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Abstract

Abstract

This thesis describes the useirositu infrared spectroscopy to investigate the kinetics and
mechanism of the Pchatalysed arylcyanation ofto givell . These studies probe the role of
water and Pdconcentration to facilitate the formation of small Pd nanoclusters in the
Pd-catalysed cyanation of aryl halides. Initially an overview of the role of Pd nanopatrticles
and Pd nanoparticle precursor complexes wt&dlysed reactions is provided, alonghwat
unified mechanism for the formation of catalytically active heterogeneous Pd species under

hydrous reaction conditions (Chapter 1).
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The application of the established precatalifst(n = 2) in extensive kinetic studieof the
arylcyanation ofi have revealed that when using[lRe(CN)]-3H.O as a cyanide source
there is clear evidence for heterogeneous catalytic behaviour (Chapter 4). \Wre((CK )]

is instead used as a cyanating agent, a significant change in kirodilie supports a change

in precatalyst activation mechanism. Pd concentration and catalyst loading data, along with

computational analysis, support a role for small Pd clusters in catalysis (Chapter 5).

A series of novel, amine containing "Pdrecatalgts of typelll have been synthesised
(Chapter 2) and their catalytic competency analysed kinetically. They have been found to
show considerable promise as highly efficient Pd precatalysts in the arylcyanation reactions
and a substrate scope has been kstedol forlll whenn = 2 (Chapter 5).

It has also been found that balancing hexacyanoferrate solubility by ion pairing and addition
of specific additives enabled transmetallation, which is key to achieving optimum reaction
rates (Chapter 5).
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reaction. Reaction conditions: 47 (0.05 mol%JA€(CN)]#8H-0 (0.22 eq.), N&COs (1 eq.),
DY o A P I 0 SRR 136

Figure 56 A graph to show TQISPd catalyst (47) loading. The TOFs of each of the different
precatalyst loadings was measured as a gradient of TORIrghe straight line section of
the kinetic profiles. Reaction conditions: 47 (0.051%6 2.5 mol%), K[Fe(CNX]#8H.O
(0.22 eq.), NECOs (1 €0.), DMAC, N, 120°C. ..ot 137

Figure 57 A plot of ksvs.[Pd] shows theresinot a linear relationship between reaction rate
and catalyst loading. It also reveals that thedbtained for 0.0027 mol di#i0.75 mol% is
an anomaly (highlighted in red). Reaction conditions: 47 (0.05 mol25 mol%),
K4[Fe(CNY]BH-0 (0.22 eq.), N&COsz (1 eq.), DMAC, N, 120°C. .....coeeiiiiiieeiiiiieeens 138

Figure 58 Calculating the order with respect tovRadhe differential method provides a value

of 0.435 (£0.076)One anomalous point has been highlighted in red, as explained in Figure
57. The point within the bold black circle (0.05 mol%, k80 mol dni®) also appears to

be off the expected lINear trend............oooviiiiiiieeei e 139

Figure 59 Calculating the order with respect tovRadhe differential method provides a value
(o] Ay A 0 02 OSSR 140

Figure 60 Concentration vs. time curve and data fit to the Zstep mechanism for 0.05
mol% catalyst dading. The resultant rate constdathas been corrected by using a
stoichiometry factor of 2000, confidence intervals: 95% = 2.4X%0 4.1x102 h'; 99%
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= 2.15%x10%7 4.5x102? h''. k» confidence intervals: 95% = 1.2x103L.74 x1G M'* b’
099% = 112X T 1.84 XLO M I . Lo 144

Figure 61 Visual representations of the 95% (brown line) and 99% (grey line) confidence
limits for k; (left) andk: (right) for the FW 2-step curvefit displayed in Figure 60.....144

Figure 62 Concentration vs. time curve and ddttofthe FW 2-step mechanism for 0.1
mol% catalyst loading. The resultant rate constanth&s been corrected by using a
stoichiometry factor of 1000, konfidence intervals: 95% = 1.06%10 1.78x10* h'; 99%
=0.6x10%¢ 1.92x10* h* k., confiderce intervals: 95% = 2.5x10 8.50x16G M1 h'; 99%

= 1.56X10BT 9.6 X107 MP TP Moottt 145

Figure 63 Visual representations of the 9@8own line) and 99% (grey line) confidence
limits for the limits fork; (left) andk (right) for the FW 2-step curvefit displayed in Figure
B 2. ettt ettt er————— e e e e e e e e e —t—————eeeaa————eeeee e e e e Aatt——teteeeeaaan—aeee e e e e nnraraeeeeeeesaanne s 145

Figure 64 Concentration vs. time curve and data fit to th'¢ F-step mechanism for 0.5
mol% catalyst loading. The resultant rate constenthas been corrected by using a
stoichiometry factor of 20k, confidence intervals: 95% = 0.050.13 h; 99% = 0.04
0.15 h k. confidence intervals: 95% = 360670 M h’; 99% = 320° 720 x1G Mt h'l,

Figure 65 Visual representations of the 95% (brown line) and 99% (grey line) confidence
limits for the limits fork; (left) andk: (right) for the FW 2-step curvefit displayed in Figure
B ettt e e et e ———————ee e e R bt —ee e e n— et e e amae et tae e e e e nraeeeennnnnernanns 146

Figure 66 Concentration vs. time curve and attempted data fit to\h&-Btep mechanism
for 1.0 mol% catalyst loading. The resultant rate condtahas been corréed by using a
stoichiometry factor of 10(; confidence intervals: 95% 6:0x1027 6.2x10 hr 1 99% =
2.0x1027 7.3x10* hr 1 k;confidence intervals: 95% = N/A; 99%: N/A................... 148

Figure 67 Visual representations of the 95% (brown line) and 99% (grey line) confidence
limits for the limits fork; (left) andk: (right) for the attempted-®/ 2-step curvefit displayed
N FIQUIE B6......eiiieeeeeeee ettt e e e e e e e s me e eaeeas 148

Figure 68 Concentration vs. time curve and attempted data fit to\h@-Btep mechanism
for 2.5 mol% catalyst loading. The rdisunt rate constark: has been corrected by using a
stoichiometry factor of 4k, confidence intervals: 95% 2.8 x10'7 8.8x101hr 199% =
1.5x1017 9.5x101 hr' 1k, confidence intervals: 95% = N/A; 99%: N/A................... 149
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Figure 69 Visual representations of the 95% (brown line) and 99% (grey line) confidence
limits for the limits fork; (left) andk: (right) for the attempted-® 2-step curvefit displayed
T I o U =T G P 150

Figure 70 Mercury drop test experiment. Reaction comit 47 (0.5 mol%),
K4Fe(CN)Y] ABKD.22 eq.), N&LOs (1 eq.), N, 120°C, DMAc. Hg (200 eq. with respect
to Pd) added with vigorous stirring after 93 mins...............ooo e 151

Figure 71 Dissoludoboohopt oivedebygf mbphFebOE€ENNg |
cm'Y) under normal conditions and during Hg poisoning experiment. Reaction conditions: 47

(0.5 mol%), K[Fe(CN)] ABKD.22 eq.), N&COs (1 eq.), N, 120 °C, DMAc. Hg (200 eq.

with respect to Pd) added with vigorous stirring after 93 mins..............ccccevvieeeeeee. 152

Figure 72 30n situ IR spectra of KCN in DMAC at 120 °C.........ccccooviviieeiiiceeniieenn 153

Figure 73 Time resolved dissolution of KCN in DMAc at 120 °C, monitored at 20¥%5
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Figure 75 Time resolved study of the absorbance at 2045 Reaction conditions: 65 (1
eq.), K[Fe(CN)y] ABKD.22 eq.), N&COs (1 eq.), N, 120 °C, DMAC........cccvrveurnnnne. 155
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Figure 76 Time resolved study of the absorbance at 2045 Reaction conditions: 47 (0.5
mol%), KJFe(CN)] ABKD.22 eq.), N&LOz (Leq.), N, 120 °C, DMAC..........cuveneee. 156
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Figure 77 Raw absorbance data showing the metal cyanide and product (69) absorbances at

2045 cm! and 238 cm? respectively under anhydrous reaction conditions in the absence of
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NaCQs. Reaction conditions: 47 (0.05 mol%), 65 (1 eq4F&(CN)] (0.22 eq.), N, 120

Figure 78 ATRIR spectrum of green precipitate formed after 8 hours under reaction
conditions but in the absence of &s. Reaction conditions: 47 (0.05 mol%), 65 (1 eq.),
Ka[Fe(CN)] (0.22 €q.), DMAC, N, 120°C........c.uuuiiiiiieeeeeeieiimeessivieieeea e e e e e e ensnneans 158

Figure 79 Expanded section of-iRgion between 1862400 cm! of the ATRIR spectrum
SNOWN IN FIQUIE T8ttt e e eemer e e e 158

Figure 80 ATRIR spectrum of BIFE(CN)]........ooiomrriiiiiiiee e e 159

Figure 81 Expanded section of-tBgion between 1862400 cm® of the ATRIR spectrum
SNOWN IN FIQUIE 80.....uiiiiiiiiiiiimmme e eee e e e s e e eees 159

Figure 82 Hartwiget al. showed that formation of ArCN from complexes such as 71 was

remarkably fast (first order rate constant = 11£%0) at room temperaturé®............. 160
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Figure 83 Monitoring the change in absorbance at 2045allows a qualitative insight into
the amount of [Fe(CN)* 'in solution throughout the course of the reaction when cartied o
with differing 47 catalyst loadings. Reaction conditions: 47 (0i052.5 mol%),

K4 Fe(CN)] AB®KD.22 eq.), N&COs (1 eq.), N, 120°C, DMAC. ....cccveveriiricreenenee 161
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Figure 84 Varying equivalence ofijfce(CN)] A® Has little effect on reaction rate, until a
vast exCNesiof added. Reacti on 4JRENY A®HoONS :

(0.167i 0.5 eq.), NaCOs (1 €q.), N, 120°C, DMAC.....eveeeeeeeeeeeseeeeseveeesseseeseseesesenn. 162
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Figure 85 Real time analysis of [Fe(GN) (at 2045 crh) upon variation of
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K4Fe(CN)] A® Hquivalences. Reaction conditions: 475(mol%), K[Fe(CN)] AB®H

(0.1671 0.5 eq.), N&COs (1 eq.), N, 120°C, DMAc..

Figure 86 A series dfansPd(OACY(HNR2)2 precatalystS............uvvvvvvvvviiiiiiinnnneeeennn..
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Figure 87 Comparison of precatalyst activity
methyl2-pyridinone (65) . Reac
Ki[Fe(CN)] (0.22 eq.), N&COs (1 eq.), DMAc, N,
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Figure 88 Plotting In[65] vs time (initial 40000 s) for the arylcyanation of 65 catalysed by
precatalyst 47 provides a straight line with a good quality linear. fit....................... 168
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Figure 89 The TOFs of each of the different precatalyst was measured as a gradient of TON
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s'! for an initial period of 5400 seconds (1.5 ¥#/)Reaction conditions: Precatalyst (0.01
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Figure 90 Reaction profiles for the reacti ol

temperatures under anhydrous conditions. Reaction conditions: Precatalyst 47 (0.D05
mol%, 361 3 6 0 & M JARE@N)Y] (0.2 eq.), N&COs (1 eq.), DMAc, N, 120z140°C.
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Figure 91 Reaction profile for reaction

concentrations while maintainingestant catalyst loadings under anhydrous conditions.

Reaction conditions: Precatal yst 4N 0. 005

(0.22 €q.), NZCOs (L €0.), DMAC, N, 140 °Cvvrvoveeeeeeeeeeeeeeeeeeeeeeeseeseeeeeseeeeseeeseenene 172
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Figure 92 Effect of [Pd] on catalyst TOFs in the cyanation of 65 under anhydrous conditions.
The TOF was measured as a gradient of TOfbsan initial period of 1.2x10seconds (3.3
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h.). Precatlyst used: 47, other reaction conditiongfR€(CN)] (0.22 eq.), NeCOs (1 eq.),
DY o N S 10 SRR 174

Figure 93 Reaction condins: ArBr (1 eq., 1.4 mmol), 47 (0.4l1 mol%), K[Fe(CN)]
(0.22 eq.), N&CGs (1 eq.), DMAc (2 ml), N, 140 °C, 16h. 2Using Ky Fe(CN)] (0.44 eq.
with respect to 1qlibromobenzene). Inset graph shows the catalyst lodeling
concent r at inship urfder Bupstrateestreen doraitions.......................ce 175

Figure 94 Frontier molecular orbitals for 83 and 84. Calculations performed byldrof.
= 111 =0 0 T 178

Figure 95 Structural analogy of 83,°H&dLoXg], With @ PA[L].......cceevvviieiiieiiiciinens 179

Figure 96 The dimeric complex 58 was tested as a precatalyst in the arylcyanation of 65.
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Figure 98 Direct comparison for the reaction profiles of the cyanation of 65 with piperidine
(47) or dibenzagpine (58) as ligands at Pd shows their relative rates. Catalyst loadings: with
precatalyst 47 (0.01 mol %, Pd conc = 72 gM)

72 &M, ). Ot hfFe(CNq028 éqt), NaT®; §1:eq.)KDMAC, N, 140°C. 181

Figure 99 The TOFs of each of the different precatalysts was measured as a gradient of TON

s Yfor an initial period of 5400 sends (1.5 h.), except from 58 which was for the most active

period from 1202400 (2040 minutes). Catalyst loadings: with precatalyst 58 (0.005 mol%,

Pd conc = 72 gM); with al/l ot her precataly

conditions: K[Fe(CN)] (0.22 eq.), N&gCOs (1 eq.), DMAc, N, 140°C............cceeeee.. 182

Figure 100Hypothetical structures for the active catalyst species formed under cyanation

CONAITIONS TTOIM B8 et ettt ee et e e et e e e e e e eenma e e 182

Figure 101 One unit of thmolecular cage substructure used to support PANPs capable of

catalysing arylcyanations in the absence of addififfes.............cccccoeiviviccmiiciinennnnnn 184
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Figure 103 [Fe(CN] (2045 cm?) traces with varied N&O; equivalences. Reaction
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Figure 104 Reaction profiles for formation of cyanopyridone with different carbonate
additives. Reaction conditions: Peet al y st 47 ( 0. Fd4(CNE@Ol22eq.),7 2 & M)

X2C03 (1 €0.), DMAC, N, 140°C.....coiiieieiieeeeeeeeeeeeeee et enes e, 187
0.04 -
o K,CO,
0.03 - = Cs,CO, P
3: > Na,CO, ,""
< ‘_-n-"'
> P
@
& 002+ J
[4v]
2
o
[72]
o]
<

Time / h.

Figure 105 [Fe(CN)*traces in the attempted cyanation of 65 with different carbonate
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additives, shown in Figure 104. Reaction <co
K4 Fe(CN)] (0.22 eq.), XCOs (1 €q.), DMAC, N, 140°C......cccccvireeiiiiieeeciceeeiieeeenns 188

Figure 106 Replacing N@O; with sodium halide salts still resulted in partial conversion of
starting material. Reacti on 4EegON) (0t22 eq) s : 47
NaX (1 eq.), DMAC, N, 120°C, 17 Nuarrrrieeeei et a e e 189

Figure 107 The three reactions reached different conversions at reactionttonapld gave
different coloured solutions. This was presumably due to the formation of varying

K«Na[Fe(CN)] species through counterion swapping and consumption of starting material.

Figure 108 The appearances of these four hexacyanoferrate complexes are distinct due to
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Figure 109 Reaction profile when Nlge(CN)] was used as a cyanide source and 47 as a
precatalyst in the cyanation of 65. Reaction conditionsfR¢éCN)] (0.22 eq.), NeCOs (1
eq.), precatalyst 47 ,(1B0°COldsetgraph shows éntargemielnt , D M/
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Figure 111 Reaction profil e f osFe(GNg)aas& i on 65
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and product are equal. Reaction conditions: Precatalyst 47 (0.5 mol%, 1.8 gt CGN)]
(0.22 eq.), N8COs (1 €q.), DMAC, N, 120°C.....cctiiieiiiiiiiiiiiiiiseeeeeeeee e e e e s ennnnneeneeeens 195

Figure 112 Six Pdamine complexes investigated as precatalysts in the arylcyanation of 65
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Figure 113 The nature of the active catalyst formed from precatalysts such as 47 in Pd
catalysed arylcyanation reactions is dependent upon Pd concentration, catalyst:substrate ratio
and the PresSeNnCe Of WALEL...........uiiiiiieiii e ee e e e 198

Figure 114 Potential substituted dibenzazepine ligands.............cccccovoieeiien. 200

Figure 115 By incorporating Equation 1 into a nonlinear {eqatires data fit, a suitable F

W 2-step mechanism curvefit can be achieved using Excel Solver for the consumption of

Figure 116Visual representation of the 95% (brown line) and 99% (grey line) confidence

limits for the limits fork: for the FW 2-step curvefit for a precatalyst (47) loading of 0.1

Figure 117 Visual representations of the 95% (brown line) and 99% (grey line) confidence

limits for the limits fork; for the attempted &V 2-step curvefit..........c.cccvvvvviiiiviviennn. 212
Figure 118 Picture of experimental set up for kinetic experiments using the Rea@1R.
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Figure 119 Structure of 48, determined byay diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability
of 50%;numbers in parentheses are standard deviations from the measured value, denoting
the error in the measurements. A molecule of water has been removed from the unit shell for
clarity. Selected bond lengths (A): N@yi(1): 2.043(3), O(XPd(1): 2.015(2), A)-N(1):
1.484(4), C(5)00(1): 1.282(4), C(BY(2): 1.243(A)ceuueeeeeeeeeiiiiiieieeieseeeeaaeeeeeeennieeens 248

Figure 120 Structure of 49, determined byay diffraction; arkirary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability
of 50%; numbers in parentheses are standard deviations from the measured value, denoting
the error in the measurements. Selected bond lengthl(A)Pd(1):2.021(2), O(2Pd(1):
2.0394(17), O(3Pd(1): 2.0300(17), O(89d(1):1.9969(17), Pd(dBd(2): 3.0377(3), H(1)
(07€=) H =< ) TP 250

Figure 121 Structure of 50, determined byay diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability
of 50%; numbers in parentheses are standard deviations from theedeasue, denoting

the error in the measurements. Selected bond lengths (A}Ad(1): 2.018(4), O(HPd(1):
2.034(4), O(3Pd(1): 1.999(4), O(2Pd(1): 2.033(4), Pd(Ipd(2): 3.0389(5), H(2)

L@ T 22 00 (0 ) T PSSO 252

Figure 122 Structure of 52, determined byay diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a ptgbabili
of 50%. Selected bond lengths (A): N@9I(1): 2.0638(14), O(Ipd(1): 2.0050(12), C(1)
0O(2): 1.286(2), C(HO(2): 1.236(2) e cvvveeeeaaurrreeaainirrimeasaessseereessseeseessnssnnssseeessnsnees 254

Figure 123 Structure of 53, determined byay diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability
of 50%. Selected bond lengths (A): N@9I(1): 2.0696(18), O(4pd(1): 2.0191(6), C(1)

0O(1): 1.266(3), C(ED(2): 1.229(3), C(BAN(1): 1.48L(3)rereeeeeeeicrrririrreeeeeeemreeeeaaenns 256
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Chapter 1: Introduction

Chapter 1: Introduction

1.1. The scope and phases of Pd catalysis

A better understanding of the true catalytic species in palladatalysed crossoupling
reactions is the key to engineering more efficient catalysts in the future. Since their discovery
andapplication by key scientists in the field (notably awarded the Nobel Prize in 2010) its
use, and the investigation into the mechanisms by which it facilitates such a diverse array of
chemical transformations, has been paramount to the progression ofnnuyu¢hetic
chemistry! Pd plays an integral part in the synthesis of many natural products and important
structural motif$. The recent total synts&s of the 2oyrone containing natural product
phacelocarpug-pyrone A @) utilises a Stille macrocyclisation reaction catalysed by the
imidate containing precatalysf Precatalysi has also been found to be venji@ént in the

room temperature Stille crossuplings of benzyl chloridesOngoing studies into the
mechanism of catalyst activation in these reactions present a mechanistic dichotomy for the
role of oxygen in the formation of catalytilyeactive Pd nanoparticl€s.

10 mol%
LiCl (10 eq.)

AcO
DMF

35°C, 18 h.

Schemel The key Stille macrocyclisation reaction in the final step of the total synthesis of
phacelocarpus2-pyrone A.

Due to it being a fast dwinidlg, expensive resource, academia and industry are constantly
striving to design more efficient Pd catalysts which can achieve higheotarmumbers
(TON) in order to allow for lower catalyst loadings. The design of molecular Pd catalysts and
their ligands has advanced hugely, leading to TONs of up to a million in some Suzuki
Miyaura reactions on activated aryl chloridddowever in many Pdatalysed reactions,
these expensive and highly specialised catalysts may not be requireldagbéten proven

that the active catalytic species for many'Pdatalytic cycles transpires from palladium
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nanoparticles (PANP$)t has become accepted over the past couple of decades that PANPs
are formed as part of the active cgsalsystem in many palladium catalysed crosspling
reactions, such as the Suzbkiyaura and MizorokiHeck® There is evidence for the fact

that in some reactions these PdNPs may act as Pd reservoirs; they release molecular/small
clugers of Pd by leaching. In other systems PdNPs have been shown to behave as true
heterogeneous catalysts: where the reaction takes place solely on the surface of the
nanoparticles. Key work supporting the role of surface catalysed Pdotngsling was
provided by Daviset al. by carrying out a spatially resolved Suzbkiyaura reaction
utilising an AFM cantilever coated in PANPs on a monolayer of aryl bromides tethered to a
gold surfacé.Fairlamb and cavorkers also reported evidence farface catalysed Suzuki
Miyaura reactions bgperandaXAS (X-ray absorption spectroscopy) and EXAFS (extended
X-ray absorption fine structure). Their catalyst of interest was polyvinylpyrrolidine (PVP)

(3) supported PANPSthemep).2°

-
i

Figure 1 Polyvinylpyrollidone (PVP).

KOMe (2 eq.) OMe

OMe B(OH), PVP-PANPs
@ (1.8 nm, 0.67 mol%) O

PhMe:MeOH (1:1)
| o g

4 5 6

Scheme2 Suzuki-Miyaura reaction catalysed by polymer supported PdNPs.

These extensive experiments showed that the relativeougmnfrequency (TOF) of the
catalyst was directly related to NP size, and therefore the number of sudiase ldbwever

when the coupling rate was normalised to the surface atoms that only occupy edge and vertex
positions on the NP, defect sites shown in yellowigure2, catalyst TOF was found to be

independent.
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Figure 2 A 236 atom nanoparticle showing defect sites in yello#.

The operando XAS and EXAFS studies on the benchmark-coogding Scheme?2) show
conclusively that over the course of the reaction no leaching of Pd atoms from the 236 atom
NPs occurs. These data are modelled against the XAS meastserha 188 atom NP and

it is clear to see that the characteristic drop in intensity for the smaller NP does not happen at
any point during the reaction. The EXAFS measurements also show a constant first shell
coordination number indicating that the iaitNP structure is preserved throughout the

course of the coupling reaction.

1:}?.99851}35?&@6

— Observed  cetree
w— 1.8 M Pdj35
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Figure 3 Operando XAS and EXAFS fits of 1.8 nm PdNPs during Suzuki crossoupling
reaction. I ntensity for Al eac hbatchwfPdldRsofi cl e obt
correct size. Adapted with permission fromAngew. Chem2010,122 1864. Copyright of Wiley.

A study by Blackmonet al. showed similar results when probing the surface of PANPs in a
Heck reaction. It was found that the initial reantrate dramatically dropped when plotted
against NP size, but when normalised against defect sites, the relative rate stayed*¢onstant.

Another key discovery was that fdba})-dba supported on PVP, and size controlled PANPs
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on PVP (1.7 nm) actually outcompeted the ra
Pd(dba}-dba, proving that in some cases heterogeneous Pd catalysts should be used
preferentially over customary Pdtalystst® Along with increased efficiency it has been

reported that the use of heterogeneous Pd catalysts can promote selectivity for reactions to
occur at previously difficult sites. Both Gloriesal.and Djakovitchet al. have indivdually

presented the first completely regioselective diré¢t @inctionalisations of benzothiophene

and indoles respectively at the C3 positions by using heterogeneous Pd c&alysises,

Schemeb).?

Pd/C (9.4 mol%)

CuCl (10 mol%) Ar
©f\> Ar-Cl Cs,CO3 (1.1 eq.) ©f\g
S
(2eq.) 1,4-dioxane S
7 150 °C, 48 hr. 8
Up to 94 %

Scheme3 Regioselective CH functionalisation of benzothiophene using Pd/C reported by
Glorius et al

These two examples show evidence for the different mechanisms of heterogeseous
homogeneous catalysis allowing for exclusive C3 arylation, whereas pig\tonas been
reported that unsupported Pd catalysts have shown regioselectivity towards the C2 positions
in both benzothiophenes and indol2Sameset al. provided a mechanistic study into the
factors that may govern the selectivity 62 or C3 arylation on indofé. Potential
mechanisms towards explaining the different factors that may govern the regioselectivity
between C2sC3 arylation are discussed, and it was found that selectivity is governed by a
number of compliated effects including steric bulk of the Pd ligands and complexation of
Mg to the free NH, as ih1, Schemet.
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Pd(OAc), (5 mol%)
PPhs (20 mol%)

MgO (1.2 eq.)
©\/,\> P mph
N
H

1,4-dioxane
H (1.2eq) 150 °C, 12-15 h.
84 %
9 10
CD
N

MgOH
via
1

Scheme4 Using a traditionally homogeneous catalyst system, in the presence of MgO gives
selective arylation at the C2 position of indole.

The data supports a hypothesis that C2 arylation occurs by initial electrophilic sulpstitutio
the C3 position, followed by migration of Pd to C2 and subsequent reductive elimination.
Increased steric bulk around the Pd and the nitrogen inhibits this migration, favouring C3
arylation; this may explain why C3 arylation of indole occurs almostusively when

heterogeneous Pd catalysts are utilissthémeb).

[Pd(NH3),INa/’Y (1 mol%)

A K,COj3 (1.1 €q.)
Ph-Br
N

H (1.1eq.) 1,4-dioxane
Reflux, 24-48 hr.

Iz />>\'U
>

74 %

Schemeb Selective @ H functionalisation of indole at the C3 position using [Pd(NH)4]Na/Y
reported by Djakovitch et al.

In many Pdcatalysed reactions, particularly those which occur in unligated or phosphine free
systems, PdNPs forim situ. These PdNPs can bealilised in solution by the addition of
certain reagents and by controlling the coordination sphere around Pd. This is particularly
important when anions (such as halides and acetate) in solution can serve to affect the rates
of key steps in the catalytaycle!® The knowledge surrounding the dependence of catalyst
activity on additives, solvents and-pyoducts in systems such as those found by Jutand and
co-workers?® and phosphindree systems reported by Jefférgave been further developed
following the investigation oN-alkyl ammonium halide salt$ halide anion¥ and solvent
stabilisation effect§ on small Pd clusters. However, even in the presence of such

stabilisation effects, the formation of Pd nanoclusters of adequate catalytic activity is still
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dependant on achieving correct catalyst and reaction concentfatiatalyst to substrate

ratio” 2! and reaction rate (catalyst TOF, and therefore reaction tempefatlite).use of
suitable stabilising solvents, such asnéthyt2-pyrrolidinone (NMP), dimethyl formarde

(DMF) or dimethylacetamide (DMAc) and an appropriate base, such as sodium acetate, has
been shown by de Vries and-sorkers to form soluble Pd clusters from Pd(O&c)In a

high temperature Heck reaction b8i(Schemeb) the Pd clusters formed exhibit TOFs higher
than a benchmark palladacycle at comparable catalyst loadings.

Pd(OAc), (0.08 mol%)

Br NaOAc (1 eq.) X CO2Bu
Z>C0,Bu
1

NMP, 135 °C

13 4 15

Scheme6 These conditions allow for soluble PANPs to be formed situ.

High catalyst loadings in this reaction were also found to decrease final conversion
dramatically;i.e. 1.28 mol% Pd gives a substantially lower yield. TBib&cause at higher
catalyst loadings greater Pd aggregation occurs, leading to insoluble Pd black. By reducing
the catalyst loading to 0.08 mol% Pd, a medium was found whereby the rate of Pd
aggregation matched the rate of oxidative addition, allowingfficient catalyst turrover.

A similar inverse correlation of catalyst activity with catalyst concentration was observed by
Fairlamb and cavorkers, who observed a dramatic decrease in TOF upon increasing the
catalyst loading 018 from 0.001 mol% to @1 and 0.1 mol% in a benchmark Sonogashira
coupling Scheme7).2t This behaviour is typical of a reaction catalysed by PdNPs, the
inhibition of catalysis upon higher catalyst loadings suggests that agglomeration of Pd is

occurring at higher concentrations, removing it from the active catalyst phase.

N
=
/Pd\ 0O

= IN P(4-OMe-CgH,)3

18

(0.1-0.001 mol%)
e =) (O—=H4
0] Cul (0.5 mol)% O

CH3CN:Et3N (3:2 viv)

100 °C, 2 hr.
16 17 19

Scheme7 Typical PANP catalytic behaviour was observed in this benchmark Sonogashira
coupling.
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In the past, heterogeneous catalysts have often suffered from the stigma that they suffer from
a lack of selectivity towards individual reactions, especially in organic synthesis. This,
coupled with the often increased activity of heterogeneous catalysts, unfortunately can lead
to unwanted side reactions when a poorly defined catalyst is utilised with an inadequate
understanding of the reaction system. A typical example of this is the aommo
misunderstanding that the addition of phosphine ligands (typicallyin complexed to
precatalysts in the form of Pd(Pfhor PdCE(PPh).) provides a unified homogeneous
mechanism in Pdatalysed crossoupling reactions. In fact it is known tha®lIR itself can

not only act as a ligand for small Pd clustétaut also as template for their formati&n.
Phosphines are also well reported for their ability to stabilise larger, Pd nanopé&tticles.

A common problem encountered by synthetic chemists as a result of a fairly widespread
misunderstanding of the mechanism of heterogeneous catalysis and its inherent catalyst
structureactivity relationship is the overhydrogaion of alkynes to alkanes while using a

poorly structurallydefined heterogeneous Pd catafjst.o wever , since the en;
the vast development of nanosciences has led to nanocatalysis emerging as a domain of its
own, bridging he two fields of heterogeneous and homogeneous catalysis. The aim of
nanocatalysis is to develop techniques to create well defined catalysts which display the
positive aspects of both homogeneous (selectivity, ease of synthesis) and heterogeneous
catalystqefficacy, stability, recovery®® As with any emerging area of science, this allowed

for previously inaccessible solutions to be found for existing probtéms.

An elegant example of the precise and reproducible sgistted nanocatalysts to gain
understanding of a process and common synthetic problem (the overhydrogenation of
alkynes mentionedide supra is provided by Laskar and Skrabaf8krhey reported an
extensive investigation on the effect dfetent Pd nanocluster geometries on partial alkyne
hydrogenation. This shed considerable light on why poorly defined heterogeneous Pd

catalysts can cause so many problems with overhydrogenatianisarahsisomerisation.
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edge lengths show remarkable differences in activity and selectivity in the hydrogenation of 2
hexyne. Reprinted (adapted) with permission from ioitree Laskar and Sara E.
Skrabalak ACSCatal, 2014,4, 1120). Copyright (2014) American Chemical Society.

and

Laskar and Slabalak synthesised a wide range of sizes of Pd nanocubes and nanoctahedra,
before studying all of their activities in the hydrogenation -bieyne. The difference in

activity between the two shapes at comparable edge lengths is worth highlighting here.

Inspection reveals that despite both catalysts having the same 37 nm edge length, the

nanoctahedraH{gure4, bottom) show a much higher activity.

Thes kinetic traces also show that for both catalysts, isomerisationdisihexene to

trans-2-hexene and over hydrogenation only occur after -&ié2yne has been consumed,

this is easily rationalised by the higher binding affinity of alkynes to a wedred metal

surface than alkenes, causing preferential alkyne binding. Therefore in order for

isomerisation or hydrogenation of the alkene to occur, the majority of the alkyne must have

been consumed.
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Figure 5 Laskar and Skrabalak's nanoctahedra adopt a low energy fcc (111) structure,
whereas the nanocubes adopt a higher energy fcc (100) structure. Adapted with permission
from Concepts in Nanocatalysis, Nanomaterials in Catalysis, First Edition. Copyright of Wiley.

The higher eftiency of the nanoctahedra catalyst can be easily padted a result of

simple increased surface area, but after closer inspection it is evident that another effect is at
play. The increase in activity was normalised with respect to the total nurinberface

atoms over all sizes of both catalysts. Wher
sites increased by 0.5% the activity was found to have doubled. However, when the
percentage atoms in face sites of the nanoctahedra increased by thé &€tvity increased

twelve-fold. This means that the higher TOF for the nanoctahedra is not only due to the
increased surface area, but can be explained again by binding affinities of the alkyne to the
catalyst surface. Due to the stronger bindingat@mp-bridging) of alkynes to the
nanocubesd high energy fcc (100) surface, h
adsorption is slow. The higher TOF and activity of the nanoctahedra is therefore due to the
alkynes weaker binding {&tomdi-0-bridging) to the lower energy fcc (111) surface,

resulting in a lower adsorption/desorption energy barrier and faster catg&igsise@).2°

p.—bridge di-c
fcc (100) fcc (111)

Figure 6 Computationally it has been found that alkynes coordinate to fcc (100) faces through
a stronger binding mode than to fcc (111). Reprinted with permission fromJ( Phys. Chem. B.
2003,107, 217). Copyright (20@) American Chemical Society.

Parallels can therefore be drawn between the intricacies in nanocatalyst surface design and
the optimisation of a molecular cataligtand system. The understanding behind how to
design highly efficient nanocatalysts, and emilar precursors to nanocatalysts is therefore
a pressing issue and highly prevalent in current literature.
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1.1.1. Identifying the nature of the active Pd catalyst

The use of transition metal complexes as precatalysts in reductive catalysis is commonplace,
althaugh the species added to a reaction is often not the true catalyst species. In order for
catalysis to occur an activation step must instead deaitu. While molecular precatalysts

can proceed to a different, discrete homogeneous species, under regaciiom conditions

the formation of the active catalyst in the form of metal nanoclusters is also possible. Indeed
the use of nanocatalysts has evolved into an independant field of study owing to their unique
ability to fulfil a niche which is unobtainébby traditional homogeneous cataly¥$tsee also
Sectionl.1 Nanocatalysts do offer advantages and can result in a highlticagfficiency.
However, sometimes the formation of bulk metal can be deleterious. This comes down to
them simply being catalytically inactive or because it results in unwelcome side reéttions.

In order to optimise catalytic andaction efficacy, understanding the true nature of the active
catalyst is necessary.

A plethora of experiments and tests have been developed by the scientific community to
elucidate the phase by which catalysis is occurring. Finke and Widégreh Crabtre&

have published two key reviews of this area, both reporting the diverse array of tools available
to chemists to answer this question; a select few of the most relevant tests are listed herein
but for further infornation and an even wider range of experiments testing for catalyst
hetero/homogeneity these two reviews are excellent. Such a wide range of tests have become
necessary due to both the requirements of individual reaction conditions and the requirement
for mutiple pieces of evidence,e. one experiment which provides a positive outcome for

the presence of heterogeneous catalysisjaar versais not enough to paint an accurate

picture of the active catalyst species.

The most compelling piece of evidena® the proliferation of a heterogeneous catalyst
species from a molecular precatalyst is the presence of a significant induction period and
therefore a sigmoidal reaction profile upon kinetic analysis. The presence of an induction
period must be considereds si gni fi cant evidence for the
mixture must in fact be a precatalyst and catalytically incompetent in its original form. When

a reaction is performed under reducing conditions sigmoidal kinetic profiles should provide
sugicion of the formation of a heterogeneous catalyst specg. The formation of metal
nanoparticles has been shown to transgae mechanism comprising of at least two steps:

the slow diffusive growth (induction period) and the autocatalytic serggowth (rapidly

accelerating, selproliferative formation of the active catalyst). Work by Firéteal. has
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resulted in this mechaWdzeyi2sbepngedhadbiesma h(
call edV2tsh e p6 Fme cSbhamed. s md )

k
Precatalyst 1 Catalyst (1)

Precatalyst + Catalyst 2 Catalyst (2)

k
Catalyst + @ + H, 3 > Catalyst + O (3)

k
Catalyst + 1400@ + 1400 H, obs Catalyst + 1400@ )

Scheme8 The kinetic analysis of the hydrogenation of cyclohexene by the precatalyst
[BuaN]sNas[(1,5-COD)Ir-P 2W1sNb3Os2] allowed for the extrapolation of the rate constants k
kz and ks from a reporter reaction (4) proceedingvia a sigmoidal kinetic profile at kobs.

Upon  hydrogenation of cyclohexene  with  precatalyst fNBsNag[(1,5
COD)Ir-P,W1sNb3Og7] , Finke and Watzky found the kinetic profile to be of the type shown
in Figure7, and provided an excellent curvefit to the integrated rate equasultant from
Schemes, Equationl.33

5 Q
Q
P Qo Q

Equation 1. The integrated rate equation for the 2step, FinkeWatzky nucleation and
autocatalytic growth mechanism.
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obs
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0.2 |y =5.6x107Fh! '
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time, h

Figure 7 A typical curvefit for the loss of cyclohexene which provides an excellent curvefit to
the W 2-step mechanism shown irscheme8 and its resultant integrated rate equation,
Equation 1. The rate constants kand kz can therefore be experimentally defined, wherehas
to be corrected by a stoichiometry fator of 1400. Reaction conditions: Cyclohexene (4.94
mmol), [BusaN]sNas[(1,5-COD)Ir-P 2W1sNbsOe2] (0.07 mol%), Hz (40 psig), 22 °C. Reprinted
(adapted) with permission fromJ. Am. Chem. Soc1997,119, 1038210400. Copyright (2016)
American Chemical Society.

While the evidence provided by Finke and Watzky has been reported for an Ir catalysed
hydrogenation of cyclohexene, such sigmoidal reaction profiles have also been found to be
ubiquitous in reactions found to be catalysed by a heterogeneous transit@brspeeies
formedin sity, including Pcf* It is also important to be aware that sigmoidal reaction profiles
have been reported for both Rovetal catalysed reactiofsand reactions which proceed by
transition metal catalysis that have been proven to be homogefidndeed factors as
simple as produessisted catalyst solubility can give rise to sigmoidal kinetic teddésis

the observation of a sigmoidal kinetic curve as showkigaire7 is good evidence to start

the investigation of heterogeneous catalyst species, but additional evidence for their presence

is required.
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Further kinetic evidence for the formation of catalyticaltynpeent heterogeneous species
from homogeneous precatalysts can be alim@ar relationship between reaction rate and
catalyst loading. If the reaction rate does not increase in proportion to the increase in catalyst
loading then this may indicate that foreey molecule of precatalyst added to the reaction
mixture, not every metal atom may be taking part in catalysis. Upon calculation of the order
of reaction with respect to catalyst, if a partial order. below 0.5 is oltained then this

may be representative of a multinuclear catalyst species, involved in a complex multistep
process. Similarly, as described in Secfidh upon calculating catalyst turnover frequencies
(TOF) if upon decreasing catalyst loading an increased TOF is obtained, this may be
representative of heterogeneous catalysis taking pfea!

One of the simplest and most common ways of supporting a claim for heterogeneous catalysis
is by proving the existence of metal nanoparticles by either dynamic light scattering(DLS)

or by transition electron microscopy (TENMP.*° TEM is a highly sensitive technique,
whereby very small metal particles (dowrcan 1 nm) can be observed from an aliquot of a
reaction mixture. Despite its apparent ease argliitbiuis use in the field, the simple presence

of NPs in a transmission electron micrograph is not enough evidence to claim the catalytic
competency of said particles. The presence, size and morphology of NPs do not portray their
ability to perform catalysiin the absence of kinetic evidence. On the other hand, due to the
lower end resolution of TEM beinga. 1 nm, the absence of apparent NPs by TEM does not
eliminate the possibility that clusters below 1 nm in size exist, and are catalytically active.
To oorroborate this, the ability for the microscope to detect of nanoparticles of metal with
low densities (such asttow transition elements) at the low end of its resolution is decreased
further. Like TEM, DLS allows the detection of high density parti@dan the reaction
mixture, but allows for theperandoacquisition of data. This has similar downfalls to TEM
imaging along with a lower resolution (limit of detection > 5 nm) but has the added bonus
that it can be time resolved, allowing the corroboratof kinetic evidence to coincide

induction periods/catalyst decay with the formation of large metal aggregates.

The catalytic role of heterogeneous species in reatalysed reactions can be further probed

by the use of both molecular and heterogeneatedyst poisoning experiments by addition

of species such as strong ligands,€&nd PPE? or metallic Hg** Each poisoning
experiment should be conducted quantitatively, in the presence of kinetinewitte the
cessation of a catalytic process. The addition of <<1 eq. with respect to catalyst of a strong
ligand to a heterogeneous catalytic processes is thought to prevent their continuation by
preferentially binding to the catalytically active defetésof metal nanopatrticles. However,

if O1 eq. of poisoning ligand is required,
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However, such strong ligand experiments are only trustworthy for reactions at <50 °C, higher
temperature assist the disgdion of such ligands from the catalyst, negating its
effect<Widegren, 2003 #176;Widegren, 2003 #78>contrast, the addition of metallic
mercury is an effective test for the presence of heterogeneous metal catalyst species at high
temperatures and haésen widely used through the literatdte® 43 Hg® is proposed to

poison heterogeneous metal catalysts the formation of an amalgam with the metal
nanoparticle, or by coating its surfacehus inhibithg further catalysis. However, the Hg

drop test must be used in conjunction with other evidence, as false positive results may be
encountered such as the side reaction of Hg with organic starting materials and some single
metal complexe¥:

1.2. Pd catalyst design

Traditionally, the focus when designing a transition metal (pre)catalyst for a process the key
parameters to control are the oxidation state of the metal centre along with the electronic and
steric effects of the ligads at the metal. Understanding the role of the ligands in enabling
catalytic turnover is key to optimising a reaction.

Tertiary phosphine ligands are ubiquitous ligands in homogeneous catalysis due to the ease
with which they can be both sterically aptkctronically tuned. Tertiary phosphines are
capabl e of donat i ng -dohoeictdractomandbetrare alsoygapable r o u g
of accepting electron density from a metal centre into iR P0 * & Bydarefally .

changig the substituents on the phosphingrBups it is possible to tune the electronic
properties of the metal centre and the strength of tHe Mabnding interaction to assist

oxidative and reductive processes at the metal cem#res t r o nragoeptingligands

facilitate reductive elimination. Likewise, by changing the steric bulk of the phosphine ligand

(and therefore its Tolmans cone antfld) t i s possible to contro
coordination number. Doing so means that the #mjigildefining association/dissociation in

catalytic cycles can also be goverried more sterically demanding phosphine ligands

facilitate oxidative addition to ICX bonds at monodentate ®dspecies'

The exploitation of such paramets -dosatidivs “-acceptor strength, steric bulk and the
bite angles of bidentate ligarfdgs commonplace in the literature. Interestingly, fairly little

attention has been given to the redox potentials of Pd precatalysts and their ligands.

1.2.1. Tuning Pd° precatalysts
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One of the most important factors involved in designing an effective Pd pystadsathe

redox potential of the complex. Its redox potential defines a number of key attributes which
determine whether a Pd complex is capable of catalysis; such as catalyst activation under
reaction conditions, oxidative addition and reductive elinmatAn analogous system
outside the bracket of catalysis where achieving this is also important has been shown by
Keppleret al.It was reported that the redox potential of antineoplastic ruthénhprodrugs

(the ease with which they are reduced toatikive RU complex) can directly affect thein

vitro potency?® They ran a study on a range of'Rimdazole complexes, where a direct
correlation between anrtiimour activity and increasing ease of reduction was discovered
(Figure8).

Cl QI Cl ” Cl indCI - Cl indCI
cirRl cirR¥ cirRYc
Cl Cl ind
Reduction potential (V): -1.36 -0.87 -0.39
ICso (UM): 103 (£13) 35 (+2) 66 (+4)
ind ind I ind =
in in
Clrg nind| | Cli.gd ind Sy M
\d v H v v
Cl indCl ind indCl
Reduction potential (V): 0.10 0.59
ICsp (UM): 2.6 (£0.1)  0.67 (+0.04)

Figure 8 Structures of Ru compounds tested by Keppleet al. Counterions (Hind or CI') are
omitted for clarity. IC so values are the inhibitory (50%) concentrations in CH1 cells after
exposure for 96 hr in the MTT assay.

This discovery has allowed a way of purposefully designing Ru complexes so that they are
more easily reduced when exposedhi® environment around a cancer cell, and although a
different area, one may also use the same principle in design for tuning catalysts. Given that
Pd catalysis is reliant on the ability of the Pd species to oxidatively add, transmetallate and
subsequentlyeductively eliminate there is a conceivable relationship between Pd complex
reduction potentials (which can be measured by cyclic voltammetry) and their ability to
perform effective catalysis. Studies on the electrochemistry of Pd complexes and their
catlytic efficacies in cross oupl i ng reactions ai ds correl
reduction potential and its catalytic competeftcit. is possible to directly control the
reduction potential of Pd complexes by simple ligand designtektdexample of this is the

effect of different oxidation potentials of the complexesdPdpaH)(dppe) and Pdf-th,-
dba)(dppe) on their rates of oxidative addition into iodobenzegerg9). It was found that
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the lower the oxidation potentials of each complex, the slower their rate of oxidative addition
into the Aiil bond® Thus providing a potential way of controlling the rate of oxidative

addition and therefore the concentration of iatermediates and problematic side reactions.

0 0
N NF SN NS
Sanas B anay
dba th2-dba
20 21

Figure 9 Two examples of heterocglic dba derivatives synthesised by Fairlamb and co
workers.

Given the norinnocent nature of dba ligands towards the rate of oxidative additiof tt Pd

aryl halides® utilising a range of Pd complexes furnished with substituted daads in a
SuzukiMiyaura reaction (in the presenceMvheterocylic carbene ligands) revealed that the
reaction rates were considerably affected by the electron density in the coordinative alkene
ligand>! Increasing electron densityath e dba | i gand r e daoceppos it s
at Pd, therefore facilitating ligand dissociation; moreover, electron withdrawing substituents

i ncr e a-acitytofthe coordinated alkene, impeding its dissociation. Experimental
work revealedHat electron rich dba analogues (sucph-&Me) increase the rate of reaction,
whereas electron withdrawing substituents (suclmdd$O,) slow the rate. Subsequent
computational work supported this hypothésispnfirming that the rateedermining step

under the reaction conditions tested (Suaki y a u-andatiorf®@nd Heck arylatiot)

was the rate of dissociation of the dba ligand prior to oxidative addition td éahd (k,
Scheme).
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SchemeédChanging substituent, i RO ecatalyseddress abl y ef f
coupling reactions.

Thus, simple ligand tuning in precatalyst design can have a marked effect on the efficacy of
catalysis and taking steps to understand the mechanisms by which these differences occur

can facilitate the development of cheaper, more efficient catalytic gpexes

1.2.2. The importance of catalyst design for efficient Pd" precatalyst

activation.

Buchwald and cavorkers have exemplified how an understanding of precatalyst activation
mechanisms and structuaetivity relationships (SARs) can result in the developnaént
several generations of precatalyst and phosphine ligand design. Similar progressions have
also been made through the literature regarding the SARs of NHC containing PEPPSI
(Pyridine, Enhanced, Precatalyst, Preparation, Stabilisation and Initiatiop)e@dtalyst§>

Initial investigations by Buchwaldt al.into the use of bulky, bidentate phosphines such as
22 began by using the readily available Pd precatalyst Pd¢OAB)espite this system
allowing for user frendly access to aryl chloride activation in SuzMlkyaura couplings

there was still a possibility for multiple reaction pathways with Pd(@Ad)ese included

the incomplete reduction of all Ptb Pd or lack of total complexation of Pd to the activatin
ligand and were considered significant, but surmountable, drawbacks. Subsequently, this
system was markedly improved by its replacement with the air and moisture stable
palladacyclic compleX23. The phosphine ligand is interchangeable and the amimeidd

group could be easily deprotonaiadituby a base, facilitating reductive elimination of the
desired catalyst (L)Pdnd indoline’” Unfortunately, due to the low acidity of the NH proton
catalyst activation wasnly possible at elevated temperature in the presence of a weak base,

limiting the scope of the precatalyst. Following the work carried out by Aéteat on 2

57



Chapter 1: Introduction

aminobiphenyl palladacyclé&and investigations into th&ynthesis of carbazoles through
intramolecular BuchwaklHartwig amination® this scaffold was then used to make a range

of precatalysts of structure ty@.5° Owing to the increased acidity of the anilinyl NH,
depotonation could occur in the presence of phosphate or carbonate bases at room
temperature, resulting in the subsequent reductive elimination offajedhe formation of

a discrete, innocent side product (carbazole). Unfortunately, due to the stéicatioms of

an incorporated chloride, more bulky, bidentate phosphine ligands (s@2hamild not be

used. In order to circumvent this a further adaptation to the precatalyst structure was
employed to allow the utilisation of ligands such 2& Instea of chloride, the less
coordinative mesylate counterion was introduced, allowing for the synthesis of thefstate
the-art Generation 3 Buchwald precatalyss)

NH; Cl N
PCy2 2 NH2 \Cl N IPr\\
tBu)

XPhos Gen 1 Gen 2 Gen 3
22 23 24 25

Figure 10 The three generations of palladacyclic Buchwald precatalysts.

It is commonplace in Pdatalysed crossoupling reactions for Pdprecatalysts to be used

in place of PBprecatalysts. This is partly due to the availability and price bfsBiis (such

as PdGland Pd(OAc), and thanks to their ease of handling. However, one of the drawbacks
of using a PYprecatalyst can be the requirement for catalyst activaitierréduction from

Pd' to Pd) prior to catalyst turnove¥.Perhaps the most commonly utilised Pd precatalyst is
Pd(OAc); throughout the |l iteradpuraeaebspiise tieéef
polymeric variants can be common contaminants and that in its ultrapure form it actually
resides as a trimer difie type displayed ifrigure 11%2 In 2012 upon discovery of a NO
contaminated batch, work within the Fairlamb research groupigtigéd the importance of
determining Pg{OAc)s purity prior to usé* Although little distinction was found between

the low purity material and ultrapure #QAC)s in the catalytic processes tested KC
functionalisations), the nitrite am did interfere with the stoichiometric synthesis of a range
of Pd' precatalysts. However, given the prevalence of redox activeshé€xies in Pd

catalysed process®d is not difficult to conceive how a low purity catalyst batchteaming
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these ligands may impede reaction efficiency. Indeed it has been reported that

recrystallisation of POAc)s from benzene improved reaction efficiert€y.

Figure 11 The sngle crystal X-Ray diffraction structure of Pd3(OAc)s with D3n symmetry.

Further to these findings, Colaaital. have also reported the presence and deleterious effect
of the polymeric contaminant [Pd(OAL)%% 67 Despite there being only a small effect in high
temperature BuchwalHartwig aminations, increased reaction times were required to
achieve compar ab-tawony angatioth and Mimorokieck redctiorls. It

was also reported that when the $adis of palladacycle2b) was attempted from
[Pd(OACc)],, no conversion of starting material was observed; when this was repeated using
Pd;(OAC)s, 98% vield was achieved.

Further to this work on the potentially detrimental contamination afQ%t)s, a recent
publication by Bedforcet al. has successfully characterised the hydrolysis and alcoholysis
products of the PFOAC)s trimer under aqueous and alcoholic conditioBshemel0).®
Given that alcohof§ and wat€et® ° are common solvents (and evenrsadvents in Suzuki
Miyaura crosscoupling processeS)theimportance of understanding the mechanisms of the

speciation processes of DAC)s is paramount for optimising catalytic efficiencies.
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O-Pd Pd-O +H0 0 4 \,Oi( + HOAG
(0] \O/' O{(\) O_Pq/ \Rd/o
N\ O\ /O

Schemel0 Fundamental work by Bedford et al. has changed thavay Pd(OAc)s speciation
should be perceived under working reaction condition&®

It could be argued that if under the reaction conditions the catalyst used responds in the
desired manner, these speciation events are not of imypgertance; however, upon
application of a chemistds <catalytic metho
understanding about any reaction by which catalytic efficiency could be impeded (such as
the formati olRRdZonfB umdf fs peey by &S| nfads specitometrg inPd

catalysed Negishi reactiod$)may result in an entire process failing to be economically

viable’®

Previous work published by Hét al. on the speciation of R@AC)s revealed that in the
presene of water and aryl boronic acids, Pd(OAejs rapidly reduced to Pdnd facilitated

the formation of catalytically competent nanoparticles under SiMiydura reaction
conditions. Fairlamket al. also reported the formation of mixed bridging eaceta¢ Pd
dimer species upon transmetallation with boronic a€idssimilar mixed oxeacetate dimer
species was also reported by Wiel.upon reaction of PA(OAgPCys). with stoichiometric
water in the presence of excess NaOAdii et al.reported that oxygen was found to impede
catalyst activation, but also prevented the formation of large aggregate’ pféadimably

due to the formation of PdO speciessitu. A unifying mechanism for the activation of
Pd;(OAC)s in Suzuk-Miyaura reactions based upon the evidence given by Fairlamb, Bedford
and Hii is given inSchemell The step wise hydrolysis of #@Ac)s proceedsvia the
formation of acetic acid and Continued addition of water would result in the formation of
the oxeacetate bridged triméH and rapid transmetallation with ArB(OHjia speciedV

or V. Although transmetallation may occur at a trimeric clustehsaslll , dimeric and
monomeric species are both thermodynamically accessible and feasible intermediates under

reaction condition$? A short lived species of typél was postulated by Hit al.to then
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undergo reductive elimination form Pd and a biphenyl organic product. The®Rien
proceeds to aggregate and form catalytically active Pd clusters (as shehreinell). At

dilute Pd concentrationg€. low catalyst loadings) the formation of these PdNPs is likely to
proceed by slow nucleation, autocatalytic surface growth, this is characterised by a sigmoidal
reaction profile’*3 " Hii et al.also postulated that water played a role in the leaching of small

clusters/mononuclear Pd from nanoparticulate surf&ees.

O":O’\’ \/

_Pd + H,0
ot haH
ZQ o

O-pg—O-p-0 “Pd Pd-
) / !
OYé + HOAc AcO (‘)Yo
3 1 I
L1 +2 Hy0
Y E Reductive
; Elimination
0-py-O 6 ArB(OH), 6 B(OH)s 3 Ar-Ar
\(// \a/
39 o [ O *3AOH ;4» 3[Ar—Pd—Ar] /. 3 Pd°
“PdT " Rd” %
Os._-0
\‘v( R 14
11 X via
Lirnm oL | TR
Pd
L’ : ‘OH pr:d\o
| | |
Ar_! AT )~
B(OH)Z (OH)2B——’O
1A% A%

Where L = OAc, OH

Schemell Unified mechanism for the speciation and activatio of Pd(OAc)s in Suzuki-
Miyaura reactions when in the presence of water. Inset: TEM image adapted with permission
from Catalysis Science & Technolod3012,2, 316323 Copyright of the Royal Society of
Chemistry.

The hypothesis that water also playeduial role in the leaching of highly active Pd species
from the surfaces has been further supported by insightful work performed by usftd

Water, KCO; and phenyl boronic acid were all shown to individually assist the leaching of
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either monoatomic or small clusters of Pd from-Rd coreshell nanoparticles in
SuzukiMiyaura reactions. Not only was this leaching necessary for catalytic activity, it is
also of note that the leached species wemarkablyefficient at performing catadys. Given

the low concentrations of Pd detected in solution after leaching (sub 1 ppm Pd) 95% vyields
were achieved after only 4 hours at room temperature. Indeed, synthesidtugciveshell
nanoparticles with different surface morphologies (and thereldferent defect site: size
ratios, at differing surface energies) had significant effect upon their catalytic efficiencies in
SuzukiMiyaura reactions, suggesting (coupled with the evidence provided by &ital)d

that leaching of catalytically corepent Pd species is more facile at higher energy defect
sites’®

It is therefore critical to consider: i) the role of efficient catalyst activation; ii) the competency
of discretely synthesised nanoparticulate Pd catalysts in both suafabgsis and processes
progressingialeached Pd species; iii) the effect of key additives (such as water) as these all
have significant effects upon catalyst efficiencies in comagpling processes. The design
and synthesis of a range of precatalysapable of activating to form small, highly
catalytically active Pd nanocatalysts is highly desirable. A Pd nanoparticle precursor complex
is designed to be such a thing; they are specifically designed in order to undergo controlled
degradation to form cdtdically active Pd nanoparticles. When designing PANP precursor
complexes a difficult balance of catalyst stability must be struck. If the complex is too stable
then no degradation will occur and no nanoparticles will form, and if the complex is too
unstdle then degradation will occur too fast and form large, unreactive Pd aggregates (Pd
black).

Frechet al. reported the synthesis of a series of dichloigfaminophosphine) complexes
which showed a range of catalytic activities in Suadijaura crosscouplings Figure12).”
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B(OH). BOPPCM iir

Figure 12 Aminophosphine NP precursor complexes synthesised by Freehal

All aminophosphine Pd complexes displayed high activity in Sulglifaura crosscoupling
reactions and displayed sigmoidal reaction profilggure13). Sigmoidal kinetic traces are
representative of the need for precatalyst atitim and often in metal catalysed reactions
they signify the role of surface catalysis at NP& " 8 Precatalyst26 and 27 were
comparable in rate and efficacy. However, when the mabtesaminophosphine complex,
26, was used the reaction reached completion after 10 minutes, wRémdg achieveda.

90 %.28 still proved to be more efficient th@b, despite its inferior activity with respect to
26 and27.
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Figure 13. Frech's aminophosphine precatalysts show sigmoidal kinetic traces, which are
characteristic of PANP catalysis. Adapted with permission fron€Chem. Eur. J.2010,16, 4075
4081. Copyright of Wiley.

Repeating the reaction wiflé as a precatalyst in rigorously dried toluene resulted in a much
longer induction periodcgé. 10 minutes). Addition of regulated amounts of water to dry
solvent resulted in a significantly reduced induction period, indicating that water plays a key
role in the decomposition and activation mechanism of these catalysts. Direct addition of
water tothe aminophosphine complexes in THF followed by heating resulted in their direct
decomposition and formation of dicyclophosphinate, cyclohexylphosphonate and phosphate.
They observed that the morei NP bonds present in the complexes, the faster this
decompsition occurred and when compared with their catalytic activity, the rate of this

activation step appears to be crucial: either too st@eqof fragile 8) resulted in poor

catalyst activity.

In a later study, Frectt al.characterised a binuclear Bpecies [kPd'>X]* which appeared

not only to be catalytically active in Suzuki crasmupling reactions but to be stable in
solution (L = (GH10N)2(CeH12)P, as in comple6).8! This species formed throughout the
reaction and was chartacised after completion by ESI mass spectrometry in positive ion
mode. In addition, when the reaction mixture was dosed with further starting material the

reaction reinitiated and the only Pd species visible by ESI mass spectrometryRehsqL.
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Importantly, Frechet al. have also demonstrated that these aminophosphine Pd complexes
exhibit high catalytic activity in a range of cressupling reactions including Negishi, Heck,

and cyanation® 8 The diversity of the precatalysts appears to be based on their ability to
perform as effective catalygia both the molecular and nanoparticulate catalytic phases, and

the tuning of catalytic activity by controlled addition of water.

OMe

OMe = O

27 (0.05 mol%)

> =
K,CO3 (2 eq.)
DMF, 140 °C
Br (1.5eq.) 60-90 mins O
2 20 31

Schemel2 Frech et al. performed kinetic experiments on this benchmark Heckreaction,
including water dosing experiments and H§drop tests.

When complex27 was used in the Mizorolileck reaction, catalyst loadings aswl as
0.0001 mol% could be used on a 0.5 mol scale in the coupling of bromobenzene with styrene.
However it was found that for more sterically demanding substrates a catalyst loading
between 0.0D.05 mol% was required. When the reaction betwa3and 30 (Schemel?2)

was deliberately dosed with water (15 pl) the induction period was found to significantly
reduce from 20 to 5 minutes, but caused the overall conversion to drop to 90%. When 30 ul
of water was added, the induction period was again reduced to only 2i&snibut the rate

of reaction and overall conversion to drop dramaticallga063% after 90 minutes. For
comparison, the reference reaction (2.5 pl of water added) proceeded to complete conversion
within 60 minutes, with an induction period of 20 mirsutBrectet al.stated that as with the
Suzuki reaction, controlling these induction periods is therefore crucial to the catalytic
activity of PANP precursor catalysts. However, as discussed in Sedtitheir explanation

that activity is dictated simply by size may not be entirely justified.
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Figure 14. A TEM of highly structured PANPs stabilised by cucurbit[6]uril. Adapted with
permission from Chem. Commun2010,46, 5088. Copyright of the Royal Society of Chemistry.

55A

Figure 15. A wire frame model of cucurbit[6]uril. Adapted with permission from Chem.
Commun.2010,46, 5088. Copyright of the RoyaSociety of Chemistry.

Caoet al. reported the synthesis of highly structured PdNPs stabilised by cucurbit[6]uril
(Figurel4, Figure15).8® Studies by FTIR were conducted to further characterise the PdNPs.
These confirmed that there was no change in the IR spectrum of the cucurbit upon
stabilisation of the PdNPs, indicating that no covalent interactions between the stabilising
cucurbit and the PANPs were present. Although these PANPs were not shown to be able to
operate on a very low catalyst loading in SuzaMikyaura couplings (only repted as 0.5

mol%) they demonstrate exceptional activity towards aryl chlorides, a feat not accomplished
by many PdNP catalysts. This performance has been attributed to the uniform size and shape
of the NPs, along with the capability of the cucurbit ligand encapsulate aromatic
molecules in their cavity, increasing the chance of contact between the substrates and the Pd
catalyst. They also reported that the catalyst retained high activity in both the Heck and
Suzuki reactions, even after the fifth re@&

Many solidsupported PdNP catalyst systems have been developed. The most common

supports are polymers, silica and different allotropes of cdftfdertain specialist suppted
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PdNP catalysts can provide high catalytic activity, such as by Siaghahi with Pd on
graphene. This catalyst permits Suzikiyaura crosscoupling on simple bromoarenes with

a catalyst loadings as low as 0.007 mol%, and proceeded to completion after only 5 minutes
in a microwave at 80 °€Y Despite the odd eeptional example, many supported PdNPs
provide only adequate catalytic activity in crasaipling reactions. On the whole they have

so far struggled to reach the outstanding TONs of one million achieved in Suixakira
reactions on activated aryl chlogsiby single ligand, molecular catalyst systems such as that
published by Bedford and emorkers Gchemel3).

tBu
o)
tBu O—I=|>
Pd—Cl 2
NO,
tBu 2
NO, B(OH), 0.00005 mol% O
34
+ -
PCys3 (0.0001 mol%)
Cl CsCO3 (2 eq.)
(1.5eq.) 1,4-dioxane, 100 °C, 17 h.
100%
32 33 35
Schemel3 Bedford et al report exceptional catalyst TONOGS

and electron deficient aryl chlorides in Suzuki reactions.

A more likely route towards highly active PANPs is their stsdiion by more labile
surfactants, such as loosely coordinating solvents. Gli@laprovide an excellent example

of this in their preparation of DMF stabilised Pd nanoclusféihese presynthesised NPs
display exceptional catalygtiactivity in Suzuki reactions with TONs comparable with those
achieved by34, as well as biaryl Stille couplings using catalyst loadings as low ‘&s 10
mol% 2% Given this, the use of precatalysts in coordinative solvents (such as DMF, NIMP an

DMAC) as precursors to PANPs may provide access to similar activities.
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1.3. Pd-catalysed cyanation

Since its discovery in 1973 and its substantial optimisation thereafteat®gsed cyanation

of aryl halides has become one of the most common routesntiiles. Although
benzonitriles can be made in many different ways, the most popular routes towards them
have previously been the Rosenmwath Braun and the Sandmeyer reacfforlowever,
eachhave significant drawbacks including very high temperatures (up to 250 °C) along with
the use of stoichiometric toxic copper reagents (CuCN) and therefore equivalent heavy metal
waste. While being present as a substructure in many biologallye compunds,i.e.
agrochemicals, pharmaceuticaisgure16) and natural products, it also plays a key role for

the introduction of further important functial groups such as amides, triazéfestrazoles

and primary amine®¥.

CN
(0]
(o)
A\
S\\ N CF3 NN
o) H \=y]
E HO Me NC

Bicalutamid Fadrozole
Casodex® (Zeneca) Arensin® (Ciba-Geigy)
36 37

Figure 16. Two pharmaceutically-active compoundscontaining the benzonitrile motif.

Not only is the tetrazole moiety commonplace in pharmaceuticals (it is often used as a
replacement for carboxylic acid group3)their formation can allow the synthesis of
interesting structural motifs areynthetic handles. A good example of this is the formation

of the N-tributylstannyltetrazole39, from cyanobenzene and #8nN; (madein situ from

BusSnCl and NaB) reported by Semenov and Smushkevisbhgmel 4).%°

BU3SI’1\
N—N
>

N BusSnN; (3 eq.) N
N’
o-xylene, reflux

38 39

SchemeldSe menov and Smus hk ephéng-h(&ibutylstannybhtétrazelé. s of 5

Despite the obvious imptance of developing and optimising routes to emplace a cyano

group, little optimisation of the Pchatalysed cyanation reaction occurred until within the past
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couple of decades. A key progression over the years has been the gradual move towards less
toxic sources of cyanide, which have subsequently allowed for lower Pd catalyst loadings
and less need for additives. Initially, Sakakibatral reported the reaction to proceed using

a Pd salt such as Pd(CMpr Pd(OAc) and the highly toxic cyanide salt,Gf, in DMF
(Schemel5).t

Pd(OAc), or Pd(CN), (2 mol%)
X KCN (2 eq.) CN
0 {9
DMF, 150 °C

X = I/Br 2-12 hr. 70 - 100%

Schemel5Sakaki barads initial conditions for the

Not only can Petatalysed cyanation be used for the introduction of a simple functional
group, but in a few instances it has been used to enantioselectively create a new stereocentre.
A domino intramolecular Heekyanation by Zhet al. allowed the total ynthesis of (&)
esermethole (79% ee}Z, Schemel6). This methodology has also been applied to the total
synthesis of (+physostigmine and horsfilingacemic) %

i) Pdy(dba);-dba (5 mol%)
(S)-difluorphos(12 mol%)

MeO I AgsPOy (2 eq.) (|:N
\@ f r.t. 40 mins MeO N
> (6]
’]‘ O i) Ky[Fe(CN)g] (0.22 eq.) (;[‘N
K,CO3 (1 €q.) \
DMF, 120 °C, 3 h. 78%, 72% ee
40 (S)-41

X1
F o PPh,
F O PPh,
F /"O O
(S)-difluorphos MeO
43 N_
N H

(

—

-esermethole

~

42

Schemel6 The domino Heckcyanation step towards the total synthesis of (8)nantioenriched
esermethole, 42,
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Unfortunately, relatively high catalyktadings are a common theme throughout most Pd
catalysed cyanation reactions, caused by the fact that the cyanide anion is not only toxic to
humans, but seemingly to Pd as well; if the concentration of cyanide ions in solution is too
high, catalytically mhactive [Pd(CNgR]? 'complexes forni3 This causes the majority of the

Pd dosed into the reaction to reside in a sink of completely inactive Pd, slowing the reaction
rate and thus inhibiting the possibility of low catalyst loaditggure17). In addition, it has

been found that if water is present, then not only can HCN ifositu, the inorganic cyanide

salt becomes more soluble in ange solvents like DMF, and may increase the rate of catalyst

poisoning®*%

[BugN]*
Excess "CN, H,0O
L L
[Pd(CN),Bu]?> [PA(CN)4]% + H,
+ BusN and/or

ArCN 7/ [PA(CN)sHIZ

x
Excess “CN Excess "CN
—L, -X~
[Pd(CN)3(Ar)]>

Figure 17. The mechanism of the Petatalysed cyanation reactiongetailing routes to catalyst
poisoning.

Excess "CN, [BuyNJ"

Grushinet al. reported the multiple points at which catalyst poisoning may occur under
common Pd catalysed cyanation conditions. Pd{RRh the presence of trace water,
tetrabutylammonium salts and KCN proceeds foom the inactive hydride species
[PA(CN%H]? and butanevia a surprisingly facile TN insertion reactiof® Interestingly in

the absence of water, the insertion product [Pd¢BNf could be isolated, but in the
absence of both BN* andwater, no reaction occurred. When a stoichiometric amount of
water was added to the mixture of Pd(PPfand KCN the immediate formation of
[PA(CN)]?, KOH and H was formed, presumabiyja oxidative addition of HCN (formed

in situ by hydrolysis of KCN)Xo Pd(PP¥),, followed by addition of another HCN molecule

to form Pd(CN)(PPh), and H via a salt metathesis type process. The finalsRigands

would be easily outcompeted in the presence of exGi$8*
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It was also found that the eadf reductive elimination to form ACN competes directly with
PRs/'CN ligand exchange if the cyanide ion concentration is too high. This causes the
formation of a catalytic graveyard of completely inactive [Pd@®N}pecies, reducing the
catalytic efftiency. Feasibly, reductive elimination of i&N can occur (and has been
observed) from the tricoordinate complex [Pd(&M)? | however with exces<N present

in solution the formation of this complex by the dissociatiohGM from [Pd(CN)Ar]? 'is
unlikely.®® This catalyst poisoning problem is most prevalent for more laGil sources,
e.g.KCN, NaCN and ZnCh and has been broadly combatted in the literature by addition of
reducing agents, the most common of which being catalytimetal and stoichiometric ¥n
salts® It has also been found that the addition of diaminecatalysts such as
tetramet hyl et hyl e n eldpyridineiare able (o proVEnDtAe)deactivation2 , 2 Nj
of catalysts such as Pd(RRiwhile enabling the cyanation of aryl chloricsVilliams and

Yang reported that catalytic BBnCl can act as an effective-catalyst as a phase transfer
agent. It was capable of shuttlifgN into solution in the form of B®nCN, hus increasing

the rate of transmetallation while keeping the concentration of @&kin solution low.
Inevitably this allowed for a reduced catalyst loading of 0.5 mol¥dBd}-CHCls, while

still maintaining good yields in the cyanation of simple &glides?’

Tributyltin cyanide has also been used as a cyanide source in the cyanation of the much more
complicated and sensitive-i@doadenosine43. Unfortunately, no reagent equivalence,
temperature, time or characterisation are gi®shémel 7).

NH,

NH,
</N |\N Pd(PPhs), Ny
\ N/)\I BusSnCN 4 I/)\
HO >~ 1o N™ >N” “CN
(0] DMF, Heat 0
OH OH o on
43 a4

Schemel7S el | s & s ycyandadesosire (no équilences given).

The more covalent nature of the zinc cyanide bond in Zn{Cifid its reasonably low
solubility in organic solvents has allowed for cyanations to be carried out on difficult
(including protic)substrates. Of note are the syntheses of purine carbonitriles by Gunderson,

one key example is shown belo@&chemel8). *°
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Cl CN
L TR VAN s NS
2 n .oe
AL A 2 (08 ¢
TBDMSO N™ >N “H > OTBDMS N™ N7 “H
O NMP, 90 °C o
N, 20 hr
TBDMSO OTBDMS TBDMSO OTBDMS
73%
45 46

Schemel8Gunder soné6s c¢yan ahlaroadenosife. pr ot ected 4

The reduced solubility of Zn(ChEoupled with the addition of both catalytic Zn dust and
Zn(OAc), allowed Chidambararet al. to report a decwesed catalyst loading (0.1 mol%
Pd(dba)/0.25 mol% DPPF)® Unfortunately this was only tested on a series of simple aryl
bromides. However, further progress on the cyanation against a range of substituted aryl and
allyl chlorides wasnade by the addition of a bulky phosphi2@)( catalytic Zn dust and
sulphuric acid, while using Pd(OA®s a catalyst!

Arguably, the biggest advancement in the past decade in the fieldoatdtygsed cyanation
reactions was the diggery of KiFe(CN)] and its trihydrate, {Fe(CN)]-H.O as a mild,
nontoxic and highly covalent cyanide source made by Bellexl. and Weissman and €o
workers respectivelySchemel9).1°2 Importantly, the more covalent nature of potassium
hexacyanoferrate not only renders it completely -tuxic but also allows for the
concentration ofCN in solution to remaiwery low at high reaction temperatures without
the need for expensive additives. Implicitly this means that the formation of catalytically
inactive [Pd(CNyR]? "complexes are significantly reduced, allowing for drastically lower

catalyst loadings.

Pd(OAc), (0.01 mol%)

©/Br K4[Fe(CN)g] (0.25 eq.) ©/CN
Na,CO3 (1 eq)

NMP, 120 °C 95%
16 hrs
Schemel9Be |l | er 6 s | icyganaticsh procedere. ar y |

Key papers published by Freat al. and Grushinet al. provide detail regarding the
mechanisms of catalyst deactivation in thecRthlysed cyanain of haloarenes, specifically

with the cyanide sourcessfce(CN)] and Zn(CN).** °3 In both papers, multiple poisoning
experiments were carried out on a series of Pd sources including B)d(P&)(Ph)(PP%)-,
Pd/IC(5%)ad Fr echoés NP pr e dRNCHa)(CsHe)d-1t20)! TheywerdP d ( Cl )
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all exposed to large excesses (up to 20 equivalents with respect to Pd) of th€Misibeirce
tetrabutylammonium cyanide in NMP and in all cases, 100% conversion to theicaltslyt
incompetent complex [Pd(CN} 'was observed at 25 °C. The same was observed when
Zn(CN), and KCN were used in place of tetrabutylammonium cyanide. However when
Frechdés ami noph @wahsubjeeted B0 en.coffRe(P@NY] at 25 °C

in NMP, no conversion was observed. Only when this reaction was heated to 140 °C for 48
hours was stepwise conversion 26 to [Pd(3CN),J? "and [Pd%CN).] detected. In stark
contrast, when suspensions of Pd/C (5%) in NMP were subjecteddantieeconditions (20

eq. KfFe(*CN)s] at 140 °C for 24 hours) absolutely no Pd cyanide complexes were
observed. This result suggests that the effect of catalyst poisoning t{ém@(®N)] on
heterogeneous Pd sources (specifically NPs) may be unobservHike.provides good
evidence for the conclusion that PANP catalysts may be a solution to the cyanide poisoning
problem.

To support this discovery, Fredt al. reported the cyanation of many substituted aryl
bromides using {Fe(CN)] as a cyanide sour@ad26as a precatalyst with loadings as low

as 0.05 mol%. They also conducted a series of tests to investigate the true nature of the
catalysis, including separately dosing the reaction mixture with mercury, polyvinylpyridine
and triphenylphosphine. Allatised a significant drop in conversion in the reaction, as did
increasing the catalyst loading to greater than 0.2 mol%; this was attributed to the formation
of Pd black’: 2!

With these results in mind, it is interestitgsee that Zhu and Cai utilised 1 mol% Pd/C (5
wt.% Pd) in the cyanation of a series of simple aryl iodides and bromides in NMP with
excellent yields. BsN was used as an additive and even allowed the cyanation of an activated
aryl chloride p-CRCeH4CI), albeit in low yieldi 4%2° Pd/C displayed good catalytic
activity up to the fourth recycle and was later reported to give quantitative cyanation of
4-bromoanisole in a 2:1 mixture of PEG4000/water and 1 equivalent of sodium fluoride as a
ba® when the reaction was conducted in a microwave. When more difficult aryl chloride
substrates were tested, a stoichiometric amount of KI was added to aid cyanation of the

activated substrate@hloroacetophenone, and even then only a 48 % yield was eeidétd

PdNPs supported on CuO were also found to catalyse cyanation and Suzuki reactions on
p-iodotoluene. The reactions were catalysed by 1 mol% Pd with no additive present, in DMF
at 120 °C for 15 hours. Unfortunately, onlyldodides were converted and the catalyst was

not found to be reusabt& Similarly, recent work showed a dendrimer supported PdNP

catalyst being used in Pd catalysed arylcyanations. High catalyst loadengsrequired
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throughout in order to facilitate the transformatios(&01% Pd), but quite remarkably there

was no requirement for any additit® Throughout the development of the field after the
introduction of K[Fe(CN)] as a cyanatinggent, additives such as J&; have always
appeared to have been variable and system dependant, but still a requirement. These additives
have yet to be assigned a concrete role in the reaction mechanism, but presumably assists the
transmetallation stefpiowever, despite this significant progression no suggestions as to why
this was the case, or mechanistic work in an attempt to explain this was included in either
publication. This is discussed further in Chapter 5.

More recent work by Buchwalet al. shows the utility of their third generation precatalyst

25 (as outlined in sectioh.2.2 to cyanate a wide range of arghd heteroaryl chlorideé’

Using KqFe(CN)]-3H-0, it was possible to cyanate a wide range of coupling partners at
only 100 °C under aqueous conditions. However, it was necessary to use upwards of 0.2
mol% catalyst loadings and a large excess@Nf (as 0.5 eq. foK4Fe(CN)]-3H:0).
Interestingly, only 0.125 eq. of KOAc was required as an additive to facilitate the reaction,
showing that a suitable additive is capable of facilitating efficient transmetallation
catalytically. Good reaction rates were achieved asyrsabstrates afforded good yields of
product within 2 hours. They have further extended this work to showcase its use in positron
emission topography (PET). The virtually instantaneous cyanation of pharmacologically
relevant aryl bromides in the presenak stoichiometric cyclooctadiem@dXPhos and
HCN was used to synthesise a range't]flabelled pharmaceuticals compatible for use

in PET108

A stoichiometric study on the productive process otCRilysed cyanation carried out by
Hartwig et al. has also recently revealed that reductive elimination dfCAr from
Pd(CN)(Ar)L complexes (where L is a bidentate phosphine) is similar in nature to the
migratory insertion event in Pchtalysed carbonylations. Importantly, this work has
highlighted that despite electrateficient aryl coupling partners undergoing more facile
oxidative addition they have a detrimental effect on the rate of reductive elimination. The
experimental evidence displayed a significant decrease in rate of reductivettimat PH

with more electron deficient aryl groups. However, computational data shows little difference
in transition state energies for reductive elimination, instead significant thermodynamic
factors were found for the increased ease of reductivenaition for electrorrich species.
Electronwithdrawing substituents were found to stabilize the arylpalladium species but

destabilize the arylnitrile produtt®
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Despite the push towards lower catalyst loadings and the use oftagopdNPs in cyanation
reactions, relatively little work has been reported on the direct role and mechanism of PANPs

formedin situfrom stable palladium precatalysts.

1.4. Pd(OAc)2(HNR2)2 complexes in catalysis

Initial studies regarding the use of primary aedondary amines with bulky-goups é.g

Cy:NH and *adamantanamine) as effective ligands at Pd were carried out by Bxiydin
in the synthesis of biaryls under Suzikiyaura conditions. Those with less bulkygRoups
(e.g diisopropylamine and aivile) along with tertiary amines (such as NENnd
diisopropylethylamine) furnished lower yields in the benchmark Stidlif@ura cross

coupling reactiorf®

. Pd(OAC), (2 mol%)
/@/ /@ Amine ligand (4 mol%) O
MeO (HO),B Cs,C0; (1 eq.) O
MeO

dioxane, 80 °C

Scheme20 The benchmark SuzukiMiyaura coupling used by Boykinet al

Upon attempting the synthesis of the Pd(Q&dINR2). complexes of secondary and tertiary

amines, they remark upon their stability, stating that tertiary amines do not form stable
complexes with B, but instead decomposed at room temperature to Pd black. On the other

hand, secondary amines formed stable Pd(&iAB)R.). complexes, and proved to be

efficient catalysts in the model SuztMiyaura reaction, even at room temperature. This

shows an init | hint t hat the relationship betweert
catalytic activity in crosgoupling reactions is a key one; tuning that stability/activity ratio

may be the key to designing a PANP precursor complex which can provide a htiyldly ac

catalytic system.

Work within the Fairlamb group has shown that piperidine provides astabie complex

with Pd, 47, which degrades upon heating in DMF to form PdNPs (discussed further in
Chapter 2}1° This, coupled with the evidengeovided by Freclet al.that PANPs may be

the answertoRd at al ysed cyanationd6s inherent probl .

suitable starting point for designing a highly active Pd precat&lyst.
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@’/, \\OAC
‘Pd_H
Aco” ’\O

47

Scheme21 The complex Pd(OAc)(piperidine)2 was found to be a PANP precursor, and
competent catalyst in Pdcatalysed G H functionalisations

Kinetic investigations into the effects of Pd(OA&)NR.). precatalyst structure, water,
additives and K[Fe(CN)] on PdNP precursor catalytic activities should provide a wealth of

information regarding the reaction mechanism and the optimisation of both reaction

conditions and precatalyst design.
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Project Aims and Objectives
Aims

To design aseries of Pd precatalysts capable of performingcadlysed
arylcyanations at very low catalyst loadings.
Investigate the mechanism of Rdtalysed arylcyanation and to utilise novel

findings to increase reaction efficiency, specifically relating to Ralyst loadings,
Objectives

To develop a series of Pd precatalysts of typ&(®Alc)(HNR,), for use in Pd
catalysed arylcyanation reactions. (Chapter 2)

To establish a suitable benchmark arylcyanation reaction with which to compare the
relative activitieof the Pd precatalysts synthesised in Chapter 2. (Chapter 3)

Utilise in situinfrared spectroscopy in kinetic studies to investigate the mechanism
by which the Petatalysed cyanation ébtranspires when usingsfe(CN)]-3H20

as a cyanide source. (Chapt)

Investigate the effect of &e(CN)] concentration on catalyst efficiency in the
Pd-catalysed cyanation @b. (Chapter 4)

Using kinetic studies quantitatively analyse and compare the catalytic efficiencies of
the precatalystd8, 47, 52, 53, 51 and58 in the Pdcatalysed arylcyanation &5

when using K[Fe(CN)] as a cyanide source. (Chapter 5)

Exploit mechanistic investigations into the roles of concentration, additives and
counterions to improve catalyst efficiencies indadialysedrylcyanations. (Chapter

5)
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Chapter 2: Synthesis of Pd"(OAc)2(HNR2)2

precatalysts

2.1. Introduction

Pd(OAC)(HNR). complexes are competent catalysts in room temperature Sditddra
crosscoupling (SMCC) reactions and in direct i functionalisation reactions of complex
nucleoside derivative®.'° The first Pd(OAc)HNRz). complexes synthesised by Boykin

and Tao showed good activity in SMCC reactions under mild conditions, however their
synthesis was limited to simple secondary and primary amines due to stability issues. They
reported that while secondary and primary amine pleres were simple to make and
completely air stable, the attempted complexation of tertiary amines (such as triethylamine
and CyNMe) with Pd(OAc) resulted in direct decomposition and formation of Pd black. In
order to design an effective PANP precursohalance needs to be struck between the
complex being too unstable (rapid formation of Pd black) and being so stable that no

degradation occurs at all to form desired nanoparticles (as discussed in Chapter 1).

Complex47 has been shown previously todiete the CH a r y | a-tleoxgadenasihe 2 Nj
with stoichiometric Cut!® and the metal nanoparticles formed from it under these reaction
conditions have been characterized as small (ca. 1.5 nm by TEM] &kHized spherical
truncated icosaliga containing a (111) surfaé®Wwith this in mind, it provides a good basis

for the design of a range of Pd(OAJNR2), complexes as PANP precursors for use as

precatalysts.
[ b (2eq.)
N )n )
: @
OAc
Pd(OAC)2 /Pd H
Dry THF, r.t., 5 mins AcO( “N
N, b
N N (Nj Q
H H H H
n=0 n=1 n=2 n=3
54 48 47 52

Scheme22 A general scheme for the synthesis of a range of Pd(OAGINR2)2 compounds.
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2.2. Synthesis of Alicyclic Pd(OAc)2(HNR2)2 complexes

The first to be attempted was the synthesis of pyrrolidine cord@lexhich was carried out
wi th A2 e gnordistiidd amine directlydrbm the bottle.

Pyrrolidine (2 eq.) C\
Pd(OAc), NH  OAc

Dry THF, r.t., 5 mins Pd

) \H
N, AcO” D

Scheme23 The proposed route towards Pd(OAQ[(CH 2)aNH]>.

Upon recrystallisation of the crude product, two compounds crystallised. One with yellow
crydals, the other red. Upon characterisatiodthpNMR and LIFDI MS it was apparent that
both the desired product (Pd(OA¢TH2)sNH].) and its acetate dimet9, had formed in the
reaction. This was due to the pyrrolidine taken straight from the reagdatid®ing impure,

and below the calculated amount of pyrrolidine.

Pyrrolidine ("2" eq.)
Pd(OAc), C'\\IH ~OAc CI\\IH O’ Y0, OAc

Dry THF, r.t., 5 mi ,PdJH JPd.H
ry r\;'z mins ACO Q ACO \Oj//o NQ

48 49

Scheme24 Impure pyrrolidine resulted in less than 2 equivalents of amine being added, and
the acetate dimer 49 forming along wth the desired product, 48.

This hurdle was surmounted by distillation of the pyrollidine immediately prior to use,
allowing the addition of exactly 2 equivalents of the amine, affording the desired compound
in an adequate 50% yield. It was also obsethed both Pd complexes were unstable in
solution (even in dry solvent), with Pd black forming within minutes of dissolution. Over

extended periods at room temperature these compounds also decompose in-s$tetaolid
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Freshly distilled
pyrrolidine (2 eq.) NH  OAc

Pd(OAc), JPd H
Dry THF, r.t., 5 mins AcO NQ
N>
50%
48

Scheme25 Adding freshly distilled pyrrolidine (2 eq.) to Pd(OAc). afforded solely the
pyrollidine acetate monomer complex 48.

Figure 18 Structure of 48, determined by Xray diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability of
50%; numbers in parentheses are standard deviations from the measured value, denotirget

error in the measurements. Selected bond lengths (A): NEBd(1): 2.043(3), O(1)Pd(1):

2.015(2), C(1)N(1): 1.484(4), C(5)0(1): 1.282(4), C(5)0(2): 1.243(4).

Importantly this allowed the observation of an unexpected compound, opgnisngpther
possble range of compounds, the acetate Pd dimers of each of the suggested amine
complexes. Theoretically these could be synthesised by addition of only 1 equivalent of

amine per Pd. Thus, adding 1 equivalent of freshly distilled pyrrolidine to Pd(®Ac)
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provided the acetate dimed9. Despite complete conversion of Pd(OAchultiple
recrystallisations under inert atmosphere were required to affordtuitds resulted in the
final isolated yield being poor, at 21%. This poor yield was later found to béodihe

mechanism of PFOAC)s aminolysis, as is discussed in Sectt#h

Freshly distilled C\
pyrrolidine (1 eq.) NH O’ ~0,, OAc
Pd(OAc), > JPd _Pd_H
Dry THF, rt.,, 5 mins AcO O\ .07 Q
N>
21%
49

Scheme26 Synthesis of the pyrollidine acetate dimer complex, 49.

It was also possible to crystallise the pyrollidine acetate dimer comfekigure19) and

the monomer complex48, Figure 18). Both crystal structures show important structural
intricacies and support thel NMR data. In théH NMR spectrum of the monomet§) the
signal corresponding to thei N proton appears at@ ppm, showing it is significantly
deshielded. Presumably (as displayed in the -sbditt structure obtained by-rady
diffraction, Figure 18) this is due to intramolecular hydrogen bonding between it and the
adjacent acetate group as was originally proposed by Beykah®® However, in the'H
NMR spectrum of the acetate Pd din#9, the N H signal is even further downfield, at 7.03
ppm, suggesting even stronger hydrogen bonding character. This evidence is supported upon
studying the crystal structure 49 (Figure19), where itis clear that hydrogen bonds between
H(2)i O(6) and H(1)O(8), cause both pyrrolidines and acetates to be pinned back.
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/—~~_O s
o~ 0,4\\\0
\ /
Pd--------- Pd

\ o \

Figure 19. Structure of 49, determined by Xray diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability of
50%; numbers in parentheses are standard deviations from the measured value, denoting the

error in the measurements. Selected bond lengths (A): N(Bd(1):2.021(2), O(1)Pd(1):

2.0394(17), O(3)Pd(1): 2.0300(17), O(5Pd(1):1.9969(17), Pd(1Pd(2): 3.0377(3), H(1)

0(8):1.98(1).

Furthermore, the synthesis difis-trans[piperidinyl-a-NH]palladium(ll) diacetate 47)

previously reported by Stoet al.can also be performed in excellent yields upon addition of

2 equivalents of distilled piperidine to Pd(OAc)
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Freshly distilled
piperidine (2 eq.) HN,,  OAc
‘Pd H

Dry THF, r.t., 5 mins AcO” ‘I\O
N>

90%
47

Pd(OAc),

Figure 20 Addition of piperidine (2 eq.) to Pd(OAc} yields the piperidine acetate monome
complex, 47.

Again, the'H NMR spectrum showed a deshieldeidH\signal at 5.54 ppm which indicates
significant hydrogen bonding character, which is also confirmed in thestaliel structure,

as determined by Xay diffraction by Storet al!*

Pd(OAc), "Pd “Pd
Dry THF, r.t., 5 mins AcO” 0 0" SNH
N2
14%
50

Scheme27 Addition of piperidine (1 eq.) to Pd(OAc) affords the piperidine acetate dimer
complex, 50.

The piperidine acetate Pd dimer compléxwas also synthesised by gradual additiod of
equivalent of piperidine to Pd(OAc)However, as witl#9, despite complete conversion of
Pd(OAc), pure material was only isolated after successive recrystallisations and washes
under inert atmosphere, resulting in a poor isolated yield of 14%. CompahefH NMR

data it is again evident that thé& N signal in the50is even more deshielded than that in the
monomer, providing a signal at 7.00 ppm. Therefore it would be expected for significant
hydrogen bonding character between the piperidinyl anditeckgjands across the two Pd
centres to be present. Indeed upon obtaining the-staltd structure by single crystalrzy
diffraction this can be confirmed, as is displayed-igure 21. Predictably the piperidine
dimer compoun®0is similar in structure td9, with the distinctive clarshell shapes found

in many acetate bridged Pd dimer spetiéshis allows for intramolecular hydrogen
bonding to occur between the acetate carbonyl and the piperidifilINis also of note to
mention the PidPd interaction present 40, 50 and later, irb8. This can be attributed to a
true interaction, as in alhree the PidPd interatomic distances of 3.0377(3), 3.0389(5) and
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3.0466(3), respectively, are all I ess than t
A). The origin of this interaction, along with the ligand effects upon it are outlinedifater

section2.3.

Figure 21 Structure of 50, determined by Xray diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability of
50%; numbers in parentheses are standard deviations from the measured value, denoting the

error in the measurements. Selected bond lengths (A): N¢Bd(1): 2.018(4), O(1)Pd(1):
2.034(4), O(3)Pd(1): 1.999(4), O(2Pd(1): 2.033(4), Pd(1-Pd(2): 3.0389(5), H(1)O(7):2.00(0).

Boykinet al.s t at entramiolectlar liiydrogen bonding may be a factor contributing to

the stability of the compleéx, h ogiwenvthatrdegradation @7 in DMF resulted in the
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formation of PdNPs along with reduction of the piperidine ligand to 2;3,4,5
t et r ahy dr lgipeidine)dtis passible that the decomposition of the complex may
result from intramolecular deprotdien of the piperidiné!? This implies that that the
intramolecular Hoonding may be the key to the instability of these compounds. Work
published by Gaunkt al. discusses the role of Rdnine complexesni the direct
functionalisation of Cklgroups adjacent to a Rabordinated nitrogeH? They also report

the crystal structures of a range of cyclic amine complexes with Pd{QOAdudingbis-
trans[2,2,6,6tetramethylpiperidinyb-NH]palladium(ll) diacetateq1). In keeping with the
similar structures displayed above, this complex also shows evidence for intramolecular
hydrogen bonding between the acetates and théH Ngroups of the
2,2,6,6tetramethylpiperidine ligands.

Figure 22 Crystal structure of bis-trans-[2,2,6,6tetramethylpiperidinyl -a-NH]palladium(ll)
diacetate (51) displays hydrogen bonding character. Data obtained from Gauet al. Nature,
2014,510, 129.

The Zepane Pd comple®?) was made by addition of the freshly distilled amine directly to
Pd(OAc), and provided the desired compound in a good 75% yield. No Pd black was formed
in solution of dry solvent and the complex is air stable in the -stditt, howeer in wet
solvent degradation to Pd black is rapgstiieme28).
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O (2eq.)
N
H HN,  OAc

Pd(OAc), - Pd

v
Dry THF, rt. 5 mins AcO” l@
N2

Scheme28. Synthesis ofPd(OAC)2[(CH 2)sNH]2.

The structure 062 was confirmed by XRay diffraction of a single crystaFigure23) and

in contrast to the compounds synthesised by Bogkad., no intramolecular hydrogen bond
appears to be present between the amirté &hd the acetate groups. This corresponds
directly to the comparatively shielded-N signal at 5.96 ppm seen within tH¢ NMR
spectrum.

Figure 23. Structure of 52, determined by Xray diffraction; arbitrary numbering used.
Selected hydrogen atomsemoved for clarity. Thermal ellipsoids shown with a probability of
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50%. Selected bond lengths (A): N(HPd(1): 2.0638(14), O(EPd(1): 2.0050(12), C(HO(1):
1.286(2), C(1)0(2): 1.236(2).

Expansion of the crystal packing reveals important structurédacies, including carbonyl
dipole-dipole interactionsKigure24).

Figure 24. Extended lattice structure of 52, determined by Xray diffraction; arbitrary
numbering used. Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with
a probability of 50%. Selected Hydrogen bond lengths and angles and Shezbntact bond )
lengths calculated using Mercury: N(J)H ( 1) AAAO(2): 2.972 j, 158.93A,
C(1-0( 2) AAAC(1) 93.63A.
The dipoledipole interaction strength between two dipoles varies dependent upon their
relative orientation with each other and becomesmaplicated affair in a fluid of freely
rotating molecules. However when the two dipoles are in a fixed, parallel orientagiam (

a crystal) the potential energy of interaction per mole is:
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tt pzowé i— 5

T“- 1

Equation 2. Equation used to calculate the potential energy of a dipoigipole interaction per
mol e. When O is the di po lbisthenpermiivity of fieespacey id o mb
the distance between the two molecules afidi s &4 90 AtoBiguedx di ng

Figure 25 The potential energy of dipoledipole interaction can be calculated using their
relative orientation and distance.

Substituting the dipole moment of methyl acetate as a model for the carbonyl groups (1.72

D,5837x10°C m), d = 93. 6e3cAulaanrd dihset ainnctee ronfo | 3.

into Equation2 it is therefore possible to calculate the strength of the carmamigbnyl

dipole interactio observed ifFigure24.11

VB oYX P T p owé W@o

- O8I TITIp TT

@BrgcppTm

® X TROAE &

The value providedby Equation2 is in the expected region for a strong dipdipole

interaction.

Considering the effect of ring expansion upon intramolecular hydiogeding in52, it was
therefore of interest to investigate the effect of increasing steric bulk around the coordinative

nitrogen upon both solid state structure and its catalytic activity (as described in Chapter 5).
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To this end,cis-2,6-dimethylpiperidire was employed as a ligand at Pd to afford the

precatalysb3in a moderate 72% yield.

/(j\ (2eq.) Oo\‘\
N
H

H N,  OAc
Pd(OAc), - i PdH
Dry THF, r.t., 5 mins ~AcO N
N>
72 %
53

Scheme29 The synthesis of 53.
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Figure 26 Structure of 53, determined by Xray diffraction; arbitrary numbering used.
Selected hydrogen atoms removed for clarity. Thermal ellipsoids shown with a probability of
50%. Selected bond lengths (A): N(2Pd(1): 2.0696(18), O(:Pd(1): 2.0191(16), C(HO(1):
1.266(3), C(1)O(2): 1.229(3), C(3)N(1): 1.481(3).

The structure 0b3is in keeping with that determined for the structurally similar compound
(51 synthesised by Gaumt al, again displaying strong hydrogen bonding interactions
between the amineif and the acetate C=0. The signals corresponding toitheimNthe
H NMR spectra ob1 and53 also appears at identical chemical shifts, 8.06 ppm, indicating

very similar chemical environments at the amine centres.
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2.2.1. Attempted synthesis of azetidine Pd complex

Several attempts were made at synthesising the analogous azetidine compound from
Pd(OAc) and azetidine hydrochloride, however various complications have prevented
isolation of the required compound. In order to synthesise comppyritie HCI saltof
azetidine must first be neutralisgdsitu by reaction with a base, then added as a solution of
approximate concentration to Pd(OAR) dry THF. Initial reactions were conducted using a
deoxygenated, aqueous solution of 1IN Na@dheme30). However due to the apparent
incomplete neutralisation of the HCI salt the actual concentration of the azetidine solution
added to the Pd(OAg)vas lower thamxpected, and upon the addition of the amine solution.
Complete decomposition to Pd black was observed. No product was obsef€H bR
spectroscopy or by LIFDI MS.

NaOH
(19 eq., 1N(aq) )

Er|\u-|-HC| g E,I\,H (2eq.)

DCM
\ W . E\NH/ \OAc
Pd(OAc), /4 . Pd‘“
Dry THF, —15°C, AcO )

5 mins, N, 54

Scheme30 Attempted synthesisof 54.

The neutralisation of the azetidine HCI salt was also attempted by precise addition of 1
equivalent on-BuLi (with respect to azetidine hydrochloride), then addition of the solution
of azetidine to Pd(OAg) However due to the insolubility of tlazetidine salt in THF, there

was incomplete neutralisation and upon addition of the solution to Pd{Qie)mmediate
formation of Pd black occurred. Presumably, this was due to the presence of reBidual

No product was observed By NMR spectrosapy (Schemes1l).

n-BulLi (2 eq.)

2 -

NHHCL by THE, Ny, ,:I\IH

i) =78 °C, 10 mins,

i) R.t. , 5 mins
Pd(OAc), Pd Black
Dry THF, —15 °C,
5 mins, N,

Scheme31 Attempting to neutralise azetidine hydrochloride withn-BuLi unfortunately
resulted in the formation of Pd black.
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2.3. The effect of increasing amine ligand size

Following the success of the synthesis of a series of nrambdimeric Pd(OAgHNR:)
complexes containing simple aliphatic amine ligami 48, 49, 50, 52 and53) it was also
informative to investigate the structural effects of more complex and more sterically
demanding ligands upon the synthesis and catalytic efficiency of the precatalyst. The two
ligands displayed ifrigure 27 (55, 56) were considered for their commercial availability,

cost and interesting electronic character. It was also important to select a substrate which did
not c o n t-raethyene agroup (as in 2,2,616tramethylpiperidine and 2(@s
dimethylpiperidine) as it has been shown that these are functionalisable at Pd under oxidative

conditionstt®

SWORGWE

H H
55 56

Figure 27 Both iminodibenzyl (55) and dibenzazepine (56) were considered interesting
potential ligands at Pd(OAC).

The attempted synthesis of the corresponding bisamino diacetate Pd cdiipfesm 55
and Pd(OAq) unfortunately resulted in complete lack of corsien of Pd(OAc) to the

desired product.

Q N O (2 eq.)

H
55

Pd(OAc), //

Dry THF, r.t., 5 mins
Ny

Scheme32 Attempted synthesis of 57.

Treatment of Pd(OAg)with two equivalents of dibenzazepirt®, pleasingly resulted in the

47% conversion of Pd(OAg)Despite the use of 2 equivalents of amine per Pd it was clear
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that instead of the expected monomeric Pd complex, the dimeric corBfjexds isolated

after recrystallisation in a poor 20% yiel8cheme33).

H 0770,
56
Pd(OAc), Os_20
Dry THF, r.t., 5 mins T/
N
20%
58

Scheme33 Addition of 56 (2 eq.) to Pd(OAc)} resulted in the exclusive formation of the
equivalent Pd dimer complex, 58.

It was possiblgéo confirm the structure di8 by single crystal XRay diffraction and upon
analysis of the solidtate structureRjgure28) it is evident that eveim the presence of a

single 56 ligand per Pd centre it is already sterically crowded. Presumably the attempted

addition of two equivalents &6 to form the Pd(OAc(HNRz). monomer is not sterically

possible.
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Figure 28 Structure of 58, determined by Xray diffraction; arbitrary numbering used.
Selected hydrogen atoms and a molecule of pentane (antisolvent) have been removed for
clarity. Thermal ellipsoids shown with a probability of 50%; numbers in parentheses are
standard deviations from the measured value, denoting the error in the measurements.
Selected bond lengths (A): N(3Pd(1) 2.0757(15), Pd(HPd(1) 3.0466(3), O(EPd(1) 2.0147(12),
O(2)-Pd(1) 1.9775(12), O(3) Pd(1) 2.0204(13), C{Z)8) 1.339(3), C(1)N(1) 1.454(2).
There is clear evidence for hydrogen bonding across the Pd dimer between tiniel giogy
acetate ligands and thé N of the dibenzazepine in theray diffraction and when compared
with the significantly deshieldedi® *H NMR signal at 11.61 ppm this is corroborated. This
val ue fiBlo tbhechodlser to the ciHefmcabexylicasithi ft e:

(i.e.acetic acid: 11.53 ppm}3 This strong hydrogen bond indicates that the valence electron
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dersity around the'H in question is much decreased, and thiedNbond in question is
therefore very long. The increased strength of this hydrogen bonding interaction could
indicate increased hydrogen lability, resulting in easieH Nleprotonation by the nen
bridging acetate. This would further facilitate the arassisted reduction of the 'Pcentre

and therefore complex decomposition, or put another way, propagation of PANPs.

A recent publication from Musaet al. highlights that computationally the dime stability

and the strength of the Pld interaction of [(C*"N)PJOAc)]. complexes (such &9, right

Figure29) is dictated by the electronicstbie C”N ligand, bridging and nesridging acetate

ligands’® It was also found that the ligand effects were antagonistic, so an incredstt Pd
interaction strength resulted in a decreased Pd dimer stability. This can be explained by
studying the idealised MO diagram for a'P&d' dimer (left,Figure29). Mixing of the filled
PdiPddd* antibonding orbital s orhitalsrésultsihthe unocec
formation of a hybridised orbital (middIEjgure29) with less antionding character. Thus,

viat h e | 4Pdyd# avdrlap) more electron donating ligands at Pd increase the energy of

the daG* orbital, resulti ng"iPdnintefactiontsineagth. mi x i n
Vice versa electron withdrawing ligands we found to decrease the strength of this
interaction. Experimental work by Green andveorkers also supports this hypothesfs;

when the C”N ligand used wagzolylpyridine with bridging acetate ligands{R CHs;, R,

= CHs) the Pd Pd dstance was shorter than when the C~N ligand walsehylpyridine with

bridging TFA ligands (R= H, R = CR).
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a) Idealised b) Hybridisation of
Pd(ll)-Pd(ll) MOs c* orbital
po* —_
PG = N Ri
SG* BN \\\ o
\\\\ \\\ \\\ (/)x P.d\ —
ISR 07 =
SG SN RS2
Energy _—— RN g Co
dG* ————————————— % \\\O//,' i \ I >
} 8 O—Pd '
T/ Tk,
8/8 R4
R1 = H/CH3
do .H ________________ +l. § Rz = CH3/CF3

59

Figure 29 Molecular orbital diagram for a Pd"i Pd" dimer of the type displayed.

Therefore based on the trends observed from interatomic distdfigese0) it is possible
to make some deductions about the electronic and stieritseof piperidine, pyrrolidine and
56 on the structure of their respective Pd acetate dimer compl&x88and58 from the X

ray diffraction structures.
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\

A__J—)A

*

/

* *

—A— Pd-Pd
—u— O-N
—eo— N-Pd

I
Pyrollidine Piperidine Iminostilbene

Amine Ligand

Figure 30 Key interatomic distances in Pd dimers 49, 50, and 58. O---iNteratomic distances

calculated using Mercury.

Figure30displays three key interatomic distances found within the structud3 50 and

58 and $iows that there is little difference in the dimer structure when either pyrollidine or

piperidine are ligands at P.dA slight increase in ON distance from pyrollidine to piperidine

can be attributed to a weaker hydrogen bonding interaction. This isrseghfpy a small

decrease itH NMR chemical shift for these corresponding hydrogens from 7.03 to 7.00 ppm

for 49 and50respectively, presumably due to a decreased i Acidity. Dibenzazepine has
a more pronounced effect upon the overall structure Bfliscetate dimer complex. Reduced
the nYdd

el ectron density available to

dat i

lone pair and the dibenzazepine aromatic system results in a weaker, longer bond to Pd. This

results in the more acidicilfl being mee susceptible to strong hydrogen bonding with the

acetate carbonyl and a shorter N---O interatomic distance. Therefore, relat@and50

the weaker

d donor character ultimately

less mixing betweed 0 * and the s and p orbital

Figure29) and a longer RdPd interaction.
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Comparison of the solidtate structure &8 with that of the ligand§5 and56 (Figure 31)
reveals a decrease iri €i C bond angle upon coordination to Pd as the nitrogen tends

towards a tetrahedral geometry, accentuating the concave face of the dibenzazepine ligand.

113.24 °

124.15°

131.90 °
55

Figure 31 Comparing Ci Ni C bond angles in the solid state structures of the free ligands 56
and 55vscomplex 58. Images created in Mercury.

Inclusion of then-pentane antisolvent molecule Figure 32 shows how the concave
dibenzazepine forms a hydrophobic pocket, in which thepodar n-pentane molecule can
aid crystallisation. The molecule of pentane in the unit cell is diseddegsulting in it being

averaged over both positions and lacking the expectedigigtructure.
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Figure 32 Structure of 58, determined by Xray diffraction, rotated to show molecule of
pentane in hydrophobic solvent pocket. Hgrogen atoms have been removed for clarity.
Thermal ellipsoids shown with a probability of 50%. Image created in Mercury.

In light of NMR spectroscopic experiments on the mechanism and rate of aminolysis (Section
2.4) further optimisation for the synthesis 58 was possible §cheme34). A massively
improved yield of 99% was obtained by reduction of the amine equivalents fpenP2l to

only 1 and by changing reaction solvent to dry, distilled dichloromethane. This cimange
solvent was crucial to allow for an increased reaction time to 30 minutes at room temperature
with a diminished risk of product decomposition (as was observed in THF). It also allowed
for immediate crude reaction mixture concentrationc@o33% origiral volume) before

layering with dry pentane for purification by recrystallisation in the freezei (1 8 AC) .

Pd(OAc), >
Dry CH20|2, r.t.,
30 mins, N,

Scheme34 Optimised synthesis of 58.
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2.4. Mechanism of Pd3(OAc)s Aminolysis

Recent work byBedford et al. has shown that B@DAC)s (top left, Figure 33), the major
species in high purity palladium aceté&t&: ¢’ undergoes hydrand alcoholysis as depicted

below, in the presence of water and various alcohols respe&ively.

0]
/’O‘Pd/ AN /O\ /O\
Lo Nod © _Pd<ny
- =il o~ O \(
O O D 5N O, + HOAc
O-pq  pd—0 " g, -pd—0
/ O \\O’ /

/
Y\Q( oYo

Figure 33 Hydrolysis of Pd3(OAC)s.

Thesdfindings not only draw into question the true identity of the active catalyst in countless
Pd-catalysed reactions carried out under hydrous conditions or in the presence of an alcoholic
solvent, but also may reveal the mechanism by which the Pd§(PpiNfR;). complexes

presented in this chapter may be formeigire 34).

0] 0. O (@)
U Y Pl
-0 O~ i o O
o o )
\ \ \ /
O\\Pd Pd//o + HNR2 o‘/P(?\N/Pd/O + HOAC

02,0200 o)

\\5}0
N/

Y
o/ \O::
X HNR, O]
O\/Poll Pd—
AcO” o, .0

Figure 34 Postulated meckanism of P&(OAc)s aminolysis.
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In light of this report, a brief study of the aminolysis of;(BAc)s with piperidine was
examined byH NMR spectroscopic analysis. Three separate experiments were carried out
in a glove box where increasing equivalents of, dlistilled piperidine were added to
Pd;(OAC)s in dry, distilled CDCl,. A comparative experiment was also carried out in

THF-ds, but this resulted in extensive decomposition of the resultant complexes over a period

of 1 hour.
O (1-3 eq.)
N L
H HN/,, ‘\\O/A\O/, \OAC
Pd;(OAc)s ‘Pd Pd
Dry CD,Cly, rit., AcO”  T0s-0” NH
N, T
50

Scheme35 Addition of differing equivalences of dry piperidine to P&(OAc)s will result in the
formation of 50, potentially via an observable aminolysis intermediate.
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-7
+6
5
4
3
2
1

15

=
20

|
55 50 45 40

60

n7796pb
J Bray P43(0Ac)6
d7712pb
J Bray Piperidine
d7317gb
J Bray Piperidine dimer standard
day7/proton 500 miz
J Beay 6 days
n7835eb
J Bray § days
n7584pb
J Bray 4 days
nT442pb
J Bray t0

7

Figure 35 Addition of dry piperidine (1 eq.) to Pds(OAc)s in CD2Cl2 converts to 50via 47.
Reaction conditions: dry piperidine (1 eq.) added to PgOAc)s in CD2Cl2 at room
temperature. Black diamond: 47; green club: 50. 1) Immediately aétr addition of piperidine;
2) 4 days after addition; 3) 5 days after addition; 4) 6 days after addition; 5H NMR spectrum
of 50; 6)*H NMR spectrum of piperidine; 7) *H NMR spectrum of Pds(OAC)s.
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Upon addition of a single equivalent of piperidine y(PAc)s (- of an equivalent of

piperidine per Pd) the formation of the dimer prod&6tbegins immediately at room

temperature.

nTes
J Reay PINOAH
b7

TS
J Brwy Piparidine

A

aTroRs
J Biny pwb 4201 pipe rdine dise r standa sl J k
k ]

dayTiprion 500 mhe
JBmy Sdays

nMiSe
J Ry 5 doys

ns84gn
J Ry S o

nlad2ge A ’

J Bray 0
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Figure 36 Zoom of the characteristic acetate section of the spectra Figure 35reveals the
formation of 47 (black diamond) along with the formation of the desed final product, 50
(green club) from Pas(OAc)s (red spade) in the presence of piperidine. Reaction conditions:
addition of dry piperidine (1 eq.) to P&(OAc)s in CD2Cl2 at room temperature. 1) Immediately
after addition of piperidine; 2) 4 days after aldition; 3) 5 days after addition; 4) 6 days after
addition; 5) 'H NMR spectrum of 50; 6)*H NMR spectrum of piperidine; 7) *H NMR
spectrum of Pa(OAC)s.

It is important to note, however, that no free piperidine was observed at any point in the
reaction,instead the formation @f7 occurs immediately after its addition. This experiment

shows that after 4 days, the intermediate monomer complex has been completely converted
to50. Presumably thisoccuvaa mi nol ysi s assi sted r@Angval of
from all of the starting PZOAC)s to form47 and a molecule of BEDACc).. As is displayed

in Scheme36, the molecule of BFOAC)4 is in turn in equilibrium with the marginally more
thermodynamically stable B@Ac)s.”® Presumably, no free piperidine is seen due to the

initial high rate of aminolysis to form7. 47 is found to react with another molecule of
Pd;(OACc)s to form 50 and another molecule of R®Ac)s which, again, rapidly shifts back

towards Pe(OAC)s.
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Scheme36 Mechanism of aminolysis of PA(OAc)s with piperidine to 50.Where
k1d ko> ks> kir1d kiz2>kia.

This complex equilibrium, involving the monomeric Pd compli&as the kinetic product
clarifies the reason for the poor yields obtained in the synthesis of the dimeric Pd complexes
49 and50o0utlined in sectior?.2 These reactions were left for a total of 5 minutes in THF at
room temperature prior to removal of the solvienvacuo In the light of the mechanism
detailed inScheme36 the formation of the dimeric Pd complexes is slow, so a reaction time
as short as 5 minutes resulted in the contamination of the product with remaisfi@g&el

and the monomeric Pd complexd3,and48.
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Figure 37 Addition of dry piperidine (1 eq.) to Pds(OAc)s in CD2Cl2 converts to 50 (green
clubs)via 47 (black diamonds). Reaction conditions: dry piperidine (1 eq.) added to BEAC)s
in CD2Cl2 at room temperature.1) Immediately after addition of piperidine; 2) 19 hours after
addition; 3) 1 day after addition; 4) 4 days after addition; 5)*H NMR spectrum of 50; 6)*H
NMR spectrum of piperidine; 7) *H NMR spectrum of Pds(OAC)e.
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Repeating the greriment, this time with two equivalents of piperidireo{ an equivalent

per Pd) results in a similar outcome, with no free piperidine evident in solution immediately
after addition, suggesting a fast initial reaction of the ligand witgfXt)s. Analysis of the
whole reaction spectrum allows the observation of the rapid formatibn(denoted by the
black diamonds) immediately after piperidine addition. All of the characteti$tidMR
signals for47 decreased over time, resulting in the exclusivenfdion of50 (denoted by the

green clubs) after 4 days.
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Figure 38 Zoom of the characteristic acetate section of the spectra Figure 37 reveals the
formation of 47 (black diamond) along with the formation of the desired final product, 50
(green clubs) from P@&(OAc)s (red spade) in the presence of piperidine. Reaction conditions:
Addition of dry piperidine (2 eq.) to Pd(OAc)s in CD2Cl2 at room temperature. 1) Immediately
after addition of piperidine; 2) 19 hours after addition; 3) 1 day after addition; 4) 4 days after
addition; 5) *H NMR spectrum of 50; 6)*H NMR spectrum of piperidine; 7) *H NMR
spectrum of Pd(OAC)s.

Over a period of a further 19 hours the concentratiomd®dfdecreases, with a low
concentration o7 still present after 1 day. After a reaction time of 4 days, all oftheas

been consumed, converting into the final prod&0t,With the addition of 2 equivalents of
piperidine, there is still incomplete consumption og(Bd\c)s, and at no point during the

course of the reaction did a separate acetate peak appear corresponding to a separate
Pd(OAC)s dimer species. This suppseithe hypothesis that aminolysis occurs initially from

the trimer species, and any fdAc), formed from that reaction is in equilibrium with the
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more stable POAC)s, causing it to convert back to the trimer at a rate which is not

observable on the NMEBEmescale.
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Figure 39 Addition of dry piperidine (1 eq.) to Pds(OAc)s in CD2Cl2 converts to 50 (green
clubs)via 47 (black diamonds). Reaction conditions: dry piperidine (1 eq.) added to BEAC)s
in CD2Cl2 at room temperature. 1) Immediately after addition of piperidine; 2) 3 minutes after

addition; 3) 8 minutes after addition; 4) 14 minutes after addition; 5) 18 minutes after
addition; 6) 7 hours after addition; 7) 19 hours after addition; 8) 43 hars after addition; 9) *H
NMR spectrum of 50; 10)*H NMR spectrum of piperidine; 11) *H NMR spectrum of
Pd3(OAC)s.
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Finally, upon addition of the full three equivalents of piperidine tg§@®4&lc)s it is clear from
Figure 40 that complete conversion of #@Ac)s to 50 occurs over a period of 43 hours,
eventually resulting in the complete conversion of BAc)s to the final product with only

a trace b47. Considering théH NMR spectrum at J(Figure39), one singlet corresponding
to the single acetate Gknvironment in47 is present (at 1.88 ppmfour multiplets
corresponding to the piperidinyl aliphatic protongdat 3.14, 2.54, 1.60 and 1.40 ppm and
a broad triplet at 5.5 ppm consistent with a signal resulting from a Pd bauhihiblved

in weak hydrogen bonding, as 4Y. As the reactiorprogresses, the growth of another
species50, becomes clearer: two singlets at 1.82 and 1.87 ppm corresponding to the terminal
and bridging acetate GHenvironments; four broad multiplets corresponding to the
piperidinyl aliphatic protons at 3.35, 3.207@ and 1.60; a broad triplet at 7.0 ppm resulting
from a Pd bound NH involved in strong hydrogen bonding.
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Figure 40 Zoom of the characteristic acetate section of the spectra Figure 37 reveals the
presence of Pg{OACc)s (red spade) 47 (black diamond) along with the formation of the desired
final product, 50 (green clubs). Reaction conditions: Addition of dry piperidine (3 eq.) to
Pds(OAc)s in CD2Cl2 at room temperature. 1) Immediately after addition of piperidine; 2) 3
minutes after addition; 3) 8 minutes after addition; 4) 14 minutes after addition; 5) 18 minutes
after addition; 6) 7 hours after addition; 7) 19 hours after addition; 8) 43 hours after addition;
9)H NMR spectrum of 50; 10)*H NMR spectrum of piperidine; 11) *H NMR spectrum of
Pds(OAC)s.
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These experiments build an important and revealing picture about the mechanism of
formation of Pd(OAC)s(HNR2) dimer complexes from B@AC)s (Scheme36). It is apparent

that under anhydrous conditions, upon treatment gffJt)s with a cyclic secondary amine
(such as piperidine) the kinetic product is the monomeric PAd(AER,) species. Only

after an extended periaf time (up to two days later) does the reaction equilibrate to what
is presumably the more thermodynamically stable [Pd(eiA&)R2)]. dimer complexs0.

This results in an overall aminolysis mechanism consistent with that displageldame36.

2.5. Conclusion

A series of monomeric Pd(OA€HNR2). and dimeric [Pd(OAG[HNRy)]. precatalysts have
been synthesised in order for them to be examined in Pd catalysed arylcyanation reactions.
Overall the yields of the monomeric Pd(OAE)NR2). complexes were higher, making them
more promising catalysts to be applied to scglgorocesse and the isolated yields 49

and 50 were unfortunately found to be purification limited. Application of the optimised
conditions obtained by studying the addition of stoichiometric piperidine $(ORd)s
allowed for the synthesis of the dimeric compiS in an excellent isolated yield. These
stoichiometric studies into the mechanism ok(Pdc)s aminolysis by piperidine have
revealed tha#l7 appears to be the kinetic product. However, when a single equivalent of
amine per Pd centre is used, slow dltalttion provides the thermodynamic prod&¢x
resulting from a series of equilibria as displaye@ameme36. This explains the low yields

of 49 and50 when short reaction times were used.

The high yielding synthesis of the monomeric Pd(Q&t\NR;). complexest8, 47, 52 and
53 along with58 has allowed for extensive studies into their efficiencies as precatalysts in
the Pdcatalysed (hetero)arylcyamat reaction, as is described in the remaining part of this

thesis.

The solidstate structures of the monomeric and dimeric Pd complexes all exhibit Bcetate
NH intra- or intermolecular hydrogen bonding and further analysis and comparison of the
structuraland spectroscopic intricacies 49, 50 and 58, shows that changing the amine
ligand at Pd has a significant effect on the setite structure. Application of this knowledge
may aid understanding of the active catalyst formed under reaction conditidnitsa

mechanism of activation.
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catalysed arylcyanations

Chapter 3: Identification and validation of a
benchmark reaction for precatalyst screening in Pd-

catalysed arylcyanations

3.1. Introduction

In order to screen the efficiency of Pd precatalysts weddlysed (hetero)arylcyanations a
model reaction needed to be identified and validated. When choosing the substrate for
investigation it was important for the molecule to be of biological (agroictad and
pharmacological) relevance and be a substrate withctRe functionalityi such as an
embedded carbonyl for study byoperandolR spectroscopy (see Chapters 4 andN\s).
substituteed-halogenated-methyl2-pyridones and 4-halogenated-methyl2-pyrones
were therefore considered to be ideal candidates for initial screenfPygroges'’ and
2-pyridones!® are present ira vast array of natural products, so are inherently bioactive.
3-Cyanopyridones also have a rich history of antimicrobial, antiirahalgesic and
antrinflammatory?° properties, and a number of which are commercialailable!?! Both
2-pyrones and -pyridones have been found to be readily compatible witltcaRalysed

crosscoupling?'?2and @ H functionalisation chemistry#?

4
X X3 X - X Z

=k L L ). T

N~ “OH N, o N"o Nige) N~ o N" 0
H H H H H

2-pyridone

Figure 41 Tautomers and resonance structures of a-pyridone.

As displayed irFigure41l, positions 3 and 5 are inherently nucleophilic, whereas 4 and 6 are
relatively electrophilic. Nucleophilic aromatic substitution is possible at the 4 and 6 positions
if they are halogenatéd; but this requires aadequate nucleophile such as a deprotonated
amine. It is worthy of note here that the high stability §F€(CN)] owing to the very strong
d-donor character of tHEN ligand?® means that free€CN does not form in solution without

an actvating agent. In Pdatalysed cyanation th€N is transferred to organic produeta

a transmetallation process from Fe to Pd, followed by reductive elimirt&tiBotassium
hexacyanoferrate has been used as a nucleophilic cyanideesn the hydrocyanation of
sulfonylimines and enones, but is reacted with benzoyl chloride to form benzoyl ciyanide

situ.*?6 This is further activatedia nucleophilic attack from a strong nucleophiég { OH or
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"OEt) to fam a cyanohydriii a precursor for the formation of HCN. The evidence for direct
cyanation of Zoyrones is limited in the literature, and there is no evidence of cyanopyrone
synthesisvia Pd-catalysis. Instead the use of the Rosenmord Braund reaction is

prevalent for the installation of nitrile functionality in both pyrodéand pyridoned?®

3.2. Attempted Cyanation of 4-Bromo-6-methyl-2-pyrone

PdNP pecursors have been shown to act as effective catalysts-dat®lglsed cyanation
reactions, and may play a key part in the design of more efficient catalysts in these ré&actions.
In order to investigate the role of PANPs indadalysed cgnation reactions,-dromo-6-
methyl2-pyrone 60) was initially chosen as a substrate for a benchmark reaction using the

conditions developed by Bellet al.1%%2

An initial catalyst screen was carried out in the benchmark cyanationoreatiown in
Scheme37. The catalysts were chosen for being known PdNP precursors or presynthesised
PdNPs. Complex47, transbromof-succinimidyl)bistriphenylphosphine)palladium(ll)
(59),1*° Pd(OAc) and presynthesised DMF stabilised PdNPs were all implemented in the

reaction outlined irscheme37 at a range of catalyst loadingg!01301%

Br Pd catalyst (0.0125 - 1 mol%) CN
K4[Fe(CN)g] (0.2 eq.)
| X Na,CO3 (1 eq.) | X
Me” ~0” 0 DMF, N> Me” ~0” 0
100 °C, 18 hr.
60 61

Scheme37Bel | er 8s condi t i on s catalysed dyanation of Bremo&%t t e mpt e d
methyl-2-pyrone (60).

CN!j WOAc ghgpx,,, WBr

PN PN
AcO HNQ & PPh,
o
a7 59

Figure 42 Left: Bis-trans-[piperidinyl -a-NH]Palladium(ll) diacetate, Right: trans-bromo(N-
succinimidyl)bis(triphenylphosphine)palladium(ll).
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Table 1. Attempted optimisation of Pd-catalysed cyanation of 4Bromo-6-methyl-2-pyrone

(60).
PhsP,,  .Br
G o | 5
H
N OAc N \Pph3
Pd(OAc), PLCN
AcO NQ
H 0]
(with trace air)?
Conversior? / %
Cat. Loading (mol%)
62 63 62 63 62 63
0.0125 29 0 12 0 30 0
0.025 17 0 52 0 69 0
0.1 9 0 8 0 - -
1 25 33 29 71 - -

aStopper removed for 5 seconds with no nitrogen flow with vigorous stifiregermined
by 'H NMR spectroscopy as a ratio of the signals 6.19 @@ng.32 ppm §3) and 6.23 ppm
(62).
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Table 2 Attempted optimisation of Pd-catalysedcyanation of 4Bromo-6-methyl-2-pyrone (60).

PhsP,  \Br
o .

N
&Nf\\ PPhs | pMF NPs

O

(no air)

Conversior? / %

Cat. Loading (mol%)

62 63 62 63
0.0125 11 0 10 0
0.025 7 0 9 0
0.1 - - 4 0
1 20 0 3 5

aSynthesised under aiDetermined byH NMR spectroscopy as a ratio of the signals 6.19
ppm ©60) 6.32 ppm §3) and 6.23 ppmG2).

O
Me (0] (0]
[ o P
O —
Me
Il ®
Me (0] (0] Me (0] (6]
62 63

Figure 43. Actual products formed in attempted Pdcatalysed cyanation of 4oromo-6-methyl-
2-pyrone (60).

Upon attempting to synthesisecgana6-methyl2-pyrone 61), it was found that instead the
products formed were the homocoupling6fto give63, and the formation of the dipyronyl

ether62. 62 can also be formed (following subsequent control experiménts)60 and64
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in the presence of 1 equivalent ofJ8&; in DMF in quantitative yield. Its synthesis has also
been reported as a side product from the synthesistrifftado-6-methyl2-pyrone under

similar reaction conditions2®

Na,CO5 (1 eq.
/fil\ — ] /fil\
Me (0] O Me DMF, 100 °C

0”0 Me” ~0” S0
18 h., N,
100 %
60 64 62

Scheme38 Synthesis of dipyronylether, 62.

The formation of62 either appears to be caused by trace amourtid lefft over from the
synthesis 060 (Scheme39) or by the hydrolysis 080 under the reaction conditions.

OH Br
P205 (238 eq)
| X TBAB (1.16 eq.) /f\l
Me~ "O° ~O PhMe, 110 °C Me~ "0~ ~O
64 2 h. 60

Scheme39 Bromination of 4-hydroxy-6-methyl-2-pyrone 13

The formation of the homocoupled produgB)(proves that neither oxidative addition of Pd

into the @ Br bond or reductive elimination are issues, thus suggesting tffee(KN)]

was not a fast enough transmetallating agent to allow cyanation atpibetidn of the

electron deficient b yr one ri ng. This is most l'i kel y
insolubility in the reaction solvent, resulting in a low concentratidrCdf, and the electron
deficiency of the zyrone. This is also consistent witlieliature reports of preferential
dehalogenation of-Bromo-2-pyrones under Rdatalysis condition¥® This indicates the&0

is not a suitable for use as a model substrate, as the utilisatiofjFa&(®N)] is key to

achieving low Pd catyst loading$>%*
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A Rosenmuneson Braun reaction was used to synthesise an analytical standacyariat
6-methy}2-pyrone 61) in an 82% yield $chemet0).1321%7

Br CN
ri CuCN (1.1 eq.) ri
Me” ~0” O DMF, N, Me” ~07 O

130 °C, 2 h. 82%
60 61

Scheme40 Synthesis of 4cyano-6-methyl-2-pyrone (61)via Rosenmundvon Braun reaction.

3.3. Cyanation of N-benzyl-4-bromo-6-methylpyrid-2-one.

Given the lack of success usi®@as a model substrate, it was necessary to carefully identify

a different benchmark aryl halide substrate that would: (a) be suitably challenging (containing
sensitive amide functional); (b) provide a spectroscopic handle to monitor consumption
by in operandaeattime analysis (See Chapters 4 and 5); (c) be eledetinient, providing

a stern test for reductive eliminatiéfiWe also had in mind a chemicatwstture similar to
interesting commercial targets such as olprinone and milrindipyridones possessing a

Csy# nitrile substituent? 78 12

Olprinone Milrinone

Vasodilator and myocardial Myocardial membrane stimilator
contraction promotor

Figure 44 Nitrile -substituted 2pyridinones are important chemical motifs within the fine
chemical industry.

Following initial reaction screening (s&able4), N-benzyt4-bromao-6-methyl2-pyridinone

(65) was selected as a suitable substrate for further study.
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/f\l
N~ ~O

N

Ph

65

Figure 45 N-benzyl4-bromo-6-methylpyrid -2-one (65).

3.2.1. Synthesis of N-benzyl-4-bromo-6-methylpyrid-2-one

N-benzyt4-hydroxy-6-methylpyrid2-one 66) may be synthesisada a simple substitution
reaction, by heating-Aydroxy-6-methyl2-pyrone 64) in water at reflux with benzylamine
for two hours. This afforded the deslreompound6) in an adequate yield of 54%dcheme
41).

OH OH
f\l NH.Bn (1 eq.) f\l
Me | o Yo Water, reflux,2h. Ve | N X0
kPh

54%

64 66

Scheme4l1 Synthesis of Nbenzyl4-hydroxy-6-methylpyrid -2-one, 66.

In the bromination of compour@s, it was found that direct addition of botk38 and TBAB
(tetrabutyl ammonium bromide) to thehgdroxypyridone §6) under standard conditions
(i.e. at the same tig) afforded the desired compou@fin a meagre yield of only 14%.
However, prereatment of the hydroxyl compound withd2 for 1 hour at 80 °C, followed

by addition of TBAB and heating to reflux for a further two hours provided an improved, but

still quite poor yield of 31%%chemet2).
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i) P,Os (2. °
J\)i i) P2Os ( ?sheq). 80 °C, f\l
| ' - |l
M N i) TBAB (1.16 €q),  pme™ N~ X0

© L © 110 °, 2 h. L
Ph PhMe Ph

31%

66 65

Scheme42 The improved synthesis oN-benzyl4-bromo-6-methylpyrid -2-one, 65.

Various routes towards compouffl were attempted in order to obtain a higher yielding
synthesis, however the best still proved to be an adaptation of the onigleahfra Upon
treating66 with PBr: in DMF, the reaction mixture formed a thick orange mixture, which
could only be mixed using a mechanical stirrer. It was found that the diagnostic signal for the
proton at the $osition ¢H NMR) disappeared and was replaced by a signal in the aldehyde
region, so istead of carrying out the straightforward bromodehydroxylation reaction, the
major product formed wad-benzyl3-formyl-4-bromo6-methylpyrid2-one €7) by a
tandem bromination Vilsmeigdaack formylatiort33

OH PBr; (1 eq.) Br O Br
/J[ii1§ DMF/(nBu);0 (3:1) /J[iiI;%\H /ﬂiLilb
e N0 100°C3h,, Me” SN X0 e SN N0
§ N2 N N

Ph Ph Ph
5% Trace
66 67 65

Scheme43 Treatment of 66 with PBr3 in DMF afforded the 3-formylated derivative 67.

It was also found that treatirgp with POBg provided the desired produ6b but in an
unsatisfactory 12% yield along with trace of the undesiformylated side produc7
(Schemet4). 134
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r\l POBr; (0.76 eq.) r\l

Me” N "O DMF, 110 °C, 30 min Me” N~ O Me~ N~ ~O

N L L

Ph Ph Ph
12 % Trace

66 65 67

Scheme44 Treatment of 66 with POBrs.

Finally, given the lack of success of other synthetic routéS dosmall solvent and condition
screen was carried out in order to optimise its synthases P.Os assisted
bromodehydroxylation.

Table 3 Optimisation of the synthesis of 65.

Entry Solvent Temp | Time Yield
() (h.) (%)*

1 Toluene 110 2 27

2 Dry toluené 110 2 3¢

3 Toluene 110 20 12

4 Toluene 80 24 15

5 p-xylene 140 2 21

6 1,2-dichlorobenzene| 180 2 8

2Yield of isolated compound;Average of 4 runsé Reaction conducted under a flow of
nitrogen;® Average of 7 runs ranging from 37% to 44% yield.

It is evident that from the examples provided, that neither temperature nor extending the
reaction time beyond 2 hours in toluene have any significant positive effect on the yield
(entries 1,3 and 4). Changing the solvent to high boilingdicRlorobenzea (as used by
Katoet al)'®*and heating to 180 °C (entry 6) led to complications during work up (emulsion
formation) and isolation issues. Changing to the more pragtixglene (entry 5) showed

that with no isolation issues, after 2 hoafgeaction at an increased temperature (140 °C)

the reaction yield was still unimproved. However, conducting the experiment under dry,
oxygen free conditions improved the yield to a more acceptable, and repeateable, 39% (entry
2). This was hypothesisedltie due to the instability of the®.oi alcohol adductg8) towards

nucleophilic addition reaction with water, as showsanemets.

118



Chapter 3: Establishing benchmark reaction conditions for precatalyst screening in Pd-

catalysed arylcyanations
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Schemed5 Hypothesised mechanism for BO1o0 deactivation in the presence of water.

A Rosenmunelon Braun reaction was used to synthesise an analytical stand&tabaizyt
4-cyanoe6-methylpyridin2-one 69) in a 526 yield (Schemet6).132127

Br
| X CuCN (1.1 eq.)
Me” 'N° ~O DMF, 130 °C,
L N,, 2 h.
Ph

65

Me N~ "0

Ph
52%

69

Schemed6 Synthesis of Nbenzyl4-cyano-6-methylpyrid -2-one using Rosenmunéson Braund

conditions.
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N(2)

Figure 46 The structure of N-benzyl4-cyano-6-methylpyrid -2-one (69) as determined by Xay
diffraction; arbitrary numbering used. Hydrogen atoms removed for clarity. Thermal
ellipsoids shown with a probability of 50%; nunbers in parentheses are standard deviations
from the measured value, denoting the error in the measurements. Selected bond lengths (A):
C(3)-C(6):1.431(3), C(6)N(2): 1.150(3), C(1)O(1): 1.2379(16), C(2:N(1):1.4052(16), C(5N(1):
1.3811(16), C(8N(1):1.4717(17).

3.2.2. Investigating the effect of catalyst solution aging on reaction

efficiency

Given the degradation issues associated with DMF (dimethylformamide) to give trace
dimethylamine and C¥ which could directly influence catalysis, the ma@table DMAc
(dimethylacetaminde) solvent was selected for all subsequent studies with reactions run
between 12140 °C. N-Benzyt4-bromo6-methylpyrid2-one €5) has proven to be a
suitable substrate for this benchmark reaction. As the product of thatioyareactiong9is

easily isolated, contains {Rctive amide functionality and the reaction rate is fast enough to
provide adequate conversion after only 4 hours (42% with 0.1 mol% Pd{O80cjne Pd
catalysed cyanation reactions on simple substitotechoarenes with high catalyst loadings

can require up to 20 hours to reach complete convetsidf.
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Jo!
DMAc, 120 °C, N, N™ "0

4 h. k

Ph

Br Pd cat. (0.1-0.001 mol%)

/ﬁl K,4[Fe(CN)g]-3H,0 (0.22 eq.)
| XN
N~ 0

N82003 (1 GC])
Ph

65 69

Schemed7 The benchmark reaction chosen for the initial screening of Pd precatalysts.

Initially four Pd catalyst solutions with different additives and aging were examined in the
benchmark reaction. These catalyst solutions are showakie4. Three of them (b, c, d)

were aged for 16 h at 80 °C to promoteithsitu formation of PANPs.

Table 4 The four different catalyst solutions screaed in the benchmark reaction.

Catalysts

c

d

Pd(OAc} added as
a fresh solution (2
mg mfY) in dry
DMAc.

Pd(OAc) heated at
80 °C in dry DMAc
under N for 16 hr.
(1 mmol dnm3)

Pd(OAc), with wet
piperidine (2 eq.)
heated at 80 °C in
dry DMAc under N
for 16 hr.

(1 mmol dm?3)

Pd(OAc), with dry
piperidine (2 eq. )

heated at 80 °C in
dry DMAc under N
for 16 hr.

(1 mmol dm?3)

The cyanation 065 was carried out with each af b, c andd as catalysts over four
different loadings, the results of which are shown in
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Table5.
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Table 5 Product conversions from thebenchmark reaction using the four catalyst solutions
outlined in Table 4.

Conversions /96
Catalyst
loading | a b c d
(mol%)
0.1 41 0 48 22
0.05 6 0 44 19
0.01 0 0 0 0
0.001 0 0 0 0

Reaction conditions: Catalyst (601001mol%), KiFe(CN)] A®HO0.22 eq.), N&LOs (1
eq.), DMAc, N, 120°C, 4 h..aDetermined byH NMR spectroscopy as a ratio between the
signals at 6.80 ppn®6) and 6.85 ppmG9).

From these initial tests of catalytic activity piperidine appears to provide an improvement to
the catalytic activity. Catalyst provides a higher TON at 0.05 mol% than fresh Pd(QAc)
and provides only a small drop in conversion from 0.1 mol% to 0.08omaoAlthough
catalyst provided a poorer conversion at 0.1 mol% (22 %) than Pd(©&gain the addition

of piperidine appears to stop the dramatic drop in conversion froff0006 mol% observed

with Pd(OAc). Heating Pd(OAg)to 80 °C for 16 hours under;Nvith no amine added
(similar to the preparation of DMF stabilised nanoparticles reported by @bcak)

formed Pd black and thus rendered it ineffective as a catalyst in the cyanation reaction.

Initially, an aging time of 16 hours was chosen based on previous aging experimé&nts on

in DMF, however in order to assess the age at which the PdANPs formed are most active an
aging experiment was requirgéigure47). A solution of Pd(OAg)(1 eq.) and piperidine (2

eg.) was heated to 8Q, and aliquots were taken to be tested in the benchmark reaction

(Schemet8) at set intervals.
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Pd(OAc), (0.1 mol%),

Br Dry Piperidine (0.2 mol%) CN
| AN 0-4 hours aging | N
N X0 K,4[Fe(CN)g]-3H,0 (0.22 eq.) N X0
k Na,CO3 (1 eq.) k
Ph DMAc, 120 °C, N2 Ph
4 h.
65 69

Scheme48 Aliquots of the catalyst solution were taken at set intervals and used in the
benchmark reaction.

100 -~
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80 -
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50 ~
40 -

77
32 31
30 4
20 J 17
10 | . 1
0 T T T T
0 05 1 2

Time catalyst aged at 80 °C / h.

Conversion? / %

Figure 47 The effect of aging Pd(OAc) (1 eq.) and piperidine (2 eq.) in DMAc at 80 °C upon
the efficiency of the cyanation of 65°Determined by *H NMR spectroscopy as a ratio between
the signals at 6.80 ppm (65) and 6.85 ppm (69)

It is evident from these results that the point at which the Pd catalyst solution is most active
(at 0.1 mol%) is immediately after addition of piperidine to the Pd(@#cPMAc. The
decrease in activity over 4 hours from-0% conversion shows that catalyst aging is
unnecessary. This indicates that the catalyst species formed upon direct addition of the
catalyst to the reaction, followed by heating to 120 °C (reactiatuna) is more active than

that formed after prolonged heating at 80 °C. Presumably this is due to agglomeration of Pd

to large, catalytically inactive aggregates, which is in keeping with many other studies.

124



Chapter 3: Establishing benchmark reaction conditions for precatalyst screening in Pd-
catalysed arylcyanations

3.2.3. Cyanation of N-benzyl-4-bromo-6-methylpyrid-2-one using
preformed Pd(OAc)2(HNRz)2 complexes as catalysts.

A series of cyclic amine complexes have been synthesised (as discussed in Chapter 2), and
screened as potential catalysts in the benchmark bromopyridone cyanation reaeitm. Du
their higher yielding and more reliable synthesis, it was decided that only the Pd monomers
(Figure48) were chosen as suitable catalysts. Theseveach screened in comparison with
Pd(OAc) and thein situ equivalent of47, which involves mixing Pd(OAg)(1 eq.) and
piperidine (2 eq.) in DMAc. The results of this screen are shown in
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Table 6. Each catalyst, including Pd(OAcproved to be competent in the reaction at a
loading of 0.1 mol%. A sharp cut off in catalytic activity occurred4d@and52 below 0.1
mol%, whereagl7 and 70 show medium aevity at 0.05 mol%, providing conversions of
26% and 44% respectively. It is promising, however, to note that all of the Pd amine
complexes show an increased activity over Pd(@Adhder these reaction conditions and
with this substrate, Pd(OAc)loes nbact as an efficient catalyst below 0.1 mol% catalyst
loading.

G\IH/ \OAc @ \OAc @ \OAc
Pd H Pd H )

Pd Pd(OAc), (1 eq.)

d
~
ACO” ,\D ACO” \,\O AcO” \,@ Piperidine (2 eq.)

48 47 52 70

Figure48Four Pd precatalysts were screened in the
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Table6Conversions of the benchmark reaction 65
Pd(OAc)(HNR?2)2 precatalysts after four hours reaction time, compared within situ catalyst,
70, and Pd(OACc).

Conversions / %
Pd(OAc),

Cat. Pd q:;mf’ﬁc @ One Cfo’;wf’:: (1eq.)

|Oad|ng conc. ¢ \\/> ACO’Pd‘I\O Q P|per|d|ne

(mol %) | (ppm)® (2eq.) | Pd(OAc),
335

0.1 51 78 88 77 41
14.2

0.05 0 26° 0X 44 6
3.2

0.01 0 Q° 0 0° 0
1.60

0.005 0 0 0 0 -
0.33

0.001 0 0 0 - -

Y69

Reaction conditions: Catalyst solution @D01mol%), KiJfFe(CN)] A®H0.22 eq.),
Na.COs (1 eq.), DMAc, N, 120°C;2 Determined byH NMR spectroscopy;Calculated as

mol. ppm, with respect to solveftAverage of two runs.

Recentpublications by the Fairlamb group indicate that Pd catalyst concentratidirHin C

functionalisation reactions plays a key role in the formation of catalytically competent
PdNPs.
concentration of 700 ppm, and led to PdNPs ranging fréfmh in sizé® 1t is clear that in

It was noted that almost every reaction outlined required a fairly high Pd

the reactions detailed above the working concentration is substantially lower (a factor of 20).
If PANPs are indeed involved in this reaction mecta, as later kinetic results suggest (see
Chapter4), understanding and exploiting the Pd concentration in -cagslings will be
critical in order to form a highly active catalyst system, with the ability to achieve high turn
over numbers. It is alsmiportant to acknowledge that with such low Pd concentrations, with
respect to those present ifi K€ functionalisations, under working reaction conditions any
catalytically competent Pd cluster species will not exist beyond a single closed shell of Pd
atoms(i.e. up to 13 atoms in an icosahedral cluster at lowest surface eA&gsih this in
mind, an optimisation of the reaction to lower catalyst loadings while maintaining a constant
concentration of Pd was carried olitble7). According to these initial catalyst screens, the
most promising catalyst at 0.1 mol% loading (33.5 ppm Pd) has been shown to be
Pd(OAC)(HNCsH12)2 (52), providinga yield of 88% after only 4 hours. In an attempt to
achieve efficient catalyst turn over at even lower loadings the benchmark reaction was carried
out using52 and the substrate/catalyst ratio decreased while maintaining a constant Pd
concentration of 33.ppm. Normally, the precatalyst would be added as a stock solution of
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a known concentration, separate from the rest of the reaction solvent. In order to ensure an
accurate, and constant Pd concentration throughout all of the catalyst loadings screened (0.1
0.01 mol%), the entire reaction solvent was made up as a catalyst solution of 33.5 ppm Pd
before its addition to the remaining reagents. At these low catalyst loadings, this is also
desirable in order to improve the error involved with weighing out ssmadiunts of catalyst.

A larger quantity of catalyst stock solution and, critically, a higher reaction scale has therefore
been employed in these reactions.

Table 7 Maintaining the optimal Pd concentration of 33.5 ppm while using 52 as a catalyst in
the arylcyanation of 65 allowed for improved catalytic activity.

Scale Substrate | Cat. loading | Yield | Conversion _I?ierzslectlon TON TOF
(mgQ) Conc. (M) | (mol%) (%)2 | (%)" (hr)) (shH
500 0.36 0.1 33 41 4 330 | 0.023
250 0.36 0.1 38 50 4 380 | 0.024
500 1.2 0.025 60 64 20 2405 | 0.033
500 3.6 0.01 15 16 88 1500 | 0.005

Reaction conditions: Catalyst solution (@D1mol%), KiFe(CN)Y] A®H0.22 eq.),
Na.COs (1 eq.), DMAc, N, 120°C;2Yield of isolated compound;Determined byH NMR
spectroscopy.

Gratifyingly this study has provided improved catalyst activity at substantially lower Pd
loadings, seemingly the effects of optimum catalyst concentration and decreased Pa@d/substrat
ratio are complementary, allowing the catalyst TON to dramatically increase from 342 to
over 2400 when a catalyst loading of 0.025 mol% was employed. Importantly, despite the
increased reaction time of 20 hours, a substantially higher TOF of 010@8rapared with

0.024 &%) has been achieved. Decreasing the loading further to 0.01 mol% still provides a
promising (although diminished) 15% yield over 88 hours; the high TON reflects that the
catalyst is still obviously effective at this low loading. Déspinis, the decreased TOF (0.005

s'!) shows that with such a small amount of Pd, the catalyst efficacy is hampered. As
discussed previously, with such a plethora of possible routes for catalyst poisoning to occur
(Chapter 1), it is feasible that at high#dt loadings these side reactions have a lower effect
on catalyst efficacy. In order to achieve optimal catalyst TOF and TON with a catalyst
loading at such a low level, the entirety of the Pd in solution needs to be catalytically
competent, not tied up ia catalytic graveyard as Pd(GN)species* The turnover
frequencies quoted ihable7 make the assumption that the catalyst isitwg-over through

the entire course of the reaction. With the current data, it is not possible to state if the catalyst
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rapidly reached its end point, and then stopped or if the catalyst slowly continued-to turn

over until the reaction was quenched byuker.

3.4. Conclusion

Upon screening the possibility of usingpgrone60 as a model substrate in Pd catalysed
arylcyanation reactions it was found that transmetallation of cyanide to this comygaund
Pd was too slow, presumably due to its latent electron defici€htystead preferential
homocoupling to forn63was observed under the arylcyanation conditions. It was also found
that the quantitative formation 62 was possible pon reaction 060 with 64 in the presence

of N&CQs. An authentic sample d1 was synthesised using a Rosenmuod Braund
reaction but given the issues with theddalysed arylcyanation 60 it was found to be an

unsuitable candidate for a model suate.

Changing the model substrate to the more electron ¢fmyridone65 yielded more success

and a series of Pd precatalysts have been screened in-istaBded arylcyanation.
Throughout this study it became apparent that an ideal benchmark relaatioheen
identified for this investigation. Pd(OA€HNR:). complexes have been shown to be adept
precatalysts for this transformation, outperforming Pd(QAe)d thein situ mixing of
piperidine and Pd(OAg) The aging of thé situ precatalysts had @etrimental effect upon
catalyst efficiencyBis-trans[piperidinyl-a-NH]palladium(ll) diacetat€47) and bistrans
[azepinyte-NH]palladium(ll) diacetatg52) have been highlighted as being particularly
promising precatalysts, and further investigatiants ithe effects of catalyst loadings and
concentrations have uncovered an increased catalytic efficiency upon maintaining a constant

Pd concentration when decreasing catalyst loading.

So far, promising TONs and TOFs have been achieved byld@hd52, in order to truly
understand the mode of catalysis, its efficiency and the processes involved in the formation
of active Pd species in this arylcyanation reaction, a significant mechanistic study is required.
In order to build a more complete picture of hthe catalyst behaves and how to further
improve the reaction efficiency, kinetic studies have been carried outiosditg infrared

spectroscopy, as are detailed in Chapters 4 and 5.
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Chapter 4: Kinetic studies of the Pd(OAc)2(HNCsH10)
catalysed cyanation of N-benzyl-4-bromo-6-
methylpyrid-2-one by in situ infra-red spectroscopy

under hydrous conditions

4.1. Introduction

Fourier transform infrared (FIR) spectroscopy is a technique used for the structural
determination of chemical compounds and has been utilised to aid their characterisation ever
since the mieR0" century*®” Ever since the widespreaailability of multinuclear NMR
spectroscopy, FIR spectroscopy is most commonly used by organic chemists to identify
and distinguish the presence of functional groups. However, the chemical environments
surrounding these functional groups results inrique infrared spectrum for every
compound the fingerprint region (between 14500 cm?) is unique to each species and
corresponds to high energy bending and deformation absorbances. Given fat FT
spectroscopy is such a powerful technigue, the Lisésituhas also proven to be a valuable
tool. It can be used to provide further mechanistic insight and to improve the methods of
reaction optimisation and understanding of catalytic procé&sEsis tool not only provides
information about reaction kinetics, but also opens the door to the characterisation of
potential intermediates, side products and (most importantly for this case) how all these

aspects can effecatalyst efficiency.

Frechet al.have previously published kinetic studies ofdadlalysed cyanations using their

Pd aminophosphine cataly, and provided kinetic evidence for the presence of PANPs in
cyanation reactions at low catalyst loading®%0mol%)?*® Characteristic sigmoidal kinetic

plots with noticeable induction periods were observed, suggesting the formation of
catalytically relevant metal particlé® *¢ These kinetic observations coupled wihe
judicious use of PANP poisoning experiméfitsupport the hypothesis that dtalysed
cyanations transpire through PdNPs or clusters. With these results in mind it was deemed
sensible to investigate the relationship between reactibm aad catalyst loading
(concentration) using our own potential PANP precursors. As discussed previously (Chapter
1), it is typical for a reaction mediated by PANPs to be impeded by a high catalyst loadings
as a resultant of Pd aggregation, therefore #hationship between catalyst loading and

reaction rate will be nehinear.
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47 (2.5-0.05 mol%)

Br K4[Fe(CN)g]-3H,0 (0.167 — 0.5 eq.) CN
| X Na,CO3 (1 eq.) | AN
N~ ~O N~ ~O
DMAc, 120 °C
Ph Ny Ph
65 69

Scheme49 A series of kinetic experiments on the catalyst, 47, were carried out usimgsitu IR
spectroscopy.

In order toprove the heterogeneity of a catalyst, the presence of sigmoidal kinetics which fit
the FinkeWatzky 2step mechanism (W 2-step mechanism) for catalyst activation, is the
most compelling piece of evidence that one can acquire. Despite this, it isssitl@do

reach a definitive conclusion using only a single experimental method; a portfolio of evidence
using different techniques must be acquired. A selection of these methods include
transmission electron microscopy, mercury poisoning ang (@Sstrorg metatligand)
poisoning, see Chapter 1, Sectinof.1

4.2. Kinetic Investigation using in situ React-IR spectroscopy

4.2.1. Monitoring the model cyanation reaction by React-IR

Primarily, it is important to note that all kinetic studies were carried out under Schlenk
conditions but in an open system; the reaction mixture was open to a constant flow of nitrogen
gas whilst the kinetic data was collected. Toueesall reactions were carried out at the
required temperature @a.0.4 °C) all of the kinetic studies were constantly monitored using

an external electronic thermometer. Thesitu spectrometer measured one spectrum every
minute. Analysis of the IR sp&ra of the product in the reaction solvent, DMAgigre49

andFigure50) allowed for the determination that the peak corresponding to the nitrile stretch

at 2237 chtas a suitable -pweadowdm thebdissbebeated

productés formation throughout the reacti
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Figure 501R Spectrum of 69 in DMAc. The red circle highlights the IR absorbance
corresponding to the nitrile CIN stretchi

Initial study of the reaction kinetiasnder hydrous conditions, at 0.1 mol% catalyst loading,
resulted in a promising reaction rate, a sigmoidal kinetic reaction profile and the appearance

of a strong absorbance at 2045 tm
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Figure 511n situ IR spectra of the cyanation of 65. Reaction conditions: 47 (Ortiol%),
K4Fe(CN)s] ARHO.22 eq.), NaCOs (1 eq.), DMAc, N, 120°C.
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Figure 52 Raw data showing the time resolved formation of product (2238 chd) and
solubilised [Fe(CN}]* 1(2045 cm?), as characterised laterReaction conditions: 47 (0.1mol%),
K4[Fe(CN)s] A &HO.22 eq.), NaCOs (1 eq.), DMAc, N, 120 °C.
Figure52 shows a short induction period and that after 12.5 hours the reaction has reached
its end point. A strong, new absorbance at 2045 ecmly grows in upon addition of the
catalyst to initiate the reaction and has been characterisedtgledien Sectiord.4.1) as
solubilised [Fe(CNJ* ' The nonzero starting concentration for [Fe(GN)'is a result of the

stepwise addition of reagents)Ke(CN)] was added to the hot reaction solvent five minutes
before the reaction initiation.

4.2.2. Kinetic studies of the model cyanation reaction under hydrous
conditions
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Given the success of the initial stesl a series of reactions were carried out udihgs a

catalyst with the loadings 0.05, 0.1, 0.5, 0.75,

1.0, 1.75 and 2.5 rridr€53). The raw

values have been normalised by calculating the conversion of the reaction tsingv/r
spectrum of the crude reaction mixture (no wop. Sigmoidal kinetic plots were observed.

This behaviour was particularly noticable for reactions performed at l@alysatoadings,

and are consistent with the findings of Frethal.
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Figure 53 Catalyst loading kinetic investigation of the cyanation of 65 under hydrous
conditions. Reaction conditions: 47 (0.05 mol% 2.5 nol%), K4Fe(CN)s] A ZHK0.22 eq.),
Na:COzs (1 eq.), DMAc, N, 120 °C.

Figure 54 shows that when the Pd precatalyst loading was dropped to 0.05 mol% of Pd
catalyst, an even more significant induction period was seen. Inspection of the initial six
hours of each kinetic trac&igure54) reveals that at induction periods of 40 minutes and
upwards of 90 minutes were observed for catalyst loadings of 0.1 and 0.05 mol%,
respectively. Crucially, this evidence indicates that mononucleaasPd@ appears to be
incapable of carrying out effective catalysis under hydrous conditions; an activation step is
therefore necessary. When a reaction is metal catalysed, sigmoidal kinetic profiles have been
attributed in the literature to reactions whigte catalysed at the surface of metal clusters
which result from the autocatalytic formation of a catalytically active species from an inactive
homogeneous precursor compiégo far there appears to be good evidence to support the

hypothesis that PANPs are playing a key role in thecfdlysed cyanation mechanism,
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especially when performed at low Pd loadings. However, this needs to be supported further
with the application of a kinetic model and evidence for the catalytic relevancetaf m

cluster species under the reaction conditions.
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Figure 54 The beginning of the kinetic plots displayed irFigure 53 enlarged to show induction
periods. Reaction conditions: 47 (0.05 mol% 2.5 mol%), Ks[Fe(CN)s] A 2HO0.22 eq.),
Na2COs (1 eq.), DMAc, N, 120 °C.

Inspection of each of the kinetic plots can provide further information regarding the
mechanism of catalysis. {€alating the kpsfor each of the catalyst loadings by creating plots
of product concentratiows.time (Figure55, for 0.05 mol%) allows for the radeof reaction

with respect to catalyst concentration to be easily compared. In each cagevtlads were

obtained from the reactions at their peak réftes.
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Figure 55 A plot to calculate the observed rate constant,ds obtained from the peak rate of
reaction. Reaction conditions: 47 (0.05 mol%), K{Fe(CN)s]@8H20 (0.22 eq.), NaCOs (1 eq.),
DMAc, N2, 120 °C.

The complete collection ofls values and their errors, determined by the linear fit, can

been seen iTable 8. Despite the d¢s values providing a good insight into the effect of
catalyst loading upon re@an rate, relative turover frequencies (TOF) under the working
conditions also need to be considered. This is because TOF takes into account the relative

abundance of catalyst in order for it to achieve the observed rate of reaction.

Table 8 The effect of Pd catalyst loading on observed rate of reactioneds, TON and TOF.

Entry E:n?;?%)st loading gcr:stglyst] (mol Kops (Mol dm3 §'3) TON '(I'gOl;:

1 0.05 1.80<104 8.14x10%+4.49x108) | 1960 | 0.0453
2 0.1 3.60x10* 1.87x105%x1.57x10") | 973 | 0.0519
3 0.5 1.80<10°3 2.73x10%+2.17x107) | 137 | 0.0151
4 0.75 2.69x10°3 4.32x105+4.94x107) | 119 | 0.0161
5 1 3.60x10°3 3.69x10%(+£6.52x10") | 65 0.0103
6 1.75 6.28x10°3 4.06x10%+6.49x107) | 49 0.00647
7 2.5 8.9%x10°3 4.13x10%%5.30x107) | 29 0.00460

Despite the large induction period and lowess kalue observed with 0.05 mol% catalyst

loading, after the Pd catalyst reaches its most active phase it is stable. With such a low loading
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and concentration, the catalyst is turmaer rapidly (TOF: 0.0453 % seeTable8, entry 1)

for over twelve hours until reaction completion, little catalyst degradation is evident here.
When the catalyst loading was increased to 0.1 mol% (entry 2) a higher TQI509 G!

was achieved. This indicates that at this concentration and Pd:substrate ratio the catalyst turns
over at its most efficiently. However, upon increasing the catalyst loading and concentration
further to 0.5 mol% and above, the catalyst TOF ssiffesignificant decreasEigure56).

The lower TOF resulting from the increased Pd concentration can be attributed to less
catalytically active siteper moles of Pd, suggesting the presence of larger, less catalytically
active Pd clusters at higher concentrations. Increased TON and TOF upon decreasing catalyst
loading has also been attributed to catalyst degradation by aggregation in Sonogashira
reactons: Fairlambet al. report higher TOFs at 0.001 mol% than at 0.01 nibBatalyst
loadings and a significant decrease in catalyst activity above that catalyst concentration. A
similar outcome was reported by De Vratsl.where higheyields were obtained in a Heck

8 reaction at 0.02 and 0.08 mol% Pd catalyst loadings than at 0.00125 and 1.28 mol%.

Figure 56 A graph to show TOFvsPd catalyst (47) loading. The TOFs of eachfdhe different

precatalyst loadings was measured as a gradient of TONgor the straight line section of the

kinetic profiles. Reaction conditions: 47 (0.05 mol% 2.5 mol%), K4 Fe(CN)s]&8H20 (0.22 eq.),
Na:COs (1 eq.), DMAc, N, 120°C.

An optimum TOFwas found at 0.1 mol% ([Pd] = 3.6X*0nol dni®), and by reducing the
catalyst loading further to 0.05 mol% ([Pd] = 2x80 * mol dni®) a small drop in TOF was
observed. By constructing a plot gbdvscatalyst concentratior-{gure57), it was possible

to determine that there is not a positive linear relationskeigghe rate of reaction is not first
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