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Formation of Homoleptic Tetracarbene versus cis-Chelating Dicarbene
Complexes of Nickel(II) and Applications in Kumada—Corriu Couplings
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The formation of mono- versus bis(chelate) Ni'' complexes
bearing N-heterocyclic dicarbene ligands can be controlled
by the flexibility of the ligand bridge. A short methylene
spacer exclusively gives rise to a dicationic bis(chelate) com-
plex [Ni(MeCC™eth),|Br, (1), whereas a more flexible propyl-
ene spacer affords a neutral monochelate complex
[NiBr,(MeCCPP)] (2). Complex 2 was found to autoionize
very slowly to the corresponding dicationic bis(chelate) over

ca. 45 d in [Dg]dmso. The formation of the bis- versus mono-
chelate complex can be attributed to the different stabilities
of the resulting metallacycles. The catalytic activity of mono-
chelate 2 was tested in the Kumada—Corriu coupling of aryl
halides with arylmagnesium reagents at ambient tempera-
ture.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

N-heterocyclic carbenes (NHCs) have become state-of
the art ligands in organometallic chemistry, and many of
their transition-metal complexes have found successful ap-
plications in homogeneous catalysis.['! In this respect, Pd—
NHC complexes are undoubtedly the most intensely
studied type of complexes, and many different methods for
their preparation have been established. In the simplest
case, the reaction of 2equiv. of azolium halides with
Pd(OAc), gives rise to a stable dihalido-dicarbene Pd!
complex of the type [PdX,(NHC),] (X = halide), in which
the monodentate NHCs adopt either a cis- or trans configu-
ration in a square-planar coordination geometry. The exten-
sion of this methodology to bridged diazolium salts usually
results in neutral cis-[PdX,(diNHC)] complexes, which are
versatile catalyst precursors as well. The cis arrangement of
NHC ligands in such complexes should translate into a
faster initiation of the catalyst due to their strong frans ef-
fect.”) Notably, the analogous reaction of azolium salts
with Ni(OAc), only vyields rrans-[NiX,(NHC),] com-
plexes,?-°1 and surprisingly, cis isomers remain unknown to
date. Early attempts by Herrmann et al. to prepare cis-che-
lating dihalido-dicarbene complexes of Nill by employing
methylene-bridged diimidazolium- or ditriazolium diiodides
with various N-substituents were unsuccessful, and instead
afforded homoleptic tetracarbene Ni'' complexes of the
type [Ni(diNHC),]I,.[71 The formation of the targeted neu-
tral cis-[Nil,(diNHC)] complexes, which may lead to low-
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cost catalysts, was never observed. Although not specifically
addressed by the authors, the formation of the dicationic
bis(chelating) [Ni(diNHC),]I, complexes may be due to au-
toionization processes, which have been commonly ob-
served for Ni diphosphane analogues.>*) However, by em-
ploying a more rigid dicarbene derived from an imid-
azolium-linked ortho-cyclophane, Baker and co-workers fi-
nally succeeded in the preparation of the only known cis-
[NiCl,(diNHC)] complex, in which the two cis-carbene moi-
eties are formally connected by two C,4 bridges.'® Much of
our research has focused on benzimidazole-derived NHCs,
and we have recently established a methodology for the
preparation of neutral dihalido-bis(benzimidazolin-2-ylid-
ene) complexes of Ni'L.[>6 In extension of this work, we
herein report on the factors that determine the formation
of dicationic bis(chelate) versus neutral, dibromido, mono-
chelate complexes of Ni'l, and the catalytic activities of the
latter in the Kumada—Corriu coupling reaction.

Results and Discussion

As reported recently, red complexes of the type trans-
[NiBro(NHCy;m)»] (NHCy;,, = benzimidazolin-2-ylidene)
can be conveniently prepared by reacting 2 equiv. benzimid-
azolium bromides with anhydrous Ni(OAc), in molten tet-
rabutylammonium bromide (tbab).>%1 A similar reaction
with the methylene-bridged dibenzimidazolium salt
[MeCC™ethH,|Br, (A),[''l on the other hand, yielded the
white tetracarbene complex [Ni(MeCC™¢th),|Br, (1), which
dissolves in polar organic solvents such as dmso, MeOH
and EtOH (sparingly), but proves to be insoluble in water
and other common organic solvents (Scheme 1).
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Scheme 1. Synthesis of bis(chelate) and monochelate complexes of
Nill,

The positive mode ESI mass spectrum of 1 shows a base
peak at m/z = 305 with an isotopic peak difference of
0.5 mass units, which is indicative of the bis(chelate) ion
[Ni(MeCCmeth),12* A less-intense isotopic envelope for the
fragment [Ni(MeCC™eth), + Br]* is also observed at m/z =
691. Its 'H NMR spectrum in [Dg]dmso is rather simple
and shows 2 doublets and 2 pseudotriplets for the aromatic
protons of the carbene ligands. As reported for imidazole-
and triazole-derived analogues, the protons for the methyl-
ene bridge are diastereotopic and their signals are shifted
to lower field (6 = 7.65 and 7.59 ppm) upon coordination
to the metal center. The carbene signal is found at J =
183 ppm, which is, as expected, more downfield relative to
those found for the corresponding imidazoline- and triazo-
line-derived analogues (170-174 ppm).[7'2 X-ray diffrac-
tion on single crystals obtained by slow evaporation of a
concentrated MeOH solution finally confirmed the identity
of 11131 as a dicationic bis(chelate) complex, and its molecu-
lar structure is depicted in Figure 1.

The asymmetric unit contains half of the dication, one
bromide, and a quarter water molecule. The essentially
square-planar dication of 1 adopts a trans double-boat con-
formation with Ni—C, pene distances of 1.891(6) (Nil-Cl1)
and 1.906(6) A (Nil-C17), which are in the same range as
those found in the direct imidazolin-2-ylidene analogue.!”!
The commonly observed perpendicular orientation of the
carbene ring planes with respect to the ML, coordination
plane is markedly less due to the rigid methylene bridge,
and dihedral angles of 43.33° and 43.47°, respectively, are
observed. The Pt complex with a macrocyclic tetracarbene
ligand of crown-ether topology reported by Hahn et al.l'4]
is perhaps, in this respect, the closest complex, which bears
C,-bridged benzimidazolin-2-ylidene ligands. In this com-
plex, the four C;-bridges force the carbene planes to be al-
most coplanar to the MC, coordination plane (maximum
angle 15.6°).

To determine whether the bridge length has any influence
on the formation of bis(chelate) versus monochelate com-
plexes, we attempted the reaction of dibenzimidazolium
salts [MeCCe"H,]Br, (B)!'! and [MeCCP PH,]|Br, (C) bear-
ing simple C, and C; alkyl bridges, respectively, with
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Figure 1. Molecular structure of the dicationic bis(chelate) complex
of 1-0.5H,0 showing 50% probability ellipsoids; hydrogen atoms,
two bromide counteranions and half a water molecule are omitted
for clarity. Selected bond lengths [A] and angles [°]: Nil-Cl
1.891(6), Nil-C17 1.906(6), N1-C1 1.361(7), N2-C1 1.365(7), N2—
C9 1.456(7), N3-C9 1.443(7), N3-C17 1.362(8), N4-C17 1.364(8);
CI-Nil-C17 86.6(2), CIA-Nil-C17 93.4(2), CI-Nil-C17A
93.4(2), C1A-Nil-C17A 86.6(2), N1-C1-N2 105.1(5), N3-C17-
N4 105.3(5).

Ni(OAc), under the same conditions. However, salt B did
not readily react, and only traces of the corresponding
monochelate [NiBry(MeCC™")] could be identified by ESI
mass spectrometry at m/z = 507. Extension of the reaction
time to 18 h also proved unsuccessful, and, in all cases,
mainly the unreacted salt precursor was reisolated. The dif-
ficulty in directly converting ethylene-bridged diazolium ha-
lides to the corresponding chelating metal-dicarbene com-
plexes has also been observed for palladium.[!>-10] Attempts
to synthesize the desired complex by Ag-NHC transfer re-
actions were unsuccessful and led to insoluble mixtures,
which hampered proper characterization. It is likely that
these insoluble mixtures contain coordination polymers.
Interestingly, reaction with salt precursor C afforded the
neutral monochelate complex [NiBr,(MeCCP™P)] (2) as a
greenish yellow solid, which is soluble in dmso, dmf,
MeCN, and CH,Cl,, sparingly soluble in CHCl;, MeOH,
and EtOH, and insoluble in water, thf, hexane, diethyl ether,
toluene, and ethyl acetate. The positive mode ESI mass
spectrum of 2 is dominated by isotopic patterns centered at
m/z = 393 and m/z = 363 for the monochelate fragments
[NiOMe(MeCCProP)|* and [Ni(MeCCProP)]*,  respectively,
which are due to loss of both bromido ligands in 2. This
fact corroborates the strong trans effect of the dibenzimida-
zolin-2-ylidene ligand. On the other hand, ions indicative
of the bis(chelate) complexes have not been observed. The
'"H NMR spectrum in [Dg¢]dmso is rather simple and shows
broad signals. Resonances at 6 = 5.96 and 5.02 ppm for the
NCH, and at 6 = 2.73 and 1.95 ppm for the CH, groups
are in accordance with the diastereotopy of the propylene-
bridge protons upon coordination. The '3C NMR spectro-
scopic data also supports the formation of 2, although the
carbenoid carbon atom could not be resolved under the
1927
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given conditions despite prolonged acquisition times of
>30000 scans of a saturated solution, which may be ex-
plained by the insufficient solubility of the complex.

To confirm the identity of 2, we obtained single crystals
by vapor diffusion of diethyl ether into a dmf solution of
the complex, which were then subjected to X-ray diffraction
analysis. The molecular structure of complex 2!'71 depicted
in Figure 2 shows a square-planar Ni! center coordinated
by the cis-chelating dicarbene ligand and two bromido li-
gands, which balance the charges. As expected, the Ni-C,,.
bene distances of 1.863(7) and 1.855(8) A are shorter than
those in bis(chelate) 1. The Ni-Br bond lengths of
2.4149(11) and 2.4287(12) A are substantially longer than
those found in the diphosphane analogue [NiBry(dppe)]
(2.3205-2.3419 A),1'8:191 which suggests a superior frans in-
fluence of the dibenzimidazolin-2-ylidene ligand over that
of the dppe ligand. Relative to complex 1, the dihedral
angle between the carbene and the NiBr,C, coordination
planes are significantly larger (81.08° and 84.07°), because
of the more flexible propylene bridge. The bite angle of the
ligand, however, remains almost unchanged in the com-
plexes with methylene to propylene linkers [86.6(2)° for 1
and 86.4(3)° for 2]. This phenomenon has also been noted
for Pd!™ complexes of dibenzimidazolin-2-ylidenes.?”) The
preference for the formation of monochelate 2 is possibly
due to the lower stability of its eight-membered metallacy-
cle than that of the six-membered metallacycle in bis(chel-
ate) 1.

Figure 2. Molecular structure of the monochelate complex 2-dmf
showing 50% probability ellipsoids; hydrogen atoms and a dmf sol-
vent molecule are omitted for clarity. Selected bond lengths [A] and
angles [°]: Nil-C1 1.863(7), Nil-C12 1.855(8), Nil-Brl 2.4149(11),
Nil-Br2 2.4287(12), N1-C1 1.356(9), N2-C1 1.360(9), N3-C12
1.363(10), N4-C12 1.343(9); CI1-Nil-C12 86.4(3), C1-Nil-Brl
87.9(2), C12-Nil-Br2 88.5(2), Br1-Nil-Br2 97.41(4), N1-CI1-N2
106.4(6), N4-C12-N3 106.7(7).

With the successful isolation of monochelate 2, we
studied its possible autoionization behavior in solution. For
this purpose a sample of 2 was dissolved in [D¢]dmso and
monitored by '"H NMR spectroscopy over 45 d. Only after
about 10 d did new signals emerge, slowly gaining intensity
until they became the major resonances after about 40 d.
These signals are tentatively assigned to the dicationic bis-
(chelate) and some minor unidentified decomposition prod-
ucts. The positive mode ESI mass spectrum of this sample
after 45 d shows a dicationic base peak at m/z = 333, which
1928
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corroborates the formation of the bis(chelate) [Ni-
(MeCCProp),12*, Isotopic patterns arising from 2, on the
other hand, were absent.

Kumada—Corriu Catalysis

Complexes of N-heterocyclic carbene ligands have been
applied in both homogeneous and heterogeneous catalysis.
In particular, PA-NHC complexes have been widely used in
the making of C-C bonds often by employing the Mizo-
roki-Heck and Suzuki-Miyaura coupling reactions. Simi-
larly, some Ni-NHC complexes have shown to be catalyti-
cally active for a wide range of reactions such as Suzuki-
Miyaural?'-??l and Kumada—Corriu®>*-2® couplings, olefin
dimerization®! and polymerization,**3?1 C-C bond acti-
vation of biphenylene,**! transfer hydrogenation of im-
ines,?4 and amination®>) and dehalogenation!*! of aryl ha-
lides. Notably, most of these nickel complexes contain NHC
ligands that are derived either from imidazole or imid-
azoline precursors, whereas the catalytic activity of Ni'l-
benzimidazolin-2-ylidenes have rarely been studied.[>2%28]
Thus, complex 2 was tested for its performance in the
nickel-catalyzed Kumada—Corriu reaction.®”! The coupling
of aryl halides with arylmagnesium reagents at ambient
temperature in thf with a 1 mol-% catalyst loading and a
reaction time of 12 h was chosen as a standard test reaction.
The results summarized in Table 1 show that 2 is generally
very active in the coupling of both activated and deacti-
vated aryl bromides and gives rise to isolated product yields
of >70%. Simple aryl chlorides also afford satisfactory
yields of 75 and 85%, respectively (Entries 9 and 10). Het-
eroaryl compounds such as 3-bromopyridine and 3-bromo-
thiophene can also be conveniently coupled with yields of
78-85% (Entries 5, 6, 16, and 17). Likewise, 2,5-dibro-
mopyridine affords the corresponding doubly coupled
product in a good yield of 71% (Entry 7). Coupling of the
sterically bulky and deactivated substrate 1-bromo-2,6-di-
methoxybenzene turned out to be more difficult and gave a
moderate yield of 58% (Entry 19). A similar result was also
obtained with the more elaborate substrate 2-(4-bro-
mophenyl)benzimidazole, which bears a N-H function
(59%, Entry 20). Finally, the coupling of 2-chloropyridine
gave the lowest yield of 43% in this comparative study (En-
try 8). The catalytic activity of the previously reported
trans-dibromido-bis(1,3-diisopropylbenzimidazolin-2-ylid-
ene)nickel(II) complexP! and the tetracarbene complex 1
was also tested in order to compare its performance to that
of cis-chelating complex 2. The trans complex couples bro-
mobenzene, 4-bromobenzonitrile, and 4-bromoanisole with
p-tolylMgBr in yields of 85, 63, and only 28 %, respectively,
whereas tetracarbene complex 1 performs slightly better to
give yields of 88, 76 and 60%, respectively. Notably, com-
plex 2 gave, in general, the best yields in analogous reac-
tions (Entries 1, 3, 4, 11, 13, and 14). Finally, the catalytic
activity of complex 2 with a cis-chelating benzannulated
dicarbene ligand is also superior to that reported for a
trans-dicarbene complex bearing monodentate imidazole-
based NHC ligands.[*’]
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[a] Reaction conditions generally not optimized. [b] Isolated yields.

Conclusions

In conclusion, we have shown that the formation of bis-
(chelate) versus monochelate complexes can be determined
by the bridge length of the chelating dicarbene ligand. The
dicationic bis(chelate) complex [Ni(MeCC™eth),|Br, (1) is ex-
clusively formed with a rigid methylene spacer, whereas a
more flexible propylene bridge favorably leads to the neu-
tral monochelate species [NiBry(MeCCPP)] (2), which very
slowly autoionizes to its corresponding bis(chelate) [Ni-
(MeCCProP),1?* in [Dg]dmso solution. Complex 2 shows a
high activity for the Kumada—Corriu coupling reaction of
a wide range of substrates at ambient temperature and out-
performs the trans-dicarbene complexes as well as tetra-
carbene complex 1. The straightforward preparation and
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the low autoionization tendency of dicarbene complex 2 of-
fers easy access to low-cost Ni'l dicarbene catalyst precur-
sors, and current studies in our laboratory are underway to
expand the scope of such complexes in catalysis.

Experimental Section

General: Unless otherwise noted, all operations were performed
without taking precautions to exclude air and moisture. All sol-
vents and chemicals were used as received without any further
treatment if not noted otherwise. Tetrahydrofuran for the Kumada—
Corriu coupling reactions was dried with Na/benzophenone and
freshly distilled prior to use. '"H- and '*C NMR spectra were re-
corded on Bruker ACF 300 and AMX 500 spectrophotometers,
and the chemical shifts () were internally referenced by the residual
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solvent signals relative to tetramethylsilane (‘H, '3C). ESI mass
spectra were measured with a Finnigan MAT LCQ spectrometer.
Elemental analyses were performed on a Perkin—-Elmer PE 2400
elemental analyzer at the Department of Chemistry, National Uni-
versity of Singapore.

[MeCCPPH,|Br, (C): 1-methylbenzimidazole (0.66 g, 5 mmol) was
dissolved in CH3;CN (30 mL). 1,3-dibromopropane (0.55 mL,
5.5 mmol) was added, and the resulting mixture was stirred for 24 h
at 80 °C. The solvent was removed under reduced pressure, and the
residue was washed with diethyl ether. After drying the residue un-
der vacuum, salt C was isolated as a white powder (1.03 g,
2.21 mmol, 89%). '"H NMR (300 MHz, [Dg¢]dmso): J = 9.92 (s, 2
H, NCHN), 8.13 (m, 2 H, Ar-H), 8.04 (m, 2 H, Ar-H), 7.70 (m,
4 H, Ar-H), 4.73 [t, 3J(H,H) = 7.08 Hz, 4 H, NCH], 4.09 (s, 6 H,
NCH;), 2.62 [m, 3J(HH) = 7.08Hz, 2H, CH,] ppm.
13C{'H} NMR (75.5 MHz, [D¢]dmso): J = 142.8 (s, NCN), 131.8,
130.8, 126.5, 126.4, 113.6, 113.5 (s, Ar-C), 43.8 (s, NCHs), 33.3 (s,
NCH,), 28.1 (s, CH,) ppm. C19H»,Br,N42H,0 (502.24): caled. C
45.44, H 5.22, N 11.16; found C 45.46, H 5.15, N 11.11. ESI-MS:
m/z = 153 [M — 2Br]**.

INi(MeCC™eth),|Br, (1): Ni(OAc), (0.026 g, 0.15 mmol), azolium
salt A (0.072 g, 0.165 mmol), and [BuyN]Br (1 g, excess) were mixed
thoroughly in a Schlenk tube. The reaction mixture was dried under
vacuum at 80 °C for 1 h. The temperature was then gradually in-
creased to 160 °C, and the molten mixture was further stirred for
12 h under vacuum. Cooling of the mixture and trituration with
water gave a white precipitate, which was filtered and washed with
water. Complex 1 was obtained as a white powder (0.046 g,
0.06 mmol, 80%) upon drying under vacuum. 'H NMR (500 MHz,
[Dgldmso): 0 = 8.37 (d, 4 H, Ar-H), 7.69 (d, 4 H, Ar-H), 7.65 [d,
2J(H,H) = 13.25 Hz, 2 H, NCHHN], 7.59 [d, 2J(H,H) = 13.25 Hz,
2 H, NCHHN], 7.56 (t, 4 H, Ar-H), 7.47 (t, 4 H, Ar-H), 3.51 (s,
12 H, NCH3) ppm. *C{'H} NMR (125.77 MHz, [D¢]dmso): 6 =
183.0 (NCN), 134.3, 133.1, 124.5, 124.2, 112.0, 111.2 (Ar-C), 57.0
(NCH;N), 34.1 (NCHs;) ppm. Despite prolonged drying under vac-
uum, elemental analysis of the complex indicated the presence of
water. C34H3,Br,NgNi-2H->O (807.20): caled. C 50.59, H 4.50, N
13.88.; found C 50.55, H 4.11, N 13.50. MS (ESI): m/z = 305 [M —
2Br]?*, 691 [M — Br]*.

[NiBr,(MeCCProP)] (2): Complex 2 was prepared in the same manner
as that described for 1 with Ni(OAc), (0.088 g, 0.5 mmol) and salt
C (0.255 g, 0.55 mmol). Cooling of the molten mixture and tritura-
tion with water gave a yellowish green precipitate, which was fil-
tered and washed with water. Complex 2 was obtained as a yellow-
ish green powder (0.203 g, 0.39 mmol, 78%) upon drying under
vacuum. "H NMR (500 MHz, [Dg]dmso): 6 = 7.58 (d, 4 H, Ar-H),
7.24 (br. s, 4 H, Ar-H), 5.96 (br. s, 2 H, NCH,), 5.04 (br. s, 2 H,
NCH,), 4.59 (s, 6 H, NCH3), 2.73 (br. s, 1 H, CH,CHHCH,), 1.95
(br. s, 1 H, CH,CHHCH,) ppm. '*C{'H} NMR (125.77 MHz,
[D¢ldmso): 6 = 134.5, 134.2, 122.9, 122.7, 110.3, 109.8 (Ar-C), 48.4
(NCH,), 35.1 (NCHs;), 28.6 (CH,CH,CH,) ppm. The carbenoid
signal could not be resolved despite prolonged acquisition time.
Despite prolonged drying under vacuum, elemental analysis of the
complex indicated the presence of water. C;oH, BroN4Ni-H,O
(540.91): caled. C 42.19, H 4.10, N 10.36.; found C 42.14,
H 3.78, N 10.25. MS (ESI): m/z = 363 [M - 2Br]*, 393 [M -
2Br + OCH;]*.

General Procedure for the Kumada—Corriu Coupling: In a typical
run, a Schlenk tube was charged with catalyst 2 (0.01 mmol), aryl
halide (1 mmol) (for Entry 7, 0.5 mmol). A thf solution of the aryl-
magnesium bromide (1.5 mL, 1 m, 1.5 mmol) was added to the re-
action mixture under nitrogen. The reaction mixture was further
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stirred for 12 h at ambient temperature. Dichloromethane (10 mL)
was added to the reaction mixture, and the organic layer was
washed with water (3 X 10 mL) and dried with MgSQO,. The solvent
was removed under reduced pressure, and the product was isolated
by column chromatography and analyzed by 'H NMR spec-
troscopy.

Single Crystal X-ray Structure Determinations: X-ray data were col-
lected with a Bruker AXS SMART APEX diffractometer, by using
Mo-K,, radiation at 223 K with the SMART suite of programs.[3®]
Data were processed and corrected for Lorentz and polarization
effects with SAINTE and for absorption effects with SADABS. 0]
Structural solution and refinement were carried out with the
SHELXTL suite of programs.*!l The structure was solved by direct
methods to locate the heavy atoms, followed by difference maps for
the light, non-hydrogen atoms. All hydrogen atoms were placed at
calculated positions. All non-hydrogen atoms were generally given
anisotropic displacement parameters in the final model. A sum-
mary of the most important crystallographic data is given in ref.l’]
for 1 and ref'?! for 2. CCDC-695994 (for 1:0.5H,0), -695995 (for
2-dmf) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): ESI spectra for complexes 1 and 2 and analytical data for
Kumada-Corriu coupling products are presented.
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