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Abstract

Abstract

Chapter 1: This chapter introduces the topics pertinent to this thesis, including;: in-
crystallo chemistry; single-crystal to single-crystal transformations; o-complexes;

and C-H activation by organometallic complexes.

Chapter 2: This chapter reports on the in-crystallo reactivity of [M(R-
PONOP)(L)(CO)2][BArFs] complexes with carbon monoxide. The reaction of these
complexes with CO gas is shown to produce significant alterations to the 2°
microenvironment and 3° periodic structure. Periodic DFT calculations are utilised
to understand the non-covalent interactions responsible for these results. The use
of MicroED techniques to circumvent crystal-cracking in SCSC transformations is

also discussed.

Chapter 3: This chapter reports on the in-crystallo synthesis, characterisation, and
onward reactivity of a highly reactive, but stable, Rh(Ill) n'-o-alkane complex,
supported by a structurally-responsive ligand. The structural-response of the
ligand framework is shown to be reversible through substitution of the o-alkane
with propylene. The ligand framework is also shown to facilitate selective H/D

exchange at unactivated alkyl C-H positions.
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Figure 2.6: Phase transitions and solid-state structures of four of the five determined
polymorphs of [Pd(hfac)(phenylazophenyl)]. Forms a and p where determined by
single-crystal X-Ray diffraction, while y and & where determined by Rietveld
refinement of powder X-Ray diffraction data.?’ Form {3 does not revert to form y in
the solid-state, suggesting this is the thermodynamically preferred polymorph of
[Pd(hfac)(phenylazophenyl)].........cccooviiiiiiiiiiiiiicceeeee 93
Figure 2.7: Previously published geometric motifs of [BArFfs]- anions which have
supported the formation of o-alkane complexes in the solid-state. [BArF]- anions
are mapped with a van der Waals surface (yellow). Left: An approximately
octahedral motif of six [BArF4]- anions template around one cationic organometallic
fragment.?* Right: An appropriately bicapped square prismatic arrangement of ten
[BArF4]- anions around two cationic organometallic fragments.?3.................c.c.c..... 96
Figure 2.8: ATR IR spectrum of [Mn-CO]. Carbony]l stretching bands are observed
at vco 2055 and 1970 el ... 99
Figure 2.9: Solution 'H (top) and "H{3'P} (bottom) NMR (600 MHz, CD.Cl, 298 K)
spectra of [Mn-CO]. The insets depict the Pr methine resonance (6n 3.00) and Pr
methyl environments (05 1.47 and 1.37)......ccccveviniininiiincinccecieeeceeeeaen, 100
Figure 2.10: Solid-state 31P{1H} CP MAS spectrum of [Mn(‘Pr-PONOP)(CO)s][BArF]
(162.02 MHz, 10 kHz spin rate, 298 K). Inset depicts fine coupling of isotropic

chemical shift. & denotes isotropic chemical shift. * denotes spinning side bands.
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Figure 2.11: Simulated (top, red) and experimental (bottom, black, with 500 Hz line
broadening) solid-state 31P{IH} CP MAS NMR spectra of {Mn(‘Pr-PONOP)(CO)s}*
used for quantification of the chemical shift tensors. ..........cccccceciniiiinninne. 103
Figure 2.12: A) Orientation of the &11 chemical shift tensor in {Mn(Pr-
PONOP)(CO)s}*. B) The orthogonal coupling orbitals responsible for the highest
contribution to the 811 chemical shift tensor. Left: o(Mn-P). Right: 0*(P-O).......... 104
Figure 2.13: Left: Single-crystal X-Ray structure of isolated cation of [Mn-CO].
Hydrogen atoms omitted for clarity. Thermal displacement ellipsoids displayed at
50%. Selected bond lengths and angles: Mn1-P1 = 2.2505(7) A; Mn1-P2 = 2.2492(9)
A; Mn1-C1 = 1.8588(19) A; Mn1-C2 = 1.800(3) A; Mn1-C3 = 1.8483(19) A; Mn1-N1 =
2.047(2) A; P1-Mn1-P2 = 160.50(3) °; C1-Mn1-C3 = 173.99(12) °. Right: Packing of
[BArF4]- anions around cations in [Mn-CO], forming a bicapped square prismatic
arrangement. The anions are mapped with a van der Waals surface (yellow)..... 105
Figure 2.14: Chemical structure of the cationic pincer complex, [Mn(iPr-
PNNNP)(CO)3]Br, reported by Boncella and co-workers.? .........cccccccovvveineennnee. 107
Figure 2.15: Solid-state structure of the cationic component of [Mn({Pr-
PNNNP)(CO)3]Br, reported by Boncella and co-workers.?’ The complex lies on a
crystallographic two-fold position, such that both phosphorus atoms and nitrogen
atoms are symmetry-related...........ccoccoociiiiiiiiiiii 107
Figure 2.16: Time-dependent DFT calculated orbitals involved in the electronic
transition associated with an absorption at 356 nm. The ground-state is dominated

by the HOMO -3 (left) which is mostly a non-bonding d,. orbital. The excited-state
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is dominated by the LUMO (right) which is a non-bonding combination of the d..
orbital with CO m*-character. ...........ccccoeiiiiiiiiiiccc e, 109
Figure 2.17: Solution TH NMR (600 MHz, CD2Clz, 298 K) spectrum of [Mn-THEF]. *
denotes [Mn-CO] which forms from CO-scavenged decomposition of [Mn-THEF] in
CD:Cl: solution. # denotes co-crystallised hexane. ............ccccccviiiiiniiiinnnn. 112
Figure 2.18: Variable temperature 1H NMR (500 MHz, CD2Cly) spectra of [Mn-THEF]
recorded at 298 K (bottom) and 248 K (top). In the 248 K spectrum, resonances at ou
3.77,2.34,1.83 and 1.63 are attributed to the THF ligand, and resonances at 6x 2.98,
2.66 and 2.19 are attributed to the iPr methine resonances. * denotes [Mn-CO] which
is formed as a CO-scavenged decomposition product in CD2Cl.. £ denotes an
UNKNOWIN IMPUTIEY . oottt 113
Figure 2.19: Solid-state 31P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectrum of
[Mn-THEF]. Inset depicts the isotropic chemical shift resonance (denoted as 0). *
denotes spinning side bands. ...........cccoeieiieciniiiniiiiniic e 114
Figure 2.20: ATR IR spectrum of [Mn-THF] in a nujol mull. Carbonyl stretching
bands are observed at vco 1963 and 1891 cml........cccccvviiiiiiiiiiiiiiiiiiiciicce 115
Figure 2.21: Left: Solid-state structure of the cationic component of [Mn-THEF].
Hydrogen atoms are omitted for clarity. Displacement ellipsoids displayed at 50%.
Selected bond lengths and angles: Mn1-P1 = 2.2529(14) A; Mn1-P2 = 2.2569(14) A,
P1-Mn1-P2 = 162.29(6) °; Mn1-N1 = 2.027(4) A; Mn1-C1 = 1.781(5) A; Mn1-C2 =
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organometallic fragment. [BArFs]- anions mapped with van der Waals surface
(vellow) and THF ligand is represented in blue for clarity..........ccccccceeinirinnnacnn. 117
Figure 2.22: The THF ligand of [Mn-THEF] is located within a cleft of ArF groups of
a neighbouring [BArF]- anion in the solid-state. All non-THF hydrogen atoms
omitted, and THF carbon atoms are represented in blue, for clarity. Displacement
ellipsoids displayed at 50%...........ccccccoiviiiiiiiiiniiiiiiie, 118
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Figure 2.24: Single-crystal structure of [Re-Br]. The complex exhibits a strongly
distorted octahedral geometry, with a very acute Br-Re-N angle. Hydrogen atoms
omitted for clarity. Thermal displacement ellipsoids displayed at 30%. Selected
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2.4105(16) A; Rel-C1 = 1.872(5) A; Rel-C2 = 1.925(6) A; Rel-N1 = 2.175(5) A; P1-
Rel-P2 =153.83(5) °; Br1-Re1-N1 = 82.30(12) °; N1-Re1-C1 = 108.5(2) °; C1-Rel-C2 =
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Figure 2.25: Solution 'H (bottom) and TH{31P} (top) NMR (500 MHz, CD2Cly, 298 K)
spectra of [Re]. The inset depicts the ‘Bu methyl resonance (6u 1.32). * denotes
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AECOMPOSIEION. ..ottt ettt ettt 124
Figure 2.26: ATR IR spectrum of [Re]. Carbonyl stretching bands are observed at
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Figure 2.27: Solid-state structure of cationic fragment of [Re] collected at 110 K.
Hydrogen atoms omitted for clarity and displacement ellipsoids displayed at 50%.
Selected bond lengths and angles: Rel-P1 = 2.3845(10) A; Rel-P2 = 2.3841(9) A; P1-
Rel-P2 = 155.34(4) °; Re1-N1 = 2.150(3) A; Re1-C1 = 1.863(3) A; Re1-C2 = 1.927(4) A;
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Figure 2.28: Structure of {Re(tBu-PONOP)(CO)2}* cation as determined by single
crystal X-Ray diffraction at 298 K. Hydrogen atoms omitted for clarity. A map of
the residual electron density indicates no sign of positional disorder of the carbonyl
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Figure 2.31: Molecular graph for the {Re(‘Bu-PONOP)(CO)2}* cation.
Intramolecular non-covalent bond paths are shown with a dotted line, with bond
critical points shown in green. Note that atomic labels differ from the rest of the text.
QTAIM analysis® was employed through the AIMALL program.”..................... 130
Figure 2.32: 1H solution NMR (500 MHz, 193 K, CD2Cl) of the reaction of [Re] with
H> in CD2Clz. The inset depicts a broad resonance at di -2.85 which is assigned to
the o-H> adduct. The para-PONOP proton associated with the o-H> complex is
coincident with the ortho-BArfs resonance. # denotes free Hy, ¥ denotes CD,HCI

which is a solvent impurity and * denotes an unknown impurity. ..........cccccccceee. 132
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Figure 2.33: Optical microscopy image under plane polarized light of crystals of
[Mn-THEF] before (left) and after (right) exposure to CO (1 bar gauge, 48 hours). The
colour change from yellow to colourless is clearly observed. Larger crystals remain
yellow at the centre, indicating the reaction is diffusion ordered. Post-exposure to
CO crystals can be seen to be extensively cracked internally.............ccccccccoeinnnnee. 134
Figure 2.34: Scanning Electron Microscopy (SEM) images of [Mn-THEF] before (A)
and after (B) exposure to CO (1 bar gauge, 28 hours). The surfaces of the crystals are
smooth and well defined before exposure to CO. After exposure, splintering and
cracking of the crystal is clearly observed. ............ccccccoviiiiiinniiiiccce, 135
Figure 2.35: Solid-state 31P{TH} NMR (10 kHz spin rate, 298 K) spectra of [Mn-THF]
(bottom) and [Mn-CO] (top) formed by addition of CO (1 bar gauge, 28 hours) to
[Mn-THEF] in the solid-state. The inset depicts the isotropic chemical shift resonance
(denoted 6). * denotes spinning side bands. ..........ccccoeeiiiniiiiinnie 136
Figure 2.36: Organometallic complexes structurally characterisated by MicroED
methods. Left: Schwartz’s Reagent.”? Middle: A copper-carborane tetramer.”® Right:
A Rh(I) 0-alkane complex.74.........ccco ittt 137
Figure 2.37: Microcrystal Electron Diffraction methods were used to structurally
characterise the products of the reaction of [Mn-THEF] with CO in the solid-state. A)
ATLAS view of a larger crystallite, imaged by TEM. B) TEM image of a cracked
edge of the larger crystallite from A, which was analysed by MicroED. C) Example

diffraction frame from the MicroED analysis. Diffraction peaks are present out to
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Figure 2.38: Solid-state structure of [Mn-CO], synthesised by addition of CO (1 bar
gauge, 28 hours) to [Mn-THEF] in the solid-state, as determined by MicroED
methods. Hydrogen atoms are omitted for clarity. Displacement ellipsoids
displayed at 50%.........cciuiiiiiiii e 139
Figure 2.39: Rearrangement of [BArF,]- anion motifs from [Mn-THF] (left) to [Mn-
CO] (right). The THF ligand (blue) is located in a cleft of ArF rings in [Mn-THEF].
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Figure 2.40: Rearrangement of the 3° periodic structure from a herringbone-type
arrangement in [Mn-THF] (left) to a parallel arrangement in [Mn-CO] (right).
Cationic components are represented as purple spheres of arbitrary radius. ...... 141
Figure 2.41: Optical microscopy images of [Re] (left) and [Re-CO] (right) formed by
addition of CO (1 bar gauge, 5 hours) to [Re] in the solid-state. The surfaces of [Re-

CO] formed through this reaction have fragmented into a microcrystalline material.

Figure 2.42: Solid-state structure of [Re-CO]. Hydrogen atoms omitted for clarity.
Displacement ellipsoids displayed at 50%. Selected bond lengths and angles: Rel-
P1 =2.4177(3) A; Rel-P2 = 2.4212(13) A; P1-Re1-P2 = 153.65(5) °; Re1-N1 = 2.172(4)
A; Rel-C1 = 1.977(6) A; Rel-C2 = 1.942(6) A; Rel-C3 = 2.024(5) A; C1-Rel-C2 =
80.5(2) % C2-Re1-C3 = 83.0(2) . .coiiiiiiiiiiiiiiiicccssss e 144
Figure 2.43: Slight change in 3° periodic structure from [Re] to [Re-CO]. Cations are

represented as blue spheres of arbitrary radius. ...........ccccoeiiiiniiiiiiiiiiis 145
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Figure 2.44: Solid-state 31P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectra of
[Re] (top) and [Re-CO] (bottom). The isotropic chemical shift resonances are denoted
by 8. * denotes spinning side bands. ............ccceveviiiiiiniiniiiiniie, 146
Figure 2.45: Independent Gradient Model with Hirshfeld Partitioning (IGMH) plots
for IP1 in [Mn-THEF] (left), [Mn-CO]J* (centre) and [Mn-CO] (right). Cations and
anions are defined as separate fragments; sign(Az)p-coloured isosurfaces are plotted
with 8Ginter = 0.003 a.u; relative atomic contributions coloured by %&Gatom; DE =
AISPETSION ENETEY. ....oiiiiiiiiiiiieiciiireee et 148
Figure 2.46: IGMH plots for IP1 - IP5 in [Mn-THF] and its equivalent in [Mn-COJ*
after THF / CO substitution. Cations and anions are defined as separate fragments;
sign(A\2)p-coloured isosurfaces are plotted with dGinter = 0.003 a.u; relative atomic
contributions coloured by %®6Gaom, The ion-pair interaction energies are also
indicated (kcal/mol) with the contribution from dispersion in brackets............... 149
Figure 2.47: IGMH plots for IP1 - IP5 of [Mn-CO]. Cations and anions are defined
as separate fragments; sign(A\2)p-coloured isosurfaces are plotted with &Ginter =
0.003 a.u; relative atomic contributions coloured by %®&Gatom. The ion-pair
interaction energies are also indicated (kcal/mol) with the contribution from
dispersion in brackets. ...........ccoeiiiiiniiiniiiiccee e 150
Figure 2.48: IGMH plots for IP1 - IP5 in [Re] and its equivalent in [Re-COJ* after
THF/CO substitution. Cations and anions are defined as separate fragments;
sign(A\2)p-coloured isosurfaces are plotted with 6Ginter = 0.003 a.u; relative atomic
contributions coloured by %06Ga°m, The ion-pair interaction energies are also

indicated (kcal/mol) with the contribution from dispersion in brackets. ............. 152
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Figure 2.49: IGMH plots for IP1 - IP5 of [Re-CO]. Cations and anions are defined
as separate fragments; sign(A2)p-coloured isosurfaces are plotted with &Ginter =
0.003 a.u; relative atomic contributions coloured by %06Gatem. The ion-pair
interaction energies are also indicated (kcal/mol) with the contribution from
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Figure 2.51: Gel Permeation Chromatography (GPC) traces of poly(ethyl vinyl ether)
formed from Lewis Acid catalysed solid-state polymerisation. Left: Polymer sample
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GUSEV.OZ.. s 187
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norbornane binding from all previously explored chelating bidentate phosphines.®?
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Figure 3.4: Synthetic routes to dtbpb reported by the Mecking and Nobbs groups,
compared to the synthetic route reported in this work. This work avoids ‘BuLi, an
aqueous workup, Kugelrohr distillation, or borane protection/deprotection. .... 195
Figure 3.5: Solution 'H NMR (500 MHz, CD2Cl, 298 K) spectra of dtbpb,
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Figure 3.6: Solution TH NMR (500 MHz, CD-Cly, 298 K) spectrum of 1-NBD. Insets
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(FIGIE). o 198
Figure 3.7: Solid-state 31P{1TH} CP MAS NMR (162.04 MHz, 10 kHz spin rate, 298 K)
spectrum of 1-NBD. Inset depicts isotropic chemical shift. Spinning side bands are
noted With asterisks. ... 199
Figure 3.8: Solid-state 13C{1H} CP MAS NMR (100.66 MHz, 10 kHz spin rate, 298 K)
spectrum of 1-NBD. Spinning side bands are noted with asterisks....................... 200
Figure 3.9: Single-crystal X-Ray structure of the cation of 1-NBD. Thermal
displacement ellipsoids are displayed at 50%. Protons associated with the chelating
phosphine are omitted for clarity. NBD ligand shown in blue. Selected bond lengths
and angles: Rh1-P1 2.4413(5) A; Rh1-P2 2.4252(5) A; P1-Rh1-P2 102.116(17) °; Rh1-
C1-4 2.1922(19) A, 2.1720(18) A, 2.1653(18) A and 2.1782(17) A, respectively. ..... 201
Figure 3.10: Solid-state structure of 1-NBD. Carbon atoms of the NBD ligand are
displayed in blue. Left: The {Rh(dtbpb)(NBD)}* cation is located within an
approximately octahedral arrangement of six [BArf4]- anions. Right: The cation is

non-symmetrically placed within the octahedral arrangement, with the bridge CH>
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pointed towards an aryl ring. Close C-H---F contacts are noted with a neighbouring
anion. Displacement ellipsoids are displayed at 50%. Selected hydrogen atoms
omitted fOr Clarity ..o 202
Figure 3.11: The in-crystallo reaction of 1-NBD with H> gas can be visually tracked
with optical microscopy due to the colour change from bright red (left, 1-NBD), to
sandy-yellow (right, T-NBA).........cccceiiriiiniiiiiiineiieercee e 203
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protons associated with the phosphine are omitted for clarity. Displacement
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P1-Rh1-C17 82.0(4) ©; P2-Rh1-C17 74.1(4) ©. weoioeieiciiieeeeieeeeeceeeee e 205
Figure 3.13: The alkyl ligand of 1-NBA is disordered above and below the P-Rh-P
plane in the solid-state structure in an approximately 60:40 ratio. The tert-butyl
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Figure 3.15: Comparison of Rh--alkane binding motifs.............ccccccceeiininnnnnn. 208
Figure 3.16: Variable temperature (110 K, left; 215 K, middle; 298 K, right) single-
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Figure 3.17: Solid-state structure of 1-NBA. Carbons of NBA ligand displayed in
red. Left: Approximately octahedral arrangement of [BArfi]- anions around the
cation in 1-NBA. Right: The NBA ligand is non-symmetrically placed within the
cleft of ArF aryl rings. Close C-H---F contacts between the NBA bridge and
methylene protons and a neighbouring ArF CF; are noted. Ellipsoids displayed at
50% probability. Selected hydrogen atoms omitted for clarity. ..........c.cccccueueunneece. 211
Figure 3.18: Solid-state 1*C{1H} CP MAS NMR (100.66 MHz, 10 kHz spin rate, 298
K) spectrum of 1-NBA. Spinning side bands are marked with asterisks. ............. 212
Figure 3.19: Solid-state 31P{1H} CP MAS NMR (162.04 MHz, 10 kHz spin rate, 298
K) spectrum of 1-NBA. The insets depict the isotropic chemical shifts at &p 100.6 (top
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-16.5 (middle, DOTEOML)........oveveiiciiiiiiiicieiccteeete ettt 215
Figure 3.21: Solution 'TH NMR (500 MHz, CD:Clz, 193 K) spectrum of 1-CD>Cl.
Insets depicts the hydride resonance at dn -28.43 (middle, top) and the phosphine
backbone protons between 6n 3.0 and 1.5 (middle, bottom). Asterisk denotes minor
pentane solvent IMPUTIity. ... 216
Figure 3.22: Solid-state structure of a well-resolved cation of 1-CD2Cl>. The majority
of hydrogen atoms are omitted for clarity. Thermal displacement ellipsoids
displayed at 50%. Selected bond lengths and angles: Rh1-H 1.58(6) A; Rh1-C12

2.045(5) A; Rh1-Cl1 2.5692(13) A; Rh1-P1 2.3033(9) A; Rh1-P2 2.3365(9) A; P1-Rh1-
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P2154.50(4) °; P1-Rh1-CI1 97.64(4) °; P1-Rh1-C12 83.56(12) °; P2-Rh1-CI1 107.32(4) °;
P2-Rh1-C12 71.38(11) et 218
Figure 3.23: The models of the anti- (left) and syn-isomers (right) of 1-NBA
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donation (left) and o-backdonation (right) associated with the Rh-NBA o-bonding
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Figure 3.27: Conformers (Experimental, 1-4) of the Rh--1n!-Methine Bridgehead
isomer of 1-NBA studied by computational conformational searching analysis. Tert-
Butyl environments omitted for clarity. ..o, 223
Figure 3.28: Conformers (5-9) of the Rh--n!-Methylene endo isomer of 1-NBA
studied by computational conformational searching analysis. Tert-Butyl
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Figure 3.29: Conformers (9-12) of the Rh--n'-Methylene exo isomer of 1-NBA
studied by computational conformational searching analysis. Tert-Butyl
environments omitted for clarity. ..o, 225
Figure 3.30: Conformers (13 and 14) of the Rh---n!-Methylene Bridge isomer of 1-
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38



Table of Figures

Figure 3.35: Gas chromatography electron-ionisation mass spectrum (GC/EI-MS)
of the norbornane fragment from addition of D2 gas to 1-NBD. The peak at
100.12090 m/ z is consistent with NBA-ds (calculated: 100.11901).......c.cccevveuennnees 237
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Chavpter 1: Introduction

This thesis will discuss in-crystallo reactivity and adaptivity of manganese and
rhenium organometallics (Chapter 2), and a Rh(III) o-alkane complex (Chapter 3).
A specific introduction on adaptivity in single-crystals, and ligand adaptivity, will
be provided at the beginning of these two chapters, respectively. In this
Introduction Chapter, a more general introduction to organometallic solution and

in-crystallo chemistry is discussed.
1.1 Observation of Reactive Intermediates

Large scale industrial fine-chemicals'-# and pharmaceutical>” production is heavily
dependent on the use of homogeneous transition metal catalysts. These reactions
are carried out in the solution-state, which has a number of benefits for chemical
reactivity such as ease of temperature control and dilution by inert solvent media.
While the mechanism of these reactions can be determined in the solution-state, the
direct observation of reactive intermediate complexes is necessary for catalyst
optimisation, but represents significant challenges.® ° This is because these
intermediate complexes in ‘real-world” reaction mixtures tend to be in small,
steady-state concentrations, and rapidly undergo onward reactivity. For example,
low valent species, o-alkane complexes, and oxidative addition products are all
common reactive intermediates in alkane dehydrogenation by transition metal
catalysts (Scheme 1.1), which each play key roles in the reaction mechanism but are
unobserved.1%-12 The use of low catalyst concentrations and elevated reaction

temperatures, means that observation of the key reactive intermediates is often
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difficult, or impossible, to achieve without advanced techniques. As Jack Halpern

quoted!3: “if you can observe it, it is probably not the catalyst.”

______________________________

[In= —Ir

Hept

Bu - hexene + octane

{1
[ r]_ﬁ + hexene

[f]*r

- octane H

reductive || oxidative

coupling || cleavage
Hex
y t —l/ P-hydride
- octene elimination ,—Hept
[“,]< [i1—H [
H + octene '_|| 1,2-migratory “H
insertion

Scheme 1.1: The mechanism of dehydrogenation of n-alkanes by an iridium pincer complex

includes the formation of highly reactive intermediate species. 12

1.2a Phosphine Ligands

Phosphine ligands (PR3) are one of the most common types of ligand used in

organotransition metal chemistry.1% 15 Phosphines can act as both o-donor and n-

acceptor ligands and thus can stabilise a wide range of metal oxidation states,16-1?

which is a major reason why they are ubiquitous among catalytic cycles.” 19-22

Phosphine o-donation arises from the overlap of the phosphorus-centred non-

bonding orbital (lone pair) with an empty d-orbital on the metal, while electron

density can be accepted from a filled metal d-orbital into the P-R o*-antibonding

orbitals (Figure 1.1).
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o-donation m-backdonation
d <——n.b. d—=c

Phsp,  FPhg |
CRAC E R A~/ e R
Phee?” ol (%) """ =] % _______ 8{
| KR R

Wilkinson's Catalyst .

Figure 1.1: Left: Wilkinson’s Catalyst ([RhCl(PPhs)s]), an example of a transition metal-
phosphine complex, important in hydrogenation catalysis. Right: Bonding description of

metal-phosphine complexes.

Alteration of the R-groups on the phosphorus provide a platform to vary to steric
profile of the complex. This can be described by the Tolman Cone Angle (0, Figure
1.2).2 This model assumes an arbitrary M-P distance of 2.28 A which becomes the
apex of a cylindrical cone which is drawn to encapsulate the R-groups of the

phosphine.

Figure 1.2: Determination of Tolman Cone Angle (0) 2 of phosphine ligands.

The R-groups also furnish a scaffold to influence the electronic properties of the
complex. For example, alkyl groups push more electron density onto the
phosphorus centre, enhancing the o-basicity, increasing from primary, to secondary,
to tertiary carbons. Similarly, affixing electron-withdrawing R-groups (aryl <amide
< alkoxyl < chloro < fluoro) to the phosphine lowers the P-R o*-antibonding orbital
energy, making these derivatives more effective m-acceptors (Figure 1.3). Phosphine
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ligands are also valuable in organotransition metal chemistry due to their innate

NMR spectroscopic handle: 31P is a spin-¥2 nucleus, with 100% abundancy.

— *(P-C)

, 5*(P-N)
/Y —— c*(P-0)
u{ *( F

,—C
. ,—N
o(P-C) — .~ —0
o(P-N)— ., —
o(P-0) —
o(P-F) ——

Figure 1.3: Impact on the o*(P-R) orbital energy with increasing electronegativity of R-

group. The increased stability of o*(P-R) provides a better overlap with filled metal d-

orbitals, making the phosphine a more effective n-acid.

1.2b Chelating Phosphine Ligands

Within this thesis, chelating phosphines are used exclusively. This includes x?-

RoP(CH2)xPR2 and x3-2,6-(R2PO)2CsHsN  (R-PONOP) ligands (Figure 1.4). The

‘natural bite-angle” (), described by Casey and Whitaker,?* is a value of the

preferred chelation angle of chelating bidentate phosphines. The f-value is

computationally determined, and independent of the metal-phosphine bonding,

solely based on steric considerations of the phosphine backbone. As the phosphine

backbone increases in length, the natural bite-angle also inc

reases. The -angle is

not only important for steric influence, but also has a large role to play in the
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electronics of the metal centre.?> 26 For example, the oxidative addition of H> by
{Rh(diphosphine)2}* complexes has been shown to be thermodynamically
disfavoured when the phosphine backbone contains two methylene units (AG2;, =
-0.87 kcal mol), and favoured when containing three methylene units (AG2, = +5.1
kcal mol!, Scheme 1.2).26 This is explained the ground-state destabilisation of the

square-planar Rh(I) starting material by larger bite-angle phosphines.

Bidentate Phosphine E 'R-PONOP’
: | ~
£ : P
W L ot
R=Phx=2,p=781° | N2 Rz
x=3 =862 | R = Alky

x=4;,=986"°

Figure 1.4: Examples of chelating bidentate and R-PONOP phosphine ligands. Left:
Chelating bidentate phosphines. Associated natural bite angles (p) are listed.?” Right: ‘R-

PONOP ligand.

B Hy - Mol )
( /Rh\ ) -H2 v |®'ﬁ
/N = ELP(CHy), Et,, AGZ, =-0.87
= Et,P(CH,)3PEty, AGZ, = +5.1
Scheme 1.2: Reversible oxidative addition of H> by bis-diphosphine rhodium complexes.

Triflate anion omitted for clarity. The Gibbs free energy of the reductive elimination of H»

(AGZ},) becomes more negative with increasing phosphine bite-angle.

Chapter 2 of this thesis will work exclusively with the ‘R-PONOP”’ ligand platform
(Figure 1.4). The ligand coordinates to metals in a x3-fashion through the lone pairs
located on the pyridyl nitrogen atom and the two phosphorus atoms, and can be

electronically and sterically tuned through variations of the R-groups. This
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framework is extremely rigid and is thus restricted to mer-coordination geometries,

with very little deviation from planar.?

1.3 Carbonyl Ligands

Carbon monoxide was one of the earliest ligands used in organometallic chemistry,
with the synthesis of nickel tetracarbonyl reported in 1890 (Figure 1.5).2° Metal-
carbonyl complexes find a wide range of catalytic applications such as
hydroformylation,3? Fischer-Tropsch,3! carbonylation3? and acetic acid synthesis.33
34 The nature of metal-carbonyl bonding involves o-donation through the overlap
of the carbon-centred non-bonding orbital (lone pair), the HOMO, of carbon
monoxide, with an empty d-orbital on the metal (Figure 1.5). Carbonyls are potent
n-acidic ligands, accepting electron density from the metal through overlap of a
filled metal d-orbital with the vacant C-O m*-antibonding LUMO orbital (Figure
1.5). Carbon monoxide is not a strong nucleophile, which is reflected in relatively
weak o-donation, so ni-backbonding is considered to play the major role in metal-

carbonyl bonding.35

o) ' o-donation z—backdonaﬁor?
C '  d-=——nb. d—— n'
| : Q 0
Ni-. A I QT _
"co . ~(E>C=0 c=0
c . C%? _________
7 ¢ : a9
Ni(CO)4, 1890 | M co M co

Figure 1.5: Left: The structure of nickel tetracarbony], first reported in 1890 by Mond.? Right:
Nature of metal-carbonyl bonding, with o-donation through the carbon-centred lone-pair,

and n-backdonation into the C=0O n*-antibonding orbital.
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The electron donation into the m*-antibonding character orbital lowers the C-O
bond order, while increasing the M-C-O bond order. The IR stretch of metal
carbonyls is a valuable diagnostic tool. It is utilised by the Tolman Electronic
Parameter which is used for assessing the electron donating and withdrawing
effects of phosphines, by measuring the A; symmetric stretch of [Ni(CO)3(PR3)]
(Figure 1.6).22> As the phosphine electron donation increases, the M—CO -
backdonation also increases, decreasing the C=O bond order and the vibrational

stretching frequency.

e
o N free CO R = OEt R =Ph R =Me R ='Bu
o %
\o
A Symmetric Vco Uco Uco Vco Uco
CO Stretch 2143 cm?' 2076 cm' 2069 cm' 2064 cm' 2056 cm-"

Figure 1.6: The Tolman Electronic Parameter is used to assess the electron donation abilities

of phosphines via the A1 symmetric carbonyl stretch of [Ni(CO)3(PRs)].2

1.4 Weakly-Coordinating Anions

This thesis reports on the direct observation, and isolation of, cationic reactive
intermediates with very weakly bound ligands. Therefore, careful selection of an
anion which will not out-compete the desired ligand for binding to the metal is
required. Furthermore, a weakly-coordinating anion must be sufficiently
chemically inert to not be prone to reactivity in the presence of reactive
organometallic species.3 Triflate ([OTf]-), hexafluorophosphate ([PFs]) and

tetrafluoroborate ([BFs]) are some of the earliest examples of weakly-coordinating
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anions (Figure 1.7), however their undesirable coordination chemistry,3”-3° and
tendency to undergo decomposition (in the case of [PF¢]- and [BFi]") through
fluoride abstraction and hydrolysis is well established.3*-41 Three alternative classes
of weakly-coordinating anion have begun to dominate the field in the last 20 years:
halogenated alkyl- or arylborates,*># perfluoroalkoxyaluminates,*> and carborane
anions (Figure 1.7).36 46, 47 [Incorporation of highly electron-withdrawing
substituents such as fluoride are ubiquitous among weakly-coordinating anions.
These substituents induce electron delocalisation across the entire anion, which

minimises the basicity, and nucleophilic sites throughout the anion.*®

[ FI [PFel o [OTfT
e F
F o]
| Fi, \ oF . \\S
e~ v'F F7 v 0”7 CF,
F F

[closo-C  1{HgBrgl [A{OC(CF3)3)4I

FiC CFs
. © o
zég o C(CFa)s
fa) |
v (a (F0)C, Al C(CFals FaC
o7 Y, D,cn

! (F3C)sC”

ERENC:

Figure 1.7: Examples of weakly-coordinating anions, including the early examples of [BF4],
[PFe]- and [OTf],, through to the modern prototypical [closo-CB11HeBrs], [Al(OC(CFs)s3)a]-

and [BAr¥,]- anions.

The perfluoroalkoxyaluminate are considered to be the least coordinating anions,3¢
4 with carborane anions having a slight tendency to coordinate through their
halogen substituents, and borate anions through their n-system (Scheme 1.3).44 49,

50 However, the borate class possess some notable advantages over the other classes:
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ease of synthetic access,5! solubility, crystallinity,®? and possession of NMR-active

handles.

NS FaC
N> BArF,
/ Ny
N/ - F;C R
/Rhf CH,Cl, AN
= Cyp \<ﬁ
Cyp; J 2
+ +
[NBu,J[BArF,] [NBuy][1-closo-CHgB 44 Brg)

Scheme 1.3: Examples of carborane and [BArF4]- coordination. In this work, the carborane
coordination was the thermodynamic product [AG0(298 K) = -7.0 + 0.5 k] mol?] due to a

combination of entropic and solvation effects.5

The ‘[BArF4]” anion ([B(3,5-(CF3)2CeHs)s]") is the anion which shall be exclusively
used throughout the remainder of this thesis. Popularised by Brookhart,52 [BArfy]-
has been utilised for the stabilisation of highly reactive organometallic complexes,
both in solution#¥ %3 5 and in the solid-state.** 5> An early example case of the
[BArF,]- anion’s utility is the formation of the latent low valent coordination
complex [Mn(depe)2(CO)][BArF4] [depe = Et2P(CH2)2PEt2, Scheme 1.4] where the

vacant site is masked by polyagostic interactions.>¢

(H H .H
=2 ] th Na[BAr" Jd _~ (
Mnl ] i
= | CgHsF
2 Cc Eb Na c Et
O O

Scheme 1.4: Polyagostic manganese complex stabilised by the [BArF4]- anion, reported by

Kubas.56
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1.5a o-Complexes

Coordination complexes featuring an E-H (E = H, C, B, Si, Ge) o-bond acting as a
formally 2-electron donor, via a 3-centre-2-electron bond, are known as ‘o-
complexes.”>” These are considered to be the key, first-formed intermediates in
many E-H activation mechanisms, such as oxidative cleavage, o-complex-assisted-
metathesis (0-CAM) and electrophilic activation.?8-¢0 o-Interactions are classified as
distinct from agostic and anagostic interactions, as these M.--H-C interactions are

intramolecular, such as the polyagostic species in Scheme 1.4.61

The simplest, and first reported example of a o-complex is that of o-dihydrogen
complexes, reported by Kubas in 1984, in the report of [trans-M(PR3)2(CO)3(n?-Hz)]
(M =Mo, W; R =1Pr, Cy, Figure 1.8).92 The bonding of these systems is characteristic
of n?-0-E-H complexes® and is reminiscent of the Dewar-Chatt-Duncanson model
of alkene bonding.®* The dihydrogen ligand acts as a 2-electron donor through
overlap of the H-H o-orbital with a vacant metal d-orbital. Filled metal d-orbitals

can also ni-backdonate into the H-H o*-antibonding orbitals (Figure 1.8).

: d=——0 d —c"
H—H :
O, | WO % ....... g
Cy3 / ‘ \CO E % O .......
g LM H M H,
Kubas, 1984 o-donation r-backdonation

Figure 1.8: Left: An example of a o-dihydrogen complex, [trans-Mo(PCys3)2(CO)s(n2-Hy)],
published in the original report by Kubas in 1984.62 Right: The bonding model for o-

dihydrogen.
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The o-donation and metal n-backdonation cause elongation of the H-H bond,
which at its extreme leads to oxidative cleavage and formation of a dihydride
complex. A considerable amount of research has been published on the continuum
of o-dihydrogen, elongated H> complexes, compressed dihydrides and dihydrides
(Figure 1.9).6% 6 66 The extent of metal backdonation is increased with metal d-
orbital radial extension, so the tendency to form dihydride complexes decreases
across the period but increases down a group. Incorporating electron withdrawing
ligands, or imparting a positive charge on the metal, will favour o-dihydrogen

complex formation, by reducing the backdonation potential of the metal.

Metal backdonation N
H H
H H _.-H e /
| M— | MI_ i M M
H H “H N N
H
duy (A= 074 0.8-1.0 1.0-13 1.3-1.6 >1.6
True c-H,  Elongated Compressed  Dihydride
complex o-Hs dihydride

Figure 1.9: Increased metal backdonation to dihydrogen leads to weakening of the H-H

bond and its respective elongation, culminating in oxidative cleavage.

Boranes and silanes also form o-complexes with metals and are often more tightly
bound than dihydrogen, due to the increased polarizability of the B-H and Si-H
bonds.®”71 o-Alkane complexes exist at the other end of the spectrum of stability.
The C-H bond is essentially non-polar, non-polarisable, and alkanes possess

relatively high steric bulk which disfavours the C-H approach to the metal centre.”
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74 Furthermore, the o(C-H) bond is very low in energy, so finds poor overlap with
metal d-orbitals, and the 0*(C-H), which is high in energy, is a poor energy match
for metal backdonation. For these reasons, o-alkane complexes tend to have a bond
dissociation energy in the region of 15 kcal mol-1.73 75 o-Complexes are not only of
academic interest, but also relevant to industrial processes involving transition
metal-catalysed E-H bond activation, such as hydroboration, hydrosilylation and

alkane dehydrogenation.12 ¢0.70,71,76,77

The coordination geometries of o-(E-H) complexes are typically n! (binding
through hydrogen-based o- and o*-orbitals) or n>-E-H (Figure 1.10).60. 78-81 This is
considered to be a continuum as the o-interaction may be located anywhere along

the E-H bond.”8

H
H A
H H P
M~ E MO B M M;»-}E
H E “
n*-E-H nin'-E-H n*-E-H n*n>E-H

Figure 1.10: Continuum of coordination modes of o(E-H) (E = C, Si, B, Ge) complexes with

metal centres.

1.5b o-Alkane Complexes Characterised by In Situ

Characterisation
Due to the very low bond dissociation energy of o-alkane complexes and their
tendency to undergo onward reactivity, their direct observation is challenging.>8 73,

82 g-Alkane complexes tend to have transient lifetimes (ps to hours) in solution, even

at low temperatures, and necessitate in situ characterisation techniques such as
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time-resolved infrared spectroscopy (TRIR)8%> 8 and low temperature NMR
spectroscopy (Figure 1.11).43.54 8486 TRIR studies are especially insightful in the case
of photolysis of CO-containing complexes as the CO ligands provide a valuable
spectroscopic handle.83 87 The timescale of TRIR also enables observation of very
short lived o-alkane complexes (ps to us). Studying o-alkane complexes through in
situ NMR spectroscopy requires a significantly longer lived o-alkane complex (ms
to hours), with the bound alkane appearing as a shielded resonance (6u 0 to -10)

relative to the free alkane.43 84
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Figure 1.11: Selected examples of solution characterised o-alkane complexes, formed

through photolysis (top)7* 8586 and protonolysis (bottonr).43 80
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These studies have provided evidence not only for the formation of o-alkane
complexes, but also for fluxional processes such as ring- and chain-walking,3% 8% and
for onward reactivity such as substitution by water,” dinitrogen® or solvent,*? or
intramolecular substitution by m-systems or heteroatoms (Scheme 1.5).8% 91
However, these studies have significant limitations: incomplete conversions,
especially in photolytic studies; very low temperatures are required for o-alkane
complex lifetimes sufficient for in situ NMR spectroscopy; and only small quantities
of o-alkane complex formed (often ca. 2 mg).43 74 80, 8386 Addjitionally, all o-alkane
complexes studied in solution are ultimately unstable, and isolation of a o-alkane

complex through solution techniques is a goal which has not yet been achieved.*

54, 88, 90
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Scheme 1.5: Intramolecular substitution of a c-alkane complex by a heteroatom or m-
system.8?
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1.6.1 ‘In-Crystallo’ Chemistry for Studies of Reactive

Intermediates

In this thesis, in-crystallo chemistry is defined to be chemistry occurring within
crystalline materials through solid/gas or photochemical reactivity, whether the
material retains bulk crystallinity after the reaction or not. In-crystallo chemistry has
many potential benefits to circumvent the above issues regarding decomposition of
reactive species in the solution-state, through isolation of active sites.*> % In-crystallo
chemistry has also been increasingly recognised in chemical transformations.-101
This section will highlight some of the successes of in-crystallo chemical techniques
with organometallic fragments through photocrystallography and solid/gas
chemistry, as well as difficulties associated with in-crystallo reactivity studies. As
this thesis will discuss solid / gas in-crystallo chemistry of organometallic complexes,
the areas of mechanochemistry!® and single-crystal to single-crystal (SCSC)

transformations of organic substrates® fall outside the scope of this section.

1.6.2a Crystal Engineering for ‘In Crystallo” Chemistry

In-crystallo reactivity can be investigated and probed via a range of solid-state
analytical techniques, including solid-state NMR and ATR IR spectroscopies, and
powder X-Ray diffraction. However, often the most desirable characterisation
technique in inorganic and organometallic chemistry is single-crystal X-Ray
diffraction (SC-XRD) to unambiguously assign structural changes. In-crystallo
reactivity can only be appropriately investigated by SC-XRD techniques if the
reaction undergoes a ‘single-crystal to single-crystal transformation,” that is, if the

starting single-crystalline material diffracts X-Rays, and the single-crystalline
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product of the reaction also diffracts X-Rays, and retains short- and long-range
order.1% While recrystallisation may provide a sample which can be solved using
SC-XRD techniques, the crystal metrics, space group, the local and repeating
environments, and even the species of interest, may change substantially on
recrystallisation as the compound may decompose.? 104106 Thus, maintaining
single-crystallinity, while not always necessarily integral to understanding the
product, is an important challenge to overcome when studying how chemical

reactions occur in the solid-state.
1.6.2b Synthetic Methods and Challenges in In-Crystallo

Chemistry

In-crystallo photochemistry (or photocrystallography) involves photoactivation of a
chemical species within a crystalline material. These methods have been utilised to
enable crystallographic characterisation of metastable linkage isomers,107-109
snapshots of intermediates in C-H activation by chlorine radicals,? and synthesis

of highly reactive metal-nitride and metallonitrene complexes (Figure 1.12).95 105111
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Figure 1.12: Selected examples of photocrystallographic studies of metastable linkage
isomers (top) and highly reactive metal-nitride (middle) and metallonitrene complexes

(bottom).95. 108,111

Solid/ gas in-crystallo chemistry involves the addition of a reagent as a gas or vapour
to crystalline materials. These methods have been utilised for ligand substitution,
carbon dioxide hydrogenation and isolation of highly reactive o-alkane
complexes.# 12115 Solid/gas reactivity has also been applied to industrially
relevant alkene and alkyne upgrading processes such as isomerisation and di- and

trimerisation (Scheme 1.6).%%, 100, 116-118
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Scheme 1.6: Solid/ gas chemistry has been utilised for the oligomerisation of acetylene to
benzene, cyclohexa-1,3-diene, buta-1,3-diene and but-2-enes.1” Listed percentages denote

the relative population formed of each complex.

Despite the advantages and advances of in-crystallo chemistry, major challenges
exist for in-crystallo chemistry: permeation of the gas throughout the solid and
sufficient flexibility of the solid-state reagent to undergo reactivity in the solid-state
confinement.!’® 120 Photocrystallographic techniques also have substantial
difficulties with penetration of irradiation through the crystal due to strong internal
filtering effects.® If these issues are not addressed successfully then the final

product will be impure, with significant amounts of the starting material remaining.

To circumvent issues with gas permeation and flexibility within the solid-state, the
groups of Fujita,1?! Champness!??> and Sumby'?® have loaded organometallic
complexes into porous solid materials, such as clathrates and metal-organic
frameworks (MOFs). These studies have focused on the photocrystallography of
metal carbonyl complexes and have provided observation of an electronically- and
coordinatively-unsaturated 16e Mn(I) complex, fac-/mer-isomerisation and ligand

substitution (Figure 1.13).
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Figure 1.13: In-Crystallo reactivity of organometallic complexes in porous solid materials.
Top: Observation of an electronically unsaturated Mn(I) complex within a clathrate.12!
Middle: Fac/Mer-isomerisation of a Mn(I) complex within a close-packed MOF.122 Bottom:

Ligand substitution within a close-packed MOF.123
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However, the use of cavities/ porous materials has been shown to not be essential
to gas permeation by the work of Brammer et al. Here, they show that heating single
crystals of the non-porous, one-dimensional coordination polymer,
[Ags(TMPyz)3{O2C(CF2)3CF3}4(EtOH)2]n (TMPyz = tetramethylpyrazine) causes
loss of the bound ethanol ligand through a SCSC transformation (Scheme 1.7).124
Re-coordination of the ethanol ligand was verified by powder X-Ray diffraction
techniques, but this step did not retain single-crystallinity. This work therefore
showed that product egress, that is the loss of ethanol, is possible through a non-

porous solid without degradation to crystalline integrity.

o 320K

R ~\ -EtOH o)

R>:/T/Ag Solid-State  R—(p-"9 77"

0 O-ag—L--- EtOH R/<O;Ag—
H-0~ Solid-State

_______________________________________

Scheme 1.7: Reversible loss of EtOH to a one-dimensional coordination polymer in a single-

crystal to single-crystal transformation reported by Brammer.124

Brookhart has studied the addition of gaseous substrates to single crystals of [Ir(RF-
POCOP)(N2)] (RF-POCOP =1,3-{(2,4,6-CF3CsH2)2PO}2C¢Hs). The gaseous substrates
include NHj3, ethylene and CO, and in each case addition leads to the formation of
the molecular species where N2 has been substituted for the incoming ligand
(Scheme 1.8).113 The non-porous crystalline material possesses solvent channels

tilled by toluene (3 toluene molecules per organometallic fragment) which the
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authors proposed allows for the gaseous reagents to penetrate the crystal lattice.
This work highlights that reactant ingress, as well as product egress, is possible

without degradation of crystalline integrity in a non-porous solid.
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: e |

e ; |r||

O—FRF,

Scheme 1.8: Solid-state reactivity of a fluorinated iridium pincer dinitrogen complex with
various substrates. In all cases the dinitrogen ligand is lost and replaced with the incoming

substrate.113

The Weller group has shown that single crystals of [Rh(dcpm)(NBD)][BArFs] [dcpm
= bis(dicyclohexylphosphino)methane; NBD = norbornadiene] can reversibly
uptake CH2Cl, vapour or Xe gas (Figure 1.14).12 This example is interesting as the
encapsulated CHxClz or Xe are not bound to the metal as ligands, but encased
within the lattice framework, despite this being a non-porous solid (defined in this
work as a material with less than 1 A3 accessible by a spherical probe of 1.4 A
diameter). The CH>Cl> can be removed by application of vacuum to the crystals for
24 hours, while the Xe is less strongly held and is removed by simply flushing the
system with Ar gas for 2 minutes. The unit cell metrics slightly increase with the

incoming ligand [starting material: V = 6744.29(8) A3; CH>Cl> encapsulated: V =
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6855.15(12) A3; Xe encapsulated: V = 6809.24(10) A%] showing that the crystalline
lattice expands and contracts with reactant ingress and ‘product’ egress to
accommodate these substrates, without the displacement or reorganisation of the

starting material.

115 A3 cavity

CH,Cly Xe (3 bar)
298K ) 298 K
48 hours AR 1 week
— > —_—
— 3 —
-CHClL, 9y Ar flush :
vacuum / 2 minutes 4
298 K N
24 hours N/
i Z A
J " 1
e a® e
[Rh(depm)(NBD)][(CH,Cly), s BArE,] [Rh(dcpm)(NBD)][BAr",] [Rh(depm)(NBD)][(Xe)scBAr",]

Figure 1.14: Reversible encapsulation of CHxCl> (left) and Xe (right) by a non-porous
crystalline material ([Rh(dcpm)(NBD)][BArf,], centre). The [BArFy]- anions are represented

as sticks for clarity.

The common thread which connects all of the non-porous solid-state reactivity
studies is the presence of fluorous groups. Interhalogen non-covalent interactions
are non-specific and non-directional,'?6: 127 which enables crystalline structures to

undergo plastic deformation without degradation to macroscopic crystalline
integrity.
1.7 In-Crystallo Synthesis of o-Alkane Complexes

In 2012 the Weller group published the first crystallographically characterised,
well-defined!?8 12 o-alkane complex.# They showed that addition of hydrogen gas

(1 bar gauge pressure, 2 minutes) to single-crystalline samples of
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[Rh(dibpe)(NBD)][BArFs] (dibpe = BuPCH>CH2PBuy) yielded [Rh(dibpe)(nZn?-
NBA)|[BArfy] (NBA = norbornane, Scheme 1.9, Figure 1.15) in a SCSC
transformation. The o-alkane complex formed through this reaction decomposes at
room temperature in the solid-state to form the amorphous, zwitterionic species
[Rh(dibpe){n®-CsH3(CF3)2}BArFs]. Despite the decomposition in the solid-state, this
work highlighted that the solid-state could be used to crystallographically
characterise o-alkane complexes for the first time. The crystallographic information
provided by this study was essential information for computational insight into the
o-bonding of alkanes with metal centres, allowing for direct comparison between
experiment and theory. The stabilisation of this highly reactive o-alkane complex
has been attributed to stabilising C-H---F and C-H---t non-covalent interactions

between the organometallic fragment and the [BArF,]- anion.5 130

H, (1 bar > 253K FBar,
i F 2 F i
Buz\ 18, gauge) IBUQ\ . L Solid-state 8“2\ ®
- .
C /Rh\ | —_— C /Rh'-':Hﬁ ‘ —_— > [ /Rh—
Solid-state ‘ H -NBA i
‘Bu, 2 minutes Uz Bu, FiC CF3

Scheme 1.9: The first report of the synthesis of a well-defined o-alkane complex was
reported by Weller, achieved through solid/gas solid-state reactivity of a rhodium diene

precursor.#
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Figure 1.15: Solid-state structure determined by single-crystal X-Ray diffraction of the first
well-defined molecular o-alkane complex, reported by the Weller group in 2012.44
Displacement ellipsoids are displayed at 50%. The carbons of the NBA fragment are

displayed in red and protons on the chelating phosphine are omitted for clarity.

Following the 2012 report by Weller, the group followed up in 2015 on the solid-
state synthesis of a more stable o-alkane complex by variation of the phosphine R-
groups from iso-butyl to cyclohexyl.’3! The complex in question, [Rh(dcpe)(n)3n?-
NBA)][BArF4] (dcpe = CyPCH2CH2PCys; Scheme 1.10), has been shown to be
indefinitely stable in the solid-state under an argon atmosphere at ambient
temperature.!31. 132 This represents the first example of a o-alkane complex which is
not only isolable, but able to be stored for long periods of time. The long-term
stability of this system allowed for onward chemistry of the o-alkane to be
investigated in the solid-state. In 2016 the group published work on the selective

exchange of protons on the NBA fragment with deuterium (H/D exchange, Scheme
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1.11). 132 The work showed that addition of D2 gas to the rhodium diene precursor
led to endo-Ds-NBA or endo-exo-Ds-NBA, depending on the time of addition (5
minutes or 16 hours). Contrastingly, addition of D> gas to the protic o-alkane
complex lead to exo-Ds-NBA. This work highlights the potential of in-crystallo

chemistry to enable selective C-H activation of o-alkane complexes.

H, (1 bar D; (1 bar
Cys " BAIS, Qa(u o) Cy, ~|BAr, gauge) Cy2
- gaug . M :
/R"\\ ‘ _— C /Rh-':ﬂ_ s —"- /RI/_T_,
c Solid-state H Solid-state
2 5 minutes Cyz H 16 hours Cy,
D, (1 bar
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D F
D,(1b . BAr
Cys EA gza(ug;)" Cy, D\~ 1BAf, ﬁoaffi—:lfjfée Cy, D - 1BAr
N_, ~ ,;D ~ _,—D
RN 4 [ reg — SRR
c Solid-state A—| Hs (1 bar n 63
Y 5 minutes Cyz gauge) Yz
Solid-state

16 hours

Scheme 1.10: Top: Solid-state synthesis of [Rh(CyPCH.CH2PCy2)(n%n2-NBA)][BArFy], a
crystalline o-alkane complex which is indefinitely stable in the solid-state. 131 Bottom:

Selective H/D exchange occurring on the NBA fragment in the solid-state. 132

The diphosphine bite-angle has also been varied by inclusion of alkyl linkers
ranging from C; to Cs, keeping the R-group constant with cyclohexyls, with marked
impact on the hydrogenation products. Hydrogenation of the C; variant,
[Rh(Cy2PCH2PCy2)(NBD)][BArf4], does not lead to the formation of an observable
o-alkane complex, but immediately progresses through to the zwitterionic
[Rh(Cy2PCH2PCy2)(n°-CsHa(CFs)2) BArts] species. Addition of hydrogen to the Cs
and Cs congeners leads to similar o-norbornane complexes as seen for

[Rh(dcpe)(n%n?>-NBA)][BArfy] (Scheme 1.11), both in terms of stability and
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bonding.” The Cs species will be discussed in more detail in the introduction for

Chapter 3 due to the similarity of the product of this reaction with the topic of

Chapter 3.
Ogaf
H, (1 bar BAr 5
c BAr" 2
yi P ~1BAr gauge) Cy: o
<, 2R < TRh-
Cy, ! Solid-state /F & V'CcF,
5 minutes Cy, 3
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F 2 BAr
Cyi _ CTBAT Gauge) Cys H e
\ ZRhZ _— t SRh=“H.
Cy, Solid-state -
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H, (1 bar F
F 2 BAr
Cyi - BT gauge) Cv H e
SR SRy
Cy, Solid-state '_||—|
5 minutes Cy>

Scheme 1.11: Variation of phosphine bite-angle in the solid-state reactivity of cationic

rhodium n2n2-NBD complexes.

Finally, the alkene has been modified to enable access to different o-alkane
complexes. The {Rh(dcpe)}* scaffold has been utilised for this purpose due to the
superior stability of the respective o-norbornane complex and the robustness of this
framework towards SCSC transformations.1% Variation of the alkene is achieved
through displacement of the norbornane ligand via SCSC transformations, or
through reaction of the 1,2-F2CsH4 adduct with the desired alkene. Hydrogenation
of single-crystalline samples of these alkene complexes has yielded o-propane, o-
(2-methyl)butane, and o-pentane complexes, among others, through solid/gas
reactivity (Scheme 1.12).55 133,134 The culmination of these studies shows that in-

crystallo reactivity can harness isolation of a wide range of highly reactive species
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which are inaccessible via solution techniques for extended timeframes (hours to

days) and non-isolable.

BArF . BAr"
Cyi H A ~ R S \> BA’F4 " CY2\ "HjQH :
[ reeiy [ ri? SRESTTTTH
d .
Cy

Solid-State R Solid-State “RH
2 H NBA Cy» Cya

Cys . %\R :{ll'/v :Li/\/
1,2-F,CgH, [ 5
Rh=l= | e
NBA 1,2-F,CgHy
Cy;

Scheme 1.12: General reaction scheme followed by the Weller group for access to various

o-alkane complexes of {Rh(dcpe)}*.

The next chapter will report on the solid/gas reactivity of manganese(l) and
rhenium(I) pincer complexes and the impact of non-covalent interactions on the

periodic structure of the crystalline material.
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2.1 Introduction

2.1a Lattice Adaptivity in Molecular Crystals

As discussed in Chapter 1, organometallic chemists have recently utilised the
single-crystalline solid-state to enable the synthesis of extremely reactive complexes
which cannot otherwise be studied effectively in solution. These studies are, by
design, focused on the coordination chemistry of the metal site, or 1° coordination
site. The intermolecular/inter-ion non-covalent interactions, or 2°
microenvironment, within the solid-state have been investigated by the Weller and
Macgregor groups! 2 due to the influence this site has on the 1° coordination site.
However, investigations into the impact of the 1° and 2° sites have on the 3° periodic
structure of the crystalline lattice in solid-state organometallic chemistry is

underexplored (Figure 2.1).

------------------------------------------------------------------------------------------------------
o

L
L
I_\I\I/I/ P L\|\I/|/ ‘
L = "
1° Coordination o A s . 3° Periodic
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Site Pt . Structure

. - o
. . * .
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Figure 2.1: Left: The 1° coordination site of the metal. Middle: The 2° microenvironment,

consisting of the local non-covalent interactions. Right: The 3° periodic structure.
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This is not universally the case in solid-state chemistry, as the study of lattice
adaptivity within single-crystalline molecular species is an emerging field of study
in materials chemistry. This is where external stimuli such as temperature,? light,
5 mechanical pressure,® and chemical reactivity,” 8 can induce changes to the lattice
parameters through an in-crystallo transformation. This is often accompanied by the
alteration, or complete breaking, of one set of (non-)covalent interactions, and a new

set of (non-)covalent interactions becomes relevant or dominant.

Structural rearrangements of crystalline materials impart significant mechanical
strain on the material. The consequence of this is that lattice adaptations are often
disintegrative, that is the loss of single-crystallinity.” While reactions undergoing
disintegrative lattice adaptions may retain their ability to diffract X-Rays as powder
samples, single-crystal X-Ray diffraction (SC-XRD) data may be unobtainable due
to the lack of suitably sized single crystals. This is typically due to crystal cracking
along multiple fault lines in the crystal, 1% 11 which gives rise to a loss of macroscopic
long-range order, which is also a major reason for loss of single-crystalline
diffraction in organometallic single-crystal to single-crystal (SCSC) reactivity.
Restorative lattice adaptions, that is the retention of single-crystallinity are desirable
as an asset to provide insight into the microscopic changes that take place within
the transformation and the (non-)covalent interactions which have promoted the

transformation.

A partially restorative lattice adaption was serendipitously studied by Martinho and
co-workers, who were studying a spin-crossover transition in an iron(IlI) Schiff base

complex (Scheme 2.1).12 Spin-crossover transitions are reversible transitions
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between spin isomers, for example, thermal interconversion between accessible
high and low spin isomers.1? Heating single-crystals of the complex to 320 K led to
the desired spin crossover transition, which was associated with an unexpected
thermosalient effect, which is an event where crystals can bend, twist, or even
explode,!0 13 which occurs in this example. The thermosalient effect observed here
preserved sufficient single-crystalline material during the first cycle of heating to
allow for SC-XRD analysis. After four repetitions of the heating/cooling cycles, the
crystallites were estimated to have decreased in size by a factor of 1000,
necessitating powder X-Ray diffraction techniques for further analysis. The nature
of the cause of the thermosalient effect was ascribed to the rapid anisotropic
lengthening of the crystallographic a and ¢ axes [before heating a = 10.5910(2) A; ¢
= 18.2420(3) A; after heating, a = 11.931(3) A; ¢ = 19.166(5) A], with contraction of
the b axis [before heating b = 14.2497(3) A; after heating b =12.170(3) A; Figure 2.2].
Similar reasonings have been given for other thermosalient events.!3 14 The authors
theorised that the absence of strong non-covalent interactions in the solid-state,
namely hydrogen-bonds, rendered the crystals susceptible to the explosive

thermosalient event.

Br "o, Br "o,
1 Fecl, Q_\ @
NaClO N AN
OH N N
MeOH T NHEt 320K \ NHEt
_— O Fe —_— O Fe \
2N~ e “* NHE e
Br NHEt 5 Al 0 rLJ 250 K o JJ//
&% &%
Br Br
Low-Spin Fe(ll) High-Spin Fe(lll

Scheme 2.1: Reaction scheme for the synthesis of an iron(IlI) Schiff base complex and its

associated thermally induced spin-crossover transition.12
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Figure 2.2: Application of heat (320 K) to single-crystals of an iron(III) Schiff base complex

causes a thermosalient event to occur. A large distortion in the solid-state packing can be
seen along the crystallographic b-axis of the structures taken before (left) and after (right)
heating. The iron(Il) complex is represented as red polyhedra and the chlorate counterions

are represented as green sticks for clarity.

Another example of a reaction which shows restorative lattice adaptivity, this time
caused by breakage and formation of covalent and non-covalent bonds, as well as
large crystallographic parameter changes was published by Tao et al.3 Here,
molecular single-crystals of [Zn(eg)3][SO4] (eg = ethylene glycol) undergo reversible,
thermally induced, elimination of ethylene glycol ligands in two SCSC steps, first
forming the helical 1-dimensional coordination polymeric material, [Zn(eg)2(u-
SO4)]n, then the 3-dimensionally structured material {[Zn(eg)2]Zn(u3-SO4)2}n
(Scheme 2.2). Both of these steps are associated with space group changes, starting
from the centrosymmetric space group P 21/n, to the chiral orthorhombic Sohncke

space group P 212121, to the polar Sohncke space group P 21 (Figure 2.3).
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Scheme 2.2: Reaction scheme of the thermally-induced two-step single-crystal to single-
crystal elimination of ethylene glycol from A/A-[Zn(eg)s;]SOs. This first forms the
intermediate one-dimensional coordination polymer [Zn(eg)2(u-SOs)],, which then

transforms into the three-dimensional coordination polymer {[Zn(eg)2]Zn(u3-SO4)2}n.
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Figure 2.3: Reversible two-step single-crystal to single-crystal transformation reported by
Tao et al.? A. Single-crystal structure of [Zn(eg)s;]SOs. The A and A stereoisomers crystallise
in parallel directions along the crystallographic a-axis. B. Solid-state structure of the
product of heating single crystals of [Zn(eg)s;]SOs to 366 K. C. The solid-state structure

obtained by further heating the sample to 422 K.
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Overall, the elimination of these chelating ligands causes a 50% decrease in volume,
while retaining crystallinity - one of the largest reported changes in volume
associated with a restorative lattice adaption. The formation of strong hydrogen
bonds between the ethylene glycol and the sulphate anions is attributed to the
remarkable crystalline elasticity of this system. The authors note however that the
‘single crystals suitable for SC-XRD analysis were carefully chosen from cracked
crystals,” highlighting degradation of bulk crystal quality, which is common among
SCSC transformations. It is noteworthy that the egress of ethylene glycol from the
crystalline material throughout the sequential SCSC transformations may be
essential to the formation of material retaining long-range order. The long-range
order of the material may be lost throughout the course of the reaction but regained

through phase rebuilding of damaged crystals.

2.1b Value of Halogenated Groups in Retention of Macroscopic
Crystallinity
As discussed in Chapter 1.6.2, halogenated groups appear to be important to
retention of macroscopic crystallinity during solid-state reactivity. This has been
reflected in lattice adaptivity,'® 15 as the weak, non-specific, and non-directional

nature of interhalogen interactions!® 17 can assist with solid-state plasticity to

overcome the mechanical stresses associated with these transformations.

This has been highlighted by the work of Naumov et al, who have studied the
crystal flexibility of hexachlorobenzene.’® The solid-state structure of

hexachlorobenzene reveals that the major intermolecular interactions within the
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crystal are Cl---Cl and mn---m, which operate along different planes. The non-
directional and non-specific nature of Cl---Cl interactions means that application of
external pressure to the (001) face causes deformation of the macroscopic crystal,
without loss of crystallinity. Conversely, application of external pressure along the
(100) face leads to breaking of m---11 interactions, causing the crystallite to fragment
(Figure 2.4). This demonstrates that interhalogen interactions can facilitate

plasticity within molecular crystals.

Gliding
! ’ | \ Gdng% '
Local pressure (P) K X Intermolecular Cl---Cl Bending possible
applied on (001) ) partner swapping

% g CI -Cl |nteractlons

* m---m interactions
of

R s 3

Local pressure (P) Bending requires breaking Bending not possible

applied on (100) of z---minteractions
Figure 2.4: Crystals of hexachlorobenzene can be bent when pressure is applied on the (001)
face, where intermolecular interactions are dominated by Cl---Cl interactions (top row).
When pressure is applied to the (100) face, the crystals break as the intermolecular

interactions are dominated by -1t interactions (bottom row). Image reproduced from ref.

18 with permission.
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Lattice adaptivity has also been investigated for a fluorinated organometallic
species by the same, and other, authors.1®.20 The fluorinated organometallic species,
[Pd(hfac)(phenylazophenyl)] (hfac = hexafluoroacetylacetonate, Figure 2.5),
thermally interconverts between five polymorphs.? These conversions are

associated with both positive and negative thermal expansion coefficients (Table

2.1, Figure 2.6).

Ph
[Pd(hfac){phenylazophenyl)]

Figure 2.5: Chemical structure of [Pd(hfac)(phenylazophenyl)], which undergoes thermal

interconversion between five polymorphs in the solid-state.19 20

Table 2.1: Comparison of unit cell parameters between determined polymorphs of

[Pd(hfac)(phenylazophenyl)].

92

Parameter Forma Form p Form y Form ¢

Temperature (K) 150 298 358 90
Space Group P1 P1 P1 P1

a,b,c(A) 8.138(4) 7.0160(2) 4.2736(5) 7.7972(2)

13.173(5) 11.6870(3) 13.5601(2) 13.2030(2)

16.240(6) 12.4659(3) 14.8046(3) 16.4284(3)

a, B,y ) 85.75(2) 63.1390(10) 83.307(8) 94.002(2)

81.91(2) 84.7600(10) 93.959(9) 87.307(3)

80.10(2) 80.9950(10) 76.843(7) 100.656(3)

Volume (A3) 1695.6(12) 900.38(4) 825.66(10) 1657.03(6)
zZ 4 2 2 4
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Figure 2.6: Phase transitions and solid-state structures of four of the five determined
polymorphs of [Pd(hfac)(phenylazophenyl)]. Forms a and p were determined by single-
crystal X-Ray diffraction, while y and & where determined by Rietveld refinement of
powder X-Ray diffraction data.20 Form (3 does not revert to form y in the solid-state,
suggesting  this is the  thermodynamically  preferred  polymorph  of

[Pd(hfac)(phenylazophenyl)].
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The authors also noted that the a—v transition is associated with a thermosalient
event where the crystals ‘fly off the hot stage,” without cracking of the crystals.1% 20
This thermosalient effect is due to the anisotropic extension of the crystallographic
a and b axes, with contraction of the c axis. The retention of single-crystallinity after
a violent thermosalient effect, and the observation of five distinct polymorphs
which can interconvert through thermal control, again highlights the function of

halogenated groups allowing for flexibility and plasticity of crystalline structures.

2.1c Aims and Objectives

In this chapter, the reaction of two cationic group 7 pincer complexes, [M(R-
PONOP)(L)(CO).][BArFs] [M = Mn, R = iPr, L = tetrahydrofuran (THF); M =Re, R =
tBu, L = vacant site; PONOP = x3-2,6-(R2PO).CsHsN; Arf = 3,5-(CFs)CsHs], with
carbon monoxide in solid/ gas reactions is reported. The reactions show significant
macroscopic fracturing of the crystals, with microcrystal Electron Diffraction
(MicroED) methods required to structurally analyse the resultant microcrystals
from the reaction with the manganese congener. The fracturing of the crystals is
shown to be due to significant reorganisation of the periodic structures due to
changes in the 2° microenvironment. Computational calculations were used to
investigate and metricise changes in non-covalent interactions and other inter-ion

contributions to the lattice adaption.
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2.2. Results and discussion

2.2a Acknowledgements

NMR tensor analysis and related NMR computational calculations were performed
by Dr Matthew Conley at the University of California, Riverside. Periodic density
functional theory (DFT) calculations, IGMH and QTAIM analyses were carried out
by Dr M. Arif Sajjad and Professor Stuart Macgregor at Heriot-IWatt University (now
University of St. Andrews). The collection, reduction and refinement of microcrystal
Electron Diffraction data was carried out by Miss Emily Thompson and Dr Huw
Jenkins at the York Structural Biology Laboratories at the University of York. Solid-state
NMR data were collected by Dr Samuel Page at the University of Durham Solid-State
NMR Service or Dr Matthew Gyton and Dr Laurence Doyle at the University of York.
Scanning Electron Microscopy (SEM) data were collected by Dr Adam Kerrigan at
the York-JEOL Nanocentre at the University of York. Gel Permeation Chromatography
(GPC) data were collected by Mr Mathew Cross at the University of York. All other
data were collected by the thesis author. The major results of this chapter have been

published in the literature (Chem. Commun., 2023, 59, 10749-10752). 21

2.2b. Synthesis and Characterisation of [Mn(‘Pr-

PONOP)(CO);I[BArE,]

2.2bi. Project Outline

Several geometric motifs of [BArFs]- anions around cationic organometallic moieties
have been shown to successfully sustain SCSC transformations. Namely, an

approximately octahedral arrangement of six anions around one cation (Figure 2.7),
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and an approximately bicapped square prismatic arrangement, where ten anions
are organised around two cations (Figure 2.7). Both of these arrangements have
both supported the formation and isolation of o-alkane complexes through the

stabilising inter-ion non-covalent interactions.? 22 23

Octahedral Bicapped Square Prismatic

Figure 2.7: Previously published geometric motifs of [BArf,]- anions which have supported
the formation of o-alkane complexes in the solid-state. [BArf,]- anions are mapped with a
van der Waals surface (yellow). Left: An approximately octahedral motif of six [BArFy]-
anions template around one cationic organometallic fragment.2* Right: An appropriately
bicapped square prismatic arrangement of ten [BArf;]- anions around two cationic

organometallic fragments.?

Recently, the Weller group have published research on the solid-state reactivity of

[Ir(Pr-PONOP)(propene)][BArF,], in which the R-PONOP ligand scaffold has been
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shown to template the bicapped square prismatic framework of anions which
appears to be favourable for solid-state reactivity.?> Looking to expand solid-state
molecular organometallic chemistry (SMOM-Chem) beyond group 9 metals, two
cationic manganese and rhenium R-PONOP complexes were designed and paired
with the [BArf4]- anion. As noted in Chapter 1.6.2, manganese and rhenium
complexes have been explored in solid-state chemistry, using
photocrystallographic techniques in porous materials such as metal-organic
frameworks (MOFs)20 27 and clathrates.?® Here, the solid-state reactivity of non-
porous, single-crystalline, molecular species of manganese and rhenium is reported.
The solid-state reactivity at the 1° coordination site induces large changes to inter-
ion non-covalent interactions (2° microenvironment) which was investigated
through periodic DFT calculations. The changes to the 2° microenvironment invoke
a lattice adaption in the 3° periodic structure of the crystal, which was characterised
by solid-state NMR spectroscopy and single-crystal X-Ray diffraction or

microcrystal Electron Diffraction techniques.

2.2bii. Synthesis and Spectroscopic Data

Starting from the previously reported complex, [MnBr(‘Pr-PONOP)(CO).],% halide
abstraction with Na[BArF4] in the weakly-coordinating solvent 1,2-F2CsHs under an
atmosphere of carbon monoxide (1 bar gauge pressure at 78 K) led to the formation
of [Mn(‘Pr-PONOP)(CO)s][BArFs] ([Mn-CO]). After removal of the solvent in vacuo,
extraction into CH2Cl; and layering with pentane, [Mn-CO] was isolated in 75%

yield as a crystalline solid (Scheme 2.3).
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F
o Na[BAI",] 2 o BAIs
O_’; 2 CO (1 bar gauge) O_|; 2
& "N—Mp—CO —— & “N—Mn—CO
/| 1,2-F,CeH, /|
L~ C N O_‘ C
IPrzo -Na IPrQO
[Mn-CO]

Scheme 2.3: Synthetic route to [Mn(Pr-PONOP)(CO)s][BArf,] ([Mn-CO]), starting from

[MnBr(iPr-PONOP)(CO),].

The solid-state ATR IR spectrum of [Mn-CO] reveals two CO stretching bands at
vco 2055 (w, s) and 1970 (s) cm! (Figure 2.8). The separation and intensity of these
peaks are indicative of the Cay mer-isomer of [Mn-CO],30-32as the symmetric stretch
of the axial carbonyl ligands (Ai1-symmetric) is only weakly-allowed due to the
minor change in dipole moment. Contrastingly, if the fac-isomer were to have
formed, the peak separation should be ca. 20 cm”, and both bands be of
approximately equal, medium intensity,3%-32 due to the significant increase in dipole

moment caused by each of the carbonyl vibrations in this isomer.
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Figure 2.8: ATR IR spectrum of [Mn-CO]. Carbonyl stretching bands are observed at vco

2055 and 1970 cm-1.

[Mn-CO] shows apparent C2, symmetry in solution, with one set of PPr resonances
in the solution 'H and 3C{IH} NMR (CD2ClL, 298 K) spectra (Figure 2.9). The
methine resonance (dn 3.00) is observed as a complex triplet of septets in the 1H
NMR spectrum due to the magnetically inequivalent 3P environments [3]. The
methine signal collapses upon 3P decoupling to a broad septet [3J(HH) = 7.0 Hz;
Figure 2.9]. Similarly, the two Pr methyl environments (6n 1.47, 1.37) are observed
as a pair of doublets-of-doublets in the TH NMR spectrum which collapse to
doublets [3J(HH) = 7.1 Hz, Figure 2.9] upon 3P decoupling. The solution 3P{1H}
NMR spectrum reveals one broad resonance (op = 225.2, FWHM = 165 Hz) due to
quadrupolar broadening from the >>Mn nucleus (I =5/2, 100% abundant Q = 0.33 x

1024 cm?).33
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Figure 2.9: Solution H (top) and 'H{31P} (bottom) NMR (600 MHz, CD,Cl,, 298 K) spectra of

[Mn-CO]. The insets depict the Pr methine resonance (6u 3.00) and Pr methyl

environments (6 1.47 and 1.37).

Solid-state 31P{1H} CP MAS NMR spectroscopy (10 kHz spin-rate, 298 K) of [Mn-
CO] further highlights the 31P-Mn quadrupolar coupling. This spectrum would be
expected to show two resonances due to the crystallographically independent 31
environments. However, at least seven resonances are observed (0p 227.5, 226.1,
2247, 223.2, 221.8, 220.5, 218.5) due to the trans 31P-31P coupling, mixed with
quadrupolar coupling to the I = 5/2 %Mn nucleus (Figure 2.10). The apparent 1J-
coupling constants of the trans-31P-31P and Mn-31P coupling are approximately

equal, with coupling constants between Japp ~ 215 - 300 Hz observed. Similar values
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of 5Mn-31P 1]-coupling constants have been reported for trans-[MnX(PPhs)(CO)4] (X

= Ph, Bz), where 1](MnP) = 245 and 252 Hz.34 35

*

235 230 225 220 215

5 (ppm) 5
* *
*
*
*
400 350 300 250 200 150 100 50 0 .50
0 (ppm)

Figure 2.10: Solid-state 31P{1H} CP MAS spectrum of [Mn(‘Pr-PONOP)(CO)s][BArF4] (162.02
MHz, 10 kHz spin rate, 298 K). Inset depicts fine coupling of isotropic chemical shift. &

denotes isotropic chemical shift. * denotes spinning side bands.

The solid-state 13C{ITH} CP MAS NMR spectrum for this compound is devoid of
resonances indicative of metal-bound carbonyl ligands, which resonate at ¢ 217.2
and 213.3 in the solution BC{1H} NMR spectrum. Carbonyl resonances are typically
low intensity due to their quaternary nature removing the potential for nuclear spin
polarisation transfer (Nuclear Overhauser Effect) from nearby proton relaxation.

These peaks are further broadened beyond detection3® 37 in this sample due to

101



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic
Group 7 Pincer Complexes

quadrupole coupling to ®Mn, as well as coupling to the crystallographically

inequivalent 31P environments.

2.2biii. Chemical Shift Anisotropy and Chemical Shift Tensor
Analysis of [Mn-CO]

The spinning side band intensity in the solid-state 31P{1H} CP MAS NMR spectrum
(Figure 2.10) indicates a large magnitude and direction of asymmetry of the
chemical shift tensors, known as the skew (x) of the chemical shift tensors [« = 3(022-
Oiso) /€2, where Q = 811-033].3% 3° The chemical shift tensors were quantified by
experiment and theory by computational NMR calculations [PBE0/SDD(Mn)/ 6-
31G** (C, H, O, P, N)]. The experimental spectrum linewidth was broadened to 500
Hz to reduce 1J(MnP) contributions to the resonances (Figure 2.11). The
computational NMR calculations were run on a DFT-optimised structure of isolated
{Mn(Pr-PONOP)(CO)s}*. Replicating accurate 3P NMR shieldings and chemical
shifts by computation is challenging due to the wide chemical shift range which can
span 2000 ppm, so differential from experiment of < 10% has been deemed to be
‘excellent.”40. 41 Given this, the NMR calculations compare very well with the

experimental values (Table 2.2).

Table 2.2: Experimental and calculated chemical shift tensors for {Mn(iPPr-PONOP)(CO)s}*.

Biso o1 02 033 K Q
Experimental 222 429 144 93 -0.70 336
Theory 241 486 151 87 -0.68 400
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Figure 2.11: Simulated (fop, red) and experimental (bottom, black, with 500 Hz line
broadening) solid-state 3P{1H} CP> MAS NMR spectra of {Mn(‘Pr-PONOP)(CO);}* used for

quantification of the chemical shift tensors.

The  transitions  contributing  to this  were also calculated
[PBEO/Mn(TZ2P)/P(DZP)/C,H,0,N(DZ)], with the major contributor (L;) to the
011 tensor was found to be the coupling between the orthogonal o(Mn-P) and o*(P-
O) bonds (Figure 2.12). The degree of coupling between the orthogonal orbitals can

be quantified by Equation 2.1, below.
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L.
.r_§| llJOCC)

(qjvac |Li |lpocc) <lpvac

AE"UCI.C—OCC

Ly =
Equation 2.1: Relationship of the integral overlap between two orthogonal orbitals,

(lpvac |Li |lpocc) (lpvac

% Wocc), their energy difference, AE, ;. cc, and the degree of coupling

between them, L.

a1

Figure 2.12: A) Orientation of the 611 chemical shift tensor in {Mn(‘Pr-PONOP)(CO)s}*. B)
The orthogonal coupling orbitals responsible for the highest contribution to the &n

chemical shift tensor. Left: o(Mn-P). Right: o*(P-O).

The strong coupling between the orthogonal o(Mn-P) and o*(P-O) orbitals is
therefore found to be the cause of the asymmetry of the 31 chemical shift tensors of
[Mn-CO]. This may be due to the integral overlap of these orbitals being
significantly larger than that of the 622 and 633, or, more likely, due to the small

energy difference between o(Mn-P) and o*(P-O).
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2.2biv. Single-Crystal X-Ray Diffraction Analysis of [Mn-CO]

Colourless crystals of [Mn-CO] suitable for single-crystal X-Ray diffraction analysis
were grown from layering a CH>Cl, solution with pentane at room temperature.
The single-crystal X-Ray structure of [Mn-CO] collected at 150 K reveals the
complex crystallises in the triclinic space group, P1, where two cationic complexes
are encapsulated by ten anions which occupy the bicapped square prismatic

arrangement (Figure 2.13).

Figure 2.13: Left: Single-crystal X-Ray structure of isolated cation of [Mn-CO]. Hydrogen
atoms omitted for clarity. Thermal displacement ellipsoids displayed at 50%. Selected bond
lengths and angles: Mn1-P1 = 2.2505(7) A; Mn1-P2 = 2.2492(9) A; Mn1-C1 = 1.8588(19) A;
Mn1-C2 =1.800(3) A; Mn1-C3 = 1.8483(19) A; Mn1-N1 = 2.047(2) A; P1-Mn1-P2 = 160.50(3)°;
C1-Mn1-C3 = 173.99(12)°. Right: Packing of [BArF]- anions around cations in [Mn-CO],
forming a bicapped square prismatic arrangement. The anions are mapped with a van der

Waals surface (yellow).
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o

The Mn-P bond lengths are crystallographically identical [Mn1-P1 = 2.2505(7) A,
Mn1-P2 = 2.2492(9) A], as are the axial Mn-C bond lengths [Mn1-C1 = 1.8588(19) A,
Mn1-C3 = 1.8483(19) A]. The equatorial Mn-C bond is shorter than the axial bonds
[Mn1-C2 = 1.800(3) A] reflecting the weaker trans influence of the pyridyl group

compared to carbonyl. The axial and equatorial C-O bond lengths are

crystallographically identical [C1-O1 = 1.135(2) A; C2-02 = 1.148(3) A; C3-03 =
1.142(2) A], therefore detailed interpretation on the reduction in C-O bond order
based on the trans ligand is not valid from the SC-XRD data. The axial carbonyl
ligands are slightly tilted away from parallel [C1-Mn1-C3 angle = 173.99(12)°],

pushed forwards from the pyridyl backbone of the ligand.

The donating and accepting properties of the PONOP ligand can be compared to
the PNNNP [2,6-(1Pr.PNH)CsHsN] ligand, through the solid-state structure of the
cationic species, [Mn(Pr-PNNNP)(CO)3]Br (Figures 2.14 and 2.15), reported by
Boncella and co-workers.?? For this complex, the Mn-P bond lengths are slightly
longer, at 2.2626(11) A. The axial Mn-C bond lengths are 1.851(7) and 1.852(7) A
and the equatorial Mn-C bond length is 1.808(4) A. The C-O bond lengths are very
similar to [Mn-CO)], but slightly shortened [C1-O1 = 1.124(10) A; C2-O2 = 1.134(6)
A; C3-03 =1.135(9) A]. From these data we can suggest that PNNNP and PONOP
are likely similar in their o-donating properties, but PONOP is a stronger m-acceptor.
This is also reflected in the ATR IR data for [Mn(Pr-PONOP)(CO)s]Br, where the
CO stretching frequencies are significantly red-shifted (PNNNP vco = 1996 - 1826
cml; PONOP vco = 2055, 1970 cm), implying reduction in C-O bond order

compared to [Mn-CO].
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Figure 2.14: Chemical structure of the cationic pincer complex, [Mn(‘Pr-PNNNP)(CO)s]Br,

reported by Boncella and co-workers.?

Figure 2.15: Solid-state structure of the cationic component of [Mn(Pr-PNNNP)(CO);]Br,
reported by Boncella and co-workers.2? The complex lies on a crystallographic two-fold

position, such that both phosphorus atoms and nitrogen atoms are symmetry-related.

2.2bv. Solid-State Photochemistry of [Mn-CO]

As discussed in Chapter 1.6.2, the Champness and George groups have
investigated the solid-state photochemistry of manganese and rhenium halide

carbonyl complexes [MX(diimine*)(CO)3] (M = Mn or Re; X = Cl or Br; diimine* =
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5,5'-dicarboxylate-2,2’-bipyridine) supported in a close-packed MOF.2¢
Isomerisation from the fac- to mer- isomers was observed by FTIR and SC-XRD
(Figure 1.13). Further to this, the Champness and Sumby groups have published
further photochemistry of [MnBr(bis-pyazole)(CO)s] supported in a porous, open-
packed MOF where carbonyl loss, followed by coordination of THF from the

solvent channels of the MOF was observed (Figure 1.13).%

Inspired by these reports, it was proposed that [Mn-CO] would be photochemically
active in the solid-state, potentially providing an electronically- and coordinatively-
unsaturated species, [Mn(IPr-PONOP)(CO).][BArfs] (Scheme 2.4). To assess
whether electronic transitions associated with population of an Mn-CO non-
bonding or anti-bonding orbital were accessible through UV-excitation, time-
dependent DFT [TD-DFT; PBE(0/def2-TZVPP/def-ecf(Mn)] calculations were
performed on a geometry optimised [BP86/def-SV(P)/ def-ecp(Mn)] isolated cation
of [Mn-CO]. A transition was found at 356 nm, with 73% of the wavefunction
corresponding to an excitation from the HOMO -3 (d,.) to the LUMO which is a

non-bonding combination of the Mn 4.? orbital and the C-O m*-antibonding orbital

(Figure 2.16).
o) |E;ArF4 BArF,
C | i
o—JPr2 hv o—rpPr
/
Cgieo o N yfeo
o- i 0-
'Przg Solid-State Pr, 8

Scheme 2.4: Proposed reaction scheme of photo-induced carbonyl ligand loss in the solid-

state from [Mn-CO] to yield an electronically- and coordinatively-unsaturated complex.
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HOMO -3 LUMO

Figure 2.16: Time-dependent DFT calculated orbitals involved in the electronic transition
associated with an absorption at 356 nm. The ground-state is dominated by the HOMO -3
(left) which is mostly a non-bonding d. orbital. The excited-state is dominated by the

LUMO (right) which is a non-bonding combination of the 4., orbital with CO m*-character.

Despite the reports by Champness, Sumby and George, and the promising TD-DFT
data, no photochemical reactivity (365 nm LED) was observed in the solid-state for
[Mn-CO] under a range of conditions: in vacuo (< 1 x 102 mbar), ethylene, propylene,
butene, isobutylene, nitrous oxide, dihydrogen or dinitrogen atmospheres. The
difference in photochemistry between this study and the published studies from
Champness and Sumby is likely due to the local solid-state environment of the
organometallic fragments. Degenerate isomerisation of [Mn-CO] would be
undetectable if the reactivity were reminiscent of the close-packed MOF example,
and the porosity of the open-packed MOF structure gives space for the photoejected
carbonyl ligand to diffuse away from the metal fragment without recombination,

which is non-trivial in a non-porous molecular solid such as [Mn-CO].
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2.2c. Synthesis and Characterisation of [Mn(‘Pr-

PONOP)(THF)(CO);]J[BAtt,] *Vohexane

2.2ci. Synthesis and Spectroscopic Data

Due to the lack of photoactivity of [Mn-CO] preventing formation of an
unsaturated species, a complex which could operate as a “‘masked” source of the
desired low-coordinate species was designed. A carbonyl ligand was replaced by a
THEF ligand, which is expected to be weakly bound to a Mn(I) centre, allowing for

substitution chemistry to be achieved.

Amine-oxides, such as trimethylamine N-oxide (TMAO), are known to react with
metal-carbonyl complexes to irreversibly form trimethylamine and CO; (Scheme
2.5).42 Therefore, a slight excess (1.05 equiv) of TMAO was added to [Mn-CO] in
THEF solution. After thorough removal of the volatiles in vacuo, extraction into THF
and recrystallisation by layering with hexane, the desired complex, [Mn(Pr-
PONOP)(THF)(CO)2][BArf4] *%2 hexane ([Mn-THF]) was obtained as bright orange

crystals in 65% yield (Scheme 2.6).

G

5]
Mfc\\ —~ co,
o NMe,

Scheme 2.5: Reaction mechanism of the reaction between trimethylamine N-oxide and a

metal-carbonyl complex.
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Scheme 2.6: The reaction of [Mn-CO] with trimethylamine N-oxide in THF solution yields

[Mn-THF].

Solution NMR spectroscopic data show that [Mn-THEF] is fluxional in solution,
showing time-averaged Cz, symmetry on the NMR timescale at 298 K, as evidenced
by a single CO resonance in the solution 3C{1H} NMR spectrum (6c = 225.7). The
solution TH NMR (CD2Clz, 298 K) spectrum of [Mn-THF] shows extremely broad
and featureless resonances associated with the THF ligand and the Pr methine
environments (8 = 4.0 - 1.5; Figure 2.17), which become more resolved at 248 K
(Figure 2.18). The fluxional behaviour of [Mn-THEF] is attributed to the de-
coordination and recombination of the THF ligand (Scheme 2.7), which may be
intra- or intermolecular, rather than THF rotation around the Mn-O bond due to
the presence of a single well-resolved carbonyl resonance in the solution 3C{H}
NMR spectrum. Although, [Mn-THF] undergoes slow decomposition in CD2Cl> to
form paramagnetic side products and [Mn-CO] through CO scavenging, CD2Cl,
was chosen as the deuterated NMR solvent as all other common deuterated solvents
lead to immediate decomposition of the bulk sample. THF-ds was not used to ensure

resonances associated with the bound THF ligand could be observed.
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Figure 2.17: Solution 'TH NMR (600 MHz, CD>Cly, 298 K) spectrum of [Mn-THF]. * denotes

[Mn-CO] which forms from CO-scavenged decomposition of [Mn-THF] in CD>Cl. solution.

# denotes co-crystallised hexane.
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Figure 2.18: Variable temperature 'H NMR (500 MHz, CD:Cl,) spectra of [Mn-THEF]
recorded at 298 K (bottom) and 248 K (top). In the 248 K spectrum, resonances at &u 3.77,
2.34,1.83 and 1.63 are attributed to the THF ligand, and resonances at &n 2.98, 2.66 and 2.19

are attributed to the IPr methine resonances. * denotes [Mn-CO] which is formed as a CO-

scavenged decomposition product in CD>Cl. § denotes an unknown impurity.
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Scheme 2.7: The degenerate isomerisation process of de-coordination and recombination
of THF from [Mn-THF] which shows time-averaged Cz, symmetry on the NMR timescale

at 298 K.
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The solid-state 31P{1H} CP MAS NMR spectrum (10 kHz spin rate, 298 K) of [Mn-
THEF] reveals a broad peak formed of at least four environments (6p 234.6, 232.6,
230.8, 227.4) which is best rationalised as two crystallographically independent 31P
environments with trans 31P-31P coupling (Figure 2.19). Due to the reduced local
symmetry compared to [Mn-CO], the quadrupolar >Mn-31P coupling is not clearly
resolved. Importantly, the spectrum is devoid of any peaks originating from [Mn-
CO] showing that the decomposition products observed in the solution NMR
spectra are due to reactivity with the solvent and the bulk sample does not contain

[Mn-CO] starting material or decomposition products in the solid-state.

240 235 230 225 220
d (ppm) *

E 3
* * *
M ﬂ JL L L Mo
560 520 480 440 400 360 320 280 240 200 160 120 80 40 0
0 (ppm)
Figure 2.19: Solid-state 3'P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectrum of [Mn-

THEF]. Inset depicts the isotropic chemical shift resonance (denoted as 8). * denotes spinning

side bands.
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The ATRIR (nujol mull) spectrum of [Mn-THF] reveals two peaks of approximately
equal intensity at vco 1963 and 1891 cm-! (Figure 2.20) for the carbonyl stretching
frequencies. The equal intensity of these bands shows that the carbonyl ligands are
separated by approximately 90°. The bands are significantly red-shifted with
respect to [Mn-CO] (cf. 2055 and 1970 cm!) representing the removal of a strongly

n-acidic carbonyl ligand, reducing competition for electron density.

0.9

0.2 “\ﬂ

2950 2450 1950 1450 950 450
Wavenumbers / cm

Figure 2.20: ATR IR spectrum of [Mn-THF] in a nujol mull. Carbonyl stretching bands are

observed at vco 1963 and 1891 cm-1.

2.2cii. Single-Crystal X-Ray Diffraction Analysis of [Mn-THF]

Bright orange block-like crystals of [Mn-THF] suitable for SC-XRD analysis were
obtained by layering a THF solution of [Mn-THF] with hexane at room temperature.
The single-crystal X-Ray diffraction data for [Mn-THF] give data for a perfect

pseudo-merohedrally twinned monoclinic cell (space group P 21/n; 3 = 90°% a = 0.5;
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where { is the crystallographic angle, and a represents the fractional volume of the
crystal’s minor twin domain, 0 <a < 0.5). A pseudo-merohedral twin is a case where
a crystal system which should usually not be capable of producing twins, can be
twinned due to the unit cell parameters. A monoclinic cell such as P 21/n can
emulate an orthorhombic cell’s metric symmetry due to the 3 angle being very close

to, or equal to, 90°.43 44

In the single-crystal X-Ray structure, the THF ligand is found to be trans to a
carbonyl, as expected based on the strong n-acceptor properties of CO (Figure 2.21).
As expected based on the ATR IR spectrum (Section 2.2ci), the C1-Mn1-C2 angle
(carbonyl separation) is 88.0(2)°. Similarly to [Mn-CO], two cations are found

within a bicapped square prismatic arrangement of ten [BArF,]-anions (Figure 2.21).
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Figure 2.21: Left: Solid-state structure of the cationic component of [Mn-THF]. Hydrogen
atoms are omitted for clarity. Displacement ellipsoids displayed at 50%. Selected bond
lengths and angles: Mn1-P1 = 2.2529(14) A; Mn1-P2 = 2.2569(14) A, P1-Mn1-P2 = 162.29(6)°;
Mn1-N1 = 2.027(4) A; Mn1-C1 = 1.781(5) A; Mn1-C2 = 1.789(5) A; C1-Mn1-C2 = 88.0(2)°;
Mn1-O3 = 2.146(4) A. Right: Approximate bicapped square prismatic arrangement of ten
[BArFy]- anions around the cationic organometallic fragment. [BArF4]- anions mapped with

van der Waals surface (yellow) and THF ligand is represented in blue for clarity.

The unit cell of [Mn-THF] contains 2 equivalents of co-crystallised hexane, which
due to the twinned data necessitated isotropic modelling and restraining the
geometry with bond length and angle restraints. The THF ligand and co-crystallised
hexane are not removed under vacuum (< 1 x 10-3 mbar) over 72 hours. The axial
and equatorial Mn-CO bond lengths are crystallographically identical [Mn1-C1 =
1.781(5) A, Mn1-C2 = 1.789(5) A] reflecting similar trans influences of THF wvs

pyridyl, with the THF and axial CO ligand almost co-linear [178.75(16)°]. The
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backbone of the THF ligand is disordered over two positions and is located within

a cleft formed by aryl groups on the [BArfs]- anion (Figure 2.22).

§e
V4>

Figure 2.22: The THF ligand of [Mn-THEF] is located within a cleft of ArF groups of a

neighbouring [BArf,]- anion in the solid-state. All non-THF hydrogen atoms omitted, and
THF carbon atoms are represented in blue, for clarity. Displacement ellipsoids displayed at

50%.

2.2d. Attempted Synthesis of [MnBr(:Bu-PONOP)(CO);]

In addition to synthesising a “‘masked’ low coordinate species in the form of [Mn-
THEF], increasing the steric bulk of the phosphinite R-groups was attempted to
produce a species more likely to dissociate CO. The Kirchner group has recently
published that the reaction between MnBr(CO)s and tBu-PNNNP [2,6-

(BBuePNH)CsHsN]  yields  [Mn(‘Bu-PNNNP)(CO)2]Br  (Scheme 2.8).45 DFT

118



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic
Group 7 Pincer Complexes

calculations revealed that coordination of CO to this electronically- and

coordinatively-unsaturated species was endothermic due to the steric bulk of the

tBu groups.
N
»! %
i~ t
Bu,”HN™ N7 “NHP'Bu, H Bup
%, | . N—P 0
M. » & N—wmnl
OC( <|: \CO 1,4-dioxane, 80 °C AN— / TCo
0o 2 hours Bu,

-3 CO

Scheme 2.8: Synthesis of an electronically- and coordinatively-unsaturated Mn(I) complex

reported by Kirchner and co-workers.#

Owing to this report, tBu-PONOP* [2,6-(‘BuxPO)CsHsN] was combined with with
MnBr(CO)s under a range of experimental conditions. Unfortunately, no repeatable
procedure could be realised, and solution NMR spectroscopic studies were
hindered by paramagnetic broadening. A small crop of crystals was isolated from
one of these attempted syntheses, from which SC-XRD data elucidated [Mn(‘Bu-
PONOP)(CO).][MnBr3(THF)] (Figure 2.23) as one of the species formed through
this reaction. Compared to the Kirchner group’s finding, the free bromide anion
formed in the reaction of [MnBr(CO)s] and tBu-PONOP causes undesirable
decomposition, likely representing the weaker P-O bond strength compared to P-
N. This decomposition species is similar to that published by the Beller group which
was formed as a decomposition product in N-heteroarene hydrogenation by

MnBr(CO)s (Scheme 2.9).47
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Figure 2.23: Chemical structure of a complex which was observed through reaction of

MnBr(CO)s with tBu-PONOP. No repeatable procedure was found for this complex.
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Scheme 2.9: The formation of a Mn(Il) anionic decomposition product through

stoichiometric hydrogenation of quinoline, reported by Beller.”

2.2e. Synthesis of [Re(!Bu-PONOP)(CO).][BArt,4]

2.2ei. Synthesis and Spectroscopic Data

The unsuccessful synthesis of [Mn(Bu-PONOP)(CO):|Br led to attempts to
synthesise the rhenium congener. It was hypothesised that the increased atomic
radius from the 3d to 5d metal may facilitate the large steric bulk of the tBu-PONOP
ligand. Stirring a mixture of ‘Bu-PONOP and ReBr(CO)s in toluene at 95 °C for 18
hours caused a colour change from colourless to bright yellow. The reaction mixture
was cooled, dried under vacuum, washed with pentane, and extracted into diethyl
ether to give [ReBr(‘Bu-PONOP)(CO):] ([Re-Br], Scheme 2.10) as a yellow

microcrystalline solid in 70% yield on a gram scale.

120



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic
Group 7 Pincer Complexes

~
| P Z O—|— ‘Bu,
t t
Oc, | 0 Bu,PO N OP'Bu, =~ N\Ré__co
N
Re - O /(l:
c” | ¢ 0 ‘Bu,
o) C 0 Toluene, 95 °C (0]
[e) 18 hours [Re-Br]
-3CO

Scheme 2.10: Synthetic route to [Re-Br]. Addition of tBu-PONOP to ReBr(CO)s in toluene

at 95 °C for 18 hours yields [Re-Br] in 70% yield.

The solution TH NMR spectrum (CeDs, 298 K) of [Re-Br] exhibits Cs symmetry, with
two inequivalent 'Bu resonances (6n 1.66, 1.32) detected as very strongly coupled
virtual triplets which collapse to singlets upon 3P decoupling [6n 1.66: Z{3](PH) +
5[(PH)} = 15.3 Hz; 61 1.32: Z{3J(PH) + 5/(PH)} = 14.1 Hz]. The solution 3'P{1H} NMR
spectrum reveals a single sharp resonance at &p 196.0. The carbonyl resonances are
both observed in the solution 3C{IH} NMR spectrum as broad signals without

distinguishable 31P coupling, at 6c 206.2 and 198.9.

2.2eii. Single-Crystal X-Ray Diffraction Analysis of [Re-Br]

Crystals of [Re-Br] suitable for single-crystal X-Ray diffraction were grown from
slow diffusion of pentane into a toluene solution at -30 °C. [Re-Br] crystallises in the
orthorhombic space group P na2; and the structure reveals a highly distorted
octahedral coordination geometry. The bromide ligand is trans to a carbonyl but
strongly distorted from co-linear [Br1-Rel-C1 =169.12(16)°] and the pyridyl group
is tilted towards the bromide ligand [N1-Rel-Br1 = 82.30(12)°, N1-Re1-C1 =108.5(2)°,

Figure 2.24].
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Figure 2.24: Single-crystal structure of [Re-Br]. The complex exhibits a strongly distorted
octahedral geometry, with a very acute Br-Re-N angle. Hydrogen atoms omitted for clarity.
Thermal displacement ellipsoids displayed at 30%. Selected bond lengths and angles: Rel-
Brl = 2.6696(7) A; Rel-P1 = 2.4036(15) A; Re1-P2 = 2.4105(16) A; Rel-C1 = 1.872(5) A; Rel-
C2=1.925(6) A; Rel-N1 = 2.175(5) A; P1-Rel-P2 = 153.83(5)°; Brl-Rel-N1 = 82.30(12)°; N1-

Rel-C1 = 108.5(2)°; C1-Rel-C2 = 84.0(3)°.
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2.2f. Synthesis and Characterisation of [Re(*Bu-

PONOP)(CO),J[BArt,]

2.2fi. Synthesis and Spectroscopic Data

The strongly distorted octahedral geometry of [Re-Br] suggested that the steric bulk
of the tBu-PONOP ligand scaffold could support a vacant coordination site. [Re-Br]
was added dropwise to a solution of Na[BArfy] in 1,2-F2CgHy, causing an immediate
colour change from yellow to deep orange/red. The reaction mixture was
precipitated with hexane, extracted into CH2Cly, and layered with hexane at room
temperature to form bright red block-like crystals of [Re(tBu-PONOP)(CO)2][BArF]

([Re], Scheme 2.11) in 80% yield.

. BArF,

= \ O‘ _ tBu2 Na[BAI’ 4] O tBU2
y ) J—

=~ N\Re_co 1,2 F206H4 Y \N_Re/_CO

—_— J—
O— /(I: Na o /l
t - -

e tBu28
[Re-Br] [Re]

Scheme 2.11: Synthetic route to [Re], by addition of Na[BAr¥,] to [Re-Br].

Only one carbonyl resonance is observed in the solution C{1H} NMR spectrum
[CD2CI, 298 K, 6. = 198.8, t, 2J(PC) = 5 Hz] and one 'Bu group is observed in the
solution 'H NMR spectrum (6x 1.32) as a strongly coupled virtual triplet [Z{3](PH)
+5J(PH)} = 16.1 Hz] which collapses to a singlet upon 3P decoupling (Figure 2.25).
The spectra are hence indicative of rapid intramolecular exchange on the NMR
timescale to give time-averaged Czy symmetry in solution at 298 K (Scheme 2.12).
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Infrared spectroscopic data of [Re], both in solution and in the solid-state, show two
approximately equal intensity carbonyl stretching bands around 1965 and 1893 cm-
1 (Figure 2.26) which suggests a structure with two inequivalent carbonyl groups

separated by ~90°.

B
A

, 1.42 1.38 1.34 1.30 1.26
I e 5 (o)

5 (ppm)
Figure 2.25: Solution 'H (bottom) and 'H{3'P} (top) NMR (500 MHz, CD.Cl,, 298 K) spectra

of [Re]. The inset depicts the 'Bu methyl resonance (6u 1.32). * denotes [Re(‘Bu-

PONOP)(CO)s][BArf,] which forms in solution through CO-scavenged decomposition.
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Figure 2.26: ATR IR spectrum of [Re]. Carbonyl stretching bands are observed at vco 1965

and 1893 cm-.
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Scheme 2.12: Degenerate isomerisation process of [Re] which is rapid on the NMR

timescale at 298 K.
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2.2fii. Single-Crystal X-Ray Diffraction and DFT Calculations

of [Re]

Crystals of [Re] suitable for single-crystal X-Ray diffraction experiments were
grown by layering a CH2Cl, solution of [Re] with hexane at room temperature, to
yield bright red, block-like crystals. [Re] crystallises in the triclinic space group, P
1. The solid-state structure of the cation reveals a square-based pyramidal structure
[t5 = 0.26,48 49 C1-Rel-C2 = 85.08(16)° at 110 K; Figure 2.27]. The trans-influence of
the pyridyl is displayed by the lengthening of the Re1-C2 bond compared to the
Rel-C1 bond which is trans to the vacant site [Re1-C1 = 1.863(3) A cf. Rel-C2 =

1.927(4) Al.

Figure 2.27: Solid-state structure of cationic fragment of [Re] collected at 110 K. Hydrogen
atoms omitted for clarity and displacement ellipsoids displayed at 50%. Selected bond
lengths and angles: Rel-P1 = 2.3845(10) A; Rel-P2 = 2.3841(9) A; P1-Rel-P2 = 155.34(4)°;

Rel-N1 = 2.150(3) A; Re1-C1 = 1.863(3) A; Rel-C2 = 1.927(4) A; C1-Rel-C2 = 85.08(16)°.
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[Re] was investigated with variable temperature SC-XRD studies between 110 K
and 298 K. No disorder was found in the carbonyl ligands at 298 K (Figure 2.28)
showing that the fluxional isomerisation process is not active in the solid-state. The
crystallographic, solution NMR and infrared spectroscopic data are supported by
computation as (periodic) DFT calculations show that the ground-state structure of
[Re] is a square-based pyramidal complex which interconverts by a rocking motion.
The energy barrier to this rocking transition state is 3.4 kcal mol-! in solution but

increases to 19.4 kcal mol! when calculated within the unit cell of [Re].

Figure 2.28: Structure of {Re('Bu-PONOP)(CO),}* cation as determined by single crystal X-
Ray diffraction at 298 K. Hydrogen atoms omitted for clarity. A map of the residual electron
density indicates no sign of positional disorder of the carbonyl environments in the solid-

state.
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Similar to [Mn-CO] and [Mn-THF], [Re] exhibits a bicapped square prismatic
arrangement of ten [BArf4]- around two crystallographically equivalent {Re(*Bu-
PONOP)(CO).}* cations (Figure 2.29). The vacant site of the cation is at the “surface’

of this arrangement of anions, rather than in the centre.

Figure 2.29: Approximately bicapped square prismatic arrangement of ten [BArF,]- anions

around two cations found in the solid-state structure of [Re].

Interestingly, the electronically and coordinatively unsaturated rhenium complex
has one short Re-C distance [Re1-C22 = 3.122(4) A] and a compressed Rel-P2-C22
angle compared to the opposite Rel-P1-C7 angle [107.83(13)° vs 117.49(14)°; Figure
2.30]. This could indicate a C-H agostic interaction® present at the vacant site
(Re---H distance not directly observed as hydrogen atoms not readily located in X-

Ray diffraction data due to the weak scattering power of hydrogen, hydrogen atoms
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geometrically placed and allowed to ride on their parent atoms) as has been noted
in previous work on close C-H approaches to metal centres.” However, the solid-
state BC{1H} CP MAS NMR (10 kHz, 298 K) and solution TH NMR (CD:Cl, 193 K)
spectra are devoid of upfield resonances relative to the tBu methyl groups, which
would be expected if an agostic interaction were present.>0 52 53 Furthermore,
Quantum Theory of Atoms in Molecules (QTAIM)5* 5> studies could not locate a
Re:-H-C bond path (Figure 2.31). DFT geometry optimisation [PBE//def-
ecp(Mn/Re)//6-31G**] of the isolated [Re('‘BuPONOP)(CO)]* cation results in
both Re-P-C bond angles becoming equivalent (113.9°) and the Re-C22 distance
increasing to 3.43 A. It is therefore suggested that the contortion of the Bu methyl
group towards the rhenium centre is not due to an agostic interaction, but due to
steric pressure from the solid-state environment, which has been noted

previously.>

o

Figure 2.30: The Re-P-C angle is compressed, with one short Re---C contact [3.122(5) A]

which could suggest the presence of an agostic interaction.
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Figure 2.31: Molecular graph for the {Re('‘Bu-PONOP)(CO)2}* cation. Intramolecular non-
covalent bond paths are shown with a dotted line, with bond critical points shown in green.
Note that atomic labels differ from the rest of the text. QTAIM analysis5* was employed

through the AIMALL program.>”

2.2fiii. Attempted Synthesis of o-Dihydrogen Adducts of [Mn-
THF] and [Re]

With the wealth of research on the synthesis of o-dihydrogen adducts of
coordinatively unsaturated manganese5®-% and rhenium complexes®l-%> it was
reasoned that dihydrogen should react with [Mn-THF] and [Re] to yield readily
accessible o-dihydrogen complexes. Treating a solution of [Re] in CD.Cl; with H»
(1 bar gauge, Scheme 2.13) lead to no reaction at room temperature as determined
by 'H and 3'P{*H} solution NMR spectroscopy. Cooling the sample to 193 K enabled

observation of a small set of signals (~10% NMR yield) in the 'H solution NMR

130



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic
Group 7 Pincer Complexes

spectrum which were consistent with formation of a 0-Hz adduct: a broad resonance
at 61 -2.85; a new, poorly resolved 'Bu resonance at 61 1.39; and a new meta-PONOP
resonance at &y 6.84 (Figure 2.32). Additionally, there is a new signal in the 31P{1H}
solution NMR spectrum at 6p 203.0 (cf. starting material &p 213.2). All the resonances
assigned to the o-H> complex were lost when the sample was warmed to 200 K. No
reaction of [Re] with H> was observed in the solid-state as determined by single-

crystal X-Ray diffraction.

BArF4 F
'Bu, H, (1 bar gauge) H-—H BAr,

O0— Bu
. CcD,Cl, o—‘- 2
N—Ré— /
C((—N /R|e co —_— ¢ ‘N—/R|e—co
O_
C O-
1)
BuZO IBUZS

[Re]

Scheme 2.13: Attempted synthesis of a 0-dihydrogen adduct of [Re]. An NMR tube of [Re]
in CDxCl, was back-filled with H> (1 bar gauge) and analysed by solution NMR

spectroscopy. A small conversion (~10%) was achieved at 193 K.
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Figure 2.32: 'H solution NMR (500 MHz, 193 K, CD>Cl) of the reaction of [Re] with H in
CD:Cl. The inset depicts a broad resonance at 65 -2.85 which is assigned to the o-Hz adduct.
The para-PONOP proton associated with the o-H> complex is coincident with the ortho-
BArF, resonance. # denotes free Hy, 3 denotes CD,HCI which is a solvent impurity and *

denotes an unknown impurity.

No reactivity was observed between [Mn-THF] and dihydrogen under a range of
pressures in solution or in the solid-state. In solution, THF is in a significant excess
compared to dissolved Hz and therefore must outcompete the H> for binding at the
transient vacant site. In the solid-state, THF may bind more strongly to the

manganese centre than Hy, or the activation barrier of decoordination of THF in the
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solid-state, followed by THF egress from the crystals, is too high for reactivity to be

observed.

2.2g. Lattice Adaptivity Induced by Solid/Gas Reactions of [Mn-

THF] and [Re]

2.2gi. Solid-State Reactivity of [Mn-THF] with Carbon
Monoxide

Addition of CO (1 bar gauge) to crystalline samples of [Mn-THF] (Scheme 2.14)
causes the material to change in colour from bright yellow to colourless (Figure
2.33). It is immediately obvious that the reaction is diffusion controlled as larger
crystals react far slower (days to weeks) than finely ground material (28 hours, as
determined by solid-state 3P{ITH} CP MAS NMR spectroscopy, vide infra). The
reaction is a disintegrative solid-state reaction as the crystals are internally
shattered, as seen in the scanning electron microscopy (SEM) images before and
after CO addition, which show significant cracking on a pm scale (Figure 2.34). The
internal fracturing of the crystals leaves behind smaller crystalline domains (~50
pum), as shown by SEM, which are far too small to be suitable for SC-XRD studies.
The reaction was repeated on a range of crystal sizes (0.1 mm?3 to 2 mm3) as smaller
crystals have been shown to be less susceptible to cracking under solid/gas
reactions,!!- % however all attempts at finding suitable material for SC-XRD studies

from this reaction failed.
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Scheme 2.14: In-Crystallo reaction of microcrystalline [Mn-THF] with CO to form [Mn-CO].
The time of this reaction is highly dependent on crystallite size, with macrocrystalline

samples requiring days to weeks.

Figure 2.33: Optical microscopy image under plane polarized light of crystals of [Mn-THF]
before (left) and after (right) exposure to CO (1 bar gauge, 48 hours). The colour change
from yellow to colourless is clearly observed. Larger crystals remain yellow at the centre,
indicating the reaction is diffusion ordered. Post-exposure to CO crystals can be seen to be

extensively cracked internally.
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Figure 2.34: Scanning Electron Microscopy (SEM) images of [Mn-THF] before (A) and after
(B) exposure to CO (1 bar gauge, 28 hours). The surfaces of the crystals are smooth and well
defined before exposure to CO. After exposure, splintering and cracking of the crystal is

clearly observed.

The solid-state 31P{IH} CP MAS and 13C{IH} CP MAS NMR spectra (10 kHz, 298 K)
show that the reaction quantitatively forms [Mn-CO] in the solid-state (Figure 2.35).
The resonances remain sharp after the reaction indicating that the reaction
maintains short-range order. The same pattern of peaks from two
crystallographically independent 3'P environments, their respective trans-coupling
and the 5Mn-31P quadrupolar coupling found in [Mn-CO], showing local
symmetry is retained in the 31P{IH} CP MAS NMR spectrum. Dissolution of the
product of this reaction into CD2Cl> shows the clean formation of [Mn-CO], and

liberation of free THF and hexane by 'H and 3'P{'H} NMR spectroscopy.
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Figure 2.35: Solid-state 31P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectra of [Mn-THF]

(bottom) and [Mn-CO] (top) formed by addition of CO (1 bar gauge, 28 hours) to [Mn-THEF]
in the solid-state. The inset depicts the isotropic chemical shift resonance (denoted ). *

denotes spinning side bands.

2.2gii. Microcrystal Electron Diffraction Studies

Microcrystal Electron Diffraction (MicroED) is a structure elucidation technique
which utilises electrons, rather than X-Rays or neutrons.®” Electrons interact with
chemical matter much stronger than X-Rays or neutrons, meaning extremely thin
crystalline samples are required (< 500 nm depth)® to allow for the electrons to pass
through the sample. This has benefits where macroscopic crystals suitable for SC-

XRD analysis cannot be obtained, which was first applied to protein
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crystallography. 7 71 Gince then, MicroED methods have been utilised in
organometallic and main group chemistry to structurally characterise Schwartz’s
reagent ([{Cp2ZrCl}2(p2-H)2]),”> a copper-carborane cluster,”> and a rhodium o-

alkane complex (Figure 2.36).74
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Figure 2.36: Organometallic complexes structurally characterisated by MicroED methods.
Left: Schwartz’s Reagent.”2 Middle: A copper-carborane tetramer.” Right: A Rh(I) o-alkane

complex.74

The SEM images of [Mn-THF] exposed to CO showed small crystalline domains
remaining among a fractured crystal. Therefore, it was hypothesised that the loss in
‘macroscopic’ long-range order on X-Ray diffraction regimes could be

circumvented through MicroED methods.

A microcrystalline sample of [Mn-THF] was reacted with CO (1 bar gauge) for 28
hours and deposited onto Quantifoil Cu R2/4 transmission electron microscopy

(TEM) grids in an Ar-filled glovebox. The TEM grids were analysed by MicroED
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methods’>7> (Figure 2.37). Eight independent datasets collected from regions of
fractured crystallites (~1 um3, Figure 2.37) were merged to give 95.3% completeness
with 0.83 A resolution. The MicroED data confirms the substitution of the THF
ligand with CO at the metal centre (Figure 2.38). The data and model statistics are
standard for electron diffraction data’27* (Rint = 17.48%, R1 = 15.14% and wR2 =

40.84%).

Figure 2.7: Microcrystal Electron Diffraction methods were used to structurally characterise
the products of the reaction of [Mn-THF] with CO in the solid-state. A) ATLAS view of a
larger crystallite, imaged by TEM. B) TEM image of a cracked edge of the larger crystallite
from A, which was analysed by MicroED. C) Example diffraction frame from the MicroED

analysis. Diffraction peaks are present out to 0.83 A.
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 O1

, et

Figure 2.38: Solid-state structure of [Mn-CO], synthesised by addition of CO (1 bar gauge,
28 hours) to [Mn-THF] in the solid-state, as determined by MicroED methods. Hydrogen

atoms are omitted for clarity. Displacement ellipsoids displayed at 50%.

Also evident within the solid-state structure are significant changes in the 2°
microenvironment and 3° periodic structure. The transformation is associated with
a space group change from P 2i/n to P 1, the unit cell volume is reduced by
approximately 11% {[Mn-THF]: Z = 4, V = 6306.0(2) As; [Mn-CO]: Z =2, V =
2835.6(3) A3; Table 2.3} and the THF ligand and co-crystallised hexane are lost. The
solid-state structure of [Mn-THF] showed that the THF ligand was encapsulated

within a cleft formed by a neighbouring [BArfs4]- anion (Figure 2.22). The
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substitution of the THF ligand in [Mn-CO] causes this [BArf4]- anion to ‘swing’ in
and reorientate (Figure 2.39). In [Mn-THF] the cations were orientated in a
herringbone formation perpendicular to the crystallographic c-axis (Figure 2.40).
The cations are rearranged into a parallel formation perpendicular to the
crystallographic a-axis in the product (Figure 2.40). This dramatic transformation is
likely largely responsible for the extreme fracturing of the crystals during the
reaction. Additionally, the loss of lattice hexane and bound THF from the
crystallites, as well as the large energy release from the reaction may play a part in
crystal degradation. It is proposed that, despite the extensive restructuring of the
material, the fluorus groups on the [BArfi]- anion is responsible for providing

sufficient plasticity for crystallinity to be maintained on a microscopic scale.

Table 2.3: Comparison of selected crystallographic parameters between [Mn-THF] and
[Mn-CO].

140

[Mn-THF] [Mn-CO] [Mn-CO]
(MicroED) (Recrystallised, SC-
XRD)
Temperature 150.00(10) 80(2) 149.95(10)
(K)
Crystal System Monoclinic Triclinic Triclinic
Space Group P21/n P1 P1
Z 4 2 2
a,bc(A) 19.6838(4), 13.0245(6), 12.9543(6), 14.1111(6),
23.8631(6), 14.1722(9), 17.0692(8)
13.4251(3) 17.0849(12
a, P,y () 90, 90, 90 105.823(5), 105.704(4), 106.445(4),
106.400(5), 97.358(4)
97.542(5)
Volume (A3) 6306.0(2) 2835.6(3) 2809.2(2)



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic
Group 7 Pincer Complexes

Figure 2.39: Rearrangement of [BArFfy]- anion motifs from [Mn-THF] (left) to [Mn-CO]
(right). The THF ligand (blue) is located in a cleft of Arf rings in [Mn-THEF]. The

neighbouring [BArF4]- anion reorientates in [Mn-CO].

Figure 2.40: Rearrangement of the 3° periodic structure from a herringbone-type
arrangement in [Mn-THEF] (left) to a parallel arrangement in [Mn-CO] (right). Cationic

components are represented as purple spheres of arbitrary radius.
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2.2giii. Solid-State Reactivity of [Re] with Carbon Monoxide

In a similar fashion to [Mn-THF], addition of CO (1 bar gauge) to [Re] (Scheme 2.15)
causes the sample to change from deep red crystals, to colourless over 4-5 hours.
Full completeness of this reaction occurs over approximately 24 hours, as
determined by solid-state NMR spectroscopy. This example is also a disintegrative
reaction, with significant degradation of crystalline integrity. In contrast to the
example of [Mn-THF], the crystalline integrity degradation is not from internal
fracturing of the crystals, but the surfaces fragment into microcrystalline material,
which could be observed by optical microscopy (Figure 2.41). Unfortunately, high
resolution SEM images could not be obtained for the material either before or after

the reaction due to high electron beam sensitivity of the samples.

BAIT, o —‘ BArF,
0——~'Bug CO (1 bar gauge) 0—?— 'Bug
& N—Ré—CO 7 SN—Ré—CO
- f’fI: Solid-State - |
Bu, 24 Hours Bu, 8
[Re] [Re-CO]

Scheme 2.15: Inn Crystallo reaction of [Re] with CO to form [Re-CO] in the solid-state.

Figure 2.41: Optical microscopy images of [Re] (leftf) and [Re-CO] (right) formed by
addition of CO (1 bar gauge, 5 hours) to [Re] in the solid-state. The surfaces of [Re-CO]

formed through this reaction have fragmented into a microcrystalline material.
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Despite the surface fracturing and degradation of crystalline integrity, internal
long-range order was retained, and structural analysis was achieved using SC-XRD,
which confirms the formation of [Re-CO] (Figure 2.42). The SCSC transformation
and crystalline integrity degradation is associated with only a modest impact on the
data and model statistics compared to that found for [Re] ([Re]: Rint = 4.01%, R1 =
4.07%, wR2 = 10.63%; [Re-CO]: Rint = 8.89%, R1 = 5.35%, wRa = 14.60%). The
coordination of CO to the vacant site of [Re] to produce [Re-CO] causes the ‘Bu
methyl group which is in close proximity to the Re centre in [Re] to be thrust away
from the metal and the Re-P-C angle to be opened [Re-C distances range 3.847(4)
-4119(8) A, Re1-P2-C21 = 119.4(4)°]. The axial carbonyl ligands are distorted from
co-linear [C1-Rel-C3 = 163.5(2)°] and tilted towards the equatorial carbonyl [C1-

Rel-C2 = 80.5(2)°, C2-Rel-C3 = 83.0(2)°].
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Figure 2.42: Solid-state structure of [Re-CO]. Hydrogen atoms omitted for clarity.
Displacement ellipsoids displayed at 50%. Selected bond lengths and angles: Rel-P1 =
2.4177(3) A; Rel-P2 = 2.4212(13) A; P1-Re1-P2 = 153.65(5)°; Re1-N1 = 2.172(4) A; Rel-C1 =
1.977(6) A; Rel-C2 = 1.942(6) A; Rel-C3 = 2.024(5) A; C1-Rel-C2 = 80.5(2)°; C2-Rel-C3 =

83.0(2)°.

No change in space group is observed in the SC-XRD data for [Re] compared to
[Re-Br] (P 1), and only a modest change in the 3° periodic structure is noted. The
single-crystal X-Ray data for [Re-CO] exhibits no space group change occurs (P - 1)
and a very modest change in the 3° periodic structure is observed (Figure 2.43). The
unit cell parameter changes are far smaller than that observed in the transformation
of [Mn-THF] to [Mn-CO] (Table 2.4), which is expected based on the smaller
change at the 1° coordination site and the related impact on the 2°

microenvironment and 3° periodic structure. A slight movement of the three

144



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic

Group 7 Pincer Complexes

[BATrF,]- anions which were located closest to the vacant site is noted [B---B distances,
[Re]: 9.214(8) - 14.4679(2) A; [Re-CO]: 9.134(12) - 14.1715(3) A], but more noticeable
is a reordering of the cations {[Re]: O1.--O1 intermolecular distance = 5.348(9) A,

O1---01-C1 angle = 107.6(3)°; [Re-CO]: O1---O1 intermolecular distance: 3.482(10) A,

O1---01-C1 angle = 125.5(5)°}.
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Figure 2.43: Slight change in 3° periodic structure from [Re] to [Re-CO]. Cations are

represented as blue spheres of arbitrary radius.

Table 2.4: Comparison of selected crystallographic parameters between [Re] and [Re-CO].

[Re] [Re-CO]
Temperature (K) 110.00(10) 109.95(10)
Crystal System Triclinic Triclinic
Space Group P1 P1
Z 2 2
a, b, c(A) 12.74810(10), 14.4679(2), 12.9529(4), 14.1717(3),
17.4995(2) 16.8449(5)
a, B,y () 107.7110(10), 94.0020(10), 97.370(2), 94.209(3),
98.7510(10) 96.468(2)
Volume (A3) 3015.62(6) 3034.93(15)
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2.2giv. Solid-State NMR Spectroscopy Analysis

The solid-state 31P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectra of [Re] and
[Re-CO] both reveal broad, featureless resonances (Figure 2.44) at &p 216.3 ([Re];
FWHM = 1950 Hz) and 200.6 ([Re-COJ]; FWHM = 2100 Hz). Importantly, the signal
of [Re] is not observed in the spectrum for [Re-CO], reflecting that this is a bulk

transformation, rather than a transformation of a single crystal.

400 350 300 250 200 150 100 50 0
5 (ppm)
Figure 2.44: Solid-state 3'P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectra of [Re] (top)

and [Re-CO] (bottom). The isotropic chemical shift resonances are denoted by 8. * denotes

spinning side bands.
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2.2gv. Periodic DFT Investigation of the Nature of Lattice
Adaptivity in the Reaction of [Mn-THF] with Carbon Monoxide

Periodic DFT calculations [PBE-D3/DZVP-MOLOPT-SR-GTH(Mn)] were utilised
to examine the lattice rearrangement associated with the THF /CO substitution (Mn)
reaction. In the first instance, a proto-structure of [Mn-CO] was calculated, [Mn-
COJ*, which is a computational model of the structure of [Mn-CO] within the unit
cell of [Mn-THF]. [Mn-COJ* was found to be 66.0 kcal mol-! less stable than [Mn-
CO], when optimised within the unit cell of [Mn-THF]. This shows there is a very
large thermodynamic driving force towards lattice reorganisation towards [Mn-

CO].

To understand the foundation of this large energy difference of the unit cell,
individual ion pairs energies were calculated between one manganese cation and
the five nearest neighbours in the bicapped square prism of [BArF4] anions (the
other cation and five anions are crystallographically related by symmetry and so Y4
of the unit cell for [Mn-THF] and V2 of the unit cell for [Mn-CO] is sufficient for
calculations). By calculating the ion pair energies with, and without, Grimme’s D3
dispersion correction,”® dispersion effects could be quantified between the ions. An
Independent Gradient Model with Hirshfeld partitioning (IGMH) plot”” was also
calculated for each of the ion-pair interactions to visualise the dominating non-
covalent interactions between the ion pairs. The ion-pair (IP) in which the THF
ligand is located within the cleft on the local [BArf4]- anion (IP1, Figure 2.45) is
responsible for the largest ion pair energy, 64.4 kcal mol-, of which 13.3 kcal mol!

is due to the dispersion energy. The IGMH isosurface highlights the major non-
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covalent interactions, which are dominated by THF methylene C-H---11 interactions
to the ArF, and minor contributions from THF methylene C-H---F and Pr C-H.--F
interactions to the ArF CFs; groups (Figure 2.45). After THF/CO substitution, the
THE---ArF interactions are lost and only the iPr C-H---F interactions remain in [Mn-
COJ* (Figure 2.45), reducing IP1 energy by 16.3 kcal mol-!, of which 6.7 kcal mol-!
(~40% of the contribution) is due to the loss in dispersion energy. The remainder of

the loss in ion pair energy is likely due to inter-ion electrostatic interactions.

Experimental : Theoretical : Experimental
0 [Mn{CO,)(THF)|[BAF ] ! [Mn(CO,)][BAF] D ! [Mn(CO,)][BAr] 0
: { ! I
. ! !
SR '
\ 1 1
1 1
XA 1 | I
| ’ |
0.27 | 007 | ORY
86*n  DE (kcal/mol) = 13.4 . DE (kcal/mol) = 6.6 g DE (kcal/mol) = 5.28 56>~
1 1

Figure 2.45: Independent Gradient Model with Hirshfeld Partitioning (IGMH) plots for IP1
in [Mn-THF] (left), [Mn-CO]J* (centre) and [Mn-CO] (right). Cations and anions are defined
as separate fragments; sign(\2)p-coloured isosurfaces are plotted with 6Ginter = 0.003 a.u;

relative atomic contributions coloured by % 6Gatom; DE = dispersion energy.

The ion pair consisting of the pyridyl group’s closest approach to the [BArfs]- anion
(IP3) shows the next largest decrease in energy, with a loss of 4.2 kcal mol-!, of which
2.1 kcal mol is due to dispersion (Figure 2.46). The IGMH plots look very similar
for IP3 for [Mn-THF] and [Mn-COJ¥*, but for [Mn-THF] some weak THF methylene
C-H.--F interactions are present which are lost in [Mn-CO]*. The remainder of the
three ion pair energy differences are very small and all exergonic (2.0 - 0.5 kcal mol-
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1) with minor contributions from dispersion energy (0.3 - 0.1 kcal mol-1). When
summed across all five ion pairs the total energy change is +17.6 kcal mol-!, and IP1

is responsible for >92% of this energy.

[Mn-COJ*

[Mn-THF] [Mn-COJ*

AE(IP1) = 64.4 (13.3) kcal/mol AE(IP1) = 48.1 (6.6) kcal/mol AE(IP4) = 52.0 (7.9) keal/mol AE(IP4) = 52.5 (7.6) kcal/mol
0.00 I 027 56 em 0.00 I 000 0.00 I 0 12 °e5G e oo0 S N 0 1?
\
4 P4
* /
AE(IP2) =50.8 (7.3) kcal/mol AE(IP2) =51.4 (7.1) kcal/mol AE(IPS) =36.6 (3.2) kcal/mol AE(IPS) = 38.6 (3.1) kcal/mol
0.00 NN 0.0 %56 0.00 NN o.10 0.00 I 005 %5Gtem 0.00 [N 0.06

AE(IP3) = 60.6 (11.1) kcal/mol AE(IP3) = 56.4 (9.0) kcal/mol

0.00 G 019 %56 0.0 IG— 13

Figure 2.46: IGMH plots for IP1 - IP5 in [Mn-THF] and its equivalent in [Mn-CO]* after
THEF/CO substitution. Cations and anions are defined as separate fragments; sign(\2)p-
coloured isosurfaces are plotted with 8Ginter = 0.003 a.u; relative atomic contributions
coloured by %06Gatem, The ion-pair interaction energies are also indicated (kcal/mol) with

the contribution from dispersion in brackets.
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AE(IP1) = 63.8 (11.5) keal/mol AE(IP2) =51.9 (8.4) keal/mol AE(IP3) =41.5 (5.3) keal/mol

0.00 I 014 %56 0.00 G 0.1 %5c*>" 000 G .11

AE(IP4) = 52.1 (8.7) keal/mol AE(IPS) = 63.5 (12.1) keal/mol

0.00 [ 0.17  %3Gom 0.00 I 0.26
Figure 2.47: IGMH plots for IP1 - IP5 of [Mn-CO]. Cations and anions are defined as
separate fragments; sign(\2)p-coloured isosurfaces are plotted with 8Ginter = 0.003 a.u;
relative atomic contributions coloured by %08Gatom, The ion-pair interaction energies are

also indicated (kcal/mol) with the contribution from dispersion in brackets.

2.2gvi. Periodic DFT Investigation of the Nature of Lattice

Adaptivity in the Reaction of [Re] with Carbon Monoxide

The above analysis was also carried out for the CO addition to [Re] [PBE-
D3/DZVP-MOLOPT-SR-GTH(Re)], by calculating the respective [Re-CO] proto-
structure, [Re-CO]J*, using the same protocol. [Re-CO]J* is 15.0 kcal mol-! less stable

than [Re-CO] when optimised within the unit cell found by experiment. The
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thermodynamic driving force favouring lattice rearrangement being significant but
less than for [Mn-THF]/[Mn-CO] is to be expected given the smaller change
around the metal site and expected non-covalent interactions in the solid-state. In
this case, the sum of each of the five ion pairs is much smaller (+3.3 kcal mol1) and
the ion pair closest to the added CO, IP1 (Figure 2.48), contributes -5.4 kcal mol-, of
which 1.6 kcal mol-! is due to dispersion. The largest contribution to the ion pair
energies is the movement of the ‘Bu group on the PONOP ligand which was
previously in close proximity to the Re centre towards an adjacent [BArF4]- anion

(IP2, AE = +7.3 kcal mol1).
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[Re] [Re-CO]*
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0.00 [EEEEG— 0.08

AE(IP1) = 45.7 (6.3) keal/mol
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Figure 2.48: IGMH plots for IP1 - IP5 in [Re] and its equivalent in [Re-COJ* after THF/CO

substitution. Cations and anions are defined as separate fragments; sign(\z)p-coloured

isosurfaces are plotted with 8Ginter = 0.003 a.u; relative atomic contributions coloured

by %®&Gatem, The ion-pair interaction energies are also indicated (kcal/mol) with the

contribution from dispersion in brackets.
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P X il

AE(IP1) =40.2 (5.2) keal/mol AE(IP2) = 48.2 (7.1) keal/mol AE(IP3) = 66.2 (14.0) kcal/mol
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AE(IP4) = 67.5 (13.1) kcal/mol AE(IPS) =56.4 (11.9) kcal/mol

0.00 I 0.22 %5G*°" 0.00 [N 0.15
Figure 2.49: IGMH plots for IP1 - IP5 of [Re-CO]. Cations and anions are defined as
separate fragments; sign(\2)p-coloured isosurfaces are plotted with 8Ginter = 0.003 a.u;
relative atomic contributions coloured by %08Gatom, The ion-pair interaction energies are

also indicated (kcal/mol) with the contribution from dispersion in brackets.

It is important to note that the exergonic nature of these reactions, both from the
CO binding energy and from the thermodynamics of the lattice rearrangements,
may also be a factor in the degradation of macroscopic crystalline integrity in both

reactions.
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2.2h. Attempts to prevent crystal cracking during the reaction of

[Re] with CO

2.2hi. Solvent heat sink

As noted in Section 2.2gvi above, the exergonic nature of the CO binding to [Re]
may have a significant impact on the crystalline integrity of [Re-CO]. Previously, it
has been reported that a stable, exceedingly insoluble o-alkane complex,
[Rh(dcpe)(NBA)][BArSH,] {NBA = norbornane, ArS¥ = 3,5-(SF5)Ce¢Hs)}, could be
suspended in pentane without rapid, large-scale decomposition via anion
coordination to form the corresponding zwitterionic complex [Rh(dcpe)(ne-
ArSF5)BArSF;].74 It was reasoned that suspending crystals of [Re] in pentane may
provide an alternative route for this heat to escape the crystals. Approximately 10
mg of [Re] was suspended in 5 mL of pentane, the solvent degassed, cooled to 0 °C
and back-filled with CO (1 bar gauge). The suspension was kept at 0 °C for 5 hours.
While [Re-CO] was formed, the desired retention of macroscopic crystalline
integrity was not achieved, as the sample steadily became a white microcrystalline

solid over the course of the reaction.

2.2hii. Cationic Lewis Acid polymerisation of ethyl vinyl ether
by [Re]

Vinyl ethers, in particular ethyl vinyl ether (EVE), are common substrates for
cationic polymerisation reactions.”8-81 Polymerisation of EVE on crystal surfaces has
been reported for [Rh(dcpe)(NBA)][BArfy] [dcpe = 1,2-

(dicyclohexyl)phosphinoethane, Scheme 2.16] which produced a crystalline sample
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of a o-alkane complex which was air tolerant, due to surface passivation from the

polymer coating.80

%\O/\ ﬁ

Ethyl Vinyl Ether vapour Cy, {
> TN _-H &

15 minutes Rh==H, F

Solid-State > @ A’i

Scheme 2.16: Solid-state reaction between [Rh(dcpe)(NBA)][BArf,] with ethyl vinyl ether,

forming a crystalline Rh(I) o-alkane complex encapsulated with poly(ethyl vinyl ether).8

The [Re] system is pre-configured for crystal surface, cationic Lewis Acid
polymerisations, due to the vacant site at the Re centre. It was reasoned that coating
the crystalline material of [Re] with poly(ethyl vinyl ether) may prevent crystal

fracturing during addition of CO.

F
‘\BAF4 /\0/\

o— 'Bu, OEt
C\(N—Re—co » [Re] @
—<_ /| Solid/Gas
ct)B—uz 8 24 Hours n
[Re]

Scheme 2.17: Synthesis route applied to coat single-crystals of [Re] with poly(ethyl vinyl

ether).

For this reaction, a H-flask was fitted with an adapted ] Youngs tap with a needle
inserted into the base (Figure 2.50).80 Crystals of [Re] were affixed to the needle with
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a small amount of silicone vacuum grease. EVE (~0.1 mL) was then vacuum
transferred to the opposite side of the H-flask and the apparatus sealed under
vacuum (<1 x 10-2 mbar). Warming the apparatus to room temperature allowed the
EVE to diffuse throughout the H-flask (EVE boiling point = 33 °C), and EVE
polymerisation began on the surfaces of the crystals within minutes. Prolonged
reaction times (24 hours) causes the polymer to grow large enough to fall from the

surface of the crystals and collect at the bottom of the ampoule.

Figure 2.50: H-flask and adapted ] Young tap with crystalline samples of [Re-BAr¥,]

mounted using silicone vacuum grease.

Cationic polymerisations in the solid-state should in theory always be living
polymerisations due to a lack of termination mechanisms. Therefore, one would

expect that the polymers formed through this method would possess highly
156



Chapter 2 - In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic
Group 7 Pincer Complexes

homogeneous polymer lengths, ie. a low polydispersity index (D = Mw/Mnu). Gel
permeation chromatography (GPC) data of polymer formed on the surfaces of the
crystals shows the polymer has a weight average molecular weight (Mw) of ~25800
g mol! and a polydispersity of 1.1 (Figure 2.51). Interestingly, the polymer which
condensed at the bottom of the ampoules was much more disperse in nature (b =
2.5) with an Mw of ~14200 g mol! (Figure 2.51). A proposed mechanism for the

cationic Lewis Acidic polymerisation in this case is shown in Scheme 2.18.

10 80 | M,=14200 g mol’
M, = 25800 g mol’* 70 #-25
#=11

=0
24 ] 2 50
= H © 40
@ .
= 4 & 3p
20
? 10
0 0
423 433 4.43 453 4.63 473 28 3.3 38 43 48
Molecular Weight (Log M,,) Molecular Weight (Log M,)

Figure 2.51: Gel Permeation Chromatography (GPC) traces of poly(ethyl vinyl ether)
formed from Lewis Acid catalysed solid-state polymerisation. Left: Polymer sample
remaining on crystalline samples. Right: Polymer sample which was no longer attached to

the surface of the metal.

OEt = €}
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U EtO
1,
O—\- Bu,
— p Et0” o _].-'Bu, . 5 -Bu,
N—Re—CO ——= R / p— /
=" /|® N—Re—CO 7 “N—Re—CO
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g, C - |
Bu; © - c - ¢
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Scheme 2.18: Proposed mechanism of cationic Lewis Acidic catalysed ethyl vinyl ether

polymerisation. [BArF,]- anions omitted for clarity.
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The polymer-coated crystals were examined by SEM, however, the samples were
too beam sensitive for the coating to be imaged. Furthermore, single-crystal X-Ray
diffraction experiments on the polymer coated samples were devoid of diffraction

peaks, which precluded further experiments with CO addition.

2.3. Conclusions

It has been demonstrated that ionic organometallic systems can be remarkably
adaptive in the 2° microenvironment and 3° periodic structure from changes in the
1° coordination site. The coordination sphere of the cationic organometallic
fragment induces significant changes in the non-covalent interactions with
neighbouring [BArF4]- anions, which causes reorganisation of the 3° periodic
structure. The fluorous groups of the [BArF,]- anion are attributed to the retention
of bulk crystallinity due to the plasticity they provide, as has been noted in previous
work,1820 due to the non-specific and non-directional nature of interhalogen
interactions.1®17 In silicio studies of this system involving the use of proto-structures
to investigate thermodynamic driving forces to 3° periodic structure alterations is

novel and has potential as a predictive tool for lattice adaptivity.

MicroED methods have been utilised to circumvent crystallographic issues
associated with the loss of macroscopic long-range order due to crystal cracking.
These findings may be applicable to related studies where crystalline integrity is

impacted through solid-state reactivity and adaptivity.
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2.4 Future Work

This work could be extended to further understand the effects of ligand substitution
and addition in the solid-state. For example, reactivity of [Mn-THF] with cyclic
ethers similar to THF, such as oxetane or 1,4-dioxane, could provide information on
how smaller ligand substitutions at the 1° coordination site can influence the 3°
periodic structure. Furthermore, [Re] could be varied by changing the '‘Bu groups
of the PONOP ligand to 1-adamantyl groups. In terms of percent buried volume at
the metal, the steric bulk of the 1-adamantyl group is similar to that of the ‘Bu
groups. However, the larger van der Waals radius of the 1-adamantyl group may
have significant implications on the solid-state 2° microenvironment and the 3°
periodic structure. Finally, the fluorine content of the anion can be altered. The
[BPhy]- anion, and the 3,5-F2CsHs and FsCs aryl derivatives synthesised to further

investigate the importance of the interhalogen bonds in providing crystal plasticity.

2.5 Experimental

2.5a. General Experimental

All manipulations, unless otherwise stated, were performed under standard
Schlenk line and glovebox (<0.5 ppm O2/H20) techniques under an argon (BOC,
N4.8 purity), carbon monoxide (CK Gases, N3.7 purity) or nitrogen atmosphere.
Glassware was dried overnight at 140 °C and flame dried under vacuum before use.
Pentane, hexane, CH>Cl> and toluene were dried using a commercially available
Grubbs-type purification system (Innovative Technology) and degassed with three

freeze-pump-thaw cycles and stored over 3 A molecular sieves (CH>Cl> and toluene)
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under argon in resealable glass ampoules fitted with PTFE high vacuum stopcocks
(Rotaflo HP or J. Young). CsHsF (pre-treated with alumina), 1,2-C¢HaF> (pre-treated
with alumina) and CD2Cl> were dried over CaH,, vacuum transferred, degassed
with three freeze-pump-thaw cycles, and stored over 3 A molecular sieves.
Tetrahydrofuran (THF) was dried over Na/benzophenone, distilled, degassed with
three freeze-pump-thaw cycles and stored over 3 A molecular sieves. Na[BArF,],82
iPr-PONOP,8% tBu-PONOP,# [Mn(‘Pr-PONOP)Br(CO)2]? and ReBr(CO)s%* were
synthesised according to literature methods. All other chemicals were from
commercial sources and used without further purification. Solution state NMR data
were collected on a Bruker AVIIIHD 500 MHz or AVIIIHD 600 MHz Widebore
spectrometer at the temperatures specified. The solution 'H and 3C{ITH} NMR
spectra were referenced to the residual solvent peaks. Assignments were aided with
TH{31P} solution NMR data. 31P{1H} and "'B{'H} solution spectra were referenced
externally to 85% H3POs in DO and 5% BF3*OEt2 in CsDg, respectively. Solid-state
NMR samples were prepared in an argon-filled glovebox by pre-loading 60-100 mg
of crushed material into a 4.0 mm zirconia solid-state NMR rotor and sealed with
Kel-F, vespel or zirconia caps. Solid-state NMR data were obtained on Bruker
Avance III HD spectrometers, operating at 100.63 MHz (13C{'H}), 100.56 MHz
(13C{'H}), 162.04 MHz (3'P{'H}), 161.99 MHz (3'P{'H}) or 376.5 MHz (1°F{1H}) at the
MAS rates and temperatures specified. All BC{IH} CP MAS spectra were referenced
to adamantane where the upfield methine resonance was taken to be 6c = 29.5 ppm,
secondarily referenced to 6c(SiMes) = 0.0 ppm. 31P{1H} CP MAS spectra were

referenced to triphenylphosphine (6p = -9.3 ppm relative to H3POs4) or calcium
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hydrogen phosphate (6r = 1.4 ppm relative to HsPOa). 1F{1H} HPDEC MAS spectra
were referenced to CFsCOOH/HO (50% v/v, 6 -76.54 ppm relative to CFCls).
Solid-state NMR spectra were recorded at varied MAS rates to determine isotropic
chemical shifts. Electrospray ionisation mass spectrometry (ESI-MS) was carried
out using a Bruker MicrOTOF instrument by Mr Karl Heaton at the University of
York Centre of Excellence in Mass Spectrometry. ESI-MS for [Mn(Pr-
PONOP)(THF)(CO).][BArfs] was collected using a modified glovebox directly
attached to a Bruker HCT-II ion trap. Elemental microanalyses were performed by
Dr Graeme McAllister at the University of York, or by Ms Orfhlaith McCullough at

London Metropolitan University.

2.5bi. Preparation of [Mn(‘Pr-PONOP)(CO);3l[BArt,], [Mn-CO]

An ampoule was charged with [Mn('Pr-PONOP)Br(CO).] (283 mg) and Na[BArF,]
(5612 mg). Fluorobenzene (30 mL) was vacuum transferred onto the solids. The
ampoule was backfilled with CO (1 bar gauge) at 78 K, warmed to room
temperature and stirred for 18 hours. The reaction mixture became cloudy during
this time, presumably due to NaBr precipitation. The solution was degassed and
the product precipitated by addition of pentane (200 mL). The product was isolated
via cannula filtration. The product was extracted into CH>Cl> (20 mL), cannula
tiltered, then precipitated with pentane (200 mL). The solids were washed with
pentane (3 x 10 mL) and dried in vacuo to yield the complex as a microcrystalline
white powder (536 mg, 75% yield). Crystals suitable for single-crystal X-Ray
diffraction were obtained by layering a CHCl, solution with pentane at room

temperature.
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TH Solution NMR (600 MHz, CD:Cl, 298 K): 61 7.78 (t, JJun = 8.1 Hz, 1 H, para-
PONOP), 7.72 (s, 8 H, ortho-BArty), 7.56 (s, 4 H, para-BAr¥,), 6.85 (d, 2Jun = 8.0 Hz, 2
H, meta-PONOP), 3.00 (virtual m, 4 H, PCHMe»), 1.47 (virtual dd, 12 H, PCHCH3),

1.37 (virtual dd, 12 H, PCHCHs).

TH{31P} Solution NMR (600 MHz, CD>Cl, 298 K): 611 7.77 (t, 2Jun = 7.9 Hz, 1 H, para-
PONOP), 7.71 (s, 8 H, ortho-BAr¥s), 7.56 (s, 4 H, para-BArts), 6.85 (d, ZJun =7.4 Hz, 2
H, meta-PONOP), 3.00 (br sept, Jun = 7.0 Hz, 4 H, PCHMe»), 1.47 (d, Jun = 6.0 Hz,

12 H, PCHCH3), 1.37 (d, ZJun = 6.9 Hz, 12 H, PCHCH3).

31P{1H} Solution NMR (242.95 MHz, CD2Cl;, 298 K): 6p 225.2 (br s, FWHM = 165

Hz).

BBC{1H} Solution NMR (150.91 MHz, CD>Cly, 298 K): &c 217.2 (br, equatorial CO),
213.3 (br, axial CO), 162.9 (virtual t, ortho-PONOP), 162.2 (q, 'Jsc = 50 Hz, ipso-BArFy),
145.6 (s, meta-PONOP), 135.2 (s, ortho-BArFs), 129.3 (qq, ?Jcr = 32 Hz, 4Jcr = 3 Hz,
meta-BAr¥s), 125.0 (q, Jcr = 271 Hz, CFs), 117.9 (sept., 3Jcr = 4 Hz, para-BArts), 105.4

(s, para-PONOP), 33.0 (virtual t, PCH(CHa)z2), 17.2 (s, PCH(CHz3)), 17.0 (s, PCH(CHa)).

11B{1H} Solution NMR (192.53 MHz, CD:Cly, 298 K): 5 -6.6 (s, BATFs).

31P{1H} CP SSNMR (162.06 MHz, 10 kHz spin rate, 298 K): &p 227.5, 226.1, 224.7,

223.2,221.8,220.5, 218.5.

BBC{TH} CP SSNMR (100.66 MHz, 10 kHz spin rate, 298 K): &c 164.7, 163.68, 146.5,
138.4, 135.6, 134.6, 132.2, 131.5, 130.5, 125.9, 120.1, 119.3, 106.4, 103.8 (BArFs; and
PONOP environments), 38.5, 27.8 (methine), 19.7, 17.9, 17.4 (\Pr methyl groups). CO

resonance was not observed.
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IR (ATR) vCO 2055 (w, s), 1970, (br, s) cm1.
ESI-MS my/z (CH2Cl2) found (calc): C20H31MnNOsP2 482.1066 (482.1058).

Elemental analysis calc for Cs2Ha3BF2sMnNOsP2: C 46.42; H 3.22; N 1.04; found: C

46.34; H3.17, N 1.12.

2.5bii. Preparation of [Mn(iPr-PONOP)(THF)(CO).][BAr4],
[Mn-THF]

Tetrahydrofuran (THF, 5 mL) was added to an ampoule charged with [Mn(Pr-
PONOP)(CO)s][BArFs] (233 mg) and trimethylamine N-oxide (15 mg). A deep
orange solution formed immediately. The solution was stirred at room temperature
for 1 hour. The volatiles were thoroughly removed under reduced pressure, the
solids taken up in THF (2 mL), isolated via cannula filtration and layered with

hexane at room temperature to yield the complex as bright orange needles (156 mg,

65% yield).

TH Solution NMR (600 MHz, CD:Cl,, 298 K): &1 7.86 (t, 2Jun = 8.0 Hz, 1 H, para-
PONOP), 7.72 (br s, 8 H, ortho-BArFs), 7.56 (s, 4 H, para-BAr¥4), 6.92 (d, 2Jun = 8.2 Hz,
2 H, meta-PONOP), 4.61-1.70 (extremely broad, 18 H, fluxional THF exchange and
overlapping methine environments), 1.48 (virtual m, 12 H, PCHMeCH3), 1.34
(broad virtual m, 11 H, PCHCHsMe). Note: Fluxionality of THF ligand and

decomposition in CD>Cl solution hindered accurate integration of 1H spectrum.

31P{1H} Solution NMR (242.95 MHz, CD:Cl;, 298 K): 6p 231.0 (br s, FWHM = 221

Hz).
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13C{'H} Solution NMR (150.91 MHz, CD:Cl, 298 K): 8¢ 225.7 (m, CO), 164.5 (virtual
t, ortho-PONOP), 162.2 (q, 'Jsc = 50 Hz, ipso-BArFs), 145.9 (s, para-PONOP), 135.2 (s,
ortho-BArts), 129.2 (q, Jcr = 31 Hz, meta-BArFs), 125.0 (q, YJcr = 271 Hz, CFs), 117.9
(sept., 3Jcr = 4 Hz, para-BArFy), 105.3 (s, meta-PONOP), 32.0 (s, hexane), 29.5 (br s,
methine), 23.1 (s, hexane), 17.3 (br s, PCH(CHs)), 14.3 (s, hexane). Bound THF

resonances not observed.

31P{1H} CP MAS SSNMR (162.06 MHz, 10 kHz spin rate, 298 K): op 234.6, 232.6,

230.8, 227 4.

BBC{TH} CP MAS SSNMR (100.66 MHz, 10 kHz spin rate, 298 K): 6c 164.4, 158.9
(ortho-PONOP and ipso-BArts), 143.3, 136.4, 134.7, 132.3, 130.9, 130.2, 124.9, 118.6,
117.4 (overlapping PONOP and BArfs resonances), 104.4 (meta-PONOP), 76.8, 68.8,
65.4 (THF resonances), 29.8, 26.7, 25.2, 23.9 (methine resonances), 22.1, 17.9, 16.5,
15.7,14.2,12.8 (overlapping Pr groups and hexane resonances). CO resonances not

observed.

BF{1H} HPDEC MAS SSNMR (376.5 MHz, 20 kHz spin rate, 298 K): 0r -63.3, -64.8.

IR (nujol) vCO 1963 (s), 1891 (s) cm-.

ESI-MS myz (THF) found (calc): C1o0H3:MnNO4P> 454.15 (454.11).

Elemental analysis calc for CssHssBF24MnNOsP2: C 48.62; H 4.08; N 0.98; found: C

48.22; H4.18; N 0.92.
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2.5biii. Synthesis of [ReBr(!Bu-PONOP)(CO),

To an ampoule charged with ReBr(CO)s (490 mg) was added tBu-PONOP (485 mg)
in 1,2-difluorobenzene (10 mL). The reaction mixture was heated to 95 °C for 18
hours, turning from colourless to bright yellow. The reaction was cooled to room
temperature and the volatiles removed under reduced pressure. The yellow solid
was washed with pentane (3 x 10 mL), and extracted into diethyl ether (40 mL) and
isolated via cannula filtration. The volatiles were removed under reduced pressure
and dried in vacuo to yield a bright yellow microcrystalline solid. Yield: 607 mg
(70%). Crystals suitable for single-crystal X-Ray diffraction were grown from slow

vapour diffusion of pentane into a toluene solution at -30 °C.

TH Solution NMR (500 MHz, C¢Ds, 298 K): 6u 6.71 (t, 2Jun = 8.1 Hz, 1 H, para-
PONOP), 6.14 (d, ZJuu = 8.1 Hz, 2 H, meta-PONOP), 1.66 (virtual t, 18 H, C(CH3)3),

1.32 (virtual t, 18 H, C(CHs)3).
31P{1H} Solution NMR (202.53 MHz, C¢Ds, 298 K): & 196.0.

BBC{1H} Solution NMR (125.80 MHz, CsDs, 298 K): &c 206.2 (s, equatorial CO), 198.9
(s, axial CO), 164.7 (virtual t, ortho-PONOP), 142.7 (s, para-PONOP), 102.6 (virtual t,
meta-PONOP), 44.7 (virtual t, PC(CHzs)3), 44.6 (virtual t, PC(CHzs)3), 32.1 (virtual t,

C(CHs)3), 28.0 (virtual t, C(CHzs)s).
IR (ATR) vCO 1933 (s), 1842 (s).

ESI-MS myz (CH2Cl>) found (calc): C23H3oNO4sP2Re 642.1913 (642.1912) [M]*-Br.
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Elemental Analysis calc for C23H39oBrNO4sP2Re: C 38.28; H 5.45; N 1.94; found: C 38.58;

H 5.63; N 1.91.

2.5biv. Synthesis of [Re(tBu-PONOP)(CO),J[BArt,], [Re]

A solution of [Re('Bu-PONOP)Br(CO);] (400mg) in 1,2-difluorobenzene (10 mL)
was added dropwise to a solution of Na[BArF4] (567 mg) in 1,2-difluorobenzene (10
mL). After several drops of [Re('‘Bu-PONOP)Br(CO):] solution had been added, the
reaction mixture rapidly changed from a cloudy white suspension to a bright red
cloudy suspension. After complete addition, the reaction mixture was stirred at
room temperature for 1 hour, then precipitated with hexane (200 mL). The reaction
mixture was cannula filtered and the solids extracted into CH2Clz (15 mL). The
solution was layered with hexane to yield the product as bright red block-like

crystals. Yield: 670 mg (80%).

TH Solution NMR (500 MHz, CD>Cly, 298 K): 61 8.06 (t, 2Jun = 8.25 Hz, 1 H, para-
PONOP), 7.73 (br m, 8 H, ortho-BAr¥,), 7.56 (s, 4 H, para-BAr¥s), 7.13 (d, 2Jun = 8.25

Hz, 2 H, meta-PONOP), 1.32 (virtual t, 36 H, C(CHz)3).
31P{1H} Solution NMR (202.53 MHz, CD:Cl,, 298 K): &p 214.4.

BBC{TH} Solution NMR (125.80 MHz, CD:Clz, 298 K): 6c 198.8 (t, 2Jcr = 5 Hz, CO),
166.5 (virtual t, ortho-PONOP), 162.2 (q, YJsc = 50 Hz, ipso-BArFs), 148.8 (s, para-
PONOP), 135.2 (s, ortho-BAr¥4), 129.3 (qq, 2Jcr = 32 Hz, 3cr = 3 Hz, meta-BAr¥,), 125.0
(t, Jcr = 272 Hz, CF3), 117.9 (sept., 3Jcr = 4 Hz, para-BArFs), 105.0 (virtual t, meta-

PONOP), 43.8 (virtual t, PC(CHz)), 27.5 (virtual t, C(CHa)).
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S1P{1H} CP MAS SSNMR (162.02 MHz, 10 kHz spin rate, 298 K): 6p 217.8 (v. broad),

214.5 (v. broad).

BBC{'H} CP MAS SSNMR (100.63 MHz, 10 kHz spin rate, 298 K): 6¢c 166.1-163.1
(ortho-PONOP and ipso-BArFs), 147.5 (para-PONOP), 136.1, 134.9, 133.0, 130.4, 124.8,
117.9 (overlapping PONOP and BArFs resonances), 105.5, 102.6 (meta-PONQOP), 47.6,

42.2,41.2,40.7 (PC(CHa)s), 26.7 (PC(CHa)s).

19F{1H} HPDEC MAS SSNMR (376.5 MHz, 20 kHz spin rate, 298 K): 55 -62.5, -63.6.
IR (ATR) vCO 1965 (s), 1893 (s).

ESI-MS m/z (CH;Cl) found (calc): C23H3oNOsP2Re 642.1904 (642.1912).

Elemental Analysis calc for CssHs1BF24NO4sP2Re: C 43.90; H 3.42; N 0.93; found: C

44.09; H 3.62; N 0.92.

2.5bv. Formation of [Re(*Bu-PONOP)(H3)(CO):][BAr*4]

An NMR tube fitted with a J. Young value was charged with [(‘Bu-
PONOP)Re(CO):][BArF4] (10 mg). CD2Clz> (0.6 mL) was vacuum transferred onto
the solids and the headspace backfilled with dihydrogen (1 bar gauge). The NMR
tube was added to a pre-cooled spectrometer (193 K). [(‘Bu-
PONOP)Re(H2)(CO)2][BArFs] was formed in approximately 5% yield (NMR yield).

Warming the sample above 200 K led to loss of all H>-bound product.

TH Solution NMR (500 MHz, CD>Cl,, 193 K): 61 7.72 (s, 8 H, ortho-BArFs), 7.52 (s, 4
H, para-BAr¥,), 6.84 (d, 2Jun = 8.21 Hz, 0.11 H meta-PONOP), 1.39 (b virtual m, 3 H,

C(CHs)3), -2.85 (br, 0.11 H, o-Ho).
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Note: Peaks integrated relative to residual BArfy protons. Para-PONOP resonance not

observed due to overlap with the ortho-BArFy resonances.

31P{1H} Solution NMR (202.54 MHz, CD-Cl, 298 K): &p 203.0.

2.5bvi. Solid-state synthesis of [Mn-CO]

An ampoule was charged with finely ground [Mn('Pr-
PONOP)(THF)(CO)2][BArf4] *2 hexane (50 mg), backfilled with CO (1 bar gauge)
and sealed for 28 hours (optimised). The volatiles removed under reduced pressure

to yield white microcrystalline [Mn(‘Pr-PONOP)(CO);][BArF4] in quantitative yield.

TH Solution NMR (600 MHz, CD>Cl;, 298 K): 61 7.81 (t, 2Jun = 8.2 Hz, 2 H, para-
PONOP), 7.71 (s, 8 H, ortho-BArFs), 7.55 (s, 4 H, para-BArFs), 6.87 (d, 2Jun = 8.2 Hz,
meta-PONOP), 3.68 (virtual m, 1 H, OCH>), 3.01 (virtual m, 4 H, PCHMey), 1.82
(virtual m, 1 H, OCH2CH>), 1.48 (virtual dd, 12 H, PCHCHs), 1.38 (virtual dd, 12 H,

PCHCH5).
31P{1H} Solution NMR (242.95 MHz, CD>Cl;, 298 K): 6p 225.2 (br s, fwhm =187 Hz).

BBC{1H} Solution NMR (150.91 MHz, CD:Cl, 298 K): dc 162.9 (virtual t, ortho-
PONORP), 162.2 (q, 'Jsc = 50 Hz, ipso-BArF4), 145.7 (s, meta-PONOP), 135.2 (s, ortho-
BArF,), 129.3 (qq, Fcr = 31 Hz, 4Jcr= 3 Hz, meta-BArFs), 125.0 (q, YJcr = 272 Hz, CF3),
117.9 (sept., 3Jcr = 4 Hz, para-BArFs), 105.4 (virtual t, para-PONOP), 68.2 (br s,
OCH:CHy>), 33.0 (virtual t, PCHMey), 26.0 (br s, OCH2CH>), 17.2 (s, PCHCH3), 17.0

(s, PCHCHs).
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S1IP{1H} CP MAS SSNMR (162.06 MHz, 10 kHz spin rate, 298 K): 6p 230.4, 227.5,

226.0, 224.6, 223.2, 221.8, 220.5, 218.6.

BBC{1H} CP MAS SSNMR (100.66 MHz, 10 kHz spin rate, 298 K): ¢ 163.3 (ortho-
PONOP and ipso-BAr¥,), 145.1 (meta-PONOP), 137.1,135.3, 133.9, 132.3, 130.6, 129.5,
124.8 (overlapping BArfs and PONOP resonances), 117.2, 104.5, 102.6 (BArFs and
PONOP resonances) 67.3 (THF), 37.4, 36.3, 34.8 (methine resonances), 26.6 (THF),

25.3 (hexane), 18.5,17.3,16.5,15.7, 14.0, 13.3 (‘Pr methyl and hexane resonances).

BF{1H} HPDEC MAS SSNMR (376.5 MHz, 20 kHz spin rate, 298 K): 6r -59.5, -61.7,

-63.4, -64.5, -65.0.
IR (ATR) v(CO) 2057 (w, s), 1980 (s), 1947 (s) cm'!
ESI-MS (CH2Cl) found (calc): C2o0H:1MnNOsP2 482.1067 (482.1058).

Elemental Analysis calc for Cs;HasBF2sMnNOsP2: C 46.42; H 3.22; N 1.04; found: C

46.38; H 3.69; N 0.93.

2.5bvii. Solid-state synthesis of [Re-CO]

An ampoule was charged with crystalline [Re('Bu-PONOP)(CO).][BArF4] (25 mg)
and the ampoule backfilled with CO (1 bar gauge). The appearance of the red block-
like crystals changed over 24 hours to white crystalline blocks with microcrystalline
powder on the surface of the crystals. The ampoule was placed under vacuum and
replaced with Ar (0.2 bar gauge). This process was repeated for a total of three

vacuum/ Ar cycles, yielding [Re(‘Bu-PONOP)(CO)s][BArF4] in quantitative yield.
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TH Solution NMR (500 MHz, CD>Cly, 298 K): 61 7.86 (tt, 2Jun = 8.1 Hz, 3Jup = 0.8
Hz, 1 H, para-PONOP), 7.72 (br m, 8 H, ortho-BAr¥,), 7.56 (s, 4 H, para-BAr¥s), 6.95

(d, ZJun = 8.2 Hz, 2 H, meta-PONOP), 1.49 (virtual t, 36 H, C(CH3)3).

31P{1H} Solution NMR (202.53 MHz, CD:Cl, 298 K): &p 198.2.

BBC{1H} Solution NMR (125.80 MHz, CD2Clz, 298 K): &c 194.7 (t, ZJcr = 9 Hz, axial
CO), 192.7 (br s, equatorial CO), 163.7 (s, ortho-PONOP), 162.2 (q, Jsc = 50 Hz, ipso-
BArty), 146.5 (s, para-PONOP), 135.2 (s, ortho-BArF4), 129.3 (qq, Jcr = 31 Hz, 3Jcr = 3
Hz, meta-BAr¥s), 125.0 (q, Jcr = 272 Hz, CF3), 117.9 (quint, 3Jcr = 4 Hz, para-BArty),

105.2 (virtual t, meta-PONOP), 44.4 (virtual t, C(CHs)3), 29.0 (virtual t, C(CHs)s3).

31P{1H} CP MAS SSNMR (162.03 MHz, 10 kHz spin rate, 298 K): 6p 200.3 (v. broad,

FWHM = 2100 Hz).

BBC{IH} CP MAS SSNMR (100.63 MHz, 10 kHz spin rate, 298 K): &. 163.6 (ortho-
PONOP), 146.0 (para-PONOP), 136.2, 135.0, 133.9, 133.1, 131.0, 130.1 (overlapping
BArf, resonances) 124.5 (CF3), 119.2, 117.8, 116.6 (overlapping BArfs resonances),
105.0, 102.7 (meta-PONOP resonances), 43.9, 42.9, 42.2 (CMe;3 resonances), 29.6, 29.1,

271, 26.5 (methyl resonances).

F{1H} HPDEC MAS SSNMR (376.5 MHz, 20 kHz spin rate, 298 K): 6r -61.8, -63.0,

-64.3.

IR (ATR) vCO 2050 (s), 1956 (s), 1942 (s)

ESI-MS (CH2Cl) found (calc): C24H3oNOsP2Re 670.1877 (670.1861).
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2.5bviii. General Preparation of [Re]@poly(ethyl vinyl ether)

Approximately 5 similarly sized crystals of [Re] (~1 mg each) were mounted to a
specially designed ] Young tap using silicone vacuum grease. The ] Young tap was
titted into a H-flask. Care was taken to prevent any of the crystals falling from the
tap. Ethyl vinyl ether (~0.1 mL) was vacuum transferred to the opposite side of the
H-flask. The whole apparatus was placed under vacuum (<2x10-2 mbar) and the
ethyl vinyl ether was allowed to warm to room temperature. After the desired
reaction time has elapsed, the reaction was quenched by placing the whole
apparatus under dynamic vacuum (<2x10-2 mbar) to remove residual ethyl vinyl

ether.
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3.1 Introduction

3.1a Metal-Ligand Cooperation

Metal-ligand cooperation (MLC) is defined as a process in which both the metal and
ligand are directly involved in bond cleavage or formation, both are chemically
modified, and the coordination sphere of the metal is altered during the course of a
reaction.! The study of MLC and the design of relevant ligand frameworks has
grown into a major field of research in homogeneous catalysis.!* Examples of MLC
are even found in nature: [FeFe]-hydrogenase heterolytically cleaves dihydrogen
through MLC with a pendant amine moiety, without change in metal oxidation

state (Scheme 3.1).4-¢

i H
\
Noo Feed He H—N [FesSal
S S (6 bar gauge) H WS S',
X N /l' Ay, ~
Fe‘ﬁs-“Fe/. Cys N -;ﬁS-—.’:F / "Cys
ne sy . X .
oC C‘ \C/ \CCN 15 minutes OC“"/FE\C/ e\C,C N
N o (o] N ¢ o

Scheme 3.1: Heterolytic cleavage of dihydrogen by [FeFe]-hydrogenase via metal-ligand

cooperation.+®

Catalytic processes involving aromatic pincer ligands can invoke MLC mechanisms
through disruption, or restoration, of the aromatic system. The Milstein group have
pioneered this field over the last 20 years, utilising such
aromatisation/dearomatisation for a wide range of catalytic reactions.3 79 The first
reported example was the hydrogenation of esters to alcohols by a ruthenium
pyridyl pincer complex, where MLC was shown to play a central role in the

pathway.” The aromaticity of the pyridyl system in the pincer ligand is disrupted
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in the starting catalyst (Complex A, Scheme 3.2), and the aromaticity is restored
through hydrogenation of the complex (Complex B/E). The aromaticity is then re-
disrupted through deprotonation of the neighbouring methylene as the hemiacetal
and alcohol are eliminated from complexes D and G, respectively, to reform
complex A. This catalytic MLC pathway operates at low loadings of 0.02 mol% of
ruthenium complex, under relatively mild conditions (115 °C, 5 atm Hp, 1,4-dioxane
solvent). Catalytic hydrogenation of esters bypasses the traditional stoichiometric
reductions with metal-hydride reagents such as Na[BHi] and Li[AlH4] employed in

organic synthesis, %12 with no additional reagents required except H> gas.

H ‘Bu, RCH,OH H Bu,
/ 7
-Ru—CO

; 7 ‘N—/ —co
| —
NH (B N Et,N j\ ¢ \
R H
H
H tBu,

- T‘ B 7 N— l/ﬁco
7 N- /Mco —< I
N7 oV @
N
2

Et,N )J\
Et, (A R” "H

H Bu, +H, T_ 'Bu,
N— |/ﬁco 7 _N-il—co
0 I -
EtN /}\ - 2
R”/ ~o”

% P g
RHO’R R™ H

Scheme 3.2: Atom-efficient ester hydrogenation to alcohols through metal-ligand

cooperation with a ruthenium pincer complex.”

Bond cleavage and formation across M-L (L=B, N, O, S, C, P)1.213-19 bonds through

a 1,2-addition pathway is a well-known example of MLC. The metal-amine/amide
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bond is among the most well-studied within catalytic transformations invoking
MLC. For example, the hydroboration and hydrosilylation of ketones has been
achieved through MLC at a Cu(I) complex (Scheme 3.3).18 The E-H (E = Si or B)
bond is cleaved across the Cu-N(amide) bond, forming a copper-hydride and a Cu-
N(amine) bond through a 1,2-addition. The ketone is then
hydroborated/hydrosilylated through an outer-sphere, 1,2-dipolar addition across

the C=0 bond.

B SMe BE; 0 SMe E
QA [ L OC, LT
v ‘\’ E LS. !
s | T s

s’ S

Scheme 3.3: Hydroboration and hydrosilylation of ketones through metal-ligand

cooperation at a copper(I) complex.18

3.1b Structurally-Responsive Ligands

Ligands which can alter their binding modes through dynamic changes to their
denticity, hapticity or geometry, are referred to as structurally-responsive ligands.20

Classic examples of this class of ligand include the ring slippage of indenyl,?!-23
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aryl?#26 and cyclopentadienyl ligands;?* ?7: 28 hemilabile ligands;® 2°-34 and more
recently, allosteric-type ligands.35-38 This ligand class has been widely researched in
organometallic chemistry, owing to their potential to self-tune the electronic and
steric properties to the demands of the metal centre. This self-tuning often
establishes a lower energy pathway which can have major improvements on rates

of reaction (Figure 3.1).20.21,29,30,33

0C~/ “~CH, 3 E - 0C~/ = ~P(n-Bu)
oC/ [* & C-cH } 0C7y %, CHs (=10 c/ 7

0 g’ 3 5 EOMCS 0 O//C“CHa
] P-C :
7-Cp " 7-Cp : n . i
[ _P(n-Bu), :
C/ e :
O L % en, : | _-P(n-Bu)s
O -’/C h OC/ B
(@] E c :”C':CHE
5.C ! o
7-Lp : i g |
7°-In

Figure 3.1: Cyclopentadienyl (left) and indenyl (right) ligands are classic examples of
structurally-responsive ligands, which can alter their hapticity to the electronic demands
of the metal centre. Indenyl ligands undergo this structural response much more rapidly
than cyclopentadienyl,?! as the formation of the aromaticity in the adjacent phenyl ring

provides a lower energy pathway.

An example of structurally-responsive ligands in a catalytic transformation is the
application of Xantphos [4,5-bis(diphenylphosphino)-9,9-dimethylxanthene] in
palladium-catalysed amination of aryl (pseudo)halides (Scheme 3.4).33 3% In this
work, the hemilabile ether-linkage of Xantphos can bias the pre-equilibrium by

forming a x3-POP coordination and forcing decoordination of the (pseudo)halide
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from the palladium centre. The hemilability of the ether-linkage also plays a role in

catalyst stability, increasing catalyst efficiency.

OMe
N
©/ Ph, e Ph, Ph, ~py— Ph;
~ “NH,
pe TUN. O 7
Na[OTf]

+
IX] HO'Bu
CC
Ph, ~p— Ph, X] =Br @
X] =oTf

©/ ©/Ho'3u o Ph Ph
\k oo A \g/

th \ / Phy
“o'Bu

Scheme 3.4: Catalytic cycles for the amination of aryl bromides (left) and aryl triflates (right)

by a palladium-Xantphos complex.

Allosteric ligands are ligands which undergo structural-responses based on
external stimuli.2) 40 An example of this type of structurally-responsive ligand are
crown ether-affixed pincer ligands.4- 41 As shown in Scheme 3.5, the crown ether
linkage can be hemilabile, masking a vacant site.3> The supramolecular recognition
of alkali metal salts can be used to tune reaction rates of ligand substitution, H/D
exchange (Scheme 3.5),% or alkene isomerisation.#> The supramolecular recognition
of alkali metal salts increases the H/D exchange process shown in Scheme 3.5 20-
and 250-fold for Na* and Li*, respectively. This also shows that the small energy

difference between the binding of Li* and Na* to the aza-15-crown-5 moiety
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(typically around 1 kcal mol1)# is responsible for an order of magnitude increase

in reaction rate.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[ No Additive, kops = 1.2 x 106 57 }

o P, BATY DzéSIDW) oDpPr, IBAT
‘\/@ e I\/@
r—0 [—0
Ind o I I~ o
NI H, (slow) '}J :
L N_©O =4 N0
-0, +D, HD +HD
-M* + M* M* M
o} H _ipr —\[BAFF4]2 D _'Pr _‘[BArF4]2
/o i
Ir—I T
/ ® D Kobs /
N -
o VO
0+t M@.3 0 M®\>

= 0.3 equiv Na*, kyps = 2.4 x 102 87
M® =12 equivNa*, kys =9.0x 109 s
= 0.4 equiv Li*, kops = 2.8 x 10% 57!

Scheme 3.5: Supramolecular recognition of alkali metals by an allosteric ligand causes

marked increase in reaction rate of H/D exchange into an Ir-pincer complex.?

3.1c Structurally-Responsive Chelating Bidentate Phospines

As discussed in Section 1.2b, the natural bite-angle of chelating bidentate
phosphines has a significant impact on the relative energies of oxidation states,*
and the kinetics and thermodynamics of E-H bond activation.#> Chelating bidentate
phosphines are typically considered to be “innocent” ligands, that is, they behave as

spectator ligands.%¢ 47 Wide bite-angle phosphines can, however, be ‘non-innocent,’
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as C-H bonds in the alkyl backbone can undergo C-H activation, to form a trans-

spanning PCP-pincer ligand (Figure 3.2).48-53

Shaw, 1977

H By
‘Bu, AN Bu, |; 2
IrCl3e3H,0 /”“*CI
[
PrOH, reflux ‘Buz
3 days
Shaw, 1979
H 'Bu
Bu, PN Bu, |-} 2
RhClye3H,0 He /" cl
EtOH tBu,

Figure 3.2: C-H activation of wide bite-angle phosphines, reported by Shaw* 4 and

Gusev.5?

The installation of a metal-alkyl bond through C-H activation of the phosphine
backbone introduces new mechanistic pathways which can be exploited in E-H
activation and functionalisation. Hartwig has reported that the cyclometallated
precatalyst, [Ir{tBuP(CH2).CH(CH)2}H(INH>)], can be used for deuterium labelling
of vinylic groups without double bond isomerisation, using C¢Ds as the deuterium

source.!4 Initial reductive elimination of ammonia is followed by oxidative addition
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of a C-D bond of benzene-ds (Scheme 3.6). Two potential mechanisms which may
follow for deuterium incorporation into the phosphine backbone were proposed.
Firstly, the deuteride and cyclometallated Ir-C are reductively eliminated
(Complex H), followed by oxidative addition of the phosphine backbone C-H bond
and reductive elimination of C¢DsH. Alternatively, the cyclometallated alkyl
backbone can undergo a-hydride abstraction (Complex I), followed by 1,1-
migratory insertion of the deuteride and reductive elimination of CsDsH. These
fundamental mechanistic steps can then be utilised to install the deuterium into

vinylic substrates.

'Bu, 'Bu, Bu,

K (] cee (0
H Ire — H Ir H 1r\
>~ { CeD
NH, - CgDg 65 .
' <7 I ’ Reductive a-Hydride
tBu2 tBl.lz Bu, Elimination Abstraction
'Bu, Bu,

o 0

{ Ir—CgDs OR _\V',—CSDS
H/D Exchange 'Bu, 'Bu, i J "
Cal/iji | [ / g, O 18U, 1
-— D [ == '
[ - GeDsH —E' NCeDs
'Bu, 'Bu,

Scheme 3.6: Proposed mechanism by Hartwig for the incorporation of deuterium into the

cyclometalated phosphine backbone by benzene-ds.1

Recently, Moret has reported a phosphine backbone structural-response which
leads to the activation of H> and functionalised phenylacetylenes by a nickel(0) P-
(olefin)-P pincer complex though metal-ligand cooperation.>* % In this work, the
substrates undergo a ‘ligand-to-ligand hydrogen transfer’ (LLHT) 57 which is an
alternative mechanism to oxidative addition, which was first reported by Eisenstein
and Perutz in 2012 (Scheme 3.7).%° Here, Csp-H activation of para-

fluorophenylacetylene is achieved via a concerted mechanism where the Cs,-H
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bond is broken and forms a new Csp3-H bond with the olefinic pincer in one step
(Scheme 3.8). The Ni(0) centre is also oxidised to Ni(ll) during this step,

coordinating new alkyl and alkynyl ligands.

Scheme 3.7: Ligand-to-ligand hydrogen transfer (LLHT) mechanism, first proposed by

Eisenstein and Perutz in 2012.56

R = CH(p-Tol), Proposed Intermediate

Scheme 3.8: C-H activation of functionalised phenylacetylenes by a nickel(0) P-(olefin)-P
pincer complex, reported by Moret.>* The chelating bidentate phosphine is structurally-

responsive during this reaction, forming an alkynyl-alkyl complex.

The Weller group have published a ligand structural-response in in-crystallo
chemistry.  Addition of Hx to  single-crystalline  samples  of
[Rh(dcppent)(diene)][BArF4] [dcppent = Cy2P(CH2)sPCy», diene = norbornadiene or
1,5-cyclooctadiene, Arf = 3,5-(CF3)2C¢Hs] hydrogenates the alkene bonds and
concomitantly induces oxidative addition of the phosphine alkyl backbone (NBA
complex represented in Scheme 3.9).53 The structural-response of the dcppent
ligand framework causes a change in oxidation state from Rh(I) to Rh(Ill) and

significantly alters the coordination geometry, forcing the alkane to adopt an n'!-o-
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interaction [P-Rh-P angle increases from 105.03(3)° to 167.43(16)° upon
hydrogenation]. The resultant 0-NBA and o-cyclooctane (COA) complexes were the
first examples of crystallographically characterised n'-o-alkane complexes,
however, both possess noteworthy complications. Crystallographic data for the o-
NBA complex was hampered by significant disorder and the resultant model was
of low quality (R1 = 15.8%; wR2 = 44.6%). The o-cyclooctane (COA) complex is
chemically unstable, and only formed in ~30% yields before decomposing to
undetermined products, hence the SC-XRD model was a superposition of the

product and starting material.

BAI’ 4 H Cy2 BArF4

|/ H
/ HWY Rh,
Solld -state !y
5
min Cys

Scheme 3.9: Reaction scheme of the solid-state hydrogenation  of
[Rh(dcppent)(NBD)][BArf,] reported by Weller.5® The chelating bidentate phosphine alkyl
backbone is C-H activated during the hydrogenation process, yielding a Rh(III) nj’-o-alkane

complex supported by a trans-spanning PCP pincer ligand.

This chapter will discuss the extension of the phosphine landscape of solid-state
molecular organometallic chemistry, using ‘BuP(CHz)sP'Buz as the supporting
bidentate phosphine. This phosphine is shown to undergo a structural-response to
form an nl!-o-alkane complex supported by a trans-spanning PCP pincer ligand.
This n!-o-alkane complex is shown to be crystallographically well-defined,
chemically stable and formed quantitatively on large scales (> 200 mg). The

structural-response is shown to be reversible and facilitate H/D exchange through
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metal-ligand cooperativity in-crystallo. The substitution chemistry of the o-bound

alkane ligand with alkenes is also discussed.

3.2 Results and Discussion
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Mass Spectrometry. Elemental analyses were carried out by Ms Orfhlaith

McCullough at London Metropolitan University.

3.2b. Project Outline

Solid-state molecular organometallic chemistry has been explored for a wide range
of [Rh(PP)(NBD)][BArFs] complexes, where PP = bidentate chelating phosphine.>3
58,59 Solid / gas hydrogenation of species supported by wide bite-angle phosphines,
such as 1,4-bis(di-cyclohexylphosphino)butane (dcpb) and dcppent (Section 3.1c),
has led to interesting properties of the resulting o-alkane complex. For example,
[Rh(dcpb)(n?n?-0-NBA)][BArfs] was reported to be unstable with respect to
application of dynamic vacuum (< 1 x 103 mbar),>® which is unique among

previously reported solid-state o-norbornane complexes.53 58,59

The in-crystallo hydrogenation of [Rh(dtbpprop)(NBD)][BArFs] [dtbpprop = 1,3-
bis(di-tert-butylphosphino)propane] led to divergent selectivity in o-alkane
binding.®® While all other reported Rh-n%n2-o-norbornane complexes with the
[BArF,]- anion®! bind to the Rh centre through the methylene endo-C-H positions,5®
59,62 the dtbpprop ligand framework induces binding through the methylene exo-
C-H positions (Figure 3.3). This is proposed to be due to small changes in the non-
covalent interactions between the cation and the local [BArFfs]- octahedral

microenvironment (Figure 3.3).
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Figure 3.3: The dtbpp ligand framework induces different selectivity in Rh-o-norbornane
binding from all previously explored chelating bidentate phosphines.® The position of the

neighbouring [BArf,]- anion is attributed to the change in selectivity (right).

In the work discussed in this Chapter, the unique reactivity and properties of o-
alkane complexes supported by a wide-bite angle phosphine, with tert-butyl groups
is explored. The previously reported® 1,4-bis(di-tert-butylphosphino)butane

(dtbpb) was synthesised and combined with the {Rh(NBD)}[BArF4] motif.

3.2bi. Synthesis and Characterisation of dtbpb

The chelating bidentate phosphine ligand used in this study, ‘BuP(CHz)sP'Buz
(dtbpb), was synthesised by an adaptation of two literature preparations by
Mecking and Nobbs.63 ¢ This preparation avoids the use of tBuli, an anaerobic
aqueous workup and Kugelrohr distillation,%® or borane protection/deprotection

stages,®* which have previously been reported (Figure 3.4).
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Di-tert-butylphosphine was deprotonated by "BuLi in THF at -78 °C to yield a bright
yellow solution of tBuzPLi. Dropwise addition of a 1,4-dibromobutane solution to
the cooled tBuzPLi solution formed a cloudy suspension. The reaction mixture was
warmed to room temperature, the volatiles were then removed, and the product
extracted into hexane. The hexane extractions required multiple filtrations through
pads of celite to remove residual LiBr precipitate. After removal of the volatiles
under reduced pressure and drying in vacuo, this procedure yielded dtbpb as a

white powder in good yields on gram-scale (85%, Figure 3.4).
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Figure 3.4: Synthetic routes to dtbpb reported by the Mecking and Nobbs groups,
compared to the synthetic route reported in this work. This work avoids tBuLi, an aqueous

workup, Kugelrohr distillation, or borane protection/deprotection.

The solution 31P{1H} NMR (CsDe¢, 298 K) spectrum of dtbpb reveals a sharp singlet
at dp 27.3. The solution TH NMR (CsDs, 298 K) spectrum reveals the alkyl backbone
protons resonate as second-order multiplets at 6n 1.80 (4 H) and 1.41 (4 H) which

simplify on 3P decoupling (Figure 3.5). The '‘Bu methyl protons are observed as a
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doublet, which collapse to a singlet upon 3!P decoupling, at 6 1.11 [36 H, 3](PH) =
10.6 Hz; Figure 3.5]. These data are consistent with previously reported NMR

spectroscopic data for this compound.63 64

H
TH NMR M
(CD,ClL,)
TH{31P) L

125 115 1.05 095
o (ppm)

IH{31P} NMR
(CD.CL)

'1.88 1.84 1.80 1.76 1.72 1.68 1.64 1.60 1.56 1.52 1.48 1.44 1.40 1.36 1.32 1.28
d (ppm)
Figure 3.5: Solution 'H NMR (500 MHz, CD,Cl,, 298 K) spectra of dtbpb, highlighting the

phosphine backbone proton resonances (main trace) and tBu methyl resonances (inset).

3.2c Synthesis and Characterisation of [Rh(dtbpb)(NBD)I[BArt,]

3.2ci Synthesis and NMR Characterisation

A solution of dtbpb in CHxCl> was added dropwise to a solution of
[Rh(NBD)2][BArF4]¢0 in CH2Cl,, which caused a slight colour change from bright red
to a dark plum red. After stirring at room temperature for 2 hours, the product was

precipitated from the reaction mixture with hexane. The product was then extracted
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into fresh CH>Cl, and isolated by recrystallisation by layering with hexane, to yield
dark red block crystals of [Rh(dtbpb)(NBD)][BArF4] (1-NBD) in good yield on gram-

scale (80%, Scheme 3.10).

TIBAF, BUaP o~ 'Bu, ~|BA,
I~ Bu2 ~_
R - R
CH,Cl, B,

2 hours
-NBD
[Rh(NBD)z][BArF4] 1-NBD

Scheme 3.10: Reaction scheme for the synthesis of 1-NBD by addition of dtbpb to

[Rh(NBD),][BATF,].

Solution NMR (CD2Cly, 298 K) spectroscopic data for 1-NBD show the complex
possesses Cz, symmetry. The solution 31P{ITH} NMR spectrum reveals a doublet at
opr 34.7 [J(RhP) = 147 Hz]. Two broad methylene phosphine backbone resonances
are observed in the solution TH NMR spectrum at 6n 1.92 and 1.79 (4H each, Figure
3.6). A single ‘Bu methyl environment is observed at 6x 1.40 [d, J(PH) = 12.6 Hz].
The alkene protons are observed as a complex multiplet at 6u 5.05 which does not
simplify upon 3P decoupling, suggesting that the coupling is due to a mixture of

2J(RhH) and intra-NBD proton-proton coupling.
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Figure 3.6: Solution TH NMR (500 MHz, CD,Cl,, 298 K) spectrum of 1-NBD. Insets depict

the t‘Bu methyl resonance (fop, left) and phosphine alkyl backbone resonances (right).

15

The solid-state 31P{1H} CP MAS NMR (298 K, 10 kHz spin rate) spectrum shows two

crystallographically inequivalent 3P environments at 6p 42.8 [d, J(RhP) = 148 Hz]

and 25.0 [d, J(RhP) = 148 Hz, Figure 3.7]. Resonances attributed to the alkene

carbons are found in the solid-state 13C{1H} CP> MAS NMR (298 K, 10 kHz spin rate)

spectrum at 6c 77.1, 75.4, 51.0, and 48.2 (Figure 3.8), highlighting that unlike in

solution, the alkene carbon atoms are inequivalent. The bridge CH: is observed at

8¢ 63.8 and the bridgehead CH positions overlapping with the alkene resonance at

0c51.0.
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Figure 3.7: Solid-state 3'P{H} CP MAS NMR (162.04 MHz, 10 kHz spin rate, 298 K)

spectrum of 1-NBD. Inset depicts isotropic chemical shift. Spinning side bands are noted

with asterisks.
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290 270 250 230 210 190 170 150 130 110 90 70 50 30 10
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Figure 3.8: Solid-state 3C{1H} CP MAS NMR (100.66 MHz, 10 kHz spin rate, 298 K)

spectrum of 1-NBD. Spinning side bands are noted with asterisks.

3.2cii. Single-Crystal X-Ray Diffraction Analysis of 1-NBD

Single-crystals of 1-NBD suitable for analysis via single-crystal X-Ray diffraction
techniques were grown from layering a CH2Cl» solution of 1-NBD with hexane at
room temperature. 1-NBD crystallises in the P 21 /n space group (2 =1, Z = 4), with
a unit cell volume of 5954.40(7) A3. Consistent with the SSNMR data, there is no
crystallographically-imposed symmetry in the cation. The cation is twisted away
from a true square planar complex (Figure 3.9), with an angle of 33.808(9)° between
the P1-Rh1-P2 plane and the NBD ligand. This twist towards tetrahedral is likely

due to the steric bulk of the tBu groups and the wide natural bite angle of the
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chelating phosphine. The cation also features relatively short> ¢ Rh-alkene bonds
[average Rh-C distance = 2.1769(18) A] and relatively long® 6566 Rh-P bond lengths

[average Rh-P distance = 2.4333(5) Al].

Figure 3.9: Single-crystal X-Ray structure of the cation of 1-NBD. Thermal displacement
ellipsoids are displayed at 50%. Protons associated with the chelating phosphine are
omitted for clarity. NBD ligand shown in blue. Selected bond lengths and angles: Rh1-P1
2.4413(5) A; Rh1-P2 2.4252(5) A; P1-Rh1-P2 102.116(17)°; Rh1-C1-4 2.1922(19) A, 2.1720(18)

A, 2.1653(18) A and 2.1782(17) A, respectively.

The cation lies within an approximately octahedral cage of six [BArFfs]- anions
(Figure 3.10). Similar to previously reported complex,
[Rh(dtbpprop)(NBD)][BArf4],%0 the cation of 1-NBD is non-symmetrically placed

within the octahedron, with the NBD bridge CH:> pointed towards one anion-aryl
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ring (Figure 3.10). The NBD alkene protons also have short C-H---F contacts with a

neighbouring Arf CFs group [C1--F22 3.248(2) A; C2--F21 3.276(2) A; Figure 3.10].

C2-F21
3.276(2) A
v 7
-

Figure 3.10: Solid-state structure of 1-NBD. Carbon atoms of the NBD ligand are displayed
in blue. Left: The {Rh(dtbpb)(NBD)}* cation is located within an approximately octahedral
arrangement of six [BArf,]- anions. Right: The cation is non-symmetrically placed within
the octahedral arrangement, with the bridge CH: pointed towards an aryl ring. Close C-
H---F contacts are noted with a neighbouring anion. Displacement ellipsoids are displayed

at 50%. Selected hydrogen atoms omitted for clarity.

3.2ciii. Single-Crystal to Single-Crystal Hydrogenation of 1-
NBD
Addition of H (1 bar gauge) to single-crystalline samples of 1-NBD (up to 200 mg
scale) causes the crystals to change in colour from plum red to sandy yellow (Figure

3.11), enabling the reaction progress to be followed by optical microscopy. Reaction

times varied considerably from batch to batch, ranging from 30 minutes to 120
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minutes. For consistency between samples, crystals were thus lightly crushed with
a spatula to introduce surface fractures and increase surface area®-% to increase
efficiency of hydrogen diffusion into the lattice and always hydrogenated for 120
minutes. This hydrogenation time is significantly longer than previously reported
SCSC hydrogenations of {Rh(NBD)}[BArFs] complexes, which typically require 5 -
10 minutes.5 % 62 The increased hydrogenation time is hypothesised to be due to
the tetrahedral distortion of 1-NBD favouring the formation of Rh(IIl), which
increase the energy barrier of the reductive elimination step of alkene

hydrogenation.44 70-72

M ELS TE

2% ’&t‘i‘ﬁfﬁ';;;., 2

< (1 bar gauge)

»

W
A

Solid-State : Mo gt 2o
2 hours B ~5 mm

1-NBA

Figure 3.11: The in-crystallo reaction of 1-NBD with H> gas can be visually tracked with
optical microscopy due to the colour change from bright red (left, 1-NBD), to sandy-yellow

(right, 1-NBA).

3.2civ. Single-Crystal X-Ray Diffraction Analysis of 1-NBA

The addition of H; to 1-NBD induces a single-crystal to single-crystal
transformation (Scheme 3.11),”> which was studied by single-crystal X-Ray
diffraction. At 110 K, a good model (R1 = 5.58%, Rint = 3.73%) is reached for a
complex where the NBD has been hydrogenated and one of the central CH>

positions on the chelating phosphine backbone has been C-H activated to form an
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asymmetric trans-spanning PCP pincer ligand [1-NBA; P1-Rh-P2 angle = 154.86(4)°
cf. 102.116(17)° in 1-NBD; Figure 3.12]. The resultant alkyl ligand is disordered

above and below the plane of the rhodium in approximately a 60:40 ratio (Figure

3.13).
H» (1 bar ~|BAT
tBUZ _\BAFF4 gza(uge) M4
~_
/Rh\ | Rh._
By Solid-state
2 2 hours 8y
2
1-NBD 1-NBA

Scheme 3.11: Reaction scheme of the in-crystallo hydrogenation of 1-NBD to form 1-NBA.

The reaction proceeds as a single-crystal to single-crystal transformation.
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C18

Figure 3.12: Single-crystal X-Ray structure of the cation of 1-NBA. The NBA ligand was
treated with light distance and angle restraints (see full text for detailed discussion). Carbon
atoms of the NBA ligand are shown in red. Besides the cyclometalated carbon, all other
protons associated with the phosphine are omitted for clarity. Displacement ellipsoids
displayed at the 30% probability level. Selected bond lengths and angles: Rh1-P1 2.2969(9)
A; Rh1-P2 2.3292(11) A; Rh1-C17 2.081(11) A; Rh1-C5 2.980(5) A; P1-Rh1-C17 82.0(4)°; P2-

Rh1-C17 74.1(4)°.
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Figure 3.13: The alkyl ligand of 1-NBA is disordered above and below the P-Rh-P plane in
the solid-state structure in an approximately 60:40 ratio. The tert-butyl groups have had
protons omitted and are represented as isotropic spheres for clarity. Displacement

ellipsoids displayed at 50%.

The hydride ligand(s) could not be located in the electron difference map of the SC-
XRD data. This is expected based on the 60:40 disorder model and proximity to the
heavy rhodium atom. However, knowing the number of hydride ligands is
important as onward reactivity of the alkyl ligand can be envisaged: a-hydride
abstraction from the alkyl ligand to form a P-C(carbene)-P ligand and a dihydride

(Figure 3.14, Complex K);# 49 B-hydride elimination to form a P-(olefin)-P ligand
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framework and a dihydride (Figure 3.14, Complex L);5? or a Rh(I) derivative of

Complex L, where H» has been reductively eliminated (Figure 3.14, Complex M).

'Bu, 'Bu, 'Bu, Bu,
H H H
N N \| \
Rk?i —Rn2..| I—Rh@ffL [—Rr@—-L
/ /I /| /
H H \
'Bu, 'Bu, Bu, Bu,
J K L M

Figure 3.14: Potential binding motifs between the alkyl phosphine backbone and the

rhodium centre.

The formation of the P-(olefin)-P ligand framework can be discounted based on the
solid-state structure, as the olefin would be expected to coordinate to the low
coordinate metal centre.14 4,52 The C18---Rh1 distance of 2.973(6) A and Rh1-C17-
C18 angle of 119.2(11)° argues against this coordination (Figures 3.12 and 3.13). The
non-planar geometry of the cyclometalated carbon atom (C17) also suggests Csps
hybridisation (Figures 3.12 and 3.13), contrary to the Csp2 geometry of proposed P-

C(carbene)-P or P-(olefin)-P ligand frameworks.

The alkene positions of the NBD ligand of 1-NBD have been hydrogenated to
norbornane, and the resulting alkane is coordinated to the Rh centre through the
methine bridgehead C-H bond to form a tertiary n!-o-alkane complex. Consistent
with a njl-o-alkane complex, the Rh---C distance is found to be 2.982(5) A, which
compares well to the only previously reported, crystallographically well-defined
nt-o-alkane complex, [Rh{Cy.P(CH2).CH(CH2)2}(n!-0-COA)][BArFs] [Rh---C 2.90(3)

A],5 and contrasts to reported n2-0-NBA complexes (2.169 - 2.408 A).53 59, 62
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While [Rh(dcpe)(n%n?-o-isobutane)][BArFs] 7* exhibits an 12-0-C-H---Rh interaction
with the methine position of isobutane (Figure 3.15), a second n?-0-C-H.--Rh
interaction is found with the methyl position. We believe that 1-NBA is the first
example of a o-alkane complex supported solely by a tertiary alkane C-H bond,

characterised either in the solution- or solid-state.

oy " |BArT, Cyz H ;‘_lBArF4
> . !
-H ol _‘\r
~p .- -
C /R“*H-A-_' E ~CH,
H

nsn>NBA n%n -1sobutane
H - ~|BAMT, Bu, ~BAF,
\|
:ih H& g Q7
Cy, 'Bu,
n-COA n'-NBA

Figure 3.15: Comparison of Rh---alkane binding motifs.

The protons on the NBA fragment of 1-NBA were placed in calculated positions
and allowed to ride on their parent atoms. Bond lengths and angles of the NBA
ligand were lightly restrained to provide sensible C-C bond metrics. The necessity
of inclusion of restraints on the NBA fragment is due to unresolved disorder of the
NBA fragment. The disorder of the NBA fragment becomes exacerbated in the
single-crystal X-Ray diffraction data as the temperature increases (110 K, 215 K, and
298 K; Figure 3.16), which suggests a dynamic disorder process is occurring causing

the electron density to smear.
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Variable Temperature Single-Crystal X-Ray Diffraction
1-NBA

o |
Rh1 I’2°

298 K

110K
Figure 3.16: Variable temperature (110 K, left; 215 K, middle; 298 K, right) single-crystal X-
Ray diffraction data of 1-NBA. A truncated cation is shown in each case for clarity.

Displacement ellipsoids displayed at 50%.

Despite the wealth of reports of C-H activation at Cs-phosphine backbones, 853 we
are only aware of one publication involving activation of a C4-phosphine backbone,
by a ruthenium silylene complex (Scheme 3.12).75 This example reaction is a base-
promoted reaction, which will drive the reaction towards the alkylated product.
This difference in number of reported examples of Cs- and Cs-phosphine backbone
activation is likely due to the reduced degrees of freedom of the alkyl chain in
approaching the metal, the decreased phosphine bite-angle, and the unfavourable

formation of a four-membered ring.
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¢ Si
BuN N'BU (4 equiv)

N Cy
CY2 Cl /// CGHB 2C|

NS Y 50 °C \/ By
Sy, ~RU—=Cl— ~Cy 2 X —__N

/NN [ TSi

o cl H CI \
Cy, 5 Ysi” Cy, . N /

““ BuN” “NBU Bu

_N2

Scheme 3.12: Reaction scheme of the C-H activation, and subsequent deprotonation, of a

Cy-backbone within a ruthenium silylene complex, reported by the Fogg group.”

In all previous reports of the solid-state synthesis of rhodium o-alkane complexes,
the unit cell volume increase from the alkene precursor has been less than 2%.53 ¢,
62, 74, 7679 In the example reported here, the unit cell volume increase is
approximately 5% [1-NBD V = 5954.40(7) A3; 1-NBA V = 6251.67(16) A3], with no
increase in void volume (as determined by PLATON).8 This is suggested to be due
to the significantly increased Rh---C bond lengths between the alkene groups in 1-

NBD to the n'-0-NBA fragment in 1-NBA.

The octahedral arrangement of [BArFs]- anions is retained throughout the SCSC
transformation, and close C-H:--F contacts are found between the bridge and
methylene units with a neighbouring ArF CFs [C6---F9 3.377(7) A; C7---F9 3.358(7) A;
Figure 3.17]. The structural-response of the phosphine and the hydrogenation of
the alkene therefore does not significantly alter the geometry of the neighbouring

[BArF,]- microenvironment.

210



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

y 4

&«
C7--F9
3, 358(7) A

Jﬂ.w,v\, (//\

Figure 3.17: Solid-state structure of 1-NBA. Carbons of NBA ligand displayed in red. Left:
Approximately octahedral arrangement of [BArf,]- anions around the cation in 1-NBA.
Right: The NBA ligand is non-symmetrically placed within the cleft of ArF aryl rings. Close
C-H---F contacts between the NBA bridge and methylene protons and a neighbouring ArF

CF; are noted. Ellipsoids displayed at 50% probability. Selected hydrogen atoms omitted

for clarity.

3.2cv. Solid-State NMR Spectroscopic Characterisation of 1-
NBA

The solid-state 13C{1H} CP MAS NMR (298 K, 10 kHz spin rate; Figure 3.18)
spectrum of 1-NBA is devoid of resonances between ¢ 110 to 45. This indicates full
hydrogenation of the NBD alkene groups in the bulk material (cf. Figure 3.8).
Consistent with the SC-XRD model, this also gives further evidence the P-C(alkyl)-
P ligand framework has not undergone -hydride elimination to form a P-(olefin)-
P framework, even as a minor impurity.4% 4% 52 The spectrum is also devoid of

211



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

resonances downfield from &c 167 ([BArF4] resonance) which is further evidence
against the formation of a P-C(carbene)-P complex in the solid-state, as carbene 13C

resonances are usually observed downfield of &¢ 200.15 52 81-83

% %
* * %
&

1290 270 250 230 210 190 170 150 130 110 90 70 50 30 10
0 (ppm)
Figure 3.18: Solid-state 3C{1H} CP MAS NMR (100.66 MHz, 10 kHz spin rate, 298 K)

spectrum of 1-NBA. Spinning side bands are marked with asterisks.

In the solid-state 31P{TH} CP MAS NMR (298 K, 10 kHz spin rate) spectrum of 1-
NBA two environments are observed (Figure 3.19): 6p 100.6 [dd, J(RhP) ~ 115 Hz;
J(PP) ~ 280 Hz] and -8.7 [apparent triplet, Japp = 300 Hz]. These resonances are
consistent with the solid-state X-Ray structure of 1-NBA involving 5- and 4-
membered rings.8487 The 103Rh-31P coupling observed for the resonance at &p 100.6
is consistent with the reduction in coupling constant from moving from a Rh(I) to
Rh(III) manifold.> 8, 8 The broad (FHWM = 800 Hz) apparent triplet of the
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resonance at dp -8.7 is rationalised by two overlapping doublets of doublets, caused
by the crystallographically independent disordered components which are

coincident in the resonance at 6p 100.6.

S

103 101 99 97 4 6 -8 -10 12 -14
5 (ppm) 5 (ppm)
% *
* * ¥ it . AH

220 180 140 100 60 20 20 60 -100 -140
5 (ppm)
Figure 3.19: Solid-state 3'P{tH} CP MAS NMR (162.04 MHz, 10 kHz spin rate, 298 K)
spectrum of 1-NBA. The insets depict the isotropic chemical shifts at 6p 100.6 (top left) and

-8.7 (top left). Spinning side bands are marked with asterisks. Unidentified impurities are

denoted by .
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3.2cvi. Solution NMR Spectroscopic Characterisation of 1-
NBA/1-CD-Cl,

As with all reported solid-state syntheses of o-alkane complexes,53 62 74, 76-78, 90
dissolution into CD2Cl> at 193 K caused instantaneous loss of the coordinated
alkane. In contrast to the majority of the previous studies where a zwitterionic arene
complex formed through coordination of the [BArFfs]- anion, or chloride-bridged
hydride dimer species are formed,53 5% 6276 dissolution of 1-NBA in CDCl> formed
a stable (below 243 K) product, 1-CD:Cl2 (Scheme 3.13), which could be examined
by solution NMR spectroscopic studies. The relative stability of 1-CD.Cl; is
suggested to be due to the increased steric bulk of the ligand framework precluding
arene coordination, while the Rh(III) centre is unable to undergo oxidative cleavage
of CD2Cla. The solution 31P{1H} NMR (CD2Cl, 193 K) spectrum of 1-CD2Cl> reveals
two mutually coupled doublets of doublets at &p 98.8 [J(RhP) = 127 Hz; J(PP) = 289

Hz] and -16.5 [J(RhP) = 90 Hz; J(PP) = 289 Hz; Figure 3.20].

t t
Bu2 H _I BArF4 BLI2 H _\ BArF4
\| CD,Cl, \|
Rh— - Rh—ClI
/ -NBA / 7
tBu2 ‘Buz Cl
1-NBA 1-CD,Cl,

Scheme 3.13: When 1-NBA is exposed to CD>Cly, the coordinated alkane is lost, and CD,Cl»

is coordinated to the Rh(IlI).

214



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

1000 99.0 980
0 (ppm)

150 -160 -17.0 -18.0

0 (ppm)

105 95 8 75 65 55 45 35 25 15 5 5 15 .25
5 (ppm)
Figure 3.20: Solution 3P{1H} NMR (202.49 MHz, CD,Cl, 193 K) spectrum of 1-CDCl..

Insets depict the doublet of doublets resonances at dp 98.9 (middle, top) and -16.5 (middle,

bottom).

As noted in Section 3.3civ, the hydride could not be located in the single-crystal X-
Ray diffraction difference map of 1-NBA. The solution TH NMR (CD2Cl, 193 K)
spectrum reveals a single resonance indicative of a hydride trans to a vacant site#’
53,91: an overlapping doublet of doublet of doublets, which collapses to a doublet
upon 3P decoupling at 6n -28.43 [J(RhH) = 64.0 Hz; J(PH) ~7 Hz; J(PH) =~ 12 Hz; 1
H; Figure 3.21]. This compares well to the reported hydride resonance of
[Rh{Cy2P(CH2).CH(CH2)}JH(CICH2Cl)][BArFs] which is observed as a broad

(FWHM = 40 Hz) doublet at 6x -27.24.53 Free NBA is noted in the solution TH NMR
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spectrum by the bridge CH> resonance at 81 2.07, however the remaining methylene
and bridgehead proton resonances are overlapped with the phosphine backbone

and tBu methyl resonances.

'.28.30 -28.40 -28.50
0 (ppm)
25 2.0
0 (ppm)
%
JUL_L L\
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
d (ppm)

Figure 3.21: Solution 'H NMR (500 MHz, CD.Cl,, 193 K) spectrum of 1-CD>Cl. Insets
depicts the hydride resonance at 611-28.43 (middle, top) and the phosphine backbone protons

between 6n 3.0 and 1.5 (middle, bottom). Asterisk denotes minor pentane solvent impurity.

3.2.cvii. Single-Crystal X-Ray diffraction Analysis of 1-CD,Cl,

Small, light-yellow crystals of 1-CD2Cl> were obtained from layering a solution of
1-CD:Cl in CD2Cl; with heptane at -30 °C. 1-CD2Cl; crystallises in the monoclinic
space group P 21/c, with two independent molecules in the asymmetric unit (ASU,

Z = 8). One equivalent of heptane co-crystallises in the ASU which could not be
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appropriately modelled, and the electron density was treated with the Olex2%

implementation of the BYPASS solvent mask.”

Both of the independent molecules in the ASU confirm the k3-coordination of the P-
C(alkyl)-P ligand framework is retained and the x!-coordination of the CD.Cl>
ligand to the Rh(III) centre through a chlorine lone pair (Figure 3.22). The methine
proton and hydride were located in the electron density difference map for one of
the independent cations in the ASU. The hydride is found to be anti with respect to
the methine proton on the C-H activated alkyl ligand. Unlike in 1-NBA, the C-H
activated alkyl ligand is not disordered in the SC-XRD model of 1-CD2Cl,. The
hydride associated with the other cation in the ASU could not be located in the
electron difference map, and a 3-part disorder model of the CD2Cl, ligand was

established for this cation.

217



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

c. @

Figure 3.22: Solid-state structure of a well-resolved cation of 1-CD;Cl,. The majority of

hydrogen atoms are omitted for clarity. Thermal displacement ellipsoids displayed at 50%.
Selected bond lengths and angles: Rh1-H 1.58(6) A; Rh1-C12 2.045(5) A; Rh1-ClI1 2.5692(13)
A; Rh1-P1 2.3033(9) A; Rh1-P2 2.3365(9) A; P1-Rh1-P2 154.50(4)°; P1-Rh1-Cl1 97.64(4)°; P1-

Rh1-C12 83.56(12)°; P2-Rh1-Cl1 107.32(4)°; P2-Rh1-C12 71.38(11)°.

3.2cviii. (Periodic) DFT Calculations of 1-NBA

Due to the ambiguity of the single-crystal X-Ray diffraction data as to the location
of the hydride ligand in 1-NBA, models where the hydride is both syn and anti with
respect to the alkyl ligand were investigated by DFT calculations (Figure 3.23). Gas
phase calculations [PBE-D3//SDD(Rh/P)//6-31G(Rh/P/C/H)]** show that the

anti-isomer is the lowest in energy by 1.62 kcal mol-!, consistent with the SC-XRD
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model of 1-CD>Cl>. Owing to the increased computational demands of periodic

DEFT calculations,? % only this isomer was studied using periodic DFT.

Anti-isomer Syn-isomer

Figure 3.23: The models of the anti- (left) and syn-isomers (right) of 1-NBA investigated by
gas phase DFT calculations. The anti-isomer was found to be lower in energy by 1.62 kcal

mol-1.

The DFT-optimised geometry of 1-NBA was investigated by Quantum Theory of
Atoms in Molecules (QTAIM)% which locates bond paths between atoms based on
electron density (p).® A bond path is located between the rhodium and the
bridgehead methine proton on the NBA fragment (Figure 3.24). This bond path is
directed into the hydrogen of the C-H bond, confirming the n'-assignment of this
interaction. A significant decrease in electron density at the bond critical point (p)
of the coordinated C-H bond (0.2494 e bohr-3) is noted compared to the ‘spectator’

methine C-H bond on the opposite side of the NBA fragment (0.2761 e bohr-3). This
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suggests there is a decrease in the C-H bond order upon coordination to the Rh(III)

centre, as expected based on the models of o(C-H) donation and Rh donation into

the 0*(C-H) orbital (Section 1.5a).

H

Figure 3.24: QTAIM plot of 1-NBA. Electron density at the bond critical points of both
bridgehead C-H bonds of the NBA fragment are displayed. Bond critical points shown in

green. Ring critical points are omitted for clarity. Units of p = e bohr-.

A Natural Bond Order (NBO)%-101 analysis was conducted on 1-NBA, which found
that the o(C-H) donation and Rh backdonation into the 0*(C-H) contributions to
the Rh-NBA o-bonding are rather balanced, but Rh-o*-backdonation slightly
dominates (total o-donation = 11.38 kcal mol; total o*-backdonation = 14.73 kcal
mol!, Figure 3.25, Table 3.1). This contrasts from previous studies of [Rh(PP)(1%1n2-
0-NBA)][BArFs] complexes where the alkane o-donation dominants, by a factor of
approximately 3.53 59,62
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Ocp t0 0%rpc ORrn.c t0 0%
10.61 kcal mol! 5.43 kcal mol?

Figure 3.25: The two molecular orbitals which are the main contributors to the o-donation

(left) and o-backdonation (right) associated with the Rh-NBA o-bonding in 1-NBA.

Table 3.1: Donor-acceptor orbitals and their respective energies from NBO calculations for

1-NBA.
Donor-Acceptor Orbitals Energy (kcal mol?)
o-donation

o(C-H) — o*(Rh-C) 10.61
o(C-H) — o*(Rh-P) 0.53
o(C-H) — o*(Rh-H) 0.24
Total o-donation 11.38

o-backdonation
o(Rh-C) — o*(C-H) 543
o(Rh-P) — o*(C-H) 4.95
o(Rh-H) — o*(C-H) 3.01
Rh LP(1) — o*(C-H) 0.41
Rh LP(2) — o*(C-H) 0.93
Total o-backdonation 14.73

A similar degree of Rh o-backdonation compared to o(C-H)-donation was noted

for [RhH{Cy2P(CH2)2CH(CH2)2PCy2}(n'-0-cyclooctane)][BArFs], where the total o-

221



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

(C-H)-donation was found to be 12.5 kcal mol-! and the Rh o-backdonation was 11.1
kcal mol-1.53 The degree of o-backdonation was noted as similar in strength to
‘pregostic’102105 interactions (previously known as pseudo-agostic, or preagostic
interactions; Figure 3.26). Pregostic interactions are considered to be short (M---H-
C ~ 2.4 A), electrostatic interactions where the onset of covalency, especially M o*-
backdonation, becomes relevant.1% They differ from anagostic interactions which

are topologically enforced and due to ring-current effects at the metal, rather than

formation of a M:--H-C bond path (Figure 3.26).105-108

R R R

H |-|/
M

'
'
Agostic Pregostic Anagostic

3-centre-2-electron Largely electrostatic, Ring-current effects

significant 0*-backdonation

dM--H)~1.8 -23 A dM-H)~2.4 A dM--H)~25-29 A
8y upfield of uncoordinated 8, downfield of 8y downfield of
C-H uncoordinated C-H uncoordinated C-H
M« o(C-H) dominates M—0*(C-H) dominates M—0*(C-H) very small, but
dominates

Figure 3.26: Comparison between agostic (left), pregostic (middle) and anagostic (right)

interactions, with their variations in physical and spectroscopic properties.
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As noted in Section 3.3civ, the SC-XRD model of the o-norbornane fragment of 1-
NBA exhibits significantly large atomic displacement ellipsoids, even at 110 K.
Therefore, there is potential for ambiguity in the binding mode due to ambiguity in
the precise location of the NBA being unresolved. Computational conformational
searching analysis!? 110 (GFN2-xTB)!! has explored each potential n'-o-interaction
of the alkane fragment, with 14 conformations explored, with isomers of n!-o-
interactions from each of the methylene bridge, methine bridgehead, and
methylene endo and exo positions (Figures 3.27 - 3.30). These are compared to the

experimental conformer, obtained from SC-XRD data collected at 110 K.

Conformer 1

Experimental Conformer

tBUZ

E \f @
Rh-
/@

tBl.|2

n'-Bridgehead
Isomer

B e T i [ R

Figure 3.27: Conformers (Experimental, 1-4) of the Rh---n!-Methine Bridgehead isomer of 1-
NBA studied by computational conformational searching analysis. Tert-Butyl

environments omitted for clarity.
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Conformer 5 Conformer 6

Bu,

jo "

1Bt.lz

-

n1-Methylene
endo Isomer

Figure 3.28: Conformers (5-9) of the Rh---n-Methylene endo isomer of 1-NBA studied by
computational conformational searching analysis. Tert-Butyl environments omitted for

clarity.

224



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

Conformer 9

L

o

'Buy

fo 1

Bu,

A7

n'-Methylene

exo Isomer @]

Conformer 10

Conformer12

- ‘ o
b ‘ ?/i“’ 3}

| N \

| ) \
S

Figure 3.29: Conformers (9-12) of the Rh---n!-Methylene exo isomer of 1-NBA studied by

computational conformational searching analysis. Tert-Butyl environments omitted for

'BUQ

n'-Methylene
Bridge Isomer

clarity.

i Conformer 13
| w

Bu, i 7\ \,

5 e T

J@ H :
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!
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o ‘,

Figure 3.30: Conformers (13 and 14) of the Rh--1'-Methylene Bridge isomer of 1-NBA

studied by computational conformational searching

omitted for clarity.
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For each in silico experiment, the unit cell of 1-NBA (P 21/n, Z = 4) was optimised
with one cation substituted for the desired conformer. The energies of these
conformations range from -1.71 to 7.62 kcal mol-! compared to the experimentally
observed conformation (Table 3.2). Due to computational demands, the barrier to
the interconversion between these conformers has not been calculated but is
assumed to be small based on the energy of the weak interactions which will be

broken during each transition state.

Table 3.2: Relative energies of the n'-isomers and conformers of 1-NBA.

Isomer Conformer Relative Energy (kcal mol?)
Bridgehead Experimental (110 K) 0.00
1 0.02
2 -1.71
3 -1.23
4 3.79
Endo 5 0.23
6 1.29
7 3.89
8 6.34
Exo 9 2.07
10 3.27
11 5.50
12 7.62
Methylene bridge 13 4.79
14 6.14

Conformer 2 and Conformer 3 are remarkably similar to the model of the SC-XRD
data. Therefore, the conformational searching analysis matches the experimental
data, with the lowest energy isomer (Rh---n!-Methine Bridgehead) being the sole
observed isomer in the SC-XRD model. The NBA orientation of the NBA fragment

in Conformer 4, which is the highest energy conformer of this isomer, does not fit
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with the experimental SC-XRD data. No evidence of the other isomers (n!-Endo-
Methylene, n'-Exo-Methylene, or n)'-Methylene bridge) is observed in the SC-XRD
data. Therefore, it is suggested that interconversion between these isomers is not
kinetically accessible in the solid-state. The facile interconversion between the
conformers of the nl-Methine bridgehead reflects the enlarged displacement

ellipsoids observed in the SC-XRD data.

The energy associated with overall alkane binding in 1-NBA was investigated
through periodic-DFT calculations [PBE-D3//SDD(Rh/P)/ /6-
31G(Rh/P/C/H)].112114 These calculations allow for the total energy to be
deconvoluted into the Rh-alkane binding energy (molecular interaction energy) and
the stabilisation provided in the solid-state through non-covalent and electrostatic
interactions. The energy provided by non-covalent interactions can be separated
from the electrostatic interactions through calculating the overall energy of the

system with, and without, Grimme’s dispersion corrections.115

Despite previous research from the Chaplin group,® and others,? 106 suggesting
that the relatively long Rh---C distance [2.982(5) A] in 1-NBA should represent only
a weak o-interaction in comparison to shorter 12-0-C-H interactions, the molecular
interaction energy of 1-NBA was found to be 15.96 kcal mol-l. This energy is
approximately 50% of the fotal molecular interaction energies of previously
reported n%n2-0-NBA complexes which possess much shorter Rh---C distances.”® 1-
NBA differs from these earlier reports by having only one o-interaction, whereas

the previously reported values come from complexes with two o-interactions. This
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therefore implies that the nl-o-interaction observed in 1-NBA is of comparable

strength to previously reported n?-o-interactions.

The stabilisation energy of 1-NBA provided by the 2° microenvironment is found
to be 15.21 kcal mol! which is comparable to the previously reported values for o-
alkane complexes.”® The non-covalent interactions contributing to the molecular
interaction energy and solid-state stabilisation, have been mapped with an
Independent Gradient Model with Hirshfeld Partitioning (IGMH) plot (Figure
3.31).116 Stabilising C-H---H hydrogen bonds are found between the NBA fragment
and the tert-butyl groups which have been thrust towards the alkane through the
structural-response of the ligand backbone. Non-covalent C-H--m and C-H---F
interactions are found between the NBA fragment and the neighbouring [BArFs]-

anion are also observed.
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1 Isosurfaces mapped on Sign(\,)p
: Atoms are mapped on 6gatom
Isovalue=0.003 a.u

, Non-interacting Interacting Attractive Van der Waals Repulsive ',:

Figure 3.31: IGMH plots of 1-NBA. Left: Isosurfaces map the non-covalent interactions
between the NBA fragment and the neighbouring [BArf,]- anion. Right: The Rh-alkane o-
interaction, and intramolecular non-covalent interactions between the NBA and the fert-

butyl groups, are mapped by the isosurfaces. Note: The colour scheme for the degree of attraction

between atoms, and the isosurfaces, are the same but use opposite signs.
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3.2d. Selective H/D Exchange in the Solid-State

3.2di. Previous Studies on Selective H/D Exchange with

{Rh(dcpe)}* in the Solid-State

As briefly discussed in Section 1.7, the {Rh(dcpe)}* framework has been shown to
enable selective H/D exchange on bound o-alkane fragments. For example, the o-
NBA complex can undergo H/D exchange at the exo positions, which can be
selected for by variation of the experimental conditions.? 117 Likewise, addition of
D> to [Rh(dcpe)(n%n?-o-cyclohexane)][BArF4] or [Rh(dcpe)(n2wn?cn-
isobutylene)][BArF4] results in rapid perdeuteration of cyclohexane to cyclohexane-

di2 and a distribution of isotopologues of isobutane-ds.10, respectively (Scheme

3.14).7+

1. Dy (1 bar gauge)  [Rh(dcpe)(NCMe),][BArT,]

3 x 30 min +
BArF
Cyz Rl Solid-State
C \Rh»rn% ok O_d”
-
2. MeCN
Cy, dyp-cyclohexane
O BArF,

—| [BArF4] D5 (1 bar gauge)

Cy2 90 minutes Cyz ® |
~ —d,
[ Sra™ ? [ SR P N
CF3

“y-CH2 Solid-State

Cy, 208 K Cy, FiC dg.1o-iSObutane

Scheme 3.14: Previously reported examples of H/D exchange into Rh o-alkane

complexes.”4

3.2dii. Solid-State Deuteration of 1-NBD

No prior studies have reported on the in-crystallo reactivity of Rh(Ill) o-alkane

complexes, or 1)!-0-alkane complexes. Therefore, the in-crystallo reactivity of 1-NBD
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with D2 was investigated to shed light on the whether H/D exchange would occur

with Rh(III) n'-o-alkane complexes.

Addition of Dz (1 bar gauge, 120 minutes) to single-crystalline samples of 1-NBD
leads to an analogous single-crystal to single-crystal transformation as addition of
Hp, to form 2-NBA. The gross structure is found to be essentially unchanged from
1-NBA in the SC-XRD model (R1 = 9.52%, Rint = 12.08%). Likewise, the solid-state
S1P{1H} CP MAS NMR (162.06 MHz, 20 kHz spin-rate, 298 K) spectrum is similar to
1-NBA, with two resonances, which are shifted from those of 1-NBA by the isotopic
perturbation of chemical shift”* (6p 101.1 and -7.4 c¢f. 1-NBA 6pr 100.6 and -8.5, Figure
3.32). The observed coupling of these peaks is also similar to that of 1-NBA, with
the resonance at 6 101.1 observed as a doublet of doublets [J(RhP) = 118 Hz; J(PP) =
285 Hz; c¢f. 1-NBA J(RhP) =115 Hz; J(PP) = 280 Hz] and the resonance at 6 -7.4 as an

apparent triplet (Japp = 310 Hz; c¢f. 1-NBA Japp = 300 Hz).
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0 (ppm)
Figure 3.32: 31P{1H} CP MAS NMR (162.06 MHz, 20 kHz spin-rate, 298 K) spectrum of a

sample of 1-NBD exposed to D: for 2 hours. Asterisks denote spinning side bands.

However, dissolution of 2-NBA into CD2Cl; and analysis of the resultant CD2Clo-
adduct via solution 31P{TH} NMR (CD2Clz, 193 K) spectroscopy highlights a large
disparity in the solution- and solid-state 31P{1H} NMR spectra for 2-NBA /2-CDCl.
Whereas the solution 3'P{TH} NMR spectrum of 1-CD2Cl> shows two mutually
coupled, doublet of doublet resonances at 6p 98.8 and -16.5 (Figure 3.20), the
deuterated sample shows two sets of complex, overlapping sets of peaks, centred
at 6p 97.9 and -17.4 (Figure 3.33). The approximate J-couplings of the overlapping
signals compare well to that of 1-CD2Cl; [1-CD2Clz: 6r98.8; J(RhP) = 127 Hz; J(PP)

= 289 Hz; 8p -16.5; J(RhP) = 90 Hz; J(PP) = 289 H; 2-CD2Cly: 5p 97.9; J(RhP) = 124 -
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128 Hz; J(PP) = 291 - 295; &p -17.4; J(RhP) undetermined; J(PP) = 289 - 295 Hz]. The
resonances of 1-CD>Cl; are seen within this complex mixture as the most downfield
resonances in both sets of the overlapping signals (Figure 3.33). The remaining
signals in these complex clusters of resonances are assigned to isotopologues of 1-
CD:Cly, which result from sequentially increased H/D exchange, where the signals
are isotopically shifted upfield with each further deuterium for proton substitution.
Extended exposure times, or repeated recharges of D2, does not lead to differences
in the deuterium incorporation into 2-CD>Cl> as determined by solution NMR
spectroscopy. Instead, 1-NBD is sensitive to hydrogenation and deuteration
timeframes, and decomposition becomes evident with formation of unidentified

hydride products after extended periods under Hz or D».
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Figure 3.33: Solution 3P{tH} NMR (202.52 MHz, CD:Cl, 193 K) spectrum of 2-CDCl..

Insets depict fine structure of the downfield (middle, top) and upfield (middle, bottom)

environments. Asterisks denote undetermined decomposition products.

The solution TH NMR (CD2Cl,, 193 K) spectrum of 2-CD2Cl; also underscores the
difference between deuteration and hydrogenation of 1-NBD. The resonances
associated with the phosphine backbone protons markedly decrease in intensity
(relative to the ortho-[BArF4]- resonance of 8 H). and their chemical shifts slightly
change (Table 3.3). The hydride resonance (6u -28.42) integration also decreases
(0.61 H ¢f. 1-CD2Cl2 0.73 H; d1 time of 10 seconds used throughout for consistency).
The overall integral of the region of 6n 1.44 to 1.34 where the ‘Bu methyl

environments and liberated norbornane overlap decreases by slightly more than
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the expected 4 H for NBA-ds formation (41.04 H cf. 1-CD2Cl> 45.70 H). These data
suggest that the ligand framework and associated hydride, are being substituted by
deuterium during the in-crystallo reaction. It must be noted that the NMR
spectroscopic data of 2-CD2Cl2 exhibits small levels of decomposition which are not

observed in 1-CD2Cl, which will impact the accurate integration of the resonances.

Table 3.3: Comparison between the chemical shifts and integration of the phosphine
backbone and hydride resonances in 1-CD,Cl; and 2-CDCl,. Integrations relative to ortho-

[BArF4]- resonance.

1-CD2Cl> 2-CDCl>
Chemical Shift Integration Chemical Shift Integration

(On) (6n)
2.87 0.74 2.85 0.28
2.58 0.75 2.55 0.32
2.20 0.72 2.18 0.57
1.85 0.74 1.81 0.37
1.67 0.80 1.64 0.91

-28.43 0.73 -28.42 0.61

The mixture of deuterated isotopologues produced through this reaction shall be
referred to as 2-NBA or 2-CD,Cl; in the remainder of Chapter 3. Due to overlap of
signals in the solution TH NMR spectrum, detailed interpretation of the NBA
resonances is not possible. Deuterium incorporation into the NBA fragment was
investigated by addition of CH2Cl, (0.6 mL) to 2-NBA, followed by distillation of
the volatiles into an NMR tube and analysis via solution 2H NMR spectroscopy (298
K, CH2Cl,). The solution 2H NMR spectrum shows two resonances at 6u 1.39 and

1.09 (Figure 3.34). These resonances are indicative of the exo and endo methylene
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positions on the NBA, respectively.1” 118 It is not possible to distinguish whether

this is sample contains a mixture of NBA fragments separately deuterated in exo

and endo positions, or each molecule is deuterated in both the exo and endo positions.

Y——

exo

D
endo

mrcpion Sosohagl

o

60 55

50 45 40 35 30 25 20 15

0 (ppm)

10 05 00 -05

Figure 3.34: 2H NMR (76.79 MHz, CH,Cl, 298 K) spectrum of NBA-d,, formed through

solid-state deuteration of 1-NBD.

The sample of volatiles assessed by solution 2H NMR spectroscopy was analysed

by gas chromatography electron-ionisation mass spectrometry (GC/EI-MS).

Consistent with the solution 'H and 2H NMR spectroscopic data, the EI-MS

spectrum shows exclusively the presence of NBA-ds (m/z found: 100.12090; calc.

100.11901), with no further (or less) incorporation of deuterium than four per

fragment, to the detection limit of mass spectrometry (Figure 3.35). These data are
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consistent with the deuteration of both alkene bonds of NBD. Unfortunately, 2-
CD:Cl» was found to be unstable under a range of mass spectrometry conditions,
so the deuterium incorporation into the metal-phosphine fragment could not be

investigated through this technique.

x10 7.00

70.07585

6.00
5.00
4.00

b 84.09085
3.00 H

Intensity

4 56.06054
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1.00

DOOiHJ_ — l’|”|| o IH|‘ ‘I ..,.'I| | — U:IJ 'l ——t |‘ 1
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myz

Figure 3.35: Gas chromatography electron-ionisation mass spectrum (GC/EI-MS) of the
norbornane fragment from addition of D, gas to 1-NBD. The peak at 100.12090 m/z is

consistent with NBA-d, (calculated: 100.11901).

3.2diii. Solid-State Deuteration of 1-NBA

To probe whether H/D exchange also occurs into the o-norbornane fragment of 1-
NBA, D2 was added to single-crystals of 1-NBA (1 bar gauge, 2 hours) to form 3-
NBA. As before, the solids were quenched with CH2Cly, the volatiles were distilled

and analysed by GC/EI-MS. Here, exclusively NBA-H12 was found (m/z found:

237



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

96.09401; calc. 96.09390) to the detection limit of mass spectrometry (Figure 3.36).
This shows that the o-bound alkane does not undergo H/D exchange in the solid-
state, and that the ds-incorporation of 2-NBA must occur through D> addition across

the alkene bonds in the formation of 2-NBA from 2-NBD.
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]
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Figure 3.36: GC/EI-MS spectrum of the norbornane fragment produced from deuteration
of 1-NBA in the solid-state. The m/z peak at 96.09401 corresponds to NBA-H1» (calc.

96.09390).

3.2div. Synthesis of a Stable Analogue

As discussed in Section 3.2dii, investigation into the location, and extent, of
deuterium incorporation into the metal-phosphine fragment was complicated due
to the instability of 2-CD,Cl; under mass spectrometry conditions, and peak

overlap in the solution TH NMR spectra. For these reasons, a more robust analogue
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was sought, bound by stronger ligands than CD2ClL. Several ligands (dimethyl
sulphoxide, pyridine, 4-dimethylaminopyridine, acetonitrile) were screened
through addition to 1-CD2Cl. followed by recrystallisation, and 2,2’-bipyridine
(bpy, Scheme 3.15) was found to form the most stable complex under the required
conditions. The single-crystal X-Ray structure of the resultant 1-bpy shows the
backbone activation is retained, forming a six-coordinate species with the xk3-PCP

pincer, x>-bpy and a hydride ligand (Figure 3.37).

'Buy —BAr, 1. CH,Cl,
H @ 2. 2,2"-bipyridine
Rh—
8 / 0°CtoRT
'Bu,
1-NBA

Scheme 3.15: Reaction scheme for the solution synthesis of 1-bpy from 1-NBA in CH>Cl..
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Figure 3.37: Solid-state structure of one cationic component within the ASU of 1-bpy.
Thermal displacement ellipsoids displayed at 50% occupancy. All protons except for the
metal hydride and the activated phosphine backbone, are omitted for clarity. Selected bond
lengths and angles: Rh1-H = 1.26(9) A; Rh1-P1 = 2.3458(11) A; Rh1-P2 = 2.386(8) A; Rhi-
C21 = 2.095(5) A; Rh1-N1 = 2.150(3) A; Rh1-N2 = 2.197(3) A; P1-Rh1-P2 = 148.89(18)°; N1-

Rh1-N2 = 75.75(13)% P1-Rh1-C21 = 82.32(18)% P2-Rh1-C21 = 68.0(3)°.

The solution TH NMR spectrum of 1-bpy shows well resolved separation in the
majority of the peaks of interest, including the backbone protons and the hydride
resonances (Figure 3.38). Of note, however, is that two isomers are present and
observed in all solution NMR spectra. These are assigned to presence of both the

syn- and anti-isomers with respect to the proton on the alkyl ligand and the hydride
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ligand. These are chemically inseparable but have been individually fully assigned
through solution 2D NMR experiments (H-1H NOESY, COSY, TOCSY and H-31P
HMBC, Figures 3.39 - 3.42). The ratio of these isomers has been found to be highly
sample dependent, which may be due to an isomerisation process occurring over
the timescale of recrystallisation which will vary between samples, which has not

been studied further.

syn and anti

\

949290 88 86 84 8280787674
6 (ppm)

syn anti s J'n and anti

y H. "
DTN T

32 30 28 26 24 22 20 18 16
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o M «

153 -156 -159 -16.2
5 (ppm) N

9 7 5 3 1 4 3 5 7 9 A1 13 -5 -1
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Figure 3.38: Solution 'H NMR (500 MHz, CD>Cly, 298 K) spectrum of 1-bpy. Insets depict

the aromatic (top), phosphine backbone (middle), and hydride (bottom) regions.
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Figure 3.39: Solution 'H-'H NOESY spectrum of 1-bpy. Inset depicts NOE peaks between

the hydrides and the phosphine alkyl backbone.
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Figure 3.40: Solution 'H-'"H COSY spectrum of 1-bpy. Inset depicts COSY peak between

hydride and proton on phosphine alkyl backbone, indicating syn-arrangement.
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Figure 3.41: Solution 'H-'H TOCSY spectrum of 1-bpy. Inset depicts the aromatic region.
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Figure 3.42: Solution 'H-3'P HMBC spectrum of 1-bpy.
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1-bpy is stable under electrospray-ionisation mass spectrometry (ESI-MS)
conditions, with only one major fragmentation product, which is the {Rh(dtbpb)}*
fragment (m/z found: 449.2038; calc.: 449.1973; Figure 3.43). Furthermore, 1-bpy is
air stable for at least 24 hours as determined by solution multinuclear NMR
spectroscopy. For the combination of these benefits over 1-CD2Cl», the bpy adduct

was used as a surrogate for investigations into deuterium incorporation into the

metal-phosphine fragment.
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Figure 3.43: ESI-MS spectrum of 1-bpy (found: 605.2706; calc.: 605.2661). The m/z peak at

449.2038 corresponds to {Rh(dtbpb)}+ (calc.: 449.1973).

3.2dv. Location and Extent of Deuterium Incorporation

The ESI-MS (CH:Cly, positive mode) spectra of 2-bpy and 3-bpy (the bpy adduct of

3-NBA) are remarkably similar (Figure 3.44). In agreement with the solution NMR
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spectroscopic data for 2-CD>Cly, a wide distribution of deuterated isotopologues of
the metal-phosphine fragment is revealed in the ESI-MS data for 2-bpy and 3-bpy .
The distribution of deuterium incorporation ranges from do (m/z found: 605.26419;
calc. 605.26553) to d27 (m/ z found: 632.43186; calc. 632.43554) for 3-bpy, and das (m/z
found: 643.50204; calc.: 643.50405; full lists of peaks and relative intensities are given
in Section 3.5) for 2-bpy. By far the most dominant products are found to be the dy,
ds and d4 isotopologues in the ESI-MS data. It is important to note that the negative
mode ESI-MS spectra do not show any H/D exchange occurring with the [BArFq]-

anions in the solid-state, to the detection limit of mass spectrometry.
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Figure 3.44: ESI-MS data for 2-bpy and 3-bpy. A. ESI-MS spectrum for 2-bpy. B. Inset

depicts intensity scaled m/z peaks beyond ds. C. ESI-MS spectrum of 3-bpy. D. Inset depicts

intensity scaled m/z peaks beyond ds.
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Like the ESI-MS data, the solution NMR spectroscopic data for 2-bpy and 3-bpy are
largely identical. It is important to note that the NMR spectroscopic data for 2-bpy
and 3-bpy do not contain the unidentified decomposition products observed in 2-
CD>Clz and 3-CD:Cl, therefore the resonance integrations can be assumed to be
more accurate. The solution 31P{TH} NMR spectra (CD2Cl, 298 K; Figures 3.45 and
3.46) of both samples reveal two complex, overlapping resonances for the two
isomers. A broad set of overlapping signals centred at &p 92.3, where the five-
membered rings of both of the isomers are coincident, &p -16.8 for the four-

membered ring of the anti-isomer and &p -22.6 for the syn-isomer.
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Figure 3.45: Solution 3'P{1H} NMR (242.93 MHz, CD-Cl,, 298 K) spectrum of 2-bpy. Insets

depict the downfield, five-membered ring phosphorus environments, and the upfield,

four-membered ring phosphorus environments (top and bottom, respectively).
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Figure 3.46: Solution 3'P{1H} NMR (202.50 MHz, CD>Cl,, 298 K) spectrum of 3-bpy. Insets

depict the downfield, five-membered ring phosphorus environments, and the upfield,

four-membered ring phosphorus environments (top and bottom, respectively).

In the solution TH NMR spectra of the complexes, the relative concentrations of the
individual isomers can be referenced internally against the ortho-BArFs proton
resonance (6n 7.72) and the proton on the 6-position of the pyridyl trans to the
hydride (anti-isomer 6u 9.33; syn-isomer 6 9.02; Figure 3.47). This position is
unaffected by the H/D exchange process (vide infra) and the resonance is separated
in each isomer by 0.31 ppm. The resonances associated with the C2 and Cs backbone
protons for both isomers decrease (Figure 3.48, Table 3.4) and the coupling becomes

less resolved compared to 1-bpy. Interestingly, the hydride resonance integration
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also decreases, but less markedly than that for the backbone protons. Considering
the extent of deuterium incorporation highlighted in the ESI-MS data, the relatively
low decrease in integration in the hydride resonance is noteworthy. This suggests
an isotopic perturbation of equilibrium,?? as the incorporated deuterium prefers to

lie in the stronger C-D bond rather than the Rh-D bond.

1
23H45

E"‘EE’;L,I \(\ ﬁ/’[B%

Figure 3.47: Labelled figure of 1-bpy for ease of 1H NMR assignments in Table 3.4.

Table 3.4: 'H NMR chemical shifts in 1-bpy, 2-bpy and 3-bpy, with their respective

assignments and integrations.

Integrations
Chemical Assignment 1-bpy 2-bpy 3-bpy
shift (On)
9.33 anti-H10 0.30 0.44 0.29
9.02 syn-H10 0.60 0.49 0.51
3.26 syn-H3a 0.60 0.15 0.17
2.99 anti-H3a 0.31 0.14 0.09
2.85 anti-H3b 0.31 0.14 0.07
2.38 syn-H4 0.60 0.15 0.17
2.07-1.88 anti-H2, syn-H3b, 1.71 0.87 0.76
syn-Hba
1.86-1.66 syn-Hb5b, anti-H4, 1.49 1.34 1.04
anti-H5
-15.39 syn-H1 0.60 0.38 0.37
-16.15 anti-H1 0.31 0.35 0.20

248



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane

Complex Supported by a Structurally-Responsive Ligand
2-bpy

Mok
A A_/”\/\V\»Jk |

34 32 30 28 26 24 22 20 18 16 -152 -155 -158 -16.1
6 (ppm)
Figure 3.48: 'H NMR (500 MHz, CD:Cly, 298 K) spectra of 1-bpy (top) and 2-bpy (bottom),

in the phosphine backbone and hydride regions. Spectra are normalised in intensity with

respect to the [BArf,]- resonances.

The solution 2H NMR (CH2Cly, 298 K) spectrum of 2-bpy is consistent with the
decrease in TH NMR integrals due to deuterium incorporation. All phosphine
backbone positions, 'Bu methyl environments, and hydride resonances, are
observed in the solution 2H NMR spectrum (Figure 3.49). Importantly, no
resonances are observed in the aromatic region of the solution 2H NMR spectrum,

validating that no onward H/D exchange occurs into these positions.
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Figure 3.49: Comparison between the solution NMR spectroscopic data for 1-bpy and 2-
bpy. Top: Solution 'H NMR spectrum of 1-bpy. Middle: Solution 'H NMR spectrum of 2-

bpy. Bottom: Solution 2H NMR spectrum of 2-bpy.

As with 1-NBD, extended exposure times of D2 or repeated D>/vacuum cycles does
not increase the deuterium incorporation as determined by solution NMR
spectroscopy. Similarly to 1-NBD, 1-NBA is sensitive to hydrogenation and

deuteration timeframes, forming unidentified hydride decomposition products.

3.2dvi. Proposed Mechanism for Intramolecular H/D Exchange

Two potential mechanisms for the intramolecular H/D exchange could be
occurring: an oxidative addition/reductive elimination pathway (Scheme 3.16), or

a o-complex-assisted-metathesis pathway (0-CAM, Scheme 3.17).5” The principal of
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0-CAM mechanisms is the exchange of a o-(E-H) bond with a o-bond, to
metathesise to a new o-(E’-H) bond and o-bond, without change of metal oxidation
state. This occurs through a single transition state, otherwise known as a concerted
mechanism. This mechanism is similar to the LLHT mechanism shown in Scheme
3.7 but differs as there is no change in metal oxidation state. It is suggested that the
0-CAM pathway is most likely to operate due to the absence of the Rh(III) /Rh(V)

couple, as Rh(V) is a less common oxidation state.120

Oxidative
Cleavage | n+2
M7 — _ o M
Reductive Bond
Formation

Scheme 3.16: General scheme for oxidative cleavage and reductive bond formation.

M—T o-CAM o
| H

—H

— '_:t
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-
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Scheme 3.17: General scheme and transition state of a o-complex-assisted-metathesis (o-

CAM) mechanism.57
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In the oxidative addition/reductive elimination pathway, D> will bind to the vacant
site of the rhodium (Scheme 3.18, Complex N), undergo oxidative cleavage to form
a Rh(V) hydride dideuteride (Complex O), followed by reductive elimination of the
alkyl ligand and deuteride to form the Rh(III) hydride deuteride with a CHD unit
in the phosphine backbone (Complex P). A C-H activation of the backbone would
follow to form a Rh(V) dihydride deuteride (Complex Q), then reductive
elimination of H> to form the Rh(III) deuteride which can then bind D> and further
incorporate deuterium into the alkyl backbone (Complex R). Other sterically
accessible C-H bonds in the phosphine backbone and 'Bu methyl groups can

undergo the oxidative addition step to introduce deuterium into all accessible sites.

Oxidative
y H_ 'Bu, D, , H_.'Buy Cleauvage H w_ 'Bu,
géﬁ‘“*NBA —_— géﬁ\ll_NBA _— ggg_NBA
Ve -D 4R » . ” /\
By @ 2 B, DLD N RLﬂ!l.inlUL'BﬂHd Bu0d D (g
Formation
Oxidative Reductive
Addition Elimination
Reductive
Elimination

Oxidative H

H H By
. Bu, G \7/)V Bug Addition 5 T—/m 2
Rh'—NBA ==+ %Rh -NBA =—x= BALNBA
PLpie H2 ° . /I‘D@ Reductive ¢ g
t b Bu iminati Bu P
Bu E Oxidative 2 Q Elimination P
Addition
-Dz || D2
Oxidative

Oxidative
D7D gy, Cleavage D _B.tBu, paroe B 'Bu,

D
gl § N /’v Addition b =
D7 —RAI—NBA =—— D%Rh ~NBA ———= - NBA
Bu, [I)G) Reductive Bond Bu, [|)® Reductive Buy |;‘)

. . inatio
Formation Elimination

Scheme 3.18: Proposed oxidative addition/reductive elimination mechanism for H/D
exchange into the ligand framework of 1-NBA. [BArf,]- anions omitted in all cases for

clarity.
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In the 0-CAM pathway, D, will bind through the vacant site at Rh (Scheme 3.19,
Complex S) and follow a 0-CAM step to form the Rh(III) hydride deuteride, with a
C-D bond installed in the phosphine backbone (Complex T). A sterically accessible
C-H bond in the backbone or ‘Bu methyl groups can then undergo a 0-CAM step
with the hydride ligand to form a o-Hz complex (Complex U), which is
subsequently substituted by D2 to further incorporate deuterium into the remaining
C-H positions. As a 0-CAM pathway is being followed throughout all mechanistic

steps, no change in oxidation state is required.5”

t t
H H Buy D, H H Bu, 0-CAM H H Bua
g?hQNBA — ZCRKC:)NBA Di‘/RIr-’éNBA
o D, . . ,
By, IBUQDLD s 0-CAM B, D @F
0-CAM | o-CAM
DDy 'Bu H—H
‘7 Bu, D, v 2 —H, - Bu,
D /R‘héNBA ‘7——[) DﬁéNBA _—_— D{/Fil)“éNBA
—t2
'‘Bu, D tBuz D 1Bu2 D U
0-CAM
0-CAM D b By,
‘7 —_—
D RA—NBA
7 e
[BUZ D

Scheme 3.19: Proposed 0-CAM5” mechanism for the selective H/D exchange into the ligand

framework of 1-NBA. The [BArf,]- anions are omitted for clarity.

3.2f. A Potential Intermediate in the Solid-State Hydrogenation

Pathway

There are multiple opportunities in the mechanism of NBD hydrogenation to NBA
where the backbone structural-response could occur. However, it is challenging to

probe when this occurs in the solid-state: no intermediate complexes are observed
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in the single-crystal X-Ray diffraction or solid-state NMR spectroscopic data, and in
silico examination of reaction mechanisms in the solid-state is extremely
computationally demanding.% % 121,122 As the alkene groups of the NBD must be
hydrogenated in sequence, it was logical to attempt to synthesise the proposed
intermediate complex [Rh(dtbpb)(NBE)][BArfs] (NBE = norbornene, 1-NBE) to

attempt to answer at which stage the phosphine backbone activation occurs.

3.2fi. Synthesis and NMR Characterisation of 1-NBE

A sample of 1-NBD was dissolved in the weakly-coordinating solvent 1,2-F2C¢Ha
with a large excess of NBE (>50 equivalents) into a 50 mL ] Youngs ampoule, and
the flask was back-filled with H> (1 bar gauge at 78 K, Scheme 3.20). This represents
a slight excess of H> to NBE (approximately 35 equivalents of Hz to 1-NBD). The
reaction mixture was warmed to room temperature and stirred for 2 minutes. The
reaction mixture changes colour from a plum red to wine-red/purple during this
time. After 2 minutes, the reaction mixture was rapidly frozen (78 K) and
thoroughly degassed through three freeze-pump-thaw cycles. Precipitation of the
reaction mixture with hexane and recrystallisation (1,2-F2C¢Hs/hexane, ~0.5
equivalents of NBE, -30 °C) produced a small crop of crystals of 1-NBE in poor

yields (15%).

NBE (> 50 equiv)

'Bu BAr" Ha {1 bar t F
2 i 4 gauge at 78 K) Bu, L
~_ - NS
Rh
~N) _Rn_
B 1,2-F,CqHa - -
2 78 Kto RT Bu, H
1-NBD 2 minutes 1-NBE

Scheme 3.20: Synthetic scheme for the solution synthesis of 1-NBE from 1-NBD.
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1-NBE is not stable in solution at room temperature in CD>Cl, and decomposes into
unidentified products. Therefore, all solution NMR studies of 1-NBE were carried
out at 193 K. The solution 3'P{1H} NMR (CD:Cl,, 193 K, Figure 3.50) spectrum shows
two mutually-coupled, doublet of doublet resonances at 6p 90.3 [1J(RhP) = 220 Hz,
2J(PP) = 19 Hz] and 30.0 ['J(RhP) = 142 Hz, ?J(PP) = 18 Hz]. The J(PP) coupling
constant is consistent with cis-, rather than trans-phosphorus coupling, which tends
to be > 200 Hz. 53123 The magnitude of the chemical shifts, and the 1%Rh-31P and 31P-
31P coupling constants, show that in CD2Cl, solution, at 193 K, the phosphine alkyl

backbone has not undergone activation.

91.0 906 902 89.8
0 (ppm)

30.5 30.0 29 5

0 (ppm)

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
0 (ppm)
Figure 3.50: Solution 3P{1H} NMR (202.49 MHz, CD>Cl, 193 K) spectrum of 1-NBE. Insets

depict the doublet of doublets resonances at &p 90.3 (middle, top) and 30.0 (middle, bottom).
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The solution TH NMR (193 K, CD2Cl», 500 MHz) spectrum reveals a broad resonance
at dn -5.67 (1 H, Figure 3.51). The upfield 'H resonance and large 31P-1%Rh coupling
constant in the 3P{TH} NMR (220 Hz) implies a persistent agostic o(C-H)---Rh
interaction in solution at 193 K.#, 106,108 Persistent agostic o(C-H)---Rh interactions
in Rh-NBE complexes have been previously reported, where a C-H from the
methylene bridge provides the agostic interaction.®? Due to the instability and poor
yields of 1-NBE, sufficient quantities for solid-state NMR spectroscopic studies

could not be obtained.

' 555 -565 -5.75 -5.85
d (ppm)

J I *kk x| * *% * N

0 9 8 7 6 5 4 3 2 1 0 4 -2 3 -4 -5 -6 -
o (ppm)
Figure 3.51: Solution 'H NMR (500 MHz, CD:Cly, 193 K) spectrum of 1-NBE. Inset depicts

the upfield resonance at 6n -5.67 which is assigned to a o(C-H) agostic interaction. Asterisks

denote unidentified side products.
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3.2fii. Single-Crystal X-Ray Diffraction Analysis of 1-NBE
The single-crystal structure of 1-NBE shows that the NBE ligand is coordinated to
the Rh centre in a n%n2?-(ticc;ocn) fashion, through the alkene n-framework, and a
0(C-H) agostic interaction from the methylene bridge [Rh1---C7 = 2.368(6) A, Figure
3.52]. Importantly, the phosphine alkyl backbone has not undergone C-H oxidative

addition in 1-NBE in the single-crystal structure.

Q

Figure 3.52: The solid-state structure of the cationic fragment of 1-NBE. The NBE fragment
is bound to the Rh(I) through the alkene framework and a o(C-H) agostic interaction with
the bridgehead methylene. Ellipsoids displayed at 50% occupancy. The carbon atoms of the
NBE ligand are displayed in blue. All phosphine-based protons are omitted for clarity.
Selected bond lengths and angles: Rh1-P1 = 2.3677(11) A; Rh1-P2 = 2.3223(12); Rh1-C7 =

2.365(6) A; P1-Rh1-P2 = 102.03(5)°.
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The approximately octahedral arrangement of anions around the cation observed
in 1-NBD is also observed in 1-NBE (Figure 3.53). As with 1-NBD, the cation of 1-
NBE is non-symmetrically placed within the octahedral arrangement, with the NBE
methylene groups facing an ArFaryl ring (Figure 3.53). Close contacts between the
NBE fragment and neighbouring ArF CFs groups are also noted [C1---F15 3.274(16)

A; C2.-F18 3.621(10) A; Figure 3.53).

Figure 3.53: Solid-state structure of 1-NBE. Carbon atoms of the NBE ligand are displayed
in blue. Left: The {Rh(dtbpb)(NBE)}* cation is located within an approximately octahedral
arrangement of six [BArF,]- anions. Right: The cation is non-symmetrically placed within
the octahedral arrangement. Close C-H---F contacts are noted with a neighbouring anion.

Displacement ellipsoids are displayed at 50%. Selected hydrogen atoms omitted for clarity.

Therefore, although 1-NBE is obtained through solution methods, the similarity
between the solid-state structures of 1-NBD, 1-NBE and 1-NBA suggests that this

species is a valid intermediate in the I-NBD — 1-NBA hydrogenation pathway.
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Interestingly, the unit cell volume of 1-NBE has only increased by 1.6% compared
to 1-NBD [1-NBE V = 6049.14(11) A3; 1-NBD V = 5954.40(7) A%]. This unit cell
volume increase is comparable to other solid-state o-alkane complex syntheses,
where two alkene groups, rather than just one, have been hydrogenated. The
remaining 3.5% of the unit cell volume increase must therefore occur when the NBE
ligand is hydrogenated to NBA and is followed by the ligand structural-response.
The structural-response and the necessity to form an n'-0-NBA, with an elongated
Rh---C bond distance is suggested to be responsible for the large overall unit cell

volume change from 1-NBD to 1-NBA.

3.2g. Reaction of 1-NBA with Propylene

Addition of propylene gas (1 bar gauge) to single-crystals of 1-NBA causes a single-
crystal to single-crystal transformation to occur over the course of 24 hours. The
crystals do not change colour, but become coated with a viscous, oily solid
(presumably NBA and condensed propylene) which can be removed by application

of vacuum (< 1 x10-3 mbar) for 18 hours.

3.2gi. Solution NMR Spectroscopic Data of 1-Allyl

After addition of propylene to 1-NBA and application of vacuum for 18 hours to
remove residual NBA, CD2Cl> (0.6 mL) was vacuum transferred onto the solids and
the sample analysed by solution NMR spectroscopy. The solution 3'P{1H} NMR
(CD2Clz, 193 K) spectrum reveals a doublet at &p 65.3 [1J(RhP) =131 Hz; Figure 3.54].
This data suggests that both phosphorus environments have become chemically

equivalent, necessitating that the phosphine structural-response be reversed from
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1-NBA. However, the 31P-1%¥Rh coupling constant is consistent with a Rh(III)

centre.>3 89

" 67.0 66.0 65.0 64.0
0 (ppm)

150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90 -110
0 (ppm)
Figure 3.54: Solution 3'P{'H} NMR (202.49 MHz, CD:Cly, 193 K) spectrum of 1-Allyl. Inset

depicts doublet character of isotropic chemical shift (&p 65.3).

The solution TH NMR (CD2Cl,, 193 K) spectrum shows a doublet of triplets at on -
32.55 [1 H, 1J(RhH) = 39.5 Hz; 2J(PH) = 11.8 Hz]. Three mutually coupled resonances
are observed at 6u 5.09 (1 H), 4.82 (2 H) and 2.36 (2 H; Figure 3.55). The combination
of the solution 3P{1H} and TH NMR spectroscopic data suggests that the backbone
activation has been reversed, indicating hydrogen transfer from the propylene, and

the phosphorus environments being equivalent implies that the Cs ligand must be
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symmetrical. The product is assigned from these data as [RhH(n3-

CsHs)(dtbpb)][BArFs] (1-Allyl, Scheme 3.21).

Ho

IH NMR )

CD,Cl,
193 K

L N
O N

324 -326
0 (ppm)

TH{*P} NMR IH{31P)
CD,Cl, M
193K 50 48 25 23
d (ppm)
__JUL LA_l

80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
0 (ppm)
Figure 3.55: Solution 'H NMR (500 MHz, CD:Cl,, 193 K) spectra of 1-Allyl. Insets depict

the hydride resonance (6n -32.55; top) and the allyl resonances (6u 5.09, 4.82 and 2.36;

bottom).
Bu F N F

2

H - IBAT, (1 bar gauge) 'Bu, H - 1B,
\th \th -

] o t -

olid-State g
'Bu, 24 hours u2
1-NBA - NBA 1-Allyl

Scheme 3.21: Reaction scheme of the reaction between 1-NBA and propylene gas in the
solid-state. The NBA ligand is displaced, the asymmetric P-C(alkyl)-P pincer ligand is

reductively eliminated, and the propylene is oxidatively cleaved to form 1-Allyl.
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3.2gii. Single-Crystal X-Ray Diffraction Analysis of 1-Allyl
Crystals of 1-NBA exposed to propylene (1 bar gauge, 24 hours) were analysed by
single-crystal X-Ray diffraction techniques. The reaction occurs in a single-crystal
to single-crystal transformation” and exhibits a change in space group from P 21/n
to C 2/c. The cation and anion both lie on crystallographic 2-fold rotation centres
(special positions). Considering that two single-crystal to single-crystal
transformation events have occurred to reach this material, and a two-component
twin model was necessitated for structural analysis, a reasonable model (Figure 3.56,
R1=9.74 %, wR2 = 29.76%) is achieved where a n?;n%s(c-n)-propylene or n3-allyl unit
is coordinated to the Rh centre [C1-C2 1.45(5) A; C2-C3 1.46(3) A; Rh1-C1 2.21(3) A;
Rh1-C22.18(2) A; Rh1-C3 2.21(3) A; Figure 3.56). The hydride is not observed in the
difference map, which is to be expected based on the 50% occupancy model, high

electron density of the proximate rhodium centre, and weak X-Ray diffraction data.
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C2
C3 ’ C1

Figure 3.56: Solid-state structure of 1-Allyl. All protons are omitted for clarity. The hydride
is not observed in the difference map. The phosphorous centres and tBu groups are
rotation-symmetry-related. Displacement ellipsoids displayed at 50% occupancy. Selected
bond lengths and angles: C1-C21.45(5) A; C2-C31.46(3) A; Rh1-C12.21(3) A; Rh1-C22.18(2)

A; Rh1-C32.21(3) A; Rh1-P1 2.363(5) A; P1-Rh1-P1 105.39(15)°.

1-Allyl can be recrystallised from slow cooling a saturated CH2Cl» solution from 0
°C to -78 °C. The crystals grown from this recrystallisation show the same space
group, and rotation symmetry-associated crystallographic issues, as material from

the single-crystal to single-crystal transformation.

The solution NMR spectroscopy and SC-XRD data are both consistent with the
formation of the Rh(IIl) n3-allyl hydride complex, 1-Allyl. This further highlights

the in-crystallo responsive nature of the dtbpb ligand, enabling reversible C-H
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activation of the phosphine backbone through SC-SC transformations. Furthermore,
with the oxidative cleavage of the Cs position of propylene, three separate C-H

activations have occurred through a sequence of in-crystallo events.

3.2giii. Attempted Hydrogenation of 1-Allyl

In 2021, the Weller group published the first example of a Rh(I) o-propane complex,
[Rh(dcpe)(nZn?-0-CsHs)][BArfs] (Scheme 3.21).78 This complex was synthesised on
the 119 beamline at Diamond Light Source. Hydrogen gas was dosed into the gas
cell while simultaneously cooling the sample to 150 K. The o-propane complex
rapidly decomposes (30 minutes) to the zwitterionic complex, [Rh(dcpe)(nt-(3,5-

CFsCsHs)ArF3)] (Scheme 3.21), at 298 K.

©Bar
c F Cy; Ho1BAT, C 3
Y2 \_\ BAr 4 Ho - H H Decomposition y2 @
~_ —— C Rh- >
Rh ~Rho —_— Rh—
R0 298 K to 150 K sdH i -
. CH, oo Stat cy H 30 minutes
Cyz H olid-State 2 - propane Cya F5C CFs
[Rh(dcpe)(n%:nZucry-CaHe)l [Rh(depe)(n’scryn®ecryCaHel
[BArF,] [BArf,]

Scheme 3.21: Solid-state synthesis of a Rh(I) o-propane complex, reported by Weller and
co-workers.” The complex undergoes rapid (30 minute) decomposition to a zwitterionic

arene complex.

The ligand structural response observed through hydrogenation of 1-NBD to form
1-NBA provides significant stabilisation of the o-alkane complex through non-
covalent interactions with the tBu groups which are thrust towards the alkane

fragment. We reasoned that a similar response may be observed through
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hydrogenation of 1-Allyl to provide stability to a proposed nl!-o-propane complex,

[RhH(dtbpb*)(n!-0-C3Hs)][BArFs] (Scheme 3.22).

t
. mE Buy ~BAF,
2 H H, \H H,
\th‘//? th“H e
~ Solid-State /
t
BUZ tBLIQ
1-Allyl

Scheme 3.22: Proposed solid-state hydrogenation of 1-Allyl to form a Rh(IIl) )'-o-propane

complex.

The optimum hydrogenation time of 1-Allyl was investigated by solution NMR
spectroscopy. Hydrogen gas (1 bar gauge) was added to crystals of 1-Allyl at 0 °C
or ambient temperature for varied durations. CD2Cl> was then vacuum transferred
onto the solids to observe the formation of 1-CD2Cl from 1-Allyl. Hydrogenation
of 1-Allyl for 5 seconds at ambient temperature led to complete loss of 1-Allyl by
solution 31P{1H} NMR spectroscopy. The formation of 1-CD>Cl: is noted, as well as

an unknown decomposition product at 6p 51.2 (Figure 3.57).
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Figure 3.57: Solution 3'P{1H} NMR (202.49 MHz, CDCly, 193 K) spectrum of a sample of 1-

Allyl after exposure to H> (1 bar gauge) for 5 seconds at ambient temperature. Insets depict

the resonances of the resultant 1-CD>Cl> complex.

Recrystallised samples of 1-Allyl were loaded into gas cells on I19 beamline at
Diamond Light Source. Hydrogen gas (1 bar gauge) was dosed into the gas cells
under a range of conditions, including: 298 K with simultaneous cooling to 150 K;
273 K with simultaneous cooling to 150 K; 150 K, collecting a new SC-XRD structure
with 10 K temperature increase increments. Unfortunately, no new diffraction
pattern could be found under these conditions, with only a decrease in intensity of
the diffraction peaks of 1-Allyl observed. This suggests that hydrogenation of 1-

Allyl rapidly causes the formation of an amorphous species.
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3.3. Conclusions
The work reported in this Chapter shows that the wide-bite angle phosphine, dtbpb,
undergoes a structural-response upon in-crystallo hydrogenation of 1-NBD. The
structural-response causes C-H oxidative addition of the C2-position of the alkyl
backbone to form an asymmetrical, anionic PCP-pincer ligand. The structural-
response induces stability of a highly reactive n!-o-alkane complex through non-
covalent interactions between the tBu-methyl groups and the o-NBA. The
structural-response of dtbpb in-crystallo is suggested to occur after full
hydrogenation of the bound alkene positions, due to the (solution) synthesis of 1-
NBE, where the structural-response has not occurred. The structural-response is
also shown to be reversible in-crystallo by the substitution of norbornane by
propylene gas, synthesising 1-Allyl, where the PCP-pincer ligand has been

reductively eliminated to form the bidentate chelating phosphine.

The PCP-pincer ligand has been shown to undergo metal-ligand cooperation in-
crystallo to produce selective H/D exchange into unactivated alkyl C-H positions
of 1-NBA. The reaction contains a wide-range of isotopologues, ranging from do to
dss, where deuterium incorporates into the phosphine backbone and tBu methyl

groups.

3.4 Future Work

To further understand the increase in non-covalent interactions induced by the
ligand structural-response, chemical modifications of 1-NBD could be explored.

For instance, methylating the C2/C3 C-H positions of dtbpb to form 1,4-bis(di-tert-
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butylphosphino)-2,2,3,3-tetramethylbutane (Figure 3.58), which cannot undergo C-
H activation at the C2/C3-positions. This could lead to an n%n?-0-NBA complex as
a direct comparison, or an alternative ligand structural-response could be
envisioned: 'Bu-methyl cyclometallation, or phosphine backbone C-C bond

oxidative addition.

tBu2 Q§<\ By
2

Figure 3.58: Chemical formula of a methylated variant of dtbpb.

As mentioned in Section 3.1c, Hartwig has studied catalytic H/D exchange into
vinylic compounds by a complex furnished with a cyclometalated wide bite-angle
phosphine.’ 2-NBA /3-NBA may also be active for (stoichiometric) H/D exchange

into gaseous alkenes through a similar mechanism.

Due to the related phosphine bite-angle, the previously reported [Rh(dcpb)(nZn?2-o-
NBA)][BArF4] [depb = 1,4-bis(di-cyclohexylphosphino)butane] should be
investigated for H/D exchange. Although the solid-state structure does not show
the formation of the related asymmetric PCP-pincer ligand, the transient formation
of this framework could be achieved to induce selective H/D exchange into this
phosphine. This would establish another example of in-crystallo metal-ligand

cooperation, which would necessitate an alternative mechanism.
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3.5 Experimental

3.5a. General Experimental

All manipulations, unless otherwise stated, were performed under standard
Schlenk line and glovebox (<0.5 ppm O2/H20) techniques under an argon (BOC,
N4.8 purity), hydrogen (CK Gases, N5.0 purity), deuterium (CK Gases, N2.8 purity),
propylene (CK Gases, N2.5 purity) or nitrogen atmosphere. Glassware was dried
overnight at 140 °C and flame dried under vacuum before use. Pentane, hexane,
CH2Clz and toluene were dried using a commercially available Grubbs-type
purification system (Innovative Technology) and degassed with three freeze-pump-
thaw cycles and stored over 3 A molecular sieves (CH>Cl» and toluene) under argon
in resealable glass ampoules fitted with PTFE high vacuum stopcocks (Rotaflo HP
or J. Young). 1,2-C¢HaF> (pre-treated with alumina) and CD.Cl> were dried over
CaHy, vacuum transferred, degassed with three freeze-pump-thaw cycles, and
stored over 3 A molecular sieves. Tetrahydrofuran (THF) was dried over
Na/benzophenone, distilled, degassed with three freeze-pump-thaw cycles and
stored over 3 A molecular sieves. [Rh(NBD).][BArF4]% was synthesised according
to literature methods. All other chemicals were from commercial sources and used
without further purification. Solution-state NMR data were collected on a Bruker
AVIIIHD 500 MHz or AVIIHD 600 MHz Widebore spectrometer at the
temperatures specified. The solution 'H and 13C{IH} NMR spectra were referenced
to the residual solvent peaks. Assignments were aided with H{3'P} and 2-D
solution NMR data. 31P{1H} solution NMR spectra were referenced externally to 85%

H3PO4 in D20O. Solid-state NMR samples were prepared in an argon-filled glovebox
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by pre-loading 15-30 mg or 60-100 mg of crushed material into 1.9 mm or 4.0 mm
zirconia solid-state NMR rotors, respectively, and sealed with Kel-F, vespel or
zirconia caps. Solid-state NMR data were obtained on Bruker Avance III HD
spectrometers, operating at 100.63 MHz (3C{'H}), 100.56 MHz (3C{1H}), 162.04
MHz (31P{1H}), 161.99 MHz (31P{1H}) or 376.5 MHz (1°F{H}) at the MAS rates and
temperatures specified. All 3C{TH} CP MAS spectra were referenced to adamantane
where the upfield methine resonance was taken to be 6¢c = 29.5 ppm, secondarily
referenced to 0c(SiMes) = 0.0 ppm. 31P{IH} CP MAS spectra were referenced to
triphenylphosphine (6p = -9.3 ppm relative to H3POs) or calcium hydrogen
phosphate (6r = 1.4 ppm relative to H3POs). Solid-state NMR spectra were recorded
at varied MAS rates to determine isotropic chemical shifts. Gas chromatography
electron-ionisation mass spectrometry data were obtained by Mr Karl Heaton at the
University of York Centre of Excellence in Mass Spectrometry. Electrospray
ionisation mass spectrometry data for complexes 2-bpy and 3-bpy were recorded
on a Bruker solariX XR FTMS operating at 9.4 T. Elemental analyses were collected

by Ms Orfhlaith McCullough at London Metropolitan University.

3.5bi. Synthesis of 1,4-bis(di-tert-butylphosphino)butane
(dtbpb)

A solution of di-tert-butylphosphine (2.5 mL, 1.98 g) in THF (20 mL) was cooled to
-78 °C. A solution of n-butyllithium in hexanes (2.1 M, 6.4 mL) was added dropwise
to cooled solution. After full addition of n-butyllithium, the reaction mixture
changed colour from colourless to pale yellow. The reaction mixture was stirred at
-78 °C before warming to ambient temperature. The solution was stirred at ambient
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temperature for 18 hours, then cooled back to -78 °C. A solution of 1,4-
dibromobutane (800 pL, 1.45 g) in THF (5 mL) was then added to the reaction
mixture, dropwise via syringe. After full addition, the reaction mixture had turned
cloudy white. The reaction mixture was stirred at -78 °C for 15 minutes before
stirring at ambient for 18 hours. The volatiles were then removed in vacuo and the
product extracted into hexane (3 x 30 mL) and isolated through filtration through
two thick pads of celite. The volatiles were then removed in vacuo to yield a white

powder (1.97 g, 85 % yield).

Solution TH NMR (500 MHz, CsDs, 298 K): 0u 1.80 (second-order m, 4 H), 1.41

(second-order m, 4H), 1.11 [d, 3](PH) = 10.6 Hz, 36 H].

Solution TH{31P} NMR (500 MHz, CsDs, 298 K): 61 1.80 (second-order m, 4 H), 1.41

(second-order m, 4H), 1.11 (s, 36 H).

Solution 31P{1H} NMR (202.49 MHz, CsDs, 298 K): op 27.3.

Solution 13C{TH} NMR (125.80 MHz, CsDs, 298 K): 6c 32.8 (second-order m, CH>),
31.3 [d, }J(CP) = 22 Hz, CH>], 29.9 [d, 2J(CP) = 15 Hz, C(CHzs)3], 21.8 [d, 1J(CP) = 23

Hz, C(CHas)s].

Elemental Analysis calc for CooHsP2: C 69.32; H 12.80; N 0; found: 69.15; H12.42; N

0.

3.5bii. Synthesis of [Rh(dtbpb)(NBD)][BAr*4] (1-NBD)

To a rapidly stirring solution of [Rh(NBD):][BArfs] (1 g) in CH2Cl> (50 mL) was

dropwise added a solution of dtbpb (321 mg) in CH2Cl> (15 mL). The reaction
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mixture was stirred at ambient temperature for 2 hours. The reaction mixture took
a slight colour change from red to plum red. The reaction mixture was precipitated
by addition of hexane (300 mL) to form a bright red, microcrystalline solid. The
supernatant was removed via cannula filtration. The product was extracted into
CH2Cl> (2 x 30 mL), cannula filtered and layered at ambient temperature to yield

bright-red, block-like crystals of 1-NBD (897 mg, 80% yield).

Solution TH NMR (500 MHz, CD:Clz, 298 K): 6u 7.72 (br s, 8 H, ortho-BAr¥,), 7.56
(s, 3 H, para-BArty), 5.05 (second-order m, 4 H, NBD C=CH), 3.89 (m, 2 H, NBD
bridge CH>), 1.91 (br s, FWHM =27 Hz, 4 H, CH>), 1.78 (br m, FWHM =30 Hz, 4 H,

CH.), 1.56 (s, 2 H, NBD bridge CH), 1.40 [d, 2J(CP) = 13.2 Hz, 36 H, C(CH3)s].

Solution 3'P{1H} NMR (202.49 MHz, CD:Cl,, 298 K): 5p 34.6 [d, 1J(RhP) = 148 Hz].

Solid-state 31P{1H} CP MAS NMR (162.04 MHz, 10 kHz spin rate, 298 K): &p 48.2

[d, 1J(RhP) = 144 Hz], 25.0 [d, 1J(RhP) = 144 Hz].

Solid-state 13C{1H} CP MAS NMR (100.66 MHz, 10 kHz spin rate, 298 K): dc 166.4,
163.6, 137.7, 135.2, 130.5, 125.1, 117.2 (BArF4 resonances), 77.1, 75.8, 64.4, 51.8, 48.7
(NBD alkene resonances), 40.5, 38.8, 38.8, 37.3, 32.6, 32.0, 29.0, 28.7, 24.3, 21.7, 20.3,

16.2 (NBD and phosphine resonances).

ESI-MS myz (CH2Cl>) found (calc): CoyHs2P2Rhy 541.2587 (541.2599).

Elemental Analysis calc for CsoHesB1F24P2Rhi: C 50.44; H 4.59; N 0O; found: C 50.48;

H 4.54; N 0.
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3.5biii. Synthesis of [Rh(dtbpb)(NBE) |[BArt4] (1-NBE)
An ampoule was charged with 1-NBD (50 mg), norbornene (NBE, 200 mg) and 1,2-
F2CsHs (7 mL) to form a bright red solution. The solution was degassed via three
freeze-pump-thaw cycles and backfilled with H> gas (1 bar gauge pressure at -
196 °C). The reaction mixture was warmed to ambient and stirred for 2 minutes
when the reaction mixture became wine-red/ purple in colour. The reaction mixture
was rapidly cooled to -196 °C and degassed via three freeze-pump-thaw cycles after
the 2 minutes stirring at ambient temperature. The volatiles were removed under
reduced pressure to yield a wine-red solid which was washed with hexane (3 x 5
mL). The solids were extracted into solution of norbornene (2 mg) in 1,2-F2C¢Hs (3
mL). The solution was layered with hexane at -30 °C to yield a small crop of wine-
red crystals (7 mg, 15% yield). Notes: This reaction was found to be unpredictable. Trace
impurities in the starting material or the 1,2-F2CsHas solvent may be responsible for
variation in yields between repeats. 1-NBE is unstable in CH>Cl> solution at room
temperature, decomposing within minutes to unidentified products. Solution NMR
spectroscopic data for 1-NBE is recorded at 193 K. At this temperature, 1-NBE is quite

insoluble in CD,Cls.

Solution TH NMR (500 MHz, CD.Cly, 193 K): 7.72 (s, 8 H, ortho-BArF4), 7.52 (s, 4 H,
para-BArFs), 4.99 (s, 1 H, C=CH), 4.57 (s, 1 H, C=CH), 3.53 (s, 1 H, NBE bridgehead),
3.39 (s, 1 H, NBE bridgehead), 2.06-1.66 (m, 7 H, overlapping phosphine backbone),
1.58-0.88 (m, 45 H, overlapping NBE methylene and bridge, and tBu methyl

resonances), -5.68 (s, 1 H, agostic NBE bridge CH).

273



Chapter 3 - Single-Crystal to Single-Crystal Reactivity of a Stable Rh(Ill) n1-0-Alkane
Complex Supported by a Structurally-Responsive Ligand

Solution 3'P{tH} NMR (202.49 MHz, CD:Cl,, 193 K): 5p 90.3 [1J(RhP) = 220 Hz, 2](PP)

= 19 Hz] and 30.0 [1J(RhP) = 142 Hz, 2J(PP) = 18 Hz]

3.5biv. Synthesis of [RhH(dtbpb*)('-0-NBA) [BAr*4] (1-NBA)

An ampoule was charged with 1-NBD (54 mg), evacuated (1 x 10-3 mbar) and back-
tilled with H> gas (1 bar gauge). The bright red crystals gradually became sandy
yellow over the course of 2 hours. After 2 hours, the ampoule was degassed under
vacuum and back-filled with Ar (0.2 bar gauge pressure) to yield 1-NBA as a sandy-
yellow solid (50 mg, 93%). Reaction is quantitative by solid-state NMR spectroscopy,

mass losses are due to glassware.

Solid-state 31P{1H} NMR (162.05 MHz, 10 kHz spin rate, 298 K): 6p 100.5 [dd, }J(RhP)

= 125 Hz, 2J(PP) = 289 Hz], -8.5 (apparent t, Japp = 300 Hz).

Solid-state 13C{1H} NMR (100.66 MHz, 10 kHz spin rate, 298 K): &c 164.8, 163.0,
137.4,135.4, 130.7, 125.4, 117.8, 117.9 (BArF4 resonances), 43.3, 38.6, 37.8, 33.9, 30.0,

21.3 (phosphine and NBA resonances).

Solution TH NMR (500 MHz, CD:Cl», 193 K): 61 7.72 (s, 8 H, ortho-BAr¥,), 7.53 (s, 4
H, para-BArF;), 2.88 (m, 1 H, phosphine backbone), 2.57 (m, 1 H, phosphine
backbone), 2.20 (m, 1 H, phosphine backbone), 2.07 (m, 2 H, NBA methylene bridge),
1.67 (m, 1 H, phosphine backbone), 1.41-0.97 (m, 46 H, overlapping phosphine ‘Bu

methyl, backbone and NBA resonances), -28.43 [m, 1J(RhH) = 64.0 Hz, 1 H, Rh-H].

Solution 31P{1H} NMR (202.49 MHz, CD:Cl,, 193 K): 6p 98.8 [dd, J(RhP) = 127 Hz,

2J(PP) = 289 Hz], -16.5 [dd, 1J(RhP) = 90 Hz, 2J(PP) = 289 Hz].
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Due to the sensitivity of 1-NBA, the complex repeatedly failed to produce satisfactory

elemental analyses.

3.5bv. Synthesis of [RhH(dtbpb*-d)(y'-o-NBA-d,) [BArF,] (2-
NBA)

An ampoule was charged with 1-NBD (x mg), evacuated (1 x 10-* mbar) and back-
tilled with D2 gas (1 bar gauge pressure). After 2 hours, the ampoule was degassed

under vacuum and back-filled with Ar (0.2 bar gauge pressure).

Solid-state 31P{TH} NMR (162.06 MHz, 20 kHz spin rate, 298 K): 6p 101.1 [dd, IJ(RhP)

=125 Hz, 2J(PP) = 287 Hz], -7.8 (apparent triplet, J.pp = 300 Hz).

Solid-state 13C{1H} NMR (100.66 MHz, 20 kHz spin rate, 298 K): &c 164.3, 1374,
135.5, 134.6, 130.8, 126.1, 123.5, 117.9 (BArF, resonances), 42.8, 39.0, 38.5, 37.8, 36.7,
36.3, 35.7, 35.1, 34.2, 304, 29.0, 28.0, 21.0 (overlapping NBA and phosphine

resonances).

Solution TH NMR (500 MHz, CD:Cly, 193 K): 81 7.72 (s, 8 H, ortho-BAr¥,), 7.52 (s, 4
H, para-BAr¥,), 2.85 (m, 0.29 H, phosphine backbone), 2.56 (m, 0.33 H, phosphine
backbone), 2.19 (m, 0.60 H, phosphine backbone), 2.06 (s, 1.66 H, NBA methylene
bridge), 1.82 (m, 0.40 H, phosphine backbone), 1.76-1.54 (m, 0.91 H, phosphine
backbone), 1.37-0.97 (m, 40.63 H, overlapping phosphine tBu methyl, backbone and

NBA resonances), -28.42 (m, 0.60 H, Rh-H).

Solution 31P{TH} NMR (202.49 MHz, CD:Cl;, 193 K): &p 99.3, 99.1, 98.9, 98.7, 98 .4,
98.2,97.8,97.7,97.4,97.2,97.0,96.8, -16.1, -16.3, -16.4, -16.7, -16.9, -17.1, -17.5, -17.8,
-17.9, -18.2, -18.3, -18.6.
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3.5bvi. Synthesis of [RhH(dtbpb*-d)(y'-0-NBA-Hi2) [BArF,] (3-
NBA)

An ampoule was charged with 1-NBA (24 mg), evacuated (1 x 10-3 mbar) and back-
tilled with D gas (1 bar gauge pressure). After 2 hours, the ampoule was degassed

under vacuum and back-filled with Ar (0.2 bar gauge pressure).

Solid-state 31P{1H} NMR (162.04 MHz, 20 kHz spin rate, 298 K): 6p 101.1 [dd, J(RhP)

=115 Hz, J(PP) = 290 Hz], -7.9 (app. t, Japp = 285 Hz).

Solid-state 13C{1H} NMR (100.66 MHz, 20 kHz spin rate, 298 K): &c 164.2, 162.0,
137.3,135.7,134.7,130.9, 126.0, 123.8, 118.0 (BArF4 resonances), 42.7, 38.9, 38.0, 36.2,

29.6, 29.2, 20.9 (phosphine and NBA resonances).

Solution TH NMR (500 MHz, CD:Cly, 193 K): 61 7.72 (s, 8 H, ortho-BAr¥,), 7.52 (s, 4
H, para-BArFs), 2.85 (br, 0.35 H, phosphine backbone), 2.55 (m, 0.34 H, phosphine
backbone), 2.18 (br, 0.55 H, phosphine backbone), 2.07 (s, 1.55 H, NBA methylene
bridge), 1.81 (br, 0.48 H, phosphine backbone), 1.64 (br d, 0.90 H, phosphine
backbone), 1.42-0.92 (m, 41.72 H, overlapping phosphine tBu methyl, backbone and

NBA resonances), -28.43 (br d, 0.62 H, Rh-H).

Solution 31P{TH} NMR (202.52 MHz, CD:Cl», 193 K): 6p 99.8, 99.6, 99.3, 99.2, 98.9,
98.7,98.3,98.1,97.9,97.7,97.5,97.3, -15.5, -15.8, -15.9, -16.2, -16.3, -16.6, -17.0, -17.3,

-17.4,-17.7,-17.8, -18.1.
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3.5bvii. Synthesis of [RhH(dtbpb*)(2,2"-bipyridine) [ BArF,] (1-
bpy)
An ampoule was charged with 1-NBA (46 mg) and cooled to 0 °C. The solids were
then taken up in CH2Cl2 (3 mL) to form a pale-yellow solution. A solution of 2,2’-
bipyridine (5.5 mg) in CH2Cl> (1 mL) was then added to the solution. The solution
was agitated, allowed to warm to ambient temperature, and layered with hexane to

yield bright yellow crystals of 1-bpy (21 mg, 44% yield).

) 2 H
6tBu\E\RIF_2 S/tBE&

7tBu/\ N |® N

BY
16\ N 10
15~ \
14U A1

12

Figure 3.59: Labelled figure of 1-bpy to aid with NMR atom assignments.

Solution TH NMR (600 MHz, CD>Cly, 298 K): 611 9.33 [d, 1J(HH) = 5.6 Hz, 0.32 H,
anti-10], 9.17 [d, 1J(HH) = 5.4 Hz, 0.60 H, syn-17], 9.16 [d, 1J(HH) = 5.3 Hz, 0.32 H,
anti-17], 9.03 [d, 1J(HH) = 5.1 Hz, 0.61 H, syn-10], 8.29 (m, 0.93 H, overlapping syn-
14 and anti-14), 8.22 (m, 0.98 H, overlapping syn-13 and anti-13), 8.02 (m, 0.98 H,
overlapping syn-15 and anti-15), 7.93 (m, 0.93 H, overlapping syn-12 and anti-12),
7.73 [br sept, 4J(HF) = 2.0 Hz, 8 H, ortho-BAr¥4],7.56 (br s, 4.87 H, overlapping para-
BArFy, syn-16 and anti-16), 7.41 (m, 0.98 H, overlapping syn-11 and anti-11), 3.26 (m,
0.60 H, syn-3a), 2.99 (m, 0.31 H, anti-3a), 2.85 (m, 0.31 H, anti-3b), 2.38 (m, 0.60 H,
syn-4), 2.07-1.88 (m, 1.71 H, overlapping anti-2, syn-3b, syn-5a), 1.86-1.66 (m, 1.49 H,

overlapping anti-4, syn-5b, anti-5), 1.43-1.33 (m, 11.99 H, overlapping syn-6, anti-6
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and anti-8), 1.28 [d, 2J(HP) = 13.8 Hz, 5.96 H, syn-8], 0.76 [d, 2J(HP) = 13.4 Hz, 5.64
H, syn-9], 0.61-0.58 (m, 8.24 H, overlapping syn-7 and anti-9), 0.55 [d, 2J(HP) = 12.3

Hz, 2.95 H, anti-7], -15.39 (m, 0.60 H, syn-1), -16.15 (m, 0.31 H, anti-1).

Solution 3'P{tH} NMR (242.93 MHz, CD:Cl,, 298 K): &p 92.9 [dd, 1J(RhP) = 120 Hz,
2J(PP) = 337 Hz, syn-1], 92.5 [dd, 1J(RhP) = 123 Hz, 2J(PP) = 329 Hz, anti-1], -16.4 [dd,
1J(RhP) = 89 Hz, 2J(PP) = 330 Hz, anti-2], -22.3 [dd, 1J(RhP) = 89 Hz, 2J(PP) = 336 Hz,

syn-2].

Solution B3C{TH} NMR (150.91 MHz, CD:Cl, 298 K): dc 162.2 [q, }J(CB) = 50 Hz,
ipso-BArF4], 156.4, 155.9, 154.3, 154.3, 154.1, 153.9, 152.4, 138.3, 135.2 [sept., 3](CF) =
1.6 Hz, ortho-BArty], 129.3 [qq, 2J(CF) = 31 Hz, 3](CF) = 3 Hz, meta-BAr¥4], 127.7,126.2,
126.1,125.9,125.7, 125.4, 124.1, 124.1, 123.7, 123.3, 123.3, 122.3, 117.9 [quint., 3](CF)
=4 Hz, para-BAr¥,], 43.1, 43.0, 43.0, 42.9, 38.5 (m), 38.4 (m), 38.1, 37.8, 37.7, 37.6, 37.5,
37.5,35.2, 33.3, 33.2, 32.0, 31.0 [d, 2J(CP) = 4 Hz, C(CHas)s], 30.8 [d, 2J(CP) = 4 Hz,
C(CHs)s], 30.5 [d, 2J(CP) = 3 Hz, C(CHa)3], 30.1 [d, 2J(CP) = 4 Hz, C(CHz)s], 30.0 (dd,
J=4Hz, | =1 Hz), 29.8-29.6 (overlapping signals), 29.3 [d, 2J(CP) = 4 Hz, C(CHz3)3],
25.9 (dt, =22 Hz, =2 Hz), 24.9 (dt, ] = 23 Hz, | = 2 Hz), 23.1, 20.4, 20.3, 20.1, 15.9,

15.7,15.7,15.6, 14.3.

ESI-MS m/z (CH2Cl) found (calc): Cso0Hs2N2P2Rhi 605.2706 (605.2661); CooHaaP2Rhy

449.2038 (449.1973).
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3.5bviii. Synthesis of [RhH(dtbpb*-d)(2,2’-bipyridine) [ BAr4] (2-
bpy)
The synthesis of 1-bpy was repeated, replacing 1-NBA for 2-NBA. Yield: 15 mg,

41%.

Solution TH NMR (600 MHz, CD:Cl;, 298 K): 61 9.33 (m, 0.44 H, anti-10), 9.16 (m,
0.90 H, overlapping syn-17 and anti-17), 9.02 [d, J(HH) = 5.6 Hz, 0.49 H, syn-10], 8.29
(m, 0.93 H, overlapping syn-14 and anti-14), 8.22 (m, 0.97 H, overlapping syn-13 and
anti-13), 8.03 (m, 0.96 H, overlapping syn-15 and anti-15), 7.94 (m, 092 H,
overlapping syn-12 and anti-12), 7.73 (s, 8 H, ortho-BArfs), 7.56 (s, 492 H,
overlapping para-BArts, syn-16 and anti-16), 7.41 (m, 0.98 H, overlapping syn-11 and
anti-11), 3.26 (m, 0.15 H, syn-3a), 2.99 (m, 0.14 H, anti-3a), 2.85 (m, 0.14 H, anti-3b),
2.38 (m, 0.14 H, syn-4), 2.07-1.88 (m, 0.87 H, overlapping anti-2, syn-3b and syn-5a),
1.86-1.66 (m, 1.34 H, overlapping anti-4, syn-5b and anti-5), 1.43-1.33 (m, 12.08 H,
overlapping syn-6, anti-6 and anti-8), 1.28 [d, 2J(PH) = 13.6 Hz, 4.92 H, syn-8], 0.76
[d, 2J(PH) = 13.6 Hz, 4.19 H, syn-9], 0.62-0.52 (m, 11.98 H, overlapping syn-7 and
anti-9), -15.39 [m, 1J(RhH) = 15 Hz, 0.38 H, syn-1], -16.15 [m, 1J(RhH) = 17 Hz, 0.35

H, anti-1].

Solution 2H NMR (76.79 MHz, CH:Cl, 298 K): 6p 3.2,2.9,2.8,2.3,19,1.3,1.2,0.7,

0.5,-15.3, -16.0.

Solution 31P{TH} NMR (242.93 MHz, CD:Cl,, 298 K): &r 93.5, 93.4, 93.2, 93.0, 92.9,
92.7,925, 922,920, 91.9, 91.7, 91.6, 91.4, 91.2 (overlapping isotopologues of syn-1

and anti-1), -15.5, -15.7, -15.9, -16.1, -16.3, -16.4, -16.9, -17.1, -17.3, -17.4, -17.6, -17.8
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(overlapping isotopologues of anti-2),-21.4,-21.6,-21.7,-22.0,-22.1,-22.4,-22.8,-23.1,

-23.2,-23.4, -23.8 (overlapping isotopologues of syn-2).

ESI-MS m/z found (calc m/z, deuterium content, abundance rel. to [M]*):
605.26628 (605.26607, do, 10.0%); 606.27213 (606.27235, d1, 34.9%); 607.27909
(607.27863, d>, 75.3%); 608.28313 (608.28490, ds, 100%); 609.29058 (609.29118, ds,
90.2%); 610.29514 (610.29746, ds, 23.1%); 611.30185 (611.30373, ds, 6.6%); 612.30776
(612.31001, d7, 4.0%); 613.31402 (613.31629, ds, 2.5%); 614.32100 (614.32256, d9, 1.6%);
615.32876 (615.32884, dio, 2.6%); 616.33325 (616.33512, di1, 2.8%); 617.33946
(617.34139, d12, 2.7%); 618.34799 (618.34767, di3, 2.4%); 619.35167 (619.35395, d14,
2.2%); 620.36073 (620.36022, d15, 2.3%); 621.36427 (621.36650, d1s, 2.0%); 622.37328
(622.37278, d17, 2.3%); 623.37709 (623.37905, dis, 2.6%); 624.38345 (624.38533, d1v,
2.0%); 625.38900 (625.39161, d2o, 1.9%); 626.39562 (626.39788, d21, 1.5%); 627.40131
(627.40416, d», 1.9%); 628.41109 (628.41044, d»3, 0.8%); 629.41509 (629.41671, dos,
0.5%); 630.42082 (630.42299, das, 0.9%); 631.42765 (631.42927, d2s, 0.3%); 632.43314
(632.43554, dr7, 0.3%); 633.43987 (633.44182, dos, 0.5%); 634.44522 (634.44810, da,
0.4%); 635.45146 (635.45437, d3o, 0.3%); 636.45779 (636.46065, d31, 0.3%); 637.45779
(637.46693, d3, 0.3%); 638.47106 (638.47320, d33, 0.2%); 639.47742 (639.47948, d34,
0.2%); 640.48478 (640.48576, dss, 0.2%); 641.49062 (641.49203, d3s, 0.1%); 642.49622

(642.49831, da7, 0.1%); 643.50204 (643.50459, dss, 0.2%).
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3.5bix. Synthesis of [RhH(dtbpb*-d)(2,2’-bipyridine) [ BArt4] (3-
bpy)
The synthesis of 1-bpy was repeated, replacing 1-NBA for 3-NBA. Yield: 10 mg,

38%.

Solution TH NMR (500 MHz, CD-Cl,, 298 K): 61 9.33 (m, 0.29 H, anti-10), 9.16 (m,
0.80 H, overlapping syn-17 and anti-17), 9.02 (m, 0.51 H, syn-10), 8.30 (m, 0.87 H,
overlapping syn-14 and anti-14), 8.23 (m, 0.92 H, overlapping syn-12 and anti-12),
8.03 (m, 0.92 H, overlapping syn-15 and anti-15), 7.95 (m, 0.87 H, overlapping syn-
12 and anti-12),7.72 (s, 8 H, ortho-BArts), 7.55 (s, 4.83 H, overlapping para-BArty, syn-
16 and anti-16), 7.43 (m, 0.84 H, overlapping syn-11 and anti-11), 3.25 (m, 0.17 H,
syn-3a), 2.97 (m, 0.09 H, anti-3a), 2.83 (m, 0.07 H, anti-3b), 2.36 (m, 0.17 H, syn-4),
2.09-1.87 (m, 0.76 H, overlapping anti-2, syn-3b, and syn-5a), 1.84-1.63 (m, 1.04 H,
overlapping anti-4, syn-5b and anti-5), 1.44-1.32 (m, 9.97 H, overlapping syn-6, anti-
6 and anti-8), 1.29 [d, 2J(PH) = 13.3 Hz, 6.29 H, syn-8], 0.76 [d, ?J(PH) = 13.4 Hz, 4.61
H, syn-9], 0.62-0.52 (m, 9.74 H, overlapping syn-7 and anti-9), -15.39 (m, 0.37 H, syn-

1), -16.15 (m, 0.20 H, anti-1).

Solution 3'P{TH} NMR (202.50 MHz, CD:Cl,, 298 K): 6p 93.7, 93.6, 96.5, 93.4, 93.2,
93.1, 93.0, 92.9, 92.8, 92.6, 92.4, 92.0, 91.9, 91.9, 91.8, 91.8, 91.7, 91.6, 91.6, 91.4, 91.3,
91.2,91.1, 91.0 (overlapping isotopologues of syn-1 and anti-1), -15.4, -15.6, -15.7, -
15.8, -15.9, -16.0, -16.1, -16.2, -16.3, -16.6, -17.0, -17.2, -17 .4, -17 .4, -17.5, -17.6, -17.8, -
18.0 (overlapping isotopologues of anti-2) -21.2, -21.5, -21.6, -21.7, -21.8, -21.9, -22.0,
-22.3,-22.9,-23.2,-23.2,-23.3, -23.5, -23.6, -23.7, -23.9 (overlapping isotopologues of

syn-2).
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ESI-MS myz found (calc m/z, deuterium content, abundance rel. to [M]*):
605.26279 (605.26607, do, 4.2%); 606.26900 (606.27235, d1, 38.5%); 607.27521
(607.27863, d2, 98.6%); 608.28143 (608.28490, ds, 100%); 609.28778 (609.29118, ds,
45.0%); 610.29424 (610.29746, ds, 14.2%); 611.29991 (611.30373, ds, 3.7%); 612.30640
(612.31001, d7,11.3%); 613.31281 (613.31629, ds, 8.8%); 614.31852 (614.32256, d9, 7.5%);
615.32456 (615.32884, dio, 6.4%); 616.33181 (616.33512, d1u1, 8.2%); 617.33726
(617.34139, d12, 9.3%); 618.34375 (618.34767, dis, 4.5%); 619.35005 (619.35395, d14,
12.6%); 620.35585 (620.36022, d15, 7.3%); 621.36265 (621.36650, die, 6.3%); 622.36861
(622.37278, d17, 2.5%); 623.37492 (623.37905, dis, 3.3%); 624.38097 (624.38533, d1v,
1.7%); 625.38797 (625.39161, dao, 1.6%); 626.39389 (626.39788, d21, 1.8%); 627.39997
(627.40416, d», 0.5%); 628.40664 (628.41044, ds, 0.6%); 629.41280 (629.41671, dos,
0.8%); 630.41860 (630.42299, das, 0.5%); 631.42527 (631.42927, d2s, 0.8%); 632.43186

(63243554, da7, 0.5%).

3.5bx. Synthesis of [RhH(dtbpb*)(k'-CICH,;CI) ][ BAr*4]* Y2 hexane

An ampoule was charged with 1-NBA (55 mg) and CH2Cl> (3 mL) was added to the
solids to form a pale-yellow solution. The complex was precipitated with hexane
(15 mL) and isolated by cannula filtration to afford a pale-yellow, microcrystalline

solid (20 mg, 37 % yield).

Solution NMR spectroscopic data for 1-CD2Cl; are reported under the synthesis for

1-NBA.

Elemental Analysis calc for CseHesB1F24RhiP2Clo: C 46.69; H 4.55; N O; found: C 46.33;

H4.33;NO.
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3.5bxi. Synthesis of [RhH(13-C3H;5)(dtbpb) [BArE4] (1-Allyl)
An ampoule was charged with 1-NBA (125 mg) and evacuated (1 x 10-3 mbar). The
ampoule was back-filled with propylene gas (1 bar gauge pressure) and sealed for
24 hours. After 24 hours, the ampoule was evacuated and placed under dynamic
vacuum (1 x 103 mbar) for 18 hours. The product was directly isolated as a

crystalline, tan solid. Yield: 108 mg (90%).

Note: The addition of propylene gas causes the crystalline material to aggregate together,
likely due to the egressed NBA. Ensure the solids are evenly dispersed to allow to even gas

diffusion throughout the crystals.

Solution TH NMR (500 MHz, CD:Cl», 193 K): 61 7.72 (s, 7 H, ortho-BArF,), 7.53 (s, 4
H, para-BArty), 5.09 (m, 1 H, allyl CH), 4.82 (m, 2 H, allyl CH>), 2.36 (apparent triplet,
2 H, allyl CH>), 2.21 (m, 2 H, phosphine backbone CHz), 2.04 (m, 2 H, phosphine
backbone CHz), 1.75 (m, 2 H, phosphine backbone CH»), 1.52-0.65 (36 H,
overlapping ‘Bu methyl environments), -32.55 [dt, 1J(RhH) = 40 Hz, 2J(PH) = 20 Hz,

1 H, RhH].
Solution 3P{{H} NMR (202.49 MHz, CD:Cl,, 193 K): &p 65.3 [d, 1J(RhP) = 131 Hz]

Elemental Analysis calc for CssHe2B1F24P2Rhi: C 48.76; H 4.61; N 0; found: C 48.82;

H4.71; N O.
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4.1 Conclusions

This thesis reports on adaptivity occurring in the solid-state throughout solid/ gas
single-crystal to single-crystal (SCSC) transformations, with reactivity inducing
adaptions of the 2° microenvironment and 3° periodic structure, (Chapter 2) and
structurally-responsive metal-ligand cooperation (Chapter 3). Together, these
results provide a degree of insight into the freedom of movement and
reorganisation of reagents within the solid-state, as well as the plasticity of the solid-
state, which has not been as rigorously investigated previously. While the majority
of successful SCSC transformations are associated with very minor changes in unit
cell dimensions,!-> the work presented in this thesis adds to the growing body of
work regarding SCSC transformations with significant impact on the
crystallographic dimensions.®8 The deepened understanding and quantification of
the underpinning non-covalent interactions in the solid-state sheds light on the
potential mechanisms by which the solid-state may be used to facilitate synthesis
of unstable complexes,I 2 %11 impart topological control of reactions,'?> 13 or
application for energy transduction to mechanical or thermal energy through

crystalline reorganisation.!# 15

The findings reported in this thesis supply information from which a set of
approximate guidelines which may be applied when designing a system for SCSC
transformations may be formed. Firstly, as has been previously noted,1¢-18 it appears

to be important for the crystalline material to contain a significant halogen content.

296



Chapter 4 - Conclusions

This is crucial for reactant ingress and product egress from the crystalline material,'®
19 in addition to providing stability to the long-range order of the single-crystal,
through non-specific and non-directional interhalogen bonds.?0-22 Secondly, where
considerable unit cell dimension changes do occur, or are likely to occur due to large
changes at the coordination sphere, solvent of crystallisation may enable retention
of single-crystalline material through phase rebuilding of damaged crystals.®
Thirdly, where steric clashes are likely to be formed due to a reaction in the solid-
state, energetic compensation is required by the formation of strong bonds in the
products. Finally, periodic DFT calculations, including the concept of proto-
structures, can be insightful predictive tools for the potential of a system to undergo
reorganisation due to reduced non-covalent interactions, or formation of steric
clashes. It should be noted that these are simply guidelines, for which exceptions
are inevitable. For example, this work highlights two exceptions to previously
reported guidelines of SCSC transformations, which is that retention of crystallinity

is generally associated with a cell volume change of less than 4%.1

The report of utilisation of MicroED methods to circumvent problems with crystal
cracking in SCSC transformations included in this thesis is of importance for
characterisation of reactions exhibiting further exceptions to these new guidelines,
which may impact crystalline integrity, forming microcrystalline material which
previously necessitated structural analysis by (synchrotron) powder X-Ray or
neutron diffraction.?3-> This approach may also find application in structural

analysis of material synthesised through mechanochemical methods.?
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Table Al: Crystallographic Data for [Mn-CO], [Mn-THF] and [Mn-CO] (MicroED)

[Mn-CO] [Mn-THF] [Mn-CO]
(recrystallised) (MicroED)
Formula C52HisBNOsFPoMn | CssHssBNOsFauPoMn | CsoHysBNOsFosPoMn
M., 1345.56 1432.754 1345.56
Crystal System Triclinic Monoclinic Triclinic
Space Group P1 P2i/n P1
T/K 149.95(10) 150.00(10) 80(2)
a/A 12.9543(6) 19.6838(4) 13.0245(6)
b/A 14.1111(6) 23.8631(6) 14.1722(9)
c/A 17.0692(8) 13.4251(3) 17.0849(12)
a/° 105.704(4) 90 105.823(5)
B/° 106.445(4) 90 106.400(5)
Y/° 97.358(4) 90 97.542(3)
V/ A3 2809.2(2) 6306.0(2) 2835.6(3)
V4 2 4 2
Pealc/ g cm1 1.591 1.509 1.576
p/ mm- 3.613 3.254 0.000
2@ range/° 7.246 - 142.247 741 -14254 0.092 -1.732
Reflns Collected 20116 44881 43604
Rint 0.0302 0.0675 0.1748
Completeness / % 100 100 95.3
Data/Restr/Param | 10626 / 157 / 895 12038 / 121 / 953 9903 / 339 / 868
R: [1> 20(I)] 0.0415 0.0759 0.1514
wR; [all data] 0.1109 0.2171 0.4048
GooF 1.043 1.014 1.028
Largest pk/hole / e 0.67 / -0.47 0.86 / -0.88 0.20 / -0.23
A3
Flack Param - - -
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Table A2: Crystallographic Data for [Re-Br], and [Re] at 110 K and 298 K.

[Re-Br] [Re] (110 K) [Re] (298 K)
Formula CxH30BrNO4P2Re | CssHs51BF2uNO4P2Re | CssHs1BF2uNO4P2Re
M. 721.60 1504.43 1504.43
Crystal System Orthorhombic Triclinic Triclinic
Space Group P na2, P1 P1
T/K 110.05(10) 110.00(10) 298.0(2)
alA 24.3315(2) 12.74810(10) 12.87470(10)
b/A 10.26090(10) 14.4679(2) 14.51620(10)
c/A 11.21410(10) 17.4995(2) 17.7612(2)
a/’ 90 107.7110(10) 106.7050(10)
B/° 90 94.0020(10) 93.6650(10)
Y/° 90 98.7510(10) 98.2320(10)
v/ As 2799.75(4) 3015.62(6) 3127.18(5)
V4 4 2 2
Pealc/ g cm1 1.712 1.657 1.598
p/ mm-? 11.464 5.526 5.329
2@ range/° 7.266 - 153.866 7.07 - 153.976 6.978 - 153.96
Reflns Collected 32487 36432 37887
Rint 0.0383 0.0401 0.0356
Completeness / % 100 100 100
Data/Restr/Param 5693 / 1 / 301 12178 / 77 / 889 12765 / 223 / 1029
R: [I> 20(1)] 0.0227 0.0407 0.0263
wR; [all data] 0.0597 0.1063 0.0671
GooF 1.092 1.051 1.058
Largest pk/hole /e 1.17 / -0.96 1.80 / -2.28 0.30 / -0.86
A3
Flack Param -0.034(6) - -
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Table A3: Crystallographic Data for [Re-CO], [1-NBD] and [1-NBA].

Appendix 1 - Crystallographic Data Tables

[Re-CO] [1-NBD] [1-NBA] (110 K)
Formula Cs¢Hs1BF24NOsP2Re CsoHesBF24P>2Rh CsoHe7BF24P2Rh
\Y o 1532.92 1404.76 1407.78
Crystal System Triclinic Monoclinic Monoclinic
Space Group P1 P2i/n P2i/n
T/K 109.95(10) 110.00(10) 110.00(10)
alA 12.9529(4) 21.39780(10) 22.0393(3)
b/A 14.1717(3) 12.92970(10) 12.96270(10)
c/A 16.8449(5) 23.21930(10) 23.7552(3)
a/°® 97.370(2) 90 90
B/° 94.209(3) 112.0440(10) 112.901(2)
Y/° 96.468(2) 90 90
v/ As 3034.88(15) 5954.39(7) 6251.66(15)
V4 2 4 4
Pealc/ g cm1 1.677 1.567 1.496
p/mm 5.517 3.856 3.673
2@ range/° 6.896 - 155.206 7.104 - 153.998 6.998 - 142.916
Reflns Collected 33048 69849 45037
Rint 0.0935 0.0380 0.0373
Completeness / % 100 100 100
Data/Restr/Param 12259 / 0/ 823 12409 / 0 / 796 12063 / 95 / 906
R: [I> 20(1)] 0.0577 0.0315 0.0579
wR; [all data] 0.1584 0.0787 0.1614
GooF 1.082 1.052 1.049
Largest pk/hole /e 155/ -2.34 0.87 / -0.62 216 / -1.73
A-3

Flack Param
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Table A4: Crystallographic Data for [1I-NBA] (215 K and 298 K) and [1-CD>Cl,].

[1-NBA] (215 K) [1-NBA] (298 K) [1-CD:Cl,]
Formula CsoHe7BF24P2Rh CsoHe7BF24P2Rh Cs3Hs75BCloF24PoRh
M. 1407.78 1407.78 1397.08
Crystal System Monoclinic Monoclinic Monoclinic
Space Group P2i/n P2i/n P2i/c
T/K 214.95(10) 298.00(14) 110.15
a/A 22.2413(5) 22.4113(8) 21.70260(10)
b/A 13.0869(2) 13.1931(5) 27.81260(10)
c/A 24.0201(5) 24.2050(6) 21.48550(10)
a/° 90 90 90
B/° 112.889(2) 112.732(3) 103.0890(10)
Y/° 90 90 90
v/ As 6441.0(2) 6600.9(4) 12631.83(11)
V4 4 4 8
Pealc/ g cm1 1.452 1.417 1.469
p/ mm-? 3.565 3.478 4.391
2@ range/° 7.848 - 136.492 7.784 - 155.524 7.31 - 136.502
Reflns Collected 24466 40937 150980
Rint 0.0438 0.0873 0.0458
Completeness 99.9 99.1 100
/%
Data/Restr/Param | 11775 / 133 / 908 13308 / 222 / 955 23135 / 332 / 1664
R: [I> 20(I)] 0.0757 0.0871 0.0570
wR; [all data] 0.2467 0.3216 0.1597
GooF 1.017 1.012 1.020
Largest pk/hole / 2.28 / -0.56 1.83 / -0.75 193/ -1.01
e A3
Flack Param - - -
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Table A5: Crystallographic Data for [1-bpy], [1-NBE] and [1-Allyl].
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[1-bpy] [1-NBE] [1-Allyl]
Formula Ce2He3.17BF24N2P2Rh CsoHesBF24P2Rh CssHe1BF24P2Rh
M. 1467.97 1406.77 1353.736
Crystal System Triclinic Monoclinic Monoclinic
Space Group P1 P2i/n C2/c
T/K 110.00(10) 110.05(10) 110
alA 17.6320(3) 21.8071(2) 22.2481(4)
b/A 19.4092(3) 12.76750(10) 12.4878(2)
c/A 20.1617(3) 23.4341(3) 23.2951(6)
a/° 80.3640(10) 90 90
B/° 71.5470(10) 112.0080(10) 113.745(2)
Y/° 87.5090(10) 90 90
V/ A3 6452.36(18) 6049.13(11) 5924.2(2)
Z 4 4 4
Peale/ g cm1 1.511 1.545 1.518
p/mm-? 3.596 3.796 0.710
2@ range/° 6.984 - 153.76 8.032 - 154.164 3.16 - 33.62
Reflns Collected 76736 40271 10427
Rint 0.0300 0.0519 N/A (twin)
Completeness / % 99.8 99.8 99.6
Data/Restr/Param 26133 / 83 / 1977 12371 / 187 / 968 10427 / 270 / 505
R: [I> 20(1)] 0.0828 0.0675 0.1206
wR; [all data] 0.2383 0.1749 0.3557
GooF 1.013 1.027 1.145
Largest pk/hole /e 3.54 / -0.91 1.84 / -1.56 3.88 / -0.61
A3

Flack Param
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