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Abstract

In this study, nickel(ll) complexes L[™Ni(1)CI]"(BPhy), [L™Ni(11)CI]"(PR) and
[L¥Ni(1D]"(BPhy) > were synthesised and characterised in the solatidrsolid states. Ligands™

(C11H12Ng) and L® (Ci3H17Ng) featured a central carbene donor linked to penggrazolesvia

either methylene or ethylene linkers. The catalgtivity of all three complexes was tested in the

Kumada cross coupling reaction between phenylmagmesromide and aromatic halogen

substituted substrates.T*Ni(11)CI]*(BPhy) was found to be the most active catalyst.
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A square-planar Ni(ll) pincer complex based on ibeae-bis-pyrazole ligand was found to be an
effective catalyst for the Kumada cross couplingloénylmagnsesium bromide with aryl halides at
room temperature. Synthesis, structural charaetéoiz and catalysis behavior of this Ni(ll) complex

and related complexes was studied.
1 Introduction

Among the first reported catalytic C-C bond forioatreactions was the Kumada cross
coupling reaction.[1-3] The reaction involves thatatysed cross coupling between a Grignard
reagent and an organic halide, which results irfdhmation of a new C-C bond. Despite the advent
of alternative reactions, such as Suzuki,[4] Nagsh6] Stille[7-9] or Sonogashira[10] coupling
reactions, Kumada cross coupling reactions contiouse used in industry due to the ability of the
reaction to directly couple Grignard reagents teide variety of halide containing compounds.[11-
13] The Kumada cross coupling is not limited §55-hybridisedcarbons and hence has a greater
versatility compared to other C-C coupling read$i¢td] Also, this reaction has a other advantages
that make it an attractive tool for synthesisvibids the use of toxic organotin compounds utilised
Stille couplings; nickel(ll) complexes are typigallitilised as catalysts providing a reduced cost
alternative for the same organic transformation gared to palladium; the thermal stability of
Grignard reagents allows a greater range of readeonperatures to be used for the successful

coupling of both activated and deactivated sulesrft5S, 16]

Significant attention has focused on transitioriaheomplexes containing pincer ligands[17]
as catalysts for C-C cross coupling reactions asetftcomplexes can exhibit higher reactivity and
increased stability over complexes containing bigen or monodentate ligands.[18-20] Ni(ll)
complexes containing pincer ligands are widely uise@-C cross coupling reactions, particularly
the coupling of aryl Grignards with aryl or alkyhlides.[21] The ability of the complexes bearing
pincer ligands to efficiently catalyse Kumada crosspling reactions depends on factors such as the

degree of electron donation to the metal centrd, the lability of the coordinating groups to the
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metal centre.[11] Only a few complexes containingeatralN-heterocyclic carbene (NHC) donor

and labile donor arms have been reported in thealitire, see Fig. 1.[22-25]
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Fig. 1 Catalysts featuring ligands containing a centasbene donor and hemilabile pendant donors

and the Ni(ll) catalysts presented in this work.

In this work, two pro-ligands bearing a centratbese unit flanked by pyrazole pendant
donor arms were coordinated to nickel(ll), geneatihree novel Ni(ll) complexes and their
coordination chemistry was explored in the solutol solid states, see Fig. 1. The ligands differed
in only the length of their linker between imidazcrm and pyrazole arms, pro-ligahdH
possessed a methylene bridge, whete€dd possessed an ethylene bridge. We have successfully
used Rh(l), Ir(l) and Ru(ll) complexes containimggse ligands for catalysis.[24, 25] The catalytic
activity of all three Ni(ll) complexes was invesiigd in the Kumada cross coupling of phenyl

magnesium bromide with aryl halogens.

2. Experimental

2.1 Materials

All manipulations were carried out under a nitrogeémosphere using standard Schlenk techniques

or in a nitrogen or argon filled glovebox unleskestvise stated. Imidazolium pro-ligand$°H and
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L*H,[24] [L™Ag(1)]"(BPhy) [25] were prepared according to the literature meth@dmmercially
available reagents were purchased from Sigma-Aldoc Alfa Aesar Inc. and used as received.
Dichloromethane and acetonitrile were dried usingpklvent purification system. Tetrahydrofuran
used for catalysis reactions was distilled andddusing a sodium mirror and stored under an inert
atmosphere. All catalysis substrates were purifiedistillation and glassware was oven-dried (120-

150 °C) prior to use.
2.2 Equipment

NMR spectra were recorded on a Bruker Avance 110 %Hz and 600 MHz spectrometers.
Chemical shiftsd) are quoted in ppm and referenced to residualesblvesonances. Mass spectra
were acquired using a Thermo Scientific LCQ FI&RI(MS) mass spectrometer, or using a Thermo
Scientific LTQ Orbitrap XL instrument at the Biodyizcal Mass Spectrometry Facility at University
of New South Wales. ‘M’ is defined as the molecwagight of the compound or cationic fragment
of interest. IR spectra were recorded as KBr disiag an Avatar 370 FTIR spectrometer at the
University of New South Wales. Elemental analysesrew carried out at the Campbell
Microanalytical Labaoratory, University of OtagoeWN Zealand, Elemental Analysis Unit, The
Research School of Chemistry, Australian Nationaiversity and the Elemental Microanalysis
Service at the Department of Chemistry and Biomd&ecSciences, Macquarie University. Single
crystal X-ray analyses were carried out at the Matkinwright Analytical Centre, University of
New South Wales, Sydney. X-ray diffraction measweets were carried out on a Bruker Kappa
APEXII CCD diffractometer using graphite-monochrdethMo-Ko radiation § = 0.710723 A). All
structures were solved by direct methods and theratrix least-square refinements were carried
out using SHELXL. Absorption correction was perfeshusing Multi-scan SADABS and H-atom
parameters were treated as constrained. CCDC 181B¥13716 contains supplementary X-ray
crystallographic data for complexes"Ni(11)CI]*(BPhy),, [L™Ni(I11)CI]*(PR)” and L¥:Ni(I1)]

"(BPhy)>.
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2.3 General Procedure for Kumada Cross Couplings

Nickel(ll) complexes were pre-dried under vacuunompto catalysis reactions. The Kumada cross
coupling experiments were carried out under stah8ahlenk conditions and performed in duplicate
with the results averaged. GC-MS analyses wereopedd on a Shimadzu QP2010 Plus gas
chromatograph-mass spectrometer. A BP20 columruaed, and the oven temperature was ramped
from 50 to 220 °C at a rate of 10 °C MirUHP grade helium was used as the carrier gassatesv-
cap autosampler vials used were obtained from Agil€echnologies and were fitted with
PTFE/silicone septa and 0.2 mL micro inserts. Tdeniification of products was confirmed using
GC-MS spectroscopy anti NMR spectroscopy and the conversion of subst@mgroduct(s) was
monitored by GC-MS by comparing the peak areasi®fproduct(s) to starting materials. A typical
catalysed Kumada coupling experiment was perforasefibllows: a Schlenk flask was charged with
the catalyst (2 mol%) to which 10 mL of THF was malated in an inert atmosphere. The
organohalide substrate (0.5 mmol) and phenylmagnesbromide (1.5 mmol) were added
subsequently using an air tight syringe. The m&twas stirred at 25 °C for 4 hours. Aliquots were
taken at regular intervals, which were quenchedh wdld deionised O (1 mL) followed by the
addition of EtO (1 mL). The organic phase was extracted, driadguanhydrous MgS©and
filtered using a plug of silica. The crude produ@s3 drops of the ED phase) were diluted in 1 mL
of dichloromethane and collected for GC-MS analyBise organic layers of selected reactions were

also reduced to dryness under vacuum, dissolv&Di@l; and analysed usirfgi NMR spectra.
2.4 Synthesis
2.4.1 Synthesis oL [™Ni(I1)CI]*(BPhy)

[L™%Ag(1)]"(BPh) (0.050 g, 0.056 mmol) and Ni(PR$Cl, (0.077 g, 0.118 mmol) were dissolved
in 20 mL of dry THF. The mixture was left stirrimgvernight at room temperature under an N

atmosphere. The resulting yellow mixture was féteusing glass fibre (GF/C) filter paper and the
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filtrate reduced to 10 mL. 40 mL of diethyl etheasvslowly added to the solution to precipitate
[L™Ni(11)CI]*(BPhy) as a yellow powder. Crystals suitable for X-raystallography were grown
by vapour diffusion of diethyl ether into a satedht acetone (2 mL) solution of
[L™Ni(11)CI]*(BPhy)". Yield: 40%.'"H NMR (600 MHz, (CR),CO): 5 8.29 (br d, 2H, F), 8.18 (br

d, 2H, H), 7.70 (br s, 2H, B, 7.37-7.30 (m, 8Ho-BPhy), 6.92 (t,°J= 7.3 Hz, 8Hm-BPhy), 6.95 (t,
3)= 7.3 Hz, 4H,p-BPh) 6.81 (br d, 4H, B, 6.58 (m, 2H, F¥). “*C{*H} NMR (150 MHz,
(CD3)2CO): 6 164.3-163.3 (C ipso of BRh 147.6 (C3), 143.9 (C6), 136.9 (C1), 136M of
BPhy), 125.6 (-C of BPhy), 121.8 p-C of BPh), 122.0 (C5), 107.6 (C2), 61.9 (C4) ppm. Elemental
analysis found: C, 65.54; H, 5.07; N, 13.04. C#&ic.NiCzsH3.B NeCl: C, 65.52; H, 5.03; N, 13.10.

ESI-MS (/z = 303.05) [M-CI+OH].
2.4.2 Synthesis ol ["™Ni(I11)CI]*(PR;)

[L™H. "(PRs) (0.090 g, 0.242 mmol) and AQ (0.150 g, 0.640 mmol) were mixed in 30 mL of dry
CH.Cl, and the mixture was left stirring overnight at roeemperature under an,Nitmosphere.
Filtration of the dark mixture using glass fibreR/G) filter paper gave a colourless filtrate which
was reduced to dryness. The resulting white pow@er redissolved in 30 mL of dry THF to which
Ni(PPh).Cl, (0.158 g, 0.242 mmol) was added. The orange ssgpewas left stirring overnight at
room temperature under an tmosphere. The resulting yellow solution wasefétd using glass
fibre (GF/C) filter paper and the filtrate redudedlO mL. 40 mL of diethyl ether was slowly added
to the solution to precipitate "Ni(11)CI]*(PFs) as a yellow powder. Crystals suitable for X-ray
crystallography were grown by vapour diffusion aétdyl ether into a saturated acetone (2 mL)
solution of L™Ni(11)CI]*(PFs). Yield: 62%."H NMR (600 MHz, (CR).CO): & 8.36 (br d, 2H, B),
8.16 (br d, 2H, B, 7.79 (br s, 2H, B, 6.92 (br d, 4H, B, 6.60 (m, 2H, F). **c{*H} NMR (150
MHz, (CDs),CO): 6 147.6 (C3), 143.9 (C6), 136.9 (C1), 122.0 (C5)7.60(C2), 61.9 (C4) ppm.
Elemental analysis found: C, 28.24; H, 2.52; N907.Calc. for NilGH1,PNsFsCl: C, 28.27; H,

2.59; N, 17.98. ESI-MS§/z = 303.05) [M-CI+OH]J.



Nair et al. Synthesis and Catalytic Activity of Nickel(ll) Cqutexes of NCN Pincer Ligands

2.4.3 Synthesis ol [*:Ni(11)]*(BPhy)>

[L*H]"(BPhy) (0.100 g, 0.242 mmol) and potassium bis(trimethglsimide (0.150 g, 0.640 mmol)
and Ni(PPB).Cl, (0.158 g, 0.242 mmol) were mixed in 30 mL of dyiHand the resulting yellow
mixture was left stirring overnight at room temgara under an Natmosphere. The resulting
yellow solution was filtered using glass fibre (Gl-filter paper and the filtrate reduced to 10 mL.
40 mL of diethyl ether was slowly added to the tiohuto precipitate [*,Ni(11)]*(BPh) > as a
yellow powder. Crystals suitable for X-ray crystaitaphy were grown by vapour diffusion of
diethyl ether into a saturated acetone (2 mL) smuof [L®,Ni(I11)]*(BPhy) . Yield: 18%."H NMR
(600 MHz, (C2),CO): § 8.11 ( d,J = 2.3 Hz, 2H, H), 7.98 (br t, 2H, ), 7.84 (br d, 2H, B,
7.60 (d2) = 2.3 Hz, 2H, ¥, 7.53(d%) = 2.2 Hz, 2H, 1), 7.49 (br d, 2H, B, 7.47 (d2J = 2.2 Hz,
2H, H), 7.35-7.29 (m, 8Hp-BPhy), 6.94 (t,J= 7.3 Hz, 8Hm-BPhy), 6.80 (t,°J= 7.3 Hz, 4Hp-
BPhy), 6.42 (dd3) = 2.2 Hz 4H, ¥, 6.16 (br m, 2H, B, 5.61(br d, 2H, 3, 5.58 (br d, 2H, 1),
5.04 (br m, 2H, Ff), 4.88 (br m, 2H, BP), 4.63 (br m, 2H, FP), 4.37 (br m, 2H, PP, 4.29 (br m,
2H, H®). c{*H} NMR (150 MHz, (CD;),CO): 6 151.7 (C7), 147.6 (C3)y142.5 (C11), 141.9 (C1),
140.8 (C10), 136.00(C of BPh), 135.0 (C13), 131.1 (C3), 127(C8), 125t6-C of BPh), 123.5
(C6), 121.8 §-C of BPhy), 108.9 (C12), 105.5 (C2), 50.6 (C5), 50.0 (CH),44(C9), 48.7 (C10)
ppm. Elemental analysis found: C, 72.07; H, 5.9718l04. Calc. for NCC74H7:B2N12: C, 73.47; H,

6.00; N, 13.89. ESI-MSnf/z = 889.4) [M+BPl]".
3. Results and Discussion
3.1  Synthesis and characterisationldfNi(l1)CI] (BPhy)

Pro-ligandsL™H and L®H were previously synthesised in our group.[24] The Ni(ll)
complex of theL™ pincer ligandwas synthesised bin situ silver complexation followed by
transmetallation with nickel(l1).[25] Pro-ligand. [°H]"(BPhy)” was first treated with an excess of

silver(l) oxide in dichloromethane to generat€}Ag(1)]"(BPhy) in situ prior to treatment with two
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molar equivalents of Ni(PRRCl, to yield complex [™Ni(11)CI]"(BPhy) as a yellow micro-
crystalline solid in 40% yield (Scheme la). Colualmomatography only yielded one fraction that
was clearly identifiable as the Ni(ll) complex, thest proved to be an intractable mixture. Multiple
attempts were made to increase the yield of comfléXNi(I1)CI]*(BPh), such as using other
Ni(ll) salts or an external base §8). Whilst complex L ™Ni(11)CI]*(BPhy) could be synthesised

using a base, the yield did not improve.

N7
LJSCN o\ N} = \NI o,
N N Ag,0 v - ~
N// W CH2CI2 // /j Ni(PPh,)4Cl, 2 equiv. Nr ﬁN
N, N A ' X NN
Ny N T] Tehr E// /i “rena s LMY \\J
~NAN cl

[LmeH]+X- N
X < BPh. or PF C Vo \=/ “x [LMeNi(I1)C1]*BPh " 40%
T 6 [Lme,Ag(l)]*X- [L™eNi(II)CI]*PF ¢ 62%

b) J N/\/NVN&
/—\ =N
@ BP"‘ Ni(PPh3),Cl, ‘ N |
KHMDS

o T\ e o

[LetH]*BPh ;- <
W)

[Le,Ni]*(BPh.,), 18%

2 BPh,,

Scheme 1 Synthesis of complexes (alL TNi(I11)CI]"X~ (where X = BPh or PR) and (b)

[LENi(11)CI]*(BPhy) .

TheH NMR spectrum of complex[™Ni(I1)CI]*(BPh,) exhibited broad resonances for all
hydrogens attributed to the pincer ligand at roemgerature. A single set of aromatic resonances
between 7.5 and 8.4 ppm were attributed to thezoyyhand carbene donors. The low number of
resonances indicated that the complex had a plasygnanetry through the carbene-Ni-Cl axis, with
the ligand likely coordinated in a tridentate fashito Ni(ll) through all three donorsc£NCN).
There were significant differences between the d¢b@&nshifts of the resonances due to pyrazolyl
hydrogens of the Ni(ll) complex in comparison tamgh observed for the analogous silver(l)
intermediate. The pyrazolyl resonances of interatedi™%Ag(1)]"(BPhy)” occurred at 7.60 ppm
and 8.13 ppm, whereas the pyrazole resonances g tiNi(11)CI]*(BPhy) occurred at 8.26 ppm
and 8.29 ppm respectively. The downfield shifthe pyrazolyl resonances af T°Ni(11)CI]*(BPhy)

indicated that the transmetallation reaction reshit coordination of the two pyrazolyl ligand arms
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to the Ni(ll) centre, unlike in U™%Ag(1)]"(BPh) where theN-donors remain unbound. The
integration ratios of ligand proton resonanceshtzs¢ of the BPjtounterion demonstrated that the
ratio of ligand to counterion was 1:1. As th& NMR spectrum indicates that all ligand donors are
bound to the metal centre, it is highly likely tfaiCl co-ligand is also bound to the Ni(ll) centre.
3c{*H} NMR and 2D NMR spectroscopy did not reveal amjuable information that explained the
broad signals in tht#H NMR spectrum. There are different possibilities the broad signals in the
NMR spectrum including purity, paramagnetism anchfoonational flexibility of the complex
[L™Ni(11)CI]*(BPhy) in solution state. Further characterisation wasefore carried out to identify

the cause of the broad signals in the NMR spectrum.

Crystals suitable for X-ray analysis were grownvaypour diffusion of diethyl ether into a
saturated solution of L[™Ni(I1)CI]*(BPhy)” in acetone. X-ray crystal structure analysis of
[L™Ni(ICI]*(BPhy)” showed that Ni(ll) had a square-planar geometrith whe ligand L™
coordinated in a tridentate fashiora its NCN donors as expected (Fig. 2). The centralCNBl
twisted out of the square plane, such that themethylene linkers are positioned on opposite faces
of the plane at a torsion angle of 30.Mass spectrometry and elemental analysis of alg/sif
[L™Ni(I1)CI]*(BPhy) showed it to be pure. HowevéH NMR analysis of the isolated crystals used
for solid state structure determination &f"fNi(I1)CI]*(BPhy)” and elemental analysigoduced a
spectrum identical to that obtained for the presipsynthesised yellow powder with broad signals.
This evidence indicated that the broad resonantései NMR spectrum ofL[™Ni(l1)CI]*(BPhy)

was not due to the presence of impurities.
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a) s b b)

Fig. 2. X-ray crystal structure ofL("™Ni(I1)CI]*(BPhy) as viewed (a) front on and (b) side on.
Ellipsoids are shown at 50% probability level, logens are omitted for clarity, BPlanion is

omitted in (b).

As we observed in previous work, facial coordinatof ligandL ™ to Ru(ll) is possible.[25]
Complex L™Ni(11)CI]*(BPhy)" could therefore exist in an equilibrium betweenasgquplanar and
tetrahedral conformations (Fig. 3) which could leacroadened signals in thd NMR spectrum
due to the contribution of a tetrahedral paramagmetkel(ll) species.  The Ni(PR}aCl,
precursor used for the synthesis bf'fNi(11)CI]*(BPhy) itself exists in such an equilibrium.[26, 27]
Analysis of complex[™Ni(I1)CI]*(BPhy) in acetone solution using UV/Vis spectroscopy réaga
the presence of only one strong signal at 460 nnchwis characteristic of a square planar Ni(ll)
compound.[28] Evan’s method usingd NMR at 25 °C demonstrated that there were no
paramagnetic nickel(ll) species present.[29, 3GsEhresults confirmed that the broadness observed

in the 1H NMR spectrum was not due to paramagnetism

NS - <
NN C¢~N;W
N~
N- -N
Cl e Cl N\//
square-planar tetrahedral

Fig. 3. Proposedequilibrium reaction between the square planar t@trdhedral conformations of

complex L™Ni(11)CI]*(BPhy)".

10
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To test our last remaining hypothesis that brossiref the'H NMR spectrum is due to the
flexible ligand, L™Ni(I1)CI]*(BPh) was analysed using variable temperatdt¢ NMR
spectroscopy (Fig. 4). Despite the resonancesampletely sharpening up at the lower temperature
they did shift position; théH NMR spectrum of complexL[™Ni(l1)CI]*(BPhy)" still showed the
same number of resonances as observed at room regmpe It seems likely that the tridentate
coordination of the ligand is preserved at the loteenperatures and that the broadness irttthe
NMR spectrum of complexL[™Ni(I1)CI]*(BPh) is due to conformational flexibility of the
complex arising from changes in the relative oaéinns of the pendant pyrazole arms of the ligand,

see Fig. 5.

85 8.0 7'5 7.0 6.5
8 /ppm

Fig. 4 Variable temperature NMR (600 MHz, (@BCO) of complex [™Ni(I1)CI]*(BPh).

Assignments correspond to the labelling shown énfidpure.

N1 N2
< . N1 N2 _
[ Ni CH, r~_c1_-] CH, Ni_ 1
CH, CI \J CH, Ni  CH, I/ “C1 CH,
N2 N1

11



Nair et al. Synthesis and Catalytic Activity of Nickel(ll) Cqutexes of NCN Pincer Ligands

Fig. 5 Conformational flexibility arising from changes the relative orientations of the pyrazole

arms of complex[ ™Ni(11)CI]*(BPh)".

3.2  Synthesis and characterisationldfNi(11)CI]*(PFs)

Complex L™Ni(11)CI]*(BPhy) proved to be difficult to synthesise in a reasd@aaield, requiring a
number of purification steps, and NMR characteiosaif the product proved difficult. As the
choice of counter ion used in a metal complex deéanaaffect ease of synthesis and purification, and
modify catalytic activity,[31] the analogous PBerivative of complexL[™Ni(I1)CI]*(BPhy)" was
synthesised. Pro-ligandL[*H]*(PR) was synthesised following a similar method repbrte
previously.[24] However, the counterion exchangactien of the [ ™H]"CI" salt was performed
with 1.2 equivalents of NMPFs instead of NaBPh Pro-ligand [™H]*(PR) was isolated as a
crystalline white solid in 56% vyield. TH&! NMR spectrum of [ ™H]*(PR)” was analogous to that
of [L™H]*(BPhy)", exhibiting six'H resonances with the characteristic imidazoliumrbgen signal
appearing in the expected region at 9.56 ppr*Hl]"(PR) was reacted with excess AQ to
produce [™%Ag(1)]*(PFs) as a pale brown solid (Scheme 1a), to which NigpPh was addedn
situ to afford L™Ni(11)Cl]*(PR) as an orange powder in 62% vyield. Ti& NMR spectrum of
[L™Ni(I1)CI]*(PR) was similar to the analogous BRtomplex; theH NMR spectrum of the RF
complex exhibited five broad ligand resonances.odaohately, just agL ™Ni(I1)CI]*(BPhy) could
not be characterized usin®C NMR or 2D NMR techniques at 25 °C, neither could
[L™Ni(I)CI]*(PFs)” as the resonances were too broad. AnalysisL8fNi(11)CI]*(PRs) using
UV/Vis spectroscopy produced a single peak at 46Q similar to the UV/Vis spectrum of
[L™Ni(I1)CI]*(BPhy)” which suggested that the broadness was not a rebahy paramagnetic
species. Low temperature NMR spectroscopy at -58ll[t@ved characterisation of the complex to be
achieved using*C NMR and 2D NMR techniques. ThE NMR spectrum of [[ ™Ni(I1)CI]*(PR)

at room temperature indicated a tridentate cootidinanode to a square planar Ni(ll) centre, similar

to of [L™Ni(I1)CI]*(BPhy)". The only major difference between th#it NMR spectra was that the

12
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resonances due to’tand H are well separated irL[™Ni(11)Cl]*(PR) compared to those of
[L™Ni(11)CI]*(BPhy)", suggesting the change in counterion altered themaal environment

experienced by the ligand.

Crystals of [ ™Ni(I1)CI]*(PFR;) suitable for X-ray analysis were grown by vapoiffudion
of diethyl ether into a saturated solution bf"fNi(I1)CI]*(PFR) in acetone. Analysis using X-ray
crystallography confirmed the expected-NCN symmetric structure with the CI co-ligand
terminally bound to the Ni(Il) metal centre, irtrans position relative to the carbene (Fig. 6). Mass
spectrometry shows a dominant signal at 303n05which was attributed to the cationic fragment

[L™Ni(I)OH]*. The structure with the exemption of the counter proved to be isostructural to

[L™Ni(11)CI]*(BPhy)"

Fig. 6. X-ray crystal structure of complexL*Ni(I1)CI]*(PFRs)" with ellipsoids at the 50%
probability level, hydrogens have been omittedctarity.
3.3 Synthesis and characterisationlo?Ni(11)]*(BPh) >

The use of a pincer ligand containing a longeyldlkker between the central imidazolyl and
pendant pyrazolyl moieties can affect the coordomadf the ligand to a metal centre. Therefore, the
pro-ligand [*H]*(BPh) with the ethylene linker between the carbene aydzole units was
used.[24] As before, we opted for a silver transthetion route to attempt to generate the final
complex. Complex [®;Ag(l) ]*(BPh) was obtained as a white solid by reaction of lijan
[L*H]*(BPhy) with excess AgO. The’H NMR spectrum of the white solid contained ninetpn

resonances, six of which were attributed to tharidyprotons and the remaining three resonances are
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assigned to the BRhprotons. In a similar fashion td_T%Ag(1)]"(BPhy)", the absence of the
imidazolium proton resonance in the NMR spectrum of I[*,Ag(1)]"(BPhy) indicated successful
complexation of silver(l) to the ligand. The rabb the integrals of the proton resonances indicate
that the ligand to BRhproton ratio is 2 : 1 which was indicative of araeptic structure for the
silver complex [ ™%Ag(1)]*(BPh)". With the aim of synthesising a Ni(ll) complexligfandL* two
equivalents of Ni(PP)Cl, were added to L[*,Ag(1)]*(BPh). However, the reaction of
[L%,Ag(D]"(BPhy) and Ni(PPB).Cl, resulted in a mixture of unreacted starting matesnd
insoluble silver salts. We attempted numerous rsped this reaction, however all proved
unsuccessful, hence this route was abandoned. tdamale approach to the synthesis of a Ni(ll)
complex with pro-ligandl[®*H]*(BPh) was to use an external base to deprotonate tiaoiium
salt in situ prior to addition of the nickel precursor (Ni(RPKCl,). Triethylamine, potassium
carbonate and potassium hexamethyl-disilazide (KKBYlidere all tested as bases for this reaction,
however only KHMDS proved successful at deprotowail “H]*(BPhy)". Thus, the precursor
Ni(PPh),Cl, was reacted with ligand_f*H]*(BPhy) in the presence of excess KHMDS producing
bis-ligated complex[®,Ni(11)]*(BPhs); as a yellow solid in 18% vyield (Scheme 1b). We haged

to generate aono-ligated Ni(ll) complex rather than thes-ligated species due to our anticipation
that abis-ligated complex would be an inferior catalyst. Mattempts were made to improve the
yield of complex L%:Ni(I1)]*(BPhy) > and to produce aono-ligated complex, such as altering the
reaction temperatures or ligand to metal ratioswéieer, any deviations from the synthetic method
shown in Scheme 1b resulted in unsuccessful reectidnich did not show evidence of any isolable

species.

The 'H NMR spectrum of the nickel(ll) complex foNi(11)]*(BPh)> revealed that the
complex existed as an asymmetric species in solufibe’H NMR spectrum contained 19 distinct
resonances, 16 of which were assigned to the patbtwo ligands which suggested the complex

had two NHC donors. The analysis of the NMR spectindicated that each ligand of complex
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[LENi(11)]*(BPhy) > coordinated through only two donors, and thateheas one non-coordinated
pyrazolyl arm giving rise to the unsymmetrical sture. The ratio of the integrals of resonances due
to the ligand and counterions indicates that thie i ligand to BPhis 2:2, again indicating a likely
bis-ligated complex. The absence of BPfesonances in théH NMR spectra of complex
[L%Ni(1)]*(BPhy), indicated that the two phosphine co-ligands hagenbdisplaced from the
nickel centre and gave further credence to theqwmalpof abis-ligated complex. Further analysis of
[L¥,Ni(11)](BPhy), by variable temperaturtd NMR spectroscopy revealed that the resonance of
one of the ethylene hydrogens was shifted to higpern at lower temperatures; perhaps indicating a

strong C-Hz-interaction with a pyrazolyl unit on the secorghind, see Fig. 7.

-50°C
76/3 ”ﬂ‘N N’\,
12) g1 w l U 4
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Fig 7. Variable temperaturtH NMR spectra (600 MHz, (C{»CO) of complex [ *,Ni(11)]*(BPhy)
». " in theH NMR spectra denotes that an individUdlresonance is shifted due to interaction with

the opposite ligand. Assignments correspond tdathelling shown in the figure.

Crystals of [¥,Ni(11)]*(BPhy), suitable for X-ray analysis were grown by vapoiffudion
of diethyl ether into a saturated solution bf'jNi(11)]*(BPhy)» in acetone. X-ray crystal structure
analysis revealed that Ni(ll) had a square plarewntetry, with two ligands coordinated in a
bidentate fashion through their carbene carbon @mdzolyl nitrogen atomskg-CN) forming a

homoleptic complex, see Fig. 8. The solid-statacstire backs up our conclusions drawn from the
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'H NMR analysis. The significant shift of the resnoes due to i to higher ppm ranges as
observed infH NMR was confirmed by X-ray analysis to be dueCtti z-interaction of the proton
to a pyrazolyl ring with a distance of 2.845 A. Fhdistance is typical of C-H-interactions of
hydrogen atoms to an aryl ring.[32] A similais-ligated Ir(l) complex containing ligand® was
reported previously by us, where the two ligandsewecatedtrans to each other.[24] However,
[LENi(11)]*(BPhy) > shows a bidentate coordination of the ligarfdto the metal centre whereas the
Ir(I) counterpart had a monodentate coordinatiorthef ligand to the metal centre. The solid state
structure of L*,Ni(11)]*(BPhy), confirmed our suspicion that access to the metatreés severely

hindered due the two organic ligands, this may ltetemental effects on catalysis activity.

Fig. 8 X-ray crystal structure ofl[*;Ni(11)]"(BPhy)", as viewed (a) straight on and (b) viewed down
C1-Ni-C2 axis. Ellipsoids are shown at the 50% piwlity level, hydrogen atoms and the two BPh

anions have been omitted for clarity.
3.4 Comparison of X-ray Crystal Structures

All  three Ni(ll) complexes, I™Ni(INCI]*(BPhy), [L™Ni(INCI]*(PR) and
[LENi(11)]*(BPhy) 2, adopt a square planar geometry. The main difteréretween the structures of
the complexes is that there are two ligands boonthé Ni(ll) centre in a bidentate coordination
mode in complexU[®,Ni(I1)]*(BPhy)» (Fig. 8) whereas there is only one ligand coorgidao Ni(ll)
in [L™Ni(I1CI]*(BPhy) (Fig. 2) and L™ Ni(I1)CI]*(PFs) (Fig. 6). This is clearly as a result of the

extra CH in the linker between carbene and pyrazole (metteds ethylene). The bond lengths of
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the inner coordination sphere of complex&s™Ni(11)CI]"(BPh) and L™Ni(I1)CI]*(PR) are
nearly identical as expected due to their isostinattsolid state structures. Analogous Ni(ll) seuar
planar carbene complexes in the literature whex#i€ ligand contains pendant pyridyl arms have
similar Ni(ll)-carbene (1.837 A) and Ni(ll)-Cl (88 A) bond lengths to those of complexes
[L™Ni(11)CI]*(BPhy) and L™Ni(11)CI]*(PR).** The Ni(ll)-carbene bond length in complex
[LENi(I1D]*(BPhy) > is slightly longer than that observed fol "FNi(11)CI]*(BPhy) and
[L™Ni(11)CI]*(PRs)". As all three complexes consist of two pyrazolgupstrans to each other, the
Ni(1)-N(1) and Ni(1)-N(2) bond lengths are similarall three complexes; the maximum variation in
Ni(1)-N bond lengths is 0.012 A. The two carbengboas (C1 and C2) and two pyrazolyl nitrogens
(N1 and N2) in complext[*:Ni(I1) ]*(BPhy)> show no distortion from linearity as the Ni(ll) idies

at an inversion centre (C-Ni-C/N-Ni-N: 180.00{R) However, similar alignments in complexes
[L™Ni(INCI]*(BPh)” and L™Ni(II)CI]*(PRs)" exhibit slight distortion from linearity
[L™Ni(11)CI]*(BPhy): N-Ni-N: 176.02(2, [L™Ni(I1)CI]*(PR): N-Ni-N: 178.88(2}) which is
likely due to strain arising from the tridentateoodination mode of. ™. There are also significant
rotations of the NHC ligands out of the square elanall three complexes, giving a torsion angle
(N2-Ni-C1-Imidazolium N4) of 33in complex L™Ni(11)CI]*(BPhy)” and 30 [L™Ni(I1)CI]"(PRs)

and 59 in complex [¥:Ni(1N]*(BPhy) .

Table 1 Selected bond lengths (A) and ang®s@r [L™Ni(11)CI]*(BPh, [L™Ni(11)CI]*(PR) and
[LENi(11)]"(BPhy)..

Atoms  [L™Ni(IDNCI*(BPhy) [L™Ni(I1)CI]"(PRs)” [L*Ni(IN]*(BPhy)

Bond lengths Ni-C1 1.850(4) 1.847(2) 1.804(1)
Ni-C2 — 1.804(1)
Ni-N1 1.908(3) 1.902(2) 1.995(8)
Ni-N2 1.887(3) 1.900(2) 1.995(8)
Ni-Cl 2.200(1) 2.220(1) -

Bond angles C1-Ni-N1 89.8(2) 88.4(1) 91.6(2)
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C1-Ni-N2 88.2(2) 88.6(1) 88.4(2)
C1-Ni-Cl 176.03(2) 178.88(2)
C1-Ni-C2 180.00(2)
N1-Ni-N2 177.10(2) 175.68(2) 180.00(2)

4. Catalytic Activity of Ni(l1) Complexesfor Kumada Cross Coupling of Aryl Halides
Ni(Il) complexes are known to be efficient catasy®or the Kumada cross coupling reaction.

Among the best nickel catalyst systems for the Kdeneross coupling reaction include nickel ions
complexed to calixarene ligands. These catalytstesys achieve complete conversions of substrate
at room temperature within 1 h, and can catalygeréfaction at low catalyst loadings (0.1-0.02
mol%).[33, 34] However, only a few Ni complexeswéakly coordinating ligands maintain high
activity at elevated temperatures without suffertagalyst decomposition.[15] Thus, our complexes
[L™Ni(I1)CI]*(BPhy), [L™Ni(ICI]"(PR)” and L*:Ni(I1)]"(BPhy) based on hemilabile ligands

were evaluated as catalysts for the Kumada cragsliog reaction of aryl halides.

4.1 Catalytic Screen for Kumada Cross Coupling Relas of Chlorobenzene and
Bromobenzene.

Complexes [[™Ni(I1)CI]*(BPhy), [L™Ni(11)CI]*(PR) and L®:Ni(l11)]**(BPhy), were initially
tested as catalysts for the Kumada cross coupdiactions of chlorobenzene and bromobenzene with

phenylmagnesium bromide (Table 2).
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Table 2 Kumada cross coupling reactions of PhBr and Ph@h whMgBr catalysed by

[L™Ni(11)CIT*(BPhy, [L™Ni(I1)CI]*(PRs)” and L *Ni(11)]2*(BPh .

@X + BrMg—

X =Cl, Br
entry substrate catalyst %conv. (3.5 h)
1 [L™Ni(11)CI]*(BPhy) 87 (80)
Br

2 ©/ [L™Ni(I1)CI]*(PRy) 90
3

[LNi(I1)]*(BPh,) 41
4 ©/CI [L™Ni(11)CI]*(BPhy) >99 (43)
5 [L™Ni(I1)CI]*(PRy) 40
° [LNi(11)]*(BPh,) 39

Reagents and conditions: Aryl halide (0.5 mmolemimagnesiumbromide (1.5 mmol), catalyst (2

mol%), THF, 25°C." 1 mol% catalyst. %Conversions analysed at 3.5 iguSiC-MS.

Complex [%:Ni(11)]*(BPhy) proved to be the least active catalyst of the tlaalysts
tested, achieving only 40% conversion after 3.5 bath chlorobenzene and bromobenzene (Table
2, entries 3 and 6). In comparison botl"{Ni(11)CI]*(BPhy)” and L™ Ni(I1)CI]*(PRs) gave more
than double the conversion after the same reactiore. The low activity of complex
[L%,Ni(11)]*(BPhy),is likely due to its coordinative saturation, as fi(ll) centre is ligated by two
of the ethylene containing ligandsl.¥'. Any conversion of substrate promoted by
[L¥Ni(11)]*(BPh): likely occurred due to the lability of the weaklgardinating pyrazolyl groups,
allowing substrate access to the active metal eefiine pyrazolyl groups are positioned trans to
each other along with the central NHC groups. Px&viwork reported in the literature has
demonstrated that nickel bis-carbenic systems hedweced activity for the Kumada cross coupling

reaction in relation to mono-carbenic systems.[35]
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Complex L™Ni(l1)CI]"(BPh) proved to be the most effective catalyst overall the
Kumada cross coupling reactions of chlorobenzemkebmomobenzene, achieving high conversions
for both substrates after 3.5 h (Table 2, entriaad 4). The BPfanion gives similar performance to
PR when using bromobenzene but when chlorobenzeneused the conversion was more than
doubled. This was attributed to the lower coordngagbility of BPh™ as a counterion than that of
PF, which typically leads to higher catalyst effioogr{31, 36] Due to the high conversions
achieved usingl[™Ni(11)CI]*(BPhy), the reactions were repeated at a lower catabgstimg of 1
mol% to determine whether the catalyst maintains alctivity at a lower loading. Whilst the
conversion of bromobenzene only suffered a slightrebse in conversion, the conversion of

chlorobenzene halved (Table Zntries).
4.2  Substrate scope of Kumada cross coupling meaaging [ ™Ni(I11)CI]*(BPhy)

As complex L™Ni(I1)CI]*(BPh) proved to be the most effective catalyst under
investigation here for the cross coupling reactiohisromobenzene and chlorobenzene, it was tested
as a catalyst for the transformation of a seleatiosubstrates with phenylmagnesiumbromide (Table
3). We elected to use a catalyst loading of 2 mal8athis gave the best conversion. Unsurprisingly,
iodobenzene gave quantitative conversion to biphengduct. Of all the substrates featuring a
substituent that were tested for conversion to daigh products usingL™Ni(I1)CI]*(BPhy)’, the
highest conversion was achieved for the substratéaming an electron withdrawingara-CF;
substituent on the aryl ring (90%). However, thbstrate with twaneta-CF; groups gave only 68%
conversion. Disappointingly,para-cyanochlorobenzene gave no conversion to produmct.
comparison, substrates with electron donating gubsts (.e. methoxy and methyl) gave lower
conversion to products. It was interesting to obsehat the choice of halide altered the selegtivit
of cross coupling reactions to form biphenyl omphenyl products. The catalysed reaction of
phenylmagnesium bromide with the 1,3-dibromobenzessilted in selective formation of the

monosubstituted 1-bromo-3-phenylbenzene. Howebher,catalysed reaction of the analogous 1,3-
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dichlorobenzene with phenylmagnesium bromide rssutt the selective production of the
disubstituted 1,3-diphenylbenzene, although thedywas low. This result was unexpected
considering 1,3-diboromobenzene is more likely todoice the disubstituted product due to the

propensity of bromide groups to be more readilyssitdted in comparison to chloride groups.

Table 3 Range of substrates catalysed byNi(11)CI]*(BPhy) in Kumada cross coupling reactions.

2 mol% cat.
A o =
R THF, 25°C R
entry R-X % conv. entry R-X % conv.
1 @| >99 5 F3C©—Br 90
2 OBr 78 6 QBF 67 (mono)
Br
3 OOBF 50 7 Q_CI 16 (di)
/
FsC
Cl
4 8
Br 68 NCOCI 0
FsC

Reagents and conditions: Aryl halide (0.5 mmolemimagnesiumbromide (1.5 mmol), catalyst (2
mol%), THF, 25°C. %Conversions analysed at 4 h using GC-MS. (mona¥substituted product,

d= di-substituted product).

Overall, our nickel(ll) catalyst[™Ni(11)CI]*(BPhy)" has proved to be an effective catalyst
for the room temperature Kumada cross coupling. @eta conversion of iodobenzene and
chlorobenzene was observed after just 4 hoursaah temperature. This places this catalyst above
the NHC-Ni(ll) catalysis reports from Wang[11, J&jd Louie (though mesitylmagnesium bromide
was used).[35] The levels of conversion of substduaryl-halides obtained using catalyst

[L™Ni(11)CI]*(BPh) were slightly less than those reported by Wang.[lBe activity of our
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catalysts is similar to that reported by Semerd 8uatt observed using their calixarene-based Ni(ll)

catalysts.[33, 34]
5. Conclusions

Here, we synthesized three Ni(ll) complexes udiggnds containing both carbene and
pyrazolyl donor groups with either a methylene thwykene linker joining the pendant pyrazolyls to
the central carbene group. The Ni(ll) complexestui@ag the shorter methylene linker,
[L™Ni(I1)CI]*(BPhy) and L™Ni(11)CI]"(PRs), had similar solid-state structures. The complék w
the BPh' counterion outperformed the £Bnalogue when used for the Kumada catalysis rewstio
which has been attributed to the weaker coordinatiche BPli counterion. The Ni(ll) complex of
the longer ethylene linker|[',Ni(11)]"(BPhs) 2, was found to have limited catalytic activity dioe
the coordinative saturation of the complex, as shawits solid-state crystal structure. Complex
[L™Ni(11)CI]*(BPh)” was found to be the most active catalyst, it pdogempatible with different
functional groups and performed more difficult distitution reactions. Excellent to moderate
yields were achieved in the Kumada cross coupleagtions at room temperature with substrates
containing electrodonating substituents. Thus, dermpL ™Ni(I1)CI]*(BPhy)” was found to be a

good general catalyst for the Kumada cross coupiagtion.
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Highlights

. Three Ni(ll) complexes have been synthesised from a carbene-bis-pyrazole ligand.
. The complexes all exhibited a square-planar coordination geometry.

. The complexes acted as catalysts in Kumada cross coupling reactions.



