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Alkyl complexes of Ni(ll) incorporating di-N-heterocyclic carbenes, BUCC™Meth and ®BUCCeth
(where ®BuCC™th = 1 1'-methylene-3,3'-di-tert-butyl-diimidazole-2,2'-diylidene and ®BuCCeth
= 1,2-ethylene-3,3'-di-tert-butyl-diimidazole-2,2'-diylidene), have been prepared for the first
time. The complexes [{trans-NiMey(PMe3)} »(u-BUCC™eth)] (1) and [Ni(tBUCCet")Me,] (2) have
been prepared and characterized by single-crystal X-ray diffraction, and the complex [Ni-
(BuCcCmeth)Me,] (3) has been observed spectroscopically. Thermal decomposition studies show
that 2 eliminates methane rapidly and quantitatively above 50 °C by a predominantly
unimolecular dissociative pathway with activation parameters AH* = 24.0(6) kcal mol~* and

AS* = —4.7(1) cal K1 mol.

Introduction

Since the discovery of stable N-heterocyclic carbenes,
increasing attention has been focused on using these
compounds as ancillary ligands for a number of transi-
tion-metal-mediated catalytic reactions.! The general
premise, based on an expanding body of empirical
evidence, is the analogy that can be drawn between
N-heterocyclic carbenes and strong o-donating tertiary
phosphines. The most intensively studied catalytic
processes to date have been C—C coupling reactions
using carbene complexes of palladium and nickel.2713

Prior to this report, no dihydrocarbyl transition-metal
complexes incorporating carbene ligands have been
reported. A few examples of palladium methyl com-
plexes such as trans-chlorobis(1,3-dimethylimidazol-2-
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Figure 1. Di-N-heterocyclic carbenes tBuCCmeth gnd
tBuCCeth.

ylidene)methylpalladium(ll) have been prepared re-
cently, and it has been shown that these complexes
catalyze Heck coupling reactions with higher turnover
numbers (TON's), primarily due to a short induction
period.®” We have recently been studying transition-
metal complexes of the potentially chelating di-N-
heterocyclic carbenes BUCC™eth and tBUCCeth (where
Buccmeth = 1 1'-methylene-3,3'-di-tert-butyl-diimida-
zole-2,2'-diylidene and BuCCeth = 1,2-ethylene-3,3'-di-
tert-butyl-diimidazole-2,2'-diylidene)'* shown in Figure
1.

The only other examples of nickel chelating dicarbene
complexes are square-planar compounds of the type [Ni-
(RCCmeth),]2+ (where R = Me, Pri, But, Cy).»14 These
complexes formed exclusively during the attempted
preparation of [Ni(RCC™eth)1,], the palladium analogues
of which are effective precatalysts for several C—C
coupling reactions.?
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Figure 2. Molecular structure of 1. Hydrogen atoms have
been omitted for clarity.

We now report the preparation of Ni(ll) trans- and
cis-dimethyl complexes of the di-N-heterocyclic carbenes
tBuccmeth and tBucceth_

Results and Discussion

Precursors of the class [Ni(tBuCCet)X,] and [Ni-
(BucCmeth)X,] (where X = CI, Br, 1) were initially
considered as candidates for the preparation of the
target dimethyl compounds [Ni(tBuCCet)Me,], [Ni-
(BBucCmethyMe,], and other hydrocarbyl homologues.
However, reaction between dicarbenes and the Ni(ll)
complexes NiX; (X = CI, Br, 1), [Ni(DME)Br;], and
[Ni(PPh3).Br;] gave intractable reaction mixtures or, in
the case of BUCC™eth variable quantities of the previ-
ously characterized dicationic salt [Ni(tBuCC™meth),][X]..14

Because of the unsuccessful preparation of [Ni-
(BuCCeth)X,] and [Ni(tBUCC™eth)X,] an alternative strat-
egy employing Ni(Il) dimethyl complexes as precursors
was pursued. From reaction between BUCC™eth and 1
equiv of [trans-NiMey(PMe3),]*® at —78 °C the bimetallic
complex [{trans-NiMe,(PMes)} 2(m-BuCCmeth)] (1) could
be isolated as a pale orange thermally sensitive solid,
in 30% yield. The formula of 1 was initially proposed
on the basis of NMR spectroscopy, particularly integra-
tion of the 'H NMR spectrum and the observation of a
single resonance at 6 7.90 ppm attributed to the
methylene protons of the dicarbene ligand. In work
reported previously, the 'H NMR spectra of monomeric
Ni(Il) complexes incorporating chelating BUCC™eth dis-
play two resonances for the methylene protons that are
rendered diastereotopic due to conformational rigidity.
The proposed structure was confirmed by single-crystal
X-ray diffraction and is shown in Figure 2.

Crystals were grown from a pentane solution at —20
°C. Crystallographic data are given in Table 1, and
selected bond lengths and angles are given in Table 2.
The asymmetric unit contains 0.5 equiv of 1 and 0.5
equiv of pentane. The methylene carbon atom C(4) is
located on the C; axis, and therefore, the remainder of
the structure is symmetry-generated. The geometry
about the nickel atom is essentially square planar, and

(15) Klein, H.-F.; Karsch, H. H. Chem. Ber. 1972, 105, 2628.
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Table 1. Summary of Crystallographic Data for
Compounds 1 and 2

1 2

formula Cos5Hs54N4P2Nio* C18H32N4Ni
CsHi2
fw 662.22 363.17
size (mm?) 0.2.x0.2 x 0.3 0.2x0.2x0.2
cryst syst monoclinic orthorhombic
space group C2/c P212121
a(A) 14.644(1) 9.901(1)
b (A) 18.135(1) 12.701(2)
c(A) 14.682(1) 15.309(2)
o (deg) 20 90
B (deg) 105.94(2) 90
y (deg) 90 90
V (A3) 3749.1 1925.1
z 8 4
Pealed (g €M ~3) 1.16 1.25
u(em™1) 1.11 1.02
Fooo 1403.04 785.16
temp (K) 180(2) 180(2)
scan range (deg) 1.69-26.34 1.71-26.79
total no. of rflns 5936 8876
no. of indep rflns 3642 2276
no. of rflns used in 2291 2200
refinement (I > 30(l))
no. of params 164 209
Rint 0.027 0.064
goodness of fit 1.0254 1.0313
max, min resid density 1.72, —0.65 0.63, —0.77
eA3)

final R1/wR2 0.042/0.049 0.055/0.066

Table 2. Selected Bond Lengths (A) and Angles
(deg) for Compounds 1 and 2

Compound 1
Ni—C(2) 1.879(3) C(2)-N(7) 1.365(4)
Ni—C(12) 1.983(4) N(3)—C(5) 1.377(4)
Ni—P(13) 2.1527(9) C(5)—C(6) 1.335(5)
Ni—C(17) 2.001(4) C(6)—N(7) 1.395(5)
C(2)-N(@) 1.367(4) N(3)—C(4) 1.449(4)
C(2)—Ni—C(12) 89.47(15) C(12)—Ni—C(17) 177.28(17)
C(2)—Ni—P(13) 175.1(1) P(13)—Ni—C(17) 88.97(12)
C(12)—Ni—P(13) 92.35(12) N(3)—C(4)—N(3') 111.9(4)
C(2)—Ni—C(17) 89.40(15)
Compound 2
Ni—C(2) 1.907(5) N(10)—C(11) 1.455(8)
Ni—C(14) 1.911(6) C(11)-Cc(12) 1.51(1)
Ni—C(22) 1.972(6) C(12)—N(13) 1.455(8)
Ni—C(23) 1.962(6) N(13)—C(14) 1.362(8)
C(2)-N(@) 1.354(7) N(13)—C(21) 1.387(8)
C(2)—N(10) 1.378(7) C(14)—N(15) 1.373(8)
N(3)—C(8) 1.394(7) N(15)—C(20) 1.385(8)
C(8)—C(9) 1.322(9) C(20)—C(21) 1.34(1)
C(9)—N(10) 1.392(8)
C(2)-Ni—C(14) 88.9(2) Ni—C(2)—N(10) 121.3(4)
C(2)—Ni—C(22) 92.4(3) C(2)-N(10)-C(11)  129.1(5)

C(14)—-Ni—C(22)
C(2)-Ni—C(23)
C(14)—Ni—C(23)

165.7(3) N(10)—C(11)-C(12) 116.3(5)
176.3(3) C(11)-C(12)-N(13) 113.2(5)
90.8(3) C(12)-N(13)—C(14) 120.4(5)

C(22)—Ni—C(23) 87.0(3) Ni—C(14)-N(13) 112.0(4)
N(3)-C(2)-N(10)  103.4(4) ring twistc(? 62.1(4)
N(13)-C(14)-N(15) 102.9(5) ring twistc(a? 76.7(4)

2 The angle between the coordination plane defined by nickel
and carbene carbon atoms and the heterocyclic ring containing
C(n).
the Me groups exhibit a trans configuration with bond
lengths Ni—Cpwe = 1.983(4) and 2.001(4) A, respectively.
To the best of our knowledge, no other example of a
trans-Ni(ll) dialkyl complex has been structurally char-
acterized. The Ni—Ccarpene bond length of 1.879(3) A is
comparable to that in other Ni(ll) carbene complexes
that have previously been structurally characterized,
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Figure 3. Molecular structure of 2. Hydrogen atoms have
been omitted for clarity.

including trans-dichlorobis(1,3-dicyclohexylimidazol-2-
ylidene)nickel(11) (1.911(2) A)16 and [Ni(tBuCCmMethCI-
(PMe3)]CI (1.942(2) trans to PMe; and 1.871(4) A cis to
PMes).** The conformation of 1 can be understood as a
consequence of minimization of the nonbonding interac-
tions between NiMe,(PMe)s; moieties which is reflected
in the torsion angle of 80.4(3)° between heterocyclic ring
planes.

Isolation of 1 results in effect from the incomplete
substitution of PMez by tBuCC™eth and therefore, an
alternative Ni(ll) dimethyl complex containing ligands
considered more likely to undergo substitution was
sought.

Reaction between BuCCet" and [Ni(bipy)Me,]'” at —78
°C gives the target compound [Ni(tBUCCet")Me,] (2) as a
pale yellow microcrystalline solid. Compound 2 is
moderately air-sensitive and is soluble in toluene and
common polar organic solvents, but solutions in CHo-
Cl, decompose within minutes. Crystallization from
Et,0 yields single crystals of 1, from which an X-ray
diffraction study gave the molecular structure shown
in Figure 3. Crystallographic data are given in Table 1,
and selected bond lengths and angles are given in Table
2. The asymmetric unit contains one molecule of 2. The
geometry at the nickel atom is essentially square planar,
with nickel—carbon bond lengths Ni—Ccarhene (1.907(5)
and 1.911(6) A) and Ni—Cwe (1.972(6) and 1.962(6) A)
reflecting the hybridization of the carbon atoms. The
geometry at the nickel atom is essentially square planar
with a dicarbene bite angle C(2)—Ni(1)—C(14) of 88.9-
(2)° that is comparable to that of 88.4(4)° observed in
the only other structurally characterized ethylene-
bridged dicarbene Ni(11) complex, [Ni(BuCCetCI(PMe3)]-
[BPh4].1* The Ni—Cpye bond lengths (1.962(6) and
1.971(6) A) are very similar to those found for the
square-planar bis-phosphine dialkyl nickel complex
dppe—2,3-dimethylenenickelacyclopentane!® (1.965—
1.975 A: no esd’s available), and the Ni—C¢arpene bond
lengths (1.907(5) and 1.911(6) A) are within the range
found in Ni(Il) complexes of N-heterocyclic carbenes.®

The 'H and 3C{1H} NMR spectra of 1 show signals
consistent with Cs symmetry, two resonances at 0 3.29
and 5.87 being observed for the four protons of the

(16) Herrmann, W. A.; Gerstberger, G.; Spiegler, M. Organometallics
1997, 16, 2209.

(17) Wilke, G.; Herrmann, G. Angew. Chem., Int. Ed. Engl. 1966,
5, 581.

(18) Jolly, P. W.; Kruger, C.; Salz, R.; Sekutowski, J. C. J. Orga-
nomet. Chem. 1979, 165, C39.
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ethylene bridge of 1 attributable to an AA’XX' spin
system and a single ethylene bridge carbon signal at ¢
48.29. The apparent mirror plane implied for 1 in the
solution NMR spectra is attributed to a rocking libration
about the C(11)—C(12) vector. The IH NMR spectrum
of 1 in toluene-dg at —80 °C did not result in appreciable
broadening of the two signals ascribed to the ethylene
bridging protons, indicating a low barrier for this
conformational change.

In contrast, numerous unsuccessful attempts were
made to prepare and isolate the compound Ni-
(BBuCcCmMeth)Me, (3) from reaction between tBUCC™eth and
[Ni(bipy)Me,]. However, in each case slow gas evolution
was observed on warming solutions from —78 °C to room
temperature and the resulting mixtures were intrac-
table dark green oils. On an NMR tube scale in toluene-
dg reaction between tBUCC™eth and [Ni(bipy)Me,] was
monitored by 'H NMR spectroscopy from —75 °C to
room temperature over 10 h. Quantitative analysis was
hampered by the partial solubility of [Ni(bipy)Me;] at
lower temperatures, leading to reaction occurring over
a wide temperature range. However, above —50 °C
signals attributable to compound 3 were observed in
varying low intensity relative to free bipy, tBUCC™eth and
decomposition products. The *H NMR spectra display
resonances attributable to 3, of which the most indica-
tive are two doublets centered at 6 4.47 and 6.65 ppm
assigned to the diastereotopic bridging methylene pro-
tons and a singlet at 6 0.13 ppm ascribed to the Ni—
CHj3 protons. After standing at room temperature for
24 h, these signals were no longer observed in the 'H
NMR spectrum. The contrast in thermal stability be-
tween 2 and 3 led us to study the thermal decomposition
of 2.

When 2 is warmed above 50 °C, decomposition is
observed with concomitant formation of 0.95 + 0.5 equiv
of methane, as determined by GCMS of the volatiles and
measurement of the pressure increase over a diphenyl-
methane solution of 2.

In related chelating bis-phosphine chemistry Yama-
moto et al. reported the thermal elimination of ethane
(although no details of gas analysis were given) from
Ni(Il) bis-phosphine dimethyl complexes and investi-
gated the rate of elimination as a function of the number
of carbon atoms bridging the phosphorus atoms.1® The
complexes [Ni(dppe)Me;] and [Ni(dppp)Me2] could be
isolated, whereas reactions using dppm or dppb gave
products resulting from elimination of ethane. It was
also observed that ethane elimination from [Ni(dppe)-
Me,] was catalyzed by nickel decomposition products
and that addition of excess tertiary phosphine retarded
this pathway, giving cleaner first-order kinetics. In our
hands decomposition of [Ni(dppe)Me2] gave ethane and
methane, as determined by GCMS analysis, in es-
sentially a 1:1 ratio. Addition of excess tertiary phos-
phine increased the ratio of ethane to methane to 9:1.
In a further report the solid-state decomposition at 110
°C of [Ni(dmpe)Me;] gave methane:ethane:ethylene
ratios of 56:39:25.2°

The decomposition rates of 2 were determined over
the temperature range 50—80 °C in toluene-dg by

(19) Kohara, T.; Yamamoto, T.; Yamamoto, A. J. Organomet. Chem.
1980, 192, 265.

(20) Kaschube, W.; Pérschke, K. R.; Wilke, G. J. Organomet. Chem.
1988, 355, 525.
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Table 3. Rate Constants for Thermal
Decomposition of 2

T (+0.5 °C) 105k (s~1) 103[2] (mol LY
50 3.77(3) 13.7
60 9.99(4) 13.7
70 25.6(2) 13.7
80 105.3(3) 13.7
70 26.0(3) 3.6
70 26.4(5) 19.27
70b 23.6(2) 13.7

a AH* = 24.1(6) kcal mol~1; AS* = —4(1) cal K- mol~1. P Added
5-fold excess of tBuUCCeth,

monitoring the decrease of the Me resonance in the 'H
NMR spectrum relative to an internal reference of
maleic anhydride flame-sealed in a glass capillary.
Decomposition of 2 displayed first-order kinetics and
was independent of the concentration of 2 and the
addition of excess BUCCeth, as shown in Table 3. Fitting
of the rate data gave AH¥ = 24.0(6) kcal mol~! and AS*
= —4.7(1) cal K1 mol~1 (cf. [Ni(dppe)Me,], with AH* =
26.8 and AS* = 1.9, and [Ni(dppp)Me,], with AH* = 25.1
kcal mol~! and AS* = 4.8 cal K1 mol1).19 The low
activation entropy and independence with respect to
concentration and excess dicarbene indicate a uni-
molecular thermal decomposition pathway for 2. The
identity and fate of the nickel product are unknown.

Ethane was not observed in the thermal decomposi-
tion experiments of 2, and addition of a 5-fold excess of
dppe to a solution of 2 also gave methane as the only
detectable gas on decomposition at 70 °C. In comparison
to the chelating bis-phosphines the absence of C—C-
coupled product can possibly be attributed to a larger
Ni—C bond strength due to the greater o-donating
capacity of N-heterocyclic carbene relative to tertiary
phosphine.?! The resulting increase in the kinetic bar-
rier to C—C relative to C—H bond formation would
account for the lack of ethane observed. The difference
in decomposition rate between 2 and 3 is not readily
rationalized. We have recently shown in the related
compounds [Ni(tBuCC™meth)Cl(PMe3)]™ and [Ni(tBuCCeth)-
CI(PMe3)]* that the bite angle of BuCC™eth is smaller
than BuCCeth by ca. 4° and that the dicarbene tBuCC™Meth
possibly exerts greater steric influence at the metal
center.!* Due to the paucity of data it is not possible to
extract meaningful trends at this time for this class of
compound with regard to the factors that govern elimi-
nation rates and product distribution. However, gener-
ally, as with chelating bis-phosphine complexes it
appears that the chemistry at the metal center is very
sensitive to the ancillary ligand.?? In general, the
electronic analogy between N-heterocyclic carbenes and
tertiary phosphines is reinforced by the similarity of 2
and 3 to analogous phosphine complexes and, in par-
ticular, the comparable rates of hydrocarbon elimina-
tion. As the study of the catalytic applications of
N-heterocyclic carbene metal complexes continues to
expand, it should be appreciated that subtle variation
of the carbene ancillary ligand may significantly modify
the chemistry at the metal center.

(21) Low, J. J.; Goddard, W. A., 111. 3. Am. Chem. Soc. 1986, 108,
6115.

(22) Dierkes, P.; van Leeuwen, P. W. M. N. J. Chem. Soc., Dalton
Trans. 1999, 1519.
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Experimental Section

General Procedures. All manipulations were performed
under nitrogen in a drybox or using standard Schlenk tech-
niques. All solvents were dried over the appropriate drying
agent and distilled under dinitrogen.?®

tBuccmeth’M tBucceth’M NiMez(PMe3)2,15 and Nl(blpy)Me217
were prepared according to published procedures. *H, *3C, and
31P NMR spectra were recorded at 500, 125.7, and 202.4 MHz,
respectively, at probe temperature on a Varian Unity 500
spectrometer. Proton spectra were referenced internally to the
residual solvent proton resonance relative to tetramethyl-
silane. Carbon spectra were referenced internally to the 3C
resonance of the solvent relative to tetramethylsilane. Phos-
phorus spectra were referenced externally to 85% HsPO,.
Elemental analyses were performed by the Microanalytical
Department of the Inorganic Chemistry Laboratory, Oxford,
U.K.

[{trans-NiMe,(PMes)} o(u-tBUCC™et)] (1). To a pale yellow
toluene solution (20 mL) of NiMe,(PMes), (0.38 g, 1.58 mmol)
was added a pale yellow toluene solution (20 mL) of tBuCCmeth
(0.41 g, 1.58 mmol) at —78 °C. The solution was warmed to 0
°C over 2 h and stirred at 0 °C for a further 4 h. The volatiles
were removed under reduced pressure and the orange residue
extracted with pentane (2 x 30 mL) to give a pale orange
solution. The extract was concentrated to 10 mL and cooled
to —20 °C to give 1 as a pale orange crystalline solid.
Concentration of the mother liquor and cooling at —20 °C gave
a second crop of crystals. Combined yield: 0.15 g, 30%. ‘H
NMR (ds-toluene, 500 MHz): 6 —0.64 (12H, d, 3Jpy = 11 Hz,
Ni—CHs), 1.05 (18H, d, 2Jpy = 8 Hz, P(CHg3)s), 1.70 (18H, s,
C(CHb3)3), 6.42 (2H, d, 33w = 2 Hz, CH), 7.42 (2H, d, 3Jpn = 2
Hz, CH), 7.90 (2H, s, CHy). 13C NMR (ds-toluene, 125.7 MHz):
0 —9.2 (bs, Ni—CHy), 13.5 (d, *Jpc = 23 Hz, P(CHs)s), 31.5
(C(CHa3)3), 57.0 (C(CHg)s), 66.1 (CH,), 119.1 (CH), 119.1 (CH),
200.23 (NCN). 3P NMR (dg-toluene, 202.4 MHz): 6 —0.6 (s,
P(CHj3)3). Anal. Found (calcd) for 2:0.5CsH1,: C, 52.6 (52.7);
H, 9.4 (9.6); N, 9.4 (8.9).

[Ni(BuCCet)Me;] (2). To a dark green toluene suspension
(20 mL) of Ni(bipy)Me, (0.70 g, 2.84 mmol) was added dropwise
a pale yellow toluene solution (20 mL) of ®BuCCet" (0.69 g, 2.87
mmol) at —78 °C that, on warming to room temperature over
16 h, gave an orange solution. The volatiles were removed
under reduced pressure to give a yellow solid which was
washed with light petroleum ether (3 x 30 mL) and recrystal-
lized from Et,O (100 mL) at —20 °C to give yellow crystals of
2. Yield: 0.75 g, 73%. *H NMR (C¢Ds, 500 MHz): 6 0.15 (6H,
s, Ni—CHs), 1.73 (18H, s, C(CHa)3), 3.29 (2H, m, CHy), 5.87
(2H, m, CHy), 6.05 (2H, d, 3Jun = 2 Hz, CH), 6.34 (2H, d, 3Jun
= 2 Hz, CH). 13C NMR (C¢Ds, 125.7 MHz): & —0.7 (Ni—CHs),
31.6 (C(CHs)s), 48.2 (N(C2H4)N), 56.8 (C(CHs)s), 117.1 (CH),
119.4 (CH), 197.6 (NCN). Anal. Found (calcd): C, 59.5 (59.5);
H, 8.6 (8.8); N, 15.6 (15.4).

[Ni(tBuCCmeth)Me,] (3). In an NMR tube a solid mixture of
Ni(bipy)Me;, (0.018 g, 0.073 mmol) and ®BuCC¢th (0.019 g, 0.073
mmol) was cooled to —196 °C, and toluene-ds (0.6 mL) was
transferred under vacuum. The NMR tube was flame-sealed
and warmed to —78 °C and the reaction monitored from —75
°C (precooled NMR probe) to 25 °C by 'H NMR spectroscopy
over 10 h. *H NMR (toluene-ds, 500 MHz): 6 0.13 (6H, s, Ni—
CHj3), 1.62 (18H, s, C(CHa)s), 4.47 (1H, d, 2Jun = 11 Hz, CHy),
6.20 (2H, bs, CH), 6.23 (2H, bs, CH), 6.65 (1H, d, 2Jun = 11
Hz, CH,).

Decomposition Studies. Yellow diphenylmethane solu-
tions (0.25 mL) of [Ni(®BuCCe¢t")Me,] (0.025 g, 0.07 mmol) or
Ni(dppe)Me; (0.025 g, 0.05 mmol) were heated at 70 °C for 2
h in an evacuated tube sealed with a Teflon stopcock. The
pressure was then recorded, and identification of the volatiles

(23) Armarego, W. L. F.; Perrin, D. D. Purification of Laboratory
Chemicals, 4th ed.; Butterworth-Heinemann: Oxford, U.K., 1997.
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evolved was achieved by GCMS. Kinetic runs were performed
in triplicate on independently prepared samples at each
temperature.

X-ray Crystallography. Crystals were isolated under
dinitrogen, covered with a polyfluoroether, and mounted on a
glass fiber. Data were collected on an Enraf-Nonius DIP2000
image plate diffractometer with graphite-monochromated Mo
Ko radiation (A = 0.710 69 A). The images were processed with
the DENZO and SCALEPACK programs.?* All solution, re-
finement, and graphical calculations were performed using the
CRYSTALS?® and CAMERON? software packages. Crystal
structures were solved by direct methods using the SIR 92
program?’ and were refined by full-matrix least squares on F.
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All non-hydrogen atoms were refined with anisotropic dis-
placement parameters, and all hydrogen atoms were generated
and allowed to ride on their corresponding carbon atoms with
fixed thermal parameters. The absolute structure of compound
2 could not be determined.
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