

[Co"(PN)2(MeCN)][BFa, - -1.08 (70) - -2.28 - -
o ] -1.2 ]
[Co''cis-(PN)Cl][PF] 0.12(209) | o o 2.27
[Co"(PN),Cl,] -0.40 (150) | -1.32 (143) - -2.11 - -
[Co"cis-(PN)Cl,] [PFe] -0.42 (146) | -1.30 (110) - -2.14 - -
[Co"(PN),(H)(CI)][PFs] - - - - 148 | -2.02
-1.10

[Co"(PN)2(H)(MeCN)][PFsl, - - (110) - - -1.35

2.5.5.1 CV characterisation of [Co"(PN),(MeCN)][BF.]:

The cyclic voltammogram of [Co"(PN),(MeCN)][BF4] was recorded in CHsCN solution containing
0.1 M TBAPFs. Upon scanning to more negative potential, it showed two reduction processes by
exhibiting a fully reversible Co(ll/1) wave at E1/; =-1.08 V (AE,=70 mV) and an irreversible wave
at E,c = -2.08 (Figure 2.43 a). The first reversible redox wave was assigned to the Co(ll/I) and the
latter reduction process at more negative potential was tentatively assigned to the Co(l/0)
couple or possibly a ligand-centred reduction of Co(l)L* couple. Upon scanning to more positive
potential, the oxidation peak at + 0.5 V was observed which possibly attributed to the oxidation

of PN ligand in the complex or may be Co(lll/l) wave (Figure 2.43 b).
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Figure 2.43. Cyclic voltammogram of [Co"(PN),(MeCN)][BFs]> (1 mM) in CH3CN with 0.1

M TBAPFsat scan rate 100 mV s (a), scanning to more positive potential (b).

The cathodic and anodic peak currents for the Co(ll/1) redox wave in the [Co"(PN).(MeCN)][BFs],

complex increased linearly with the scan rate v*’?indicating diffusion control (Figure 2.44).
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Figure 2.44. Cyclic voltammograms of [Co"(PN),(MeCN)][BFs]> (1ImM) in CH3CN with 0.1 M
TBAPF¢ at various scan rates (a) plot of i,c and iz of Co(ll/1) couple versus square root of scan

rates (b).

2.5.5.2 CV characterisation of [Co"cis-(PN):CI][PFs]

The CVs of the monochloride cationic analogue is shown in Figure 2.45. The Co(ll/I) wave was
quasi-reversible and seemed to overlap with another redox wave. According to the
characteristic bands in the UV-Vis spectrum of this complexin MeCN solution, there are possible
species including [Co"(PN),CI]*, [Co"(PN)Cl;] and [Co"(PN),(MeCN)]?** could be formed in MeCN.
Therefore, the overlapping waves were assigned to the Co(ll/l) couple in the monocationic
[Co"(PN),CI]* species and the dicationic [Co"(PN),(MeCN)]?*. The E,. of the Co(ll/1) couples in the
complex lie close to the E, of Co(ll/l) couple in the independently synthesized
[Co"(PN)2(MeCN)]* under similar conditions. The reduction process at the most negative
potential was assigned to the Co(l/0) or ligand-centred reduction in these Co(ll) species which
appeared at a similar potential to those of all Co(ll) complexes in this study. Additionally, the

quasi-reversible Co(lll/Il) couple was observed at E1/» =-0.12 V (AE,=109 mV) upon scanning to
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more positive potential indicating a chemical reaction coupled to one-electron transfer of the
Co(lll/N) couple in the [Co"(PN),Cl]*. Scan rate variation through the Co(ll/1) couple showed that
peak currents are dependent on the square root of scan rate (v'/?) between 0.01V s*and 5.0V

st Figure 2.45 c). This result indicated diffusion control of the complex.
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Figure 2.45. Cyclic voltammogram of [Co"cis-(PN)2(CI)][PFs] (1 mM) in CH3sCN with 0.1 M TBAPF,
(a), the CV of the complex by scanning through the Co(ll/I) and the Co(lll/ll) couple at scan rate

100 mV s (b), CVs of the Co(ll/Il) couple in the complex at various scan rates (c) .

Moreover, the CV of this complex in the presence of 2.0 equiv. of the P,N ligand showed more
reversible wave of Co(ll/1) redox couple at-1.24 V (AE, = 167) and the disappearance of the small
couple at more negative potential (Figure 2.46). It suggested a formation of the [Co(PN).CI]* as
a major species in the solution mixture upon adding extra equivalent of P,N ligand to the
solution. From the UV-Vis studies (section 2.5.4.2), the addition of P,N ligand to the solution of
[Co(PN),CI]* in MeCN caused the disappearance of the bands (580-690 nm) concomitant with
the enhancement of the two bands at 490 and 780 nm (Figure 2.36). This evidence supported
the conversion of [Co(PN)CI;] or possible 4-coordinated species in the mixture solution to the

five-coordinated [Co(PN),Cl]* under the conditions for CV measurement.
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Figure 2.46. Cyclic voltammograms of [Co'cis-(PN),CI][PFs] (1mM) in CH3CN with 0.1 M TBAPF,

and the CV of this solution with 2.0 equiv of the P,N ligand at scan rate 100 mV s%.
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2.5.5.3 CV characterisation of [Co"(PN).Cl;]

The CV of [Co"(PN),Cl,] (Figure 2.47 a) showed three main redox waves as listed in the Table
2.18. The first quasi-redox couple at -0.42 V with AE, = 146 mV and the second quasi-reversible
wave at -1.32 V (AE, = 143 mV) was assigned to a metal-centred reduction of the Co(lll/Il) and
Co(ll/1) couple, respectively. Another irreversible reduction process at Epc = -2.11 V was then
assigned to be a redox Co(l/0) couple or possibly a ligand-centred reduction of Co(l)L* couple.
Scan rate variation through the metal-centred reduction of the Co(ll/1) couple showed that peak
currents are linearly dependent on the square root of scan rate (v*/?) between 0.05 V s and 5.0
V s (Figure 2.47 b and c). This result indicated diffusion control of the complex from the bulk

solution to the surface of working electrode.
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Figure 2.47. Cyclic voltammogram of [Co"(PN).Cl,] (1 mM) in CH3CN with 0.1 M TBAPFs and the
CV of the complex by scanning through the Co(ll/1) couple at scan rate 100 mV s (a). The CVs of
this complex at various scan rates (b) plot of i,c and i,a of Co(ll/1) couple versus square root of

scan rates (c).

From the UV-Vis studies (section2.5.4.3, Figure 2.37), a solution of the [Co"(PN),Cl,] generated
a mixture of species in the MeCN solution including the pseudo-tetrahedral [Co"(PN)Cl,] with

the bands at 580, 650 and 688 nm. Therefore, these three main features possibly attributed to
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the redox events in the in [Co"(PN)CI,] or might be those in other possible Co(ll) species formed
in the solution. The other possible Co(ll) species could be [Co"(PN),Cl]CI and/or
[Co"(PN),Cl(MeCN)]CI formed by a Cl~loss from the [Co"(PN),Cl,] as proposed in eq 2.14 and eq
2.15. A free Cl"ion in the solution was supported by the oxidation peak of CI”in the CV of the
[Co"(PN),Cl,] as discussed below.

Evidence of Cl" loss from the [Co'"(PN)2Cl;] in MeCN solution by CV studies

Scanning to more positive potential (Figure 2.48 a, black curve), an oxidation peak at +0.87 V
was observed which is in agreement with the oxidation of free Cl in a solution.?** According to
this result, it supported the postulate that one chloride ligand could dissociate from the complex
to upon dissolving the [Co"(PN),Cl] in MeCN solution to form [Co"(PN),Cl]* and/or
[Co"(PN),Cl(MeCN)]*. The addition of TBACI (10 equiv.) to this solution resulted in a shift to more
negative potentials in the redox wave of the Co(ll/1) couple by 100 mV (from -1.4 V to -1.5 V) as
shown in Figure 2.48 b, red curve. The more negative shift and irreversibility of the Co(ll/1)
couple were observed by adding 35 equiv. TBACI to the solution. It indicated that new species
bearing more anionic CI” could possibly be a mixture of the tetrahedral [Co"(PN)Cl,] and [CoCl4]*
formed in the solution (eq 2.16). Consequently, the changes in Co(ll/I) redox couple are
consistent with the UV-Vis spectral changes (Figure A 2.40) upon titration of the [Co(PN),Cl,]
with CI"in MeCN.
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Figure 2.48. Cyclic voltammograms (a) of [Co"(PN),Cl>] (ImM) in CHsCN with 0.1 M TBAPF¢ at
100 mV st at different scanning potential windows. CVs of the Co(ll/I) couple (b) in this complex

(1 mM) upon adding different equiv. of TBACI.
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[Co"(PN)2CIICI . .ol
and/or — > [CO'(PN)Cl2l] T 2= [coCly> €q2.16

[Co"(PN),(Cl)(MeCN)]CI
Furthermore, the CV titration of [Co(PN),Cl:] in MeCN with a solution of the PN ligand (10.0
equiv) suggested formation of the corresponding [Co(PN).Cl]* and/or [Co"(PN),(Cl)(MeCN)]Cl by
showing the increases of current at Co(ll/l) redox couple concomitant with the disappearance
of the small couple (Figure 2.49 a). This result was consistent with the UV-Vis spectral changes
(Figure 2.38) upon adding PN ligand to the solution of the [Co(PN),Cl,] suggesting the partial
conversion to the [Co(PN),Cl]*. The release of CI”ligands from the [Co"(PN),Cl,] in MeCN solution
was also investigated by CVs titration of this complex in MeCN solution with water (Figure 2.49

b).
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Figure 2.49. Cyclic voltammograms of [Co"(PN),Cl,] (1mM), showing redox wave of Co(ll/1), upon
titration with the P,N ligand (a).and CV titration of this complex with water (b) in CH3;CN with 0.1
M TBAPF;s at 100 mV s. The CV of independently synthesized [Co"(PN),(MeCN)][BF4], complex
in CHsCN with 0.1 M TBAPF; (b, red curve).

CVs titration of [Co'"(PN)2Cl;] with H20 in MeCN solution containing 0.1M
TBAPF¢

The gradual addition of water up to 0.99 M (Figure 2.49 b) resulted in a more positive shift of
the Co(ll/1) redox couple by 177 mV concomitant with formation of a fully reversible wave
indicating Cl loss from [Co"(PN),Cl]* to generate dicationic [Co"(PN),(H20)]* by adding an excess
of water. Moreover, the redox couple of Co(ll/1) became more reversible as shown by decreasing
peak-to-peak separations (AE,) from 143mV to 73 mV (Table 2.19). Upon titration with water,
the Co(ll/1) redox couple shifted to more positive potential and is near to the Co(ll/1) couple in
the [Co"(PN),(MeCN)]** (Figure 2.49 b, red curve). The result supported the assumption that a

ClI" in the [CO"(PN),Cl]* was replaced by H,O molecules leading to the formation of
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[Co"(PN)2(H20)2]** species. The Ei; value and peak-to-peak separation (AE, =73 mV) of the
Co(ll/1) couple is close to the Co(ll/l) wave in the separately synthesized dicationic
[Co"(PN)2(MeCN)]?* complex and also the AE, of Fc %* couple (76 mV). This result confirmed a
fully reversible one-electron transfer to the [Co"(PN),(H,0),]** with no following chemical
reaction and also demonstrated that the dicationic [Co"(PN),(H20),]*>* and [Co"(PN),(MeCN)]*

with no CI" ligand displayed reversible redox chemistry for one-electron reduction.

Table 2.19. The values for AE and the ratio of ip to i of [Co"(PN),Cl2] complex (1 mM) in CH3CN

with 0.1 M TBAPFs upon titration with water.

Vizo/ il [H,0]/M Eoc/V Epa/V AE/mV inc/ipa
0 0.000 -1.196 -1.053 143 0.97
50 0.003 -1.137 -1.034 103 1.03
100 0.01 -1.104 -1.002 102 1.02
150 0.03 -1.079 -0.987 92 1.06
250 0.08 -1.049 -0.963 86 1.08
500 0.28 -1.020 -0.943 77 1.14
750 0.59 -1.017 -0.942 75 1.16
1000 0.99 -1.019 -0.946 73 1.12
[Co"(PN)2(MeCN)]** -1.110 -1.040 70 1.08

AEL(FC”*) = 76 mV, ipe/ipa = 0.92, AE, of 2-MeCN complex = 70 mV, ipc/ipa = 1.08

In conclusion, the CV of the Co(ll) complexes in this study in acetonitrile solution with 0.1 M
TBAPFg was shown in Figure 2.50. The acetonitrile derivative exhibited a fully reversible Co(ll/I)
redox couple at E1/; = -1.08 V with AE, = 70 mV suggesting one-electron transfer reaction with
no following chemical reaction. This value was similar to the peak-to-peak separation of
ferrocene/ferrocenium redox couple (AE, = 76 mV) which was added as internal reference in the
same solution. The redox chemistry of ferrocene is well-known to exhibit a fully reversible one-
electron redox couple. This evidence indicated that no ligand loss from the [Co"(PN),(MeCN)]*
complex occurred following one electron reduction. In contrast to the redox behaviour of this
complex, the cobalt(Il) chloride analogue for [Co'cis-(PN),CI][PFs] exhibited the quasi-reversible
Co(ll/1) redox couple appeared around -1.3 V with peak-to-peak separation (AE, > 70 mV). The
two waves of Co(ll/l) couple at -1.3 V seemed to overlap. Therefore, these two overlapping
couples were assigned to the Co(ll/I) wave in the [Co"(PN),CI][PFs] and /or [Co"(PN)(MeCN)]*".
The Co(ll/1) couple in these species is related to the quasi-reversible Co(lll/Il) and irreversible

Co(1/0) or ligand-centred reduction at -0.12 V and -2.27 V, respectively.
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In the case of the dichloro [Co"(PN).Cl,] complex, the three main waves were tentatively
assigned to the Co(lll/Il) couple at the most positive potential, the following Co(ll/I) couple and
the redox Co(l/0) couple or ligand-centred reduction of Co(I)L* couple. However, these redox
events could not be assigned to a certain species because the [Co"(PN),Cl,] generated a mixture
of species in a studied by the UV-Vis experiments (section 2.5.4.3). Moreover, the quasi-
reversible Co(lll/Il) wave was observed between -0.4 and -0.15 V in the CV of the [Co'cis-
(PN),CI][PFs] and [CO"(PN)Cl,], but there was no redox Co(lll/ll) couple for the
Co"(PN)2(MeCN)][BF], in the same potential window. It indicated that this complex is harder to
oxidize although there is evidence of metal reduction at ca. 0 V. This evidence demonstrated
that the chloride ligand in the complex of this series is labile but greatly decreases the Co(ll1/(Il)
potential. Moreover, the quasi-reversible Co(ll/1) and Co(lll/Il) redox couple in the [Co'cis-
(PN),CI][PFs] or [CO"(PN),CI]* or [Co(PN)Cl;] suggested the occurrence of a chemical reaction

after one electron transfer (EC mechanism).

Co(Il)CI2
—— [Co(ll)(C)]+
—— Co(Il)(MeCN)J2+

70 mv

25 20 15 10 -05 00 05 1.0

Potential (V) vs Fc%*

Figure 2.50. Cyclic voltammograms of the Co(ll) derivatives (1 mM) in CH3sCN containing 0.1 M
TBAPFs at the scan rate 100 mV/s for the [Co"(PN),Cl,], [Co"cis-(PN),CI][PFs] and the acetonitrile
analogue, [Co"(PN),(MeCN)][BFa]..
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The redox properties of the Co(lll) complexes in this series including dichloro Co(lll) complex,
[Co"cis-(PN),Cl,][PFs] and the Co(lll) hydride complexes: [Co"(H)(CI)][PFs] and
[Co"(H)(MeCN)][PFs]2 in CH3CN with 0.1M TBAPFs were then investigated by CV measurement.

2.5.5.4 CV characterisation of [Co"'cis-(PN):Cl;][PFs] complex

In the case of the dichloro cobalt(lll) analogue, the CV measurement of [Co"cis-(PN),Cl,]PFs in
MeCN (Figure 2.51) showed the same redox processes as those for the corresponding dichloro
cobalt(ll) complex, [Co"(PN),Cl,] under similar conditions. The quasi-reversible Co(lll/Il) and
Co(ll/1) redox couples appeared at -0.32 V and -1.30 V and the irreversible wave at the most
negative reduction potential of -2.14 V was assigned as a Co(l/0) couple or ligand-centred
reduction of Co(l)L". Plotting peak currents (cathodic and anodic currents) of the Co(lll/Il) redox
wave vs Vv, (Figure 2.51 c) showed the linear dependence indicating diffusion control of the

complex from bulk solution to the electrode surface.
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Figure 2.51. Cyclic voltammograms of [Co"cis-(PN),Cl,][PFs] complex (1 mM) in CHsCN
containing 0.1 M TBAPFs at the scan rate 100 mV s, black curve compared to the CV of
[Co"(PN),Cl,] complex, red curve (a).The CVs of the [Co"cis-(PN),Cl,][PFs] with the scan rate
between 0.05-2.0 Vs™ (b), plot of i,c of Co(lll/1I) couple in the CVs of the complex versus square

root of scan rates (c).
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Moreover, the large peak-to-peak separation (AE, value) of 146 mV for Co(ll1/11) and 110 mV for
Co(ll/1) redox couples suggested a chemical reaction. Therefore, the one-electron transfer
followed by a chemical reaction (EC mechanism) was assumed for the Co(ll/I) in Scheme 2.4 and

the Co(ll1/11) couple in the [Co"cis-(PN),Cl,]" species at -0.32 V (Scheme 2.5).

+e

[COII(PN)ZCI]+ - < [COI(PN)cho E step
[Co'(PN)2CII° —_— [CoI(PN)z]+ +CI Cstep

Scheme 2.4. Proposed EC mechanism for an electrochemical reduction of the [Co'"cis-

(PN),Cl,][PFs] complex in acetonitrile solution at -1.30 V for Co(ll/1) redox couple.

e
[Co"cis-(PN),Cl;]" = [co'(PN):ClI’ E step
[Co"(PN)2Cl2]° —  »  [cd"PN)CH’ + CI
C step
[Co"(PN)Cl2]° — » [Co"(PN)CIz] * PNligand

Scheme 2.5. Possible chemical reactions of the reduced [Co"(PN),Cl,] following one-electron

reduction of the [Co"'cis-(PN),Cl,][PF¢] in MeCN at -0.32 V (EqCi mechanism).

As shown above, the first reduction process (E step) at Co(lll/l) redox couple in the [Co"cis-
(PN)2Cl,][PFs] complex generated the reduced [Co"(PN),Cl,] species prior to a dissociation of
coordinated CI" ligand and P,N ligand (C step). The UV-Vis characterisation of the independently
synthesized [Co"(PN),Cl,] suggested a mixture of [Co(PN),Cl]Cl and [Co(PN)Cl,] species (section
2.5.4.3). Therefore, chemical reactions following one-electron reduction of [Co"(PN),Cl,]* to
[Co"(PN),Cl,] would generate [Co(PN).CI]CI by a release of one chloride and [Co(PN)Cl,] via a

dissociation of P,N ligand.

To support an EC mechanism of Co(lll/Il) couple by one-electron reduction of the [Co'cis-

'(PN),Cl,]* species, variation of scan rate of the complex was then performed.
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Electrochemical reaction mechanism of [Co"cis-(PN),CL][PFs]

Heterogeneous electron transfer coupled with chemical reaction (EC

mechanism)

For an E.Ci mechanism, an ideal reversible one-electron transfer reaction followed by an
irreversible chemical reaction has a slope of AE,/log v = 230 mV from plotting of peak potential
(Ep) versus log v.19% %5%In our study, plots of experimental values of E, of Co(lll/I1) in the complex,
[Co"cis-(PN),Cl,][PFe], versus log v between the scan rate 0.05 Vs and 2 V s gave a slope of -

47 mV (Figure 2.52).
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Figure 2.52 Cyclic voltammograms of [Co"cis-(PN).Cl,][PFe] (1 mM) in CH3CN with 0.1 M TBAPF,
at various scan rates (a), plot of Epc versus log(v) for the E,c of Co(lll/1l) wave in the CVs of this

complex (b).

This slope is larger than the ideal value of -30 mV expected for a cathodic peak potential
variation (AE,) due only to a coupled chemical reaction, which further indicated that the
Co(llI/11) couple is governed by electron-transfer kinetics from the electrode.®® 2°¢ This value of
slope suggested a quasi-reversible electron transfer kinetics followed by anirreversible chemical

reaction (E4Ci mechanism) for the Co(lll/Il) couple in the complex (Scheme 2.5).

This electrode mechanism (E,Ci mechanism) was previously observed in one-electron reduction
of Co(lll) complexes containing phosphine ligand with a pendant amine.??® 27 From scan rate
variation analysis of [Co"(P'“;N";)(CHsCN)s]?*species, plots of E,. and Euc of the Colll/Il couple
versus log(v) over the range of 0.1-1.0 V s* resulted in slopes of -57 mV and +57 mV for
respective plots of anodic and cathodic peak potential against log v, which demonstrated quasi-

reversible electron transfer kinetics.

Page 132 of 394



Chapter 2 Results and discussion CV characterisation

2.5.5.5 CV of [Co" (PN):(H)(CI)][PFs]

The cyclic voltammogram of [Co"(PN),(H)(CI)][PFs] (1 mM) was recorded in CHsCN containing
0.1 M TBAPF¢ exhibited two irreversible reduction peaks at Ey -1.48 V and -2.02 V during the
cathodic scan (Figure 2.53 a). These two irreversible waves with the same cathodic current were
tentatively assigned to the stepwise reduction of metal-centred Co!"/!"-H and Co"/)-H couples,
respectively. The reduction potential of Co"”"-H in this complex corresponds to the isolable
monohydride complex with a tetradentate phosphine ligand, [HCo"(L2)(CHsCN)]** (Figure 2.6)
exhibiting the quasi reversible wave at scan rate 100 mV s with Epc = -1.57 and Epa = -1.47 V vs.

Cp2Fe*? in CH3CN containing 0.1 M TBAPF.2%¢
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Figure 2.53. Cyclic voltammogram of [Co"(PN),(H)(CI)][PFs] (1 mM) in CH3CN with 0.1 M TBAPF,
at a scan rate of 100 mV s*. The CVs of this complex at various scan rates (b), plot of i, of Co!"/"-

H couple versus square root of scan rates (c).

The cathodic peak currents at the Co™/!"-H potential increased linearly with the scan rate v*/2
indicating diffusion control (Figure 2.53 b and c). The anodic peaks of new species at-1.1V also
increased upon increasing scan rate. This suggested that the new species can then be oxidized

by electron transfer with controlled diffusion.
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Moreover, the CV of this complex (Figure 2.53 a) showed that two anodic peaks at Epy -1.65 V
and -1.1 V (blue asterisk) were observed upon the anodic scan which indicated a formation of
new species possibly resulting from a cleavage of H  or Cl" from the respective reduced Co'-H and
Co'-H species. This characteristic is consistent with the reduction of the [HCo"(L2)(CH3CN)]*
complex which showed the oxidation peak on a reverse scan at Epy = -0.8 V. This new peak was
assigned to the oxidation of [Co'(L2)(MeCN)]*, which could be formed by net loss of either He or

H™in a H-Co bond cleavage reaction.2%.

Table 2.20. CV characterisation data of the [Co"(PN)y(H)(CI)][PFs] and
[Co"(PN)2(H)(MeCN)][PFs]2 (ImM) in CH3CN with 0.1 M TBAPFs at a scan rate of 100 mV s

This work Literature
Assignment —
[Co"(PN)2(H)(CI)I[PFs] | [Co"(PN)z(H)(MeCN)I[PFsl, | [HCo"(L2)(CHsCN)J*

(Co"/-H) Epc (V) -1.48 -1.14 -1.57

Epa (V) - -1.03 -1.47
(Co"/'-H) Epc (V) -2.02 -1.95 -

Epa (V) - - -
(Co"-H) Epar(V) -1.10 R -
(Co"-H) Epx (V) -1.65 -1.65 :
(Co"-NCMe) | Epx(V) - - 0.8

Electrochemical reaction mechanism of [Co'"'(PN)2(H)(CI)][PFs]

The cyclic voltammogram of [Co"(PN),(H)(CI)][PFe] exhibited an irreversible wave with E, = -
1.48 V at the scan rate 0.1 V s which was assigned to the one-electron reduction of Co(lll/11)-H
couple followed by an irreversible chemical reaction (EC mechanism) via a cleavage of H or CI
from the resulting reduced species. The CV studies by scan rate variation of this complex showed
that the cathodic peak potential of Co(lll/I1)-H wave at -1.48 V also depended on the scan rate
by showing a negative shift of E,c upon increase of scan rate between 0.05 V s* and 10 V s*
(Figure 2.54 a). Plots of experimental values of E,. versus log v gave a slope of -49 mV (Figure
2.54 b) which is greater than that of an ideal slope of AE,/log v = -30 mV.?*® for an E.C
mechanism. Therefore, the electron transfer to the Co(lll/Il) couple was assigned as an quasi-

reversible electron transfer followed by irreversible CI~ dissociation (E;Cimechanism).
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Figure 2.54. Cyclic voltammograms of Co(lll/ll)-H couple in [Co"(PN),(H)(CI)][PFs] (1ImM) in
CH3CN with 0.1 M TBAPFs at various scan rates (a), plot of Epc versus log(v) for the cathodic peak

potential of Co(lll/I1)-H wave in this complex (b).

This result supported the quasi-reversible electron transfer (E,Ci pathways) for the Co(lll/Il)-H
wave in the [Co"(PN),(H)(CI)][PFs] complex which is similar to the reduction of the dichloro Co(lll)
complex at the Co(lll/Il) wave with a slope of -47 mV from the plot of Epcversus log (v). For this
reason, the quasi-reversible electron transfer coupled with an irreversible Cl- dissociation (E4C;

mechanism as shown in Scheme 2.6) is proposed for a reduction through a Co(lll/Il)-H peak at -

1.48 V.

-

)Yj... 'S Dp/ J O Ay J” )

Scheme 2.6. E,Ci mechanism for a reduction of [Co"(PN),(H)(CI)][PFe] in CHsCN at -1.48 V

According to the CV of [Co"(PN)2(H)(Cl)]*, a reverse scan through the Co(lll/11)-H couple showed
an anodic peak at Ep’ =-1.11 V which was assigned to the oxidation of the resulting product
from a chemical reaction following one-electron reduction of the Co(lll) hydride complex.
Moreover, the corresponding cathodic peaks at E,.’ around -1.20 V, which appeared at more
positive reduction potential compared to the Co(lll/11)-H couple in the original [Co"(PN),(H)(CI)]*
species, were more clearly observed in the CV at relatively high scan rates between 0.5 and 10
V s (Figure 2.54 a). This new reduction peak at E,c’ around -1.2 V also obviously showed in the
CV of [Co"(PN)2(H)(CI)][PFe] (2 mM in MeCN) which had been left in a solution for 10 h prior to
recording the CV at the scan rate 0.1 V s™ (Figure 2.55, blue curve). This new reduction peak
related to the anodic wave at potential (Exa’) with peak-to-peak separation (AEp) of 120 mV. As
shown previously, the new reduction peak was more clearly observed in the CV of this complex

at the higher scan rate of 0.5V s™* (Figure 2.55, red curve) than that at 0.1 V s (black). Compared
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to the CV of a solution of the independently synthesized MeCN analogous of the cobalt(lll)
hydride complex, the peak at E,’ appeared at the potential between the E,. value of the

Co(Ill/11)-H couple in the analogous CI"and MeCN complex.

120uA S~

.—_—i\/_:'

T T T T T T T T
20 18 16 14 12 1.0 08 06 04

Potential (V) vs FcO/*

Figure 2.55. CV of the Co(lll/11)-H couple in [Co"(PN),(H)(CI)][PFe] (2 mM) after leaving in solution
for 10 h prior to recording the CV (blue), freshly prepared solution of [Co"(PN),(H)(CI)][PFs] at
the scan rate 0.1 V s? (black) and 0.5 V s? (red), compared to the Co(lll/ll)-H couple in
[Co"(PN)2(H)(MeCN)]** at the scan rate 0.1V s (green) at the scan rate 0.1V s™.

These results indicated that slow exchange between CI° ligand in the Co(lll) complex,
[Co"(PN)2(H)(C)][PFs], and CH3CN solvent could occur upon leaving the complex in a solution
concomitant with formation of the analogous Co(lll) acetonitrile complex as shown in Scheme

2.7

1/ H \—|+ ) )l/ H \—| “ )l/ H \_|
)\”"',J'“ A J  +chen, cl ”"'J”' J re Jg N
o —_— ‘Co _— 9
é/ l\P -CH4CN, +Cl éﬂ/lh N _e éu/ ) N \(
J Y ~ ] g ~ ] A
Hs Hs
Scheme 2.7. Proposed mechanism for a reduction of [Co"(PN),Cl,][PFs] in MeCN for the new

redox wave at Epc of -1.23 V and Ep» of -1.11 V.
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Upon recording 5 cycles through the Co(lll/11)-H couple of a fresh [Co"(PN),(H)(CI)][PFs] solution
at scan rate 1 V s (Figure 2.56), the cathodic peak current, i,c of Co(lll/Il)-H redox couple
decreased concomitantly with slight increases in peak currents (ipa” and ipc’) of the redox wave

at Epe =-1.22 V and Epy =-1.13 V with AE,0of 90 mV at 1V s™.
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Figure 2.56. CVs (5 cycles) of [Co"(PN),(H)(Cl)][PFe], 0.5 mM in CHsCN at scan rate 1V s™.
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2.5.5.6 CV studies of [Co"(PN),(H)(MeCN)][PFs].

The electrochemical properties of [Co"(PN),(H)(MeCN)]** were then investigated under the
same conditions as those for [Co"(PN),(H)(Cl)]*. The dicationic acetonitrile analogue,
[Co"(PN),(H)(MeCN)]** also showed two reduction processes: however, the first reduction event
of the Co(lll/Il)-H couple became a quasi-reversible process with E1;2-1.1 V and AE, of 110 mV
at 0.1V s* and appeared at much less negative reduction potential than that of chloride bound
[Co"(PN)2(H)(CI)]* complex (Epc -1.48 V) as shown in Figure 2.57 (blue curve) and listed in the
Table 2.20. Moreover, the first reduction potential of Co(lll/Il) couple and the latter Co(ll/I) wave
in the monocationic [Co"cis-(PN),Cl,]* species appeared at considerably more positive potential
(red curve) compared respectively to the Co(lll/ll)-H couple and Co(ll/I)-H of the
[Co"(PN)2(H)(CN]* (black) by 1.06 V. This suggested that the hydride ligand in the two Co(lll)-H
complexes make more electron density in the Co(lll) metal center compared to the

corresponding [Co"cis-(PN),Cl,]* resulting in easier to oxidize the [Co™(PN)2(H)(Cl)]* cation.

The Co(ll/1)-H couple in the [Co"(PN),(H)(MeCN)]?* and the [Co"(PN),(H)(Cl)]* appeared at a
similar potential around -2.0 V. It indicated the second electron transfer to the same species

formed in a solution after one-electron reduction which could possibly be a [Co"(PN),H]".

IlOuA

-

COIII/II_H

Co''/
Co'

25 20 145 140 05 00 05
Potential (V) vs Fc**

Figure 2.57. Cyclic voltammogram of the [Co"(PN),(H)(MeCN)]** complex (1 mM) in CH3CN with
0.1 M TBAPFs (blue), compared to the hydride chloride derivative, [Co"(PN),(H)(CI)][PFs] (black)

and dichloro Co(lll) complex, [Co"cis-(PN),Cl,]* at the scan rate 100 mV s™.
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Plots of i,c and ipa Of this Co(Ill/Il)-H couple in the [Co"(PN),(H)(MeCN)]** complex as a function
of the square root of the scan rate showed a linear dependence of peak currents (i) to v/
(Figure 2.58 b) suggesting a diffusion-controlled migration of this species from bulk solution to

the electrode.
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Figure 2.58. Cyclic voltammograms of the Co(lll/Il)-H couple for [Co"(PN)y(H)(MeCN)][PFs]2
complex (1 mM) in CH3CN with 0.1 M TBAPF; at various scan rates (a), plots of i, and ip, of

Co(Il1/11)-H couple versus square root of scan rates (b).

Electrochemical reaction mechanism of the [Co"(PN).(H)(MeCN)][PFs].complex

According to an ideal reversible one-electron transfer reaction, the shifts of peak potentials with
scan rate depend on the mechanism.?%> 2% For an ideal reversible one-electron transfer reaction
followed by an irreversible chemical step (E.Ci mechanism), a characteristic slope of AE, /Alog(v)
has to be +30 mV for plotting of E,. or E, against log(v). From the CVs of
[Co"(PN),(H)(MeCN)]**at different scan rates (Figure 2.58 a), slopes of -31 mV and +29 mV were
respectively obtained from the plot of E,. vs log(v) and Ep, against log(v) for the scan rate from
0.5to 10 V s (Figure 2.59 a and b). This result indicated the reduction of [Co"(PN)2(H)(MeCN)]**
species to the [Co'"(PN),(H)(MeCN)]* by reversible electron transfer kinetics followed by a

reversible chemical reaction (E.C- mechanism) as shown in Scheme 2.8.
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Figure 2.59. (a), plot of Epc (b) and Ep, (c) for the cathodic peak potential of Co(lll/Il)-H wave in

the [Co"(PN),(H)(MeCN)][PFs], complex versus log(v). Conditions: 1 mM, in CHsCN with 0.1 M
TBAPFs
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Scheme 2.8. E,C, mechanism for a reduction of [Co"(PN),(H)(MeCN)][PFe], in CHsCN at-1.10 V.

Consequently, the electrochemical mechanism is consistent with a reversible redox wave of
Co(llI/I)-H at Ey/2 =-1.10 V with a large AE, of 112 mV in the CV at 0.1 V s (Table 2.18) which is
much greater than that of ideal AE, = 57 mV expected for a Nernstian one-electron wave. This
evidence further indicated that one-electron reduction at the Co(lll/ll)-H couple in the
acetonitrile analogue of cobalt(lll) hydride, [Co"(PN),(H)(MeCN)]?>* species resulted in a

dissociation of the MeCN ligand from the reduced Co(ll)-H species as displayed in Scheme 2.8.

In summary, the scan rate variation analysis for the cobalt(l1l) complex containing Cl" ligand/s in
this series yielded slopes of -47 mV and -49 mV from plotting of experimental values of E,c versus
log v for [Co"(PN)z(Cl2)][PFe] and [Co"™(PN),(H)(CI)][PFe] (Table 2.21). These results supported
quasi-reversible electron transfer kinetics coupled with an irreversible chemical reaction (E4Ci
mechanism) for the reduction of Co(lll) complexes. In the case of [Co"(PN),(H)(MeCN)]*, the
reduction mechanism exhibited a different pathway by showing the slope of AE, /Alog(v) ~ 30

which supported an E;C; mechanism.
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Table 2.21. Electron transfer kinetic parameters obtained from plots of Ep versus log(v).

Slope | Mechanism
Complex couple | peak P E¥(V)
(mV)
[Co"cis-(PN),Cl,][PFe] Co"/ Epc -43 E.Ci -0.42
[Co"(PN)(H)(CI)][PFe] Co''-H |  Epc -49 EqCi -
i L Epc -31 E.Cr -1.10
[Co"(PN)2(H)(MeCN)][PFe], | Co"/'-H
Epa +29
(COMPENP)(CHsCN)s 227 | col |2 | *033
Epa +57 EqCr +0.33
[HCo"(L2)(CH3CN)J?*2%¢ | Co""“H | Epc -34 EqCr -
[HCo"(L3)(CH3CN)J?*2%¢ | Co""“H | Epc -41 EqCr

Page 141 of 394



Chapter 2 Results and discussion UV-Vis spectroelectrochemistry

2.5.6 UV-Vis spectroelectrochemistry

Following the studies of the electron transfer mechanism of the Co(lll) complexes by scan-rate
variation analysis in acetonitrile solution, the proposed electrochemical reaction mechanism
was further investigated by the UV-Vis spectroelectrochemistry (UV-Vis SEC). The in-situ UV—
visible spectroscopic characterization a reduced species was then carried out by bulk electrolysis

of the initial Co(lll) complexes in MeCN solution containing 0.1 M TBAPFs .

2.5.6.1 UV-Vis SEC characterization of [Co"cis-(PN);(Cl);][PFe]

As summarized in the Table 2.21, a mechanism of the electron transfer for the Co(lll/Il) couple
in the [Co"cis-(PN),Cl,][PFs] complex was proposed as an E,C; pathway due to the appearance of
quasi-reversible Co(lll/1l) redox wave with a large value of peak-to-peak separation (AE, = 146
mV) at 0.1 V stin the CV of this complex. The characterisation of the in situ generated species
following one-electron reduction of [Co"(PN),Cl,]* by bulk electrolysis was monitored by UV-Vis

spectroscopy.

Exhaustive electrolysis of a 1 mM solution of [Co"cis-(PN)2(Cl)2][PFs] in MeCN at 0.04.V was
carried out leading to the spectral changes. The evolution of new absorption bands over the
course of electrolysis (Figure 2.60, a) is in agreement with the UV-Vis absorption spectrum of
the independently synthesized dichloro cobalt(ll) complex, [Co"(PN),Cl,] in CHsCN solution as

shown in Figure 2.37.

b) 03 [Co"cis-(PN),C1,] [PFg
a) o
02
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Figure 2.60. UV-Vis Spectral changes recorded during bulk electrolysis of [Co"cis-(PN),Cl,][PFe],
2 mM solution in MeCN under an Ar atmosphere at Espp = 0.04 V (a), CV of the complex measured

under similar conditions before electrolysis using Pt gauze as working electrode (b).

Therefore, this evidence suggested the formation of the [Co(PN),CI]Cl and [Co"(PN)Cl,] which
confirmed the chemical steps as shown in Scheme 2.5. However, the configuration of the
resulting product could not be determined; the two phosphorus atoms of the P,N ligands in
equatorial plane of the Co(ll) complex could be trans or cis to one another. The characteristic

bands of the [Co"(PN)Cl,] were observed at Amax = 580, 650 and 688 nm, and the bands at 487
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nm and 780 nm corresponded to the formation of [Co"(PN),Cl]*. These new bands agree with
the absorption spectrum of the independently synthesized [Co"(PN),Cl,] complex upon

dissolving in MeCN as listed in the Table 2.16.

2.5.6.2 UV-Vis SEC characterization of [Co" (PN); (H)(CI)][PFe]

The electrochemical generation of a reduced species from the cobalt(lll) hydride complexes by
one-electron reduction of [Co"(PN),(H)(CI)]* in MeCN solution and their in situ UV-Vis
characterization was also performed. A significant blue shift of the absorption spectrum (Figure
2.61 a) of the original [Co"(PN)y(H)(Cl)]*complex by 25 nm occurred during the course of
electrolysis at Eapo=-1.10 V. This evidence agrees with anirreversible chemical reaction following
one-electron reduction of the [Co"(PN),(H)(CI)][PFs] solution which confirmed a dissociation of
chloride ligand from the reduced species subsequent to one-electron reduction of the Co(lll)-H
species. Moreover, the result corresponded to the appearance of an irreversible Co(lll/Il)-H
wave at -1.10 V in the CV of [Co"(PN),(H)(CI)][PFs] complex (Figure 2.61, b). The evidence from
this study also revealed that the axial chloride ligand dissociated from the complex after one
electron reduction of the[Co"(PN),(H)(CI)][PFs] complex resulting in the formation of the

pentacoordinated, [Co"(PN);H]* species as shown previously in Scheme 2.6.
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Figure 2.61. UV-Vis Spectral changes during bulk electrolysis of [Co"(PN)2(H)(CI)][PFe], 1 mM

solution in MeCN under an Ar atmosphere at Eapp = -1.10 V (a), CV of the complex under similar

conditions measured before electrolysis using Pt gauze as working electrode at 0.05 V s (b).
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2.5.6.3 UV-Vis SEC characterization of [Co" (PN),(H)(MeCN)][PFs].complex

The in situ UV-Vis characterization of the reduced species by one-electron reduction of the
[Co"(PN)2(H)(MeCN)]** in MeCN solution from bulk electrolysis at -0.78 V under similar
conditions to the corresponding chloro derivative was then performed. The UV-Vis absorption
spectrum of the reduced Co(ll)-H complex showed a slight increase in absorption intensity
around 450 nm upon exhaustive electrolysis of the [Co"(PN),(H)(MeCN)]**solution (Figure 2.62,
a). This spectral change corresponded to a quasi-reversible wave of the Co(lll/11)-H couple in the
CV of [Co"(PN)2(H)(MeCN)]** solution (Figure 2.62, b) which indicated a reversible chemical
reaction involving a dissociation of the MeCN ligand after one-electron reduction of the Co(lll)-

H complex as shown in Scheme 2.8.
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Figure 2.62. UV-Vis Spectral changes recorded during bulk electrolysis of
[Co"(PN)2(H)(MeCN)][PFel2, 1 mM solution in MeCN under an Ar atmosphere at Eapp = -0.78 V
(a), CV of the complex using Pt gauze as working electrode at scan rate 0.05 V st under similar

conditions measured before electrolysis (b).
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Moreover, species generated over the course of electrolysis of [Co"(PN),(H)(MeCN)][PFe]: in
MeCN solution exhibit one visible absorption band at wavelength around 425 nm in a similar
manner to the spectra observed on bulk electrolysis of [Co"(PN),(H)(Cl)][PFe] (Figure 2.63). This
evidence confirmed dissociation of chloride from the reduced [Co"(PN),(H)(CI)]° species and
release of a MeCN ligand from the reduced [Co"(PN).(H)(MeCN)]* complex to form the same

product of pentacoordinated [Co"(PN),(H)]* species (Scheme 2.9).

0.8 4

——[Co"(PN),(H)(CI)]"
——[Co"(PN),(H)(MeCN)J?*
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Figure 2.63. UV-Vis spectrum of [Co"(PN)y(H)(CI)][PFs] complex (1 mM), black, and

[Co"(PN)2(H)(MeCN)][PFe]2 (blue) recorded after bulk electrolysis for 2 min in MeCN under an Ar

atmosphere.

—|D

Scheme 2.9. Proposed electrochemical reaction mechanism of one-electron reduction of the

cobalt(lll) hydride complexes with bis P,N pyridine based ligands.
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2.6 Conclusion

2.6.1 Synthesis and characterisation

A new series of cobalt (I11) hydride complexes, [Co"(PN),(H)(Cl)]*and [Co"(PN)2(H)(MeCN)]* with
bis pyridine phosphine (PN = 2-((diisopropylphosphaneyl)methyl)pyridine) ligands and their
corresponding cobalt dichloride, [Co"cis-(PN),Cl,]*, [Co'cis-(PN).CI][PFs], [Co"(PN).Cl;] and
acetonitrile analogues [Co"(PN),(MeCN)]?*, were successfully synthesized. A mild reaction for
the preparation of the hydride complexes at room temperature was achieved by reacting the
starting cobalt(ll) analogue with NaBH,4 as hydride source together with N, bubbling in MeOH.
We also found that NH4PFs is a suitable salt for a precipitation of the hydride complexes which
allowed the isolation of [Co"(PN)(H)CI]* or [Co"(PN),(H)(MeCN)]** species from a reaction
mixture as a solid containing a PFs~ counter anion. Furthermore, this [Co"(PN),(H)(MeCN)]*
hydride species could alternatively be prepared by an exchange between a CI" ligand in the

[Co"(PN),(H)(CI)]* analogue and MeCN in acidified MeCN solution at 60°C.

The diamagnetic nature of the low-spin d® Co(lll) complexes in this series including the
[Co™(PN)2(H)(C)]*, [Co"™(PN)2(H)(MeCN)]* and [Co"cis-(PN),Cl,]* allowed characterization by
NMR spectroscopy such as H, 3C{*H}, 3C-DEPT, 3'P{*H} spectroscopy and 2D NMR experiments
including *H-'H COSY, *H-3'P{*H} HMBC and *H-13C-DEPT correlation. Moreover, their structural
characterisations were supported by ESI-MS and CHN analysis. The structures of the hydride
chloride  [Co"(PN),(H)(CN)][PFs], the [Co"cis-(PN),Cl,][PFs], [Co"cis-(PN).CI][PFs] and
[Co"(PN)2(MeCN)][BF4], were determined by X-ray crystallography which revealed the difference
in configuration of the PN ligands by showing the cis-configuration of the two phosphorus atoms
in the [Co'"cis-(PN),(Cl),][PFs] and the [Co"cis-(PN),CI][PFs] complex, and the trans-configuration
in [Co"(PN),(H)(CI)]* and [Co"(PN),(MeCN)][BFa].. The distinct configuration of these two Co(lll)
complexes also resulted in a different degree of fluxionality in their structures by showing broad
signals of isopropyl protons in the *H NMR solution of [Co"cis-(PN)2(Cl);]* at room temperature
In contrast to this, the [Co™(PN),(H)(CI)]* and [Co"(PN),(H)(MeCN)]?* cation in a solution has
more rigid structure displaying sharp and well-separated peaks in the NMR spectra. The variable
temperature NMR studies of [Co"cis-(PN),Cl,]* at 223, 298K and 323K indicated a dynamic
structure from the hindered internal rotation of the isopropyl groups of the cis complex with Cy,
symmetry. The separated two broad peaks for CH ; arm and CH of the isopropyl in the *H NMR
spectrum at room temperature become one broad peak. The one broad CHj; protons is shaper
peak at higher temperature above room temperature Moreover, it also supported that the cis-

structure was adopted in solution at low temperature.
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2.6.2 Electronic properties

The UV-Vis studies of the Co(lll) complexes in this series reveal that the lowest energy charge-
transfer bands follow the wavelength order [Co"(PN),(H)(CI)]*, [Co"(PN)2(H)(MeCN)]?, [Co"cis-
(PN),Cl,]* at 450, 413 and ca. 370 nm respectively. Of these ions, only the dichloride exhibits
clear d-d bands. It indicated that H and/or MeCN ligands in the [Co"(PN),(H)(CI)]* and
[Co"(PN),2(H)(MeCN)]** greatly alter the electronic properties which leads to a large red shift of
the absorption spectrum and more negative shift of the Co(lll/11)-H couple compared to a redox
Co(lll/N) couple in the corresponding [Co"cis-(PN),(Cl)2][PFs]. Therefore, the UV-Vis evidence in
this study demonstrated that a modification of an axial ligand (changing from CI" to a CHsCN
and/or H ligand) in the octahedral Co(lll) hydride complexes considerably affected their
electronic properties by causing a red shift of CT transition. For example, substitution of an axial
ligand from Cl"to H™ led to a large red shift of 80 nm (0.60 eV) in the CT transition band of [Co"cis-
(PN)2(CI)2][PFs], from 370 nm (3.351 eV) to 450 nm (2.755 eV). However, a change in
configuration of P,N ligands from cis to trans geometry between the two phosphorus atoms
could also possibly play a role in this spectral change. Moreover, this absorption change
corresponded to their redox properties which showed a dramatic negative shift by 1.06 V of the
first reduction potential of Co(lll) to Co(ll) in the CV displaying Ey. = -0.42 V for monocationic
[Co"cis-(PN),Cl,]* species and -1.48 V for [Co"(PN)2(H)(Cl)]* species.

From the UV-Vis absorption studies of cobalt(ll) complexes it is apparent that ligand exchange
processes occur in solution. The dichloro derivative, [Co"(PN),Cl,] in coordinating solvents
exhibited a dramatic difference in the UV-Vis spectrum from that in non-coordinating solvents
due to replacement of ClI ligand/s by a solvent molecule or a P,N ligand exchange. It leads to a
generating of four- and five- coordinated [Co"(PN)Cl,] and [Co"(PN),CI]* as a mixture in the
solution resulting in a multi structed absorption in the UV-Vis spectrum. In contrast to this, the
[Co"(PN)2(MeCN)][BF4], analogue displayed only one CT band at 448 nm with £ =902 M*cm™,

suggesting a strong binding between the Co(ll) centre and the MeCN ligand.
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2.6.3 Redox and electrochemical reaction mechanism

The redox properties by consecutive one-electron reduction of the cobalt complexes were
investigated by cyclic voltammetry. A first reduction process of [Co'cis-(PN),CI][PFe],
[Co"(PN)Cl2], [Co"cis-(PN)2Cl][PFs], [Co"™(PN)2(H)(CI)][PFs] and [Co"(PN)2(H)(MeCN)][PF¢]. is
quasi-reversible with AEyvalue greater than that observed for a fully reversible Co(ll/1) couple in
monocationic [Co'cis-(PN),Cl]* and the [Co"(PN).Cl,] appeared at more negative potential than
the reduction of [Co"(PN)2(MeCN)]** by 120-240 mV. The [Co™(PN),(H)(CI)][PFs] complex showed
anirreversible Co(lll/Il)-H couple concomitant with an oxidation process of the resulting product
formed after one-electron reduction. While, the CVs of [Co"cis-(PN),Cl,][PFs] and
[Co"(PN)2(H)(MeCN)][PFe], display a quasi-reversible wave of Co(lll/1l) and Co(lll/ll)-H couple

with AE,= 146 and 110, respectively.

The variable scan rate analysis of [Co"cis-(PN),Cl,]* and the [Co"(PN),(H)(CI)]* suggested that the
one-electron reduction of these two complexes shows a quasi-electron transfer coupled with an
irreversible chemical reaction (Eq,Ci mechanism). The UV-Vis spectroelectrochemical studies
supported the chemical step after one-elecron reduction of the [Co"'cis-(PN).Cl;]* by the
generation of a mixture of Co(ll) species: because; the reduced Co"(PN),Cl; is labile in a solution
and undergoes P,N ligand exchange or a Cl ~loss in the solution. For the one-electron reduction
of [Co"(PN)2(H)(CI)]*, the Cldissociation from the reduced [Co"(PN),(H)(CI)]° species resulting in
a formation of the penta coordinated [Co"(PN),(H)]* species was observed. Moreover, the same
[CO"(PN)2(H)]* species is formed via E.C. pathway for the first reduction of the
[Co"(PN),2(H)(MeCN)]** complex as a result of a reversible release of MeCN from the reduced

[Co"(PN)2(H)(MeCN)]* species (Scheme 2.9.).
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Chapter 3

Electrocatalytic Ho evolution and electroreduction of
COq by cobalt complexes with bis-chelating PN ligands

3.1 Introduction

Cobalt has been emerging over the last decade as the most versatile non-precious metal for
catalysts for electrocatalytic hydrogen evolution 67-121:122:218,220 Anart from the development of
exceptional Dubois catalysts containing Ni metal centre as HECs (presented in Chapter 1), the
H* reduction catalysed by cobalt complexes was revealed a long time ago. A first generation of
H,-evolving cobalt-based catalysts with diglyoxime ligands is known as cobaloximes and will be
illustrated in section 3.1.5.1. Over the past decade, numerous examples of cobalt-based
complexes have emerged as electrocatalysts for H, evolution, including cobalt diglyoximes &7,
cobalt diimine-dioximes %28, Co-porphyrins!**, cobalt based polypyridine ligands & 2>°2613nd
cobalt dithiolate systems.'>*222 Mechanisms of homogeneous catalyzed H, evolution by cobalt-
based catalysts have been extensively investigated. In most cases, generation of a Co(lll)-hydride
intermediate by protonation of a basic Co(l) species is considered as a key step in the proposed

mechanism of this catalytic reaction.
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3.1.1 General H; evolution pathways catalyzed by cobalt complexes

Cobalt-catalyzed hydrogen evolution has been studied extensively both experimentally 3¢ 140
262-265 3nd theoretically 2°62%%, The H, evolution pathways are proposed to proceed via common
cobalt hydride intermediates, and all of the proposed mechanisms start with a reduction of Co(ll)
to Co(l) with a subsequent protonation to form Co(lll)-H. Hydrogen evolution can occur through
two distinct pathways: a bimolecular reaction of Co(lll)-H leading to reductive elimination of H,

(homolytic pathway, Scheme 3.1) or a protonation of Co"

—H to evolve H,. Alternatively, it can
be further reduced to form Co(ll)-H which subsequently produces H, via similar homolytic or

heterolytic pathways.'?

Homolytic

VaH, ¥Hp

e e HA
BN el g B e Bl P

H, HA
Heterolytic
Scheme 3.1 Reaction pathways for the evolution of H, from the reaction of a Co' complex with

acid (HA).1®

3.1.2 Benchmarking molecular H;-evolving electrocatalysts by cyclic voltammetry
Electrocatalytic cyclic voltammetry has been a useful tool for investigation of catalytic
mechanism, overpotential () and understanding overall rates (k) for molecular catalysis.*”
257 A rational comparison of molecular catalysts does not only require overpotential which is
defined as the potential where catalysis occur but also the catalytic rate at this electrode
potential. The determination of overpotential (n) and catalytic rate constant for an

electrocatalytic multi electron transfer process will be described in the next section.

3.1.2.1 Overpotential

Overpotential (n) is defined as the additional potential that required to drive a reaction at a
certain rate beyond thermodynamic requirement. This parameter is calculated as the difference
between the applied potential and the standard potential for the production of hydrogen from

acid HA as shown in eq 3.1.2%°

Overpotential (1) = Ecat-E%am2 eq3.1
Determination of the thermodynamic potential for H, evolution in non-agueous solvent (E%a/m2)

based on the Nernst equation was defined by Evans following eq 3.2.%°

E%amz = E%smz — (2.303RT/F)pKaras eq3.2
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The most recently reported value of E%./uz (-0.028 V vs. Fc”*) in acetonitrile was determined by
the open-circuit-potential (OPC) method by Bullock et al.?’° On this basis, the thermodynamic
potential (E%asm2 ) for acids used in my work such as TsOH-H,0, CFsCOOH and CHsCOOH with
pKa = 8.6, 12.65 and 23.51 in CH3CN %, respectively, was calculated with the following equations
(eq 3.3-eq 3.5).

E%a/mz value of TsOH-H,0 = -0.028-(0.059x8.6)  =-0.54 V/ vs. Fc”* eq3.3
E%a/m2 value of CFsCOOH = -0.028-(0.059x12.65) = -0.77 V vs. Fc¥* eq3.4
E%a/Hz Value of CH3COOH =-0.028-(0.059x23.51) =-1.42 V vs. Fc”* eq 3.5
Using Ect/2 as catalytic potential in stead of Ec.: (eq 3.1) was recommended for less-ideally

behaved systems or a non-ideal catalytic waves as shown in Figure 3.1.77

Ecatr2 Ecayz 7
K

Leat

icauz

06 -08 -10 -12 14 -16
E (V vs FeCp}°
Figure 3.1. Experimental wave illustrating non-ideal catalytic behaviour, showing two possible

selections for ic;t and their corresponding Ecat/2 values.

3.1.2.2 Kinetics analysis of H. evolution electrocatalyst
Savéant and co-workers 2’2 simulated CV responses for the one-electron electrocatalytic process

for reduction of substrate A to C by a redox catalyst P/Q (EC’ mechanism) as shown below
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Electrocatalytic one-electron reduction process (E.Ci’ mechanism) and

Idealized CV Responses.

0
Pres== Q F5yq

Q+A —» T+C Ko

The different CV responses for this simple electrocatalytic process are dependent on the
parameters in the eq. 3.6 and eq. 3.7, where A is the kinetic parameter, y represents the excess
factor, ke is the rate constant of electron transfer from the reduced catalyst Q to substrate A, 619

is the bulk concentration of redox catalyst P, and C) is the bulk concentration of substrate A.

1= (E) keCl(’) eq 3.6
F v
_G
Yy = 619 eq 3.7

A plot of log A versus log y can be constructed by dividing into various zones with distinct CV
responses (Figure 3.2).2%° All of CV waveforms with the short description are shown in the Figure
3.2). Some of these zones that generally are mentioned in derivation of kinetic data such as kops
from FOWA will be described in more detail. The compass rose in the kinetic zone diagram
suggests how different CV responses and zones may be accessed by varying A (e.g scan-rate

variation) and y

For zone D (No Catalysis), the CV observed is that of the reversible-one electron reduction of
P/Q couple under non-catalytic conditions. In zone KS, there are many descriptions that used to
refer to the CV response in this zone (e.g. S-Shaped, plateau-shape, pure kinetic conditions, no
substrate consumption). An S-shaped response is observed where the forward and reverse scans
are exactly superimposed. This region is characterized by the situation where the substrate
concentration at the electrode surface is equal to the bulk concentration. A peaked CV shape is
observed in zone K because there is competition between consumption of the substrate by the
rate-determining step, with diffusion of a new substrate to the electrode. No reverse anodic

wave is seen because any reduced catalyst is oxidized through catalytic turnover.
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KT2 KT1 Zone Waveform  Description
TOTAL
CATALYSIS

No catalysis

Substrate is depleted near the electrode

KS Substrate not depleted at electrode; forward/reverse:

traces overlay

KD Substrate concentration is not depleted; ‘S’ shape not:

observed due to reduced kinetic parameter (A)

KG Substrate near electrode is consumed; kinetic

parameter small

KG* See KG description

S-SHAPED
VOLTAMMOGRAMS KT2

All substrate is consumed by a small amount of active
catalyst

TSNS

KT1 See KT2; catalytic wave and redox wave overlap

Figure 3.2. Kinetic zone diagram and simulated CV waveforms for the one-electron reduction of
substrate A via redox catalyst mediator P, where A is the kinetic parameter and y is the excess.
factor (see the text). The compass rose visually depicts how catalysis may move between zones
(G is the initial concentration of the catalyst, CA° is the initial concentration of the substrate, v
is the scan rate, and k. is the rate constant for homogeneous electron transfer from the reduced
catalyst to the substrate). The CV waveforms follow the convention of negative potentials to the

right and cathodic current upward. Scans are started from positive potentials. 2°

Experimentally, the S-shaped CV response can be obtained from peak-shaped CV (zone K) by
increasing the scan rate (decreasing A) as suggested in the compass rose. Therefore, the overall
time required to record the CV is short and substrate consumption is limited. Alternatively, the
S-shaped CV response may be achieved by increasing the substrate concentration (increasing y).
Moreover, the fast chemical reaction, as compared to the timescale of the voltammogram
(Fv/RT), is required to access to the pure kinetic zones requires. Thus, in the case of slow
catalysis (small ke), scan rate may be decreased to increase the value of A. However, caution
must be exercised because slow scan rates (and very large A) may lead to substrate consumption

within the diffusion layer.2%°

Determination of kons for a fast catalytic reaction from CV

For the electrocatalytic H, evolution involving two-electron catalytic process, more complicated
CV responses may be observed while the wave forms shown in Figure 3.2 are relatively general.
However, the concepts of catalytic rate and substrate diffusion by simple electrocatalytic
process are applied for many cases of H,-evolving electrocatalysts. For example, the fast Dubois

catalysts 133 demonstrate that S-shaped or plateau CV can be achieved by raising the scan rate.
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By extension, the concepts of an electrocatalytic process (EC' mechanism) to two-electron
catalytic reaction (ECEC mechanism), it is assumed that all electron transfers occur at the
electrode (n=2) where the second reduction is easier than the first, only 1 equiv of P is necessary
for catalytic turnover (n’=1). Accordingly, the catalytic plateau current (i.,;) can be represented

by the general, eq 3.8.

icat = NFSCY\/DN'k,ps eq3.8
where S = the surface area of electrode in the unit of cm?, 619 = the concentration of catalyst in
bulk solution (M), D = the diffusion coefficient (cm?s?), F is faraday’s constant and k. is the
appearent catalytic rate constant (s*). The catalytic plateau current (icat) is given by eq 3.8 is
independent of the scan rate. Therefore, an ideal S-shaped CV response (in zone KS) (Figure 3.2)
with a fixed plateau current and a scan rate independent would be expected for a fast catalytic

reaction as compared to Fv/RT under pure kinetic conditions. 2%°

For a catalytic H" reduction to H,, n=2 and n’=1 are replaced in the eq 3.8 affording eq 3.9.

icar = 2FSCY\/Dkops eq3.9
When a reversible non-catalytic wave can be observed in the absence of substrate, dividing eq
3.9 by the non-catalytic peak current (ig) as expressed by Randles-Sevcik in eq 3.10 leads to eq

3.11 with a cancellation of A, 619 and D.

.0 _ o |FvD

il = 0.4463FSC) /F eq3.10
icat _ RTkobs

o 0.448 — eq3.11

P

According to the eq 3.11, the ratio of icat/ig depends on a function of ko,s and the scan rate. Thus,

k,ps can be directly calculated from the measured parameters ice: and ig yielding eq 3.12.

Kops = 0.0497 x =¥ x (katy2 eq3.12
RT ip

Moreover, the second-order catalytic rate constant, ke (M s?) and the TOF (s?!) can be

determined by icat/ip as defined in the eq 3.13

3 2 /. 2
TOF = keqe €y = 2 (2452 (‘—f) eq3.13

RT \ ncg ip
where, D is diffusion constant of catalytically active species; ket is the rate constant of catalytic

reaction, n.,: = number of electrons required for the catalytic reaction.

Practically, the peak-shaped catalytic wave is usually observed. An S-shaped or plateau-shape

CV could not be obtained as result of side-phenomena such as consumption of substrate,
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degradation of catalysts and inhibition by product. 2’ Competition from side phenomena cannot
always be described through experimental parameters. To manage this problem, Savéant and
Costentin developed a new method so-called “Foot of the wave analysis” (FOWA).?”® as
discussed below. One of side phenomena, that is usually observed in catalytic CV responses of

molecular Hy-evolving electrocatalysts, is H* consumption as described below.
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FOWA plots from unperturbed catalytic responses vs consumption of the

H* substrate

The catalytic CV response shown in Figure 3.3 a is obtained with no competition between side-
phenomena and the catalytic reaction. Therefore, an ideal S-shaped CV gives an ideal straight
line over the whole range of the X-axis from FOWA plot (Figure 3.3 a’) with the starting point
and Y-intercept at zero. While the peak-shaped catalytic waves are observed if H* consumption
interrupts the catalytic reaction. Figure 3.3 b shows that the decrease of substrate concentration
results in more deviation from the S-shape response because of an increasing contribution of
substrate diffusion toward the electrode. Use of FOWA analysis (Figure 3.3 b’) allows the
observation of a straight line near the foot of the wave for all cases with different acid
concentrations. By FOWA analysis, it is demonstrated that the interference by H* consumption
near the peak of a catalytic wave can be limited and at the foot of the wave and catalysis occurs

under pure kinetic conditions (KS zone).

03 02 01 0 -01 02 0 02 04 06 08 1

il
ud F

1 E 4

; | F ]
0 _g0 ; ol —(E—E°
] E-E.) (V) 1+exp RT(E Epg) |F
-2 SR KRR R L) A A s LR AL AR I
03 02 01 0 -01 -02 0 02 04 06 08 |

Figure 3.3. (a) Simulated catalytic CV responses (no side-phenomenon), with v=0.1Vs?, Dp =
10° ecm?s?, G%=1mM, T=298 K, n’ = 2, and Ca° = 50 s%;(a’) FOWA analyses for the same CV
response Ca° = 1 M, 2k= 100 M s (b) Simulated catalytic CV responses (substrate
consumption) with various concentrations of substrate (decreasing from blue to yellow:Ca’= 1,

0.1, 0.01, and 0.005 M; (b’) FOWA plots for the same CV response.?’3
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Application of FOWA for Determining a Rate Constant from a peaked-shape

catalytic CV response for a Multistep Catalytic Reaction

As mentioned above, side phenomena interfere with the catalytic reaction resulting in peak-
shaped catalytic waves. This peak-shaped CV response precludes the straightforward calculation
of kobs from the experimental ratio of icat/(ig) as given in eq 3.12. Therefore, the estimation of
pseudo-first order rate constant (kous) in the unit of s* by FOWA can be the rational choice for

analysing a catalytic reaction under pure kinetic conditions occurring at the foot of the wave. 2

3.1.2.3 Foot of the wave analysis (FOWA)
For a two-electron electrocatalytic process where all electron transfers take place at the
electrode and the second reduction step is easier than the first, the expression of current is given

by the eq 3.14 for an ECEC and EECC mechanism for H, evolution?’:

i = 2FSCY\[Dkops

1+e[%(5—52)] eq3.14
where kops is the apparent rate constant, and Ez? is the standard potential of the redox couple
mediating catalysis.?’* This equation explains a catalytic current response for a two-electron
electrocatalytic reaction as a function of the potential obtained under the conditions of zone KS
and the case in which the first chemical step is rate determining. Dividing eq 3.14 by ig as defined

in the eq 3.10 yields the eq 3.15 which allows for determination of ko by plotting i/ig as a

F o r0
function of 1/1 + e Rt E~Ep)] near the foot of the wave to attain a linear function at a certain
scan rate. The observed rate constant can then be extracted from the slope of the linear fit.
i 2Jk RT 1
% = Y _obs | X T F . oo eq 3.15
ip 04463 \Fv ' | [rE-ED)]

[rF(E—ED)]

In the absence of competing side phenomena, plotting i/ig versus 1/1 + e'rT P/l leads to a
straight line with an intercept at zero. This linear relationship requires that one of the electron
transfer processes for catalysis should occur at a much more positive potential than the other
and the first chemical step (ki) is rate-limiting. To overcome these limitations, using Ec2 instead
of Ez? as the expression in eq 3.16 is fulfilled for all kinetic regimes, not only where k; is rate

limiting.2%7 274

i icat/ip
D= T Fer eq 3.16
p

1+e[ﬁ(E_Ecat/2)]
Where, ig is the peak current of the reversible wave in non-catalytic condition, icat is the steady-
state catalytic plateau current, Ect2 is the potential at iz, and the expression

1/{1+exp[(F/RT)(E-Eca2)]} describes the fraction of catalyst that is reduced at a given potential.
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Thus, in our study, FOWA as expressed in the eq 3.16 was used to analyse the electrocatalytic

wave.

3.1.2.4 Turnover frequency and catalytic Tafel plot
The turnover frequency is generally defined as the time derivative of turnover number, which is

considered when a catalyst is stable obtaining from the ratio:

N product

TOF =

Nactive cat

of the number of moles of product, produced per unit of time to the number of active catalysts
in the reaction-diffusion layer. In a homogeneous electrocatalytic process, turnover frequency

is defined by the eq 3.17.77*

TOF
TOF = max TOF —_ k CO e 3.17
1+exp [%(E_Emt/z)] max catbp q

According to this equation, TOF is dependent on the applied potential E and
becomes independent of potential when the applied potential is significantly negative of E../,
leading to reach the TOF,, value. This value is simply given as TOF ;= keotCp 1 GKSIS ¢hCyyz 1a
(KS 203SIASR -GS 02yallyE 01200 Fi2Y Ch=211 ty &™ I I 02yBSylii2y1€ m a I-0IR 02y0Syall-ii2ye7s
Lyi2Ra0li2y 27 (KS 7 where 17 = E%,- E provides a TOF- relationship which can be expressed
as the eq 3.18 below.

TOF ax

TOF =
1+exp [RL(E,O#/HZ _Ecat/Z)] exp(‘%"‘)

eq 3.18
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3.1.3 Early investigation of cobalt hydride complexes for HER

Reactive Co(lll)-H and/or Co(ll)-H intermediates are often involved in HER catalysed by cobalt
complexes (previously metioned in section 3.1.1), and early mechanistic studies of cobalt-
catalysed H; production suggested that a pathway for H, evolution depended on experimental
conditions such as concentration of active catalyst or pH as described in the selected cases. A
stable hydridocobaloxime (CoH-8, Chart 2.3) was claimed in 1971. Early kinetics studies of this
complex for hydrogen evolution in aqueous and non-aqueous solution were also reported in
1978 by Chao and Espenson.?’® However, it was proved later that the CoH-8 was not the

[Co"(dmgH)2(PBus)(H)].

A series of cobalt(lll) hydrides based on cyclopentadienyl and phosphine derivatives: CoH-1,
CoH-2, [CpCa"(P)2(H)]" (P = PPhs, PEts, P(OMe)s) were isolated by protonation of their cobalt(l)
[CpCo'(P),] precursors using ammonium salts. These complexes were characterized by *H NMR
spectroscopy. The activity of the cobalt(l) complexes for electrocatalytic H, evolution: for
example: [CpCo'(P),] and their cobalt(lll) hydride analogues, [CpCo"(P).(H)]*, were examined in
aqueous solution at pH 5. It was found that a reduction of [CpCo"(P),(H)]* to [CpCo"(P)2(H)]
afforded [CpCo'(P);] and H, via bimetallic reaction of [CpCo"(P)2(H)] or could give H, via a
protonation of [CpCo"(P)2(H)]. The resulting [CpCo'(P),] is reprotonated to repeat a catalytic

cycle for hydrogen evolution in the presence of acid. 28

As mentioned previously in Chapter 2, cobalt hydride complexes have been much investigated
due to their efficiency in many catalyzed reactions. Many cobalt hydride complexes containing
phosphine ligands have been reported as intermediates involved in H; evolution catalysis.'??
More recent studies of hydride complexes that are evoked as intermediates for catalytic H,

production will be illustrated in section 3.1.4.
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3.1.4 Recent studies of cobalt hydride intermediates in catalytic HER

All of the selected cobalt hydride complexes shown in Figure 3.4 are intermediates for the H,
evolution reaction. Most of them were generated in situ in a solution under catalytic conditions,
and some of them were isolated for mechanistic and/or kinetic studies for H, evolution catalysis.
For example, the in-situ generation of the hangman porphyrin, [HCo"(HMP)] (HMP = hangman
porphyrin) by electrochemical reduction of the Co(ll) analogue in acidified MeCN solution using
strong acid as H*source was reported by Nocera et al *° in 2011. The evidence for the Co(lll)-H
and Co(ll)-H hydride intermediates was obtained by CV under catalytic conditions as will be

discussed below. In the same year, Gray and co-workers 253

reported generation of
HCo"(dmgBF,) by protonation of the Co(l) precursor with a photo-acid monitored by laser
transient techniques. The same group in 2012 reported direct evidence for

[Co"(triphos)(CH3CN)2(H)]?* under catalytic conditions by NMR spectroscopy as discussed

below.??*
F
Ho o8
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Figure 3.4. Structure of recent cobalt hydride catalysts for H, production.
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In situ generation of [HCo'"'(HMP)] hydride complexes monitored by CV

The CVs of 1-Co and 2-Co solution with no acid (Figure 3.5 a) showed Co(l/0) couple redox
couples at similar potential around -2.0 V but displayed distinct reversibility. The irreversible
Co(1/0) couple in the 1-Co is due to a protonation of Co(0) species by the pendant COOH to form
a Co(ll)-H intermediate. The irreversible Co(l/0) in the 2-Co with no pendant COOH was also
observed when weak acid was added to the solution (Figure 3.5 a, green trace). This confirmed
that Co(ll)-H is required for HER catalysis by these two complexes.

(@) Co(1/0) (b)
Co(ll/1)

(c)
Strong acid

weak acid

ImuA T20pa

Co(1/0)
L 1 1 1 1 1 1 1 ] L 1 1 1 1 1 1 1 ] L 1 1 1 1 1 J
-05 10 -15 -20 -25 -05 -10 -15 =20 -25-05 -1.0 -1.5 -2.0
E vs ferrocene (V) E vs ferrocene (V) E vs ferrocene (V)
o o
(d) ) 1] 1
Bu weak acid OH 0
) (o] gl H
K — 0 - - ’
\ \ \ } ~ (Gal) co'
/_—. { S & o / ’ \\H.
¢y s
B¢ Co' H2
\
H'N\ o o} //
strong acid | | . & E oL

Figure 3.5. (a) CVs of 0.5 mM 1-Co (black line), 2-Co (red line), and 2-Co with 0.5 mM benzoic
acid (green line). (b) CVs of 0.5 mM 1-Co with 2.5 mM benzoic acid (black line) and 0.5 mM 2-
Co with 3.0 mM benzoic acid (red line). (c) CVs of 0.8 mM 1-Co (black line) and 2-Co (red line)
with 10 mM tosic acid. Condition: scan rate 100 mV/s; 0.1 M TBAPFs in acetonitrile. Glassy
carbon working electrode. d) Schematic representation of electrochemical generation of the

Co(ll)-H intermediate under catalytic conditions.**®

The CVs (Figure 3.5 b) of 1-Co and 2-Co solution acidified with weak acid (benzoic acid) showed
catalytic current near Co(l/0) couple without a loss of reversibility at Co(ll/I) couple. It was
proposed that H, evolution mechanism catalyzed by the 1-Co and 2-Co requires a protonation
of Co(ll)-H formed by a protonation of Co(0) as shown in Figure 3.5 d. Moreover, the hangman
effect by installing carboxylic acid group in the 1-Co improved their catalytic activity by showing
catalytic peak at lower reduction potential compared to that of 2-Co (Figure 3.5 b). By using
strong acid, the Co (II/1) wave in both 1-Co and 2-Co becomes irreversible (Figure 3.5 c). This

indicates that the Co(l) analogue is protonated by the tosic acid. But the higher catalytic currents
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occurs at more negative potential than the Co(ll/1) reduction event. It indicated that a Co(lll)-H

species formed in a solution needs to be further reduced to Co(ll)-H for H, generation.

From the proposed H; evolution pathway (Figure 3.5 d), the electrocatalytic H, evolution of 1-
Co in MeCN by using strong acid (tosic acid as H * source) occurs via a reduction of Co"-H
intermediate with a subsequent protonation of the reduced Co"-H species to evolve H,. In the
case of using weak acid as H* source (benzoic acid), 1-Co requires a protonation of Co(ll)-H

formed by a protonation of the doubly reduced Co(0) for H, production.

In-situ generation of HCo''(dmgBF:) complex monitored by transient

absorption spectroscopy

| 122

Recent work by Gray et al. ** revealed the mechanism of H, evolution from a photogenerated

HCo"'(dmgBF.) suggesting that reaction via a protonation of Co"-H is more favorable under

"_H is in low concentrations

certain experimental conditions: for example; in solutions where Co
and reducing equivalents are in excess. Co(lll)-H is generated by protonation of Co(l) with a
photo acid monitored by laser transient techniques to investigate proton-transfer and electron
transfer kinetics. Scheme 3.2 shows that excited-state proton transfer from ®'NaphOH to
[Co'(dmgBF,)]” produces HCo"(dmgBF,) with a rate constant of 4 x 10° M*s™. The Co(lll)-H is
then reduced by excess Co(l) diglyoxime in solution to produce Co(ll)-H (krea= 9.2x10° M1s1). A

heterolytic H, evolution by protonation of the Co(ll)-H then occurs concomitant with generation

of Co'-diglyoxime.
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Scheme 3.2. Kinetics parameters for reactions leading to hydrogen evolution from a

cobaloxime.'??
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Direct evidence of in situ generation of [Co"'(triphos)(CH3sCN)2(H)]?* by 'H
NMR

In 2012, Gray et al.2?* prepared a series of cobalt complexes with a tripodal phosphine. The
hydride [Co"(triphos)(CHsCN),(H)]?* (Figure 3.6 a) is generated in situ by protonation of its Co(l)
analogue, and direct evidence of the Co(lll)-H hydride species hydride signals at & -7.6 are
observed in the *H NMR spectrum. The CV studies (Figure 3.6 b) of the Co(l) species in MeCN
with increasing p-toluenesulfonic acid monohydrate (TsOHeH,0, pK.=8.7) display enhancement
of currents near the Co"'couple. However, the much higher currents are observed at more
negative potential (close to Co(l/0) couple) and at higher acid concentrations. Based on the
evidence from the NMR, CV and kinetic studies, the Co(lll)-H intermediate produces hydrogen
(Figure 3.6 c) via two competing bimolecular pathways including a slower homolytic route by
two species of Co(lll)-H and a faster heterolytic cleavage of a highly reactive Co(ll)-H. This
intermediate is formed after reduction of Co(lll)-H by Co(l) analogue and is then rapidly

protonated to produce H, 2%,

/ f(a) |

+ - 7. R "
| Bl / T+ [oTs] o S L = \
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Figure 3.6. a) H, evolution from a cationic [Co'(triphos)]* via the Co(lll)-H intermediate monitored
by *H NMR. 22, b) CVs of [Co(triphos)]* in MeCN solution with 0.1 M TBAPFs in the presence of
TsOH-H,0 ?2* and c) possible pathways to hydrogen production by the fast protonation of Co"-H

or slow bimolecular reaction of Co"-H.
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Although the reduction of these Co(lll)-H complexes in the presence of acid results in catalytic
H, evolution, they were generated in situ and have not been investigated under non-catalytic
conditions (with no acid in a solution). The Bullock group achieved the isolation of the
[HCo"(L2)(CH3CN)]** supported by a tetradentate phosphine (Figure 3.4) This hydride complex
was fully characterized with well-defined redox properties (described previously in section 2.3.2
and 2.3.3). The mechanism for H, production under electrocatalytic conditions is proposed to
proceed via both a heterolytic pathway by protonation of HCo(ll) or HCo(l) and a homolytic

pathway by the bimetallic reaction of HCo(ll) or HCo(l) as described in section 3.1.1.

A reduction of Co(lll)-H to Co(ll)-H identified by cyclic voltammetry

In 2016, Bullock et al. 2°7 reported the mechanism of H, evolution electrochemically catalyzed
by [Co"(P2N;)(CHsCN)s]** using cyclic voltammetry by the combination of variable scan rate
analysis and foot-of-the-wave analysis (FOWA). Transient hydride intermediates can be formed
by reduction of Co" to Co' in the presence of acid. The CV (Figure 3.7 a) of [Co"(P.N,)(CH3CN)3]**
with 4.0 equiv p-bromoanilinium (pK, = 9.43) at 0.1 V s " displays a catalytic wave at E,c = -0.98
V which is shifted to negative potential from the Co(ll/I) couple by 110 mV. The anodic peak on
the return scan is consistent with the oxidation of Co(l). Raising the scan rate up to 2 Vs results
in more negative shifts of catalytic peak potential (Ey), and the catalytic waves become
separated from the Co(ll/1) couple. This separation between the Co(ll/I) and Co(lll/Il)-H couples
was also observed in the CVs of the complex at v =2 V s! with increasing amounts of p-
bromoanilinium (Figure 3.7 b). The current at the Co(ll/l) couple remains constant while the
catalytic current at Epc = -1.04 V continues to enhance with the acid concentration indicating

that a reduction from Co(lll)-H to Co(ll)-H must occur prior to liberation of H,.
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Figure 3.7. Cvs of [Co"(P®Y;N";)(CH3CN);]** (1 mM) and p-bromoanilinium tetrafluoroborate (4
mM) (a) at different scan rates, and (b) varying concentrations of p-bromoanilinium
tetrafluoroborate (1-4 mM) at scan rate = 2 V s%; (c) FOWA plot (blue) of
[Co"(P*™®,NP",)(CH3sCN)s]* showing the linear fit (dash line, red); (d) normalized CV (black)

showing the potential window that gives a linear FOWA plot (red portion). v=0.1V s.2%7

Moreover, a plot of E, versus log(v) from the CV in Figure 3.7 a gave a slope of -54 mV
suggesting the formation of Co(lll)-H hydride intermediate with quasi-reversible electron
transfer kinetics which corresponded to their previous studies on the Co(lll/Il)-H couples of
isolated [HCo"(L2)(CHsCN)]** and [CpCo"'(P®“2NP"2)H]*. By using foot-of-the-wave analysis
FOWA (Figure 3.7 c), a deviation from linearity at the foot of the wave indicates that the Co"/"H
couple is close to and slightly more negative than the Co"' couple. A plot of i/i, versus
1/{1+exp[(F/RT)(E-Ecat/2)]}should give a straight line at small values of 1/{1+exp[(F/RT)(E-Ecat2)]}
with an intercept of zero if one of the electron transfers for catalysis occurs at a much more
positive potential than the other, i.e. a large AE*’. Therefore, FOWA confirmed that the Co(ll/I)
and Co(Il1/11)-H couples in [Co"(P*®,N"",)(CH3CN)3]?* appear at similar potentials under catalytic
conditions. This is in agreement with scan rate analysis by suggesting a reduction of Co(lll)-H to
Co(ll)-H hydride intermediate via quasi-reversible electron transfer kinetics.

Moreover, the FOWA plot (Figure 3.7 c) also showed a rapid decrease in i/i, at high
1/{1+exp[(F/RT)(E-Ecat/2)]} indicating acid depletion. The linear region in Figure 3.7 c corresponds

to the red trace in the CV shown in Figure 3.7 d.

Until now, direct evidence from the spectroscopic and crystallographic characterisations of
Co(in) hydride complexes was very limited.'?> 28 |n-depth understanding of H, evolution
pathways catalysed by cobalt complexes requires a straightforward mechanistic and kinetic

investigation of cobalt hydride complexes which can lead to rational design of cobalt based
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HECs. The next section 3.1.5 will show examples of cobalt complexes that catalyse H, evolution
via some of the cobalt hydride intermediates shown previously, other cobalt catalysts and

examples of cobalt catalysts for selective CO, conversion to CO or HCOOH in section 3.1.6.

3.1.5 Molecular cobalt catalysts for H, production

Apart from the development of exceptional Dubois catalysts containing Ni metal centre as HECs
(presented in Chapter 1), cobalt complexes also have been extensively investigated as efficient
catalysts due to their intrinsic high activity in the HER.®> ®” This section will introduce the
development of cobalt based HECs separated into four classes based on their structures with
different ligand platforms: diglyoxime derivatives (section 3.1.5.1), polypyridyl ligands (section
3.1.5.2), dithiolene complexes (section 3.1.5.3) and catalysts containing basic amine groups

(section 3.1.5.4).

3.1.5.1 Cobalt complexes with diglyoxime derivatives

The early cobalt complexes with diglyoxime ligands known as cobaloximes were initially
designed as structural mimics of vitamin B1,.1*! Cobaloximes were recognized early as efficient
catalysts for H, evolution from an acidic aqueous solution and could catalyze hydrogen evolution
at low overpotentials.®’” For example, The Co"(dmgH).pyCl (dmgH = the dimethylglyoximato
anion, py = pyridine), Co-dmg-1 as shown the structure in Chart 3.1 electrochemically catalyzed
H, evolution at a Co"' potential of -1.44 V vs Fc®* in DMF with [EtsNH*]CI (pKa. = 10.75). The
analogous (Co-dmg-2) behaves similarly.®” Replacing the bridging H-atoms by -BF, groups (Co-
dmg-3 and Co-dmg-4) can improve the stability of the catalysts in acidic solutions. However,
most of these cobaloxime derivatives still have limited stability in acidic conditions. For this
reason, the next generation catalysts as another class of B;; mimics, cobalt diimine-dioxime
complexes (Co-dmg-5-Co-dmg-7) have been developed by Artero et al.**! Changing one oxime
bridge to a propane tether also enhances stability by inhibiting hydrolysis of the complexes. 2”7
Bulk electrolysis of Co-dmg-3 and Co-dmg-7 for 2 h in acidic aqueous solution (pH 2.2) using GC
as WE at Eapp = -1.31 V vs Fc”* results in TON for H, production of 16 and 23, respectively, with
FEuz of around 80%.278 DFT calculations of Co-dmg-7, suggested that the dioxime moiety may be
involved in facilitating catalysis through proton transfer.?®® Moreover, cobaloxime derivatives
are also widely combined in photocatalytic systems for H, production and used as catalysts in

the presence of photosensitizer and sacrificial electron donor.?2°
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Chart 3.1. Selected examples of cobaloxime derivatives and cobalt diimine-dioxime complexes.

3.1.5.2 Cobalt(ll) catalysts with polypyridyl ligands

Polypyridyl-cobalt complexes form a diverse class of HECs, incorporating pyridine- and bpy-
derived tetra- and penta-dentate ligands with a Co(ll) ion.” Molecular metal-polypyridyl
catalysts have been extensively studied for hydrogen evolution or water reduction (Chart 3.2).
A series of water-compatible polypyridine cobalt complexes for hydrogen evolution catalysis has
been investigated by C.J. Chang and J.R. Long groups %% %7°, This class of catalysts are highly stable
in water with high rates of conversion and selectivity for proton reduction. Moreover, reactivity
of these scaffolds can be tuned by molecular design including altering supporting ligand
electronics, denticity and/or incorporating redox-active elements. The pyridine ligands can also

stabilize first-row transition metals including cobalt(l) oxidation state in aqueous solution.?8% 281

The earliest HECs for electrocatalytic H, production among this class was developed with
bipyridyl derived tetradentate ligand, Co-Py4-1. The CV in 1:1 H,O:MeCN with TFA showed
catalytic current at the potential of the Co(ll)/Co(l) couple, and bulk electrolysis with a GC WE
produced H, with FE of 99% at E,p-1.40 V vs Fc%* 282
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Co-Py4-1 (2010) Co-Py5-1 X=H (2011)
Co-Py5-2 X= CF3

Co-Py5-3 X= NEt
Y 2 OH, —l 2+

Me N/\J\/\k Me
= ] WX
0
Hy, =
Co-bpyPy5-1 X=H (2013)

Co-bpyPy5-2 X=CF3 Co-ImPy4-1 (2011)

Chart 3.2. Examples of cobalt(ll) based polypyridyl catalysts for H, evolution.

However, this complex is not soluble at higher water content. To achieve the development of

259 were then used for

water soluble and resistant catalysts, the pentadentate Py5Me; ligands
the next generation of cobalt catalysts, Co-Py5-1, Co-Py5-2 and Co-Py5-3, for water reduction
in fully agueous solution. The CVs of these complexes were collected in water with 1 M
phosphate buffer, pH 7 at a Hg pool electrode which showed an irreversible wave of the Co(ll/I)
couple as shown in Figure 3.8. Modification of the ligand scaffold at the 4-position of the central
pyridine in complex Co-Py5-1 by introduction of electron withdrawing CFs; or donating NEt;
groups affords the complexes Co-Py5-2 and Co-Py5-3, respectively. Electron withdrawing CFs in
Co-Py5-2 leads to a positive shift of the Co(ll/l) couple compared to the Co(ll/1) couple in the Co-
Py5-1, while a negative shift of the Co(ll/I) wave in Co-Py5-3 is observed by incorporating a
donating NEt; group. An increase of current at more negative potential than the Co(ll/1) couple
in each complex indicates subsequent catalytic water reduction at this potential. This finding

allows the investigation of electronic effects on the catalytic activity for H, production and also

demonstrates the ability to tune potentials in a rational molecular design.
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Figure 3.8. Normalized CVs of Co-Py5-1 (red), Co-Py5-2 (green), and Co-Py5-3 (blue) in 1 M

phosphate buffer at pH 7 at a Hg pool electrode.?*®
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A neutral ligand scaffold in these active and water tolerant catalysts has been widely used for
many reasons. First, positively charged complexes can be obtained so that a suitable charge-
balancing anion may provide water solubility. Secondly, water-resistant properties are expected
by strong bonding interaction between the aromatic pyridine ring and the cobalt metal centre.
Finally, the strong o donor abilities of the pyridines and their metal to ligand © back bonding

ability should stabilize low-valent reduced metal species.

H; evolution catalysis by Co-based pyridine catalysts with a redox-active

ligand

In 2013, Chang and co-workers ?’° designed a series of cobalt complexes containing 2,2’-
bipyridine moieties, Co-bpyPy5-1 and Co-bpyPy5-2 which are expected to be not only redox-
active ligands but also provide a robust framework assuming no hydrogenation of these
complexes. The hydrogenation of the complexes during catalysis could deactivate H* reduction
as observed in a reaction of cobalt-bisglyoximato.?®® The CV of complex, Co-bpyPy5-1 showed a
metal-centred Co(ll/1) reduction at -1.20 V vs Fc”* followed by two ligand-centred reductions of
bpy”*at-1.79V and -1.94 V. The redox wave of Co(ll/1) couple is 230 mV more positive than that
in acetonitrile derivative of Co-Py5-1 2¢° which indicated stabilization of Co' via © backbonding
to bpy ligand. The introduction of CF; electron withdrawing group in Co-bpyPy5-2 results in
positive shifts of Co(lll/11) and Co(ll/1) couples by 75 and 61 mV, respectively. Interestingly, the
two ligand-centred reductions are shifted more positive (80 mV) than the metal redox couples.
This evidence suggested that the reduced Co(l) complex can be highly stabilized by redox-active
bpy ligands. The Co-bpyPy5-2 can catalyze proton reduction in CH3;CN with weak acetic acid by
showing catalytic waves at two potentials between the Co(ll/I) couple and ligand-centred bpy®*
. The authors concluded that it could possibly operate via two different mechanisms depending

on the applied potential.

A cobalt bis(iminopyridine) complex, Co-ImPy4-1 as shown the structure in Chart 3.2 was
synthesized by Gray et al.?*° This complex is a highly active electrocatalyst for water reduction
with %FE up to 87% (Eape-1.4 V vs SCE) which is proposed to facilitate proton reduction catalysis
by a contribution from ligand-centred redox activity. The CV data collected in aqueous solution
displays irreversible reduction waves near potentials of the Co(ll/l) wave and a slightly more
negative ligand-centred catalytic wave. The much higher peak current of this wave is tentatively
ascribed to a ligand centred-reduction of the putative cobalt(lll) hydride intermediate.?®* The
mechanisms for the H, evolution catalyzed by this complex were postulated via slightly different

pathways depending on pH of solution.
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At pH < 6, it starts with a single electron reduction of the complex Co-ImPy4-1, (denoted as
[Co"(L)]1?*) to the corresponding reduced [Co'(L)]* in eq 3.19. A protonation of the reduced Co(l)
species is then likely to occur leading to generation of [Co"-H (L)]** (eq 3.20). A further reduction
of the cobalt(lll) hydride intermediate is required for H, production. This may operate by metal-
centred reduction (eq 3.21) or ligand-centred of [Co"-H (L)]** to generate [Co"-H(L*)]* (eq 3.22),
which could not be ruled out. Additionally, ligand-centred reduction pathways as shown below
(eq 3.23-eq 3.24) were also proposed at high proton concentration where hydrogen evolution

is presumably faster than ligand decomposition.

metal-centred reduction pathway

[Co'(L)]P+e — [Co'(L)]* eq 3.19
[CO'(L)]F+H — [Co"-H (L)]* eq 3.20
[CO"-H(L)]* +e > [Co"-H(L)]* eq3.21

ligand-centred reduction pathway

[Co"-H(L)]* +e —> [Co"-H(L*)]* eq 3.22

[Co'(L)]*+ e - [Co'(L*)]° eq 3.23

[CO'(L)°+H — [Co"-H (L*)]* or [Co"-H (L)]* eq 3.24
At pH > 7, a protonation of Co(l), as shown in eq 3.20, is not a major route to evolve hydrogen
and is slow on the CV time scale. The electrolysis experiment at E.pp near the metal-centred
Co(ll/1) redox couple (-1.0 V vs SCE) results in minimal hydrogen production. This suggested that
H, production under low H * concentration possibly occur via a ligand-centred pathway. At low
[H*], a doubly reduced [Co'(L*)]° complex is formed by a further reduction of [Co'(L)]** (via eq
3.19 and eq 3.23) prior to reacting with H* resulting in formation of the [Co"-H(L*)]** or [Co'"-

H(L)]** (eq 3.24) which are responsible for H, evolution.
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3.1.5.3 Cobalt catalysts with dithiolene ligands

The dithiolene ligands are attractive ligand scaffold for H, evolution catalysis because it is less
susceptible to possible hydrogenation due to the 1,2-unsaturated configuration and exhibits
reversible electron transfer. This class of cobalt-based HECs (Chart 3.3) can catalyze H* reduction
in aqueous solutions both photochemically and electrochemically.** For example, the CV of Co-
S-1 showed a reversible couple consistent with one electron transfer in H,O:MeCN (1:1). This
complex can catalyse H; evolution in solution by using strong acid TsOH. Bulk electrolysis at Eapp=

-1.00 V vs SCE using a GC WE gave a FEu; > 99% over 1 h.1>3

Related HECs Co-S-1Me, Co-S-1Cl, and Co-S-2 were subsequently investigated; the Co-S-2 with
electron-withdrawing nitrile moieties showed the best photocatalytic activity over this HEC
group but electrochemical H, evolution catalysis operates at the largest negative potential. A
theoretical study revealed a different catalytic H, evolution pathway between Co-S-2 and Co-S-
1 with its derivatives.?> The latter form undergoes double protonation at the S-atoms following
one-electron reduction, giving neutral species which enter the catalytic cycle after receiving a
further electron at similar potentials to the first reduction. In contrast, the less basic Co-S-2 takes
up only one proton upon initial reduction forming an anionic intermediate which is less

favourable for a further reduction. Formation of a Co"'-H active species is then believed to occur

via intramolecular H* transfer in all cases.?®
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Chart 3.3. Structures of various cobalt dithiolene catalysts.
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3.1.5.4 Cobalt complexes containing a basic amine group

H; evolution catalysis facilitated by a basic pendant amine in the second

coordination sphere

* The fastest catalytic rate for HER by the [CO"(L2)(CHsCN)]?*

+2H"+2e 24 Ph_ 2
Ph_y ] N ]

Ph Ph 'y
v AL
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Co-Py3-1 X=Cl
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Chart 3.4. Examples of HECs based on-cobalt(Il) complexes containing a basic amine group.

The Bullock group previously reported the electrochemical reduction mechanism of
[Co"(L2)(CH3CN)H]* and [Co"(L3)(CH3CN)H]* via E.C,E, pathways (as shown in Figure 2.9). Very

286 studied the mechanism and kinetics for H, evolution catalysed by

recently, the same group
the Co(ll) analogue, [Co"(L2)(CH3CN)]?*. The CVs of [Co'(L2)(CHsCN)]?>* and [Co"(L3)(CHsCN)]**in
MeCN solution acidified with 1:1 [(DMF)H]*:DMF display catalytic currents at the reduction
potential of the corresponding Co(lll)-H complex suggesting that the Co(ll)-H intermediate is
required for H, evolution. The mechanism of [Co"(L2)(CHsCN)]** for H, production in acidic
CHsCN solution was experimentally and theoretically studied suggesting formation of H, via the
active endo-HCo'" intermediate with a protonated pendant amine (Chart 3.4). The kinetic studies
of [Co"(L2)(CH3CN)]?* gave a TOF of 980 s for H, production with an overpotential at Ecar/2 = 1020
mV. The catalytic performance with a TOF up to 1800 s for H, production by this complex can
be improved by addition of water. The authors claimed that [Co"(L2)(CHsCN)]** catalyses H*
reduction with the fastest rate among H;-evolving Co-based molecular electrocatalysts.
However, the H, evolution catalysed by [Co"(L2)(CHsCN)]** was studied at much higher acid

concentration (>400 mM) than that of other cobalt(bisiminopyridine) catalysts.?*
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Figure 3.9. Protonation of [HCo"(L2)(CH3CN)]?* to form exo versus endo isomer and NMR spectra
of N-labeled exo-[HCo"(**N-L2-H)(CHsCN)]3*. Figure (a) ®N NMR (top) and *N{*H} NMR
(bottom) spectra, and (b) *H NMR (top) and H{®N} NMR spectra (bottom) of the NHN

resonance.®®

The rate determining step for H, evolution catalysed by the by [Co"(L2)(CHsCN)]?** was proposed
to be an intramolecular isomerisation of the protonated pendant amine from the exo- to endo-
isomer. The protonation of °N labelled-[HCo"(L2)(CHsCN)]?>* in MeCN acidified with HBF4Et,0
result in a formation of protonated exo isomer of [HCo"(**N-L2-H)(CHsCN)]** as a major species.
This was confirmed by the *H and >N NMR spectrum as shown in Figure 3.9. This evidence
proved the role of pendant amine in the complex for facilitating H" transfer to the hydride ligand

in the metal centre of the hydride intermediate for H, evolution.
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Lowering overpotential by electron withdrawing group on ligand scaffold

Another series of cobalt(ll) complexes with pendant amines is represented by the [C0"]*csran
complexes in Chart 3.4. The CV titration (Figure 3.10 b) of the complex with the most electron
withdrawing group on Cp ring, [Co"]*csran showed catalytic current near the Co(ll/1) couple upon
adding acid. It can operate at lower overpotential (860 mV at Et2) with a lower turnover
frequency of 350 s™! compared to the overpotential of 1020 mV with a TOF of 1800 s * for H,
production catalysed by [Co"(L2)(CH3CN)]?* containing pendant amine (as shown above). The
proposed mechanism for H, evolution catalyzed by the [Co"]*csran is the same as the H, evolution
pathways catalysed by the [Co"(L2)(CH3CN)]?*, where the pendant amine plays the same role for

assisting proton transfer.

— 0.2mM cat
0.2 mM cat, 1.0 mM acid 10 pA

0.2 mM cat, 2.0 mM acid
— 0.2 mM cat, 2.9 mM acid
= 0.2mM cat, 4.8 mM acid
— 0.2mM cat, 6.5 mM acid
— 0.2 mM cat, 7.4 mM acid

—-:___‘_/_ Wi
A Co
0.7 0.9 11 1.3 1.5 1.7 1.9

E (V vs Cp,Fe*/?)

Figure 3.10. CVs of the [Co"]*csran UpoN increasing the acid concentration (p-anisidinium as H*
source). Conditions: 0.2 mM of [Co"]*csran complex in MeCN with 0.2 M TBAPFg, scan rate 5V s~

1 1 mm diameter glassy-carbon working electrode.??
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H2 evolution catalysis facilitated by non-coordinating pyridine ring

In 2016, Junfei and co-worker *** reported photocatalysts for water reduction based on cobalt(l1)
complexes, Co-Py3-1 and Co-Py3-2 supported by a tetradentate pyridyl ligand. The possible
mechanisms of photocatalytic H, evolution were proposed in Figure 3.11. Interestingly, the
dangling pyridyl ligand with a Br or Cl act as both redox-active ligands and a protonation site
facilitating electron and proton transfers. As a result, their photocatalytic H, evolution with a
TON of 20000 (6 h irradiation) can be achieved. This is the highest TON value reported to date
among the TON for polypyridyl Co-based photocatalytic water reduction catalysts. For the Co-
Py3-1 (Cl substituted pyridyl group), the non-coordinating pyridyl in the complex may catalyse
H, evolution by itself resulting in the double catalytic H, evolution sites of Co-Py3-1. This

example provides a new strategy to design more effective WRCs.

s i

e

Figure 3.11. Possible photocatalytic H, evolution mechanisms of Co-Py3-1 and Co-Py3-2. %
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3.1.6 Electrochemical conversion of CO; by cobalt complexes

Compared to the CO; reduction catalysts containing Mn, Fe and Ni as metal centre, there are
few efficient homogeneous cobalt catalysts for CO, electroreduction due to slow reaction and
lack of selectivity for product formation. There are some examples of cobalt catalysts that prefer

CO; reduction to H* reduction as demonstrated by Peters and co-workers!>

and recently
reported by Artero et al.®” Moreover, the mechanistic pathways were proposed based on

experimental evidence and density functional theory (DFT) calculations.

In 2014, Peters et al. * reported CO, reduction activity by the cobalt(lll) complexes,
[Co"N4H(Br),]* supported by redox-active ligand with pyridyldiimine (PDI) moiety as shown in
Figure 3.12. This complex is known as a competent H, evolution catalyst: however; it can
electrochemically catalyse CO; reduction in MeCN using H,O as proton source. It showed a
preferential CO, reduction to CO relative to H, evolution with faradaic efficiency of 45+ 6.4% for
CO and 30 £+ 7.8 % for H,. The CV shows an increase of current near to the formal Co(l/0) redox
couple (Figure 3.12). There is no increase in catalytic current at the redox couple of Co(ll/1), thus
the [Co'N4H)(MeCN)]* was initially assumed as precatalyst for CO, reduction. According to DFT
calculation for [Co'N4H)(MeCN)]* complex, the authors concluded that the stability of the NgH*
ligand and ability to accommodate a second electron possibly contribute to favouring CO,
reduction over H* reduction in the presence of large concentrations of water. This promising
evidence has confirmed that polypyridine ligands can store an electron during electrocatalytic
reduction of CO,.2% For this reason, redox noninnocence of the ligand could possibly play a

significant role in substrate activation and product selectivity.?%
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Figure 3.12. CV of 0.3 mM [Co"N4H(Br),]* in CH3CN/0.1 M NBu4PFs under Ar (black line), after
saturation with CO; (red line), and after adding 10 M H,O to the same solution; v = 0.1V s7?,

glassy carbon as working electrode.*
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Cobalt-based catalysts for CO; reduction with pendant basic groups

In the last few years, cobalt catalysts with polypyridylamino with a basic pendant group have
gained attention for CO; reduction (Chart 3.5). 11° 114 290. 291 o example, Marinescu et al
studied the role of secondary pendant amine in CO; reduction catalysis by Co-CO,-1. CV studies
reveal that their activity depends strongly on the number of secondary amines incorporated in
the ligand scaffold. DFT calculations shows the CO; reduction pathways by the intermediate with
pendant amines (Co-CO,-1) that facilitate the intermolecular proton transfer via hydrogen
bonding to a weak acid (TFE). This role of pendant amine for assisting the rate-limiting H* transfer
result in a linear correlation between the catalytic rate and the number of pendant NH groups.
Another study by Dey and co-workers?®? show exceptional and selective CO,-to-CO reduction
catalyzed by the 2,6-dithiomethylpyridino Co(dppe) (dppe = bis(diphenylphosphino)ethane)
complex (Co-CO,-2). CV studies suggest that the protonated thiolate group may assist the CO,
binding to the Co' intermediate. Moreover, this catalyst can mediate CO, reduction via the Co(l)
intermediate which is different from most of the transition-metal-based systems that require

reduction of the metal to its formal zerovalent state for CO, reduction.

a) b)
Marinescu and co. Dey and co. Arterc and co.
CF,
]\ SIS ﬁ H‘o\ .0 ‘? —|t
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Co-CO,-1 Co-CO2-2,R=Ph Co-CO2-3, R = -CH,Ph, R'= Cy

Chart 3.5. Selected examples of cobalt catalysts with pendant basic group for selective CO,

conversion to CO (a) and HCOOH (b).%?
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The cobalt hydride derivatives (Co-C0,-3) of cyclopentadienyl cobalt complexes containing a
pendant amine can selectively catalyse CO, reduction to formic acid as reported by Artero et
al.?¥’. They are very selective for CO, conversion to formic acid in DMF/water mixture with
faradaic efficiency of 90+10% at moderate overpotential (500-700 mV). This is also considered
as the most promising CO,-to-formic acid cobalt electrocatalyst developed to date. From
mechanistic studies and DFT calculations, the authors revealed that the pendant amine moieties
are able to stabilize key intermediates (Co-CO,-3) via hydrogen bonding with H.O during H
transfer from the Co'-H intermediate to CO, molecule. This confirms the key step for the

selective conversion of CO; to formic acid. The proposed CO; reduction mechanism is shown in

Scheme 3.3.
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Scheme 3.3. Postulated mechanism for electrocatalytic CO, reduction. 2
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3.2 Experimental

3.2.1 General procedure for electrochemical studies

All cyclic voltammetry experiments were performed in a three-neck single compartment
electrochemical cell under Ar atmosphere. A commercial glassy carbon disc electrode with 3 mm
diameter from Basi® was used as working electrode. The auxiliary electrode was a platinum wire
for all CV experiments. The silver wire pseudo-reference was constructed by attaching a Vycor
porous glass to glass tube via heat-shrink tubing consisting of silver wire immersed in electrolyte
solution (0.1 M tetrabutylammonium hexafluorophosphate, TBAPFs, in acetonitrile). Thus, this
pseudo-reference electrode was separated from an analyte solution by the Vycor glass.
Ferrocene (Fc) was added to an analyte solution for the last measurement of each experiment
in order to use as internal reference compound to measure redox potential. All experiments
were carried out in 0.1 M TBAPFs in dry and degassed acetonitrile as the supporting electrolyte
solution, and potentials were reported with respect to the ferrocene/ferrocenium (Fc*/Fc)
couple at 0 V. Before each scan, a solution was degassed with Ar for 5 min, and the working
electrode was thoroughly cleaned prior to using for each measurement by polishing with wet
alumina powder on polishing pad and then sonicating in Millipore water for 3 min. The electrode
was subsequently rinsed with millipore water followed by acetone prior to get it dry by N;

blowing.

3.2.2 Bulk electrolysis experiment

The electrochemical studies were performed by using a BASi Epsilon-EC potentiostat and EC-Lab
software was used for process and analysis of the data. All bulk electrolysis experiments were
performed in a 50 mL three-neck round bottom flask equipped with suba seals containing 20 mL
of 0.1 mM of each complex in MeCN containing 0.1 M TBAPFs under Ar atmosphere. A glassy
carbon disk electrode was used as working electrode for cyclic voltammetry (CV), and carbon
plates (10 x 10 x 1 mm) were used as a working and a counter electrode. The silver wire
immersed in acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs)
was used as the pseudo-reference electrode, and ferrocene was used as internal reference

which was added to the solution after electrolysis.

The carbon plate as working electrode was polished on all edges and two faces on sand paper
with a few drops of Millipore water prior to polish with wet alumina powder on polishing pad.
The electrode was then rinsed by Millipore water to eliminate alumina on the surface and then
sonicated in the water for 30 min to get rid of all residual alumina. The electrode was rinsed by
water, and acetone (analytical grade) before allowing it to dry in the air or blowing with N,

stream
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3.2.3 Gas chromatography

Gas analysis was performed using a Shimadzu Corporation GC-2014 equipped with molecular
sieve column and a thermal conductivity detector (TCD). Gas samples were analyzed by the
following conditions; 20 mL min, 90°C column temperature and 120 °C detector temperature.
Under these conditions, the retention time of H; is 1.0 min and the air peak is at 2.0 min. 200 pL

of gas was withdrawn from the headspace of the cell using a sample lock gas-tight syringe.

3.2.4 Determination of H; and calculation of Faradaic efficiency for H, evolution

The experimental number of moles of H, produced from the system in the headspace can be
obtained by using a calibration curve for determination of H, as shown in Figure A 3.22. This
calibration curve was built by injecting a known amount of 50% H,/CO to obtain peak area of H,
by GC analysis. The gaseous products in the headspace after bulk electrolysis for 2 h were
analyzed by sampling 200 pL using a gas-tight syringe. The sample was then manually injected
into the GC instrument. The peak area of H, analyzed by the GC technique from the direct
injection of head space gas for each complex was plotted against times of electrolysis (Figure A
3.23). The peak area of H; at 2h of electrolysis was taken and then fitted to the linear equation

obtained through the calibration curve to obtain the experimental number of moles of H,.
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The bulk electrolysis of [Co"(PN)2(MeCN)][BF4], under the conditions given in Table 3.2, gave
32.5 pmol. the area of 96,732 can be collected directly from injection 200 uL of head space gas
at 2 h of electrolysis. The resulting value was then placed to the linear fit equation obtained

through the calibration curve with the linear equation:

y = 145838x-28582
x = (96,732 + 28582 )/145838

=0.859 umol
From this value, the total number of moles H, produced from the experiment can be calculated

by multiplying by the headspace volume of the cell with 63.8 mL.
nH, (exp) = (63,800 uL/200 pL) x 0.859 pumol
=274.1 pmol

The theoretical moles of H, (nH; (cald)), were determined from the area of the I-t plot (Figure
3.29 b) giving 53 C equating to 273.6 umol of H,. From this calculation, the plot of charge versus
time of electrolysis (Figure 3.29 c) which showed the charge passed through a solution over 1 h

of applying constant potential was obtained.

Therefore, the plot of charge versus time was converted to the plot of theoretical number of
moles of H, versus time (Figure 3.29 d) by applying to the eq 3.25. According to the bulk
electrolysis at constant applying potential (-1.33 V) for 2 h, the charge passed (Q) of 53 C and

theoretical number of moles of H, (273.6 umol) can be obtained as shown below:

nH; (cald) = Q/FE =[53/(96485 C x 2)] eq 3.25
=273.6 umol

This value allowed determination of the percent faradaic efficiency by using eq 3.26:
percent faradaic efficiency, % FE (H,) = [nH; (exp)/nH; (cald)] x 100 eq 3.26
=(274.1/273.6)x100

=100 %
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3.3 Results and discussion

The electrochemical characterisation of each complex was discussed in chapter 2 (section 2.5.5).
The CVs of [Co"(PN)2(MeCN)][BF4], and [Co"(PN),(H)(MeCN)][PF¢], are shown in Figure 2.43 and
Figure 2.57 electrochemical data are summarized in Table 3.1. The first one-electron reduction
of the hydride complex through Co(lll/11)-H couple at -1.1 V resulted in a reversible MeCN loss
from the Co centre (E.C; mechanism). However, the Co(ll) complex showed a fully reversible
Co(ll/1) couple. Moreover, the Co(lll/I)-H in the hydride complex is very close to the reversible
Co(ll/1) couple of [Co'"(PN),(MeCN)][BFa]; indicating that the hydride ligand greatly stabilized the
Co(lll) oxidation state. Moreover, the second one-electron reduction in these two complexes
displayed irreversible electron transfer. The irreversible Co(ll/1)-H couple appeared at a potential

comparable to the reduction through the Co(l/0) redox couple (-2.0 V).

The CV of [Co"(PN),(H)(CI)][PFe] (Figure 2.57) showed two irreversible reduction processes at Epc
= -1.48 V and -2.02 V for the Co(lll/Il)-H and Co(ll/1)-H couples, respectively. Similarly to
[Co"(PN)2(H)(MeCN)][PFs],, the cathodic peak of the Co(lll/Il)-H couple appeared at slightly more
negative potential and is close to the Co(ll/1) redox couple of Co"(PN),Cl, (red line), [Co'cis-
(PN),CI][PFs] (blue), and [Co"cis-(PN).Cl,][PFs] (pink), under similar conditions. Moreover, the
Co(ll/1)-H wave of [Co"(PN)2(H)(CI)][PF¢] is near to the Co(l/0) couple of Co"(PN),Cl, and [Co'"cis-

(PN),CI][PF¢], and electron transfers at these couples are all irreversible processes.

The assigned redox couples of each complex in this series agree with the cobalt (II) and Co(lll)
based molecular electrocatalysts reported in the literature as summarized in Table 3.1 and the
structures are shown in Chart A 3.1. All complexes can catalyse H* reduction where H; evolution
catalysis occurred near to the Co(ll/l) couple and most of these complexes are reported to

catalyse HER via a formation of Co(lll)-H and/or Co(ll)-H hydride intermediates.
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Table 3.1. Electrochemical data for the cobalt complexes (in acetonitrile solution with 0.1M

TBAPF;in this study and in the literature).

E1/2/V (AE,, mV) vs Fc** Epc/V vs Fc*
Complex, this work Co"/" Co"! (Co"/"-H) | Co"%r Co'(L*) (Co"'-H)
[Co"(PN),(MeCN)][BFa]2 -1.08 (70) - -2.28 -
-1.10
[Co"(PN)2(H)(MeCN)][PFel2 - (110) - -1.95
-1.48
[Co"(PN)2(H)(CI)][PFe) - (Epc) - -2.02
0.12 | -1.2 (Ep)
[Co"cis-(PN)CI][PFs] (109) | -0.15 (Epa) 2.27
-0.40
[Co"(PN),Cly] (150) -1.32 (143) - -2.11 -
literature
E1/2/V (AE,, mV) vs Fc** Epc/V vs Fc*
Complex, literature Ref. | Co"/M Co"" | (Co""-H) | Co"%r Co'(L™) | (Co"-H)
-1.57 (Epc) -0.82,-0.80
[HCo"(L2)(CHsCN)J* 206 - -1.47 (Epa) -2.28 Epa/(CO)
[Co"(L2)(CHsCN)J** 26 . -0.82 -2.20
[Co"(triphos)(OTs)]* 24 - -0.16 - -1.87
-1.81
[Co'(triphos)(MeCN)]* | 2+ | +0.66 | -0.68 -2.73 (Co%?)
[Co"(dppe)2(MeCN)(H)I[PFs]2 79 -0.83 -1.16
+1.2(Ep) | -0.71 -1.56(70)
[Co"(dppe)2(MeCN)][BFals | 29 | -0.13(E;) (60) -2.03 (Co%?)
-0.58 -2.04 Co("")
[Co"(PPP,NPh,),(MeCN)][BF,], | 246 - (71) (100 mV)
+0.34 -0.87
[CO"(P®Y,NPh,)(MeCN)s][BFol, | 247 | (114) (63)
+0.26 | -0.94
[Co"(PtBu,NB2,)(MeCN)s][BF4], | 247 | (161) (82)
-0.99
[Coll(PPh,NPh,)(MeCN)s][BF4], | 246 - (70)
-1.15
[Co"(PNP)(MeCN)s][BF4], | 246 (150)
-0.91
[Co"(dppp)(MeCN)s][BF4], | 24 (72)
-1.21
[Co"(MeCN)6][BF4]. 25 (95)
Hangman porphyrin 1-Co 145 -1.08
Hangman porphyrin 2-Co 145 -1.11 - -2.14 -
Cobalt bis iminopyridine 240 -0.48 -1.00

L2 = 1,5-diphenyl-3,7-bis((diphenylphosphino)alkyl)-1,5-diaza- 3,7-diphosphacyclooctane;

alkyl = (CH,)2, n =2 (L2); (CH,)3, n =3 (L3)
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The redox properties of the two hydride complexes are significantly different from one another.
[Co"(PN),(H)(MeCN)]** showed a quasi-reversible Co(lll/I1)-H couple, whereas the first reduction
of [Co"(PN),(H)(CI)]* through the Co(lll/ll)-H couple became irreversible at Ep-1.48 V and
appeared at much more negative potential (by 380 mV) than that of MeCN bound complex
(Figure A 3.1). It indicates that one-electron transfer to the monocationic [Co"(PN),(H)(Cl)]*
bearing anionic CI ligand is more difficult than the one-electron reduction of the dicationic
[Co"(PN),(H)(MeCN)]** containing neutral MeCN. However, a similar second reduction process
of Co(ll/I)-H couple to that of the MeCN analogue was observed displaying an irreversible

process around -2.0 V.
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H* reduction activity of [Co'"(PN)2(MeCN)]BF4]; and
[Co"'(PN)2(H)(MeCN)][PFs]2 with trifluoroacetic acid (TFA)

The electrocatalytic H* reduction activity of the complexes in this study was examined by CV
techniques. The CV titration experiment of each complex with trifluoroacetic acid (TFA with pKa

=12.6 in MeCN) as H* source was performed in MeCN solution containing 0.1 M TBAPFs.

3.3.1 CV studies of [Co"'(PN)2(H)(MeCN)][PF¢]2 using TFA as H* source

The CV response of this complex upon adding TFA showed increases in current on reduction of
[Co"(PN),2(H)(MeCN)][PFe], at the Co(lll/Il)-H couple at -1.14 V (Figure 3.13). The enhancement
of current near this couple suggests that the one-electron reduction of the Co(lll)-H to the Co(ll)-
H is required for HER catalysis. Therefore, a subsequent protonation of the reduced Co(ll)-H
species or a bimolecular reaction of the Co(ll)-H species could occur for H, evolution. Plots of the
ratio ict/ip versus acid concentration showed a linear increase of the current ratios up to ca. 0.03
M indicating a first order catalytic rate constant on acid concentration for HER catalysis by the
hydride complex. At higher concentrations, the current ratio was slightly lower than expected

from the initial line.
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g 15 »
020 20mM TFA -
- | ]
——25mM TFA = 10
025 ——30mM TFA 5 "
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Figure 3.13 (a) CVs of [Co"(PN),(H)(MeCN)][PFe]> with the addition of TFA acid. (b) Plot of icat/ip
of the complex versus concentration of TFA acid. Conditions: 1 mM of the complex in CH;CN

with 0.1 M TBAPFg at scan rate of 100 mV s™.
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3.3.2 CV studies of [Co"(PN)2(MeCN)][BF4)2 using TFA as H* source

The CV response of the independently synthesized Co(ll) derivative to TFA acid was then
examined under the same catalytic conditions. Upon the addition of TFA to a solution of this
complex, the fully reversible Co(ll/l) couple of the complex became irreversible, and the
enhancement of a catalytic current near to the Co(ll/l) couple was observed (Figure 3.14). This
CV response suggested the occurrence of H* reduction catalysis could be feasible by a
protonation of the reduced Co(l) following one-electron transfer to the [Co"(PN),(MeCN)]** to
form the Co(lll)-H hydride intermediate. From the CV response of the [Co"(PN),(H)(MeCN)]*
under catalytic conditions (Figure 3.13 a), the additional one-electron transfer to the Co(lll)-H
species was required to form the reduced Co(ll)-H intermediate for H, liberation. As a
consequence, the Co(ll)-H species would be involved in the H, evolution step and could be
regenerated to repeat the same catalytic cycle. The current ratio (icat/ip) also linearly depended
on acid concentrations (Figure 3.14 b) by showing the enhancement of the current ratio with

icat/ip = 27 at 60 mM TFA.
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Figure 3.14. (a) CVs of [Co"(PN),(MeCN)][BF4], with the addition of TFA acid. (b) Plot of ict/ip at -
1.40 V of the complex versus concentration of TFA acid . Conditions: 1 mM of the complex in

CH3CN with 0.1 M TBAPF at scan rate of 100 mV s™.

Based on the CV studies of [Co"(PN),(H)(MeCN)][PFs], and [Co"(PN).(MeCN)]?** under catalytic
conditions, the catalytic wave near to the Co(lll/Il)-H couple for [Co"(PN)y(H)(MeCN)]*
overlapped with the catalytic wave (CW) close to the Co(ll/1) potential for [Co"(PN),(MeCN)]**in
MeCN with 10 mM TFA (Figure 3.15). This suggests that the starting Co(ll) complex catalysed
HER by an ECEC mechanism as proposed in Scheme 3.4. The GC analysis of the gaseous product
in the head space of the electrochemical cell during bulk electrolysis (Eapp ~ -1.4 V vs Fc%*) for a
solution of the [Co"(PN)2(MeCN)][BF.], and the [Co™(PN),(H)(MeCN)][PFs], confirmed formation

of H, gas (with ~ 100 %FE for H, production) in the headspace of the cell (section 3.3.9).
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Figure 3.15. Cyclic voltammograms of [Co"(PN),(H)(MeCN)][PFs], (1 mM) in the absence and
presence of 10 mM TFA in CH3CN containing 0.1 M TBAPFs at a scan rate of 100 mV s, compared
to the CV of [Co"(PN),(MeCN)][BFs], under the same conditions.

The proposed H; evolution mechanism catalysed by [Co'"(PN)2(MeCN)][BFai]2

via metal-centred reduction

According to the proposed mechanism, the H, evolution pathway by the starting Co(ll) complex
occurs via an ECEC mechanism. The reduced Co' species is formed by one-electron transfer (E;
step) from the electrode to [Co"(PN),(MeCN)][BF4].. A subsequent protonation of this species
(C1 step) then occurs resulting in a formation of the Co(lll)-H intermediate. The hydride species
takes up an additional electron from the electrode (E, step) to generate the reduced Co(ll)-H
intermediate which is responsible for the H, evolution step by a protonation (C; step, heterolytic

pathway) or via bimolecular reaction of the two Co(ll)-H intermediates (homolytic pathway).

1/2 H2 C2 step

Homolytic

+e H* (TFA, pKa = 12.6) +e
Col)——» Col) » Col)-H ——  » com-H
E, step C, step E, step

C, step

H, H* Heterolytic

independently synthesized complex

Co"™ = [Co"(PN)>(MeCN;][BFal: Co™-H = [Co"(PN),(H)(MeCN)][PFs;

Scheme 3.4. Proposed catalytic H, evolution mechanism based on metal-centred reduction of

[Co"(PN)2(MeCN)][BF4], and the Co(lll) hydride derivative, [Co"(PN),(H)(MeCN)][PFs],.
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To confirm that the catalytic wave at —1.4 V originated from metal-centred reduction of Co(ll/l)
couple in the [Co"(PN),(MeCN)][BF4]2, control experiments were then carried out under the
same conditions. CV measurements (Figure A 3.2 a) of solutions of the Co(ll) precursor
[Co(CH3CN)6][BF4]2 and the PN ligand in the presence of 170 mM TFA were performed. The CV
response of the Co(ll) precursor and the free PN ligand showed a negligible increase of current
around -1.4 V where the catalytic waves of the [Co"(PN),(MeCN)][BF.], were found. This result
confirmed that the catalytic wave at -1.4 V originated from HER catalysis by the complex.
However, it also showed that free PN ligand was able to catalyze proton reduction but that

required more negative potential of -1.8 V to be applied as shown in Figure A 3.2 b.
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H* reduction activity of [Co'"(PN)2Cl;] and [Co'"'(PN)2(H)(CI)][PFs] with

different H* sources.

In this study, cyclic voltammetry measurements of [Co"(PN),(H)(Cl)][PFs] and Co"(PN),Cl, were
carried out in MeCN solution containing 0.1 M TBAPF; using different acids as H" source such as
tosylic acid monohydrate (TsOH-H0), trifluoroacetic acid (CFsCOOH) and acetic acid (CH;COOH)
with pKa in CHsCN of 8.6, 12.65 and 23.51, respectively.®!

3.3.3 CV studies of [Co"(PN).Cl,] and [Co"'(PN)2(H)(CI)][PFs] using TFA as H*source
The CV titration of [Co"(PN),(H)(CI)][PFe] (Figure A 3.3) and [Co"(PN),Cl,] with TFA acid (Figure
A 3.4) showed catalytic currents near to the respective Co(lll/II)-H and Co(ll/I) couple which is
similar to the CV response of [Co"(PN),(H)(MeCN)][PFs]. and [Co"(PN),(MeCN)][BF4] These two
complexes also displayed catalytic current enhancement close to the Co(ll/1) and Co(lll/Il)-H
reduction potentials (Figure 3.15). The overlap of catalytic current in the CV of [Co"(PN),Cl;] and
the [Co"(PN),(H)(CI)][PFs] (Figure 3.16) indicated that the [Co"(PN),Cl,] catalyse H* reduction via
formation of a Co(lll)-H intermediate. The further reduction of Co(lll)-H to form a Co(ll)-H species
is required for subsequent protonation for H, evolution. Therefore, the [Co"(PN),(H)(Cl)][PFe]
and [Co"(PN),Cl,] complexes catalyse H* reduction via the similar H, evolution pathway (ECEC) to
that of the MeCN analogues, [Co"(PN),(H)(MeCN)][PFs], and [Co"(PN)2(MeCN)][BF4], (Scheme
3.4).
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0.00
-0.02
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Figure 3.16. Cyclic voltammograms of [Co"(PN)2(H)(Cl)][PFe] (1 mM) in the absence and presence
of 5mM TFA in CH3CN containing 0.1 M TBAPFs at a scan rate of 100 mV s, compared to the CV

of [Co"(PN),Cl;] under the same conditions.
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3.3.4 CV studies of [Co"(PN),Cl,] and [Co"(PN)2(H)(CI)][PFs] with TsOH-H,0

According to the previous literature??*, tosylic monohydrate acid (TsOH-H,0) with pK. 8.6 in
CHsCN was used as proton source for H, evolution catalyzed by a triphos cobalt(l) complex in
CHsCN. By using this acid as H* source, the hydride signal in the Co(lll)-H intermediate generated
in situ by a protonation of the Co(l) species could be monitored by *H NMR. For this reason, in
our work, the activity of this complex for electrocatalytic proton reduction was performed by
using TsOH-H,0 as proton source in CH3CN containing 0.1 M TBAPF¢. The cyclic voltammograms
of [Co"(PN),(H)(CI)][PFe] (Figure 3.17 a and b) and the CVs of [Co"(PN),Cl,] (Figure 3.18) in the
presence of increasing amounts of TsOH-H,0 showed similar enhancement of catalytic current

near to the Co(lll/I1)-H and Co(ll/1) couple, respectively.

This result indicated that these two complexes catalyse H* reduction via a similar H, evolution
pathway (ECEC) to that of using TFA as H* source. However, complicated CV responses of these
two complexes under the same conditions (Figure 3.18) with additional reduction processes at
more negative potential than the Co(lll/Il)-H couple and the Co(ll/l) wave were observed by
using TsOH-H,0 as H* source. Based on the cobalt catalysts for HER, the additional reduction
events suggested decomposition of the starting Co(ll) complex or the intermediates during
catalysis. Alternatively, a reductive degradation of the complex resulting in a formation of

particles at the surface of the working electrode (glassy carbon) could be possible.?%* 2%
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Figure 3.17. (a) CVs of [Co"(PN),(H)(Cl)][PFe] (1 mM) in CH3CN with 0.1 M TBAPFs at 100 mV s
in the presence of various concentrations of TsOHeH,0 showing the Co(lll/I1)-H couple. (b) Cvs

scanning to more negative potentials.
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Figure 3.18. Cyclic voltammograms of [Co"(PN),(H)(CI)][PFs] (1mM) in the absence and presence
of 5mM TsOHeH,0 in CH3CN containing 0.1 M TBAPF at a scan rate of 100 mV s, compared to

the CV of [Co"(PN),Cl,] as the same conditions.

By comparison between TFA acid and TsOH-H,0 as H*sources for H, evolution catalysis by these
two complexes, the CV studies suggested that the complexes are more stable in the solution
acidified by relatively weak TFA acid by showing the increase of catalytic current near to the

Co(Il/11)-H at -1.4 V with no complicated CV response.

Furthermore, a stability of the [Co"(PN)(H)(CI)][PFs] in MeCN solution with TFA acid and
TsOH-H,0 was examined by *H and 3*'P{*H} NMR studies as discussed in the section 3.3.5.

3.3.5 NMR studies of the [Co"'(PN)2(H)(CI)][PFs] solution in acidified CD3CN

The solution of [Co"!'(PN)2(H)(CI)][PFe] with 10.0 equiv TsOH-H,0

31p{'H} NMR spectra were recorded upon addition of 2.0, 5.0 and 10.0 equiv of TsOHeH,0 to a
solution of [Co"(PN)2(H)(CI)][PFe] in CDsCN at r.t. (Figure 3.19). The solution in the presence of
5.0 and 10.0 equiv of TsOHeH,0 showed a new phosphorus signal at 8 32.2 (blue square) which
was assumed to be due to the two equivalent P atoms in the product Co(lll) complex (shown
inset, blue). The starting [Co"(PN)2(H)(CI)][PFs] remained in the solution with the phosphorus
signal at d = 66.4 and the hydride signal at 6 -19.0 as indicated by orange labels (Figure 3.19,
inset). Signals due to [Co"(PN),(H)(CI)][PFe] are also present in in the aromatic and aliphatic
region of the 'H NMR spectrum (Figure 3.20). The peak at & 1.36 ppm was assigned to

overlapping peaks of CHs protons in the product Co(lll) complex which are consistent with eight
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equivalent methyl signals and the two equivalent pyridine rings. Moreover, a relatively very
weak triplet hydride peak around & -17.1 (*Jup = 54 Hz) was also observed in the 'H NMR
spectrum of the solution with 5.0 and 10.0 eq of TsOH (Figure 3.19 b and c, respectively). This
signal corresponded to the hydride peak in the separately synthesized [Co"(PN),(H)(MeCN)]?*in
CDsCN (Figure A 2.22).
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Figure 3.19. 3'P{*H} NMR spectra of [Co"(PN)z(H)(Cl)][PFs] at room temperature (in CDsCN), in
the presence of a) 0.0 equiv, b) 5.0 equiv and c) 10.0 equiv TsOHeH,O0. Inset shows the *H NMR
of these solutions in hydride region and the orange labels indicate the signals of the

[Co™(PN)2(H)(CI)][PF].
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Figure 3.20. *H NMR spectra of [Co"(PN),(H)(Cl)][PFe] at room temperature (in CD3CN), a) in the

presence of 0.0 equiv, b) 2.0 equiv c¢) 5.0 equiv and d) 10.0 equiv TsOHeH,0.

Moreover, heating the solution of the [Co"(PN),(H)(Cl)][PFs] with 10.0 equiv. TsOH-H,0 in CDsCN
at 45°C for 150 min led to an obvious colour change from orange to a green solution. The 3'P{*H}
NMR spectrum (Figure 3.21 d) and the * H NMR spectrum of this green solution in hydride region
(Figure 3.21 d, inset) and the proton signals in aromatic and aliphatic region (Figure 3.22 d)
indicated full conversion of [Co"(PN)y(H)(CI)][PFs] to Co"(PN),(H)(MeCN)]** and also the
protonated Co(lll) complex as proposed in Scheme 3.5.(2-b). In the *H NMR spectrum (Figure

3.22 a-d), the shift of the broad peak in the aromatic region around 6 8.0-8.2 was observed which
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would be the due to proton exchange involving the protonated Co(lll) complex and TsOH. The
proton exchange between TsOH and H,0 in CDsCN was ruled out because this exchange process

was observed as broad signal at § 6.24 in the *H NMR spectrum (Figure 3.23).
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Figure 3.21. *'P{*H} NMR spectra of [Co"(PN)2(H)(CI)][PFs] in CDsCN, in the presence of 10.0
equiv TsOHeH,0 a) at room temperature, b) heated at 45°C for 30 min c) for 90 min and d) for
150 min. The box at right shows the 'H NMR spectra of these solutions in the hydride region
where the orange and green labels indicate the signals of the [Co"(PN),(H)(CI)][PFs] and
[Co"(PN),2(H)(MeCN)]?*, respectively. The box at the top shows a solution of free PN ligand with

10.0 equiv TsOHeH,0 for comparison.
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Figure 3.22. 'H NMR spectra of [Co"(PN),(H)(CI)][PFe] in CDsCN, in the presence of 10.0 equiv
TsOHeH,0 a) at room temperature, b) heated at 45°C for 30 min c) for 90 min and d) for 150
min. The box at the top compares these spectra to a solution of free PN ligand with 10.0 equiv
TsOHeH,0. The orange and green labels indicate the signals of the [Co"(PN),(H)(Cl)][PFe] and
[Co"(PN),2(H)(MeCN)]?*, respectively.
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Figure 3.23. '"H NMR spectrum of 10.0 equiv TsOHeH,0 in CD:CN at room temperature. The

arrow indicates a proton exchange between the -SO3H and H,0 in the TsOHeH,0 solution.

To sum up this section, the NMR studies of the solution of hydride complex in CDsCN with
TsOHeH,0 at r.t. suggested the decomposition of the [Co"(PN),(H)(CI)][PFs] to the protonated
Co(lll) complex with a small amount of [Co"(PN),(H)(MeCN)]** as proposed in Scheme 3.5.
However, heating the solution to 45 °C with 10.0 eq TsOH H,0 could suppress the formation of
the protonated Co(lll) complex but accelerated the exchange reaction between coordinated CI

and MeCN solvent to form [Co"(PN),(H)(MeCN)]** (Scheme 3.5 (2-b)).
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Scheme 3.5. Proposed reactions for [Co"(PN),(H)(CI)][PFe] in the presence of 5-10.0 equiv
TsOHeH,0 at r.t. (2-a) and for the reaction with 10.0 equiv TsOH-H,0 in CDsCN at 45 °C.
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The solution of [Co"'(PN)2(H)(CI)][PF¢] with 10.0 equiv TFA

After leaving a solution of [Co"(PN),(H)(Cl)][PFs] with 10.0 eq TFA in CDsCN for 30 min, the 3'P{*H}
NMR spectrum did not show any change (Figure A 3.5 b). However, leaving the solution at r.t.
for 2 days showed only the generation of [Co"(PN),(H)(MeCN)]?* identified by the phosphorus
peak at § 72.4. In the *H NMR spectrum, the proton signals as labelled by green squares in the
hydride region (Figure A 3.5 ¢, inset), aromatic and aliphatic region (Figure A 3.6 c) also
corresponded to the *H NMR data of the isolated [Co"(PN),(H)(MeCN)]?*. From this evidence,
the [Co"(PN),(H)(MeCN)]** with the negligible amount of the doubly protonated Co(lll) complex
was formed in a solution of [Co"(PN),(H)(CI)]* with 10.0 equiv TFA in CDsCN upon leaving it at
r.t. for 2 days. Moreover, the formation of [Co"(PN),(H)(MeCN)]** could be accelerated by

heating the solution to 45°C for 6 h under N as shown in Scheme 3.6.
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Scheme 3.6. Reaction of [Co"(PN)2(H)(CI)][PFe] in the presence of 10 equiv CF3COOH in CDsCN

upon leaving it at room temperature for 2 days and heated at 45 °C for 6 h.

In contrast, acidification of [Co"(PN),(H)(CI)][PFs] with 5.0 eq TsOH-H,0 at r.t. led to formation
of a considerable amount of the doubly Co(lll) protonated species (Scheme 3.5, red in set) with
a relatively small amount of the [Co"(PN),(H)(MeCN)]?*. However, the generation of the Co(lll)-
H species could also be mediated by heating at 45 °C with 10.0 eq of TsOH H,O. Based on the
NMR studies of the solution of [Co"(PN),(H)(CI)][PFs] in acidified CDsCN solution, it can be
concluded that the [Co™(PN)2(H)(CI)][PFs] and the resulting [Co"(PN),(H)(MeCN)]?** are more

stable in the solution with TFA acid than that with TsOH-H,0.

3.3.6 CV studies of [Co"(PN),Cl,] and [Co"(PN):(H)(CI)][PFs] with CH3COOH

The CV response of [Co"(PN),(H)(CI)][PFs] upon addition of relatively weak acetic acid (pKa.= 23.5
in MeCN) to a solution resulted in no current increase near to the Co(lll/11)-H couple: however;
the current is enhanced at more negative reduction potential near to the Co(ll/1)-H couple (-2.2
V vs. Fc”*) (Figure A 3.7). Moreover, the hydride complex and the [Co"(PN),Cl,] showed similar
current responses under the same catalytic conditions (Figure 3.24). This CV response of
[Co"(PN)2(H)(CN][PFs] at Co(ll/1)-H corresponded to the catalytic wave of the Co"(PN),Cl, which
is close to a redox couple of Co(l/0) or ligand-centred Co(I)L* (Figure A 3.8 a). This evidence

suggested that the two stepwise-electron reduction processes of the starting Co(ll) complex to
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form the doubly reduced Co(0) species would require reaction with relatively weak CH3COOH
whereas catalysis with TFA acid with pK, = 12.6 occurs at less negative potential. Therefore, a
protonation of Co(0) or Co(l)L* species led to a generation of Co(ll)-H intermediate which
required one more e to form reactive Co(l)-H species for H; evolution step. However, the first
electron reduction of the Co(lll)-H and the Co"(PN),Cl, did not show an increase in current and

remained reversible Co(ll/I) couple with no shift in the redox potential (Figure A 3.8 b).
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Figure 3.24. Cyclic voltammogram of [Co"(PN),Cl,] (1 mM) in CH3CN containing 0.1 M TBAPFg, in
the presence of 5 mM CHsCOOH, compared to [Co"(PN),(H)(CI)][PFs] under the same conditions

at scan rate 100 mV s™.

To further support the hypothesis that reactivity at the cobalt centre of the hydride intermediate
depended on the basicity of the metal centre and the pK, of acid used as H* source, the CV
titration experiments of the complex with H,0 (pK, = 38-41 in MeCN®! was then carried out. The
titration of a solution of the [Co"(PN),(H)(CI)][PFs] complex with water showed no current
increases at both reduction potentials of the Co(lll/Il)-H and Co(ll/1)-H couple (Figure A 3.9).
Based on the result from this study, the reduced Co(l)-H species for [Co"(PN)2(H)(CI)]* or the
doubly reduced Co(0) or Co(l)L* for [Co"(PN),Cl;] would be required for a protonation by using
a relative weak CH;COOH acid as H* source for HER catalysis. This result suggested that the
mechanism for hydrogen evolution depended on strengths of acids that were used as the proton
source. According to the result in this study, the HER catalysis of the [Co™(PN),(H)(CI)][PFs] and
[Co"(PN),Cl,] with CHsCOOH as H* source would require more electron density or more basicity
of the cobalt centre to react with H* than that by using relatively strong TFA acid as H* source.
Consequently, the distinct mechanisms for electrocatalytic H, evolution by the complexes in this
study were proposed based on metal-centred reduction and depended on the pK, of acid used

as H*source as discussed below.
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The proposed H; evolution mechanism catalysed by [Co''(PN).Cl;] via metal-

centred reduction

The current responses of starting Co"(PN),Cl, with TFA as H* source near to the Co(ll/l) couple
indicated that one-electron transfer (E1 step, the first electron transfer) to the starting
[Co"(PN),Cl,] led to a formation of the reduced Co(l) species which subsequently reacted with
H* (C1 step, the first chemical reaction) to form the Co(lll)-H intermediate. The additional one-
electron reduction (E2 step, the second electron transfer) of this Co(lll)-H was required for
generation of the active Co(ll)-H hydride intermediate (black arrows, Scheme 3.7). This reduced
Co(ll)-H species could either react with H* for H, production (C2 step, the second chemical
reaction) via a heterolytic pathway (red arrows) or evolve H, via bimetallic reaction of two Co(ll)-
H intermediate (homolytic pathway, blue arrows). The CV response of [Co'(PN),Cl;]
corresponded to the increase of catalytic current of the independently synthesized and
[Co"(PN)2(H)(C)]* near to the Co(lll/l)-H. This confirmed that the reduced Co(ll)-H species
formed by one-electron transfer to the Co(lll)-H is necessary for HER catalysis. The liberation of
H, could be repeated by E1C1 step to regenerate Co(lll)-H species followed by a protonation or
a bimetallic reaction of Co(ll)-H intermediate via E2C2 step. Consequently, overall mechanism

for H, evolution catalysed by the complexes in this series was proposed via E;C1E>C; pathway.

12 H,

Col0) or Col)L - Homolytic

te 1/2 H,

H" "\(CH3COOH)

pKa =23.5
+e H* (TFA) +e te
Col) — = com —pRa=TZ5 > Co)-H — 3 Co)-H — 5 Col-H

H* H, H* Heterolytic
Co(ll) = [Co"(PN),Cl,] Co™-H = [Co"(PN)2(H)(CI)][PFe]

Scheme 3.7. Proposed acid dependent catalytic H, evolution mechanisms based on metal-

centred reduction of isolated [Co"(PN),Cl,] and, [Co"(PN),(H)(CI)][PFe].

In the case of using CH3COOH as H* source, generation of Co(0) or Co(l)L* species via the two
steps of single electron transfer to [Co"(PN),Cl] followed by a protonation of the doubly reduced
species resulted in formation of Co(ll)-H intermediate (Scheme 3.7, grey arrows). A further one-
electron reduction of the Co(ll)-H followed by a protonation of the Co(l)-H (green arrows) or a

bimolecular reaction of Co(l)-H species (orange arrows) caused a liberation of H,. The proposed
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mechanism for HER is consistent with the observation of a catalytic wave near the Co(ll/1)-H

couple in the Co(lll)-H hydride complex and the Co(l/0) wave in [Co"(PN).Cl,].

This proposed mechanism for HER catalysis demonstrated that the pK, for acids used as proton
source caused the difference in the mechanism for hydrogen evolution. More basic Co(l)-H
species generated by applying more negative potential around -2.0 V would be needed to react
with H* using relatively weak acid. This result corresponds to electrocatalytic behaviour of
[Co"(dmgBF,);L], where dmg®> = dimethylglyoximato dianion; L = CHsCN or N,N-
dimethylformamide, in the presence of different strengths of acid used.*° Different mechanisms
for electrocatalytic hydrogen production by this complex were proposed depending on the
strengths of acid used. Moreover, the [Co(bapbpy)CI]* (bapbpy = 6,6’-bis(2-aminopyridyl)-2,2’-
bipyridine) complex containing both a redox-active bipyridine ligand and pendant proton relays
can electrochemically catalyse H, evolution in DMF.?%® The different catalytic mechanisms
studied by cyclic voltammetry and bulk electrolysis experiments were found to be dependent
on the strength of acid used as H* source and the applied potential. These identified pathways
for H, evolution involved either metal-centred and/or ligand-assisted process.

From the CV studies of the complexes in this series under catalytic conditions with TFA as H*
source, the H; evolution mechanism of [Co"(PN),(MeCN)][BFs], and [Co"(PN),(H)(MeCN)][PFs]>
(Scheme 3.4) and the H, evolution pathways for [Co"(PN),Cl,] and isolated [Co"(PN),(H)(Cl)][PFe]
(Scheme 3.7) were proposed via an ECEC mechanism. The more detailed mechanistic
investigation of HER by these complexes was supported by UV-Vis and NMR techniques and bulk

electrolysis experiments as discussed below.

From the CVs responses under catalytic conditions and the stability of the [Co™(PN)2(H)(CI)][PFs]
and [Co"(PN),(H)(MeCN)][PFs].in acidified MeCN solution, TFA with pK.=12.6 (in MeCN) was the
most suitable acid as H* source. The NMR studies (section 3.3.5) of an acidic solution of the
[CO"™(PN)2(H)(CI)][PFs] suggested that the [Co"(PN),(H)(CI)][PFs] and the resulting
[Co"(PN),(H)(MeCN)]?** are more stable in the solution with TFA acid than that with TsOH-H,O0.
Furthermore, using TFA as H* source involved only metal-centred reduction at less negative
potential than required for generation of doubly reduced Co(0) or Co(l)L* for [Co"(PN).Cl;]
species. Therefore, a ligand-centred-reduction could be excluded from the singly reduced
species by one-electron transfer to the starting Co(ll) complex. However, the conclusions for the
chlorinated species need to be treated more cautiously than those for the species with

coordinated MeCN because of the issues with speciation described in chapter 2, section 2.5.4.3.
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3.3.7 The H; evolution mechanism for [Co"(PN)(MeCN)][BFs). and
[Co"(PN)2(H)(MeCN)][PFs)2
According to the mechanism proposed in Scheme 3.4, the first step is one-electron transfer to
[Co"(PN)2(MeCN)]* to form the reduced Co(l) species. However, the solution changed colour in
the presence of TFA acid in MeCN suggesting protonation. The UV-Vis spectrum of the complex
showed a decrease of the CT absorption band at 450 nm upon adding 2.0 eq of TFA (Figure A
3.10 a). To test this hypothesis, deprotonation of the protonated complex by NEt; up to 3.2
equiv. was carried out. Partial recovery of the original complex (Figure A 3.10 b) was observed
by adding NEts to the solution with 2.0 equiv. TFA. In contrast to these spectral changes, addition
of relatively weak CH3COOH acid (2.0 eq) to a solution of [Co"(PN),(MeCN)][BF4], showed a
negligible UV-Vis spectral change. There was a slight decrease in the CT band on adding a large

excess of CH;COOH (40.0 equiv) as shown in Figure A 3.11.

This evidence confirmed that [Co"(PN),(MeCN)]?* was protonated prior to one-electron transfer
under electrocatalytic conditions using TFA as H* source (Scheme 3.8). Therefore, we assumed
that the protonated complex (intermediate A-MeCN) was reduced by one-electron reduction (E;
step) to form the Co(l) species (intermediate B-MeCN), and the Co(lll)-H intermediate was
subsequently formed by a H* transfer reaction (C; step) from bulk solution or from a protonated
pyridine ring of a PN ligand. For the second electron and proton transfer (E; and C; step) in the
catalytic cycle, the bimetallic pathway of the reduced Co(ll)-H for H; liberation was ruled out as
a result of the CV and UV-Vis SEC studies of the isolated [Co"(PN).(H)(MeCN)][PFs]> under non-
catalytic conditions. The variable scan rate analysis with a slope of AE,./log v =-31 mV obtained
from plotting E,c versus log v of the Co(lll)-H intermediate (Figure 2.59 a) indicates reversible
MeCN loss from the reduced species. The theoretical slope (AEy/log v) of 20 mV from plotting
between E,. versus log v is expected for an ideal bimolecular reaction following one-electron
transfer.??® Therefore, a bimolecular reaction of the [Co"(PN),(H)(MeCN)]* to form the resulting
[CO'(PN)2(MeCN)]* and H, was ruled out. Moreover, the UV-Vis SEC result supported the
hypothesis that one-electron transfer to the [Co"(PN),(H)(MeCN)]* concomitant with a MeCN
loss led to a generation of the pentacoordinated [Co"(PN),(H)]* (E2 step). Based on this result, a
subsequent protonation of [Co"(PN),(H)]* intermediate was more likely to occur for H; evolution

step concomitant with a regeneration of the starting [Co"(PN),(MeCN)]** complex (C, step).
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Scheme 3.8. Proposed mechanism for electrocatalytic hydrogen evolution catalyzed by the

starting [Co"(PN)2(MeCN)][BF4], complex.

Furthermore, protonation of the reduced Co(l) complex (C, step) was confirmed by a chemical
reduction of [Co"(PN),(MeCN)][BF4]; with KCs followed by a protonation by TsOH-H,O acid in
MeCN solution (Scheme 3.9).
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Scheme 3.9. The formation of [Co"(PN),(H)(MeCN)]**via chemical reduction using KCs followed

by a protonation and a reaction with NaBH4in MeOH.

Formation of the hydride intermediate in this reaction was confirmed by the *H NMR (Figure A
3.12) and 3'P{*H} NMR studies (Figure A 3.13) which agree with the NMR signals of isolated
[Co"(PN)2(H)(MeCN)][PFe].. However, [Co"(PN);(H)(MeCN)][PFs]. was not the major product
and unidentified paramagnetic and diamagnetic species were observed in solution. The standard

route to [Co"(PN),(H)(MeCN)][PFs] involves reacting [Co"(PN)2(MeCN)][BF4]; with NaBH, in
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MeOH followed by addition of NH4PFs. In this case, NaBH,4 could act as reducing agent for a
reduction of the Co(ll) to Co(l) complex which was then protonated by NH;*to form the hydride

species.

3.3.8 H*reduction activity of [Co"'cis-(PN).Cl.][PFs] and [Co'cis-(PN).CI][PF¢] with TFA
The CV responses of [Co"(PN).(H)(CI)][PFs] and the separately synthesized [Co"(PN),Cl;] under
electrocatalytic conditions using different proton sources, suggested that H* reduction activity
of these two complexes operates via metal-centred reduction (Scheme 3.7). The CV responses
of [Co'cis-(PN),Cl]* and [Co"cis-(PN),Cl,]* using TFA acid as H* source were investigated in order
to compare their H; evolution reactivity to that of the [Co"(PN),(MeCN)][BF4], under the same

catalytic conditions.

The CV response of [Co'"cis-(PN),CI]* (Figure A 3.14 a) and [Co"cis-(PN),Cl,]* (Figure A 3.14 b)
displayed current increases dependent on TFA concentration near to the Co(ll/1) couple which
is similar to the CV response of the [Co"(PN),(MeCN)][BF]. (Figure 3.14). The plots of current
ratio (icat/ip) at -1.40 V (Figure 3.25), showed that the current responses of the Co(ll/I) couple in
the [Co"cis-(PN),Cl,]PFs, [Co'cis-(PN).CI]PFs and [Co"(PN),(MeCN)][BFs], were similar upon

eis-(PN),Cl2][PFs] was also observed at

adding TFA acid up to 30 mM. The catalytic wave of [Co
a potential near to the Co(ll/I) redox couple, and the current ratios were acid concentration
dependent with a saturation point at 40 mM of acid (blue triangle). However, the enhancement
of catalytic currents for [Co"(PN)2(MeCN)][BF4], and [Co"cis-(PN),CI]PFs analogue showed no
saturation current upon adding TFA acid up to 60 mM. Moreover, at high acid concentrations

(40-60 mM), the values of the current ratio are in the order [Co"(PN)(MeCN)][BF4], > [Co'cis-
(PN),CI][PF¢] > [Co"cis-(PN),Cl,][PFe].
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Figure 3.25. Plot of i.t/ip ratio at -1.40 V versus [TFA] at scan rate of 100 mV s* for
[Co"(PN)2(MeCN)][BF4],, black squares, [Co'cis-(PN),CI|PFs, red dots, and [Co"cis-(PN),Cl,]PFs

blue triangles.
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It can be inferred that [Co"(PN),(MeCN)]** with 60 mM TFA exhibited the highest reactivity
among the complexes as compared in Figure 3.25. Therefore, the ClI"in these complexes could
possibly inhibit or deactivate the active species for the HER reaction. The more detailed pathway
for H, evolution of the chloride derivatives with lowering activity was then proposed and

discussed in section 3.3.8.1.

3.3.8.1 The H; evolution mechanism using [Co"cis-(PN).Cl;J[PFs], [Co"cis-(PN):CI][PFs] and
[Co" (PN)»(H)(CI)][PFs] with TFA as the H* source
The CV titration of [Co"lcis-(PN),Cl,]* with TFA showed increases of currents near the Co(ll/l)
couple as shown in Figure A 3.14 a. However, the H, evolution mechanism using [Co"cis-
(PN),Cl,][PFs] as precursor is expected to be complicated by the presence of multiple species in
solution. Based on the CV (section 2.5.5.4) and UV-Vis SEC (section 2.5.6.1) result of the [Co"'cis-
(PN)2CLL][PFs] in the absence of H* substrate, one-electron transfer to this complex caused
generation of [Co"(PN),Cl,]° which underwent a subsequent PN ligand loss to produce
[Co"(PN)CI,]° (red arrows, Scheme 3.10) and one Cl release to attain the [Co"cis-(PN).CI]* (blue
arrows, Scheme 3.10). Therefore, [Co'cis-(PN),Cl]* was formed by electrochemical reaction of
the [Co"cis-(PN)2Cly]* via an EC mechanism. The UV-Vis spectrum of a solution of the isolated
[Co'cis-(PN),CI][PFs] in MeCN indicated the presence of a mixture of [Co'cis-(PN).CIT*,
[Co"(PN)Cl;]°and also the [Co"(PN),(MeCN)]?* formed by the exchange reaction between Cl~and

MeCN. Therefore, [Co"(PN),(MeCN)]** was also formed upon one-electron reduction of the

[Co"cis-(PN),Cl,]" as indicated by the black equilibrium, Scheme 3.10.

Under catalytic conditions, the CV response of [Co"cis-(PN),Cl,]* was observed near to the
Co(ll/1) couple which is similar to catalytic potential of the isolated [Co"(PN),Cl,], [Co"cis-
(PN)2CI][PFe] (Figure A 3.14 b) and [Co"(PN),(MeCN)][BF4].. Therefore, it can be inferred that the
one-electron reduction of [Co"'cis-(PN),Cl;]* generated a mixture of the [Co'cis-(PN).CI]* and
[Co"(PN)2(MeCN)]** which are involved with HER catalysis (Scheme 3.10). This MeCN species
generated in the solution under catalytic conditions can then catalyse H, evolution through a
similar pathway to that of the isolated [Co"(PN),(MeCN)][BF4], complex. Therefore, the same
pathway for H, evolution (Scheme 3.10, black cycle) as that of the separately synthesized
[Co"(PN)2(MeCN)]** complex (Scheme 3.8) was also proposed as a parallel H, evolution pathway
in the catalytic cycle for HER by [Co"cis-(PN),Cl]* (Scheme 3.10, blue cycle). The proposed
mechanism for HER catalysis by the starting [Co"cis-(PN),Cl,][PFs] leads to a considerable
amount of [Co"(PN)CI,]° (red arrow). We assumed that the [Co"(PN)Cl,]° generated in the
catalytic cycle of the [Co"cis-(PN),Cl,]* could be the least active species for H* reduction among
the catalytic activity of other complexes containing one Cl" and no CI" ligand for the respective

[Co"cis-(PN),CI]* and [Co"(PN)(MeCN)J?*. This assumption was confirmed by the comparison of
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current ratio (icat/ip) for these three complexes under the same catalytic conditions at the same
potential of -1.4 V (Figure 3.25). The dichloride [Co"cis-(PN),Cl,]* showed the least current ratio

(icat/ip) value at high TFA concentration (60 mM) indicating the lowest H* reduction activity.
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Scheme 3.10. Proposed mechanism for electrocatalytic HER reaction catalyzed by the isolated
[Co"cis-(PN)Cl,]PFs [Co"cis-(PN).Cl]PFsand [Co"(PN)2(H)(CI)][PFs] complexes using TFA acid as

H* source.

In the presence of TFA, we assume that [Co'cis-(PN),Cl]* is protonated to form intermediate A-
Cl prior to entering the E1C1E,C; pathway for H; evolution which is similar to that of the isolated
Co(ll) MeCN analogue. This protonated complex (A-Cl) could then take up one-electron (E; step)
to form a Co(l) intermediate (B-Cl) followed by the Co(lll) hydride intermediate [Co"cis-
(PN)2(H)(CI)]* formed by H* transfer via a pyridinium ligand or from TFA (C; step). The additional
one-electron reduction of the [Co"'(PN)2(H)(CI)]* leads to dissociation of the axial CI" to form the
active penta-coordinated [Co"(PN),(H)]*. The generation of this species following one-electron
transfer to the [Co"(PN)2(H)(CI)]* was confirmed by the scan rate variation analysis (chapter 2,

section 2.5.5.5) and UV-Vis SEC (section 2.5.6.2) studies of the isolated [Co"(PN),(H)(CI)][PFe].
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The plotting of Epc of Co(lll/Il)-H couple versus log v over the scan rate in the range of 0.05-10 V
st gave a slope AE,./log v =-49 mV indicating an E,C; mechanism via irreversible Cl"loss following
one-electron reduction of the [Co"(PN),(H)(CI)][PFs]. For this reason, the bimetallic reaction of
the two Co(ll)-H species with an ideal slope of AE,/log v = -20 mV**® was ruled out for H,
evolution pathways catalysed via the [Co"(PN),(H)(CI)]*. Therefore the H, evolution step was
proposed to occur via protonation of [Co"(PN),(H)]* (C. step) by a heterolytic pathway with
concomitant Cl”recoordination. Finally, the regeneration of protonated complex (intermediate

A-Cl) could then occur to repeat the catalytic cycle for evolving H; via this ECEC mechanism.

Based on the mechanistic studies of cobalt complexes in the literature,?®® 263; for example: the
most commonly proposed H, evolution mechanism for the well-known cobaloximes is a

142, 267

protonation of Co(ll)H. This accepted mechanism is supported by theoretical studies and

transient spectroscopic studies of the hydride of cobaloxime using a very strong photoacid. 2
Moreover, as shown in section 3.1.4, all cases for H, evolution catalysed by cobalt-based
electrocatalysts generate the Co(lll)-H intermediate which is commonly formed by protonation
of the reduced Co(l) analogue, and a further reduction of Co(lll)-H to Co(ll)-H is required for the
catalysis. Most cases produce H, via protonation of Co(ll)-H by heterolytic pathways.14> 207: 263
However, in some cases for cobalt-catalyzed H, evolution, it was reported Co(ll)-H species can
produce hydrogen by both homolytic pathway and heterolytic mechanisms depending on

experimental conditions such as concentration of H* or pH.206 208

3.3.8.2 Protonation behaviour  for  [Co"cis-(PN),Cl;]PFs, [Co"(PN)CI,J° and
[CO"(PN);(MeCN)][BF.];
The NMR studies of [Co"cis-(PN),Cl,]PFe,in CDsCN with 10.0 equiv of TFA acid (Figure A 3.15 and
Figure A 3.16), showed no spectral change. This evidence confirmed that the starting Co(lll)
complex does not react with H" and is not able to be protonated under catalytic conditions.
However, one-electron reduction of the Co(lll) complex generated the reduced Co(ll) species
which was subsequently protonated prior to H, production via an ECEC mechanism. The
proposed protonated species (A-MeCN and A-Cl) in Scheme 3.10 were evidenced in the UV-Vis
spectral changes upon titration of the isolated [Co"(PN).Cl;] and [Co"(PN)2(MeCN)][BFa]: in
MeCN solution with TFA acid as shown in Figure A 3.17 and Figure A 3.10 a, respectively. An
immediate colour change from grey-blue to pale blue occurs with decreases in absorbance at
wavelengths 490, 580, 660, 690 and 800 nm. Moreover, deprotonation of the protonated
species by adding NEt; to the solution showed a partial regeneration of these bands suggesting
that some of the [Co"cis-(PN),Cl]*and [Co"(PN)Cl;] was restored (Figure A 3.17 b). However, an
increase of absorption intensity at A 290 nm was observed possibly because NEt; might react

with the metal centre to form new species.
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The addition of 10.0 equiv CFsCOOH to a solution of the precursor CoCl; anhydrous salt under
the same conditions did not cause a spectral change (Figure A 3.18). This result suggested that
pyridine phosphine ligand in the complex [Co"(PN),CI]* could be responsive to H*. In the *H NMR
spectrum, a solution of the [Co"(PN),Cl,] showed a downfield shift of broad signals in the

presence of CF3COOH as shown in Figure A 3.20.

In the case of using CH;COOH as H* source, there was no significant change in the absorption
spectrum for the [Co"(PN),Cl,] (Figure A 3.21) and [Co"(PN)2(MeCN)][BF4], upon adding a
solution of CH3COOH up to 40.0 equivalents (Figure A 3.11). This suggests that the PN ligands in
[Co'cis-(PN),Cl]** and [Co"(PN)(MeCN)]** were not protonated by weak CHsCOOH acid in MeCN

solution.

3.3.8.3 Evidence of exchange between CI in [Co" (PN),(H)(CI)]* and MeCN in acidic conditions
The CV studies of the [Co"(PN),(H)(CI)][PFs] in MeCN solution under non-catalytic conditions
clearly showed that there is a slow exchange between CI" ligand and MeCN solvent. The CV of 2
mM solution of [Co"(PN),(H)(CI)][PFs] was recorded when a solution was left in the electrolyte
solution for 10 h exhibiting a new redox wave at more positive reduction potential compared to
the Co(lll/I)-H couple in the original [Co"(PN)2(H)(CI)]*. This wave was more clearly observed
upon raising the scan rate from 0.1 to 0.5 V s (Figure 3.26 a). Upon adding 10 mM TFA acid to
this solution which had been left for 10 h, an immediate colour change occurred from orange to
pale yellow that further suggested formation of the [Co"(PN),(H)(MeCN)]?**. This complex
displayed a yellow solution in acetonitrile with Amax =413 nm and & = 1640 M cm™. It can be
assumed that the exchange between CI ligand in [Co"(PN)2(H)(Cl)]* and MeCN to form
[Co"(PN)2(H)(MeCN)]** is accelerated in acidic conditions at room temperature. This exchange
reaction corresponds to the conversion of [Co"(PN),(H)(CI)]* to [Co"(PN);(H)(CDsCN)]** by
heating a solution of the [Co"(PN),(H)(Cl)]* complex in CDsCN with 10 equiv. TFA at 45 °C
(Scheme 3.6).

Under catalytic conditions, the CV of [Co"(PN),(H)(CI)][PFs] which had been left for 10 h in the
presence of 10 mM TFA showed two separate catalytic waves at scan rate 0.1 V s (Figure 3.26
b), and the current increased upon raising the scan rate to 0.5 V s? suggesting a diffusion
controlled process (Figure 3.26 c). Moreover, comparison of the catalytic wave of
[Co"(PN)2(H)(CI)]* species (red solid line) in this solution to the non-catalytic (blue dots) and
catalytic wave (red dots) of the independently synthesized [Co"(PN),(H)(MeCN)]?>* complex in
acetonitrile solution with 30 mM TFA acid showed identical CWs at similar potential (Figure 3.26
d). Therefore, the [Co"(PN),(H)(MeCN)]** was formed in the solution of [Co"(PN),(H)(CI)][PFe]

complex when it was left for 10 h. This evidence supported the equilibrium as proposed in
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Scheme 3.10 (indicated by green arrow) that the coordinated CI" ligand in the [Co"(PN),(H)(CI)]*
complex dissociates chloride in acidified MeCN to form [Co"(PN),(H)(MeCN)]**. The catalytic
wave originating from this MeCN analogue was then observed at less negative potential than

that by [Co"(PN),(H)(CI)]*.
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Figure 3.26. CVs of the Co(lll/ll)-H couple of [Co"(PN)2(H)(CI)][PFs] (2 mM) left in solution for 10
h before CV measurement at (a) a scan rate of 0.1 V s (black) and 0.5 V s (blue), (b) the CV of
this solution with 10 mM TFA acid at scan rate 0.1 V s* and (c) the same at 0.5 V s. (d) the
catalytic wave at scan rate 0.5 V s! of the CV of independently synthesized
[Co"(PN)2(H)(MeCN)][PFs], with 30 MM TFA (red dot) and the non-catalytic wave of this complex
at scan rate 0.5V s? (blue dot). The catalytic wave for [Co"(PN)2(H)(CI)]* with 10 mM TFA left for

10 h is shown for comparison (red line).

Furthermore, at relatively high proton concentration, the catalytic waves for [Co'"cis-
(PN)2Cl,][PFe] and [Co"(PN)2(MeCN)][BF4], overlapped more because of shifts in the half-wave
potential. The value of AEct2 was 30 mV on adding 60 mM TFA (Figure 3.27 top) compared to
AEcat2 = 60 mV and AEy; = 220mV with 10 mM TFA and no TFA acid, respectively. The more
positive shift in catalytic half-wave potential of [Co'"cis-(PN).Cl,][PFs] at higher acid
concentration is attributed to the exchange between CI~in the hydride intermediate, formed

after the first one-electron and proton transfer, and MeCN.
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Figure 3.27. CVs of Co(ll/1) couple for [Co"cis-(PN),Cl,]PFs, (red) and [Co"(PN),(MeCN)][BF4]>
(black) at scan rate 100 mV s™. Conditions: 1 mM in CHsCN containing 0.1 M TBAPFs, in the
presence of 0 mM TFA (bottom), 10 mM TFA (middle) and 60 mM TFA (top).

3.3.8.4 The effect of CI on H* reduction activity of [Co"(PN),(MeCN)][BF.]. and
[Co" (PN),(H)(MeCN)][PF;].

The MeCN complex [Co"(PN)2(MeCN)][BF4] in the presence of 60 mM TFA showed much higher
catalytic current than [Co"cis-(PN),Cl,][PFs] under similar conditions. This evidence suggests that
Cl ligands in [Co"cis-(PN).Cl,][PFs] could inhibit the catalytic activity possibly by formation of
deactivated [Co"(PN)CI,]° complex after one-electron reduction of the [Co"cis-(PN),Cl;][PFe]
followed by one PN ligand loss as proposed in Scheme 3.10 (red arrow). To test this hypothesis,
CV titrations of a solution of the [Co"(PN),(MeCN)][BF4]>and [Co™(PN),(H)(MeCN)][PFs], with CI
in MeCN solution (TBACI in 0.1 M TBAPF¢) were carried out.

The addition of CI” to a solution of [Co"(PN),(MeCN)][BF4]> and a solution of the [Co"(PN),
(H)(MeCN)][PFs ]o caused decreases in the catalytic currents indicating (Figure 3.28 a and b,
respectively) that CI" could suppress HER catalytic activity. Therefore, this evidence confirmed
that the interaction between Cland [Co"(PN),(MeCN)]** and [Co"(PN),(H)(MeCN)]** under

catalytic conditions generates the deactivated [Co"(PN)CI,]° complex.
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Figure 3.28. CVs of with 60 mM of TFA acid upon addition of TBACI from 0.0 to 3 equiv. (a)
[Co"(PN)2(MeCN)][BF4]2 and (b) [Co™(PN)2(H)(MeCN)][PFs]. . Conditions: 1 mM of the complex in
CH3CN with 0.1 M TBAPF; at scan rate of 100 mV s™.

The considerable decreases in catalytic current at -1.4 V by adding CI~ agree with the
deactivation pathway as proposed in the HER catalysed by [Co'cis-(PN),CI|PFs and
[Co"(PN)2(H)(CI)][PFe] (Scheme 3.10, blue arrows). Therefore, the liberation of H, concomitant
with recoordination of CI™ (C; step) in the catalytic cycle would lead to differences in activity

between [Co"(PN),(H)(CI)][PFs] and [Co™(PN).(H)(MeCN)][PFs]. for H; evolution catalysis.
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3.3.9 The production of H; by bulk electrolysis
To confirm that the catalytic wave around —1.4 V originated from H; evolution catalysis, bulk

electrolysis experiments of each complex were performed in acetonitrile (Table 3.2).

Table 3.2. Conditions for bulk electrolysis of each complex (0.9 mM) in acetonitrile containing

0.1 M TBAPF¢ acidified with TFA acid.

Complexes [TFAlmM  Ecat(V) Eca2(V)  Eapp(V) % FE (H2)
[Co'cis-(PN),Cl,][PF] 60 -1.70 -1.29 -1.48 99
[Co"(PN),(MeCN)][BF4] 60 -1.47 -1.21 -1.33 100
[Co"(PN)(H)(MeCN)][PFs]; 60 -1.46 -1.22 -1.40 91
[Co"(PN)2(H)(CI)][PFs] 30 -1.55 -1.34 -1.50 101

3.3.9.1 Bulk electrolysis of [Co"(PN)(MeCN)][BF.]. and H; determination by GC

Bulk electrolysis of [Co"(PN),(MeCN)][BF.], was carried out to obtain the area of I-t plot (Figure
3.29 a) which showed the current passed through a solution over 2 h of electrolysis at constant
potential (-1.33 V). The CV of the complex under catalytic conditions was recorded before
applying constant potential (Figure 3.29 b). The sampling of H, produced in the head space of
the cell during bulk electrolysis of the solution was quantified by GC. The increase in
experimental number of moles of H, produced from the system over the course of electrolysis
(Figure 3.29 c) indicated that the complex can catalyse H. evolution upon applying the potential
without a loss of its catalytic activity over 2 h. The percent faradaic efficiency for H, evolution (%
FE(H,)) of 100 % was achieved suggesting that all of charge passed through the system was
consumed by the catalysts for H, evolution over 2 h of electrolysis (see experimental section
3.2.4). The data for CV measurements before bulk electrolysis, I-t plots from controlled potential
experiment and the experimental number of mole of H, produced from the system over the
course of electrolysis for [Co"cis-(PN)2(H)Cl2]*, [Co"(PN)2(H)(C)]* and [Co™(PN),(H)(MeCN)]** are
shown in Figure A 3.24, Figure A 3.25 and Figure A 3.26, respectively. All complexes in this study
showed 90-100 % FE for H, evolution.
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Figure 3.29 (a) I-t plot from controlled potential electrolysis of this complex in the solution with
60 mM of TFA by applying constant potential at -1.33 V vs Fc”* for 2 h. (b) The CV of
[Co"(PN)2(MeCN)][BF4]2(0.9 mM) in CHsCN solution containing 0.1 M TBAPFs in the presence of

60 mM of TFA; (c) the experimental number of moles of H, against time of electrolysis.

3.3.9.2 Dipping test

Furthermore, to prove that there is no deposition of particles at the surface of the carbon plate
used as the working electrode during bulk electrolysis, a dipping test was performed by rinsing
the electrode after electrolysis prior to using this electrode as a WE for CV measurement of the
electrolyte solution with no catalyst. The cyclic voltammograms from the dipping test of the
catalyst Figure 3.30 . show that catalytic activity is not increased consistent with homogeneous
catalysis and the absence of Co nanoparticle deposition. In some cases, cobalt complexes can
catalyze the H; evolution reaction in a heterogeneous manner by electrodeposition of cobalt

particles at the working electrode upon extended catalytic H* reduction.20 2%
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Figure 3.30. The CVs of electrolyte solution (0.1 M TBAPFs) using carbon plate as the working
electrode (WE) (a) before electrolysis (black), and after use for electrolysis of the
[Co"(PN)2(MeCN)][BF4]2, (b) [Co"cis-(PN).Cl;][PFs]. Conditions: in CHsCN solution (0.5 mM)
containing 0.1 M TBAPF; in the presence of 60 mM of TFA solution.
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3.3.10 Benchmarking HER catalysts and comparison to other catalysts

3.3.10.1 Overpotential determination
In this work, the overpotential (1) of each catalyst as listed in Table 3.3 was determined using

the potential at the half-current on the catalytic wave (Ec.t/2) as the expression shown below.
Overpotential (N) = Ecat/2-E%am2, E%hasma for TFA acid in MeCN =-0.77 V

The calculation of overpotentials for [Co"(PN),(H)(C)][PFs] by using different acids as H* source

is described in the Appendix with the data as listed in Table A 3.1.

Table 3.3. Overpotentials (vs. Fc”*) and %FE for hydrogen evolution of each complex in this work

and literature example.

Complexes Acids (pKa) Ecat (V) | n(mV) | Ea(V) | % FE(H,)
[Co"'cis-(PN),Cl,][PFs] TFA (12.6) -1.70 520 | -1.48 99
[Co"(PN)2(MeCN)][BF4]; TFA (12.6) -1.47 440 | -1.33 100
[Co"(PN)2(H)(MeCN)][PFs], TFA (12.6) -1.46 450 | -1.40 91
[Co"(PN),(H)(CI)][PFs] TFA (12.6) -1.55 570 | -1.50 101

literature

[(DMF)H]*:DMF (6.1) 1210

[Co™(L2)(CHsCN)T" [p-bromoanilinium]* (9.43) 930

[Co"(L3)(CHsCN)]** [p-bromoanilinium]* (9.43) 710
Co-Py4-1 TFA (12.6) - 620 | -1.40 99
Co-Py5-1 CH3COOH(23.5) - 500 -1.1 100
Co-bpyPy5-1 CH3COOH(23.5) -1.80 460 -1.1 90
Co-Py3-1 CH3COOH(23.5) -1.35 - -2.38 95
Co-Py3-2 CH3COOH(23.5) -1.45 - -2.38 94
[Co(bdt),] TFA (12.6) 240 | -1.01 >99
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3.3.10.2 Kinetic analysis of H ; evolution catalysts by FOWA

The peak-shaped CV responses of [Co"(PN),(H)(MeCN)][PFs]: and [Co"(PN),(MeCN)][BF4], and
the effect of increasing acid concentration (Figure 3.13 a and Figure 3.14 a) indicated that these
two complexes catalyse H; evolution catalysis under pure kinetic conditions with substrate
consumption.?®® Therefore, FOWA analysis is applied for determination of observed catalytic
rate constant (kops), overall catalytic rate constant (k.t) and TOF for H, production. Moreover, a
catalytic Tafel plot for those three complexes was constructed based on the corresponding
kinetic data (k.»s) obtained from FOWA in order to reliably compare their catalytic activity and

efficiency to other HER catalysts

FOWA of the [Co'"(PN)2(MeCN)][BFs]2 complex with 60 mM TFA

The catalytic currents of [Co"(PN),(MeCN)]**with TFA concentrations of 25 mM (Figure 3.31 a)
and 60 mM (Figure 3.31 b) were scan rate dependent suggesting competition between catalytic
reaction and substrate consumption (under zone K). A more plateau-like catalytic wave was
observed upon raising the scan rate up to 1.0 Vs? at these two acid concentration. This
suggested that H* consumption is more limited at high scan rate. 7 A plot of the current ratio
(icat/ip) against [TFA] as shown in Figure 3.14 b confirmed that catalytic current is dependent on

acid concentrations.
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Figure 3.31. CVs of [Co"(PN)2(MeCN)][BF4]; (1 mM) in CHsCN containing 0.1 M TBAPF¢ with 25
mM TFA acid (a) and 60 mM TFA (b) at various scan rates from 0.1to 1.0V s,

In order to more accurately estimate the observed catalytic rate (koss) for H, evolution by the
[Co"(PN),(MeCN)][BF4], catalyst, foot of the wave analysis (FOWA) from electrocatalytic cyclic
voltammograms was performed, by plotting normalized current (i/ig) Versus
1/{1+exp[(F/RT)(E-Ecat2)]} as shown in the eq 3.27.

i 2J/k RT 1
e eq 3.27
ip 04463 \[Fv | [2r(E-Ecar2)]
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where experimental l% and Ect2 values are obtained from the catalytic wave of
P

[Co"(PN)2(MeCN)][BF4], with 60 mM TFA (Figure 3.32).

Co(Il)(MeCN)
—— Co(I)(MeCN)+60mMTFA
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Figure 3.32. Experimental determination of i/i, from CVs of [Co"(PN),(MeCN)][BFz]> (1 mM) in
CHsCN containing 0.1 M TBAPF¢ (black), and with an addition of 60 mM TFA acid (red) at scan

rate 0.1 V/s.
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Thus, these experimental data from the CV response of [Co'(PN),(MeCN)]** with 60 mM TFA acid

were used to obtain FOWA plots with varying scan rates at 0.1, 0.5 and 1.0 V s* (Figure 3.33).
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Figure 3.33. FOWA plots and linear fit for [Co"(PN),(MeCN)][BF4], complex (1 mM in MeCN with
0.1 M TBAPFs) with 60 mM TFA at different scan rates: (a) 0.1, (b) 0.5, (c) 1V s, (d) kops values

for the complex at different scan rates.

The slope of the linear region in FOWA plot was used to determine an observed catalytic rate

constant (kos) for catalytic HER using the eq 3.28:

kegps = 06y eq3.28
where m is the slope of the linear fit curve as shown inset, F is the Faraday constant = 96,485 C
mol?, Ris the gas constant =8.314 I molt Ktand T is the temperature at 298 K. Inserting a slope
of 14.2 with the scan rate of 0.1V s and all constant values to the equation above gives a value
of k,ps=40s". From the kops value (eq 3.29), a catalytic rate constant can be retrieved by dividing
by the bulk concentration of acid. This yields a k.,; value in Mt s™:

_ kobs
kot = H] eq 3.29

Thus, ket = 710 M st was obtained from FOWA plot for a solution of the catalyst with 60 mM

TFA acid at scan rate 0.1 V s%. Similar determination of ko from FOWA plots at the two other
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scan rates were then performed to yield the k.. values at different scan rates as shown in Figure

3.34 and enumerated in Table 3.4.

3000
= with 60 mM TFA
2500
2000

1500 4

keatM s

1000 4

500

0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

scan rate (Vs'1)

Figure 3.34. k., values for the [Co"(PN),(MeCN)][BF.], complex at different scan rates.

From this analysis, the linear portion in FOWA plot (Figure 3.35, a) corresponds to the ideal
portion (red region) in the catalytic wave (i-E curve) of a solution of [Co"(PN);(MeCN)]** complex

with 60 mM TFA acid as shown in Figure 3.35 b.

25 |— Plotof ifip versus E(V) vs Fc”*
25— [—— Co(ll)(MeCN)+60mM at 0.1Vs-1 b) linear portion from FOWA
a) Linear Fit of Sheet1 E
Equation y=a+bx
Plot B 204
20 rea SR LI
Slope: 14.24662 + 0.0576)|
Residual Sum of Squar 0.81388
Pearson's r 099937 15
-Squar 74
. 1 g RS e 3
10
5 4
0 . . . . . 0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 -1.1 -1.2 -1.3 -1.4 -1.5
111+exp[(F/RT)(E-E .oy2)] Potential (V) vs Fc”*

Figure 3.35. (a) Linear fit for FOWA for [Co"(PN)2(MeCN)][BF4], , (b) portions of the catalytic
current response of this complex used for FOWA. The region shown in red represents the linear

portion of the foot-of-the-wave.
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This FOWA plot (Figure 3.35 a) is a non-ideal case as observed in [Co"(P2N;)(CH3CN)s3]** as
presented in Figure 3.7 c ?”. It displays three different regions, first a rapid increase of the
normalized current at small values of 1/{1+exp[(F/RT)(E-Ecat2)]}, second a linear increase with a
constant slope at intermediate values of 1/{1+exp[(F/RT)(E-Ecat2)]} which is in agreement with
the ideal FOWA analysis. Finally, the currents fall rapidly at high
1/{1+exp[(F/RT)(E-Ecat2)]} because of acid consumption at the electrode near the peak of the

catalytic wave.

The mechanistic H, evolution studies of [Co"(P2N,)(CHsCN)s]* by FOWA and scan rate variation
for detecting transient hydride species suggested that potential of Co(ll/I) and Co(lll/l) couple
are close. The Co(lll/lIl)-H wave is slightly more negative than the Co(ll/1), and a reduction from
Co(lll)-H to Co(ll)-H must occur prior to liberation of H,. These findings agree with the catalytic
pathways of the [Co"(PN)2(MeCN)][BF4]2. Its Co(lll)-H analogue requires a further reduction to
form Co(ll)-H for H, evolution via protonation of the reduced Co(ll)-H. We also observed that the
potential of Co(lll/ll)-H in [Co"(PN),(H)(MeCN)]** is slightly more negative than the Co(ll/Il)
couple in [Co"(PN)2(MeCN)]?* which does not fulfill the requirement for the ideal FOWA analysis.
For the ideal FOWA plot, a linear increase of the normalized current near the foot of the wave
at a small value of 1/{1+exp[(F/RT)(E-Ect2)]}, requires that one of the electron transfers for

catalysis should occur at a much more positive potential than the other, i.e. a large AE*.%7

The FOWA plot for estimation of kops and k.q: for H* reduction catalysis by [Co"(PN)2(MeCN)][BF4),
with 25 mM TFA acid was also performed using FOWA to gain more reliable k.: values at
different scan rates: 0.5V s*and 1V s™*. FOWA plots (Figure A 3.27) gave a ko»s about half of that
measured with 60 mM TFA (summarized in the Table 3.4). However, the k. values are similar
to the k.t from FOWA plots for a solution of the complex with 60 mM TFA acid as shown in the

plot of ket versus the scan rate (Figure 3.36).

Table 3.4. Conditions for CV studies of [Co"(PN)2(MeCN)][BF4]> (1 mM) and kinetic data from

FOWA.
[TFA]/ M Scan rate/ Vs FOW_A plot ——
slope Kobs (s2) Keat (sT M)
0.1 9.9 19 765
0.025 0.5 4.7 21 860
1.0 3.5 24 960
0.1 14.3 40 710
0.06 0.5 6.53 41 750
1.0 4.66 42 760
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FOWA of [Co'"'(PN)2(H)(MeCN)][PFs]. complex with 30 mM TFA.

The catalytic CV response of the hydride [Co"(PN),(H)(MeCN)]** complex also displayed a peak-
shaped CV upon adding TFA acid up to 60 mM and did not reach a saturated catalytic current
(Figure 3.13). Plots of i.t/i, versus acid concentration showed a linear increase of the current
ratio indicating a first order catalytic rate constant. The catalytic response also depends on the

scan rate (Figure A 3.28) which is similar to that of [Co"(PN),(MeCN)][BF4]>.

FOWA plots for [Co"(PN)z(H)(MeCN)][PFe], with 30 mM TFA at different scan rates (Figure A
3.29) yield kops and keot values enumerated in Table 3.5. The plot of k. versus scan rates are

shown in Figure A 3.29 d).

Table 3.5. Conditions for CV studies of [Co"(PN)2(H)(MeCN)][PFe]2 (1 mM) and kinetic data from

FOWA.
[TFA]/ M Scan rate/V s FOW_A plot ——
slope Kobs (s2) Keat (ST M)
0.1 14.8 43 1550
0.03 0.5 6.77 45 1560
1.0 4.8 45 1560

In conclusion, FOWA for the complexes in this study gave reliable kops and ke with the values

enumerated in Table 3.6

Table 3.6. Conditions for CV studies and observed rate constant (koss) from FOWA plots with the

corresponding catalytic rate constant (ket) values for all complexes.

FOWA Thermodynamic data
complex
[TFAI/M | kobs(s?) | Keat (M™s™) | Ecars2(V) | 77 (mV)
0.06 41+1 740126 -1.20 430
[Co'(PN)2(MeCN)][BF4).
0.025 21+2.5 862+98 -1.16 390
[Co"(PN),(MeCN)(H)][PFs]> 0.03 4416 155716 -1.13 360

n =EI(')I+/H2 'Ecat/Z; EI(')I+/H2: -0.77 V vs FCO/+

A plot of k.t for hydrogen evolution catalysis against the scan rates for all complexes at different

concentrations of TFA is shown in Figure 3.36
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Figure 3.36. k. values for all complexes from the FOWA plots at different scan rates.

According to the kinetic analysis of [Co"(PN),(MeCN)][BFi]; and the corresponding
[Co"(PN)2(H)(MeCN)][PFs]. by FOWA, the k.: values showed no significant change upon
increasing the scan rate between 0.1 to 1.0 V s!. The kur value by FOWA for
[Co"(PN)2(H)(MeCN)][PFe], with keer = 15606 M st is about double that of 800+92 M s for
[Co"(PN)2(MeCN)][BF4].. This suggests that protonation of the Co(l) species to form a Co(lll)-H
intermediate (C; step in the proposed mechanism) would be a rate-determining step for HER
catalysis of the starting [Co"(PN),(MeCN)]?*. By consideration of the first catalytic turnover of
the proposed HER mechanism (Scheme 3.8), [Co"(PN)(MeCN)]** needs to electrochemically
generate the Co(lll)-H intermediate by protonation of the Co(l) species, while the isolated
[Co"(PN)2(H)(MeCN)]* acts as Co(lll)-H intemediate by itself and is readily accessible in bulk
solution. Therefore, the relatively slow formation of Co(lll)-H from [Co"(PN),(MeCN)]** by

protonation of the reduced Co(l) species could affect the overall catalytic rate constant.
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3.3.10.3 Catalytic Tafel plot for [Co"(PN).(MeCN)][BF.]: and [Co" (PN).(H)(MeCN)][PF¢]:
The FOWA plot of the catalytic CV response allows the determination of the turnover frequency
(TOF) as described in section 3.1.2.4. The equation eq 3.30 2’* shows that TOF is dependent on
the applied potential E and becomes independent of potential when the applied potential is

significantly more negative than E..t2 tending toward TOFmox.

TOF ax

TOF =
t+exp| o (E /iy~ E cat/2)| €Xp(—z)

eq 3.30
where TOFneis the observed rate constant (kops) from FOWA, in st at 1 M acid .?”°

This TOF value can be linked together to overpotentials (1) by the log TOF-n relationship. This
Tafel plot allows the determination of TOF, (TOF at zero overpotential) which depends on the

intrinsic properties of a catalyst of interest.

To benchmark the electrocatalysts in this series, the data enumerated in Table 3.7 includes kops
from FOWA, ket and Ect2 from the catalytic CV wave of each catalyst which were used to

construct catalytic Tafel plots.

Table 3.7. Conditions for CV studies and the kinetic data obtained from FOWA plot to construct

Tafel plot for each complex.

FOWA at v=0.1 Vs Data for Tafel plot
complex [TFAY/ | Kobs Keat TOFmax | Ecar2 (V)
M (s?) | (s*™m?) (s%)
[Co"(PN)2(MeCN)][BFal; 0.06 45 750 750 -1.20
[Co"(PN)2(MeCN)(H)][PFs], 0.03 45 1500 1500 -1.13

A theoretical turnover frequency (TOFma) in @ 1 M solution of acid with values of 600, 750 and
1500 s, respectively, corresponded to k.. in the unit of M?s *multiplied by 1 M solution of TFA
acid. It should be noted that the experimental TOF would be equivalent to kos in s*. The plots

of log TOF against overpotential (log TOF-7 plot) for all catalysts are shown in Figure 3.37.
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Figure 3.37. Catalytic Tafel plots at scan rate 0.1V s™ for (a) [Co"(PN)2(MeCN)][BF4], with 60 mM
TFA, (b) [Co™(PN)2(H)(MeCN)][PFs]. with 30 mM TFA, (c) comparison of Tafel plots for the two

complexes.

These catalytic Tafel plots allow calculation of the catalytic rate at zero overpotential (TOFo)
which is more reliable to benchmark our catalysts against others (Table 3.8). Moreover, the
slope of each curve is F/(RT)In10 =16.9 at 298 K which further supports the ECEC pathway for
catalytic H, evolution by all complexes in this study.?’* Kinetic analysis of HER catalysts in this
study demonstrated that FOWA allows construction of catalytic Tafel plots to compare the
intrinsic properties of electrocatalysts under different experimental conditions such as solvent
and proton source. Thus, this approach is independent of experimental factors including
electrochemical cell configuration, and the amount of active catalyst in only the diffusion-
reaction layer is used for TOF calculation. As a result, this method provides a rational
benchmarking of intrinsic catalytic activity. An efficient catalyst will show high TOF value at low

overpotential, which is located in the top left corner of the log TOF-7 plot. 27
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Table 3.8. Conditions for CV studies and the kinetic data obtained from FOWA plot and catalytic

Tafel plot for each complex.

FOWA Tafel plot at v=0.1 Vs™
complex [TFA]/ kobs kcut ToFexp ToFmax TOFD slope
M (s?) | (M1s? (s?) (sY) (x103s?)
[Co"(PN),(MeCN)][BFa]; 0.06 | 41+1 | 740+26 | 41t1 750 0.004 16.9
[Co"(PN),(MeCN)(H)][PFsl. | 0.03 | 44+6 | 1557+6 | 4416 | 1500 1.05 16.9

The hydride [Co"(PN)2(H)(MeCN)][PFs]. showed better catalytic activity with the TOF, value of

1.05 x1073 s, which is 20 times larger than that of [Co"(PN),(MeCN)][BF4], . This result showed

that [Co"(PN)2(H)(MeCN)][PFs).is a more efficient catalyst because it reached the maximum TOF

(TOFax) at significantly lower overpotential than that of [Co"(PN)2(MeCN)][BF4], by 70 mV.

Again, the data suggest that the formation of the Co(lll) hydride intermediate (E;C; step) could

be a rate determining step for H, production proposed in Scheme 3.8.

3.3.11 Comparison to other hydrogen evolution electrocatalysts

The Tafel plots for all complexes in this work (Figure 3.38) can readily be used to compare to

previously reported HER electrocatalysts shown in Chart 3.6. The kinetic data which is available

from the literature for constructing the Tafel plot is enumerated in Table 3.9.
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[Co(dmgBF;),(MeCN),]
= = = [Ni(P,”"N,™"),]*"+H,0
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Figure 3.38. Catalytic Tafel plots for selected electrocatalysts for H, evolution.

Page 223 of 394



Chapter 3

Results and Discussion

Benchmarking HER catalysts

Table 3.9. Data for catalytic Tafel plots for comparison of the complexes in this thesis with other

electrocatalysts for H, evolution.
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Chart 3.6. Molecular structures of each catalyst in the Tafel plot.

1-Co

According to the Tafel plot, [Ni(PA,N”",),]?" is the most efficient electrocatalyst among the

leading HER electrocatalysts shown in Chart 3.6 including cobaloximes: Co(dmgH).(py),

Co(dmgBF,)2(MeCN), and the parent [Ni(P™",N"";),]** electrocatalyst. The [Ni(P2N*",),]** can

operate at the lowest overpotential of 230 mV and shows the highest catalytic activity with

TOF max of 70,000 st

. The rational design structure of this complex by incorporating electron-

withdrawing ligands and long alkyl chains in to the parent [Ni(P"",N"";),]** HER electrocatalyst
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improved the catalytic activity by lowering overpotential by ~200 mV with an increase of TOF,

by 5 orders of magnitude compared to the parent Ni(ll) complex.

The overpotential is lowered by using an electron-withdrawing ligand, while the structural
dynamics of this catalyst are controlled by both long alkyl chains on the pendant amines and
viscous dinitrile solvents. By this structural modification of the catalysts and operating in the
suitable solvent, the formation of the inactive “exo-isomer” that arises from exo protonation at

a single pendant amine, can be avoided.?*’

All complexes in our study are also more efficient than the [Ni(PP",N"",),]?* catalysts by
comparison of the TOF, value in the catalytic Tafel plot. However, the catalytic activity of all
catalysts in this series are lower than that of the cobaloxime family which is one of the most
studied classes of molecular electrocatalysts for H, evolution with pioneering works by Artero et
al. 14 220,300 1t was found that the ligand oxygen atoms in cobaloximes can play a role as proton
relays during electrocatalytic production of H, similar to that of pendant amine in the

[Ni(PR,N®),]** catalysts.

In our study, protonation of the pyridine ligand in the [Co"(PN),(MeCN]?* occurs before the first
electron transfer step to form the corresponding protonated Co(l) species (Scheme 3.8). Then,
a ligand-assisted proton transfer to the Co(l) and/or direct reaction with a proton in bulk solution
could possibly occur to generate the Co(lll)-H intermediate. This evidence might result in their
catalytic activity where the TOF, values in the Tafel plot are in between the TOF, of cobaloximes

and the [Ni(P"";N",),]?* HER electrocatalysts containing a pendant amine arm as a proton relay

group.
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CO;z reduction activity studied by cyclic voltammetry

The electrocatalytic CO, reduction activity [Co"(PN),(H)(Cl)]*and [Co"cis-(PN),Cl,]* in CO,-

saturated acetonitrile solution was studied by the CV technique as discussed below.

3.3.12 CV studies of the [Co"'cis-(PN)2Cl,]PFs and [Co"(PN)2(H)(CI)]PF¢ in saturated CO;
MecCN solution
The CO; reduction activity of the [Co"cis-(PN),Cl;]PFs and [Co"(PN),(H)(CI)]PFs was examined in
MeCN solution saturated with CO, containing 0.1 M TBAPFe. The CV of the [Co"cis-(PN),Cl,]PFs
(Figure 3.39 a) showed a large positive shift of Co(l/0) redox couple by 150 mV from the Co(1/0)
couple in this complex under Ar. There was no increase of current at shifted Co(l/0) couple in
the [Co"cis-(PN),Cl>]PFe. In contrast, the two-fold enhancement of current at the potential near
to a metal-centred reduction of Co(ll/1)-H in [Co"(PN).(H)(CI)]PFs was observed. This result
indicated that the doubly-reduced Co(0) intermediates generated by two stepwise reduction of
the [Co"lcis-(PN),Cl,]PFs could strongly bind with CO, in a saturated CO; solution. In contrast to
this, the Co(lll)-H complex show chemical reaction with CO; by exhibiting current increase near
the potential of Co(ll/1)-H. This evidence proved the role of Co-H bond which is responsible for

CO; reduction activity.
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Figure 3.39. a) CVs of [Co"cis-(PN),Cl,]* (1 mM) in CH3CN containing 0.1 M TBAPFs under Ar
(black) and in CO,-saturated MeCN solution (green) compared to the CVs of [Co"(PN),(H)(CI)]*
under similar conditions, b) the CVs of [Co"'(PN)2(H)(CI)]* in CO,-saturated MeCN solution with
varying concentrations of acid H,O as H* source, c) TFE as H* source, and d) comparison of CVs
of [Co"(PN),(H)(CI)]*in CO,-saturated MeCN solution with 1.26 M TFE (solid black) and 5% H,0

(dash line, black). Condition: the scan rate at 0.1 Vs™.

CO: reduction activity of [Co'""(PN)2(H)(CI)]PFs using H20 or TFE as H* source

The CVs (Figure 3.39 b) of the Co(lll)-H complex in CO,-saturated MeCN solution with H,O
showed a slight enhancement of the peak currents near Co(ll/I)-H potential around -2.15 V vs
Fc”* with a positive shift by 70 mV from the Co(l1/1)-H in the CV of this solution with no H* source.
By using TFE as H* source, the CV responses (Figure 3.39 c) were similar to the solution upon
adding water but with slight increase in the currents as comparison of the CVs in Figure 3.39 d.
This suggested relatively more conversion of CO, to possible CO or HCOO-/HCOOH products in

the presence of H" source compared to the solution without H* source.

The controlled experiments by CV measurements of a solution of this complex with no CO, by
varying concentrations of water (Figure A 3.9 a) showed no significant increase in the currents

near reduction potential of Co(ll/1)-H. It can be assumed that the increase in current near Co(ll/I)-
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H couple in the CV of the [Co"(PN)y(H)(CI)]* with 5% H,O (Figure 3.39 b) was due to the CO,

conversion with negligible amount of H, production from common side reaction (H*reduction).

Proposed mechanism for conversion of CO; to formate/formic acid by the

Co(l1)-H

The increase in current without the addition of proton source to a solution indicated that CO;
might insert into Co-H bonds to form the corresponding formato complex or formate/formic
acid in a solution. It clearly showed that the reduced Co(l)-H hydride species formed by stepwise
2e reduction is required prior to the occurrence of a following chemical reaction. This result is
consistent with previous reports that showed CO; insertion into Co-H bonds of the Co(l) complex
supported by PN(Py)P pincer ligand.”” As a result, the mechanism for conversion of CO; to
formate or formic acid by the [Co™(PN)2(H)(Cl)]PFs was assumed to proceed via insertion of CO,
into Co'-H bond (Scheme 3.11) or other pathways to give possible CO or H, as products (not

shown in the scheme).

Cl

é +e te Cco, +

Io('") —— Co)-H ———— Ccof)-H ——=» Col) HCOO" /HCOOH or
H

\_/ o H2

"PN)2(H)(CI)] S

[Co

Scheme 3.11. Proposed mechanism of the cobalt(lll) hydride complex for CO, reduction activity.

For a typical pathway for transformation of CO, to CO by transition metal complexes, It has been
proposed that conversion of CO, to CO proceeds via the direct coordination of CO; to the metal
centre before being reduced to form CO as product.3°? A presence of proton source in catalytic
system could facilitate C-O bond cleavage in a metallo-carboxylate species resulting in liberation

of CO and H,0.

CV studies of [Co'"cis-(PN)2CIl2][PFs] in saturated CO; acetonitrile solution

with different H* sources

The CV titration of the [Co"cis-(PN).Cl,][PF¢] with H,O (Figure 3.40 a) displayed positive shifts of
the redox Co(ll/1) and Co(l/0) couples, and a stoichiometric current at these two redox waves
was observed. This evidence suggested that H* or water could facilitate the interaction between
metal centre and CO; in the singly- Co(l) and doubly-reduced Co(0) intermediate. Interestingly,
in case of using MeOH or TFE as proton source (Figure 3.40 b and Figure 3.40 c, respectively),
increases in currents with ic.t/i, about 7.6 were observed at the potential near to the redox

Co(I/0) couple indicating electrocatalytic activity for CO, reduction. In addition, positive shifts
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and irreversibility of Co(ll/I) wave also indicated the binding event between the reduced Co(l)
metal centre in the complex with CO, and conversion to a possible reduced product by a further

reduction of the CO, bound Co(l) intermediate.

The CV of the complex in CO,-saturated MeCN solution with 5% v/v MeOH showed the increase
of current near the Co(l/0) couple in the complex, and this peak current disappeared after
degassing with CO,. This evidence supported a conversion of CO; by the complex at a reduction
potential around -2.1 V. Therefore, the H* reduction of this complex in the absence CO, under

similar condition appeared at the onset potential around -2.25 V (Figure 3.40 b, dash line, black).
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Figure 3.40. CVs titration of [Co"cis-(PN),Cl,]* with a) H, O, b) MeOH, and c) TFA as H*source and
d) comparison of CVs of [Co"cis-(PN),Cl,]* in MeCN under Ar (blue), in saturated CO, MeCN
solution (red) with 5.0% v/v MeOH (solid black) and the solution with MeOH after degassed CO»
by bubbling with Ar (dash line, black). Conditions for a), b) and c¢): 1 mM of the [Co"lcis-
(PN),Cl,]*in saturated CO, MeCN solution containing 0.1 M TBAPF, at the scan rate 0.1V s™.
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Table 3.10. Electrochemical data from CV measurements and conditions for the studies of

electrocatalytic CO, reduction activity of each complex.

. [Co"(PN)2(H)(CN][PFe] [Co"cis-(PN),Cl,][PFé]
H* source — P
[acid] Ecat (V) Icat/lp [acld] (Ecat) (V) Icat/lp
TFE 1.26 M -2.13 6.05 1.26 M -2.07 7.6
H,0 5% v/v -2.15 3.7 45%v/v -1.99 1.9
MeOH - - - 5.0%v/v -2.10 8.0
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3.4 Conclusion

3.4.1 H;evolution catalysis

H* reduction activity by CV studies

All complexes in this study can electrochemically catalyse H* reduction with high %FE (90-100%)
for H, evolution at moderate overpotential (400-600 mV) in MeCN using TFA as H* source. The
H, evolution mechanism catalysed by [Co"(PN),(MeCN)][BF.], (Scheme 3.4) and [Co"(PN),Cl,]
(Scheme 3.7) proceeds via an ECEC mechanism. The metal-centred reduction activity involved
for this catalysis was confirmed by CV studies of the complex with different strength of acids.
The relatively strong acid (TFA in this work) showed the catalytic current near a singly reduced
Co(ll/1) couple but the weak CH;COOH acid caused catalytic currents near the doubly reduced
Co(0) or Co(l)L* as observed in the CVs studies of the of [Co"(PN),Cl,] under catalytic conditions.
Therefore, large negative potential is required by using weak acetic acid as H* source, while
relatively strong acid, TsOH H,0 than TFA and CH3;COOH causes a decomposition of the catalysts.
Thus, TFA is the most suitable acid for using as H* source to undertake mechanistic H, evolution
studies. It was found the catalytic rate constant for H, evolution catalysed by the
[Co"(PN)2(H)(MeCN)]**.and  [Co"(PN)2(MeCN)]*.is first-order reaction respect to TFA

concentration.

The mechanism studies for H, evolution

The H; evolution pathway catalysed by the [Co"(PN),Cl,] complex in MeCN using TFA as H* source
via ECEC mechanism is shown Scheme 3.7. The stepwise one-electron metal-centred reduction
of the Co(ll) to the reduced Co(l) with a subsequent protonation resulted in a formation of
[CO"(PN)2(H)(C)]* intermediate (E1C1). The NMR studies suggest that CI ligand in the
[Co"(PN)2(H)(C)]* can exchange with MeCN under catalytic conditions with high concentration
of TFA to generate the [Co"(PN),(H)(MeCN)]* analogue. The further one-electron reduction of
the Co(lll)-H is required to produce active Co(ll)-H intermediate prior to evolving H,. The UV-Vis
SEC studies and scan-rate variation analysis of the [Co"'(PN),(H)(CI)]* and [Co"(PN)»(H)(MeCN)]*
indicate formation of [Co"(PN),H]* following one-electron transfer. The slope of AE,./log v =-31
mV obtained from plotting E,. versus log v of Co(lll/)-H couple in [Co"(PN),(H)(MeCN)]** is not
consistent with a bimolecular pathway for Co(ll)-H, thus it supported H, evolution by a

protonation of the reduced Co(ll)-H via heterolytic pathways.

The more detailed mechanistic H, evolution studies of the [Co'"cis-(PN),Cl,)][PFs] showed a

complicated H* reduction mechanism because the labile nature of the corresponding

[Co"(PN),Cl,] after one-electron reduction of the [Co"cis-(PN),Cl,)][PF¢] results in a mixture of
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various Co(ll) species formed in the solution and they contributed to the catalytic H, evolution

as shown in Scheme 3.10.

However, [Co"(PN),(MeCN)][BF4] with TFA as H* source shows a simpler catalytic cycle for H,
evolution (Scheme 3.8). Protonation of this starting Co(ll) complex at one of the pyridine ligands
monitored by the UV-Vis experiments was proposed in the mechanism prior to entering the
E1C1E2C2 cycle for H; evolution. The protonated pyridine in the intermediate (A-MeCN) might
play an important role in assisting H* transfer from bulk solution to the reduced Co(l) metal
centre to form the corresponding [Co"(PN)(H)(MeCN)]** intermediate. A reduced Co(ll)-H

species is necessary for H, evolution by a protonation (E2C2) via heterolytic pathway.

Kinetic studies by FOWA and Tafel plot

The kinetic studies reveal that the ke: of 1560+6 M s for [Co"(PN),(H)(MeCN)]?* is about
double that of ke of 740+26 for [Co"(PN),(MeCN)][BFa].. The catalytic Tafel plot suggested that
[Co"(PN)2(H)(MeCN)][PFs]2is a more efficient catalyst than the corresponding Co(ll) by reaching
the maximum TOF (TOFm.) at significantly lower overpotential than that of
[Co"(PN)2(MeCN)][BF4]> by 70 mV. Moreover, the catalytic Tafel plot allows comparisons to the
reported HECs catalysts and it was found that the TOF, values are in between the TOF, of
cobaloximes and the [Ni(P""2N"";),]?** HER electrocatalyst containing a secondary pendant amine
arm as a proton relay. This supports the hypothesis that the intrinsic properties of the pyridine
rings in [Co"(PN)(MeCN)][BFs). and [Co"(PN),(H)(MeCN)][PFe]. facilitate H* transfer. We
suggested that protonation of the reduced Co(l) species to generate Co(lll)-H species might be
the catalytic rate-determining step as suggested by the higher ki value of

[Co"(PN)2(H)(MeCN)][PFs], than that for [Co"(PN)(MeCN)][BFa]>

3.4.2 CO;reduction activity

The preliminary studies of CO, reduction activity of the [Co"cis-(PN).Cl,)][PFs] and the
[Co"(PN)2(H)(C)][PFs] show a promising result for electroreduction of CO,. The current increase
near reduction potential of Co(ll/1)-H in the CV of CO,-saturated solution of the Co(lll)-H complex
without H* source suggested an insertion of CO; into the Co-H bond in the doubly reduced Co(l)-
H intermediate (as proposed in Scheme 3.11). This pathway is expected to yield formate or
formic as product. It was also observed that adding H* (from H,O, MeOH or TFE) can increase
the peak current. For example, much higher current density was achieved when MeOH or TFE
was added to a saturated CO; solution of the [Co"cis-(PN),Cl,)][PFs]. The stabilisation of the Co(l)
intermediate demonstrated by a positive shift of the Co(ll/l) couple upon adding H* source was

found for all complexes.
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Chapter 4

Metal-ligand cooperation of cobalt complexes with

tetradentate PNNP based phenanthroline ligand

4.1 Introduction

Traditionally, the noble transition-metals catalysts have largely been used for activation of a
wide variety of chemical bonds particularly for a H, molecule such as the utilization of Ir, Pd, Rh,
Ru and others. 392304 Catalytic (de)hydrogenation reactions are found in any part of chemical
synthesis and in the modern chemical industry with large-scale chemical production. Recently,
the remarkable development of base metal catalysts for this major class of reaction has been
made using 3d transition metal complexes as summarized in the review. 3% This review describes
the rapid development of the Fe, Co and Mn-based catalysts that occurred from last three years,
and they also mentioned the ligand systems utilized for the first row transition metal catalysts
which often similar to or fully mimic those successfully used for Ru-based catalysis. It was
pointed out that tridentate or pincer ligands are the most promising ligands and featured in a

vast majority of active catalysts regardless of metal used.

In respect of noble-metal free catalysts, many cobalt complexes, in the form of either molecular
orin situ-formed complexes, are gaining attention in the field of homogeneous hydrogenations.
The most recently review of emerging cobalt catalysts for homogeneous hydrogenations by

Beller et al.3%

noted that the stability and reactivity of the complexes have been greatly assisted
by multidentate ligands under steric and/or electronic effects. For example, tridentate or
tetradentate phosphine ligands indirectly tune the reactivity of the metal centre to accelerate
the overall process, whereas the elementary steps in the catalytic cycle catalyzed by pincer-type
complexes are controlled by direct participation of the ligand via metal-ligand cooperation
(MLC). Moreover, this group recently reported that Co(l) and Co(ll) pincer complexes with an
appropriate tridentate or tetradentate phosphine ligand result in the desired activity for

hydrogenation of aromatic, aliphatic and cyclic esters, while monodentate and bidentate

phosphine ligands showed no reactivity for this catalytic reaction.3"’
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Metal-ligand cooperation

During the last decade, the bulky phosphorus-containing tridentate pincer ligand system based
monoanionic scaffold was mostly applied in coordination and organometallic chemistry.3% The
unique reactivity of the pincer complexes with lutidine- and picoline-based ligands with one or
two CH; groups in the ortho-position(s) of a central pyridine unit were first demonstrated by

Milstein in 2015.3%°

Upon deprotonation by strong bases, this type of complex can undergo dearomatization of the
heteroaromatic core to produce an exocyclic double bond, thus generating a reactive centre for

metal-ligand cooperation as shown in (Scheme 4.1).

H H ) H ] H H ]
4
base H-X
/_\N—r\:/I—Ln —>-HBase /_ N—I\:/I—Ln == /_\N—I\:ll—Ln
L L X/LL

X = H, OH, OR, NHR, CR;, CR;
Scheme 4.1. Bond activation by MLC reactivity involving ligand aromatization—

dearomatization.3%

This new mode of activation of chemical bonds involving ligand aromatization—dearomatization
processes of transition metal complexes supported by bis(phosphino) pyridine-based PNP pincer
ligand has led to unusual bond activation processes and new catalytic reactions.31%312 |n this type
of reactivity, chemical bonds are broken reversibly across the metal centre and the pincer-ligand
arm leading to new bond making and -breaking processes. A large number of tridentate pincers
with different types of ligands and their metal complexes have been developed as a result of the
thermal stability, robustness and interesting reactivity. For this reason, they are particularly
attractive for hydrogenation-related catalysis, which involves heterolytic H; activation by ligand-
assisted reactivity as a key step in the overall processes. This unique feature of pincer ligands in
turn allows a wider range of activity than that traditionally obtained by metal-based catalysis
alone.?® Furthermore, pyridine-based pincer complexes have been attractive for metal-ligand
cooperative catalysis due to their ease of deprotonation of the methylene spacer group resulting
in switching charge from a neutral- to monoanionic ligand. This particular unique of pyridine-
derived neutral ligands with non-innocent behavior could potentially facilitate metal catalyzed

organic transformation.3

More recently, MLC reactivity involving ligand aromatization—dearomatization have been
investigated by employing heteroaromatic ligands with more conjugated m-electron system such

171, 317

as acridine 31> 31 bipyridine , and phenanthroline % 3®-derived pincer ligands (Scheme

4.2).
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7 N\ o )
PR, = R,
N\ N\ N\
PR, PR, PR,
RPNP-pyridine RPBipy RPNP-acridine RPPhen

R =Pr,or Bu,

Scheme 4.2. A well-defined pyridine and its derivatives based on pincer ligands involving

aromatization-dearomatization MLC.

For example, in 2013, Milstein and coworkers 328 discovered that the hydride of ruthenium
complexes supported by a tetradentate phenanthroline-based ligand, [Ru(.,2PNNP)(H)(CI)],
offers facile dearomatization upon deprotonation of the benzylic proton by LiN(SiMes), to give
the corresponding dearomatized complex 1 (Scheme 4.3). NMR studies of complex 1 with H,
resulted in the appearance of a low intensity of singlet phosphorus at 118.91 ppm in the 3!p
NMR spectrum which correlates to a triplet hydride signal at -8.65 ppm in *H NMR. Therefore,
they strongly suggested that the trans-dihydride complex 2 is an intermediate to form complex
3. The formation of the dihydride intermediate was then proved by the reaction of dichloro
complex, [Ru(tsu2PNNP)(CI),], with two equivalents of NaBEtsH in [Ds]-toluene. It was found that
the dihydride complex 2 was initially formed in low concentrations followed by the formation of
complexes 1 and 3. After warming to room temperature, a mixture of two products containing
68% of complex 1 and 32% of complex 3 was observed by NMR studies. This evidence
corresponded to the generation of 1 and 3 in the absence of H, by liberation of H,to form 1 and

hydrogenation of the phenanthroline backbone to give complex 3 as proposed in Scheme 4.3.
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Cl Cl
= J\PtBuz = J\\PtBuz
r oy
N" v —=~N~ R
C
x- ,\PtBu2 =~ l,\PtBuz
H |
[Ru(t8uzPNNP)(H)(CI)] [Ru(tsu2PNNP)(CI)2]
LiN(SiMe3)2 2.0 eq NaBEt;H

Scheme 4.3. A unique mode of stepwise MLC by an aromatization/deconjugation sequence for

H, activation by the complex 1.

These aromatization/deconjugation steps of the ligand backbone were demonstrated to be
reversible which led to the discovery of an unprecedented mode of stepwise cooperation
between the metal centre and the coordinated ligand. The modification of this planar ligand in
the ruthenium complex also exhibited the concept of long-range cooperation which was
previously observed in acridine3’® and diazafluorene3!® based ruthenium complexes. A unique
mode of cooperation involving a long range interaction between the acridine C9 position of the

ligand (Scheme 4.2) and the metal centre was found in these complexes.

Cobalt-based pincer complexes by Chirik et. al.

In regard of noble metal-free complexes based on bis(phosphino)pyridine pincer ligands, several
classes of four-coordinate cobalt complexes supported by tridentate pincer-type ligands were

investigated by Chirik et al.?*® (Scheme .4.4).

PiPr, TtBuz I|°‘Bu2 I|"Bu2 ||’tBu2
B —C|o—CH3 " N—Co—ci { N—Co—H { N—cCo—cH, { N—cC
\ \ | W | \ | \ |

PiPI’Z P‘Buz P‘Buz PtBu2 ptBu2

o—C=——Tol

Scheme 4.4. Thermally stable cobalt complexes with *PNP ligands.

Chirik et al?*® reported the synthesis and crystallographic characterization of (‘Pr,PNP)CoCHs as
well as its reactivity as a platform for oxidative addition of non-polar substrates including H,, C-

H bonds of arene and terminal alkynes in 2014 (Scheme 4.5). They reasoned that the thermal
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stable methyl cobalt(l) complex, (Pr,PNP)CoCHs was stable with no modification of the ligand
because of complexation with a sufficiently electron donating "PNP-pyridine ligand. Moreover,
this electron-rich ligand enables oxidative addition of H, and C-H bonds to the Co(l) methyl
complex which resulted in the formation of a cobalt(lll) trihydride complex and a bis(acetylide)

hydride complex.

PiPr, PiPry
- ¥
\ /N—Co—CHa 133‘{“2 N—}Co"—H
~CH, |
PiPr, PiPr,
(PPNP)CoCHg (PPNP)CoH
2HC=C—Tol PRg
-CH, -Hz
PiPr7T°| PiPr,
— |7 — |
N—Co—H N—Co.
\ //’ \_/ | Fr
Tol /‘—PiPr2 PiPr,
(PPPNP)Co(CCTol) H (PPPNP)CoH(PR )

Scheme 4.5. Oxidative addition of H, and TolCCH with (""PNP)CoCHs.2%®

However, the crystal structure of (Pr,PNP)CoCHs complex obtained in this work contradicted
the structures of the complexes reported by Milstein and coworkers in the previous year. 3° The
attempt to synthesize (*PNP)Co(I)methyl as a diamagnetic complex (R, ='Pr, and 'Bu,) was not
successful because H atom loss from the benzylic position of the chelate to form Co(l), [PNP]°
with ligand-centred radical or Co(ll), [PNP]* with a cobalt-centred radical as proposed in Scheme

4.6.

H
PR, PR, PR, / PR,
wCl i |
O xS LCHy N— Co—CHg | ———= N—Co—CH; or / N—Co—CH,
\ Y e - 2NaCl \ y, IH] . |
PR, PR, PR, PR,
(RPNP)CoCH, (RmMPNP)CoCH3
Co(l), [PNP]® Co(ll), [FNP]-
Ligand-centered radical Co-centered radical

Scheme 4.6. Ligand modification via proposed H-atom loss from ("PNP)CoCH; complexes as

previously reported (R ='Pr, and 'Buy).3%°

Subsequently, the analogue of (Pr,PNP)CoCHs complex with the 'Bu, substituents at the
phosphine arms was prepared by the Chirik group.?'® A series of (‘Bu,PNP)CoX (X = H, CHs, Cl,
CCPh) was isolated and their electronic structures and thermal stability were then examined.

Importantly, a modification at the benzylic position of all pincer complexes was observed in this
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series by treatment with the stable nitroxyl radical, TEMPO (2,2,6,6-tetramethylpiperidin-1-
yloxidanyl). Moreover, the hydride and methyl derivative in this series also exhibited a thermal
modification of the pincer ligand at 110 °C. Based on this evidence, they proposed that the
modification of pincer ligand could be feasible by deprotonation pathway of the benzylic proton
via homolytic or heterolytic cleavage. The electronic structure of the modified pincer cobalt
complexes could be identified as low-spin cobalt(ll) complexes with a closed shell anionic form
of the modified chelate proved by EPR spectroscopy, magnetometry and computational studies.
The energetically accessible one-electron Co(ll/1) redox couple led to a weakening of C-H bond
relative to the Rh analogue which showed a much higher thermodynamic barrier to one-electron

chemistry resulting from a stronger C-H bond.

This finding from Chirik et al. demonstrated that a suitable pairing of a strong ligand field with
the cobalt centre could enable two-electron oxidative addition chemistry with the first row
transition metal. In this chapter, we report the chemistry of cobalt complexes with the
tetradentate bis(di-t-butylphosphino-methyl)-1,10-phenanthroline ligand (Scheme 4.7), chosen
in order to avoid problems of ligand loss observed with the bidentate ligands described in
Chapter 2. Interestingly, in our work, a reduction of the cobalt(ll) complex, Co"(PNNP)Cl, with
tridentate coordination mode of this ligand resulted in a unique ligand-based reactivity which
resulted in the dearomatized and deconjugated complex. This MLC reactivity was similar to that

observed in the ruthenium analogue as described above by the Milstein group.
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4.2 Experimental

4.2.1 General Procedures and materials

General procedures for synthesis of all complexes were carried out under inert atmosphere with
standard Schenk line technique as mentioned in the experimental section in Chapter 2. Benzene,
toluene, hexane and THF, were dried by refluxing over Na under Ar. Deuterated solvents
(toluene-ds, CsDs were purchased from Aldrich and were dried over potassium prior to degassing

by freeze-pump-thaw technique (three times), and stored under Ar atmosphere in a glove box.

Solvents for general use were purchased from Fisher Scientific Ltd. All commercial chemicals
were purchased from suppliers as follows: Sigma-Aldrich (ammonium hexafluorophosphate,
cobalt(ll) tetrafluoroborate hexahydrate, tetrabutylammonium hexafluorophosphate (TBAPFg),
trifluoroacetic acid, sodium borohydride), Alfa-Aesar (2,9-dimethyl-1,10-phenanthroline),
Merck (cobalt(ll) chloride anhydrous), Acros (di-tert-butylchlorophosphine, 2.5M n-butyllithium

in hexane). All of these chemicals were used without further purification.

4.2.2 Characterisation techniques

X-ray crystallographic determination and spectroscopic techniques such as multi-nuclear NMR
techniques, UV-Vis spectrophotometry including mass spectrometry, and X-ray crystallographic
determination were generally used for structural characterisation. Evans’ NMR measurements
for paramagnetic species were performed to investigate their magnetic properties. The plots of
Af (Hz) for the reference compound (THF signals) versus 1/T (K) for [Co"(PNNP)(MeCN)][BFa]z,
[Co"(PNNP)CI][BArF*] and [Co'(PNNP)][PFs] are shown in Figure A 4.19. Cyclic voltammetry (CV)
was carried out in order to study their redox properties. All of these techniques with detailed

information were described in the experimental section in Chapter 2 otherwise noted.
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4.2.2.1 X-ray crystallography
[Co"(PNNP)CI;] complex

Experimental

Single crystals of C3oH4sCl,CoN,P> were recrystallized from CH,Cl,/pentane.

Table 4.1. Crystal data and structure refinement for [Co"(PNNP)CI,] (rnp 1807).

Empirical formula C30H46Cl,CoN3P;
Formula weight 626.46
Temperature/K 110.05(10)
Crystal system monoclinic
Space group la

a/A 11.5536(4)
b/A 13.8764(4)
c/A 19.7451(8)
o/° 90

B/ 103.215(4)
v/° 90
Volume/A3 3081.75(19)
A 4

Pealcg/cm’ 1.350
w/mm? 7.102
F(000) 1324.0

Crystal size/mm3

0.292 x 0.18 x 0.099

Radiation

CuKa (A = 1.54184)

o

20 range for data collection/

7.858 t0 142.166

Index ranges

-13<h<13,-16 £k<16,-24<1<23

Reflections collected

10352

Independent reflections

4322 [Rint = 0.0482, Rsigma = 0.0492]

Data/restraints/parameters

4322/16/480

Goodness-of-fit on F?

1.026

Final R indexes [I>=20 (1)]

R1=0.0507, wR, =0.1238

Final R indexes [all data]

R1=0.0562, wR, =0.1293

Largest diff. peak/hole / e A

0.57/-0.22

Flack parameter

0.140(8)
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[Co"(PNNP)CI][BAr4]

Experimental

Single crystals of Cs;HssBCICOF24N,P> were recrystallized from THF/Pentane.

Table 4.2. Crystal data and structure refinement for [Co"(PNNP)CI][BArf4] (rnp1811).

Identification code rnpl811
Empirical formula Cs2HssBCICoF24N,P;
Formula weight 1454.33
Temperature/K 110.05(10)
Crystal system triclinic
Space group P-1

a/A 12.7861(5)
b/A 14.3291(6)
c/A 18.3248(6)
a/° 70.055(3)
B/° 88.097(3)
v/° 83.611(3)
Volume/A3 3136.3(2)
z 2
Pealcg/cm’ 1.540
w/mm? 4.040
F(000) 1478.0

Crystal size/mm3

0.178 x0.127 x 0.087

Radiation

CuKa (A = 1.54184)

o

20 range for data collection/

6.846 to 134.154

Index ranges

15<h<15,-17<k<15,-18 <1<21

Reflections collected

21246

Independent reflections

11189 [Rint = 0.0243, Rsigma = 0.0359]

Data/restraints/parameters

11189/177/1027

Goodness-of-fit on F?

1.066

Final R indexes [I>=20 (1)]

R1=0.0493, wR; =0.1214

Final R indexes [all data]

R1=0.0583, wR, =0.1272

Largest diff. peak/hole / e A

1.24/-0.64
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[Co"(PNNP)(MeCN)][BFs]. complex

Experimental

Single crystals of C34Hs>B,CoFsN4P, were recrystallized from MeCN/THF.

Table 4.3. Crystal data and structure refinement for [Co"(PNNP)(MeCN)][BF.], (rnp1810).

Empirical formula C34Hs2B2CoFsN4P;
Formula weight 811.28
Temperature/K 109.95(10)
Crystal system monoclinic
Space group P2:/c

a/A 17.1644(3)
b/A 21.2787(5)
c/A 41.7856(7)
o/° 90

B/° 93.8035(15)
v/° 90
Volume/A3 15228.0(5)
YA 16
Pealcg/cm’ 1.415
w/mm? 0.605
F(000) 6768.0

Crystal size/mm3

0.199x0.138 x 0.11

Radiation

MoKa (A =0.71073)

o

20 range for data collection/

6.208 to 54.206

Index ranges

15<h<22,-27<k<25,-53<1<41

Reflections collected

68439

Independent reflections

33514 [Rint = 0.0565, Rsigma = 0.0793]

Data/restraints/parameters

33514/30/1943

Goodness-of-fit on F?

1.040

Final R indexes [I>=20 (1)]

R1=0.0862, wR, =0.2164

Final R indexes [all data]

R1=0.1280, wR; = 0.2506

Largest diff. peak/hole / e A

1.94/-1.02
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[Co'(PNNP)][PFs] complex

Experimental

Single crystals of C3oH4sCoF¢N2P3 were recrystallized from THF/pentane.

Table 4.4. Crystal data and structure refinement for [Co'(PNNP)][PFe] (rnp1809).

Empirical formula C3oH16COFsN2P3
Formula weight 700.53
Temperature/K 110.05(10)
Crystal system monoclinic
Space group C2/c

a/A 29.7069(6)
b/A 15.8314(2)
c/A 22.4989(4)
o/° 90

B/ 107.176(2)
v/° 90
Volume/A3 10109.4(3)
YA 12
Pealcg/cm’ 1.381
w/mm? 5.828
F(000) 4392.0

Crystal size/mm3

0.234 x 0.157 x 0.056

Radiation

CuKa (A = 1.54184)

20 range for data collection/®

7.086 to 134.144

Index ranges

-35<h<26,-18<k<17,-25<1<26

Reflections collected

22587

Independent reflections

9009 [Rint = 0.0217, Rsigma = 0.0234]

Data/restraints/parameters

9009/51/628

Goodness-of-fit on F?

1.038

Final R indexes [I>=20 (1)]

R1=0.0360, wR; = 0.0949

Final R indexes [all data]

R1=0.0398, wR, =0.0980

Largest diff. peak/hole / e A

0.65/-0.48
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[Co'(dPNNP)] complex

Experimental

Single crystals of C3oH4sCoN,P> were recrystallized from THF/pentane.

Table 4.5. Crystal data and structure refinement for [Co'(dPNNP)] (rnp2004).

Empirical formula C30HasCoN,P,
Formula weight 554.55
Temperature/K 104(1)
Crystal system monoclinic
Space group P2:1/n

a/A 11.2155(2)
b/A 12.5221(2)
c/A 19.8059(4)
o/° 90

B/° 96.084(2)
v/° 90
Volume/A3 2765.91(9)
z 4
Peaicg/cm’ 1.332
w/mm? 0.758
F(000) 1184.0

Crystal size/mm3

0.133 x 0.084 x 0.064

Radiation

Mo Ka (A =0.71073)

20 range for data collection/®

6.652 to 58.35

Index ranges

14<h<14,-13<k<16,-26 <1< 13

Reflections collected

13420

Independent reflections

6461 [Rint = 0.0286, Rsigma = 0.0439]

Data/restraints/parameters

6461/0/328

Goodness-of-fit on F?

1.034

Final R indexes [I>=20 (1)]

R1=0.0341, wR, =0.0761

Final R indexes [all data]

R1=0.0483, wR, = 0.0826

Largest diff. peak/hole / e A

0.41/-0.25
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[Co'(mPNNP)CI]

Experimental

Single crystals of C3oH47CICON,P, were recrystallized from toluene/pentane.

Table 4.6. Crystal data and structure refinement for [Co"(mPNNP)CI] (rnp1812).

Empirical formula C30H47CICON, P,
Formula weight 592.01
Temperature/K 109.95(10)
Crystal system monoclinic
Space group P2:/c

a/A 9.02445(15)
b/A 18.5073(3)
c/A 18.6275(3)
o/° 90

B/° 101.6780(16)
v/° 90
Volume/A3 3046.74(9)

YA 4

Pealcg/cm’? 1.291
w/mm? 6.364

F(000) 1260.0

Crystal size/mm3

0.225 x 0.082 x 0.056

Radiation

CuKa (A = 1.54184)

o

20 range for data collection/

9.558 to 134.146

Index ranges

-9<h<10,-22<k<21,-22<1<19

Reflections collected 11144

Independent reflections 5451 [Rint = 0.0200, Rsigma = 0.0284]
Data/restraints/parameters 5451/0/356

Goodness-of-fit on F? 1.029

Final R indexes [I>=20 (1)]

R1=0.0290, wR; = 0.0697

Final R indexes [all data]

R1=0.0352, wR; = 0.0727

Largest diff. peak/hole / e A

0.39/-0.29
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4.2.3 Synthesis of 2,9-bis(di-tert-butylphosphino)-methyl)-1,10 phenanthroline,
PNNP ligand

The ligand was synthesized following the previous literature 38 as a pale yellow powder (1.086
g, 33.8% yield) after precipitating with MeOH and hexane. This compound was characterized by
H, 31P{*H} and *C{*H} NMR spectroscopy. All NMR data were in agreement with those reported

in the literature. 38

1H NMR (500 MHz, in CeDe): 8 =1.16 (d, 36 H,J(H,P)=11.0 Hz, PC(CHs)s), 3.45 (d, Yup = 2.8 Hz, 4H,
CH:PtBuy), 7.29 (s, 2H, Phen-Hs), 7.66 (d, Y = 8.3 Hz, 2H, Phen-Hs ), 7.75 (d, 2y p= 8.2 Hz, 2H,
Phen-H4,7).

31p{'H} NMR (202.4 MHz, in C¢D¢): § = 35.61 ppm, (s).

3C{'H} NMR (125.7 MHz, in CsDg): & = 30.34 (d, 12C, Ucp = 13.7 Hz PC(CHs)s), 32.57 (d, 4C, Ycp=
23.6 Hz PC(CHs)s), 33.90 (d, 2C, Ycp = 25.8 Hz CH2PtBu,), 124.21 (d, 2C, 3Jcp = 9.5 Hz Phen-Css),
125.91 (s, 2C, Phen-Cs), 127.41 (d, 2C, %Jcp= 1.0 Hz Phen-Cag,6a), 135.89 (s, 2C, Phen-Cy 7), 146.54
(s, 2C, Phen-Cios,105), 163.20, (d,%cp= 14.8 Hz, 2C, Phen-Czs).

4.2.4 Synthesis of [Co'(PNNP)CI;]

Cl  PBu,
=7

N\C Il
<N~ °\'"'-CI
= P'Bu,

A solution of PNNP ligand (150 mg, 0.302 mmol) in 4.0 mL of n-BuOH was slowly added to a
solution of 1.1 equiv. of CoCl, (43.1 mg, 0.332 mmol) in 2.0 mL of n-BuOH leading to a rapid
colour change to a deep red-purple solution. The reaction mixture was left to stir under Ar for 3
h to obtain a purple powder that precipitated from the solution. The product was washed with
THF prior to drying under vacuum to provide a clean product in high yield (135 mg, 71% yield).
A suitable single crystal for X-ray crystallographic analysis was obtained by recrystallization in a
J Young NMR tube of a DCM solution layered with pentane (Figure 4.1 and the X-ray data in
Table 4.7).
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4.2.5 Synthesis of [Co"(PNNP)CI][BArF,]
Cl —| +

~P®Bu,

~d/n (BArTq)~

A solution of the [Co"(PNNP)CI,] in dry CH,Cl, was mixed with a solution of NaBAr", by dropwise
addition resulting a colour change to a deep green-purple solution. The reaction mixture was
stirred under N; at room temperature. for 5 h and subsequently filtered via cannula to collect a
filtrate solution. All volatiles were removed under vacuum and was recrystallized in a J Young
NMR tube by dissolving in THF layered by pentane. This complex was left in the glove box at
room temperature overnight to obtain deep purple plates suitable for single crystal X-ray

crystallographic determination.
ESI-MS (THF): m/z = 555.2468 (25%) [Co(PNNP)]*. Calcd for C3oHasCoN2P2 555.2463.

4.2.6 Synthesis of [Co'"(PNNP)(MeCN)][BF];

|

|\P‘Bu2
~dd -
N- o (BF4)2

= tBu2

A suspension of PNNP ligand (150 mg, 0.239 mmol) was added to a solution of [Co(MeCN)s][BFa],
in acetonitrile to obtain a total volume of 50 mL of solution resulting in an immediate colour
change from a pink solution to a dark yellow-brown colour. This reaction mixture was left to stir
at 50 °C under N, for 3 h. Subsequently, the solution was concentrated by evaporating solvent
under vacuum until about 1 mL remained. Et,0 (30 mL) was then added to precipitate the

expected product as a yellow-brown powder (140 mg, 0.182 mmol, 76.15%)

ESI-Ms (MeCN): m/z 277.6222 for [Co(PNNP)]** and 277.6229 calculated for [C3oH4sCON2P,]*
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4.2.7 Synthesis of [Co'(PNNP)][PFe]

+
= PBu
N\ | i "
Co PFg

=~N—" \:
- Bu,

Solid NaBH,4 (5.0 mg, 0.13 mmol) was added to a solution of [Co"(PNNP)CI,] (52 mg, 0.08 mmol)
in 5.0 mL of methanol resulting in a colour change from purple-brown to deep green. The
mixture was left to stir under N, for 1h before adding NH4PF¢(13.5 mg, 0.08 mmol). After stirring
at room temperature for 1h, all volatiles were evaporated under vacuum to obtain the product
as a dark green solid (33.6 mg, 0.048mmol, 60% yield). A concentrated THF solution of this
complex was layered by pentane to form a crystal suitable for X-ray crystallographic

determination. No NMR spectrum could be obtained because the complex is paramagnetic.

4.2.8 Synthesis of [Co'(PNNP)(Me)]

LiMe in Et,0 (1.6 M, 0.048 mmol, 0.03 mL) was slowly added dropwise to a suspension of the
[Co(PNNP)CI;] (30 mg, 0.048 mmol) in toluene at -77 °C (using acetone/dry ice bath). The
reaction mixture was allowed to warm up with stirring to room temperature., stirred for ~30 s
and then cooled in acetone/dry ice bath and stirred for ~ 2 min. This warming up and cooling
down process was repeated again until a deep black solution was obtained indicating formation
of the [Co'(PNNP)(Me)]. All volatiles were subsequently removed under vacuum to furnish a
deep black solid as product. This solid was then dissolved in C¢Ds, and the solution was filtered

through cotton and celite prior to NMR measurement.

'H NMR (500 MHz, in CsDs): & (ppm) = 0.03 (s, 3H, Co-CHs), 1.25 (br, overlap), 36H, PC(CH3s)3),
3.61 (br, 4H, CH:PtBu,), 8.37 (d, 2H, 3Juu = 7.32 Hz, Phen-H), 10.31 (d, 2H, 31 = 7.36 Hz, Phen-
H).

31p{1H} NMR (202.4 MHz, in C¢Ds): & (ppm) = 64.01, (s, 1P).
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4.2.9 Synthesis of [Co'(dPNNP)]

The selective formation of [Co'(dPNNP)] was achieved by leaving a solution of the
[Co'(PNNP)(Me)] in toluene for 2-3 days. A colour change from deep black to deep green solution
suggested that the dearomatized complex was formed in a solution mixture. A conversion of this

complex to dearomatized [Co'(dPNNP)] was monitored by NMR spectroscopy.

Alternatively, the [Co'(dPNNP)] was prepared by the similar approach for the synthesis of
[Co'(PNNP)(Me)], but the solution mixture was left to further stir at -77 °C until the deep green
color solution was obtained (~ 5 min after adding LiMe). All volatiles were then removed under
vacuum leading to attain a deep green solid as product. This solid was extracted with pentane
and then characterized by NMR techniques and mass spectrometry. Moreover, the deep green
solid was recrystallized from a pentane solution layered with Et,O in a J Young NMR tube to

obtain a single crystal as deep green needle for X-ray crystallographic determination.

1H NMR (500 MHz, in CsDs): & (ppm) = 1.30 (d, 18H,%J(H,P)= 9.61 Hz, PC(CHs)s), 1.42 (d, 3Jup =
9.71 Hz, PC(CHs)3 ), 2.06 (d, 2H, 2Jup = 5.89 Hz, CH,PtBU,), 4.17 (s, 1H, CHPtBU,), 6.34 (d, 1H, 3uu
= 17.8 Hz, Phen-Hs), 6.57 (d, 1H, 3.1 = 8.88 Hz, Phen-Ha), 6.58 (d, 1H, 3Juu = 7.59 Hz, Phen-Hs),
6.73 (d, 1H, 3y = 7.93 Hz, Phen-Hs), 6.85 (d, 1H, 3y = 8.92 Hz, Phen-Hs), 8.55 (d, 1H, Jyu=7.94
Hz, Phen-Hj)

31p{1H} NMR (202.4 MHz, in C¢Ds): & (ppm) = 48.67, (s, 1P), 66.83, (s, 1P).

13C{*H} NMR (125.7 MHz, in CsDe): & (ppm) = 30.89 (br, PC(CHs)3), 31.30 (br, PC(CHs)s), 35.57 (br,
PC(CHs)s), 35.67 (br, PC(CHs)s), 41.12 (d, Yep = 14.54 Hz, CH,PtBuy), 78.36 (d, Ycp = 45.98 Hz,
CHPtBuy), 109.92 (s, Phen-Cs), 118.92 (s, Phen-Caa), 120.62 (d, ¥Jcp = 12.17 Hz, Phen-Cs), 123.40
(s, Phen-Cy), 124.96 (d, *Jcp = 6.32 Hz, Phen-Cs), 126.17 (s, Phen-Cs), 132.17 (s, Phen-Cs), 138.22,
144.67, 150.89, 154.84 (Phen-Css, Phen-Cs, Phen-Cyoa, Phen-Ciop ), 169.34 (d, 2cp = 18.50 Hz
Phen-C,).

LIFDI-MS: m/z = 554.23742 for [Co'(dPNNP)] (100 %) and m/z 554.23845 calculated for
[CO'(dPNNP)] CsoHasCoN2P (100 %).
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4.2.10 Synthesis of [Co'"(mPNNP)CI] and the [Co'(mPNNP)]

A suspension of a purple powder of [Co"(PNNP)CI,] (11.6 mg) in CsDs was placed in the fridge of
the glove box (-30 °C). NaBEtsH (1.0 M solution in THF), 37 ul (2.0 equiv) was slowly added to a
cold suspension of the complex. This resulted in an immediate colour change to a deep purple
solution which then rapidly changed to a deep orange-brown color solution after warming to
room temperature. The solution mixture was left overnight in the glove box to evaporate the
solvent. A solid residue was redissolved in a small amount of toluene and then filtered through
cotton and celite prior to layering with pentane. This solution was left to recrystallize in J young

NMR tube for two months to obtain a suitable crystal for single crystal X-ray diffraction.

The solution of the deep brown solid in CsDs solution formed by a conversion of the [Co'(dPNNP)]

under 4 bar of H, was characterized by the NMR techniques.

1H NMR (500 MHz, in CeDe): & (ppm) = 1.38 (d, 18H,%J(H,P)= 10.23 Hz, PC(CHs)s), 1.48 (d, 18H,
3Jup=10.23 Hz, PC(CHs)3 ), 1.94 (d, 2H, 2yp= 7.21 Hz, CH3PtBuUy), 2.53 (t, 2H, ¥Ju 4= 7.10 Hz, Phen-
CHa), 2.92 (t, 2H, ¥y = 7.15 Hz, Phen-CHa), 4.24 (s, 1H, CHPtBuy), 6.38 (d, 1H, Juu = 8.20 Hz,
Phen-Hs), 6.82 (d, 1H, 3Ju = 7.69 Hz, Phen-Hp), 6.98 (d, 1H, 3/i1 = 7.77 Hz, Phen-Hs), 8.35 (d, 1H,
3Jun=8.25 Hz, Phen-H;).

31p{1H} NMR (202.4 MHz, in C¢Ds): & (ppm) = 55.12, (s, 1P), 71.98, (s, 1P).

13C{*H} NMR (125.7 MHz, in CsDs): 8 (ppm) = 27.58 (d (overlap), Phen-CH,), 27.72 (d (overlap),
Phen-CHz), 31.15 (br, PC(CHs)s), 31.39 (br, PC(CHs)s), 35.09 (d, Ycp= 9.37 Hz PC(CHs)s), 35.59 (d,
Yep=6.25 Hz PC(CHs)s), 40.46 (d, Ycp = 13.51 Hz, CH,PtBu,), 87.25 (d, Ycp = 40.40 Hz, CHPtBu,),
108.98 (s, Phen-Cs), 118.22 (s, Phen-Caa), 121.94 (d, 3Jcp= 6.12 Hz, Phen-Cg), 124.71 (s, Phen-Cs),
127.47 (s, Phen-Cy), 130.62 (s, Phen-Cs,), 143.63 (s, Phen-Cyob), 149.57 (s, Phen-Cios), 154.53 (s,
Phen-Cs), 165.72 (d, 2Jcp= 12.72 Hz, Phen-Cy).
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4.3 Results and discussion

One of our research aims was to prepare cobalt hydride complexes based on a tetradentate
phosphine phenanthroline ligand (PNNP ligand), with the structure shown in Chart 4.1. A
preparation method for the synthesis of [Co"(PN),(H)(CI)][PFs] was developed by reacting
[Co"(PN),Cl,] with NaBH4 in MeOH under N,. Although Co(PNNP)CI, could be prepared, this
method could not be successfully applied to the preparation of the desired hydride complex

containing the phosphino-based phenanthroline system.

L

b -

PNNP ligand PN ligand

Chart 4.1. The structure of the tetradentate PNNP ligand compared to the bidentate PN ligand.

As aresult, new preparation routes using NaBEtsH as a stronger hydride source were tried. These
experiments led to the discovery of interesting metal-ligand cooperativity (MLC reactivity) in the
cobalt complexes in this series. Chirik suggested that Co(CH3) complexes would be more stable
than cobalt hydrides and could exhibit useful reactivity. For this reason, we attempted to
synthesize a Co(PNNP)(CHs) . Based on the evidence from Chirik et al.?%5, the thermally stable
cobalt(l) methyl complex, (Pr,PNP)CoCHs could be synthesised with no modification of the
ligand because of the complexation with a sufficiently electron donating "PNP-pyridine ligand.
Moreover, this electron rich ligand enables oxidative addition of H, and reductive elimination of
methane from the Co(l) methyl complex which resulted in the formation of a cobalt(lll)
trihydride complex and also the cobalt(l) hydride.?'¢ Section 4.3.5-4.3.9 in this chapter will show
the results and discussion for the reaction of [Co"(PNNP)Cl,] and [Co"(PNNP)(MeCN)][BF4], with
different hydride and methylating reagents such as NaBH,, NaBEtsH and LiCHs;. The X-ray
structure of the dearomatized [Co'(dPNNP)] and the hydrogenated [Co"(mPNNP)CI] were
discussed in section 4.3.10. Moreover, the electronic structure and redox properties (section
4.3.11) of [Co"(PNNP)Cl;] and [Co"(PNNP)(MeCN)][BF4], were investigated by UV-Vis
spectroscopy and cyclic voltammetry. The electrocatalytic H, evolution and electroreduction of

CO, were also examined which will be discussed later in section 4.3.12.
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Synthesis and characterisation of cobalt complexes with tetradentate PNNP

phosphine based phenanthroline ligand

A new series of cobalt complexes based on the tetradentate phosphino phenanthroline ligand,
[CO"(PNNP)Cl,], [Co"(PNNP)CI][BArfs] and [Co"(PNNP)(MeCN)][BFs]. were prepared by
complexation of the PNNP ligand with CoCl, or [Co(MeCN)s][BF4]. as metal precursor (Scheme
4.7). These cobalt complexes were successfully prepared in high yield (> 70%). The
monochloride, [Co"(PNNP)CI][BArfs] was obtained by reaction of the dichloro complex with
NaBArf,. Fortunately, a suitable single crystal for all complexes was obtained and the structures
were characterized by X-ray crystallography. The X-ray crystal structures of [Co"(PNNP)CI,],
[Co"(PNNP)CI][BArf4] and [Co"(PNNP)(MeCN)][BF4]; are illustrated in Figure 4.2 and Figure 4.3,

respectively.

P'Bu, Cl  PBu, (o] +
) = = ‘PBu,
CoCl, in n-BuOH N\ I 1.0 eq NaBArF /
> ~Councl L o Baf
Ar, 3h, rt. Z N7\ CH,Clp, Np, 5h, rt. .~ ~N~" (BAT4)
~ PBu, 2Cl2, N, oh, r.t. Z \D'B
uz
Bu,
[Co'(PNNP)CI2] [Co'(PNNP)CIJ[BAr 4]
purple powder, 71% deep purple

Lb 2+
[Co(MeCN)g][BF4]2 = ‘PBu,
MeCN, Ar, 4h, rt. \Cc/)" (BFa)2

Z~N~ \:
= ! fBu2

[Co"(PNNP)(MeCN)|[BF2]2
yellow-brown powder, 76%

Scheme 4.7. Synthesis of the Co(ll) complexes: [Co"(PNNP)Cl;], [Co"(PNNP)CIJ[BArf,] and
[Co"(PNNP)(MeCN)][BFa]..

4.3.1 Synthesis and characterisation of the PNNP ligand

The ligand was characterized by H, 3'P{*H} and 3C{*H} NMR spectroscopy (in CsDs solution, 500
MHz). The NMR spectra of PNNP ligand corresponded to the data reported in the literature.3!8
The *H NMR spectrum (Figure A 4.1, black in set) showed two equivalent CH; (8 2.96), CH of
isopropyl protons and the four doublet signals of methyl groups at chemical shifts around & 1.0.
The 3'P{ *H} spectrum (Figure A 4.1, red inset) displayed a singlet phosphorus signal at § = 35.61

ppm.
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4.3.2 Synthesis and characterisation of [Co"(PNNP)CI;]

[Co"(PNNP)CI,] was prepared by complexation of anhydrous CoCl, with 1.0 equiv. of the PNNP
ligand in n-BuOH at room temperature. The purple powder was obtained with high yield (71 %).
The X-ray crystal structure of this complex (Figure 4.1) revealed a distorted square pyramidal
geometry around the Co(ll) centre with tridentate PNN coordination mode of the ligand with
the two chloride ligands located in cis to one another. The characterization of the complex in

solution state was performed using ESI-MS as described below.

X-ray crystal structure of [Co"(PNNP)CI,]

The X-ray structure of this complex (Figure 4.1) showed a square pyramidal geometry with five
coordinate cobalt. The molecule was found in two positions in the structure and there is also
the presence of a racemic twin. The major component is illustrated (86%). The minor component
(14%) was modelled on the major component. The diagram shows the major component only.
The P,N,N atoms of the PNNP ligand and one chlorine atom (Cl1) are located in the basal plane
with the other chlorine (Cl2) occupying the apical position. The square pyramidal geometry is
supported by values of t (the shape-defining parameter for five-coordinate structures) which is
defined as t = IB-al/60 (the angles refer to a 5-coordinate complex, M(ABCDE) with ligand A in the axial
position).3** For a perfectly square-pyramidal geometry with o = B = 180° (a. and B are the two
equally greatest angles in a basal plane, B-M-C defined as o and D-M-E defined as B), T is equal
to zero. The parameter T becomes unity for a perfectly trigonal-bipyramidal geometry where 3
is the greater value = 180° between the three atoms in the equatorial plane and o = 120°. For
intermediate cases, B is defined as the greater angle in a basal plane of a five-co-ordinate system
which corresponded to the N2-Co-P1 (155.51(16)). The smaller o parameter is defined as Cl1-
Co1-N1 bond angle of 129.6(3). The values of § = 155.51 and o = 129.6 afforded the geometric
parameter 1 of 0.43 for the five-coordinated [Co"(PNNP)CI,]. Accordingly, it is best described as

a distorted square pyramidal geometry.

The molecular geometry of this complex is consistent with the cobalt dichloride complexes
supported with NNN pincer.’" 322 This [Co"(PNNP)Cl,] complex demonstrated a similar
coordination mode to that for tridentate pincer ligands in many cobalt complexes. For example,
the molecular geometry of the four-coordinate cobalt complex with P"PNN-Phen ligand,
[CH3sCo(P"PNN-Phen)] is described as distorted planar. The P-Co-C bond angle is nearly linear
with the large distortion of 160.80 degree due to a slight lifting of the metal above the plane.”°
In the [Co"(PNNP)Cl;] complex, the bond angle of P1A-ColA-N2A is 155.51(16) deg which
indicates a larger distortion than that in [CH3Co(PNN"""Phen)] containing relatively small iPr

group. This result corresponds to the greater steric demand of the tBu group.
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Compared to the ruthenium dichloride complex containing the same PNNP ligand, the Ru(ll)
analogue [Ru"(PNNP)Cl,] showed a distorted octahedral coordination geometry around the
Ru(ll) centre. The two chloride ligands are located trans to each other (CI-Ru-Cl angle = 167.51(3)
and perpendicular to the plane of the tetradentate PNNP ligand.?!® The relatively smaller
cobalt(ll) centre shows a tridentate coordination mode to the PNNP ligand with one non-
coordinating phosphine arm. This coordination mode maintains the planarity of remaining
PNNCo group due to complexation of the smaller size of Co(ll) metal centre with constraint from
bulky tBu groups. Moreover, the nature of Co(ll)-d’ ion generally favours a low-spin five-

coordinated complex affording a 17e” complex.

Figure 4.1. X-ray crystal structure of [Co"(PNNP)CI,]. Selected hydrogen atoms were removed

for clarity. Thermal ellipsoids shown with probability of 50%.
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Table 4.7. Selected bond lengths (A) and angles (deg) in the [Co"(PNNP)CI,].

atom atom | bond lengths (A) | atom Atom atom bond angles/deg
ColA | Cl1A 2.297(2) CI1A | ColA | CI2A 126.07(11)
ColA | CI2A 2.301(3) CI1A | ColA | P1A 96.11(9)
ColA | P1A 2.506(2) CI2A | ColA | P1A 102.03(9)
ColA | N2A 2.218(6) N2A | ColA | Cl1A 91.04(17)
ColA | N1A 2.091(8) N2A | ColA | CI2A 92.42(17)
N2A | ColA | P1A 155.51(16)
N1A | ColA | Cl1A 129.6(3)
N1A | ColA | CI2A 103.5(3)
N1A | ColA | P1A 80.0(3)
cl Co cl 126.07
N1A | ColA | N2A 77.4(3)

4.3.3 Synthesis and characterisation of [Co"(PNNP)CI][BArF,4]

The monochloride analogue of [Co"(PNNP)CI,] was obtained by reaction of the dichloro complex

with NaBArf,in CH,Cl,. A dechlorination reaction of [Co"(PNNP)CI;] resulted in a formation of

the monocationic [Co"(PNNP)CI]* and precipitation of NaCl from the reaction mixture. The solid

state structure of [Co"(PNNP)CI][BArf;] was characterized by single crystal X-ray analysis as

shown in Figure 4.2.

ESI mass spectrometry of [Co'(PNNP)CI][BAr4]

The positive mode of ESI-MS of the complex (Figure A 4.20) showed molecular ion peaks of

[CO'(PNNP)]* at m/z = 555.2468 (calculated for CsoHssCoN,P, 555.2463) with dissociation of a CI

ligand. The calculation for the monocationic [C3oH46CoN,P,Cl]* yields m/z = 591.2229.
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X-ray crystal structure of [Co"(PNNP)CI][BAr4]

Results and discussion

The X-ray crystal structure of the complex (Figure 4.2) displayed distorted square pyramidal

geometry where 2P2N coordination occupied in the equatorial plane and one CI located in the

axial position. The selected bond distances and bond angles were listed in the Table 4.8.

Figure 4.2. X-ray crystal structure of [Co"(PNNP)CI][BArf,]. Hydrogen atoms and BAr",

counter anion were removed for clarity. Thermal ellipsoids shown with probability of 50%.

Table 4.8. Selected bond lengths (A) and angles (deg) for [Co"(PNNP)CI][BArfs] complex.

atom atom | bond lengths (A) | atom atom atom bond angles/deg
Col | Ci1 2.2665(8) Cll1 | Col | P1 103.41(3)
Col | P1 2.5502(8) Cll1 | Col | P2 103.88(3)
Col | P2 2.5119(9) P2 | Col | P1 120.20(3)
Col | N1 2.151(2) N1 | Col | CI1 92.65(7)
Col | N2 2.126(2) N1 | Col | P1 75.76(6)
N1 | Col | P2 152.43(7)
N2 | Col | CI1 101.53(7)
N2 | Col | P1 142.90(7)
N2 | Col | P2 79.07(7)
N2 | Col | N1 76.07(9)

4.3.4 Synthesis and characterisation of [Co"(PNNP)(MeCN)][BF4].

The yellow-brown solid from the reaction of [Co(NCMe)e][BF4]> with PNNP was recrystallized in

MeCN/THF layered with Et,0 in a J Young NMR tube to obtain a single crystal as a brown block

for X-ray crystallographic determination. The X-ray crystal structure (Figure 4.3) of

[Co"(PNNP)(MeCN)][BF4], revealed a distorted square pyramidal geometry for the PNNP ligand

in the equatorial plane and MeCN ligand in the axial position. Selected bond distances and bond

angles are listed in Table 4.9.
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ESI mass spectrometry of [Co'(PNNP)(MeCN)][BFa)-

The positive mode of ESI-MS of the complex (Figure A 4.2) showed molecular ion peaks of
[Co"(PNNP)]** at m/z = 277.6222 with no MeCN ligand which corresponded to the calculation for
the dicationic [CagHasCoN3P;]**at m/z = 277.62209.

X-ray crystal structure of [Co"(PNNP)(MeCN)][BF].

Figure 4.3. X-ray crystal structure of [Co"(PNNP)(MeCN)][BF.].. Hydrogen atoms and BF4 counter

anion were removed for clarity. Thermal ellipsoids shown with probability of 50%.

Table 4.9. Selected bond lengths (A) and angles (deg) for [Co"(PNNP)(MeCN)][BF4], complex.

atom atom | bond lengths (A) | atom Atom atom bond angles/deg
Col | N1 1.967(4) N1 | Col | N3 90.73(16)
Col | N2 1.964(4) N1 | Col | P1 80.99(12)
Col | N3 2.043(4) N1 | Col | P2 159.81(12)
Col | P1 2.3724(14) N2 | Col | N1 81.30(16)
Col | P2 2.3208(15) N2 | Col | N3 91.91(17)
N2 | Col | P1 159.89(12)
N2 | Col | P2 80.66(12)
N3 | Col | P1 97.75(12)
N3 | Col | P2 98.85(12)
P2 | Col | P1 114.91(5)

4.3.5 Synthesis and characterization of [Co'(PNNP)][PF]

A reaction of the [Co"(PNNP)Cl,] with 1.6 equiv NaBHsand NH4PFs in MeOH under N, generated
the cobalt(l) complex with no formation of the desired hydride complex. The resulting
[CO'(PNNP)][PFs] was recrystallized in THF/pentane to obtain single crystals as deep green
needles. A single crystal was suitable for X-ray crystallographic analysis, and the crystal structure
of this complex was shown in Figure 4.4. with selected bond lengths and bond angles listed in
Table 4.10. The sum of the angles around Co is 364.49° indicating that the coordination

geometry is nearly planar. It was found that the [Co'(PNNP)][PFs] is not stable in CDCls showing
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a colour change from deep green to a purple solution upon dissolving a deep green solid in this
solvent for NMR sample preparation. Moreover, the reaction of this complex under H, under

the similar reaction conditions did not generate a hydride complex.

Figure 4.4. X-ray crystal structure of [Co'(PNNP)][PFs] complex. Hydrogen atoms and PFs counter

anion were removed for clarity. Thermal ellipsoids shown with probability of 50%.

Table 4.10. Selected bond lengths (A) and angles (deg) for [Co'(PNNP)][PFs] complex (RNP 1809).

atom atom | bond lengths (A) | atom atom atom | bond angles/deg
Col | N1 |1.9091(17) N1 |[Col |P1 81.24(6)
Col | N2 |1.9013(18) N1 |[Col |[P2 156.30(6)
Col |P1 2.2518(6) N2 |[Col |[N1 |82.82(8)
c9 C10 | 1.490(3) N2 |[Col |P1 155.46(6)
Col |P2 2.2674(6) N2 |[Col |P2 81.70(6)
P1 Col | P2 118.73(2)
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4.3.6 Synthesis and characterization of [Co'(dPNNP)]

A reaction of [Co"(PNNP)CI,] with 1.0 eq of LiMe led to a formation of the [Co'(PNNP)(Me)] as a
deep black solid. The NMR studies of a solution of the [Co'(PNNP)(Me)] showed a selective
conversion into the dearomatized [Co'(dPNNP)] complex when the solution was left at room
temperature. The formation of the [Co'(dPNNP)] was proposed via a loss of CH, through metal-

ligand cooperation of the Co(l) methyl intermediate (Scheme 4.8).

Cl ptBu,
= 1.0 eq LiCHj3, N, = PtBu,
N/:,C ! slurry dryice/acetone N\Clo/
—~N~ O\CI - N-
~_ tBu, -LiCl ~_ A \PtBu2
H

suspension in toluene

[Co'(PNNP(Me)] [Co'(dPNNP)]

Scheme 4.8. The formation of dearomatized [Co'(dPNNP)] via a loss of CHs; from the

[Co'(PNNP)(CH3)] intermediate.

4.3.6.1 The NMR studies of a conversion of [Co'(PNNP)(CHs)] to [Co'(dPNNP)]

The H and 3'P{*H} NMR spectra of a solution of [Co'(PNNP)(CHs)] under Ar were recorded after
leaving it at room temperature. for 30 min (Figure 4.5 a). The two chemically equivalent
phosphorus atoms in the [Co'(PNNP)(CHs)] corresponded to the phosphorus signal at 64.01 ppm
as labelled by black dot in the 3!P{*H} spectrum which is consistent with the signals (black dots)
in the *H NMR spectrum. The assignments of the protons and phosphorus atoms as labelled in
the structure (Figure 4.5, inset) were supported by 2D H-'H COSY and the *H-3'P HMBC (Figure
A 4.3 and Figure A 4.4), respectively. The NMR data are listed in the Table 4.11.

The red labels in the *H and 3!P{*H} in Figure 4.5 (a) suggested a formation of the lithiated
compound of the free PNNP ligand. These signals corresponded to the NMR solution of the
lithiated product formed by a reaction of PNNP ligand with 1.0 equiv. LiMe which will be
discussed in section 4.3.7.2. Moreover, the conversion of [Co'(PNNP)(CHs)] to the corresponding
dearomatized complex [Co'(dPNNP)] was further monitored by NMR measurements of the
solution of [Co'(PNNP)(CHs)] when it was left at room temperature. for 2 days and 4 days. The
NMR studies (Figure 4.5, b and c) showed that the [Co'(PNNP)(CHs)] gradually converted to
[Co'(dPNNP)] and remained in the solution upon leaving it for 4 days. The 3!P{*H} NMR spectrum
of the solution left for 2 days showed two new phosphorus peaks (green dots) at 48.65 ppm and
66.84 ppm which corresponded to the two distinct phosphorus atoms in [Co'(dPNNP)] and are

in agreement with the proton signals (green dots) in the *H NMR spectrum Figure 4.5 c.
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Moreover, the conversion of the [Co'(PNNP)(CHs)] to [Co'(dPNNP)] in the solution could be
observed by a colour change from an initial deep black of the methyl intermediate to deep green
in toluene. The sharp NMR signals and normal chemical shifts indicate that both of these
complexes adopt low spin, d® electronic states. The solid state X-ray structure (Figure 4.11)
confirmed the diamagnetic nature of the Co(l) complex in a solution by the identity of low-spin

d® distorted square planar complex with spin state S= 0.

. Y =N aPtBu = R I/PtBuz

“Co_ Cd

(b) SN NN
v = tBu, X _PtBu,

H
([Co'(PNNP(Me)]) ( [Co'(dPNNP)] )

Aliphatic Hs N [ v

i hjw NS
N I Y L W

L
(a) | ° v
Yo% ° ° [ h
_L/M uuﬂj,k/ W‘m_,L_L N AR u@w

. T T T T T T T T T T
7.0 65 ppm 4.0 35 3.0 25 2.0 1.5 1.0 05 0.0 05 ppm)

(c) Aromatic Hs ’Jﬂ

E— |
[
—_— 4

Figure 4.5. 3'P{*H} NMR spectrum (red, frame) and *H NMR spectrum (black frame) of a solution
of the [Co(PNNP)(Me)]in C¢Ds left under Ar for (a) 30 min, (b) 2 days and (c) 4 days.

According to the NMR studies, the methyl intermediate [Co'(PNNP)(CHs)] was stable in the
solution for at least for 30 min which then selectively formed the dearomatized [Co'(dPNNP)]
complex as proposed in Scheme 4.8 via elimination of CHs by MLC reactivity. Furthermore, the
assighments of protons and phosphorus atoms in the structure of [Co'(dPNNP)] were confirmed
by multi-nuclear NMR and 2D NMR characterization of the independently isolated [Co'(dPNNP)]
by *H, *H{#'P}, 3C{*H}, *C-DEPT, 3!P{*H}, H-'H COSY, 'H-3!P{*H} HMBC and 'H-*C-DEPT
correlation and LIFDI mass spectrometry (Figure A 4.5). Furthermore, the structure of

[Co'(dPNNP)] complex was confirmed by the X-ray crystal structure as shown in Figure 4.11.
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Structural characterization of the independently synthesized [Co'(dPNNP)] by

NMR spectroscopy

The [Co'(dPNNP)] was synthesized following the method as mentioned in section 4.3.6 by a

reaction of the Co"(PNNP)Cl, with LiMe in toluene at -77 °C.

The NMR data as well as the structural assignments of this complex are listed in Table 4.12. The
31p{*H} NMR spectrum (Figure 4.6, red frame) exhibited two singlets corresponding to the two
chemically inequivalent phosphorus atoms in the dearomatized [Co(dPNNP)]. In the *H NMR
spectrum (Figure 4.6, black frame), the aromatic protons showed a doublet signal (labelled as
Phen-H) which corresponded to the six different protons (Hs, Hs, Hs, He, H7 and Hg) of the
phenanthroline ligand. In the aliphatic region, the singlet peak at 4.17 ppm with integration ratio
of 1 relative to that of a Phen-H proton in the Co(dPNNP)] is assigned to the CHPtBus,. This singlet
is in agreement with the methine proton of the dearomatized Ru(ll) complex at & 4.35.3!8 The
CHs protons (labelled as PC(CHs)3) displayed two doublet signals at  1.43 and 1.31 with %J(H,P)
=9.71 Hz and 9.61 Hz, respectively. Moreover, the doublet signal for CH,PtBu, at & 2.05 ppm
also coupled to the nearby phosphorus with 2J(H,P) = 5.89 Hz. These three doublet peaks due to
coupling with phosphorus became singlets in the *H{*!P} NMR spectrum (Figure 4.6 black in set,
b).
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Figure 4.6.3!P{*H} NMR spectrum (red inset), *H NMR spectrum (black in set, a) compared to
'H{3'P} NMR spectrum (black inset, b) of the dearomatized complex, [Co'(dPNNP)]in CeDs.

The 2D *H-'H COSY NMR spectrum (Figure 4.7, a) confirmed that there were proton-proton
correlation peaks of the Phen-Hs but the two geminal protons in the CH,PtBu, appeared as a
doublet at  2.05 ppm (Ynp = 5.89). In contrast to this, the CH,PtBu, in the Ru(ll) analogue with
a hydride ligand displayed two distinct proton signals as a doublet of doublet peak at § 2.82 and
3.12 due to coupling to one proton with the same %Jy = 16.9 Hz and one phosphorus nucleus
with respective %Jyp= 7.8 Hz and 8.0 Hz in the *H NMR spectrum. 38 Therefore, the appearance
of one peak for the two geminal protons (CH,PtBu;) and also the two proton signals of CHsin
PC(CHs)s groups suggested that the structure of [Co'(dPNNP)] with no axial ligand has higher
symmetry than that of the Ru analogue containing a hydride ligand in an axial position. This
number of proton signals in the *H NMR spectrum of [Co'(dPNNP)] corresponded to the Cs
symmetry of the X-ray crystal structure which revealed a distorted square planar geometry (see

below, Figure 4.11).
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The H-3'P HMBC spectrum (Figure 4.7, b) showed cross peaks between the CHs; protons in
PC(CHs)s groups and the two distinct P signals in the [Co'(dPNNP)].
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Figure 4.7.*H-'H COSY NMR spectrum (a) and *H-3'P{*H} HMBC spectrum (b) of the dearomatized

complex, [Co'(dPNNP)]in CsDs, inset showed the expanded region of the Phen-Hs correlations.

The assighment of carbon signals as labelled in the *C{*H} NMR spectrum (Figure 4.8) for the
structure of [Co(dPNNP)] was supported by the 3C DEPT and 2D H-13C DEPT HSQC experiments.
The quaternary carbons of this complex are labelled in blue in the structure which corresponded
to the signals as labelled by Phen-C, C; (169.34 ppm) and Cs. (118.92 ppm) in the 3C{*H} NMR
spectrum (Figure 4.8) in the aromatic region and the 3C DEPT spectrum (Figure 4.9, purple inset,
b) in aromatic region. The assigned C2a and C4a signals are consistent with the 3C{*H} NMR data
reported for the Ru(ll) analogue with a hydride ligand. 3! Moreover, the *C{*H} NMR data
allowed the identification of the proton attached to the carbons (Phen-(C)H) in the [Co(dPNNP)]
by the *H-13C DEPT HSQC experiment and proton correlations in the 2D *H-'H COSY experiment.
In the *C{*H} NMR spectrum (Figure 4.8, inset) of [Co(dPNNP)], the Phen-(C3)H and Phen-(Cg)H
at § 120.62 and 124.96 displayed doublet signals with 3J(C,P) = 12.17 and 6.32 Hz, respectively.
These data corresponded to the doublet of doublet carbon signals for Phen-(Cs)H at 6 121.21
(3J(C,P) = 14.1 Hz and °J(C,P) = 1.7 Hz and Phen-(Cg)H at & 119.80 with *J(C,P) = 7.9 Hz and °J(C,P)
= 2.7 Hz in the Ru analogue. The H-'3C DEPT HSQC spectrum (Figure 4.10) showed a cross peak
of Phen-(C3)H to the proton signal at & 6.86 and a correlation of Phen-(Cs)H to the H peak at &
6.35. This data was supported the assignment of two proton signals in the six of Phen-H protons.
The other four carbon and attached proton nuclei for Phen-(C)H could then be further identified
by the *H-13C DEPT HSQC spectrum supported by the 2D *H-'H COSY spectrum (Figure 4.7). From
these correlations, the protons attached to carbon in Phen-(C)H were all assigned in the

structure and labelled in the H-13C DEPT HSQC spectrum and the 2D H-'H COSY spectrum.

For the assignment of aliphatic carbons in the structure, the *C{*H} NMR spectrum in the

aliphatic region showed five different signals as labelled in the spectrum which were consistent
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with the data in literature. 38, The doublet peak of the methine (labelled as CHPtBu,) at & 78.36
with 2J(C,P) = 45.98 Hz is consistent with the same carbon in the Ru(ll) analogue which appeared
asdd at 8 82.2 (YJ(C,P) = 45.2 Hz and J(C,P) = 3.2 Hz. The *3C DEPT spectrum (Figure 4.9, purple
inset, b) confirmed the CH, carbon for CH,PtBu, by showing the peak in negative phase.
Moreover, the quaternary carbons (P(C(CHs)s), at 8 35.67 did not show in the *C DEPT spectrum

in the aliphatic region (Figure 4.9, purple inset, b).
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Figure 4.8. 3C{*H} NMR spectrum of the dearomatized complex, [Co(dPNNP)] in CsDs, inset

showed the expansion of aromatic and aliphatic carbon signals.
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Figure 4.9. C{*H} NMR spectrum of the dearomatized complex, [Co(dPNNP)] in CsDs (a)

compared to the 3C DEPT spectrum of this complex (b).
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Figure 4.10. *H-13C DEPT spectrum of the dearomatized complex, [Co(dPNNP)]in CsDs

Table 4.11. Assignment of hydrogen and phosphorus-atoms of [Co'(PNNP)(Me)].

Assigned atom S (ppm) J (Hz) and (multiplicity) Integration
Phen-H, 10.31 3un=17.36,d 2H
Phen-H; 8.37 3un=7.32,d 2H
Phen-H; overlap - -
CH,PtBu; 3.61 br 4H
PC(CH3)s 1.25 br 36H
Co-CH; 0.03 S 3H

P 64.01 S -
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Table 4.12. Assignment of hydrogen, carbon and phosphorus-atoms of dearomatized

[Co'(dPNNP)] complex.

Assigned Labels 6 J (Hz) and Integration
Atom (ppm) (multiplicity)
Phen-(C)H; 8.55(123.40) 3Jyu=7.94,d, (s) 1H
Phen-(C)Hs 6.85(120.62)  *Juu=8.92,d (Jep=12.17,d) 1H
Phen-(C)Hs 6.73(126.17)  3Jyu=7.93,d, (s) 1H
Phen-(C)Hs 6.58(109.92)  3Jyu=7.59,d, (s) 1H
Phen-(C)H, 6.57 (132.17) 3y =8.88,d(s) 1H
Phen-(C)Hs 6.34(124.96)  Jun=17.8,d (Jcr 6.32, d) 1H
(C)HPtBu, 4.17 (78.36) s, (~cp45.98, d) 1H
(C)H.PtBu, 2.06 (41.12) 2Jup=5.89, d (Ycp 14.54, d) 2H
PC(CHs); 1.42 (30.89) 3Jup=9.71, d (br) 18H
PC(CHs); 1.30(31.30) 3Jup=9.61, d (br) 18H
PC(CHs); 35.57 br -
PC(CHs); 35.67 br -
C 169.34 Jep18.50, d -
Cia 118.92 s -
Cea 154.84 s B
Phen-Cq
(0 150.89 s -
Ci0a 144.67 s -
Ciob 138.22 S -
P 66.83 s 1P
P 48.67 s 1P

4.3.6.2 LIFDI mass spectrometry of [Co'(dPNNP)]
The LIFDI-MS of the complex (Figure A 4.5) showed molecular peaks at m/z = 554.23845 which
corresponded to the neutral [Co'(dPNNP)]. The isotopic distribution patterns calculated for

[C30H4sN,P2Co] showed the parent ion at m/z = 554.23742
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4.3.6.3 X-ray crystal structure of [Co'(dPNNP)]

The crystal structure of this complex revealed a distorted square planar geometry, where the
Co(l) metal centre coordinates to the tetradentate PNNP ligand. The sum of the angles at Co is
360.24° indicating almost perfect planarity, although one of the phosphine ligands is slightly
above the ideal plane. The phenanthroline and C1 occupy the same plane but the saturated C12
lies out of the plane. The bond length C1-C2 of 1.363(3) is consistent with a double bond while
C11-C12 and C2-C3 are considerably longer at 1.478(2) and 1.453 (3) A consistent with a single
bond. The two P-C distances to the phenanthroline differ markedly (P1-C12 1.858(2) and P2-C1
1.780(2) A).

Figure 4.11. X-ray crystal structure of the cation of [Co'(dPNNP)]. All hydrogen atoms apart from
H1, H12A and H12B are omitted for clarify. Thermal ellipsoids are shown at the 50% probability

level.

Page 268 of 394



Chapter 4

Results and discussion

Table 4.13. Selected bond distances (A) and bond angles (deg) in the [Co'(dPNNP)] complex.

atom | atom | bond lengths () | atom | atom | atom | bond angles (deg)
Col | P1 2.2400(5) P1 | Col P2 115.172(19)
Col | P2 2.2989(5) N1 | Col P1 160.93(5)
Col | N1 1.9233(15) N1 | Col P2 81.91(5)
Col | N2 1.9204(14) N2 | Col P1 81.97(5)

c2 c1 1.363(3) N2 | Col P2 162.86(5)
Cl1 | C12 1.478(2) N2 Col N1 81.19(6)

c2 |c3 1.453(3) Cl1 | cC12 P1 107.64(12)

c4a | c3 1.351(3) c2 c1 P2 115.28(14)
Cl1 | C10 1.404(2)

c10 | c9 1.369(3)

P2 | C1 1.780(2)

P1 | C12 1.858(2)
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4.3.7 Synthesis and characterization of [Co'(mPNNP)]

Following the successful selective synthesis of dearomatized [Co'(dPNNP)] (Scheme 4.8), its
reaction was then investigated with 4 bar of H,. A solution of [Co'(PNNP)(CHs)] in C¢Ds was left
in a J Young NMR tube under Ar for 2 days to attain the dearomatized [Co'(dPNNP)] (Scheme
4.9, green label). The solution was evacuated prior to adding 4 bar of H,, and progress of reaction
of the [Co'(dPNNP)] under H, was then monitored over 4 days. The *H and 3!P{*H} NMR studies
suggested selective conversion of the dearomatized [Co'(dPNNP)] to the hydrogenated product
[Co'(mPNNP)] via the dihydrogen complex (in brackets) as indicated by dashed arrows. The
hydrogenated product with the orange label was initially formed in the reaction mixture which
finally converted to the hydrogenated product for [Co'(mPNNP)] as shown the structure with
brown label. However, the dihydrogen complex was not observed in the *H NMR spectrum of

the reaction mixture within 30 min of reaction time.

H—H
CH = PtBu
1 2
. Nk H: (4 bar) = N&TPtBuZ
........... Y
S — N~ > ~¢d
Ar, 2d in C¢Dg <~ _PiBu, NN,
< _PtBu
H 2

H
1
[Co'(PNNP(Me)] o P NPT )

H; (4 bar),
r.t, 30 min

T
hydrogenated interm. [Co (mPNNP)]

Scheme 4.9. Possible routes (solid black arrows) of [Co'(dPNNP)] in C¢D¢ under 4 bar of H; for the
formation of the hydrogenated intermediate (orange label) and [Co(mPNNP)] (brown label),
dash black arrows indicating the formation of the hydrogenated intermediate (orange label)

product via the n?-H, complex.

4.3.7.1 The NMR studies of conversion of [Co'(dPNNP)] under H; to [Co'(mPNNP)]

The 3!P{*H} NMR spectrum (Figure 4.12 a, red frame) and the *H NMR spectrum (Figure 4.12 a,
black frame) of the solution of [Co'(PNNP)(CHs)], which was left in C¢Ds under Ar for 2 days,
showed the mixture of [Co'(dPNNP)] and [Co'(PNNP)(CHs)] as labelled by black and green dots,
respectively. After leaving it under 4 bar of H for 1 hour, the 3'P{*H} NMR spectrum (Figure 4.12
b, red frame) showed the appearance of two new phosphorus peaks (orange dots) which
corresponded to the proton signals in the 'H NMR spectrum (Figure 4.12 b, black frame)

suggesting that the hydrogenated intermediate (orange label) was initially formed in the
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reaction. After leaving the solution under H, overnight, the hydrogenated intermediate was
converted to the hydrogenated [Co'(mPNNP)] product as labelled with brown dots in the *H NMR
and 3!P{*H} NMR spectrum (Figure 4.12 d). Moreover, the hydrogenated intermediate (orange
label) depleted concomitantly with complete generation of the [Co'(mPNNP)] upon leaving a

solution under H; for 4 days (Figure 4.12 f).
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Figure 4.12. 3'P{*H} NMR spectrum (red frame), *H NMR spectrum (black frame) of a solution of
the [Co(PNNP)(Me)] in C¢Ds¢ left under Ar for 2 days (a), this solution under 4 bar of H, for 30 min
(b), 1 h (c), overnight (d), 2 days (e) and 4 days (f). The peak labels correspond to the signals of

each complex in Scheme 4.9.

The structural characterization of [Co'(mPNNP)] in the solution left for 4 days under H, was
further supported by multinuclear NMR techniques including H, *H{3!P}, 3'P{*H}, 3C{*H}, *3C-
DEPT and 2D NMR correlation techniques such as *H-*H COSY, *H-3'P{*H} HMBC and H-13C-DEPT

correlation spectroscopy.
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Structural characterization of [Co'(mPNNP)] by NMR spectroscopy

The 3!P{*H} NMR spectrum (Figure 4.13) displayed two sharp phosphorus peaks at 8 71.98 and
55.12 ppm which is consistent with the modification of the phen moiety giving rise to two
chemically different P atoms. The assignment of hydrogen atoms in the structure corresponds
to the labelled signals in the *H NMR spectrum (Figure 4.14). The assignment of the aromatic
Phen-H protons (Hs, Hs, H; and Hg) was supported by the 2D *H-'H COSY experiments (Figure
4.15) showing the correlation between these aromatic signals as labelled in the structure. For
the aliphatic protons in the *H NMR, the singlet signal at  4.24 corresponded to the methine
protons (CHPtBu,), and three different protons of CH, groups appeared as two triplet signals
(2.53 ppm and 2.92 ppm) and one doublet signal were observed. The *H-H COSY experiments
supported the two triplet signals coupling to each other which showed the correlation between
these two proximal CH; protons (Phen-CH;). Another CH; group (CH,PtBu,) corresponded to the
doublet signal at  1.94 with the 2J(H,P) = 7.21 Hz. Among these three pairs of CH; protons, only
the doublet signal of (CH,PtBu,) became the singlet peak in the *H{3!P} NMR spectrum (Figure
4.16 b, inset). Moreover, it also showed that the two doublet peaks of P(C(CHs)3); in the *H NMR
spectrum changed to a singlet signal in the H{3'P} NMR spectrum (Figure 4.16 b). That these
proton signals coupled to the nearby phosphorus atom was confirmed by the *H-3'P{*H} HMBC
experiment. The spectrum (Figure 4.17) showed the cross peaks between the two different
phosphorus peaks and proton signals of P(C(CHs)s),. This result confirmed that the doublet peak

was split by the neighboring phosphorus.

71.98
55.12

T T T
110 100 90 80 70 60 50 40 30 20 10 0 ppm

(=3
qr
-

o

Figure 4.13. 3'P{*H} NMR spectrum of a solution of the [Co(dPNNP)]in CsDs leaving under 4 bar

of H, for 4 days, resulting in conversion to [Co(mPNNP)].
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Figure 4.15. *H-'H COSY NMR spectrum of a solution of the [Co(dPNNP)]in CsDs leaving under 4
bar of H, for 4 days.
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Figure 4.16. *H NMR spectrum of a solution of the [Co(dPNNP)]in C¢Ds left under 4 bar of H, for

(a) 4 days compared to (b) the *H{3!P} NMR of this solution.
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Figure 4.17.*H-31P{*H} HMBC spectrum of a solution of the [Co(dPNNP)]in CsDs leaving under 4

bar of H, for 4 days.

Furthermore, the assignment of carbon atoms in the structure of the [Co(mPNNP)] was

supported by the *C{*H} NMR spectrum (Figure 4.18, grey inset) and the 3C-DEPT experiment

igure 4. ,purpemset . e three distinct zgroupsmt e - spectrum as lapeled In
(Figure 4.18 le inset). The three distinct CH in the 3C-DEPT labeled i
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pink, grey and yellow dots in the structure corresponded to the negative phase of the carbon
signal (at 6 26.29, 27.39 and 40.17 ppm) as identified by the same colour as that in the structure
for [Co(mPNNP)]. Furthermore, the *H-3C DEPT HSQC spectrum (Figure 4.19) showed cross
peaks between these carbon and protons which further confirmed that each carbon for these
CH; moieties of Phen-CH, in the complex is attached to two protons (Figure 4.19 b, inset). The
doublet pattern of CH,tBu; signal indicated that the carbon coupled to one phosphorus atom
with the J(C,P) = 13.51 Hz. Moreover, the quaternary carbon atoms (P(C)tBu,) at § 35.59 and
35.09 ppm coupled to the nearby phosphorus with 2J(C,P) = 6.25 Hz and 9.37 Hz, respectively.
However, the PC(CHs)s carbons showed two broad signals in the *C{*H} and 3C-DEPT spectra.
Moreover, the *H-3C-DEPT spectrum (Figure 4.19, a) displayed a correlation peak between
singlet of methine proton (labelled as CHPtBu,) at § 4.21 in the *H NMR spectrum and the
doublet carbon signal at § 87.25 with a large J(C,P) = 40.40 Hz. This chemical shift and coupling
constant value for the methine signal in the [Co(mPNNP)] is also consistent with the LJ(C,P) value
in the Ru(ll) complex with the same modification of PNNP ligand which appeared at 6 = 91.55
with 2J(C,P) = 38.0 Hz.3'® Based on the NMR spectroscopic data of the Ru analogue reported in
the literature, the assighment of aromatic carbon of the [Co(mPNNP) in the 3C{ H} spectrum
was identified as the same order as the chemical shifts of carbon signals assigned for the Ru
complex. The doublet carbon signal labelled as Phen-Cg at & 121.94 (3J(C,P) = 6.1 Hz)
corresponded to the same carbon signal in the Ru complex displaying at 118.31 with 3J(C,P) =

8.0 Hz.
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Figure 4.18. *C{*H} NMR spectrum (grey inset) of a solution of the [Co(dPNNP)]in C¢D¢ leaving
under 4 bar of H, for 4 days, 3C-DEPT spectrum (purple inset, b) of this solution compared to

the carbon signals in the **C{*H} NMR spectrum (a).
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Figure 4.19. 'H-13C DEPT spectrum in aromatic region (a) and aliphatic region (b) of a solution of
the [Co(dPNNP)]in CsDs after leaving under 4 bar of H, for 4 days, inset showed the cross peaks

of the Phen-CH; group in the complex.

Page 276 of 394



Chapter 4

Table 4.14. Assignment of hydrogen, carbon and phosphorus-atoms of [Co(mPNNP)] and its isomers.

Results and discussion

NMR data for [Co'(mPNNP)] in CsDs NMR data for hydrogenated intermediate in CsDs
Assigned atom | § (ppm) J (Hz) and multiplicity Integration 8 (ppm) J (Hz) and Integration
multiplicity

Phen-(C)H; 8.35(127.47)  3/yu=8.25,d, (s) 1H Phen-H 8.15 3Juu=8.38,d 1H
Phen-(C)Hs 6.98 (124.71)  3Jyu=7.77,d(s) 1H Phen-H 6.96 3Juu=7.94,d 1H
Phen-(C)Hs 6.82(108.98)  3Jyu=7.69,d, (s) 1H Phen-H 6.82 3Juu=8.02,d 1H
Phen-(C)Hs 6.38(121.94)  3Jyu=8.20,d, (Jcp=6.12, d) 1H Phen-H 6.55 3Jun=8.34,d 1H
(C)HPtBu, 4.24 (87.25) s, (~c»40.40, d) 1H HC(C(CH2PtBu)) 4.74 t (br) 1H
Phen-(C)H, 2.92 (27.72) 3Jun=7.15,t (Jcp=8.31,d) 2H Phen-CH, (green) 4.50 d (br) 2H

2.53 (27.58) 3Jun=7.10, t (Jep d) 2H (C)H2PtBu, (purple) 2.68 br 2H
(C)HPtBu; 1.94 (40.46) 2up=7.21,d (Yep13.51, d) 2H (C)H2PtBu, (brown) 1.97 br 2H
PC(CHs)s 1.48 (31.15) 3Jup=10.23, d (br) 18H PC(CHs)s 1.39 br overlap
PC(CHs)s 1.38 (31.39) 3Jnp=10.23, d (br) 18H PC(CHs)s 1.29 br overlap
PC(CHs)s 35.59 YJep6.25,d - P 81.97 s 1P
PC(CHs)s 35.09 YJep9.37,d - P 89.63 s 1P
Phen-C2 165.72 Jep12.72,d - NMR data for unidentified intermediate in CsDs
Phen-C9 154.53 S - Phen-H 8.02 3Jun=8.03,d 1H
Phen-C10a 149.57 s - Phen-H 6.60 d (overlap) 2H
Phen-C10b 143.63 S - Phen-H 6.61 3un=8.21,d 1H

6.47 3un=7.87,d

Phen-Céa 130.62 s - 72.89 s 1P
Phen-C4a 118.22 s - 78.34 s 1P
P 71.98 S 1P
P 55.12 S 1P
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4.3.7.2 Reaction of free PNNP ligand with 1.0 equiv. LiMe

A reaction (Scheme 4.10) of the free PNNP ligand with 1.0 equiv. LiMe (1.6 M) in Et,0 under the
same reaction conditions as that of the [Co'"(PNNP)Cl,] complex was then examined to confirm
that the dearomatized (dPNNP) ligand and hydrogenated (mPNNP) ligand could be formed by
the cooperative reaction with a cobalt metal centre. It was evidenced that LiMe reacted with
the free PNNP ligand possibly by deprotonation of the one of the protons at CH,P(C(CHs)s),

resulting in a formation of the unidentified lithiated product.

= PtBu,
1.0 eq LiCH3, N,
N > "unidentified lithiated compound"
= - PtBu, slurry dryice/acetone

Scheme 4.10. Reaction scheme of the PNNP with 1.0 eq LiMe for a generation of unidentified

lithiated compound.

In the 3'P{*H} NMR spectrum (Figure A 4.6 b, red frame), the two P atoms in the lithiated ligand
coupled to the two different ’ Li nuclei (I = 3/2) resulting in complicated signals at § 10.70 and
24.09 (red dots). The *H NMR spectrum (Figure A 4.6 b, black frame) of the solution showed the
6 peaks in the aromatic region which corresponds to the dearomatized PNNP ligand.
Furthermore, the hydrogenation of the lithiated analogue of dearomatized ligand was tested by
leaving a solution of the lithiated compound under 4 bar of H, overnight. It was found that there
was no hydrogenated product formed in the solution. However, conversion of this compound
to unidentified species with no lithium (yellow dots) was observed as shown in the *H and 3'P{*H}

NMR spectrum (Figure A 4.6 c) black and red in set, respectively.

Moreover, we also observed that the same lithiated compound was formed in a reaction of the
[Co"(PNNP)(MeCN)][BF4]> complex with 1.0 eq LiMe with no generation of the [Co(dPNNP)]
under the same conditions. However, a reaction of the [Co"(PNNP)CI,] with 1.0 equiv LiMe
generated the dearomatized [Co(dPNNP)] as the main product with a small amount of the
lithiated ligand (Figure 4.5). This evidence suggested that the coordinated CI" ligands in the
[CO"(PNNP)CI,] inhibited a lithiation of the PNNP ligand in the complex possibly via a
precipitation of LiCl salt from the solution mixture. The lack of conversion of the lithiated
compound to the hydrogenated analogue upon leaving it under H,, confirmed that the lithiated
analogue of the dearomatized ligand did not react with H, in the absence of cobalt metal centre.
The hydrogenated [Co(mPNNP)] complex was formed via metal-ligand cooperation. As a
consequence, this evidence indicated that the cobalt centre was required to interact with H, to
form the n?-H, intermediate (Scheme 4.9) prior to adding to the C=C double bond of the

phenanthroline scaffold of the dearomatized [Co(dPNNP)].
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4.3.7.3 Reaction of the [Co'(dPNNP)] under D;

To understand the mechanism of a formation of the hydrogenated product, a deuterium labelled
experiment of the dearomatized complex, [Co(dPNNP)], was performed. The'H NMR spectrum
(Figure 4.20 b, black frame) and 3'P{*H} NMR spectrum (Figure 4.20 b, red frame) measured after
reaction of [Co(dPNNP)] with D, showed the aromatic protons and phosphorus signals at similar
chemical shift values to those of the hydrogenated [Co'(mPNNP)] complex (Figure 4.20 c, brown
dots). Therefore, it suggested formation of the deuterated [Co'(mPNNP)] as shown the structure
in Figure 4.20. The *H NMR spectrum in aliphatic region clearly showed the disappearance of
the two triplet proton signals (Phen-CH,) in the hydrogenated [Co'(mPNNP)] (Figure 4.20 b, black
frame) and displayed two new broad signals as labelled by blue dots in the spectrum which
corresponded to the two proton atoms in the structure. Moreover, the integration ratio of these
two proton peaks became 1:1 ratio compared to an integral aromatic signal in the deuterated
[Co'(mPNNP)]. Thus, the deuterium labelled experiment of this complex supported that the
hydrogenated product formed by the addition of H,to the double bond in the dearomatized ring
of the phenanthroline ligand. The full *H NMR spectrum of this solution under D; (black in set,

b) was demonstrated in Figure A 4.7.
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Figure 4.20. 3'P{*H} NMR spectrum (red frame) and *H NMR spectrum (black frame) of (a) a
solution of [Co(dPNNP)]in CsDs left under Ar, (b) this solution under 4 bar of D, for 1 month,

compared to (c) that of a solution of the [Co(dPNNP)]in CsDs leaving under 4 bar of H, for 4 days.

4.3.8 Reaction of [Co'(PNNP)(MeCN)][BFs] with 2.0 eq of NaBEtzH in toluene

Following the preparation of the Co(l) hydride supported by a pincer PNP ligand as reported by
Chirik et al.?*® An effort was made to synthesize cobalt hydride complexes in this series by
reacting [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH. The NMR studies of this mixture at
the initial reaction (30 min) suggested that the monohydride cobalt complex for [Co'(PNNP)(H)]
was be able to generate in situ with formation of the hydrogenated complexes as shown in the
structures with brown and orange labels and an unidentified product (blue label) (Scheme 4.11).
The [Co'(PNNP)(H)] complex was eventually converted to these hydrogenated products upon
leaving the solution at room temperature under Ar overnight. We postulated that the
hydrogenated complexes were possibly formed via the n*-H, complex in Scheme 4.11 (dashed
black arrows). Furthermore, it was observed that the hydrogenated complex (orange label) was
also generated when the solution of [Co'(dPNNP)] was left in C¢Ds under 4 bar of H, for 30 min

as indicated by the blue arrows, and was discussed previously in section 4.3.7.1. The 1n?-H,
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complex was also assumed as intermediate by the interaction between the Co centre in the
dearomatized [Co(dPNNP)] complex and molecular H, prior to the generation of the
hydrogenated intermediate labelled in orange. The orange intermediate eventually changed to
only the hydrogenated [Co(mPNNP)] (brown label) with no unidentified species (blue label)

remaining when the solution was left for 4 days.

unidentified product

MeCN —|2+ +
H
NCMe
= ‘\PtBuz _ Py
nd® 2.0 eq NaBEt;H N, |is"®%  30min
—=~N" —Ar 30— "'Co —_—
=~ \PtBuz °c. =N~ ,,\PtBuz rt.
H
o HH g
2+
Co(PNNP)(MeCN
[CoPNNFIMeCN [Co(PNNP)(H)] [Co(mPNNP)]
: i Hy (4 bar),
Lirt, 4d
________________________________________________ b N
H—H
= P, .
= PtBu
= He(@ban), rt. N-0S  Ha@panrt Qe
-
30 min = tBu N-
A 2 = \\PtBuz
H
hydrogenated interm. [Co(dPNNP)] H
I, H:@abar),rt. :

Scheme 4.11. Possible routes (solid black arrows) for the formation of hydrogenated complexes,
[Co(mPNNP)] (brown label), hydrogenated intermediate (orange label) and unidentified product
(blue label), and dashed black arrows indicating the formation of these hydrogenated product
via the n-H, complex. The solid and dashed blue arrows represented a reaction of [Co(dPNNP)]

under 4 bar of H, as shown previously in Scheme 4.9.

4.3.8.1 The NMR evidence of [Co'(PNNP)(H)] by in situ generation

The NMR studies of this mixture at the initial reaction suggested that the monohydride cobalt
complex for [Co'(PNNP)(H)] (with purple label) was generated in situ with a mixture of the
hydrogenated complexes (structure shown with orange and brown label) and unidentified
product in the solution. The 3'P{*H} NMR spectrum (Figure 4.21, red in set) and *H NMR spectrum
(Figure 4.21, black in set) of the solution at initial reaction time was recorded at 30 min after
adding NaBHEt; showing a triplet hydride signal (green in set) at § -23.73 with 2J(H,P) = 53.55 Hz
and the integration of 1 relative to that of one of the aromatic protons. The single peak at &
132.85 in the 3!P{*H} spectrum (red frame) correlated with the triplet H'signal. The appearance
of only one phosphorus signal indicated that two phosphine arms in the [Co(PNNP)(H)] are
chemically equivalent with no structural modification of the phenanthroline ligand. The Phen-H

peaks for the hydride complex were indicated by purple dot in the *H NMR spectrum (black
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frame). One of them overlapped with the solvent residue peak as identified in the 2D *H-'H COSY
spectrum (Figure 4.22) by showing a cross peak (purple arrow) with the Phen-H of the hydride
complex at o 7.48. However; one singlet signal of aromatic proton and aliphatic proton signals
for the hydride complex could not be identified in the *H NMR spectrum due to complicated and
overlapping peaks in this region. The number of NMR signals was consistent with the structure
of [Co(PNNP)(H)] with higher symmetry than the structure of the hydrogenated complexes with

modified PNNP ligand (orange and brown labels).

The hydrogenated intermediate as shown in the structure with the orange label also formed in
the reaction. The assignment of protons and phosphorus atoms was indicated by orange dots in
the NMR spectrum. The 3!P{*H} NMR spectrum (red frame) exhibited two phosphorus signals
which corresponded to the proton peaks with four different Phen-H protons in the aromatic
region and the three distinct CH, protons (as labelled by green, purple and brown dots) in the *H
NMR spectrum in aliphatic region (black in set). The broad signal at 6 4.63 corresponded to
HC(C(CH2PtBuy)) in the hydrogenated intermediate with integration ratio of 1 relative to the
three CH; protons. Based on this NMR evidence, this intermediate could be another isomer of
the hydrogenated [Co(mPNNP)] complex as shown in the structure (brown label). Moreover,
there was an unidentified product formed in this reaction as indicated by blue dots in the 3'P{H}
and *H NMR spectrum. This species could not be identified due to the lack of obvious proton

signals in the aliphatic region.
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Figure 4.21'H NMR spectrum (black frame) and 3!P{*H} NMR spectrum (red frame) of a reaction
mixture of [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-dg left for 30 min under Ar.
The NMR signals with purple labels for [Co'(PNNP)(H)], orange labels for the hydrogenated

intermediate, brown labels for [Co'(mPNNP)] and blue labels for unidentified product.

phen-H <> phen-H
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Figure 4.22. *H-'H COSY NMR spectrum of a reaction mixture of [Co"(PNNP)(MeCN)][BF4], with
2.0 equiv. NaBEts;H in tol-ds left for 30 min under Ar. The black arrow showed the correlation
between two protons as labelled by purple colour in the spectrum for the NMR signal of

[Co'(PNNP)(H)].
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The *H{3'P} NMR spectrum in aromatic region for these complexes (Figure A 4.8 b, red frame)
showed well-resolved peaks as labelled by the same colour as those labels for the structure. The
Phen-H signal (purple dot) in the [Co'(PNNP)(H)] displayed sharper doublet signals in the *H{3'P}
NMR spectrum suggesting the coupling to phosphorus in the hydride complex. The weak singlet
hydride signal was observed in the *H{*'P} NMR spectrum (Figure A 4.8, green frame (b)) possibly
due to a decomposition of this complex upon recording the spectrum at room temperature..
The *H{3!P} NMR data also supported the assignment to CH; protons in the structure of the
hydrogenated intermediate (orange label). The broad CH, signals (purple and brown dots) and
two broad methyl protons for P(C(CHs)s).in the complex suggested that these protons are close
to phosphorus. In contrast to this, the HC(C(CH,PtBu;)) signal in this complex at & 4.63 and the
Phen-CH,(green dot) with the integration ratio of 1:2 remained the same as those in the *H NMR
spectrum (black Iframe a). This indicated that these HC(C(CH,PtBu,)) and Phen-CH, protons are

further away from the P atoms resulting in no coupling to the nearby phosphorus.
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The progress of reaction was subsequently monitored after leaving it overnight, the *H NMR
spectrum (Figure 4.23 b, black frame) showed the disappearance of the proton signals (purple
label), triplet hydride signal (green frame, b) and the phosphorus peaks at 5 132.85 in the 3!P{H}
spectrum (Figure 4.23 b, red frame) concomitant with generation of the two hydrogenated
complexes (orange and brown labels) and unidentified products (blue label). However, an
unidentified species (blue dots) with comparable amount to the hydrogenated complex,
[Co(mPNNP)] species still could not be identified by the *H and 3!P{*H} NMR data. However, it
was assumed to be one of products formed by hydrogenation reaction of the dearomatized
complex, [Co(dPNNP)] complex since it showed the same number of resonance peaks for
aromatic protons (4 different peaks) as that of the [Co(mPNNP)] complex and a hydrogenated
complex (orange label). The NMR data of all hydrogenated products including [Co(mPNNP)], the

hydrogenated intermediate and unidentified product are listed in Table 4.14.

v hydrogenated interm. [Co'(mPNNP)]
.«A- p o yons *.#-T,HMWM,JWMNMW

135 125 115 105 95 8 75 65 55 45 35 25 15 235 240
f1{ppm) f1 (ppm)

(b)
(a)

86 84 82 B0 78 76 74 72 7
1 (ppm) 1 (ppm)

2.0

Figure 4.23. 'H NMR spectrum (black frame) and 3'P{*H} NMR spectrum (red frame) of a reaction
mixture of [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-ds left (a) for 30 min and (b)
overnight under Ar. The NMR signals with purple labels for [Co'(PNNP)(H)], orange labels for

hydrogenated intermediate and blue labels for unidentified product.

The H{3'P} NMR spectrum (Figure A 4.9 b) of the solution leaving under Ar overnight suggested
that the unidentified species labelled by blue dots in the *H NMR spectrum (Figure 4.23 b, black
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in set) also has two distinct PC(CHs); which correspond to the four different of Phen-H proton
peaks. The appearance of two different tBu protons labelled as PC(CHs)zin the *H NMR spectrum
also agrees with the signals in the [Co(mPNNP)] and the hydrogenated intermediate with orange
label. Moreover, the in situ generation of the hydride complex by reacting the
[Co"(PNNP)(MeCN)]?* with 2.0 equiv. NaBEtsH in CsDs was also achieved under similar conditions
to the reaction in Tol-ds. The formation of the same species in the reaction mixture was also
observed as labelled in the 3!P{*H} and *H NMR spectrum (Figure A 4.10 and Figure A 4.11,

respectively).

4.3.9 Reaction of [Co"(PNNP)CI;] with 2.0 equiv NaBEtsH in toluene-ds under Ar

Reaction of [Co"(PNNP)CI,] with 2.0 equiv of NaBEtsH in tol-ds, did not generate the anticipated
hydride [Co'(PNNP)(H)(Cl)] species (as shown in the bracket, Scheme 4.12) in the solution.
Nevertheless, apart from the hydride complex, the formation of the same species (hydrogenated
complexes with orange and brown labels and unidentified product with blue label) as those
generated by a reaction of the [Co"(PNNP)(MeCN)][BF4] with 2.0 eq NaBEtsH was observed
under the same conditions at a reaction time of 30 min. This high reactivity of the “not observed
hydride intermediate” [Co'(PNNP)(H)(CI)]" was possibly due to the instability of the negatively
charged species. This resulted in a fast elimination of ClI"to form the mixture of hydrogenated
products in the solution at room temperature. It was found that the hydrogenated intermediate
(orange label) was converted to [Co(mPNNP)] and unidentified product upon leaving the

reaction mixture at room temperature. under Ar for 3 days.

4.3.9.1 Isolation of [Co(dPNNP)] from reaction of [Co"(PNNP)Cl;] with 1.0 equiv.
NaBEtsH in toluene
The isolation of the dearomatized [Co'(dPNNP)] as a deep green powder was achieved by
reacting [Co"(PNNP)CI,] with 1.0 equiv. NaBEtsH in toluene-ds at-30 °C. The reaction mixture of
[Co"(PNNP)CI,] complex with 1.0 equiv. NaBEtsH was left in a vial for 5 min prior to filter through
cotton and celite to remove undesired paramagnetic species. The similar colour change from
deep purple to deep brown upon warming it up to room temperature. was observed to that on
reacting with 2.0 equiv. of NaBEt;H in C¢Dg or tol-ds. By accident, precipitation of deep green
solid from a deep brown solution at -77 °C (in dry ice/acetone bath) allowed us to isolate this
complex and characterize it by NMR spectroscopy. This solid was characterized in CsDs solution
under Ar by NMR techniques including *H, 3'P{1H}, 2D COSY and *H-3!P{*H} HMBC experiments
(Figure A 4.12-Figure A 4.14). Its NMR characteristics corresponded to the data for [Co(dPNNP)]
(listed in Table 4.12) which is selectively formed in a reaction of [Co"(PNNP)CI,] with 1.0 equiv.

LiMe in toluene as discussed in the section 4.3.6.1.
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4.3.9.2 NMR studies of reaction of [Co(PNNP)CI;] with 2.0 equiv NaBEt;H in CsDs

From the 3!P{*H} NMR spectrum (Figure A 4.15 b), the initial reaction by mixing the
[Co(PNNP)CI;] with 2.0 equiv NaBEtsH in CsDs at 30 min caused generation of the dearomatized
[Co(dPNNP)], hydrogenated species [Co(mPNNP)] and the unidentified hydrogenated complex
(blue label). However, the hydrogenated intermediate (orange label) was not observed in the
solution mixture. According to this evidence, conversion of this hydrogenated intermediate to
the [Co(dPNNP)], [Co(mPNNP)] and the unidentified hydrogenated complex is faster in C¢Ds
solution than in tol-ds. The MLC dearomatization chemistry as observed by a formation of the
[Co(dPNNP)] indicates the acidity of the methylene proton, and anionic charater of nitrogen
atom suggest a heterolytic C-H bond cleavage of the proposed Co(l) hydride complex resulting

in a liberation of H,.

Moreover, the brown solid obtained from a reaction of the [Co"(PNNP)CIl;] with 2.0 equiv
NaBEtsH in C¢Ds was recrystallized in toluene/pentane under Ar to obtain a single crystal (brown
needle) for X-ray crystallographic determination. The X-ray structure (Figure 4.24) revealed the
crystals to be [Co"(mPNNP)CI] as shown in Scheme 4.12 (inset), and the complex was supposed
to be a paramagnetic species due to Co(ll) oxidation state with d’ configuration. Thus it was not
one of the products characterized by the NMR technique as shown in the *H and 3!P{*H} NMR
spectrum (Figure 4.26 d). However, this paramagnetic species could be formed in the reaction
mixture as proposed in Scheme 4.13 which caused the broad signals in the *H NMR spectrum
(Figure A 4.16). The [Co"(dPNNP)CI] was formed in the reaction of [Co"(PNNP)CI,] with 2.0 equiv
NaBEt;H by a deprotonation of one proton in the benzylic group to liberate H,and a precipitation
of the NaCl salt. This first deprotonation step was observed in the [(®®“PNP)Co"Cl;] complex
treated with excess LiMe resulting in a formation of the dearomatized [(®®*“*dPNP)Co''Cl] analogue
via a production of CH; and a precipitation of LiCl salt as proposed by Chirik et al.?!® The
[Co"(dPNNP)CI] formed in the solution was then further reduced by NaBEtsH to furnish the
dearomatized [Co'(dPNNP)] with a loss of CI". This reduced Co(l) species was then hydrogenated
to obtained the product of [Co'(mPNNP)] as observed by the NMR studies. Therefore, in our
observation, it can be inferred that NaBEtsH can acts as a hydride source and reducing reagent.
The previous literature reported that one electron reduction of cobalt dichloride complexes,
(P"PNP)CoCly,?*¢ (YAPDI)CoCl, and (""APDI)CoCl,** can be achieved by reacting with 1.0 equiv of

the NaBEts;H to form the corresponding cobalt monochloride compounds.
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Figure 4.24. X-ray crystal structure of [Co"(mPNNP)CI] complex.

Results and discussion

Table 4.15. Selected bond lengths (A) and angles (deg) for [Co"(mPNNP)CI] (RNP 1812).

atom atom | bond lengths (A) | atom atom atom | bond angles/deg
Cl1 | Col 2.3179(5) Cl1 |Col |P1 97.225(18)
Col |N1 2.1525(15) Cll1 | Col |P2 105.065(19)
Col | N2 1.9999(15) N1 |[Col |CI1 89.84(4)
Col |P1 2.5446(5) N1 |[Col |P1 73.92(4)
Col |P2 2.5068(5) N1 |[Col |[P2 157.39(4)
N2 |[Col |CI1 115.32(5)
N2 |[Col |N1 77.75(6)
N2 |[Col |P1 136.35(5)
N2 |[Col |P2 80.49(4)
P2 Col |P1 119.690(18)

Furthermore, the dearomatized [Co'(dPNNP)] (as shown the structure with green label in

Scheme 4.12) in the reaction mixture was converted to the hydrogenated [Co(mPNNP)] and

unidentified product under 4 bar of H, (black arrow) The formation of hydrogenated products

was also proposed via the dihydrogen complex as indicated by black dashed arrows in the

reaction scheme. Moreover, the dearomatized [Co'(dPNNP)] complex was generated in the

solution mixture after leaving at room temperature. under Ar for 3 days. It could be inferred that

the hydrogenated complexes (brown or orange label) liberated a H, molecule via the dihydrogen

complex intermediate to eventually form [Co'(dPNNP)] as shown by dashed green pathways.
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Scheme 4.12. Possible routes for the formation of hydrogenated complexes, [Co(mPNNP)]
(brown label), hydrogenated intermediate (orange label), unidentified product (blue label) and
dearomatized [Co(dPNNP)] (green label) by reaction of [Co"(PNNP)CI,] with 2.0 eq of NaBEtsH in
toluene-ds. Dashed black arrows indicate the formation of these hydrogenated product via the
n%-H, complex, solid green arrow show a reaction of [Co(dPNNP)] under 4 bar of H, and the

dashed green arrows represent the generation of [Co(dPNNP)] in the solution leaving under Ar

for 3 days.
c| PtBu,
= \ NaBEtsH
~Co under Ar, -30°C.
_~N-"%—cI
<~ tBu, -H,

-NaCl
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by X-ray
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-Cl

[Co'(dPNNP)] [Co'(mPNNP)]
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Scheme 4.13. Possible pathway for a generation of the [Co"(mPNNP)CI] observed by the X-ray
and the [Co'(mPNNP)] by NMR by a reaction of the [Co"(PNNP)CI,] with 2.0 eq of NaBEtzH.
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4.3.9.3 NMR studies of reaction of the [Co(PNNP)CI;] with 2.0 equiv NaBEt;H

As mentioned previously, the initial reactions (30 min) of [Co(PNNP)(MeCN)][BF4]. and
[Co(PNNP)CI;] with NaBEt;H generated the same species (the hydrogenated complexes with
orange and brown labels and unidentified species with blue label) but a hydride complex was
not observed from [Co(PNNP)Cl,]. The *H NMR spectrum (Figure 4.25 b, black frame) and the
31p{*H} NMR spectrum (Figure 4.25 b, red frame) of the solution of [Co(PNNP)CI,] with NaBEt;H
showed that no triplet hydride signal and no singlet phosphorus signal around & 135 were

observed.

unidentified interm. [Co(mPNNP)]
v v M +unidentified product

Aromatic Hs Aliphatic Hs
U_MJ @/L

MLJ m

84 82 80 78 76 74 72 70 64 62 48 45 44 42 40 38 36 34 32 30 28 26 24 22 20 18
1 (ppm) 1 (ppm)

160 150 140 130 120 110 100 90 80 70 60 50 40
f1{ppm)

Figure 4.25. 'H NMR spectrum (black frame) and 3'P{*H} NMR spectrum (red frame) of (a) a
reaction mixture of [Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-dg left under Ar for
30 min compared to (b) reaction mixture of [Co'"(PNNP)CI,] complex under similar conditions.
The NMR signals for each complex were indicated by purple labels for [Co'(PNNP)(H)], orange

and blue labels for unidentified intermediates and brown labels for [Co'(mPNNP)].

The solution was left at room temperature. under Ar and was monitored by NMR spectroscopy.
It was observed that [Co(mPNNP)] withrelatively smaller amount of dearomatized [Co(dPNNP)]
and the unidentified product were formed in the solution when it was left for 3 days (Figure
4.26, b). The disappearance of the NMR signals (orange labels) confirmed the transformation of
the hydrogenated intermediate (orange label) to the mixture of [Co(mPNNP)], [Co(dPNNP)] and
unidentified product (blue label). Moreover, the generation of the dearomatized complex

concomitant with the disappearance of the hydrogenated complex (orange labels) suggested a
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loss of H, from the hydrogenated complex via the n*-H, complex as proposed in Scheme 4.12 by
the dashed green arrows. Another possible way to obtain the [Co(dPNNP)] would be liberation
of H, form the hydrogenated [Co(mPNNP)] or the unidentified product. In the case of the Ru
analogue 38, the hydrogenation of the dearomatized complex is a reversible process. Heating
the solution of hydrogenated complex led to a regeneration of the dearomatized derivative with
a liberation of a H, molecule. From our findings, the addition of H, to a solution of the
dearomatized complex initially formed a hydrogenated complex (orange label) and this complex
was subsequently converted to the [Co(mPNNP)] together with the unidentified product (blue
label). Therefore, we believe that the dearomatized [Co(dPNNP)] complex in this reaction
mixture left under Ar for 3 days is generated by dehydrogenation of the hydrogenated Co

complex (orange label).

Aromatic Hs

ﬂ
ey J
I
| @ )
I

v (a) ' J

90 85 80 75 70 65 60 55 50 45 40 35 86 84 82 80 78 76 74 72 70 68 66 64 62
1 (ppm) f1 (ppm)

Aliphatic Hs

[Co'(dPNNP)]

+unidentified product

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 17 16 15 14 13 12 11 1.0 0.9 0.8
1 (ppm) 11 (ppm)

Figure 4.26. 3'P{*H} NMR spectrum (red frame) and *H NMR spectrum (black frame) of a reaction
mixture of [Co"(PNNP)CI,] with 2.0 equiv. NaBEtsH in tol-ds left under Ar for (a) 30 min, (b) 3
days, (c) 5 days, (d) 6 days. The NMR signals for each complex were indicated by brown labels
for the [Co'(mPNNP)], green labels for the [Co(dPNNP)], orange labels for the hydrogenated

intermediate and blue labels for the unidentified product.
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The low-temperature NMR studies of the solution mixture at 223 K

The 3P{*H} NMR and *H NMR spectrum (Figure 4.27 a, red and black frame, respectively) of the
solution of the [Co(PNNP)CIl,] with 2.0 equiv NaBEts;H left under Ar at room temperature. for 6
days displayed the peaks corresponded to the mixture of [Co(mPNNP)], [Co(dPNNP) and
unidentified product. At low temperature, the NMR peaks (Figure 4.27 b) of these species
became much sharper and were shifted from the peaks at room temperature. This result

suggested that these hydrogenated complexes exhibit fluxional behaviour in a solution.

(b) 1

(a)

- AN A

100 95 20 85 80 75 70 65 60 55 50 45 40 35

f1 (ppm)
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MJLJ T
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v v v

(@) & ) L _J__JL_

S:E 84 8.2 ’ 8.0 i 718 76 7:d 7.2 7:I] i B‘S 6:6 ﬁ:d 6.2 4545 4:1.3.5 3.7 35 33 3.1 29 27 2:5 23 21 19 1.7 15 13 1.1 0.9‘ ﬂ7€l‘
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Figure 4.27.3'P{*H} NMR spectrum (red frame) and *H NMR spectrum (black frame) of a reaction
mixture of [Co"(PNNP)CI,] with 2.0 equiv. NaBEtsH in tol-dg left under Ar for 6 days recorded (a)
at 298 K and (b) at 223 K.
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NMR studies of reaction of [Co"(PNNP)CI,] with 2.0 equiv NaBEt3H in CsDs under H,

Furthermore, the hydrogenation of the dearomatized [Co'(dPNNP)] complex generated by a
reaction mixture of [Co"(PNNP)CI,] with 2.0 equiv. NaBEtsH in CsDs was carried out under 4 bar
of H,. This solution was degassed under vacuum prior to adding 4 bar of H,. After leaving a
reaction mixture under H; for 1 h, the signals of [Co'(dPNNP)] labelled as green squares in the *H
and *'P{*H} NMR spectra (Figure 4.28 b) disappeared indicating that this complex could react
with H; to form a mixture of two products. The 3'P{*H} NMR spectrum (red frame) showed the
two distinct signals of phosphorus nuclei in the [Co'(mPNNP)] as labelled with brown dots and
the unidentified product (blue dots). The presence of this unidentified species in the solution
under H; supported the hypothesis that this product was one of hydrogenated complexes
generated by a reaction of the [Co"(PNNP)(MeCN)]? or [Co(PNNP)CI,] with 2.0 equiv. NaBEtsH

in the solution under Ar as discussed in the section 4.3.8 and 4.3.9, respectively.

(b)

(a) idu .

140 130 120 110 100 90 80 70 60 50 40 30 20 10 o0 -10 -20 -30
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1 (ppm) f1 (ppm)

Figure 4.28. 3'P{*H} NMR spectrum (red frame), *H NMR spectrum (black frame) of a reaction

mixture of the [Co"(PNNP)CI,] with 2.0 equiv. NaBEtsH in CsDs left under Ar for (a) 30 min, (b)

this solution under 4 bar of H,for 1 h and (c) overnight.
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4.3.10 Comparison of X-ray crystallographic data

The X-ray structure of the dearomatized [Co'(dPNNP)] and the corresponding [Co'(PNNP)]*
(Figure 4.29) as well as the hydrogenated [Co"(mPNNP)CI] with the [Co"(PNNP)CI]* analogue
(Figure 4.30) allow comparison between changes in bond distances and bond angles of the
modified PNNP ligand in the [Co'(dPNNP)], the [Co"(mPNNP)CI] and unmodified PNNP in their

Co(l) and Co(ll) analogue. The X-ray data of these complexes are listed in Table 4.16.

X-ray crystallographic analysis of the [Co'(dPNNP)] and [Co'(PNNP)][PFs]

Figure 4.29. Comparison of X-ray crystal structure of (a) the unmodified [Co'(PNNP)][PF¢], (b)
dearomatized [Co'(dPNNP)].

The alteration of C-C bond lengths in pyridine ring A in the [Co'(dPNNP)] clearly showed
dearomatization as compared to the pyridine ring B. The C2-N1 in the ring A becomes longer
than the C11-N2 in the aromatic pyridine ring B, while the two C-N bond length (C10-N1 and
C21-N2) length in the unmodified PNNP ligand of the [Co'(PNNP)]*almost similar. The difference
in the C-N bond distances between ring A and ring B confirmed the anionic nature of the
dearomatized pyridine. Moreover, the Co-P bond lengths in the [Co'(dPNNP)] are distinct as
compared to those two similar Co-P bond distances in the unmodified [Co'(PNNP)]*. The shorter
of the benzylic C-C bond distance of C1-C2 (1.363(3) A) than that of C11-C12 (1.478(2) A) indicate
the C=C double bond, and the distinct between these two bond length also support the presence
of anionic chelate. In contrast to this, the benzylic C-C bond of C9-C10 (1.490(3) A) and €21-C22

(1.492(3) A) in the neutral pyridine rings of unmodified PNNP are very similar in distance.
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The anionic character of the dearomatized PNNP corresponded to the modified pincer ligand in

the BYmPNPCo'N,.%®

Moreover, the structure of [Co'(dPNNP)] shows a geometry closer to ideal square planar with
the N2-Co1-P2 angle of 162.86(5) A, while the N1-Co1-P2 angle of 156.30(6) A was found in the
[CO'(PNNP)]. This reduced distortion found in the [Co'(dPNNP)] is possibly due to containing of
the Csp; in the dearomatized ligand with the C2-C1-P2 angle of 115.28(14) deg which is almost
ideal trigonal planar geometry. For the distorted planar four-coordinated [Co'(®®“PNP)N,] pincer

complex, the P-Co-P bond angle is found to be 169.688(16) A.2*®

X-ray crystallographic analysis of the [Co"(mPNNP)CI] and [Co"(PNNP)CI;]

Figure 4.30. Comparison of X-ray crystal structure of (a) the unmodified cobalt(ll) complex,

[Co"(PNNP)CI][BArf4] and (b) the hydrogenated [Co"(mPNNP)CI] complex.

The X-ray structure revealed that both of the [Co"(mPNNP)CI] and the unmodified Co(ll)
analogue showed a distorted square pyramidal geometry. The much longer of C21-N2 (1.378(2)
A) in the ring C than the distance in C10-N1 (1.324(2) A) indicate the anionic modified ligand as
observed in the dearomatized [Co'(dPNNP)]. The similar change in bond distance between the
shorter endocyclic C=C double bond (C21-C-22, 1.359(3) A) and the C-C single bond (C9-C10,
1.496(3) A), was also observed in the [Co"(mPNNP)CI] which confirmed dearomatization of the
PNNP ligand. Moreover, the C-C bond distances C16-C19A (1.527(7) A), C19A-C20A (1.504(10) A
and C20A-C21 (1.515(4) A) in the pyridine ring C are more elongated than those in the
unmodified [Co"(PNNP)CI]* and longer than C2-C3 (1.369(4) A), C3-C4 (1.406(4) A), and C4-C5
(1.436(3) A) in ring A of the dearomatized [Co'(dPNNP)]. The two C-C single bonds with sp?
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hybridization in heterocycle C are more flexible and lifted up from the basal plane of the two
conjugated aromatic rings in the mPNNP ligand to accommodate angles close to tetrahedral.
Moreover, a coordinated CI” ligand causes more distortion of the idealized metal-ligand square
planar by showing the N1-Col1-P2 and the N2-Co1-P1 of 157.39(4) deg and 136.35(5) deg,
respectively. The Co-N(amido) bond length also changed which is significantly shorter than that
of the Co-N bonds with neutral N atoms of the aromatic phenanthroline ligand as labelled with
brown color and underline. The shorter Co-N (amido) bond compared to other Co-N bonds
supported a negative charged character resulting in a formation of a stronger electrostatic
interaction with the cationic Co(ll) centre. However, a difference in the two Co-N bond distances

in the [Co'(dPNNP)] was not observed.

Table 4.16. Lists of bond lengths (A) and bond angles (deg) of each complex for comparison.

[Co'(PNNP)][PFe] [Co'(dPNNP)] [Co'"(PNNP)CI]* [Co"(mPNNP)CI]
bond length (A)
Col-P1 2.2518(6) 2.2400(5) 2.5502(8) 2.5446(5)
Col P2 2.2674(6) 2.2989(5) 2.5119(9) 2.5068(5)
Col N1 1.9091(17) 1.9233(15) 2.151(2) 2.1525(15)
Col N2 1.9013(18) 1.9204(14) 2.126(2) 2.0000(15)
c2-C1 1.363(3) 1.359(3) (C21-C22)
1.507(4) (C10-C22) 1.496(3) (C9-C10)
C11-C12 1.478(2) 1.501(4)( C1-C13)
C2-C3 1.453(3)
C4-C3 1.351(3)
C4-C5 1.436(3)
1.413(2)
C11-C10 1.404(2) 1.411(4) (C10-C9)
1.368(3)
C10-C9 1.490(3) 1.369(3) 1.363(5) C8-C9 (C11-C12)
C21-C22 1.492(3)
C20A-C21 1.514(4)
C19A-C20A 1.504(10)
C16-C19A 1.527(7)
P2-C22 1.858(2) 1.8583(17) (P1-C12) 1.851(3) (P1-C13) 1.8531(18) (P1-C9)
P1-C9 1.855(2) 1.7799(19) (P2-C1) 1.845(3) (P2-C22) 1.786(2)P2-C22
bond angle (deg)
N1-Col-P2 156.30(6) 157.39(4)
136.35(5)
N1-Col-P1 160.93(5) N2-Col-P1
N2-Col-P2 162.86(5)
C11-C12-P1 107.64(12)
C2-C1-P2 115.28(14)

As a general overview, the X-ray structure of [Co(dPNNP)] complex showed a distorted square

planar geometry where the dearomatized structure of PNNP ligand coordinated to the Co(l)
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metal centre as LsX type ligand. The alteration in C-C bonds in the pyridine ring confirmed a
dearomatized structure. In contrast, the [Co"(mPNNP)CI] with hydrogenated PNNP ligand with
one Cl coordinated at metal centre adopt a distorted square pyramidal complex with d’-Co(ll)
metal centre and showed more distorted structure due to a coordinated Cl~and the C-C single

bond in the modified ligand.

4.3.11 UV-Vis/magnetic measurements and CV characterisation

The electronic, magnetic and redox properties for the Co(ll) and Co(l) complexes in solution are
discussed in this section. The UV-Vis spectroscopic data for [Co'"(PNNP)(MeCN)][BF]z
[Co"(PNNP)CI][BAr4], [Co"(PNNP)CI,] and [Co'(PNNP)][PFs] are summarized in Table 4.17 and the
electrochemical data of the [Co"(PNNP)(MeCN)][BFs]. and [Co"(PNNP)Cl,] in this series

characterized by cyclic voltammetry (CV) are summarized in Table 4.18.

Table 4.17. UV-Vis spectroscopic data of the [Co"(PNNP)(MeCN)][BF],, [Co"(PNNP)CI][BArf,],
[Co"(PNNP)CI,] and [Co'(PNNP)][PF¢] in a solution.

compound Concentration (M) Amax (nm) €(Mtcm?) Assigned band
2 bands *
(< 300 nm) men (L)
[Co"(PNNP)(MeCN)][BE.]> . 355 2350 cT
in MeCN 1.5x10
405 1493 CT
456 910 CT
645 (tail) 208 d-d transition
358 2220 CT
[Co'(PNNP)CI,] 4 425 1470 cT
. 5.75x10
in DCM X 495 616 cT
735 16 d-d transition
[Co'(PNNP)CL] 514 235 d-d transition
(0] 2 -4 _ oy
in 4% v/v DCM/MeCN 5.75x10 590 185 d-d trans!t!on
640 182 d-d transition
(Co'(PNNP)CI][BAI*4] 529 170 d-d transition
ot ra 4.81x10" 607 160 d-d transition
in MeCN
655 180 d-d transition
358 3248 CT
[Co'(PNNP)][PFe] " 443 1824 cT
. 1.25 x10
in MeCN X 704 2064 cT
922 1992 CT
344 18960 CT
436 9250 CT
[Co'(dPNNP)] “ 468 8470 cT
in toluene 1.00x10 642 3990 CT
892 3280 CT
998 4720 CT
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UV-Vis absorption and magnetic properties of the cobalt(ll) complexes

The UV-Vis spectrum of the [Co"(PNNP)(MeCN)][BF,]; displayed two absorption bands in the UV
region at A < 300 nm (Figure A 4.17) which were assigned as - ligand-centred transitions in
the complex.?* The intense bands (Figure 4.31 a) at wavelength ranging from 320 nm to 460 nm
(¢ = 910-2350 M*cm™) in the [Co"(PNNP)(MeCN)][BF4], were assigned to charge transfer
transitions in the metal complexes containing phenanthroline-based ligand. The CT band in the
five-coordinated [Co"(PN),(MeCN)][BF4], displayed CT at 450 nm with £ = 902 M™* cm™ which is
similar in intensity to the band at 456 nm (¢ = 910 M cm™). However, two more CT transitions
were observed in the [Co"(PNNP)(MeCN)][BF4], with relatively higher molar absorptivity possibly
as a result of the extended © conjugation system in the phenanthroline ligand compared to
pyridine ligands in the [Co"(PN),(MeCN)][BF4],. The very weak low-energy band centred at 645
nm (¢ =208 M cm™) was then assigned as a d-d transition. The molar extinction of d-d transition
band in this complex is consistent with the d-d transition in five-coordinated Co(ll) complex (as

listed in Table 2.14, chapter 2).

The complex [Co"(PNNP)(MeCN)][BF.], is a paramagnetic species in solution with a magnetic
moment of 2.42 Bohr Magneton from spin and orbital angular momentum indicating a low-spin,
Co(ll) d’ complex with one unpaired electron (S = 1/2). The magnetic moment of this complex is
consistent with the value for the five-coordinate Co(ll) complex (~2.83 B.M.) reported in the
literature.3®* The large magnetic moment is observed because of an orbital contribution
associated with the energy proximity of d,, and dy. In contrast, the low-spin Co(ll), d’
Co"(PN)2(MeCN)][BFs], with similar structural geometry exhibits the relatively small effective
magnetic moment (u= 1.64 B.M.) due to magnetic spin only momentum with one unpaired

electron.

The complex [Co"(PNNP)CI,] is not soluble in MeCN, therefore, the UV-Vis spectrum of this
complex was recorded in 4% v/v DCM in MeCN (Figure 4.31 a, pink curve). Multiple absorption
bands were observed in the visible region at 514, 590 and 640 nm with extinction coefficients
between 180-235 M cm™ suggesting a characteristic of the d-d transitions of a five- or four-
coordinate Co(ll) complex.?> Moreover, the absorption of [Co(PNNP)Cl,]in 4% v/v DCM in MeCN
was completely different from the solution of this complex in DCM (Figure 4.31 b, blue curve)
suggesting a mixture of pseudo tetrahedral and the five-coordinated [Co(PNNP)CI]* complex in
4% v/v DCM/MeCN solution. The UV-Vis spectrum (Figure 4.31 a, red) of [Co"(PNNP)CI][BArf,]
showed similar absorption bands to those observed for [Co(PNNP)Cl;] in 4% v/v DCM in MeCN
(Figure 4.31 a, pink) which confirmed the existence of [Co"(PNNP)CI]* formed by dissociation of
a Cl' ligand in [Co"(PNNP)CI,]. This [Co"(PNNP)CI]* species might form a mixture of 4- and 5-
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coordinate complex in the solution. Generation of the mixture of 4- and 5-coordinated species
was also evidenced in the UV-Vis studies of the five-coordinated [Co'cis-(PN),Cl]* and the
[Co"(PN),Cl,] as discussed in the section 2.5.4.2 and 2.5.4.3, respectively. These multiple bands
were also observed in the solution of the CoCl, in MeCN solution (Figure 4.31, b, green) which

contributed to the “T1(P) <-*A(F) transition in the tetrahedral Co(ll) d’complex.

a) ' b) 16
[Co"(PNNP)(MeCN)] in MeCN [Co'{PNNP)CI] in 4% wiv DCM in MeCN
1 [Co'(PNNP)CI[BA ] in MaCN 141 (Co'(PNNP)TI] in DCM
12 —— [Co"(PNNP)CLJin DCM 12 CoCl,in MeCN
E] —— [Co"(PNNP)CIlin 4% viv DCM in MeCN E
LARTY = 1.0
¢ s
08 0.8
é
2 05 £ 06
< -
04 04|
0z 02|
-
) 00 N —
300 400 500 G600 700 800 900 1000 1100 300 400 500 700 800 900 1000 1100
‘Wavelength (nm) Wavelength (nm)

Figure 4.31. The UV-Vis spectrum (a) of [Co"(PNNP)(MeCN)][BFs], (5.75x10* M in MeCN)
compared to the spectrum of [Co"(PNNP)CI][BArf,] (4.81x10* M) in MeCN (red) [Co"(PNNP)CI;]
(5.75x10* M) in 4% v/v DCM in MeCN (pink), and the solution in DCM (blue). The UV-Vis
spectrum (b) of [Co"(PNNP)Cl;] in solution compared to the spectrum of CoCl, precursor

(5.75x10* M) in MeCN (green).

The UV-Vis spectrum of [Co(PNNP)Cl,] in DCM solution displayed CT bands at similar
wavelengths to the CT tansitions in the [Co(PNNP)(MeCN)]?*: however; the d-d transion in the
[Co(PNNP)CI,] in DCM at 735 nm showed very weak intensity (16 M™* cm™). The higher ¢ value of
d-d transition in the [Co"(PNNP)(MeCN)][BF4], than that of [Co"(PNNP)CI,] may possibly be due

to overlapping with a CT band.

Magnetic susceptibility measurements for [Co"(PNNP)CI][BArf4] yielded the magnetic moment
of 4.87 Bohr Magneton suggested that it is a paramagnetic compound in solution showing a high
spin configuration with three unpaired electrons (S=3/2). The p.t = 4.87 B.M. for
[Co"(PNNP)CI][BAr"4] corresponded to spin and orbital angular momentum of three unpaired
electrons in 5-coordinate, Co(ll), d’complexes.3?> 326 This value is in the range 4.70-5.00 B.M.

which are general for a high spin cobalt (ll) system.
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UV-Vis absorption and magnetic properties of the cobalt(l) complexes

The UV-Vis spectrum of cobalt () complexes (Figure 4.32) is completely distinct from those for
the Co(ll) complexes. The [Co'PNNP]* and [Co(dPNNP)] showed deep green color solutions in
MeCN and toluene, respectively and exhibited various intense absorption bands in the UV-Vis
and near IR regions. These bands with large molar absorptivity (1990-3250 M* cm™) for
[Co'PNNP]* and with considerably greater ¢ values (3280-18960 M™ cm™) for [Co'dPNNP]
contributed to charge transfer transitions. It was found that the complex with anionic dPNNP
ligand showed more prominent CT character with relatively higher ¢ values. The intense CT
bands are consistent with the UV-Vis spectrum of Co(l) complexes with a terpyridine-amine
ligand at 572 and 685 nm (¢ = 1738 and 1570 M cm™) exhibiting intense absorption in the visible
and near IR regions. The two CT bands were assigned to the respective intraligand charge

transfer (ILCT) and metal-to-ligand charge transfer (MLCT) transitions.327-328

The magnetic susceptibility measurement for [Co'(PNNP)][PFs] complex gave s = 4.34 B.M.
which suggested a high spin, d®, Co(l) complex containing two unpaired electrons (S=1).32° The
difference in spin state between the low-spin [Co'(dPNNP)] and the high-spin [Co'(PNNP)][PFe]
complex may possibly be due to the different degree in distortion from the ideal square planar
structure as observed in the X-ray crystal structure of these two complexes (Figure 4.29). The
structure of [Co'(PNNP)][PFs] shows more distorted square planar geometry with the N1-Co1-P2
angle of 156.30(6) A, while the [Co'(dPNNP)] has the same bond angle of N2-Co1-P2 angle =
162.86(5) A.

3.0 4

[Co'(PNNP)][PF]
[Co'(dPNNP)]

2.5+

2.0

Absorbance (a.u.)
P

0.5+

0.0 T T T T T T T T 1
300 400 500 600 700 800 900 1000 1100 1200

Wavelenght (nm)

Figure 4.32. The UV-Vis spectrum of [Co'(PNNP)][PFs] (1.25x10* M in MeCN, red) and the
spectrum of [Co'(dPNNP)] (1.00x10“ M in toluene, blue).

Page 300 of 394



Chapter 4 Results and discussion

The CV characterization of the [Co''(PNNP)(MeCN)][BF4], and [Co''(PNNP)CI;]

The cyclic voltammogram for [Co"(PNNP)Cl,] was recorded in 8% v/v CH,Cl, in MeCN with 0.1 M
TBAPF as electrolyte solution. A small amount of DCM is needed to dissolve the complex for CV

measurements.

Table 4.18. Electrochemical characterization data of the [Co"(PNNP)(MeCN)][BF.]; and the
[Co"(PNNP)CI,] in acetonitrile solution containing 0.1 M TBAPFs.

E1/2 (AEp, mV)

complex o GO (AR Co(1/0) or Epa Of
P Co'(phen/phen*-) phen/phen*
PNNP ligand - - - 0.59,0.79
[Co"(PNNP)CI] Fre 0-25 .17 -1.67 -2.01
Epc-0.10 (100) : :
[Co"(PNNP)(MeCN)][BFa]» - -1.00(71) "1.84(74) -
-2.48V

The CV (Figure 4.33) of [Co"(PNNP)(MeCN)][BF.]> showed two fully reversible redox processes at
-1.00 V and -1.84 V. The first reversible wave at -1.00 V (AE, = 70 mV) is tentatively assigned to
a metal-centred reduction of Co(ll) to Co(l) couple which appeared in potential near to the redox
couple of Co(ll/1) in the previous series. However, the second reversible wave at the potential -
1.8 V vs Fc * could possibly be attributed to a Co(l/0) redox couple or to a ligand reduction of

0/+

phen® wave. This second redox couple around -2.0 V vs Fc”* was tentatively assigned to a ligand

based reduction in transition metal complexes containing polypyridyl ligands.3333% The

irreversible reduction at Epc = -2.5 V could then be a metal-centred reduction of Co"°

couple
which corresponded to the characteristic of metal-centred reduction in the bis-chelating
pyridine phosphine, [Co"(PN)2(MeCN)]** complex (section 2.5.5.1, Chapter 2). However, a
reduction of Co(l) to Co(0) appeared at much more negative potential at -2.48 V possibly due to
more electron density in radical anion of the phen ligand which is reduced prior to the metal-

centred reduction of Co(l) to Co(0) in this complex.
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Figure 4.33. Cyclic voltammogram (a) of [Co"(PNNP)CI,] complex (1 mM, 8% v/v DCM in CH3CN)
with 0.1 M TBAPF¢ at the scan rate 100 mV/s, black curve. Compared to the CV of
[Co"(PNNP)MeCN][BF4]2 1 mM, in CHsCN (red); (b) CVs in the potential window of Co(lll/Il) and

Co(Il/1) in the complexes.

Upon scanning to negative direction (Figure 4.33 a), the CV of [Co"(PNNP)Cl,] showed a first
quasi-reversible redox process at -1.17 V vs Fc”* with AE, = 100 mV which was assigned to a
metal-centred Co(ll/I) redox couple. The irreversible reduction waves at more negative potential
-1.67 V are tentatively assigned to the ligand-centred reduction concomitant with a loss of
chloride ligand in this complex. According to the previous literature, an irreversible reduction

wave around -2.6 V vs Fc¥*

for a pincer cobalt (II) amido complexes containing a CI" ligand was
assigned to be a dissociation of chloride following one-electron transfer from the electrode to
the complex.®*> Moreover, we also assumed that the irreversible wave could be possibly due to
a chloride ligand loss after a stepwise two electron reduction at the metal-centred Co(ll/1) redox
couple and ligand-centred reduction to form [Co'(PNNP*)(MeCN)(Cl)] species. This evidence is
similar to the previous literature reported that ligand-centred reduction of [Ru"(bpy)(tpy)(Cl)]*
complex at -1.91 V vs Fc”* resulted in CI loss to give [Ru"(bpy)(tpy)(MeCN)]*.3%¢. The CVs in
Figure 4.33 b showed the Co(lll/Il) couple in the [Co"(PNNP)Cl,] upon sweeping potential to

positive direction, while the Co(lll/Il) couple in the MeCN analogue was not observed. This

suggested that CI” ligands in [Co"(PNNP)CI;] could stabilize the higher Co(lll) oxidation state.
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4.3.12 Electrocatalytic H2 evolution and electroreduction of CO,

CV studies of the [Co"(PNNP)CI;] and [Co"(PNNP)(MeCN)] using TFA as H* source

The CV responses of these two complexes under catalytic conditions showed similar current
increases at Ect -1.21 V near the Co(ll/1) couple upon increasing the concentration of TFA acid
as shown in Figure 4.34 a for the [Co"(PNNP)(MeCN)]?* and Figure 4.34 b for the [Co"(PNNP)CI].
The higher current density at similar reduction potential (Figure 4.34 c) near the second redox
couple in these two complexes suggested more rapidly catalyzed reaction but much higher
overpotential is required compared to the first catalytic process operated via a metal-centred
Co(ll/1) couple. The plot of ic.t/i, at Co(ll/I) couple versus concentration of TFA (Figure 4.34 d)
indicated that the [Co"(PNNP)CI,] catalyzed H* reduction with faster catalytic rate than the

corresponding MeCN complex.

a) oo b) oo
01
02/ 024 ——0.1MTBAPF,
g - ——0.1M TBAPF, g ——[C0'(, PNNP)(CI),]
= 03 ——[C0'(p,PNNP)(MeCN)P* = ——+5mMMTFA
- +2.5mM TFA = 044 +10mM TFA
——+7.5mM TFA +15mM TFA
04 — +12.56mM TFA +20 mM TFA
——+17.5mM TFA +30 mM TFA
+37.5mM TFA 0.6 +50 mM TFA
05 ——+70 MM TFA
; ; T . T
25 20 15 1.0 05 24 22 20 18 -16 14 12 1.0 08 06 04
potential (V) vs Fc* potential (V) vs Fc"*
c) d)
8
0.05- .
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64
.05 . .
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0104 e .
E 0.15 5 4 . .
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030 = [Co"(PNNP)(MeCN)|[BF,], at -1.15 V
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Figure 4.34. CVs at scan rate 100 mV/s of (a) [Co"(PNNP)CI,] and (b) [Co"(PNNP)(Cl),] (1 mM) in
CHsCN with 0.1 M TBAPFs upon titration with TFA acid, (c) comparison between CVs of these
two complex under catalytic condition using TFA as H * source, and (d) plot of i.t/i, for each

complex against the acid concentrations.

The control experiment (Figure A 4.18) of the free ligand with 50 mM TFA did not show current
enhancement over the same potential window as that of the complex under the similar
conditions. This confirmed that the enhancement of current at the potentials -1.21V and-1.9V

corresponds to catalytic waves for H, evolution operated by the complex
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The data for overpotential determination of these two complexes are listed in Table 4.19. The
Effzt =-1.03 V was obtained for the [Co"(PNNP)(MeCN)][BF.], which is slightly more positive
than the Effzt .of -1.06 V for the [Co"(PNNP)CI,]. This corresponded to the overpotential of 290
mV for [Co"(PNNP)Cl,] and 260 mV for [Co'"(PNNP)(MeCN)][BFs].. The overpotential of
[Co"(PNNP)CI,] for H, evolution is considerably decreased by 200 mV as compared to the
cobalt(ll) analogue supported by bis-chelating P,N ligand. The lowering in overpotential
observed in this series is possibly due to using more extended m-electron system of

phenanthroline ligand resulting in stabilization of Co (I) intermediate.

Table 4.19. Catalytic potential and overpotential for each complex (0.5 mM) in acetonitrile

containing 0.1 M TBAPF¢ acidified with TFA acid.

Complex [TFA]/ mM Ecat (V) Ecat/2 (V) 1 (mv)
[Co"(PNNP)CI;] 50 -1.21 -1.06 290
[Co"(PNNP)(MeCN)][BF]. 37.5 -1.15 -1.03 260

Overpotential (N) = Eca/2-E%am2, E%am2 for TFA acid in MeCN = -0.77

Electrochemical CO, reduction activity of [Co'"(PNNP)CI;] and
[Co"(PNNP)(MeCN)][BF4]. in saturated-CO;, acetonitrile solution

The electrocatalytic reduction of CO, by the [Co"(PNNP)CI,] and [Co"(PNNP)MeCN]?** complexes
were also examined by CV technique in CO,-saturated acetonitrile solution containing 0.1 M
TBAPFs. The CV studies of [Co"(PNNP)CI,] was performed in 8% v/v DCM in MeCN due to lack of
solubility in MeCN solution. In this work, external H* source with different pKa such as H,0 (pKa
=38-41 in MeCN ® and 2,2,2-trifluoroethanol (TFE, pKa = 35.4 in MeCN) was used for screening
their electrocatalytic CO; reduction activity in CH3CN. These acids are commonly used as proton

sources for electrocatalytic CO,reduction in organic media as reported in the literature.5%337.338

CV studies of CO; reduction activity of the [Co"(PNNP)CI,]

CV measurements of the [Co"(PNNP)Cl;] complex in CO-saturated CHsCN exhibited no current
enhancement: however; a large positive shift of the Co(ll/I) redox couple and Co(l/0) or
phen/phen® reduction potential could possibly imply formation of a CO; adduct (Figure 4.35). It
could be assumed that two CI losses following uptake one electron led to a generation of
available binding site for CO, molecule. The loss of two CI ligands is consistent with a chemical
reduction of the [Co"(PNNP)Cl;] complex with NaBHs in MeOH to give the corresponding
[Co'(PNNP)]* species which was confirmed by X-ray crystal structure as shown in section 4.3.5.

A much more positive shift of Co(ll/1) redox wave of the [Co"(PNNP)CI,] was observed when H*
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(0.9 M TFE) was added to the solution, although there was no change in the current near Co(l/0)
or phen/phen® reduction potential. A large shift of Co(ll/l) couple indicated that H* could

stabilize the CO,-Co(l) intermediate formed by one electron reduction of the [Co"(PNNP)CI,].

CO; binding

——[C0"(, ,PNNP)(CI),] (Ar)
——[Co'(5,,PNNP)(CI),] (CO,)
+09MTFE

B2

24 22 20 48 46 -4 42 40
potential (V) vs Fc™

Figure 4.35 CVs of [Co"(PNNP)CI,] (1mM) at the scan rate 100 mV/s in CHsCN containing 0.1 M

TBAPFs under Ar, compared with the CO,-saturated solution and addition of 0.9 M TFE.

CV studies of CO; reduction activity of [Co"(PNNP)(MeCN)][BF4]

Interestingly, the CV of [Co"(PNNP)(MeCN)]?* exhibited maximum current enhancement at -2.33
V in CO; -saturated solution with no additional H* source (Figure 4.36). Moreover, a small
increase in current and a loss of reversibility at the second reversible wave of Co(l/0) or
Co'(phen/phen®) couple indicated formation of a CO, adduct as observed in the dichloride
analogue. The positive shift of redox couples in these two complexes in the presence of CO;
suggested the binding of CO; could occur at the reduced metal centre supported by the
tetradentate PNNP ligand. The CO; binding at the reduced Co(0) intermediate formed after two

single electron reduction processes of the corresponding Co(ll) complex was also generally

114,116

observed in the cobalt catalyst for CO, reduction.

0.05-

0.00-|
0.054
g
= 010
——[Co'(PNNP)(MeCN)F** (Ar)
015 --- - [Co'(PNNP)(MeCN)* (CO,)
) —— [Co'(PNNP)(CI),] (Ar)
---- [Co'(PNNP)(CI)) (CO)
0.20 r : ; T "
30 25 20 A5 10 05

potential (V) vs Fc™

Figure 4.36. Cyclic voltammograms (CVs) of [Co"(PNNP)Cl;] (1 mM) at the scan rate 100mV/s in
CHsCN containing 0.1 M TBAPFg under Ar, and the complex in CO,-saturated solution, compared

to the [Co"(PNNP)(MeCN)]?* under similar conditions.
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According to this evidence, we assumed that a strong interaction between reduced Co(0) metal
centre and electrophilic CO, molecule concomitant with transformation of CO, to CO as product
could happen. The CV response of [Co"(PNNP)(MeCN)]*" in the solution with proton source (TFE
or H,0) shows similar current enhancement (Figure 4.37) In the case of using TFE as proton
source, a slight increase in icat at the potential -2.28 V was obtained as shown in Figure 4.37 b
exhibiting iat/ip, = 4.1 as summarized in Table 4.20. A control experiment with
[Co"(PNNP)(MeCN)]* and 2% water in acetonitrile solution with no CO, exhibited no increase in
the current near to Co(l/0) redox couple (in Figure 4.37 c). This evidence proved that the increase

of current at this potential originated from CO; reduction activity of the complex.

a) 0.05- b)
0.00- 0.02-]
0.00 4 ==
T e Y R,
0.02
— 010 R g/ R
g _ 05
- 015 E 0.08-|
I ET)
0204 — [Co'(PNNP)(MeCN)F* (Ar) 012]7 —— [Co'(PNNP)(MeCN)F” (Ar)
-=-- [Co'(PNNP)(MeCN)* (CO,) o1l ---- [Co'(PNNP)(MeCN)* (CO,)
0.25-| + 2% water : ——+0.18M TFE
' - . . . . -0.16 ——+0.36M TFE
26 24 22 20 138 16 24 22 20 18 16
potential (V) vs F¢™* potential (V) vs Fc™*
—— [C0'( ,PNNP)(MeCN)] (Ar)
0.20 —— [C0'(, PNNP)(MeCN)[(CO,)
——[C0'(5,,PNNP)(MeCN)] (Ar)+2% water
0.25 —— [C0'(,, ,PNNP)(MeCN)](CO,)+2% water
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potential (V) vs FoO'*
Figure 4.37. CVs of [Co"(PNNP)(MeCN)]** (1 mM) at the scan rate 100mV/s in CHsCN containing
0.1 M TBAPFs under Ar, compared with the CO,-saturated solution and addition of 2% water (a),
and upon adding 0.36 M TFE (b), CVs of the complex in CO,-saturated CH3CN solution with 2%

water compared to the CV of this complex with 2% water under Ar.
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Table 4.20. Electrochemical data from CV measurements and conditions for the studies of

electrocatalytic CO, reduction activity of each complex.

) [Co"(PNNP)CI;] [Co"(PNNP)MeCN)][BF]:
Hsource acidl (M) | icrfin (Ecr) [acid] (M) | feat/ip (Ecat
4.1(-2.28V),
TFE 0.9 ~1(-1.85 V) 0.36 3.1(-1.86 V)
. 3.1(-2.29V)
H,0 - 2% 2.9 (-1.85 V)
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4.4 Conclusion

Synthesis, UV-Vis/CV characterisation and magnetic properties

The novel Co(ll) complexes supported by the tetradentate phosphino based phenanthroline
ligand including the [Co"(PNNP)CI], [Co"(PNNP)CI][BArf;] and [Co"(PNNP)(MeCN)][BF4], were
successfully synthesized in high percent yield. All of these complexes were structurally
characterized by X-ray crystallographic determination. The UV-Vis studies of the [Co"(PNNP)Cl],
Co"(PNNP)CI][BArf;] and [Co"(PNNP)(MeCN)][BF], indicate the more intense CT transitions in
the visible region compared to the Co(ll) complex supported by bis chelating P,N ligands,

[Co"(PN)MeCN].

Furthermore, the new Co(l) complexes: [Co'PNNP][PFs] and [Co'(dPNNP)] were isolated and
structurally characterised by X-ray crystallographic technique. These two complexes with
coordination number four adopt a distorted square planar geometry. The Co(l) complexes
display CT transitions with intense absorption bands over the range from visible to near IR
regions (340-1000 nm). The magnetic properties of [Co'PNNP][PF¢] in solution indicate a
paramagnetic species with two unpaired electrons which is in agreement with a high spin,
distorted square planar geometry, accounting for the lack of NMR spectrum. In contrast, the
dearomatized [Co'(dPNNP)] complex containing the anionic ligand with the similar geometry is

a diamagnetic species exhibiting a low spin, Co(l), d® electron configuration.

The redox properties in the [Co'"(PNNP)(MeCN)][BF], display two fully reversible couple of the
first Co(ll/1) wave and the second redox couple which was tentatively assigned as the ligand-
centred reduction in the complex. The most negative reduction potential was assigned to the
Co(1/0) couple. The [Co"(PNNP)CI,] show quasi-reversible Co(lll/Il)and Co(ll/1) couple. Moreover,
the different second reduction process between the reversible couple in the
[Co"(PNNP)(MeCN)][BF4].and irreversible wave in the [Co'"(PNNP)CI,] possibly due to a chemical
reaction (Cl"loss) occur following a sequential two electron reduction of the [Co"(PNNP)CI,].By
changing the bis-P,N chelating phosphino based pyridine to the PNNP tetradentate phosphino
based phenanthroline causes a positive shift of Co(ll/I) redox couple in the [Co"(PNNP)CI,] by
130 mV from the Co(ll/1) couple in the [Co"(PN),Cl,]. This demonstrates that the reduced Co(l)
species with the dichloride ligands can be greatly stabilized by more nt-conjugated system in the

[Co"(PNNP)CI,].

Page 308 of 394



Chapter 4 Conclusion

Reactions with NaBH,;, NaBEtsH and LiMe

The reaction of [Co"(PNNP)CI,] with NaBH4 causes formation of the corresponding [Co'(PNNP)]*
species as characterized by the X-ray structure. The reaction of [Co"(PNNP)CI,] with relatively
stronger hydride reagent (NaBEts;H) generates a mixture of products including the dearomatized
[Co'(dPNNP)], [Co'(mPNNP)], hydrogenated intermediate and an unidentified product (Scheme
4.13). A hydride intermediate would be expected to form at the initial reaction time but was not
observed in the NMR studies of the [Co"(PNNP)CIl,] with 2.0 eq NaBEtsH. The hydride analogue
of [Co"(PNNP)(MeCN)][BF4]> was observed and is more stable than the expected
[CO'(PNNP)(H)(CI)]". The MLC reactivity by elimination of H, from the hydride chloride complex
is faster than H; liberation from [Co'(PNNP)(H)(MeCN)] as a result of more electron density at
the metal centre containing a ClI” ligand. The dearomatized [Co'(dPNNP)] is found to be the
product formed by this MLC H, elimination. A reversible H, elimination/addition for the
dearomatized [Co'(dPNNP)] complex possibly leads to formation of the hydrogenated
[Col(mPNNP)] and its isomers such as the hydrogenated intermediate and unidentified products
in the solution. One of the hydrogenated [Co'(mPNNP)CI] products was confirmed by X-ray
crystallography indicating that NaBEtsH could act as a reducing agent to form the [Co'(mPNNP)]

as evidenced in the NMR studies.

Reaction of the [Co"(PNNP)CI;] with 1.0 eq LiMe is an approach for selective preparation of the
dearomatized [Co(dPNNP)] which is generated by an irreversible loss of methane from
[CO'(PNNP)Me] (Scheme 4.8). Moreover, the clean conversion of [Co(dPNNP)] to the
corresponding hydrogenated [Co(mPNNP)] was achieved by adding 4 bar of H,. The
hydrogenated intermediate was postulated to form via an n-H, complex which then converted

to [Co(mPNNP)].

The X-ray comparison between the [Co'(dPNNP)] and [Co''(mPNNP)CI]

The X-ray structure of [Co(dPNNP)] complex confirmed the dearomatized structure of PNNP
ligand and corresponded to a diamagnetic species of [Co(dPNNP)] with a low-spin, d®
configuration and a distorted square planar geometry. In contrast, [Co"(mPNNP)CI] with the
hydrogenated PNNP ligand with one Cl coordinated at metal centre adopts a distorted square
pyramidal complex with d’-Co(ll) metal centre resulting in a paramagnetic species exhibiting
broad NMR signals. The modified PNNP ligands in the solid-structure of these two complexes

include an anionic nitrogen of the dearomatized pehnanthroline ring.
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H; evolution and CO; reduction activity

The new Co(ll) complexes supported by the more conjugated m system of the tetradentate
phenanthroline ligand could catalyze H, evolution at lower overpotential than the Co(ll) catalysts
supported by bis P,N chelating ligands. This lowering in overpotential could be achieved possibly
due to a stabilization of Co(l) intermediate by conjugated m-electron system of phenanthroline
ligand. Moreover, a chemical reduction of the [Co"(PNNP)Cl,] and [Co"(PNNP)(MeCN)][BFa].
suggested a liberation of H,via a metal-ligand cooperativity of the corresponding cobalt hydride
complex. The CO; reduction activity of the [Co"(PNNP)(MeCN)][BF4]zin the presence of H* source
(TFE or H,0) occurs at the doubly reduced species. This might involve a ligand-centred based

CO; reduction activity.
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Chapter 5

5.1 Concluding remarks and future work

5.1.1 Cobalt complexes supported by the P,N and PNNP ligand/s and their reactivity

In this thesis, we show that the PN and PNNP ligands can stabilize cobalt metal centres in various
oxidation states (oxidation number from +1 to +3). In Chapter 2, we show that successful
isolation and full characterisation of the new Co(ll) complexes: [Co"(PN),(MeCN)][BFa]., [Co"cis-
(PN),CI][PFs], [CO"(PN),Cl,] and two novel cobalt(lll) hydride complexes with bis-P,N chelating
ligands, [Co"(PN),(H)(MeCN)][PFs]. and [Co™(PN)2(H)(CI)][PFs] can be achieved under mild
reaction conditions using NaBHsin a MeOH solution under N, at room temperature. The hydride
ligand can be greatly stabilized by the Co(lll) oxidation state with the right combination of the
strong field P,N chelating ligands. These two hydride complexes are low-spin, d® diamagnetic
species exhibiting sharp and well-separated NMR signals. The structural characterisation in
solution corresponds to the solid-state X-ray structure which reveals a distorted octahedral
geometry where the H™is trans to the axial ClI” or MeCN and cis to the two chemically equivalent

P atoms in their structure. Moreover, [Co"cis-(PN),Cl,][PFs] is easily prepared through the
oxidation of the [Co"(PN),Cl,] by the air bubbling of the MeOH solution. The solid-state structure
of [Co"cis-(PN).Cl;][PFs] reveals the cis-configuration between the two phosphorus atoms,
while, the 2P atoms in the two Co(lll) hydride complexes are trans to each another. The trans
configuration of those two phosphoruses cause a rigid structure of the hydride complexes in a

solution. They show a well-resolved triplet H™ signal with %Jgs up = ~ 60 Hz at & -19.05 for

[Co"(PN)2(H)(CD)]".

Chapter 4 demonstrates the synthesis and characterisation of novel cobalt complexes with the
PNNP ligand. From the view of ligand synthesis, the two ligands are easy to prepare with
moderate percentage yield (59% for the PN ligand and 34% for the PNNP ligand). The method
for PNNP ligand preparation is less complicated than the preparation of PN ligand due to
purification by recrystallisation instead of distillation under high vacuum condition for the P,N
ligand. Interestingly, the isolable cobalt complexes with the PNNP ligand are found to be
different from the complexes supported by the two PN ligands. Most of compounds which were
successfully isolated are cobalt(l) complexes, while the Co(lll) hydride with the PNNP ligand are
relatively more reactive compared to the Co(lll)-H complexes with the PN ligands. Furthermore,
these PNNP complexes exhibit very different reactivity showing three types of reaction that are
not observed with the complexes with bis-PN ligands: firstly, chemical reduction to low spin Co'

complexes, and secondly, dearomatization via metal-ligand cooperation, thirdly hydrogenation
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of the ligand associated with dearomatization. This reactivity is reminiscent of the work of the

Milstein and Chirik groups summarized in the introduction (chapter 4).
5.1.2 Electronic/magnetic properties and redox chemistry

We demonstrate that the PN and PNNP ligand/s can stabilize various oxidation state of cobalt
complexes. The UV-Vis spectrum of Co(l), Co(ll) and Co(lll) complexes are completely different
due to distinct electronic structure and geometry of the complexes. The electronic properties of
the Co(ll) complexes with P,N ligands by UV-Vis characterisation are very important to elucidate
the lability of [Co"(PN).Cl;] and [Co"cis-(PN),CI][PFs]. The intense and multiple d-d transitions,
which ascribed to the 4- or 5-coordinate species formed in a solution by a dissociation of a Cl or
a PN ligand from the solid-state structure, are typically found in the UV-Vis spectrum. These
complexes are expected to be a high spin, Co(ll), d’ with three unpaired-electrons, while the
[Co"(PN)2(MeCN)][BF4]2is a low-spin, Co(ll), d” with one unpaired electron. Unlike the labile Co(ll)
complexes containing Cl" ligand/s, the MeCN analogue is stable in a solution exhibiting a CT band
in the UV-Vis spectrum with no extra d-d transitions belong to 4-coordinate species that would
be formed by ligand exchange. The Co(lll) complexes are all diamagnetic, d®, low spin complexes.
These complexes including the Co(lll) hydrides are six-coordinate with distorted octahedral
geometry exhibiting the same structure both in a solution and in a solid state. They show a CT

band in the visible region.

The UV-Vis studies of [Co"(PNNP)Cl;], [Co"PNNP)CI|[BArf;] and [Co"(PNNP)(MeCN)][BF4):
indicate the more intense CT transitions in the visible region compared to the Co(ll) complex
supported by bis chelating P,N ligands, [Co"(PN),MeCN]. [Co"(PNNP)Cl;] in a MeCN solution is
labile, showing CI" loss from the complex in the solid state. The [Co"(PNNP)CI]*is the most likely
species formed in the solution. However, the MeCN derivative, [Co"(PNNP)(MeCN)][BF], is
stable in a solution displaying CT bands in the visible regions with a tail absorption band at 645

nm for a d-d transition.

The ground state electronic structure of the Co(ll) complexes: [Co"(PN).(MeCN)][BF:], and
[Co"(PNNP)(MeCN)][BF4], with an axial MeCN ligand is low-spin (S=1/2). Changing from a MeCN
to n-donor CI ligand/s cause an alteration of Co(ll) spin state from the low-spin to high-spin
complexes (5=3/2) as observed in [Co"(PN),Cl;] and [Co"(PNNP)(CI)][BAr"4]. We have shown that
[Co"cis-(PN),CI][PFs] and [Co"(PN),Cl,] are more labile than the low-spin, [Co"(PN)(MeCN)][BF4),
complex. The similar trend for lability of the Co(ll) complexes with the PNNP ligand is observed
where the high-spin [Co"(PNNP)(CI)][BArs] is more labile than the low-spin
[Co"(PNNP)(MeCN)][BF4].. Therefore, the ground state electronic structure of these Co(ll)

complexes greatly affects their lability in a solution. The electronic properties of Co(l) complexes:
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[Co'(PNNP)][PFs] and [Co'(dPNNP)] exhibit prominent CT transitions in the visible and near IR
regions. The CT bands in the Co(l) complexes are more intense exhibiting relatively large € values

than those observed in the Co(ll) analogues.

Furthermore, the replacement of an axial Cl" ligand by MeCN can alter their electronics and
reduction mechanism at the electrode. The first electron transfer to the dicationic complex
[Co"(PN)2(H)(MeCN)]?* requires a less negative potential than that for the corresponding mono
cationic [Co"(PN),(H)(CI)]* by 380 mV via a distinct reduction mechanism. An irreversible Cl~loss
from the reduced [Co"(PN),(H)(CI)]° species occurs following one-electron transfer to the
[Co"(PN)2(H)(CI)]* (EqCi pathway) while, a reversible MeCN dissociation is observed from the
singly reduced [Co"(PN),(H)(MeCN)]* via an E.C, pathway resulting in generation of
[Co"(PN)2(H)]*. Moreover, the first irreversible redox couple for Co(lll/Il)-H in the hydride
[Co"(PN)2(H)(CI)]*appears at much more negative potential by 1.06 V as compared to the quasi-
reversible Co(lll/Il) couple in the [Co"cis-(PN),Cl,]* suggesting that the hydride ligand causes high
electron density at the metal center. A similar trend is observed for the second electron transfer
to the hydride complex which requires much more negative reduction potential as compared to

that for the corresponding [Co"'cis-(PN).Cl5]*.

Changing the bis-PN chelating phosphino-based pyridine to the PNNP tetradentate phosphino-
based phenanthroline causes a positive shift of Co(ll/I) redox couple in the [Co"(PNNP)CI,] by
130 mV from the Co(ll/1) couple in the [Co"(PN),Cl,]. This demonstrates that the reduced Co(l)
species with the dichloride ligands can be greatly stabilized by more nt-conjugated system in the

[Co"(PNNP)CI,].
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5.1.3 Metal-ligand cooperation

Chapter 4 demonstrates very different reactivity for Co(PNNP) complexes compared to Co(PN)2
complexes of chapters 2 and 3. Especially significant is the selective synthesis of the
dearomatized [Co'(dPNNP)] by reaction of [Co"(PNNP)Cl,] with LiMe. This selective formation
can be achieved due to an irreversible loss of methane from the [Co'(PNNP)Me]. Moreover, the
clean conversion of [Co(dPNNP)] to the corresponding hydrogenated [Co(mPNNP)] was
obtained by adding 4 bar of H,. These are decisive examples of metal-ligand cooperation (MLC).
The initial formation of the hydrogenated intermediate was proposed via MLC reactivity of n-

H, complex. This dihydrogen complex may contribute to formation of various hydrogenated
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products as observed in a reaction of the [Co"(PNNP)(MeCN)][BF4]; and the [Co"(PNNP)Cl,] with
NaBEtzH.

The reaction of [Co"(PNNP)(MeCN)][BF4]; with NaBEtsH suggested liberation of H;, from the
reactive Co(l)-H intermediate. The H-H bond making between the H ligand and acidic hydrogen
of the benzylicarm in the [Co'(PNNP)(H)(X)]" (X = Cl (n =-1) or MeCN (n = 0)) resulted in formation
of [Co'(dPNNP)] as a minor product with a mixture of three hydrogenated products such as the
[Co'(mPNNP)] and the two isomers. It indicated these hydrogenated complexes were produced

via distinct pathways for H, addition to the [Co'(dPNNP)] by metal-ligand cooperation.

A selective formation of the [Co'(dPNNP)] via MLC reactivity of the [Co'(PNNP)(Me)]

e The [Co'(PNNP)(Me)] generated by a reaction of [Co"(PNNP)CI] with 1.0 eq. LiMe

[Co'(PNNP)(Me)] [Co'(dPNNP)] [Co(mPNNP)]

e The [Co/(PNNP)(H)(X)]" formed by a reaction of the Co(ll) analogue with 2.0 eq. NaBEtsH

[Co'(PNNP)(H)(X)]" [Co'(dPNNP)] [Co!(mPNNP)]

X = Cl (n=-1) or MeCN (n = 0) + 2 isomers

5.1.4 H*and CO,reduction electrocatalysis

We present the detailed mechanisms for cobalt-catalysed H, evolution in Chapter 3. The CV
studies of the [Co"(PN),(H)(CI)]* using different proton sources show H* reduction pathways via
distinct mechanisms that operate at different reduction potentials. By using TFA acid,
[Co"(PN)2(H)(C)]* catalyses H; evolution via ECEC pathways showing catalytic current near the
Co(Il/1) and Co(lll/I)-H couple. This confirmed that the relatively more reduced Co(ll)-H species
is required for H, evolution. The UV-Vis SEC result and scan rate variation analysis indicated that
the H, evolution step proceeds by protonation of the [Co"(PN),(H)]* via a heterolytic pathway.
Using weak CH3COOH acid as H* source requires a doubly reduced Co(l)-H hydride intermediate,

thus more negative potential is needed for the catalytic H, evolution. The kinetic studies show
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that H, evolution by [Co"(PN),(H)(MeCN)]** and [Co"(PN),(MeCN)]?** is typically dependent on
acid concentration by first order catalytic rate reaction. By FOWA plots, the ke of 1560+6 M?s
1 was obtained for the hydride complex which is about double k. for [Co"(PN),(MeCN)]*. The
catalytic Tafel plot showed that [Co"(PN),(H)(MeCN)][PFs]:is a more efficient catalyst than the
Co(ll) by reaching the TOF .« value at relatively lower overpotential. Moreover, their TOF, values
are in between the TOF, of cobaloximes and the [Ni(P"",N"",),]>* HER electrocatalyst containing
a basic amine group for assisting H* transfer to the metal centre. The two electrocatalysts are
among the best molecular HECs and have been used as the catalysts in many heterogeneous
systems (as shown in chapter 1). We thus assumed that a protonation at a pyridine ring in the
[Co"(PN)2(MeCN)][BF4]> and [Co'cis-(PN),Cl]* could mediate formation of the resulting Co(lll)-H
species by transfer of H* to the reduced Co(l) metal centre. We also suggested that protonation
of the reduced Co(l) species to generate Co(lll)-H species might be the catalytic rate-determining
step as suggested by the higher ke value of [Co"(PN):(H)(MeCN)][PFs], than that for
[CO"(PN)2(MeCN)][BFaa.

Moreover, for the development of previous HECs based on polypyridyl ligands as discussed in
introduction, the extended-m conjugated system can stabilize the Co(l) oxidation state. We
applied this approach for the development of our HECs by changing the bis-chelating phosphino
based pyridine to the tetradentate phosphino based phenanthroline. By this ligand modification,
a positive shift of Co(ll/1) redox couple in the [Co"(PNNP)CIl;] by 130 mV from the Co(ll/1) couple
in the [Co"(PN),Cl,] is obtained. [Co"(PNNP)CI,] catalyses H* reduction at lower overpotential
than the reaction operated by [Co"cis-(PN),Cly][PFs] by 230 mV. [Co"(PNNP)(MeCN)][BF],
catalyzes H* reduction at the lowest overpotential (260 mV) among the HECs in this study and
[Co"(PNNP)CI,] operates at a comparable overpotential of 290 mV. This demonstrates that the
reduced Co(l) species with the dichloride ligands can be greatly stabilized by more n-conjugated

system in the [Co"(PNNP)Cly].

Moreover, liberation of H, via a metal-ligand cooperation might be a possible pathway for H*
reduction, and MLC cooperation might involve CO,-catalyzed reduction by the complexes in this
series. The preliminary studies of CO, reduction activity of the [Co"'cis-(PN),Cl;)][PFs] and the
[Co"(PN)2(H)(C)][PFs] proved the role of the hydride intermediate for conversion of CO; to
possible HCOOH/HCOO™ by showing the current increase near the doubly reduced Co(l)-H
without the addition of external H* source to the catalytic system. However, a proton source is

eis-(PN),Cl2][PFs] for CO; reduction activity at the Co(0) couple. This suggested

required for [Co
that formation of a Co(l)-H intermediate by protonation of the reduced Co(0) species would be

necessary for CO, reduction catalysis by the complexes in this series.
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5.1.5 Future perspectives to the development of electrocatalysts for solar fuels production

We have shown that the new Co(ll) complexes supported by the more conjugated n system of
the tetradentate phenanthroline ligand could catalyze H, evolution at lower overpotential than
the Co(ll) catalysts supported by bis P,N chelating ligands. This lowering in overpotential could
be achieved possibly due to a stabilization of Co(l) intermediate by the conjugated m-electron
system of the phenanthroline ligand. Moreover, electrocatalytic H* reduction of the Co(ll)
complexes with the PNNP ligand is assumed to proceed by metal-ligand cooperation. The high
reactivity of Co(lll) hydride intermediates in this series and a liberation of H, via MLC reactivity
would accelerate catalytic rates at lower overpotential compared to the catalysed reaction with
a metal base reactivity. This MLC reactivity is particularly relevant to the development of
efficient HECs to obtain a catalyst with high TOF but low overpotential. Therefore, the structural
design of a future cobalt catalyst by using a phenanthroline core or other conjugated macrocyclic
rings to stabilize a reduced Co(l) state would be a good choice of the ligand to obtain a catalyst
that could operate at low overpotential. Variation of alkyl substituents on the two phosphorus
atoms of the PNNP ligand to alter electronic properties of the CoPNNP complexes would be

useful to understand their catalytic activity in more detail.

In terms of structural stability of cobalt catalysts, chelating ligands are crucial to stabilize Co(ll)
complexes with no ligand exchange in a solution. Our work has shown that the bidentate P,N
and a CI ligand in [Co(PN),Cl;] can dissociate while [Co(PNNP)CIl,] with the tetradentate PNNP
can exchange only a CI" ligand without a completely loss of the PNNP ligand. Therefore, a
tetradentate ligand would be more suitable than a bidentate ligand in order to obtain more
stable Co(ll) complexes. Furthermore, avoiding use of the CoCl, precursor for complexation with
a suitable chelate ligand would be suggested because a m-donor Cl" ligand might give a high-spin,
Co(ll), d” complex resulting in a labile complex. This would complicate the catalytic HER reaction
by establishing a new equilibrium by ClI" loss or ligand exchange. The generated complex might
be inactive or active species for the catalytic reaction. The active intermediate might cause H,

evolution via different pathways and H, molecule will be evolved from another catalytic cycle.
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5.2 Future work

Chapter 2 and Chapter 3

e X-ray crystal structure of the [Co"(PN),(H)(MeCN)][PFs]. will be necessary to confirm the
structural characterization and to compare to the solid state structure of the corresponding
[Co"(PN)2(H)(C)][PFs]. A single crystal of the [Co"(PN),(H)(MeCN)][PFs]. might be achieved by
using new preparation methods to obtain reproducible and reasonable amounts of
[Co"(PN)2(H)(MeCN)][PFs]2. A reaction of the [Co"(PN)2(H)(CI)]* analogue with NaBAr", in
MeCN solution might be promising way to afford the desired amount of the complex.

e Variation of the concentration of the catalyst at a certain TFA concentration will further
support the second-order catalytic rate constant (ket, M s%) for Co"(PN),(H)(MeCN)][PFs]:
and [Co"(PN)z(H)(MeCN)][PF¢]>

e To gain more reliable mechanism for H, evolution catalysed by the [Co"cis-(PN),Cl,] and the
[Co"(PN)2(H)(CI)][PFs], adding an extra equivalent of the PN ligand to the catalytic system of
this complex would lead to increases in catalytic currents at Co(ll/1) couple monitored by CV
technique.

e Characterisation of possible products (HCOOH/HCOO", CO or H,) by bulk electrolysis of the
[Co"(PN)2(H)(CI)][PFe] in a CO, saturated MeCN solution at Eapp, ~ -2.0 V vs Fc %* will be the
highest priority to investigate mechanism for electroreduction of CO; reduction. The most
likely product would be HCOO produced by a bulk electrolysis of the [Co"(PN),(H)(CI)][PFs] in

the solution without H* source.

Chapter 4

e |Improved mass spectrometric and analytical data are required

e The reduction mechanism of the [Co"(PNNP)(MeCN)][BF4], at the second reversible
redox couple will be further identified as ligand-centered reduction if the Zn analogue,
[Zn"(PNNP)(MeCN)]?** with a redox-inactive metal centre shows a redox couple at similar
reduction potential.

e The detailed mechanistic investigation of H, evolution catalysed by the
[Co"(PNNP)(MeCN)][BF4]> complexes in this series might prove the intrinsic properties
of the H* or CO, reduction activity of the complexes in this series via metal ligand

cooperation
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Figure A 2.1. *H NMR spectrum of the PN ligand in CDsCN, inset show expansion of signals

in aromatic region of pyridine protons.
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Figure A 2.7. (a) ESI-Mass spectrometry (positive ion mode in THF) of [Co"cis-(PN),CI][PF¢] (top)

and the calculated peak at m/z =512.1682 for [C24H40CoN,P>Cl]* (bottom). (b) Experimental (top)

and simulated isotope distribution patterns (b) of the peak at m/z = 509.1883 for the

[COI( PN )202]+.
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Chapter 2

Figure A 2.8. 'H NMR spectrum in aromatic region (bottom) and the *H{3!P} NMR spectrum (top)

of the [Co"'cis-(PN),Cl,][PF¢] in acetone-dg at 223 K.
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Figure A 2.9. *H-'P{*H} HMBC correlation of [Co"cis-(PN),Cl,][PFs] in acetone-ds at 223 K.
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Figure A 2.10. 3C-DEPT NMR spectrum of the [Co"'cis-(PN),Cl,][PFs] in acetone-ds at 223 K.
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Figure A 2.11. *H-**N HMBC spectrum of the [Co"'cis-(PN),Cl,][PFs] in CDsCN.
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Figure A 2.12. ESI-Mass spectrometry (positive ion mode in MeCN) of the [Co"¢cis-(PN),Cl,][PF]

complex (top). Bottom: experimental (a) and simulated isotope distribution patterns (b) of the

peak at m/z =547.1385.
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Figure A 2.13. 3C{*H} NMR spectrum of the [Co"(PN),(H)(Cl) ][PFs] in CDsCN at room

temperature.
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Figure A 2.14. C{*H} NMR spectra (top) and 3C DEPT experiment (bottom) of the

[Co"(PN)2(H)(C)][PFs] in CDsCN at room temperature.
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Figure A 2.15. 'H-13C{*H} HSQC spectrum of the [Co"(PN)x(H)(CI)][PFs] in CDsCN at room

temperature (aliphatic protons).
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Figure A 2.16. *H-3C{*H} HSQC NMR spectrum of the [Co"(PN)y(H)(CI)][PFs] in CD3CN at room

temperature (aromatic protons).
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Figure A 2.17. 'H-13C DEPT correlation spectroscopy of the [Co"(PN)z(H)(CI)][PFs] in CDsCN at

room temperature (aliphatic protons).
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Figure A 2.18. 'H-'3C DEPT correlation spectroscopy of [Co"(PN)2(H)(Cl)][PFe] in CDsCN at room

temperature (aromatic protons).
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Figure A 2.19. *H->N HMBC spectrum of the [Co"(PN),(H)(Cl)][PFe]in CDsCN.
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Figure A 2.20. ESI-Mass spectrometry (positive ion mode in MeCN) of the [Co"(PN),H)(Cl)][PFe]

complex(top). Bottom: experimental (a) and simulated isotope distribution patterns (b) of the

peak at m/z = 513.1763 for [Co"(PN),H)(CI)]*.
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Figure A 2.21. ESI-Mass spectrometry (positive ion mode in acetone) of [Co"(PN)2(MeCN)]*,

observed spectrum (top) and simulated spectrum (bottom).
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Figure A 2.22. *H NMR spectrum of [Co"(PN)2(H)(MeCN)]?* in CDsCN at room temperature.
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Figure A 2.23. 'H NMR spectrum (aromatic protons) of [Co"(PN),(H)(MeCN)]?*in CD3CN at room

temperature.
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Figure A 2.24. 3'P{*H} NMR spectrum of [Co"(PN),(H)(MeCN)]?* in CDsCN at room temperature.
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Figure A 2.25. 'H NMR spectrum (aliphatic protons and hydride signal) of the
[Co"(PN)2(H)(MeCN)][PFs]2 in CDsCN at room temperature (bottom) compared to the 3!P{*H}

(top).
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Figure A 2.26. *H-3'P{*H} HMBC correlation of [Co"(PN),(H)(MeCN)]**at room temperature in

CDsCN showing the whole spectrum (left), and the aliphatic region (right).

Page 333 of 394



Chapter 2

Appendix
CD.Cl> H™ signal
8b H“:g g"sad _|2+
H3 8nC, H;, I Hyp ‘1
E— S ———
H 9 -166 -16.8 -[T?i‘&‘:jtiﬁ -17.4 -17.6
Hse Hsp
CHsCN ligand Haa
H8a
Hi o Meom,
H>
Hea Heb H7za | Huigy ecn;}L

T T \ T T T T \ \ T T T T \ T T T
85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 15 ppm

2 HER RE FEE  EREE

N

Figure A 2.27. *H NMR spectrum of [Co"(PN)2(H)(MeCN)]?* in CD,Cl,, inset showed the H™ signal.
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Figure A 2.28. 3'P{*H} NMR spectrum of [Co"(PN),(H)(MeCN)]?* in CD,Cl,, with the PFs counter

anion.
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Figure A 2.29. 'H-'H COSY NMR correlation of [Co"(PN),(H)(MeCN)]?>* at room temperature in
CDsCN (aliphatic protons), the red arrows showed the correlation between two protons as

labelled in the spectrum.
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Figure A 2.30. 'H-'H COSY NMR correlation of [Co"(PN),(H)(MeCN)]*at room temperature in
CDsCN (aromatic protons), the red arrows showed the correlation between two protons as

labelled in the spectrum.
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Figure A 2.31. C{*H} NMR spectrum of the [Co"(PN),(H)(MeCN)]* at room temperature in

CDsCN
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Figure A 2.32. *C{*H} NMR spectrum of [Co"(PN),(H)(MeCN)]*" at room temperature in CDsCN.
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Figure A 2.33. BC{'H} NMR spectra (top) and *C DEPT experiment (bottom) of
[Co"(PN),(H)(MeCN)]** at room temperature in CDsCN.
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Figure A 2.34. 'H-3C DEPT correlation spectroscopy of [Co"(PN)y(H)(MeCN)]** at room

temperature in CDsCN showing aliphatic protons(left) and aromatic protons (right).
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Figure A 2.35. ESI-Mass spectrometry (positive ion mode in MeCN) of [Co"(PN)2(H)(MeCN)][PF¢]

(top). Bottom: experimental (a) and simulated isotope distribution patterns (b) of the peak at

m/z = 477.1994 for [Co'(PN),]".
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Figure A 2.36. UV-Vis spectrum of the CoCl, anhydrous (5.75x10* M) in CH3CN and the
[Co"(MeCN)s][BF4]2 complex (5.75x10* M) in CHsCN (b).
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Figure A 2.37. UV-Vis spectrum of the PN ligand (5.75x10* M) in CHsCN.
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Figure A 2.38. The UV-Vis spectrum of independently synthesized [Co"cis-(PN),CI][PFs] (5.75x10°
>M in MeCN, black solid) and the spectrum of the [Co"(PN),(MeCN)]?**with 1.0 equiv. CI"in MeCN.
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Figure A 2.39. UV-Vis spectrum of the [Co"(PN)Cl,] complex (5.75x10* M) in different solvents.
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Figure A 2.40. UV-Vis spectral changes of the [Co"(PN),Cl,] (5.75x10* M, in CH3CN) upon addition
of TBACI from 0 to 4.0 equiv.
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Figure A 2.41. The UV-Vis spectrum of the [Co"(PN),Cly] (5.75x10° M in MeCN, black),

independently synthesized [Co"(PN)CI,] (red) and the spectrum of [Co"(PN),(MeCN)]?* with 2.2

eq TBACI under the similar conditions.
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Figure A 2.42. The NIR spectrum of the [Co"(PN),Cl] (in CHCls, red), and the spectrum CHCl; with

no complex (black).
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Chart A 3.1. The structures of cobalt complexes with different ligand scaffolds

electrocatalytic hydrogen evolution in the literatures.
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Figure A 3.1. CVs of the [Co"(PN)z(H)(CI)][PFs] (1 mM) in CH3CN with 0.1 M TBAPFs, compared to

the hydride derivative containing CHsCN ligand at scan rate 100 mVs™.
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Figure A 3.2. (a) CVs of the PN ligand (2 mM) and [Co(CHsCN)s][BF4]> (1mM) in the absence and
presence of 170 mM TFA in CHsCN containing 0.1 M TBAPF¢ and (b) scanning to more negative

potential . Scan rate 100 mVs™.
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Figure A 3.3. CVs of [Co"(PN)2(H)(CI)][PFe] (1 mM) in CH3CN with 0.1 M TBAPFs at 100 mV s in

the presence of various concentrations of CF3COOH at Co(lll/I1)-H.
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Figure A 3.4.a) Cyclic voltammograms of Co"(PN),Cl, (1 mM) in CH3CN with 0.1 M TBAPF¢ at 100
mV s in the presence of various concentrations of CF3COOH, b) plot of ict/i, taken from the

peak currents, in CHsCN with 0.1 M TBAPFs versus the concentration of TFA acid at 100 mV s
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Figure A 3.5.3'P{*H} NMR spectra of [Co"(PN),(H)(CI)][PFs] at room temperature (in CDsCN), a)
in the presence of 0.0 equiv CF3COOH, b) 10.0 equiv CFsCOOH left for 30 min and c) 10.0 equiv
CFsCOOH left for 2 days. Inset shows the *H NMR of these solutions in hydride region and the
orange and green labels indicated the signals of the [Co"(PN),(H)(CI)][PFs] and
[Co"(PN),2(H)(MeCN)]?*, respectively.
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Figure A 3.6. 'H NMR spectra of [Co"(PN)2(H)(CI)][PFe] in CDsCN, a) in the presence of 0.0 equiv
CF3COOH, b) 10.0 equiv CF3COOH left for 30 min and ¢) 10.0 equiv CF3COOH left for 2 days, d) a
solution of 10.0 equiv CF3COOH in CDsCN. Orange labels and green labels indicate the signals of
the [Co"(PN),(H)(Cl)][PFs] and [Co™(PN)2(H)(MeCN)]?, respectively.
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Figure A 3.7. (a) CVs of [Co"(PN)z(H)(CI)][PFe] (1mM) in CHsCN with 0.1 M TBAPF¢ at 100 mV s
in the presence of various concentrations of CH3COOH. (b) plot of ic.t/i, of the complex taken

from the peak current versus the concentration of acetic acid.
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Figure A 3.8. CVs of a) Co"PN,Cl, (1 mM), b) redox wave of Co(ll/1), in CH;CN with 0.1 M TBAPF,
at 100 mV s upon tritration with CH3COOH, c) plot of icat/i, of the complex taken from the peak

current versus the concentration of acetic acid compared to that of the hydride derivatives.
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Figure A 3.9. CVs of [Co"(PN)2(H)(CI)][PFe] (1 mM) in CHsCN with 0.1 M TBAPF¢ at 100 mV s in
the presence of various concentrations of H,0 (a), CVs of background (0.1 M TBAPF¢) with no

complex at 100 mV s in the presence of various concentrations of water, (b).
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Figure A 3.10. (a) UV-Vis spectral changes of [Co"(PN)2(MeCN)][BF4], (5.75x10* M, in CHsCN)
upon addition of TFA acid, (b) the solution with 2.0 equiv TFA upon addition of NEts.

0.6 —— 0.0eq CH3COOH
——1.2eq CH3COOH
05| —— 2.5eq CH3COOH
—— 5.0eq CH,COOH
0.4+ ——10.0eq CH3COOH
8 —— 20.0eq CH3COOH
§ % —— 40.0eq CH3COOH
§ o
0.1
0.0
400 500 600 700 800 900
wavelength (nm)

Figure A 3.11. UV-Vis spectral changes of [Co"(PN),(MeCN)][BF4]; (5.75x10* M, in CH3CN) upon
addition of CH3COOH from 0 to 40.0 equiv.
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Figure A 3.12. 'H NMR spectra of (a) [Co"(PN)2(H)(MeCN)]** 16.8 mM in CDsCN, (b) products
formed by protonation with TsOHeH,O following a reduction of [Co"(PN),(MeCN)]?* with KCsg, (c)
products obtained by a reaction of the [Co"(PN),(MeCN)]* complex with NaBH, . Red asterisks
signals of [Co"(PN),(H)(MeCN)]*".
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Figure A 3.13. 3'P{*H} NMR spectra of (a) [Co"(PN),(MeCN)(H)]** 16.8 mM in CDsCN, (b) products
formed by protonation by TsOHeH,O following reduction of [Co"(PN),(MeCN)]** with KCs, (c)
products obtained by a reaction of the [Co"(PN),(MeCN)]* complex with NaBH, . Red asterisks
signals of [Co"(PN),(H)(MeCN)]?".
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Figure A 3.14. CVs titration of (a) [Co"cis-(PN),Cl;][PFs].and (b) [Co"cis-(PN),CI][PFs] with TFA acid
(0-60 mM). Conditions: 1 mM of the complex in CH3CN with 0.1 M TBAPF¢ at scan rate of 100

mV s?.
b)
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Figure A 3.15. 'H NMR of [Co"cis-(PN),Cl,]PFs 16.8 mM in CDsCN in the absence (a) and in the

presence (b) of 10 equiv. of TFA.
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Figure A 3.16. 3'P{*H} NMR spectra of [Co"\cis-(PN),Cl,]PFs 16.8 mM in CDsCN in the absence (a)

and in the presence (b) of 10 equiv. of TFA.
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Figure A 3.17. (a) UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10™* M, in CH3CN) upon addition

of TFA, (b) d-d transition bands in the visible region ranging from 400-800 nm.
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Figure A 3.18. UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10™ M, in CHsCN) (a) with 5.4 equiv
TFA upon addition of NEts, (b) d-d transition bands in the visible region ranging from 400-800

nm.
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Figure A 3.19. (a) UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10* M, in CH3CN) with 10 equiv
TFA acid compared to that of precursor CoCl,in the same conditions, (b) d-d transition bands in

the visible region ranging from 400-800 nm.

Page 351 of 394



Appendix

-15

ppm

Chapter 3

Figure A 3.20. *H NMR spectra of [Co"(PN),Cl,] 21.6 mM in CDsCN in the absence (bottom) and

in the presence (top) of 6.8 eq trifluoroacetic acid.
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Figure A 3.21. (a) UV-Vis spectral changes of [Co"(PN),Cl,] (5.75x10™* M, in CH3CN) upon addition

of CH3COOH acid from 0 to 40.0 equiv.
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Figure A 3.22. Calibration curve
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Figure A 3.23. Plot of peak area of H, evolved during the course of electrolysis of 0.9 mM
[Co"(PN)2(MeCN)][BF4]z (black) in CHsCN solution containing 0.1 M TBAPFs in the presence of 60
mM Of TFA at Eapp= '1.33.
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Figure A 3.24. (a) Controlled potential electrolysis of 0.9 mM [Co"cis-(PN),Cl,]PFe in CH3CN
solution containing 0.1 M TBAPFs in the presence of 60 mM of TFA at E,pp, = -1.48 V vs Fc”* for
2h. (b) the CV of this complex in the same solution recorded before electrolysis, right. Plot of

peak area (c) experimental number of moles of of H, (d) against bulk electrolysis time.
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Figure A 3.25. (a) Controlled potential electrolysis of 0.9 mM [Co"(PN),(H)(CI]PFs in CH3CN

solution containing 0.1 M TBAPFs in the presence of 30 mM of TFA at Epp, = -1.50 V vs Fc* for

2h, (b) the CV of this complex in the same solution recorded before electrolysis, right. Plot of

peak area (c) experimental number of moles of of H, (d) against bulk electrolysis time.
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Figure A 3.26. (a) Controlled potential electrolysis of 0.9 mM [Co"(PN)2(H)(MeCN)][PFe], in
CH3CN solution containing 0.1 M TBAPF in the presence of 60 mM of TFA at Eapp =-1.40 V vs
Fc”* for 2h, (b) the CV of this complex in the same solution recorded before electrolysis. Plot of

peak area (c) experimental number of moles of of H, (d) against bulk electrolysis time.

Benchmarking HER catalysts and comparison to other catalysts

Overpotential (Net/2) for the [Co™(PN),(H)(CI)][PFs] in MeCN by using TFA as H* source can be

determined as the following equation:

Necat/2 = Ecat/z - EOHA/HZ ; (EOHA/HZ =-0.77V for TFA in MeCN)
=1.31-0.77
=540 mV
Therefore, the overpotential as listed in the Table A 3.1 for other catalysts can be determined

by the same calculation by using E%am2 = -0.53 and -1.42 V for TsOH-H,O and CH3COOH,

respectively.

Table A 3.1. Overpotentials (V vs. Fc”*) of [Co"(PN),(H)(CI)][PF¢] in the presence of 5 equiv of
various acids in CH3sCN containing 0.1 M TBAPFs.

Acids TsOHeH,0 CF;COOH CH;COOH
pKa 8.6 12.65 23.51
E°(HA/H;) in CH;CN -0.5354V -0.774V -1.4151
icat (MA) 0.087 0.007 0.084

Ecat (V) -1.55 -1.41 -2.03
Ecat/2 (V) -1.39 -1.31 -1.89
Over potential (1) 860 mV 540 mV 470 mV
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Figure A 3.27. FOWA plots and linear fit for [Co"(PN)2(MeCN)][BF4], complex (1mM in MeCN with

0.1 M TBAPF¢) with 25 mM TFA at different scan rates: (a) 0.1, (b) 0.5, (c) 1V s, (d) ket values

from the FOWA plot for the complex with 25 mM TFA (red dot) and 60 mM TFA (black square)

at different scan rates.

0.1
0.0
-0.14

-0.2

1(mA)

-0.34

0.4

0.5

——30mM TFA at 0.1Vs™
——30mM TFA at 0.2Vs™"
——30mM TFA at 0.5Vs™
——30mM TFA at 1.0Vs™

T T

-0.8 -0.6
0/+

T T T
-1.4 -1.2 -1.0

potential (V) vs Fc

Figure A 3.28. CVs of [Co"(PN)(H)(MeCN)][PFs], complex (1 mM) in CHsCN containing 0.1 M

TBAPFs with 30 mM TFA acid at various scan rates from 0.1to 1.0 V s™.
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Figure A 3.29. FOWA plots and linear fit for [Co"(PN),(H)(MeCN)][PFs]. complex (1mM in MeCN
with 0.1 M TBAPFs) with 30 mM TFA at different scan rates: (a) 0.1, (b) 0.5, (c) 1 V s, (d), kear

values from the FOWA plot for the complex at different scan rates.
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ligand in CgDe.
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Figure A 4.3. 'H-'H COSY NMR spectrum (aromatic region) of a solution of the [Co(PNNP)(Me)]

in C¢Ds left under Ar for 2 days.
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Figure A 4.4, *H-3'P{*H} HMBC spectrum of a solution of the [Co(PNNP)(Me)]in CsDs left under

Ar for 2 days.
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Figure A 4.5. LIFDI Mass spectra (in toluene) of [Co'(dPNNP)] (top), the expansion of the peak at
m/z = 554.23742 for [C3oHasN,P2Co] (bottom).
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Figure A 4.8. (a) The 'H NMR spectrum and (b) *H{*'P} NMR spectrum of a reaction mixture of
[Co"(PNNP)(MeCN)][BF4], with 2.0 equiv. NaBEtsH in tol-ds left for 1 hour under Ar. The purple
labels represented the signals for [Co'(PNNP)(H)], orange labels for hydrogenated intermediate,
brown labels for [Co'(mPNNP)] and blue labels for unidentified product. Note that the spectra at

right are expanded vertically much less than the spectra at left.
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Figure A 4.9. The *H NMR spectrum (a) and *H{3!P} NMR spectrum (b) of a reaction mixture of

[Co"(PNNP)(MeCN)][BF4]> with 2.0 equiv. NaBEtsH in tol-ds left for overnight under Ar. The NMR

signals with green labels for [Co'(dPNNP)], brown labels for [Co(mPNNP)], orange labels for

hydrogenated intermediate and blue labels for unidentified product.
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Figure A 4.10. 3'P{*H} NMR spectrum of a reaction mixture of [Co"(PNNP)(MeCN)]** with 2.0
equiv. NaBEtsH in tol-dg left for 30 min (a) and in C6D6 for 30 min (b)
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Figure A 4.11. 'H NMR spectrum of a reaction mixture of [Co"(PNNP)(MeCN)]* with 2.0 equiv.

NaBEt;H leaving under Ar for 30 min in CgDs.
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Figure A 4.12. 3'P{*H} NMR spectrum (red in set), 'H NMR spectrum (black inset) of the

dearomatized complex, [Co'(dPNNP)]in CeDs.
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Figure A 4.13. 'H-'H COSY NMR correlation (aromatic protons) of the dearomatized complex,

[Co'(dPNNP)] in CsDe.
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Figure A 4.14. *H-3'P{*H} HMBC spectrum of the dearomatized complex, [Co'(dPNNP)]in C¢De.
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Figure A 4.15. 3P{*H} NMR spectrum of a reaction mixture of [Co"(PNNP)CI,] with 2.0 equiv.

NaBEtsH in tol-ds (a) compared to the reaction in C¢Dg (b) under Ar for 30 min.
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Figure A 4.16. >'P{*"H} NMR spectrum (red inset) and *H NMR spectrum of the solid isolated from
a reaction of the [Co(PNNP)CIl;] with 2.0 equiv NaBEtsH in C¢Ds, inset showed the X-ray structure
of the [Co"(mPNNP)CI] which was obtained from the recrystallisation of this solid in

toluene/pentane.
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Figure A 4.17. The absorption spectrum of the [Co"(PNNP)(MeCN)][BF4], complex (1.5x10™* M)
in MeCN.
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Figure A 4.18. CV of a solution of the free PNNP ligand (1 mM) with 50 mM TFA acid in
acetonitrile solution containing 0.1 M TBAPFs compared to the CVs of [Co"(PNNP)CI,] under the

same catalytic conditions at a scan rate of 100 mV/s.
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Figure A 4.19. Chemical shift change of THF reference with temperature by Evans method for

(a) [Co"(PNNP)(MeCN)][BFa]: (b) [Co"(PNNP)(CI)][BArF*] and (c) [Co(PNNP)][PFs] in CDsCN.
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