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ABSTRACT: Novel [Ni(TMC)CCY]+-type compounds 1−4
[TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane; Y
= SiMe3 (1), SiiPr3 (2), Ph (3), and C2H (4)] have been
synthesized and characterized. Single-crystal X-ray diffraction
studies revealed that these compounds adopt a distorted square-
pyramidal geometry, with the acetylide ligand occupying the
apical position and a RSRS isomer for the TMC ligand. The room
temperature magnetic properties of 1−4 are consistent with an S
= 1 ground state, as corroborated by CASSCF and density functional theory calculations, which indicate that the singly occupied
molecular orbitals are dz2 and dx2−y2.

■ INTRODUCTION
The coordination chemistry of the macrocyclic ligand 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC) has been
studied extensively since its discovery in 1973.1−3 The
coordination chemistry of TMC covers a broad range of
transition metals including iron, ruthenium, platinum, copper,
manganese, and cobalt.2 The modeling of dioxygen activation
by nonheme metalloenzymes based on TMC compounds has
been a recent focus.4 In comparison, the organometallic
chemistry of Ni(TMC) has been less studied and is of interest
to us. Fascinating examples of organic transformations
facilitated by Ni(TMC) species include stoichiometric reactions
between [Ni(TMC)]+ and disubstituted alkanes to produce
alkenes,5 reductive dehalogenation of 1,3-dichloropropane
catalyzed by [Ni(TMC)]2+ immobilized in Nafion,6 and
electrocatalytic cyclization of bromoalkoxylated derivatives by
[Ni(TMC)]+.6,7 Notably, Ni(TMC) has also been of use in
biomimetic studies,8 including the organometallic complex
[Ni(TMC)CH3]

+ as a functional mimic of acetyl-CoA.9−11

Curiously, transition-metal acetylide compounds with TMC
as the auxiliary ligand remain unknown to date. Building on the
earlier successes in the chemistry of diruthenium acetylides,12

our laboratory staff has explored the synthesis and properties of
acetylide compounds based on 3d metal cyclam (cyclam =
1,4,8,11-tetraazacyclotetradecane) motifs with CrIII,13 FeIII14

and CoIII metal centers.15 It is thus of interest to extend the
alkynylation chemistry to metal-TMC [M(TMC)] compounds,
and nickel is an appealing choice because of the variety of
coordination chemistry for NiII(TMC).3,4,16,17

The chemistry of nickel acetylides has a long history and
dates back to the synthesis of [Ni(CCR)4]

2− by Nast in the
1950s.18 Humphrey and co-workers explored a variety of nickel
acetylides as second- and third-order nonlinear-optical
chromophores.19 Cotton et al. reported several examples of
the Ni3(dpa)4-type compounds (dpa = 2,2′-dipyridylamide)
bearing axial arylacetylide ligands.20 Other recent examples

include explorations of the reactivity of nickel acetylides toward
the electron acceptor 7,7,8,8-tetracyanoquinodimethane,21 their
catalytic alkyne polymerization,22 and catalytic cross-couplings
between alkyl halides and alkynyl Grignard reagents.23

Described herein are the preparation and characterization of
the first examples of transition-metal-TMC acetylide com-
pounds, Ni(TMC) acetylides 1−4 (Scheme 1). These
compounds are also the only examples of NiII(TMC)
organometallic derivatives since the initial report of [Ni-
(TMC)CH3]

+ by D’Aniello and Barefield.16

■ RESULTS AND DISCUSSION
As shown in Scheme 1, monoacetylide compounds 1−4 were
prepared from the reaction between [Ni(TMC)Cl]Cl24 and the
appropriate lithium acetylide. Compounds 1 and 2 were
prepared using 3 equiv of LiC2SiMe3 and LiC2Si

iPr3 and
isolated as mint-green powders in yields of 45% and 78%,
respectively. Compound 3 was prepared using 2.4 equiv of
LiC2Ph and isolated as a mint-green powder in a yield of 60%.
Compound 4 was prepared from 2.1 equiv of LiC4SiMe3 and
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Scheme 1. Synthesis of NiII(TMC) Acetylides
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isolated as an emerald-green powder in a yield of 61%. In some
instances, [Ni(TMC)OTf]OTf24 (OTf = trifluoromethanesul-
fonate) was used as the starting material for easier purification
and crystallization, which led to the isolation of compounds
with a OTf counterion (1b and 4b). When a stoichiometric
amount of lithium reagent was used, a substantial amount of
unreacted starting material was detected by electrospray
ionization mass spectrometry (ESI-MS) in the reaction mixture.
Additional lithium reagent was added until complete
consumption of the starting material, as indicated by ESI-MS.
It is worth noting that the use of n-BuLi or lithiated acetylide in
significant excess would lead to the displacement of nickel from
TMC, with both Li(TMC) and free TMC being the
predominant species in ESI-MS, and result in less or no
product. All [Ni(TMC)(C2R)]X compounds appear to be
stable indefinitely under ambient conditions. Room temper-
ature magnetic susceptibility measurements of solid samples
yielded effective magnetic moments of 2.94, 2.83, 2.97, and 2.75
μB for compounds 1−4, respectively, which are consistent with
a high-spin NiII center (S = 1). All compounds were
authenticated using both ESI-MS and elemental analysis.
Compounds 1−4 crystallize readily via slow diffusion of a

nonpolar solvent into a tetrahydrofuran (THF) or CH2Cl2
solution, and compounds 2−4 were further characterized with
single-crystal X-ray diffraction. Cations 2+ and 3+ were
crystallized as the chloride salts, while cation 4+ was crystallized
with a triflate ion (4b). In each of the three cases, the
asymmetric unit contains an independent molecule. The
molecular structures of 2+, 3+, and 4+ are shown in Figures
1−3, respectively, and the selected bond lengths and angles are
collected in Table 1.

All three cations exhibit Ni−N bond lengths of ca. 2.15 Å,
which are comparable to those of [Ni(TMC)Cl]Cl24 and
[Ni(TMC)CH3](BArF)(BArF

− = [B(3,5-(CF3)2C6H3)4]
−).10

The Ni−C1 bond of 4+ [2.001(7) Å] is slightly elongated from
those of 3+ [1.985(2) Å] and 2+ (1.975 Å). All three cations
have shorter Ni−C bonds than that found for [Ni(TMC)-

CH3]
+ [2.04(1) Å],10 and the shortening is due to the

difference between sp-C and sp3-C. The CC bond lengths in
2+−4+ fall within the expected range for triple bonds.25

As shown in Figures 1−3, the coordination spheres of the
NiII center in 2+−4+ are best described as a square pyramid,
with four N centers occupying the basal positions and the
acetylide assuming the apical position. The square pyramid
appears to be distorted toward trigonal-bipyramidal geometry
upon close examination of the N−Ni−N angles. The degree to
which the Ni center is “buckled” out of the TMC ring can be
gleaned from the N1−Ni−N3 and N2−Ni−N4 angles in each
compound (Scheme 2c). For instance, the Ni center in 2+ is
displaced by roughly 0.65 Å with respect to N1 and N3 (N1−
Ni−N3 of ca. 144°) and 0.19 Å with respect to N2 and N4
(N2−Ni−N4 of ca. 170°), resulting in an average displacement

Figure 1. ORTEP plot of 2+ at the 30% probability level. H atoms
were omitted for clarity.

Figure 2. ORTEP plot of 3+ at the 30% probability level. H atoms
were omitted for clarity.

Figure 3. ORTEP plot of 4+ at the 30% probability level. H atoms
were omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Bond Angles (deg)
for 2+, 3+, and 4+

2+ 3+ 4+

Ni1−C1 1.975(3) 1.985(2) 2.000(6)
Ni1−N1 2.111(3) 2.1068(2) 2.160(5)
Ni1−N2 2.161(3) 2.2034(2) 2.128(4)
Ni1−N3 2.112(3) 2.1324(2) 2.193(5)
Ni1−N4 2.189(3) 2.1623(2) 2.133(5)
C1−C2 1.187(5) 1.192(3) 1.189(8)
C2−C3 1.389(8)
C3−C4 1.190(9)

Ni1−C1−C2 176.6(3) 175.0(2) 176.6(6)
C1−Ni1−N1 109.64(2) 110.83(8) 95.2(2)
C1−Ni1−N2 94.38(1) 93.64(8) 109.5(2)
C1−Ni1−N3 105.97(1) 104.75(9) 94.9(2)
C1−Ni1−N4 95.43(1) 95.94(8) 104.9(2)
N1−Ni1−N3 144.40(1) 144.40(7) 169.94(2)
N2−Ni1−N4 170.18(1) 170.42(7) 145.58(2)

Scheme 2. Depiction of the Dihedral Angles in the
Equatorial (Edges e1−e3, a) and Axial (Edges a1-a6, b)
Positions Used To Determine the Geometry of 2+−4+ (a and
b) and Calculation of the Buckling Seen for the Ni Center
with Respect to N1−N3 and N2−N4 (c)
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of 0.42 Å. Similarly, the Ni center in 3+/4+ is displaced by
approximately 0.65/0.19 Å with respect to N1 and N3 and
0.18/0.63 Å with respect to N2 and N4.
In order to determine the degree to which the distortion

favored either geometry, the structures were further analyzed
using the method of Meutterties and Guggenberger.26 To use
this method, the dihedral angles of a complex are compared to
known compounds that span the Berry rearrangement pathway
(D3h → C4v); from the comparison, one can deduce where a
complex falls within the pathway. The dihedral angles used are
indicated by the line of intersection between two planes, as
shown in Scheme 2a,b. The dihedral angles of 2+−4+ are given
in Table 2, as are those for an ideal square pyramid and an ideal

trigonal bipyramid, while complexes that span the full pathway
can be found in ref 26. The dihedral angles gathered suggest
that the geometry of 2+−4+ is neither an ideal trigonal
bipyramid nor a square pyramid but rather falls in the middle of
the Berry rearrangement pathway. This conclusion is further
validated using the technique of Addison and co-workers, in
which they defined the geometric parameter τ (eq 1, where α is
the smallest N1/2−Ni−N3/4 angle and β is the largest N1/2−
Ni−N3/4 angle) as an index for the degree of distortion
between the trigonal-bipyramidal (τ = 1) and square-pyramidal
(τ = 0) geometries.27 The values of τ for 2+−4+ are 0.43, 0.43,
and 0.41.

τ β α= −
60 (1)

The stereoisomer of the TMC ligand also merits a brief
comment: the RSRS isomer is established unambiguously for
compounds 2−4 reported herein (see Scheme 1 and Figures
1−3), as well as for the nickel(II) compounds developed by
Tatsumi et al.24,28 In contrast, [Ni(TMC)CH3]

+, exists as a
60:40 mixture of the RSRS and RRSS isomers in the solid
state.10 Like cyclam complexes, M(TMC) complexes have five
possible stereoisomers, as shown in Scheme 3, with the most
common stereoisomer for TMC being RSRS. The introduction
of the methyl groups leads to steric strain within the ligand,
causing it to “buckle”, which has been shown to sterically shield
a fifth ligand in M(TMC) complexes, thereby increasing the
complexes’ stability.3,4

The UV−vis spectra of 1 and 2 are quite similar, and both
exhibit two d−d transition peaks (between 400 and 450 nm
and at 650−700 nm), as shown in Figure 4. Compounds 3 and
4 also exhibit two d−d transitions, albeit the higher energy d−d
bands appear as shoulders instead. The appearance of two d−d
transitions in all four compounds is consistent with the spectral

characteristics noted for the precursor compound [Ni(TMC)-
Cl]Cl (423 and 707 nm).24 Similar to [Ni(TMC)CH3]-
(BArF4),

11 the transition observed below 400 nm for 1 and 2 is
likely attributed to the σ(C) → σ(Ni) charge transfer.
Complexes 3 and 4 also exhibit the σ(C) → σ(Ni) charge
transfer with additional shoulders. Although not shown in
Figure 4, all four compounds exhibit an intense peak (ε > 103

M−1 cm−1) below 300 nm that is assigned to the N → Ni
charge-transfer band.11

The redox activity of compounds 1−4 was examined with
cyclic voltammetry measurements, and the results for
compounds 1−4 and [Ni(TMC)Cl]Cl are shown in Figure 5.
All four compounds display an irreversible one-electron
reduction attributed to the NiII/I couple (A), as well as a
broad, irreversible one-electron oxidation assigned as the NiIII/II

couple (B). The one-electron reduction remains irreversible
with scan rates up to 1 V s−1 (Figure S1 in the Supporting
Information), indicating a fast chemical step upon reduction.
The A couple of compounds 1−4 appears in a narrow range
from −1.89 to −1.99 V. Interestingly, the A couple in
compound 4 is anodically shifted to −1.78 V because
butadiynyl is more electron-deficient than ethynyl, in agree-
ment with the structural data. In comparison, [Ni(TMC)Cl]Cl
displays a (quasi)reversible reduction at −1.35 V, and, likewise,
[Ni(TMC)CH3]

+ exhibits a (quasi)reversible reduction at −1.0
V (vs Ag/AgCl).10 The cathodic shift of the electrode
potentials for acetylide compounds is clearly attributed to the
increase in the σ donation upon going from a chloro to an
acetylide apical ligand (Table 3). The cause of the irreversibility
is unclear to us.
In order to further understand the electronic structures of

Ni(TMC) acetylide complexes, spin-unrestricted density func-

Table 2. Dihedral Angles (deg) for 2+−4+, an Ideal Square
Pyramid, and an Ideal Trigonal Bipyramid26

2+ 3+ 4+
ideal square
pyramid

ideal trigonal
bipyramid

e1 63.46 64.37 62.12 75.7 53.1
e2 61.59 60.47 64.85 75.7 53.1
e3 23.99 24.25 23.03 0.0 53.1
a1 113.61 113.23 113.72 119.8 101.5
a2 94.57 94.14 95.48 75.7 101.5
a3 113.03 113.61 113.8 119.8 101.5
a4 111.93 111.12 116.22 119.8 101.5
a5 94.50 94.70 95.16 75.7 101.5
a6 115.98 116.28 111.61 119.8 101.5

Scheme 3. TMC Stereoisomers as Adapted from Reference 2

Figure 4. UV−vis absorption spectra of compounds 1−4 in CH2Cl2.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b01883
Inorg. Chem. 2015, 54, 10058−10064

10060

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01883/suppl_file/ic5b01883_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01883/suppl_file/ic5b01883_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.5b01883


tional theory (DFT) calculations were performed at the
B3LYP/LanL2DZ level using the Gaussian03 software pack-
age.29 Geometry optimizations were performed for the cationic
compounds 2+−4+ in the S = 1 ground state using the X-ray
structures of 2−4 as the starting point. Structures were
confirmed as minima by means of harmonic vibrational
analysis. For compound 2+, the −SiMe3 moiety on the acetylide
was replaced with −H. DFT-optimized structures will be
referred to as 2′−4′. Additionally, complete active space self-
consistent-field calculations with corrections from second-order
perturbation theory (CASSCF/CASPT2)30 were performed for
4′ to ensure that additional electronic states were not
contributing to the ground state, particularly configurations
involving excitations onto the butadiynyl group.
The optimized bond lengths within the nickel coordination

spheres of 2′−4′ are in good agreement with those from the
crystal structures. The average Ni−N bond length is slightly
elongated to approximately 2.21 Å in all three models. The C
C bond lengths are elongated to approximately1.24 Å for 2′
and 3′ and 1.25/1.23 Å (C1−C2/C3−C4) for 4′. The Ni
center is also slightly more buckled for 2′/3′/4′ by 0.68 Å/0.70
Å/0.20 Å with respect to N1/N3 and by 0.21 Å/0.23 Å/0.68 Å
with respect to N2/N4 but is consistent with the geometry seen
in the crystal structures. Deviations of this magnitude are
expected given that crystal-packing effects were not accounted
for in our DFT optimization.

Selected frontier molecular orbitals (MOs) for 2′−4′ are
shown in Figure 6a−c, respectively. The singly occupied
molecular orbitals SOMO and SOMO−1 are dominated by
contributions from the dx2−y2 and dz2 orbitals, respectively, as
one would expect for a d8 ion in a square-pyramidal geometry.
As seen in Figure 6, the SOMOs for 4′ are more stabilized than
those for 2′ and 3′, as is expected with the increase in the
acetylenic units; this is in agreement with the anodic shift in the
reduction potentials from 1−3 to 4. While HOMO−2 and
HOMO−3 of 2′ and 4′ contain the contributions from the
linear combinations of dyz and dxz, they are dominated by the
π(CC) orbitals of the butadiyne. Note that HOMO−3 for 3′
only shows a contribution from a π orbital that is localized on
the phenyl ring, and there is no metal contribution. HOMO−2
and HOMO−4 for 3′, however, follow the same trend as that
seen for HOMO−2 and HOMO−3 of 2′ and 4′. The dyz/dxz
and π(CC) orbitals are of opposite signs, consistent with the
fact that π interactions in metal acetylides are primarily of the
filled−filled type.31 The MOs with dominant dxy, dyz, and dxz
character are not included in the frontier MOs shown in Figure
6 because they lie lower in energy.
Furthermore, we have performed high-level CASSCF/

CASPT2 calculations, and these results are consistent with
DFT. CASSCF is a multiconfigurational method, and as such
more than one electron configuration is considered at the same
time (see ref 31 for a further explanation of the method).32,33

For 4′, the active space includes the πg and πu orbitals (four
orbitals) and their antibonding pairs (four orbitals) on the
acetylide along with the five 3d orbitals for a total of 13 orbitals
(see Figure 7). The corresponding number of electrons in the
active space is 16 because of the NiII d8 metal and the four
doubly occupied π orbitals. By comparing Figures 6c and 7, we
can see that the SOMOs are localized on the metal center in
both cases. Additionally, the set of orbitals immediately under
the SOMOs are the πu orbitals. In the CASSCF calculation, this
set of orbitals has a lower occupation number, indicating that
these orbitals are “less occupied” than the πg orbitals, which
correlates with the orbitals being higher in energy. Therefore,
the CASSCF results yield the same description as DFT, which
is not particularly surprising because the πu

4πu
4d2 electronic

configuration contributes 87% to the total wave function (all
other configurations contribute less than 1% each). As in DFT,
the dxy orbital lies very low in energy and consequently does
not remain in the active space following orbital optimization.

■ CONCLUSION
The successful synthesis of new compounds 1−4 revealed the
feasibility of alkynylation chemistry of Ni(TMC), which affords
monoacetylide selectively. In comparison, the acetylide
chemistry of M(cyclam) is dominated by the formation of
bis-acetylides. Given the abundance of both [M(TMC)X]X and
M(TMC)X2 (M = 3d metal; X = halide) type compounds, the
potential to extend the synthetic chemistry developed here to
compounds based on other 3d metals or structurally
sophisticated acetylides is unlimited, and a further investigation
is currently underway.

■ EXPERIMENTAL SECTION
General Procedures. Phenylacetylene, (triisopropylsilyl)-

acetylene, (trimethylsilyl)acetylene, and 1,4-bis(trimethylsilyl)-
butadiyne were purchased from GFS Chemicals. 1,4,8,11-Tetraazacy-
clotetradecane was purchased from Matrix Scientific, from which
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC) was

Figure 5. Cyclic voltammograms recorded for [Ni(TMC)Cl]Cl and
compounds 1−4 in a 0.20 M Bu4NPF6/acetonitrile solution at a scan
rate of 100 mV s−1. The triflate salt of 1 (1b) was used because of the
solubility issue; chloride salts were used for the other compounds.

Table 3. Electrode Potentials (V) for [Ni(TMC)Cl]Cl and
1−4

Epa(B) Epc(A)

[Ni(TMC)Cl]Cl 0.81 −1.35
1b 0.87 −1.93
2 0.80 −1.99
3 0.71 −1.89
4a 0.75 −1.78
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prepared according to the literature procedure.1 Nickel starting
materials [Ni(TMC)Cl]Cl and [Ni(TMC)(OTf)](OTf) were pre-
pared using the literature procedure.1,24 Tetrahydrofuran (THF) was
freshly distilled over Na/benzophenone. All reactions were performed
under a dry dinitrogen atmosphere, implementing standard Schlenk

procedures unless otherwise noted. UV−vis spectra were obtained
with a JASCO V-670 spectrophotometer in CH2Cl2 solutions. Fourier
transform infrared (FT-IR) spectra were measured on neat samples
with a JASCO FT-IR-6300 spectrometer. Electrospray ionization mass
spectrometry (ESI-MS) spectra were recorded on a Waters 600 LC/
MS. Magnetic susceptibility measurements were conducted using a
Johnson Matthey Mark-I magnetic susceptibility balance. Cyclic
voltammograms were recorded in a 0.2 M (n-Bu)4NPF6 solution
(MeCN, N2-degassed) on a CHI620A voltammetric analyzer with a
glassy carbon working electrode, a platinum wire auxiliary electrode,
and a Ag/AgNO3 reference electrode with ferrocene used as an
external reference (E1/2 = 0.097 V, acetonitrile). The concentration of
Ni(TMC) species was always 1.0 mM.

General Synthetic Procedure. To a 100 mL Schlenk flask
containing [Ni(TMC)X]X (X = Cl or OTf) in THF was added the
appropriate lithiated acetylide in excess, yielding an emerald-green
solution, which, in some instances, became brown overnight. The
reaction mixture was filtered over Celite, and the product was purified
over a deactivated silica gel pad with a CH2Cl2/MeOH [5:1 (v/v)]
eluent. The crude products were recrystallized from THF/ether.

[Ni(TMC)(C2SiMe3)]X (1). (a) The reaction between 0.050 g of
[Ni(TMC)Cl]Cl (0.13 mmol) and 3 equiv of LiC2SiMe3 is given.
Recrystallization from THF/ether yielded 0.026 g of [Ni(TMC)-
(C2SiMe3)]Cl (1a; 0.058 mmol, 45% based on [Ni(TMC)Cl]Cl).
UV−vis [λmax, nm (ε M−1 cm−1)]: 669 (56), 418 (100), 327 (260).
FT-IR [ν(CC), cm−1]: 2023 (m). (b) The reaction between 0.502 g
of [Ni(TMC)OTf]OTf (0.82 mmol) and 2.5 equiv of LiC2SiMe3
yielded 0.074 g of [Ni(TMC)C2SiMe3]OTf (1b; 0.13 mmol, 16%
based on [Ni(TMC)OTf]OTf). Elem anal. Found (calcd) for
[Ni(TMC)(C2SiMe3)]OTf: C, 42.49 (42.79); H, 7.23 (7.36); N,
9.82 (9.98).

[Ni(TMC)(C2Si
iPr3)]Cl (2). The reaction between 0.206 g of

[Ni(TMC)Cl]Cl (0.53 mmol) and 3 equiv of LiC2Si
iPr3 resulted in

0.222 g of 2 (0.42 mmol, 78% based on [Ni(TMC)Cl]Cl). UV−vis
[λmax, nm (ε, M−1 cm−1)]: 655 (74), 416 (92), 334 (330). FT-IR

Figure 6. Frontier MO diagrams obtained from DFT calculations at an isovalue of 0.05 for (a) 2′, (b) 3′, and (c) 4′.

Figure 7. Active natural orbitals and corresponding occupation
numbers from the (16,13) CASSCF calculation for 4′.
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[ν(CC), cm−1]: 2037 (m). Elem anal. Found (calcd) for
[Ni(TMC)(C2Si

iPr3)]Cl·H2O: C, 54.59 (54.60); H, 10.12 (10.08);
N, 10.15 (10.18).
[Ni(TMC)(C2Ph)]Cl (3). The reaction between 0.100 g of [Ni-

(TMC)Cl]Cl (0.26 mmol) and 2.5 equiv of LiC2Ph resulted in 0.071 g
of 3 (0.16 mmol, 60% based on [Ni(TMC)Cl]Cl). UV−vis [λmax, nm
(ε, M−1 cm−1)]: 667 (65), 412 (sh), 372 (140). FT-IR [ν(CC),
cm−1]: 2093 (m). Elem anal. Found (calcd) for [Ni(TMC)C2Ph]Cl·
2H2O: C, 54.46 (54.18); H, 8.34 (8.47); N, 11.50 (11.49).
[Ni(TMC)(C4H)]X (4). (a) The reaction between 0.103 g of

[Ni(TMC)Cl]Cl (0.27 mmol) and 2.1 equiv of LiC4SiMe3 yielded
0.065 g of [Ni(TMC)(C4H)]Cl (4a; 0.16 mmol, 60% based on
[Ni(TMC)Cl]Cl). Although [Ni(TMC)(C4SiMe3)]

+ was observed as
a minority product in ESI-MS of the crude product in addition to 4+ as
the major product, it was no longer detected after the workup. UV−vis
[λmax, nm (ε, M−1 cm−1)]: 649 (76), 404 (sh), 351 (220), 324 (sh).
FT-IR [ν(CC), cm−1]: 2132 (m), 2142 (w). Elem anal. Found
(calcd) for [Ni(TMC)C4H]Cl·0.5H2O: C, 52.83 (52.91); H, 8.49
(8.39); N, 13.71 (13.71). (b) The reaction between 0.200 g of
[Ni(TMC)OTf]OTf (0.33 mmol) and 3.0 equiv of LiC4SiMe3 yielded
0.097 g of [Ni(TMC)(C4H)]OTf (4b; 0.19 mmol, 57% based on
[Ni(TMC)OTf]OTf).
Computational Details. Spin-unrestricted DFT calculations were

performed with the B3LYP functional and LANL2DZ basis set, as
implemented in the Gaussian 03 program.29 The calculations were
performed using the model compounds 2′−4′ based on the crystal
structures of 2, 3, and 4b; the −SiMe3 group in 2 was replaced with
−H to construct the model compound 2′. The structures 2′−4′ were
confirmed as local minima by computing the vibrational frequencies.
CASSCF/CASPT2 calculations were performed for 4′. Scalar
relativistic effects were treated through the use of the Douglas−
Kroll−Hess Hamiltonian, and ANO-RCC basis sets of triple-ζ quality
were employed for nickel (6s5p3d2f1g) and nitrogen (4s3p2d1f),
while carbon (3s2p1d) was treated with a double-ζ basis set and
hydrogen with a minimal basis set.33 All calculations were performed
using the Molcas 7.9 software package.34 Cholesky decomposition was
used in combination with local exchange screening to reduce the cost
of the two-electron integrals.35

X-ray Structural Analysis of 2−4. Single crystals of compound 2
suitable for X-ray structural determination were grown via slow
diffusion of diethyl ether into a concentrated THF solution, and those
of 3 and 4 were grown via slow diffusion of hexanes into a
concentrated CH2Cl2 solution. X-ray diffraction data for 2−4 were all
collected on a Rigaku Rapid II image-plate diffractometer using Cu Kα
(λ = 1.54184 Å) at 200 K (Table 4), and the structure was solved
using the structure solution program PATTY in DIRDIF9936 and
refined using SHELX-07.37
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