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ABSTRACT: In the current investigation, reactions of the
“bow-tie” Ni(η2-TEMPO)2 complex with an assortment of
donor ligands have been characterized experimentally and
computationally. While the Ni(η2-TEMPO)2 complex has
trans-disposed TEMPO ligands, proton transfer from the C−H
bond of alkyne substrates (phenylacetylene, acetylene,
trimethylsilyl acetylene, and 1,4-diethynylbenzene) produce
cis-disposed ligands of the form Ni(η2-TEMPO)(κ1-
TEMPOH)(κ1-R). In the case of 1,4-diethynylbenzene, a
two-stage reaction occurs. The initial product Ni(η2-TEMPO)-
(κ1-TEMPOH)[κ1-CC(C6H4)CCH] is formed first but can
react further with another equivalent of Ni(η2-TEMPO)2 to form the bridged complex Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-κ1-
CC(C6H4)CC]Ni(η

2-TEMPO)(κ1-TEMPOH). The corresponding reaction with acetylene, which could conceivably also yield a
bridging complex, does not occur. Via density functional theory (DFT), addition mechanisms are proposed in order to
rationalize thermodynamic and kinetic selectivity. Computations have also been used to probe the relative thermodynamic
stabilities of the cis and trans addition products and are in accord with experimental results. Based upon the computational results
and the geometry of the experimentally observed product, a trans−cis isomerization must occur.

■ INTRODUCTION

Since its discovery in 1960, the stable radical 2,2,6,6-
tetramethylpiperidine-N-oxide (TEMPO)1 has been shown to
be a valuable tool in the fields of radical polymerization,2

oxidation reactions, and catalysis,3 as well as in electron spin
resonance (ESR) studies utilizing nitroxide spin probes.4 The
coordination chemistry of this paramagnetic species has also
been shown to afford complexes adopting both η1 and η2

bonding motifs.5

Lately, a few metal-TEMPO complexes exhibiting both
catalytic and stoichiometric reactions have garnered much
visibility.6 For example, a recent report shows the elimination of
NO gas from a Ni-bipy complex upon reaction with TEMPO.6d

Stahl has shown that a (bipy)CuI/TEMPO catalyst system with
NMI (bpy = 2,2′-bipyridine, NMI = N-methylimidazole) is an
efficient catalyst for the aerobic oxidation of alcohols to
aldehydes and ketones, which rivals the activity and selectivity
of palladium catalytic systems.6a,b In another example, an Fe-
TEMPO complex has been investigated for the oxidation of
9,10-dihydroanthraquinone and also primary and secondary
alcohols, with a mechanism involving proton atom transfer
from the organic substrate to the nitrogen atom of the κ1-
coordinated TEMPO ligand.6c A recent report also shows the

oxygen atom transfer capability of an Fe-TEMPO complex,
which leads to formation of an Fe(III) oxo intermediate.6h

We recently reported the preparation of the complex Ni(η2-
TEMPO)2 (1), which contains exclusively TEMPO ligands.7

Subsequent reactions of complex 1 with donor ligands such as
tert-butyl isocyanide and phenylacetylene proceeded in a facile
manner to yield the complexes Ni(η2-TEMPO)(η1-TEMPO)-
(κ1-CNtBu) (2) and Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCPh)
(3). The reactivity of complex 1 is assisted by the TEMPO
ligand to transform from an η2 binding mode to an η1 binding
mode. Furthermore, the formation of 3 was surprising, as this
reaction included proton transfer from phenyl acetylene to a
coordinated TEMPO ligand. Herein, we report that 1 also
reacts with other donor ligands, including pyridine, acetylene,
trimethylsilyl acetylene, and 1,4-diethynylbenzene, as depicted
in Scheme 1.

■ EXPERIMENTAL SECTION
General Data. Unless indicated otherwise, all reactions were

performed under an atmosphere of argon. Reagent-grade solvents were
dried by the standard procedures and were freshly distilled prior to
use. Solution-phase infrared spectra were recorded on a Nicolet 380
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FT-IR spectrophotometer. Single-crystal FTIR spectra were obtained
on a Perkin−Elmer Spectrum 400 using a Perkin−Elmer Universal
ATR Sampling Accessory. 1H NMR spectra were recorded on a Bruker
400 spectrometer operating at 399.993 MHz. 2D [1H, 15N] HSQC
NMR were collected on a Bruker Avance-IIIHD 500 NMR
spectrometer operating at 500.21 MHz for 1H and 50.69 MHz for
15N at the University of South Carolina. Elemental analyses were
performed by Columbia Analytical Services (Tucson, AZ). Electro-
spray mass spectrometric measurements were obtained on a Bruker
micrOTOF-Q II. Bis(1,5-cyclooctadiene)nickel, Ni(COD)2, was
purchased from Strem Chemicals, used without further purification,
and stored and handled in a drybox. TEMPO (2,2,6,6-tetramethylpi-
peridine-N-oxide), tert-butyl isocyanide, and phenylacetylene were
purchased from Alfa Aesar and used without further purification. 1,4-
Diethynylbenzene was purchased from TCI and used without further
purification. Atomic-absorption-grade acetylene and argon (UHP
grade) were purchased from AirGas and used without further
purification. Phenylacetylene-d1 (99%), pyridine, and trimethylsilyl
acetylene were purchased from Sigma−Aldrich and used without
further purification. The syntheses of Ni(η2-TEMPO)2, (complex 1),
Ni(η2-TEMPO)(η1-TEMPO)(κ1-CNtBu), (complex 2), and Ni(η2-
TEMPO)(κ1-TEMPOH)(κ1-CCPh), (complex 3) have been pre-
viously described,7 but have been slightly modified under further
investigation.
Synthesis of Ni(η2-TEMPO)2 (1). A 100 mg (0.36 mmol) amount of

Ni(COD)2 and 115 mg (0.72 mmol) of TEMPO were loaded into a
Schlenk flask. Thirty milliliters (30 mL) of hexane solvent was then
added to the flask using a cannula. The stirred solution changed color
from light orange to deep purple as it was heated to reflux, for ∼5 min.
The solvent was then removed in vacuo, and the residue was dissolved
in 4 mL of diethyl ether, filtered into a glass vial, and placed in a −25
°C freezer in a drybox. Evaporation of solvent afforded 105 mg (78%
yield) of purple crystalline blocks of Ni(η2-TEMPO)2. Spectral data
for 1: 1H NMR (C6D6 in ppm): δ = 2.39 (s, 12 H, 4 CH3), 1.36 (s, 12
H, 4 CH3), 1.40−1.25 (m, broad, 12 H, 6 CH2). Mass spectroscopy
ES+/MS calculated for [M+ + CH3CN], 412; found 412. The isotope
distribution is consistent with the presence of one Ni atom.

Synthesis of Ni(η2-TEMPO)(η1-TEMPO)(κ1-CNtBu) (2). A 40 mg
(0.108 mmol) amount of Ni(η2- TEMPO)2 was loaded into a side arm
Schlenk flask and dissolved in 20 mL of hexane, after which 10 mg
(0.125 mmol) of tBuNC was added, resulting in an immediate color
change from purple to dark red. The reaction mixture was stirred at
room temperature for 10 min. The volatiles were removed in vacuo
and the residue was dissolved in 2 mL of diethyl ether, filtered into a
glass vial, and placed in a −25 °C freezer in a drybox. Evaporation of
solvent afforded 44 mg (90% yield) of red crystalline blocks of Ni(η2-
TEMPO)(η1-TEMPO)(κ1-CNtBu). Spectral data for 2: IR νCN (cm−1,
in hexane) 2169. 1H NMR (toluene-d8 in ppm): δ = 2.46 (s), 2.43−
1.00 (broad), 1.55 (s), 1.50−1.20 (broad), 1.19−1.02 (broad
multiplet), 0.95 (s). Note: The 1H NMR spectrum at room
temperature indicates some dynamical processes in solution (see
Figure S1 in the Supporting Information). Mass spectroscopy EI/MS:
m/z calculated for M+ = 453; found 453; calcd (M+-tBuNC) = 370 (=
Ni(η2-TEMPO)2); found 370. The isotope distribution is consistent
with the presence of one Ni atom.

Synthesis of Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCPh) (3). A 40 mg
(0.108 mmol) amount of Ni(η2-TEMPO)2 was loaded into a side-arm
Schlenk flask and dissolved in 20 mL of hexane. Twelve milligrams (12
mg) (0.117 mmol) of phenylacetylene was added and the reaction
mixture was stirred at room temperature for 1 h, during which time the
color changed from purple to light red. The volatiles were then
removed in vacuo and the residue dissolved in 2 mL of diethyl ether,
filtered into a glass vial, and placed in a −25 °C freezer in a drybox.
Evaporation of solvent afforded 37 mg (73% yield) of red crystalline
blocks of Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCPh). Spectral data for
3: FTIR (single crystal) ν(CC), 2079 (s) cm−1; ν(N−H), 3675−3100
(broad) cm−1. FTIR ν(CC) (cm

−1 in hexane): 2074 (s). 1H NMR
(C6D6 in ppm): δ = 7.62 (s, 1 H, N−H), 7.50 (d, 2 H, Ph), 7.10 (t, 2
H, Ph), 6.96 (t, 1 H, Ph), 3.10 (s, 6 H, 2 CH3), 2.11 (s, 6 H, 2 CH3),
1.76 (br, 2 H, CH2), 1.29 (s, 8 H, 2 CH3 and 1 CH2), 1.08 (m, 6 H, 3
CH2), 0.90 (s, 8 H, 2 CH3 and 1 CH2). 2D [1H, 15N] HSQC NMR
toluene-d8,

1J(15N−H) = 78 Hz between atoms N2 and H1 (see
Figure S2 in the Supporting Information). Mass spectroscopy ES+/MS

Scheme 1
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calculated for [M + H]+ = 473; found 473. The isotope distribution is
consistent with the presence of one Ni atom.
Synthesis of Ni(η2-TEMPO)(η1-TEMPO)(κ1-NC5H5) (4). A 40 mg

(0.108 mmol) amount of Ni(η2-TEMPO)2 was loaded into a side-arm
Schlenk flask and dissolved in 20 mL of hexane. Excess pyridine (0.1
mL) was added and the reaction mixture immediately changed color
from purple to dark brown. The volatiles were then removed in vacuo
and the residue dissolved in 2 mL of diethyl ether with a drop of
pyridine, filtered into a glass vial, and placed in a −25 °C freezer in a
drybox. Evaporation of solvent afforded 46 mg (95% yield) of brown
blocks of Ni(η2-TEMPO)(η1-TEMPO)(κ1-NC5H5). Spectral data for
4: 1H NMR (C6D6 in ppm, pyridine peaks and integrations not listed
due to dynamical processes): δ = 2.96 (s), 2.35 (s), 3.0−1.8 (broad),
1.54 (s), 1.35 (s). 1H NMR (NC5D5 in ppm, pyridine peaks and
integrations not listed due to dynamical processes): δ = 3.03 (s), 2.38
(s), 3.0−1.8 (broad), 1.55 (s), 1.36 (s), 1.19 (s) (see Figure S3 in the
Supporting Information). Mass spectroscopy ES+/MS calculated for
[M]+ = 450 m/z; found 450 m/z. The isotope distribution is
consistent with the presence of one Ni atom. It should be noted that
additional peaks with higher molecular weights were also present in
the mass spectrum, presumably because of decomposition in the
spectrometer. Similarly, reliable elemental analysis results were not
obtained for this relatively unstable compound.
Synthesis of Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCH) (5). A 40 mg

(0.108 mmol) amount of Ni(η2-TEMPO)2 was loaded into a side-arm
Schlenk flask and dissolved in 20 mL of hexane. Acetylene gas was
purged through the reaction mixture and stirred at room temperature
for 1 h, during which time the color changed from purple to light red.
The volatiles were then removed in vacuo and the solid residue
dissolved in 2 mL of diethyl ether, filtered into a glass vial, and placed
in a −25 °C freezer in a drybox. Evaporation of solvent afforded 32 mg
(74% yield) of red crystalline blocks of Ni(η2-TEMPO)(κ1-
TEMPOH)(κ1-CCH). Spectral data for 5: FTIR ν(CC) (cm−1 in
hexane): 1933 (s). 1H NMR (C6D6 in ppm): δ = 7.64 (s, 1 H, N−H),
3.10 (s, 6 H, 2 CH3), 2.08 (s, 6 H, 2 CH3), 2.06 (s, 1 H, CCH), 1.78
(m, 2 H, CH2), 1.26 (s, 6 H, 2 CH3), 0.90 (s, 6 H, 2 CH3), 1.4−0.8
(m, broad, 10 H, 5 CH2). Mass spectroscopy ES+/MS calculated for
[M + H]+ = 397 m/z; found 397 m/z. The isotope distribution is
consistent with the presence of one Ni atom.
Synthesis of Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCSiMe3) (6). A 40 mg

(0.108 mmol) amount of Ni(η2-TEMPO)2 was loaded into a side-arm
Schlenk flask and dissolved in 20 mL of hexane. Twelve milligrams (12
mg) (0.122 mmol) of trimethylsilyl acetylene was added and the
reaction mixture was stirred at room temperature for 1 h, during which
time the color changed from purple to light red. The volatiles were
then removed in vacuo and the residue dissolved in 2 mL of diethyl
ether, filtered into a glass vial, and placed in a −25 °C freezer in a
drybox. Evaporation of solvent afforded 40 mg (79% yield) of red
crystalline blocks of Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCSiMe3).
Spectral data for 6: FTIR ν(CC) (cm−1 in hexane): 2009 (s). 1H
NMR (C6D6 in ppm): δ = 7.69 (s, 1 H, N−H), 2.99 (s, 6 H, 2 CH3),
2.09 (s, 6 H, 2 CH3), 1.76 (m, 2 H, CH2), 1.26 (s, 6 H, 2 CH3), 0.91
(s, 6 H, 2 CH3), 1.5−0.9 (m, broad, 10 H, 5 CH2), 0.29 (s, 9 H,
SiMe3). Mass spectroscopy ES+/MS calculated for [M + H]+ = 470 m/
z; found 470 m/z. The isotope distribution is consistent with the
presence of one Ni atom.
Synthesis of Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-CC(C6H4)CCH] (8). A

40 mg (0.108 mmol) amount of Ni(η2-TEMPO)2 was loaded into a
side-arm Schlenk flask and dissolved in 20 mL of hexane. Fifteen
milligrams (15 mg) (0.119 mmol) of 1,4-diethynylbenzene was added
and the reaction mixture was stirred at room temperature for 1 h,
during which time the color changed from purple to auburn red. The
volatiles were then removed in vacuo and the residue dissolved in ∼2
mL of diethyl ether, filtered into a glass vial, and placed in a −25 °C
freezer in a drybox. Evaporation of solvent afforded 27 mg (50% yield)
of pure red crystalline blocks of Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-
CC(C6H4)CCH]. Spectral data for 8: FTIR ν(CC) (cm

−1 in CH2Cl2):
2071. 1H NMR (C6D6): δ = 7.34 (s, 1 H, N−H), 7.40 (dd, 4 H,
C6H4), 3.06 (s, 6 H, 2 CH3), 2.77 (s, 1 H, CCH), 2.05 (s, 6 H, 2
CH3), 1.70 (t, 2 H, 1 CH2), 1.28 (s, 6 H, 2 CH3), 1.20 − 1.35 (br, 4 H,

2 CH2), 1.02−1.10 (br, 6 H, 3 CH2), 0.88 (s, 6 H, 2 CH3). Mass
spectroscopy ES+/MS calculated for [M + H]+ = 497; found 497. The
isotope distribution is consistent with the presence of one Ni atom.

Synthesis of Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-κ1-CC(C6H4)CC]Ni(η
2-

TEMPO)(κ1-TEMPOH) (9). To 48 mg (0.129 mmol) of Ni(η2-
TEMPO)2 and 8 mg (0.063 mmol) of 1,4-diethynylbenzene in a
side-arm Schlenk flask, 20 mL of hexane was added. The reaction
mixture was stirred at room temperature for 3 h, during which time the
color changed from purple to auburn red. The volatiles were then
removed in vacuo and the residue dissolved in ∼2 mL of benzene,
filtered into a glass vial, and placed in a drybox. Evaporation of solvent
at room temperature afforded 44 mg (80% yield) of pure red
crystalline blocks of Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-κ1-CC(C6H4)-
CC]Ni(η2-TEMPO)(κ1-TEMPOH). Spectral data for 9: FTIR ν(CC)
(cm−1 in hexane): 2073 (s). 1H NMR (C6D6): δ = 7.66 (s, 2 H, N−
H), 7.43 (s, 4 H, C6H4), 3.09 (s, 12 H, 4 CH3), 2.10 (s, 12 H, 4CH3),
1.73 (t, 4 H, 2 CH2), 1.29 (s, 12 H, 4 CH3), 1.20−1.36 (br, 8 H, 4
CH2), 1.00−1.15 (br, 12 H, 6 CH2), 0.90 (s, 12 H, 4 CH3). Mass
spectroscopy ES+/MS calculated for [M + H]+ = 868; found 868. The
isotope distribution is consistent with the presence of two Ni atoms.

Conversion of 8 to 9. To 20 mg (0.040 mmol) of 8 and 15 mg
(0.040 mmol) of 1 in a side-arm Schlenk flask, 20 mL of hexane was
added. The reaction mixture was stirred at room temperature for 2 h.
The volatiles were then removed in vacuo and the residue dissolved in
∼2 mL of benzene, filtered into a glass vial, and placed in a drybox.
Evaporation of solvent at room temperature afforded 22 mg (63%
yield) of pure red crystalline blocks of 9.

Reaction of 1 with 6 equiv PhCCH and 6 equiv PhCCD. To an
equimolar mixture of PhCCH and PhCCD (44.4 μL, 0.404 mmol)
dissolved in 0.6 mL of toluene-d8 in a 5 mm NMR tube, 12.5 mg
(0.034 mmol) of 1 was added. 1H NMR after ∼10 min showed peaks
corresponding to the product. Integration of the resonances indicated
an ∼1:1 ratio for products 3 and 3-d1. Similarly, when the reaction was
carried out in nondeuterated toluene solvent, 2H{1H} NMR showed
two singlet resonances for the starting PhCCD and product 3-d1 with
relative intensities of ∼1:11 (see Figures S5 and S6 in the Supporting
Information).

Reaction of 1 with Excess Pyridine. A stock solution of 1 in C6D6
was prepared by dissolving 80.5 mg of 1 in 5 mL of C6D6. In an NMR
tube, to 0.5 mL of this solution (0.022 mmol), 87 μL of pyridine (1.06
mmol) was added, followed by the addition of C6D6, such that the
total volume was 1.023 mL. Similarly, in a series of experiments, to 0.5
mL solution of 1, pyridine in the amounts of 174, 349, and 523 μL,
was added. 1H NMR spectra are shown in Figure S7 in the Supporting
Information.

Crystallographic Analysis. Single crystals of 1, 2, 3, 5, 6, and 8
suitable for X-ray diffraction (XRD) analysis were grown by
evaporation of diethyl ether solutions at −25 °C. Single crystals of 4
suitable for XRD analysis were grown by evaporation of a diethyl ether
solution with a drop of pyridine. Single crystals of 9 suitable for XRD
analysis were grown by evaporation of a benzene solution. Data
crystals for 5, 6, and 8 were glued to the end of a thin glass fiber for
data collection under ambient conditions. Data crystals for 1, 2, 3, 4,
and 9 were mounted onto the end of a thin glass fiber using Paratone-
N for data collection at 100 K under flow of N2. X-ray intensity data
were measured using a Bruker SMART APEX2 CCD-based
diffractometer using Mo Kα radiation (λ = 0.71073 Å).8 The raw
data frames were integrated with the SAINT+ program by using a
narrow-frame integration algorithm.8 Corrections for Lorentz and
polarization effects were also applied with SAINT+. An empirical
absorption correction based on the multiple measurement of
equivalent reflections was applied using the program SADABS. All
structures were solved by a combination of direct methods and
difference Fourier syntheses, and refined by full-matrix least-squares on
F2, by using the SHELXTL software package.9 All non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were located from the difference map and refined
with isotropic thermal parameters. Crystal data, data collection
parameters, and results of the analyses are listed in Tables S1 and
S2 in the Supporting Information.
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Compounds Ni(η2-TEMPO)2 (1), Ni(η2-TEMPO)(η1-TEMPO)-
(κ1-CNtBu) (2), Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCH) (5), Ni(η2-
TEMPO)(κ1-TEMPOH)(κ1-CCSiMe3) (6), and Ni(η2-TEMPO)(κ1-
TEMPOH)[κ1-κ1-CC(C6H4)CC]Ni(η

2-TEMPO)(κ1-TEMPOH) (9)
crystallized in the monoclinic crystal system. The systematic absences
in the intensity data were consistent with the unique space group P21/
n for compounds 1 and 2, and were consistent with the unique space
group P21/c for compounds 5, 6, and 9. For compound 1, with Z = 2,
the molecule is crystallographically centrosymmetrical and thus
contains only one-half of the formula equivalent of the molecule in
the asymmetric crystal unit. For compound 9, the molecule is also
crystallographically centrosymmetrical, and, moreover, the asymmetric
unit contains two molecules of benzene from the crystallization solvent
that co-crystallized with the complex.
Compounds Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCPh) (3) and

Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-CC(C6H4)CCH] (8) crystallized
in the triclinic crystal system. The space group P1̅ was assumed and
confirmed by the successful solution and refinement of the structure.
The compound Ni(η2-TEMPO)(η1-TEMPO)(κ1-NC5H5) (4), crystal-
lized in the orthorhombic crystal system. The systematic absences in
the intensity data were consistent with the unique space group Pbca.

■ COMPUTATIONAL METHODS
All computations were performed using the Gaussian09
software package.10 Gas-phase energies, optimized geometries,
and unscaled harmonic vibrational frequencies were obtained
using density functional theory (DFT).11 The hybrid B3LYP12

and pure PBEPBE13 functionals were used with default grid
parameters (the PBEPBE functional will be referred to as PBE
throughout the article).14 There are few qualitative differences
between the structural and energetic PBE and B3LYP results.
Therefore, all discussion in the text will refer to the PBE
functional and B3LYP data will be presented as Supporting
Information. The basis set for nickel was the Hay and Wadt
basis set and effective core potential (ECP) combination
(LANL2DZ),15 as modified by Couty and Hall (Ni: 341/341/
41),16 where the two outermost p functions have been replaced
by a split of the optimized Ni 4p function, respectively. All C,
N, O, and H atoms utilized the 6-31G(d′) basis set.17 Spherical
harmonic d-functions were used throughout; i.e., there are five
angular basis functions per d-function. The Hessian of the
energy was computed at all stationary points to designate them
as either minima or transition states (first-order saddle points).
Zero-point energies (ZPE) and thermal enthalpy/free energy
corrections were computed at 1 atm and 298.15 K. Aqueous
solvation energies were computed using the SMD model with
standard cavity parameters for n-hexane.18 For the major
reactants and products investigated, the computed singlet
energies were generally lower by 8−10 kcal mol−1 than
corresponding geometry-optimized triplet states. Therefore, all
reported mechanisms and relative energies refer to closed-shell
singlet species (except for the free TEMPO radical).

■ RESULTS AND DISCUSSION
As previously reported, the compound Ni(η2-TEMPO)2 (1)
was afforded in 78% yield as the only nickel-containing product
from the reaction of Ni(COD)2 with TEMPO in hexane
solvent at reflux (68 °C).7 Complex 1 was characterized by
NMR, mass spectrometry, and single-crystal X-ray diffraction
analyses. An ORTEP depicting the molecular structure of 1
(also reported in ref 7) is shown (see Figure 1).
Once crystallographic complex number designations have

been assigned in the discussion, they will henceforth be suffixed
with a t or c to distinguish between the two isomeric
possibilities (trans and cis) of the Ni(η2-TEMPO)2 complexes.

Compound 1t contains two TEMPO ligands that are η2-
coordinated to a Ni center. The Ni atom, along with the two N
and O atoms, form a rectangular planar “bow-tie” type
structure. In the solid state, the molecule lies about an
inversion center and can be viewed to overall possess
approximately C2h symmetry. Bond angles and distances are
consistent for an η2-coordination mode of a reduced TEMPO
radical as a monoanionic ligand.7,19 The DFT optimized
structure of 1t was found to be C2h symmetric and has
structural parameters in reasonable agreement with those of the
X-ray crystal structure (Table 1). The metal−ligand bonds are

slightly longer than experiment (0.046 for re−Ni−O and 0.037 Å
for re−Ni−N). Typical of DFT results, intraligand bonding (C−C,
N−O TEMPO bonds) are shorter than the X-ray crystal
structure parameters of 1t.
The “cis” complex with C2 point group symmetry has also

been theoretically determined (1c; see Scheme 2). Scheme 2
also shows 2D illustrations and a simplified rendition of the 2D
structural skeleton of 1 that will be used throughout further
schemes. In the cis structure, the Ni−O bond is shortened,
while the Ni−N bond is elongated. For all substituted
complexes (vida infra) as well as complex 1, only a single
isomer has been isolated and characterized experimentally.
Cartesian coordinates of the unobserved isomers (complexes
1c, 2t, 3t, 4c, 5t, 6t, 8t, 9ct, and 9tt) are presented in the
Supporting Information.
Two monoanionic η2-TEMPO ligands can each serve as 2 e−

donors giving the Ni atom a 16-electron configuration and a

Figure 1. An ORTEP of the molecular structure of 1, showing 50%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−O1 = 1.8404(11) Å, Ni1−N1 = 1.9360(10) Å, N1−O1
= 1.4136(12) Å, N1−C5 = 1.5240(16) Å, and N1−C5 = 1.5240(16)
Å; O1−Ni1−O1* = 180.0°, N1−Ni1−N1* = 180.0°, N1−Ni1−O1 =
43.88(4)°, N1−Ni1−O1* = 136.12(4)°, N1−O1−Ni1 = 71.66(6)°,
O1−N1−Ni1 = 64.47(6)°, C5−N1−O1 = 110.83(9)°, and C5−N1−
Ni1 = 119.99(8)°.

Table 1. Geometric Parameters of Compound 1 Using the
PBE Level of Theory

Ni(η2-TEMPO)2 Theory 1t Expt. 1

Ni−O, re 1.8870 Å 1.8404 Å
Ni−N, re 1.9733 Å 1.9360 Å
N−O TEMPO re 1.3882 Å 1.4136 Å
N−Ni−O angle 41.89° 43.88°
O−N−C angle 112.13° 110.83°
C−N−C angle 116.46° 116.59°
free TEMPO radical N−O, re 1.2798 Å 1.283 Åa

free TEMPO anion N−O, re 1.3966 Å
aData taken from ref 19.
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formal oxidation state of 2+ (d8). 1H NMR study of 1
confirmed that the solid-state η2-binding mode persists in
solution, displaying magnetically inequivalent methyl groups on
the ring as two distinct sets exist on differing sides of the N−O
bonds. Even at much higher and lower temperatures these Ni−
O−N metallacycles appear to be stable on the NMR time scale,
as little change was found in the 1H NMR spectrum from −80
°C to 90 °C in toluene-d8.
Compound 1 reacts with tert-butyl isocyanide, CNtBu, at

room temperature to give the complex Ni(η2-TEMPO)(η1-
TEMPO)(κ1-CNtBu) (2) in 90% yield. Its structure in the solid
state is shown in Figure 2.
As can be seen in Scheme 1 and Figure 2, compound 2 has a

distorted planar structure, but importantly, the complex has
isomerized to a cis form and one of the η2-TEMPO ligands in
the starting complex 1 has adopted an η1-bonding mode. The
electron count around nickel remains at 16 with the CNtBu and
η1-TEMPO groups each, acting as two electron donors. The

two TEMPO ligands remain reduced in 2, giving a formal
oxidation state of 2+ on the nickel. The computed geometric
parameters of cis-Ni(η2-TEMPO)(η1-TEMPO)(κ1-CNtBu)
(2c) are also in reasonable agreement with those of the X-ray
crystal structure (see Table S4 in the Supporting Information).
Both computed species also have a pseudo square-planar
geometry. Computations were attempted in order to rule out
the possibility of a square pyramidal Ni(η2-TEMPO)2(κ

1-
CNtBu) complex,7 and all attempts collapsed to 2t or 2c.
When 1 equiv of phenylacetylene was added to a hexane

solution of 1, a color change from purple to light red occurred
over a period of less than 1 h. The reaction is almost
instantaneous at 68 °C in refluxing hexane solvent. The
removal of volatiles in vacuo and crystallization from diethyl
ether resulted in light red bars of the phenylacetylide complex
Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCPh) (3) in 73% yield.
Single-crystal X-ray crystallographic analysis indicated the
distorted square planar structure for 3, as shown in Figure 3.

Scheme 2. Structure of 1c and 1ta

aHydrogen atoms omitted for clarity.

Figure 2. An ORTEP of the molecular structure of 2, showing 50%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−O1 = 1.8796(7) Å, Ni1−N1 = 1.8801(8) Å, Ni1−O2 =
1.8378(7) Å, Ni1−C1 = 1.8210(10) Å, N1−O1 = 1.3851(10) Å, N2−
O2 = 1.4354(10) Å, and C1−N3 = 1.1544(13) Å; N1−Ni1−O1 =
43.23(3)°, O1−Ni1−C1 = 153.50(4)°, C1−Ni1−O2 = 100.59(4)°,
N1−Ni1−C1 = 110.27(4)°, O1−Ni1−O2 = 105.90(3)°, N2−O2−
Ni1 = 115.02(5)°, Ni1−N1−O1 = 68.37(4)°, and Ni1−O1−N1 =
68.40(4)°.

Figure 3. An ORTEP of the molecular structure of 3, showing 50%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−O1 = 1.8868(7) Å, Ni1−N1 = 1.8608(8) Å, Ni1−O2 =
1.8927(7) Å, Ni1−C1 = 1.8648(10) Å, N1−O1 = 1.3869(10) Å, N2−
O2 = 1.4048(10) Å, and C1−C2 = 1.2205(14) Å; N1−Ni1−O1 =
43.43(3)°, O1−N1−C22 = 112.57(7)°, O1−N1−C26 = 112.92(7)°,
C22−N1−C26 = 118.21(7)°, O2−N2−C13 = 110.87(7)°, O2−N2−
C17 = 110.52(7)°, C13−N2−C17 = 118.06(7)°.
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The fate of the H atom from the phenylacetylene molecule
was monitored by 1H NMR, which indicated a peak at 7.62
ppm with an appropriate integration of 1H. Based on the crystal
structure data collected at 100 K, the H atom was located and
refined satisfactorily on the N2 atom, as shown in Figure 3. The
location of the H atom on nitrogen was confirmed by 2D [1H,
15N] HSQC NMR, which showed a direct correlation between
atoms N2 and H1 with an observed 1J(15N−H) coupling
constant of 78 Hz (see Figure S2 in the Supporting
Information).20 The reaction of 1 with phenylacetylene-d1
(99%) gave the complex 3-d1 and its 1H NMR spectrum
showed all the appropriate resonances for 3 (see Figure S4 in
the Supporting Information), with the exception of the peak at
7.62 ppm, which was almost completely absent. Compound 3
remains a 16-electron Ni(II) complex, with the κ1-TEMPOH
ligand acting as a 2-electron donor neutral ligand. The κ1-
TEMPOH ligand can be viewed as the N-protonated isomer of
free neutral TEMPOH (where H is bonded to O). This type of
bonding mode for κ1-TEMPOH is quite rare in transition-metal
complexes, and there are only a few other crystallographically
characterized examples.6c,21 Interestingly, the structure of 3 is
also cis-disposed, compared to the unsubstituted complex 1.
Computed geometries of 3c (see Table S5 in the Supporting
Information) show excellent structural agreement with the
experimental crystal structure due to an elongated Ni−O η2-
TEMPO bond and a much shorter Ni−N η2-TEMPO
optimized bond length. In free TEMPO, the N−O bond
length is 1.283(9) Å,19 while, once coordinated, the N−O bond
length is elongated (by more than ∼0.1 Å), as expected for a
reduced monoanionic ligand, along with a pyramidal geometry
about the nitroxyl N atom. It is interesting to note that, in both
compounds 2 and 3 (along with the other subsequent
complexes), the side-bound η2-TEMPO always has a shorter
N−O bond than the end-bound η1-TEMPO. These results
suggest the η1-TEMPO ligand is more anionic than the η2-
TEMPO ligand, perhaps depopulating a N−O antibonding
orbital in the η2 case, with the net result that the Ni center
donates more electrons to η1-TEMPO.
The reaction of 1 with a 1:1 mixture of PhCCH and PhCCD

in toluene-d8 solvent at room temperature was followed by 1H
NMR. Integration of the resonances of the product showed an
∼50:50 ratio for the formation of products 3 and 3-d1,
indicating that there was no discernible difference in the rates of
formation between products 3 and 3-d1. The reaction was also
monitored by 2H{1H} NMR using toluene solvent and
appropriate integration of the singlet deuterium resonances in
the starting PhCCD versus the product N−D resonances in 3-
d1 also showed an ∼50:50 ratio. This reaction was also repeated
using a 6:6 mixture of PhCCH and PhCCD, to give the same
product ratio (see Figures S5 and S6 in the Supporting
Information). This result is interpreted as being consistent with
an addition mechanism in which deprotonation of the C−H or
C−D bond is not rate-determining, in keeping with computa-
tional results discussed in the Supporting Information.
Compound 1 reacts with other 2-electron nitrogen donor

ligands such as pyridine to yield the complex Ni(η2-TEMPO)-
(η1-TEMPO)(κ1-NC5H5) (4) in 95% yield at room temper-
ature. Compound 4 also contains an η1-TEMPO ligand and the
orientation of the pyridine ring is coplanar with the distorted
square planar geometry around nickel (see Figure 4). Unlike
the previous substituted complexes, the pyridine adduct is the
only one observed in this study that retains the trans-
disposition of the original complex.

When compound 4 was dissolved in any noncoordinating
solvent such as toluene or benzene, it was immediately
converted back to 1, liberating free pyridine. The 1H NMR
spectrum of 4 in pyridine-d5 solvent did not show the
resonance of the pyridine ligand, because it was rapidly
exchanged with pyridine-d5 from the solvent. A series of
experiments for the addition of excess amounts of pyridine
(49−294 equiv) to 1, were monitored by 1H NMR (see Figure
S7 in the Supporting Information), which did not show
complete conversion of starting material (1) to 4. Using a
rough estimate of ∼80% conversion to 4 in pure pyridine
solvent, a Keq value of 0.33 was estimated. This result suggests
that binding of pyridine is very poor (in agreement with the
computational results, vida infra). Furthermore, the 1H NMR
spectrum at room temperature showed broad, overlapping
peaks indicative of fluxional processes associated with the
TEMPO ligand. Variable-temperature 1H NMR spectra in the
range of −40° to 105 °C (see Figure S3 in the Supporting
Information) did not reveal a static spectrum that is consistent
with the solid state structure of 4. This fluxional process was
also observed in the 1H NMR spectrum of 2 at room
temperature. Variable-temperature 1H NMR spectra in the
range of 25°−90 °C resulted in some sharpening of the peaks.
However, as shown in Figure S1 in the Supporting Information,
some broadening remained, even at that temperature. At
temperatures above 90 °C, 2 decomposes. It is clear that some
broadening and exchange occur at higher temperatures as well.
The exact nature of the fluxional process in 2 and 4 remains
unresolved and is beyond the scope of this report. While we are
unable to unambiguously assign the dynamical process, work is
underway to theoretically determine whether these processes
occur due to η1 to η2 exchange of the TEMPO ligands in
solution or from conformational distortion of TEMPO.
To further test the ability of 1 to react with other terminal

alkynes, reactions with acetylene gas and trimethylsilyl
acetylene were carried out to afford the acetylide products,
Ni(η2-TEMPO)(κ1-TEMPOH)(κ1-CCH) (5) and Ni(η2-
TEMPO)(κ1-TEMPOH)(κ1-CCSiMe3) (6) in yields of 74%
and 79%, respectively. ORTEPs for compounds 5 and 6 are
shown in Figures 5 and 6, respectively. The structures of both
complexes are similar to 3, where the alkyne moiety is bonded
in a κ1 manner, and one of the TEMPO ligands is a κ1-

Figure 4. An ORTEP of the molecular structure of 4, showing 50%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−O2 = 1.8407(10) Å, Ni1−N1 = 1.9063(12) Å, Ni1−O1
= 1.8690(10) Å, Ni1−N3 = 1.9032(12) Å, N1−O1 = 1.3946(15) Å,
and N2−O2 = 1.4308(15) Å; O2−Ni1−O1 = 148.36(4)°, O2−Ni1−
N3 = 108.55(5)°, O1−Ni1−N3 = 103.08(5)°, O2−Ni1−N1 =
105.04(5)°, O1−Ni1−N1 = 43.34(5)°, N3−Ni1−N1 = 146.23(5)°,
O1−N1−Ni1 = 66.91(6)°, O1−N1−C14 = 112.02(11)°, O1−N1−
C10 = 112.71(11)°, and O2−N2−C23 = 107.48(10)°.
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TEMPOH group. We have been unable to add two alkyne
molecules to 1. Even when excess reagent was used, complexes
with only one acetylide group were obtained (see the
Dimerization Reactions section below).
For the acetylide complexes 3, 5, and 6, their 1H NMR

spectrum show sharp peaks consistent with the solid-state
structures. This nonfluxional behavior is because the κ1-
TEMPOH ligand cannot become κ2 or η2, since there is now
a hydrogen on the nitrogen on one of the TEMPO ligands. The
protonation of this nitrogen stops the formation of κ2-
TEMPOH and the η2-TEMPO ligand remains in an η2-binding
mode, as seen in 2 and 4.
An experiment was carried out for an exchange reaction to

see if 5 could be converted to 3 by the addition of free PhCCH.
The conversion does occur at room temperature, but is very
slow during which time there is considerable decomposition
and provides 3 in only very minor amounts.
Dimerization Reactions. It could be conceived that the

reaction of 1 with acetylene gas would also yield a product

where another molecule of 1 reacts with 5, as there is a terminal
alkyne moiety available in 5, to give a structure 7 (Scheme 3).

However, we did not observe this product. This result is
explainable in terms of steric crowding limiting accessibility to
the already coordinated acetylide ligand. Another possibility
could be that the pKa for the second proton in acetylene is
much higher (more basic). While 7 could not be synthesized,
we were able to locate this hypothetical structure computa-
tionally (see Scheme 3).
Unlike complex 9 (see below), in the computed structure of

7, one of the Ni(TEMPO)(TEMPOH) moieties is twisted 90°
from the other to relieve the pronounced steric repulsion. This
complex is not thermodynamically favored over its constituent
monomers. The dimerization thermodynamics can be
computed in two ways, via the addition of 2 equiv of 1 and 1
equiv of HCCH or via the reaction of 1 and 5. The computed
solution-phase free energy of reaction is quite large and positive
for both cases: +5.4 and +9.2 kcal mol−1 (see Table 2 and Table
S10 in the Supporting Information).

Exploring further efforts to link two Ni(TEMPO)2
molecules, we performed the reaction of 1 with the diyne
1,4-diethynylbenzene. At room temperature, we were able to
isolate the complex Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-CC-
(C6H4)CCH], 8 in 50% yield. As in the characterized
compounds 3, 5, and 6, there is only one acetylide group
bonded to the Ni center in 8 (see Figure 7).
When the reaction was carried out with 2 equiv of 1 and 1

equiv of 1,4-diethynylbenzene, we did indeed obtain the

Figure 5. An ORTEP of the molecular structure of 5, showing 30%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−O1 = 1.8614(12) Å, Ni1−C1 = 1.8708(15) Å, Ni1−N1
= 1.8750(12) Å, Ni1−O2 = 1.8878(10) Å, N1−O1 = 1.3877(15) Å,
N2−O2 = 1.4011(14) Å, and C1−C2 = 1.195(2) Å; O1−Ni1−C1 =
157.23(5)°, O1−Ni1−N1 = 43.60(5)°, C1−Ni1−N1 = 113.66(6)°,
O1−Ni1−O2 = 103.17(4)°, C1−Ni1−O2=99.59(5), N1−Ni1−O2 =
146.73(5)°, N1−O1−Ni1 = 68.72(7)°, N2−O2−Ni1 = 117.22(8)°,
N2−O2−Ni1 = 117.22(8)°, and O1−N1−Ni1 = 67.68(7)°.

Figure 6. An ORTEP of the molecular structure of 6, showing 30%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−C1 = 1.860(3) Å, Ni1−N1 = 1.862(2) Å, Ni1−O1 =
1.8701(17) Å, Ni1−O2 = 1.8871(15) Å, C1−C2 = 1.223(4) Å, N1−
O1 = 1.388(2) Å, N2−O2 = 1.402(2) Å, and Si1−C2 = 1.806(3) Å;
C1−Ni1−N1 = 111.84(9)°, C1−Ni1−O1 = 155.47(9)°, N1−Ni1−
O1 = 43.66(7)°, C1−Ni1−O2 = 99.95(9)°, N1−Ni1−O2 =
148.21(7)°, O1−Ni1−O2 = 104.56(7)°, N1−O1−Ni1 = 67.86(11)°,
N2−O2−Ni1 = 117.07(12)°, O1−N1−Ni1 = 68.49(11)°.

Scheme 3. Structure of 7a

aAlkyl hydrogens omitted for clarity.

Table 2. Solution-Phase Reaction Free Energies (ΔGsoln in
kcal mol−1) of Bimetallic Complexes and Relative Free
Energies (ΔΔGsoln in kcal mol−1) of Isomers of Complex 9

reaction
ΔGsoln

(kcal mol−1)
ΔΔGsoln

(kcal mol−1)

2 equiv 1 + HCCH → 7cc 5.4

5c + 1t → 7cc 9.2

9cca 0.0
9ct 4.1
9tt 9.2

2 equiv 1t + HCCPhCCH → 9cc −5.2

8 + 1t → 9cc −0.8
aIsomer 9cc is arbitrarily set to 0.0 kcal mol−1.
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complex Ni(η2-TEMPO)(κ1-TEMPOH)[κ1-κ1-CC(C6H4)CC]-
Ni(η2-TEMPO)(κ1-TEMPOH) (9) in 80% yield, where now
two Ni(η2-TEMPO)(κ1-TEMPOH) groups are linked by a
diethynylbenzene group (see Figure 8). Subsequently, com-
pound 9 can also be obtained via the reaction of compound 8
with 1 equiv of 1 at room temperature.
While we have not attempted to model dimerization reaction

kinetics or mechanisms, the various isomeric possibilities of 9
have been explored. Three possibilities arise, the cis−cis, cis−
trans, or trans−trans isomers, which are labeled 9cc, 9ct, and 9tt,
respectively (see Scheme 4).
From Table 2, the 9cc isomer is lowest in solution-phase free

energy, by 4.1 and 9.2 kcal mol−1, compared to the 9ct and 9tt
isomers, respectively, which is in agreement with the
experimental characterization of 9. The results from Table 2
also confirm that both experimental procedures for producing
complex 9the addition of 2 equiv of complex 1 to
HCC(C6H4)CCH, as well as addition of complex 8 to complex
1have thermochemically favored reaction free energies.
Thermodynamics and Kinetics of the Possible

Products. In each case, except for pyridine, the addition of
ligand affords an adduct that contains cis-disposed TEMPO
ligands. Because of the fact that the majority of the products
formed from trans Ni(η2-TEMPO)2 resulted in a cis disposition,
preliminary computations were initiated for three possible
limiting reaction mechanisms, as shown in Scheme 5.
When does this isomerization occur? The first possibility is

that isomerization takes place in the initial complex 1t, and then
1c undergoes the addition reaction with the alkyne substituent.
The second possibility is that the isomerization occurs when
the adduct is bound to the complex, but before the hydrogen
transfer to the η1-TEMPO ligand, (i.e., a pathway connecting
11/12 to 14, 16 to 18, 20 to 22, or 24 to 26, shown in Schemes
S1−S8 in the Supporting Information). Finally, there is the
possibility that trans−cis isomerization can occur after the
hydrogen transfer takes place (in a mechanism between 3c and

3t, for example). All of this discussion of trans-to-cis
isomerization is complicated by two factors: (1) the relative
energy of the lowest energy 1c isomer is 4.0 kcal mol−1 higher
than the lowest energy isomer of 1t and (2) astonishingly, the
computed NMR spectrum of 1c is very similar to the computed
NMR spectrum of 1t (which is in relatively good agreement
with the experimentally observed NMR spectrum of 1t).
Therefore, the very small amount of cis isomer produced from
raising the temperature would only slightly alter the peak
integrations. (See the Supporting Information for further
discussion of these points.)
Proposed pathways for the addition reactions of the tert-butyl

isocyanide and pyridine are presented in the following section.
First, transition states corresponding to the addition of the
CNtBu ligand to the cis and trans form of 1 have been
computed and proceed via a simple association reaction. Both
the cis and trans transition states (TS-2c and TS-2t,
respectively) possess an imaginary mode with Ni−N−O ring
opening coupled to ligand addition. The PBE transition state of
the trans structure (Scheme 6) has a Ni−N bond distance of
2.427 Å, versus 2.807 Å for the cis structure.
From Scheme 6, it is evident that 2c and 2t are nearly

isoenergetic. In the solution-phase computations, the exper-
imentally observed 2c isomer is only 0.1 kcal mol−1 lower in
free energy. Theory shows the experimentally observed isomer
being slightly favored thermodynamically, but disfavored
kinetically (the ΔG⧧ value of TS-2c is 15.1 kcal mol−1, versus
TS-2t with a ΔG⧧ value of 13.8 kcal mol−1). Among the
complexes considered in this paper, the 2c/2t pair shows the
closest relative free energies, in terms of both kinetics and
thermodynamics. However, attempts to force crystallization of
the 2t isomer under a variety of experimental conditions

Figure 7. An ORTEP of the molecular structure of 8, showing 30%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−N1 = 1.8605(9) Å, Ni1−C1 = 1.8748(12) Å, Ni1−O2 =
1.8890(8) Å, Ni1−O1 = 1.8909(8) Å, N1−O1 = 1.3840(11) Å, N2−
O2 = 1.4027(12) Å, and C1−C2 = 1.2146(17) Å; N1−Ni1−C1 =
111.22(4)°, N1−Ni1−O2 = 149.15(4)°, C1−Ni1−O2 = 99.43(4)°,
N1−Ni1−O1 = 43.29(3)°, C1−Ni1−O1=154.51(4)°, O2−Ni1−O1 =
106.02(3)°, O1−N1−C19 = 113.37(8)°, O1−N1−C15 = 112.25(9)°,
O1−N1−Ni1 = 69.52(5)°, N1−O1−Ni1 = 67.19(5)°, and N2−O2−
Ni1 = 116.72(6)°.

Figure 8. An ORTEP of the molecular structure of 9, showing 50%
thermal ellipsoid probability. Selected bond distances and angles are as
follows: Ni1−N1 = 1.8685(16) Å, Ni1−C1 = 1.8582(19) Å, Ni1−O2
= 1.8918(13) Å, Ni1−O1 = 1.8795(13) Å, N1−O1 = 1.3912(19) Å,
N2−O2 = 1.4114(19) Å, and C1−C2 = 1.217(3) Å; N1−Ni1−C1 =
112.20(7)°, N1−Ni1−O2 = 149.13(6)°, C1−Ni1−O2 = 98.67(7)°,
N1−Ni1−O1 = 43.58(6)°, C1−Ni1−O1 = 155.76(7)°, O2−Ni1−O1
= 105.56(5)°, O1−N1−C19 = 112.62(13)°, O1−N1−C15 =
112.20(14)°, O1−N1−Ni1 = 68.63(8)°, N1−O1−Ni1 = 67.79(8)°,
and N2−O2−Ni1 = 117.19(10)°.
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(variation of temperature and solvents) were unsuccessful and
only resulted in formation of 2c crystals.
In Scheme 7, the thermodynamics of pyridine addition to

complex 1t to form complex 4t is shown. 4t is the least
thermodynamically stable of the various adducts that have been
considered in this study, because it is the only one where the
experimentally characterized structure has a computed positive
free energy of reaction (+2.1 kcal mol−1, which corresponds to
a Keq value of 0.0288). 4 is also the only adduct where the trans
isomer has been isolated experimentally. The computed lower
stability matches with the experimentally observed short
lifetime/fast exchange in pyridine solvent and low-temperature
decomposition of 4t. From the experimental NMR measure-
ments, the value of Keq was determined to be ∼0.33
(corresponds to a ΔG of 0.65 kcal mol−1). This Keq value is
slightly greater than the value obtained from the solution-phase
computations (0.0288).
The addition reactions for other ligands (acetylene, 1,4-

diethynylbenzene, and trimethylsilyl acetylene) were also
studied, but the results are less convincing. For all cases
(including the results provided in the Supporting Information),
the computed thermodynamics for the addition reactions are
consistent with the experimentally observed product isomer
(see Table 3 and Table S7 in the Supporting Information).

However, in each case, the computational results indicate that
the trans complex is the kinetic product. In the case of pyridine
addition, the trans product is both the kinetic and
thermodynamic product. In all other cases, experiments to
isolate the kinetic product were not successful. The inclusion of
the loss of the gas-phase entropic contribution may not
accurately reflect the smaller loss of translational entropy from
the solvated ligand molecule, which is necessarily already in
solution. Both the gas phase and PCM solution computations
appear to overestimate the loss of translation entropy when an
adduct is formed from infinitely separated reactants. One could
include a reduction in the loss of translational entropy (from
gas phase to solution phase), but without further kinetic
measurements (that are beyond the scope of the current
contribution) against which to measure, an arbitrary scaling of
this translational entropic contribution does not provide
intellectually satisfying results.

■ SUMMARY AND CONCLUSIONS

A summary of the reactions of the title complex 1 described in
this report is shown in Scheme 1. Bifunctional cooperativity
between the hemilabile TEMPO ligand and the Ni center in 1
has been demonstrated in its reactivity with organic substrates
at room temperature. The addition of terminal alkynes to yield
the respective acetylide products is rare, with the N atom on
the TEMPO ligand acting as a base to deprotonate the alkyne.
Furthermore, the reaction with terminal alkynes is not
restricted to phenylacetylene, but general for alkyne molecules.
Complex 9 is a good example that demonstrates that
subsequent proton transfer can occur to link two Ni(η2-
TEMPO)(κ1-TEMPOH) groups, in a bridging dinuclear
complex.
Density functional theory (DFT) has been employed to

study the structural and thermochemical properties of the
molecules shown in Scheme 1. Computed solution-phase
relative free energies of the various characterized Ni-centered
complexes are in agreement with the experimentally observed
isomers. However, rate-limiting transition states of the addition
reactions suggest that, in all cases except for the initial Ni(η2-
TEMPO)2 complex 1 and the product formed via the addition
of pyridine (4t), the experimentally observed isomer is always
kinetically disfavored. The mechanism by which the trans
complex 1 isomerizes to the various cis product complexes
upon substrate addition is still not completely understood.
Further experimental and computational work will be
performed in tandem to explore the fascinating conformational
complexity of the isomerization reactions. Both theory and
experiment also validate the formation of the bimetallic
complex 9 (two C−H bond activations of 1,4-diethynylben-

Scheme 4

Scheme 5. Isomerization Possibilities of Addition Reactions
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zene) and are correspondingly in agreement that the proposed
bimetallic complex 7 (two C−H bond activations of acetylene)
will be too sterically crowded to exist under the same
experimental conditions used to isolate complexes 1−6, 8,
and 9.
The reactions presented in this report are facile under mild

conditions. The brief survey of reactions that are contained
within present a good start. Further studies in the realm of
homogeneous catalysis, targeting small molecule and C−H
activation, carbon−carbon coupling, and oxygen atom transfer,
are planned.

Scheme 6. Addition of CNtBu

Scheme 7. Addition of Pyridine Table 3. Theoretical PBE Solution-Phase Reaction Free
Energies (ΔGsoln) for the Addition of All Ligands to
Complex 1a

reaction reaction free energy, ΔGsoln (kcal mol−1)

1t 0.0
1c 4.0b

1t + CNtBu → 2t −13.0
1t + CNtBu → 2c −13.1

1t + PhCCH → 3t 1.2
1t + PhCCH → 3c −3.3

1t + py → 4t 2.1
1t + py → 4c 5.6

1t + HCCH → 5t −2.5
1t + HCCH → 5c −3.8

1t + HCCSi(CH3)3 → 6t −0.1
1t + HCCSi(CH3)3 → 6c −4.2

1t + HCCPhCCH → 8t −0.8
1t + HCCPhCCH → 8c −4.4

aFurther computational results for the gas-phase thermodynamics and
gas-phase and solution-phase kinetics are included in the Supporting
Information. Included in the first rows are the relative energies of the
trans and cis isomers of complex 1. The reaction free energy of the
experimentally observed isomer is shown in bold text. bThe relative
free energy of 1c refers to the lowest energy conformer. The
conformer that directly reacts to form the various addition products is
slightly higher in free energy (ΔGsoln = 6.6 kcal mol−1); and this
relative free energy is used along the reaction mechanisms shown in
Schemes 6, S2, S4, S6, S8, and S9.
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