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ABSTRACT: Two series of high-spin nickel complexes, [TpPh,Me]Ni(EAr) (E = O, Se, Te; Ar =
C6H5) and [TpPh,Me]Ni(SeC6H4-4-X) (X = H, Cl, Me, OMe), were prepared by metathetical
reaction of the nickel(II) halide precursor with sodium salts of the corresponding chalcogen, NaEAr.
X-ray crystallographic characterization and spectroscopic studies have established the geometric and
electronic structures of these complexes. The observed spectroscopic and structural characteristics
reveal distinct trends in accordance with the variation of the identity of the arylchalcogenolate and
para substituent. Reaction of the [TpPh,Me]Ni(EAr) complexes with methyl iodide proceeded readily,
producing the corresponding methylarylchalcogen and [TpPh,Me]NiI. A kinetic and computational
analysis of the reaction of [TpPh,Me]Ni(SeC6H5) with MeI supports that the electrophilic alkylation
reactions occur via an associative mechanism via a classical SN2 transition state.

■ INTRODUCTION

Metal complexes containing organochalcogenide ligands
comprise the class of compounds referred to collectively as
metal chalcogenolates. These materials have applications in
catalysis,1−4 electronic materials,5−8 medicine,9 and biomi-
metic chemistry. There are numerous benefits to the
development of new metal chalcogenolate complexes. An
investigation of the geometric and electronic structures of
these complexes leads to a greater understanding of the effects
that chalcogen atom variation has on the nature of the metal−
ligand bonding. This applies especially to the generation of
isostructural metal chalcogenolates, where relevant differences
among the chalcogens can be readily observed.
Prior studies have been devoted primarily to investigating

the reactivity of metal−thiolate complexes due to their
prevalence in metalloprotein active sites.10,11 Examples include
blue copper proteins,12 cytochrome P450,13 nickel superoxide
dismutase,14 Fe/Ni-hydrogenase,15 methyl coenzyme M
reductase,16 acetyl coenzyme A synthase,17 and zinc-dependent
methyltransferases.18 These metalloproteins consist of a
diverse array of metals that support a variety of protein and
enzymatic functions. Pertinent to this study is the key function
of zinc-containing macromolecules, which is the promotion of
biological alkyl group transfer. This typically occurs in the
manner of alkylation of a zinc−cysteine thiolate residue, as
seen in the reactivity of the Ada DNA repair protein.19,20

Several synthetic model systems have been developed to
elucidate the mechanism by which this alkyl transfer reaction
occurs.21−24 Efforts have been directed primarily toward
identifying the active nucleophile in the reaction. It has been
proposed that alkylation can occur by two distinct mecha-

nisms, both of which involve alkylation at the nucleophilic
thiolate. One path is an associative mechanism, wherein
alkylation takes place at the metal-bound thiolate. The other is
a dissociative mechanism involving alkylation at the “free”
thiolate. The possible associative and dissociative pathways are
depicted in Scheme 1. Although it is not drawn explicitly, the
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dissociative path can involve solvent stabilization: e.g., of the
dissociated metal species as noted by Wilker and Lippard.21

Both associative and dissociative mechanisms have been
assigned as operative in a variety of reactivity studies with
metal−thiolates.
In the interest of providing a comprehensive examination of

electrophilic alkylation for complexes of the type M-ER, herein
are presented the synthesis, characterization, and reactivity of a
series of arylchalcogenolate nickel complexes, [TpPh,Me]Ni-
(EAr). The TpPh,Me ligand was found to support the series of
[TpPh,Me]Ni(EAr) complexes, including those for E = O, Se,
Te and Ar = C6H5, as well as the arylselenolate series
[TpPh,Me]Ni(SeC6H4-4-X) (X = H, Cl, Me, OMe) designed to
uncover the impact of the electronic effects of the aryl
selenolates on alkylation reactions. The development of the
complete arylchalcogenolate series has presented an oppor-
tunity to explore the reactivity of these complexes. In an effort
to elucidate the nature of the electrophilic alkylation
mechanism for nickel(II) arylchalcogenolates, a combination
of experimental methods and complementary density func-
tional theory (DFT) results is presented.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed under an

inert atmosphere of nitrogen either in a Vacuum Atmospheres
glovebox or by using standard Schlenk techniques. All reagents
purchased from commercial sources were used as received. para-
Substituted aromatic diselenide reagents, if not commercially
available, were prepared according to literature methods.25 Sodium
salts of chalcogenides were prepared through addition of either Na
metal or NaBH4 to a solution of the corresponding dichalcogenide.26

1H NMR spectra were recorded on a Bruker AVIII 400 MHz NMR
spectrometer, and chemical shifts (δ) were referenced to the residual
protons in the deuterated solvents. Electronic absorption spectra were
recorded on a Varian Cary 50 spectrophotometer. Chemical kinetic
reactions monitored through UV−vis were temperature-controlled
using a Unisoku CoolSpek UV Cryostat. Solid-state IR samples were
prepared as KBr pellets, and FT-IR spectra were recorded on a
Nicolet Magna-IR 560 spectrophotometer with a resolution of 4
cm−1. The Evans method was used to obtain solution magnetic
moments in toluene-d8, at 298 K.

27 High-resolution mass spectra were
recorded using a Waters GCT mass spectrometer with a liquid field
desorption ionization (LIFDI) source. Elemental analyses were
obtained from Robertson Microlit (Ledgewood, NJ).
Synthesis of [TpPh,Me]Ni(OC6H5). To a solution of [TpPh,Me]NiI

(100 mg, 0.15 mmol) in toluene (15 mL) was added a slurry of
NaOC6H5 (26 mg, 0.22 mmol) in toluene (5 mL). The solution
turned from dark red-brown to brown-orange. The reaction mixture
was stirred overnight, followed by removal of the solvent under
vacuum. The product was recrystallized by vapor diffusion of pentane
into a concentrated toluene solution: 64 mg, 67% crystalline yield.
UV−vis (THF): λmax, nm (ε, M−1 cm−1) 430 (2608), 500 (sh, 1200),
905 (273). 1H NMR (C6D6, 400 MHz): δ 74.2 (4-Pz, s, 3H), 37.2
(m-Ph, OPh, s, 2H), 16.1 (o-Ph, m, 6H), 8.4 (m-Ph, m, 6H), 7.1 (p-
Ph, m, 3H), −1.6 (5-Me, s, 9H), −20.5 (B-H, br, 1H), −43.6 (p-Ph,
OPh, s, 2H), −48.9 (o-Ph, OPh, s, 1H). FTIR (KBr; ν, cm−1): 2543
(B−H). Combustion analysis was attempted, but adequate results
were not obtained. LIFDI-MS (m/z): calcd for C36H33N6BNiO,
634.22; found, 634.22. μeff = 3.04(4) μB.
Synthesis of [TpPh,Me]Ni(SeC6H5). To a solution of [TpPh,Me]NiI

(100 mg, 0.15 mmol) in toluene (15 mL) was added a slurry of
NaSeC6H5 (40 mg, 0.22 mmol) in toluene (5 mL). The solution
turned from dark red-brown to deep cobalt blue. The reaction mixture
was stirred overnight, followed by removal of the solvent under
vacuum. The product was recrystallized by vapor diffusion of pentane
into a concentrated toluene solution: 82 mg, 79% crystalline yield.
UV−vis (THF): λmax, nm (ε, M−1 cm−1) 580 (5695), 910 (880). 1H

NMR (C6D6, 400 MHz): δ 68.8 (4-Pz, s, 3H), 22.3 (m-Ph, SePh, s,
2H), 9.6 (o-Ph, m, 6H), 7.8 (m-Ph, m, 6H), 7.1 (p-Ph, m, 3H), 4.9 (5-
Me, s, 9H), −8.5 (B-H, br, 1H), −23.0 (o-Ph, SePh, s, 2H), −29.8 (p-
Ph, SePh, s, 2H). FTIR (KBr pellet, ν, cm−1): 2545 (B−H). Anal.
Calcd for C36H33N6BNiSe: C, 61.93, H, 4.76, N, 12.04. Found: C,
61.90, H, 4.68, N, 12.08. μeff = 2.80(4) μB.

Synthesis of [TpPh,Me]Ni(SeC6H4-4-Cl). To a solution of
[TpPh,Me]NiI (370 mg, 0.55 mmol) in toluene (20 mL) was added
a slurry of NaSeC6H4-4-Cl (181 mg, 0.85 mmol) in toluene (5 mL).
The solution turned from dark red-brown to dark violet. The reaction
mixture was stirred overnight, followed by removal of the solvent
under vacuum. The product was recrystallized by vapor diffusion of
pentane into a concentrated toluene solution: 273 mg, 67% crystalline
yield. UV−vis (THF): λmax, nm (ε, M−1c m−1) 570 (3188), 910
(579).1H NMR (C6D6, 400 MHz): δ 69.8 (4-Pz, s, 3H), 22.3 (m-Ph,
SePh, s, 2H), 9.2 (o-Ph, m, 6H), 7.8 (m-Ph, m, 6H), 7.0 (p-Ph, m,
3H), 5.2 (5-Me, s, 9H), −8.5 (B-H, br, 1H), −22.2 (o-Ph, SePh, s,
2H). FTIR (KBr pellet, ν, cm−1): 2537 (B−H). Anal. Calcd for
C36H32N6BNiSeCl: C, 59.02, H, 4.40, N, 11.47. Found: C, 58.75, H,
4.19, N, 11.19. μeff = 2.85(6) μB.

Synthesis of [TpPh,Me]Ni(SeC6H4-4-Me). To a solution of
[TpPh,Me]NiI (100 mg, 0.15 mmol) in toluene (20 mL) was added
a slurry of NaSeC6H4-4-Me (44 mg, 0.23 mmol) in toluene (5 mL).
The solution turned from dark red-brown to dark blue. The reaction
mixture was stirred overnight, followed by removal of the solvent
under vacuum. The product was recrystallized by vapor diffusion of
pentane into a concentrated toluene solution: 67 mg, 63% crystalline
yield. UV−vis (THF): λmax, nm (ε, M−1 cm−1) 585 (5353), 935
(915). 1H NMR (C6D6, 400 MHz): δ 68.3 (4-Pz, s, 3H), 39.5 (pMe-
Ph, SePh, s, 3H), 22.3 (m-Ph, SePh, s, 2H), 9.6 (o-Ph, m, 6H), 7.8
(m-Ph, m, 6H), 7.1 (p-Ph, m, 3H), 4.8 (5-Me, s, 9H), −8.4 (B-H, br,
1H), −23.7 (o-Ph, SePh, s, 2H). FTIR (KBr pellet, ν, cm−1): 2534
(B−H). Anal. Calcd for C37H35N6BNiSe: C, 62.40, H, 4.95, N, 11.80.
Found: C, 62.19, H, 5.09, N, 11.69. μeff = 2.85(4) μB.

Synthesis of [TpPh,Me]Ni(SeC6H4-4-OMe). To a solution of
[TpPh,Me]NiI (100 mg, 0.15 mmol) in toluene (20 mL) was added a
slurry of NaSeC6H4-4-OMe (48 mg, 0.23 mmol) in toluene (5 mL).
The solution turned from dark red-brown to dark blue. The reaction
mixture was stirred overnight, followed by removal of the solvent
under vacuum. The product was recrystallized by vapor diffusion of
pentane into a concentrated toluene solution: 92 mg, 85% crystalline
yield. UV−vis (THF): λmax, nm (ε, M−1 cm−1) 600 (4165), 935
(877). 1H NMR (C6D6, 400 MHz): δ 68.1 (4-Pz, s, 3H), 21.3 (m-Ph,
SePh, s, 2H), 9.7 (o-Ph, m, 6H), 7.8 (m-Ph, m, 6H), 7.1 (p-Ph, m,
3H), 6.8 (pOMe-Ph, SePh, 3H), 4.7 (5-Me, s, 9H), −8.2 (B-H, br,
1H), −24.9 (o-Ph, SePh, s, 2H). FTIR (KBr pellet, ν, cm−1): 2516
(B−H). Anal. Calcd. for C37H35N6BNiSeO: C, 61.03, H, 4.84, N,
11.54. Found: C, 61.33, H, 4.76, N, 11.59. μeff = 2.78(2) μB.

Synthesis of [TpPh,Me]Ni(TeC6H5). To a solution of [TpPh,Me]NiI
(140 mg, 0.21 mmol) in toluene (20 mL) was added a solution of
NaTeC6H5 (71 mg, 0.31 mmol) in toluene (5 mL). The solution
turned from a dark red-brown to a dark teal. The reaction mixture was
stirred for 2 h, followed by removal of the solvent under vacuum.
Dark green crystals were obtained by diffusion of pentane into an
ethyl ether solution: 83 mg, 53% crystalline yield. UV−vis (THF):
λmax, nm (ε, M−1 cm−1) 440 (800), 670 (2755). 1H NMR (C6D6, 400
MHz): δ 66.7 (4-Pz, s, 3H), 19.2 (m-Ph, TePh, s, 2H), 8.2 (o-Ph, m,
6H), 7.6 (m-Ph, m, 6H), 6.9 (p-Ph, m, 3H), 6.5 (5-Me, s, 9H), −5.3
(B-H, br, 1H), −20.2 (o-Ph, TePh, s, 2H), −23.7 (p-Ph, TePh, s, 2H).
FTIR (KBr, ν/cm−1): 2536 (B−H). Anal. Calcd for C36H33N6BNiTe:
C, 57.90, H, 4.45, N, 11.25. Found: C, 58.06, H, 4.88, N, 11.61. μeff =
2.73(1) μB.

Monitoring of the Kinetics of [TpPh,Me]Ni(EAr) Reacting with
MeI. All reaction solutions were prepared under a nitrogen
atmosphere. A 5 mL solution of the appropriate [TpPh,Me]Ni(EAr)
complex was prepared and placed into a cuvette that was then sealed
with a rubber septum. The reaction kinetics were conducted at 25 °C
under pseudo-first-order conditions. Temperatures were maintained
using a Unisoku CoolSpek UV Cryostat. Neat methyl iodide was
added via a gastight syringe in at least 100-fold excess, ensuring
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pseudo-first-order conditions in all cases. The concentrations of
methyl iodide ranged from 32 to 284 mM. The reaction progress was
monitored by UV−vis spectroscopy, specifically following the
decrease in absorbance at λmax (nm) for each [TpPh,Me]Ni(EAr)
complex. Reactions were followed to completion with rates
determined by fitting 3 half-lives of data.
X-ray Structure Determination. Crystals were mounted using

viscous oil onto a plastic mesh and cooled to the data collection
temperature. Data were collected on a Bruker-AXS APEX II DUO
CCD diffractometer with Cu Kα radiation (λ = 1.54178 Å) focused
with Goebel mirrors for [TpPh,Me]Ni(SeC6H4-4-OMe), and [TpPh,Me]-

Ni(SeC6H4-4-Cl) and with graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å) for the other samples. Unit cell parameters
were obtained from 36 data frames, 0.5° ω, from three different
sections of the Ewald sphere. Samples were cooled to a collection
temperature of 200 K. The data sets were treated with multiscan
absorption corrections (Apex2 software suite, Madison, WI, 2005),
and structures were solved using SHELXTL software.
The systematic absences in the diffraction data are uniquely

consistent with P21/n (No. 14) for [TpPh,Me]Ni(SeC6H5) and
[TpPh,Me]Ni(TeC6H5) and with I41/a (No. 88) for [TpPh,Me]Ni-
(OC6H5). No symmetry higher than triclinic was observed for
[TpPh,Me]Ni(SeC6H4-4-Me), [TpPh,Me]Ni(SeC6H4-4-OMe), and
[TpPh,Me]Ni(SeC6H4-4-Cl) with solutions in the centrosymmetric
option, P1̅ (No. 2), yielding chemically reasonable and computation-
ally stable results of refinement. The data were treated with multiscan
absorption corrections. The structures were solved using intrinsic
phasing methods and refined with full-matrix, least-squares
procedures on F2.
Two symmetry-unique molecules were located in the asymmetric

unit of [TpPh,Me]Ni(SeC6H5). The initial solutions of [TpPh,Me]Ni-
(OC6H5) and [TpPh,Me]Ni(TeC6H5) showed severely disordered
solvent molecules, located away from the molecules, which were
treated as diffused contributions. Non-hydrogen atoms were refined
with anisotropic displacement parameters. H atoms were treated as
idealized contributions with geometrically calculated positions and
with Uiso equal to 1.2Ueq (1.5Ueq for methyl) of the attached atom.
Atomic scattering factors are contained in the SHELXTL program
library. The structures have been deposited at the Cambridge
Structural Database under the depository numbers CCDC 1893387−
1893392.
Computational Details. Calculations were performed with the

quantum chemical program Gaussian 09. Cartesian coordinates for
the optimized structures are given in the Supporting Information.
Specific calculation methods that were employed for transition-state
and mechanistic analyses are as follows. First, the ground-state
complexes for each of the three transition structures were fully
optimized using the M06-2X exchange-correlation functional28 with
the LanL2DZ basis set.29,30 The dissociative transition state was
calculated for alkylation of the phenylselenolate anion. Vibrational
frequency calculations and optimizations of the transition-state
structures were performed using the same exchange functional and
basis set employed for the optimizations. The resulting energies for
each potential pathway are given in the Supporting Information.
Additional calculations of the transition states were performed with

the def2tzvpp basis set and SMD solvent model for THF. Also,
another functional at the B3LYP31 was employed and similar
energetic barriers were obtained.

■ RESULTS AND DISCUSSION

Synthesis of Arylchalcogenolate Complexes. The
synthesis and characterization of six new nickel(II) arylchalco-
genolate complexes, [TpPh,Me]Ni(EAr), are reported herein.
The congeneric series of nickel chalcogenolate complexes
consists of E = O, S,32 Se, Te and Ar = C6H5. A subseries of
selenolate complexes has also been synthesized to compare
electronic effects arising from variation of the para substituent,
X, on the phenylselenolate ligand (X = H, Cl, Me, OMe). A
full comparison of nickel complexes throughout the chalcogen
group is available by considering Jensen’s previously
synthesized arylthiolate nickel(II) complex [TpPh,Me]Ni-
(SC6H5).

32

The synthesis of each complex is accomplished through
metathetical reaction of [TpPh,Me]NiI with the sodium
phenylchalcogenolate in toluene under a nitrogen atmosphere
(Scheme 2). Addition of the corresponding NaEAr to a
toluene solution of [TpPh,Me]NiI resulted in an immediate
color change. With the exception of the tellurium complex,
each reaction mixture was stirred at room temperature for at
least 12 h. Stirring the [TpPh,Me]Ni(TeC6H5) solution for
longer than 4 h led to decreased yields.

X-ray Crystallography of [TpPh,Me]Ni(EAr). The molec-
ular structures of the complete series of [TpPh,Me]Ni phenyl-
chalcogenolate complexes has been characterized via X-ray
crystallography. A representative structure of [TpPh,Me]Ni-
(SeC6H5) is shown in Figure 1. Their structures as a function
of the chalcogen atom, as well as electronic factors of the
phenylchalcogenolate ligand, have been explored. Incorpo-
ration of the different chalcogens into the Ni−EAr bond allows
for a systematic structural comparison. The structural
variations that arise from this chalcogen substitution are
discussed herein.
The coordination geometry about the nickel center of the

[TpPh,Me]Ni(EAr) complexes is best described as pseudote-
trahedral. This is indicated by the τ4 value for four-coordinate
complexes, τ4 = [360 − (α + β)]/141°,33 where α and β are
the two largest angles, and the τ4 value ranges from 0 (square
planar) to 1 (tetrahedral). For E = O, Se, Te, τ4 = 0. 78, 0.73,
0.73, respectively. These values correlate well with the
calculated average τ4 value for Jensen’s complex [TpPh,Me]Ni-
(SC6H5), 0.72.

34 The τ4 values range from 0.67 to 0.78 (Table
1).
A noteworthy structural feature of these complexes is the off-

axis positioning of the chalcogenolate ligand relative to the

Scheme 2
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pseudo-3-fold axis defined by the B- - -Ni vector. This
structural phenomenon has previously been observed in
several four-coordinate complexes.34−38 The chalcogenolate
ligand is tilted toward one of the pyrazoles, generating two
large and one small N−Ni−E bond angle. The degree of tilt off
the idealized C3 axis varies for each chalcogenolate complex,
ranging from minor distortions in the B- - -Ni−E angle, i.e.
177.69(6)° in the phenolate complex, to more significant
distortions, e.g. 168.80(8)° in the tellurolate complex. These
deviations from linearity stabilize the Ni−E interaction,
specifically for d8 electron configurations.32,36,39 The off-axis
position causes mixing of the filled Ni−E dσ−pσ* interaction
with a singly occupied molecular orbital (SOMO). This mixing
supports a more favorable E−pπ to Ni−π* interaction and a
lower total energy of the molecule.14

Selected bond lengths for the [TpPh,Me]Ni(EAr) complexes
are given in Table 1. The Ni−E bond distances for each
phenylchalcogenolate complex compare well to those of
previously reported terminal chalcogenolates of nickel(II).
Commencing with oxygen, there are numerous examples of
structurally characterized nickel phenolate complexes. For
comparison, the examples discussed herein have been limited
primarily to four-coordinate tris(pyrazolyl)borate nickel
complexes. The [TpPh,Me]Ni−O bond distance of 1.813(1) Å
is similar to the observed Ni−O distances in the closely related
TpPh ligand systems [TpPh]Ni(OPh) (1.820(3) Å), [TpPh]Ni-

(OPh-2,6-Me) (1.8116(14) Å), and [TpPh]Ni(OPh-4-tBu)
(1.815(2) Å).40 Jensen has also reported two terminal
phenolate complexes, one of which contains the same
[TpPh,Me]Ni fragment. Their [TpPh,Me]Ni(O-2,6-iPr2C6H3)
complex exhibits a Ni−O distance of 1.821(1) Å, which is
slightly shorter than its [TpMe,Me]Ni(O-2,6-iPr2C6H3) counter-
part at 1.841(2) Å.41 Both distances are comparable to that of
[TpPh,Me]Ni(OC6H5). Two examples of structures that display
comparatively longer Ni−O distances are Liaw’s five-
coordinate Ni(III) [Ni(OPh)(P(C6H3-3-SiMe3-2-S)3]

−

(1.910(3) Å)42 and Holland’s o-dihalophenolate [TpPh2]Ni-
(2,6,dbp) (1.905(5) Å).43 The former’s longer distance is
surprising given the metal’s higher formal oxidation state and
may be a consequence of the anionic charge. Certainly, the
higher coordination number plays a role in lengthening the
Ni−O bond. While the latter’s longer Ni−O distance may
result from steric constraints imposed by the ortho halogens on
the phenoxide ring, ortho methyl groups in [TpPh]Ni(OPh-
2,6-Me) do not result in a longer Ni−O bond distance.
Structural examples of the heavier chalcogen congeners are

less common. A search of the Cambridge Structural Database
(CSD) for terminal nickel phenylselenolate complexes returns
far fewer results. Herein for comparison are a variety of Ni−Se
bond distances for complexes with diverse coordination and
ligand environments. The average Ni−Se bond distance of
2.3283(8) Å in [TpPh,Me]Ni(SeC6H5) is similar to those of
complexes containing a terminal phenylselenolate ligand,
[NiII(SePh)(P(o-C6H4S)2(o-C6H4SCH3)]

− (2.3452(3) Å),44

[CpNi(SePh)(PPh3)] (2.303(2) Å),45 and [(CH3C-
(CH2PPh2)3)Ni(SePh)] (2.301(1) Å).46 Longer Ni−Se
distances have been reported by Mascharak in the homoleptic
[Ni(SePh)4]

2− (2.401(3) Å)47 and in [Ni(DAPA)(SePh)2]
(DAPA = 2,6-bis[1-(phenylimino)ethyl]pyridine) (2.374(1),
2.466(1) Å).52

Moving further down the chalcogen group to tellurium,
there have been only four reported structures of the type Ni−
TeR. Among these four examples the Ni−Te distance in
[TpPh,Me]Ni(TeC6H5) of 2.5084(5) Å is consistent with the
two complexes containing terminal phenyltellurolate ligands.
These bond lengths are 2.4804(6) Å in Liaw’s [CpNi(TePh)-
PPh3]

53 and 2.486(1) Å in Kruger’s [CpNi(TeC6H3Me3)-
(PEt3).

54 The other example is a tellurium azamacrocycle with
a larger Ni−Te bond length of 2.66 Å.55 The final Ni−Te
structure was reported by Liaw as part of a series of
chalcogenolate complexes and is discussed below.56

While complete chalcogenolate series of nickel are rare,
Liaw’s o-amidochalcogenophenolato [Ni(−EC6H4-o-NH−)2]−
(E = S, Se, Te) series provides a relevant comparison. The Ni−
E distances in [TpPh,Me]Ni(EAr) are comparable to those in
Liaw’s series: namely, Ni−S 2.1713(6) Å, Ni−Se 2.2949(3) Å,
and Ni−Te 2.4450(7) Å.56 The increase in Ni−E bond

Figure 1. Thermal ellipsoid plot of [TpPh,MeNi(SeC6H5). Thermal
ellipsoids are drawn to 30% probability. Hydrogen atoms have been
omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for [TpPh,Me]Ni(EAr) Complexes

complex Ni−EAr (Å) Ni−N, avg (Å) Ni−E−Ar (Å) τ4

[TpPh,Me]Ni(OC6H5) 1.813(1) 2.012(7) 155.3(1) 0.78
[TpPh,Me]Ni(SC6H5)

32 2.219(2) 2.011(8) 105.4(8) 0.72
[TpPh,Me]Ni(SeC6H5) 2.3283(8) 2.013(3) 103.1(1) 0.73
[TpPh,Me]Ni(SeC6H4-4-Cl) 2.3334(8) 2.025(3) 108.9(1) 0.68
[TpPh,Me]Ni(SeC6H4-4-Me) 2.3277(4) 2.031(2) 108.90(7) 0.67
[TpPh,Me]Ni(SeC6H4-4-OMe) 2.3270(4) 2.032(2) 106.95(7) 0.68
[TpPh,Me]Ni(TeC6H5) 2.5084(5) 2.023(2) 103.0(1) 0.73
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distances is in agreement with observed trends in chalcogen
atomic radii. Analogous trends in bond lengths are visible in
similar isostructural arylchalcogenolate series48−51 (Table 2).
Among the [TpPh,Me]Ni arylchalcogenolate complexes,

modification of the chalcogen has little effect on the Ni−N
bond lengths. The Ni−E−Ar bond angles decrease on
descending the chalcogen group: O > S > Se > Te. The
most significant decrease is observed on moving from O
(155.3°) to S (105.4°). The difference between oxygen and
sulfur is 49.9°, whereas in a move to heavier chalcogens among
the arylchalcogenolates, the difference in bond angles varies by
2°. This decrease in Ni−E−Ar bond angles follows the trend
for the experimentally determined angles of H2E molecules:
H2O (104.5°), H2S (92.2°), H2Se (91.0°), and H2Te
(89.5°).57 Here, it is also evident that the largest difference
in bond angles throughout the chalcogen series occurs between
oxygen and sulfur. For the H2E series, the angle is driven by
electronics, whereas in the Ni series, the substituent steric
effects are more pronounced. The wider angle in both
[TpPh,Me]Ni(OC6H5) and H2O are ascribed to hybridized
bonding, whereas in the heavier chalcogens p-type σ-bonds are
the norm.50,58

A series of [TpPh,Me]Ni(SeAr) analogues with electronic
modifications at the para position of the arylselenolate ligand
have been characterized structurally. These nickel(II) phenyl-
selenolate complexes include [TpPh,Me]Ni(SeC6H4-4-X) (X =
H, Cl, Me, OMe). While the structural effects of chalcogen
variation were discernible, structural influences from the para
substituents were not as apparent among the arylselenolate
series. There is a very modest correlation between Ni−SeAr
bond length and the electron-donating ability of the selenolate
ligand. The more electron donating substituents, p-OMe and p-
Me, exhibit shorter Ni−SeAr bond distances, whereas the
electron-withdrawing p-Cl substituent leads to a slightly
elongated Ni−SeAr bond distance (Table 1). Introduction of
the para substituent leads to enhanced tilting off of the ideal C3
axis (τ4(avg) = 0.68), as well as an increase in the Ni−SeAr
bond angles. The differences in bond angles are modest with
no discernible trend. The minor variations are most likely
influenced by steric and/or crystal-packing effects rather than
electronic effects.

1H NMR Spectroscopy. The series of nickel(II)
arylchalcogenolate complexes consists of a high-spin, S = 1,
nickel center. Therefore, these complexes have been
investigated using paramagnetic 1H NMR spectroscopy,
wherein the complexes exhibit broad signals over a wide
chemical shift range. The spectra are well-resolved in C6D6
solution at room temperature with characteristic resonances
assigned to the [TpPh,Me]Ni(EAr) complexes (Figure 2).
The protons on the Tp ligand backbone, as well as on the

arylchalcogenolate substituent, provide excellent markers for
tracking the effect of chalcogen on the chemical shifts. The
pattern observed for these arylchalcogenolate resonances is an
alternating upfield, downfield, upfield shift for ortho, meta, and

para signals, respectively. These hyperfine-shifted signals are
indicative of a spin polarization pathway, which results from
the unpaired spins on the paramagnetic nickel center. The
spins on the neighboring atoms are polarized in an alternating
parallel and antiparallel manner, such that the corresponding
1H NMR signals occur downfield for parallel spins and upfield
for antiparallel spins.59,60 This presentation of chemical shifts is
well documented in other paramagnetic metal com-
plexes.32,34,61,62

Further comparison of the 1H NMR spectra for the different
chalcogen-substituted complexes reveals a gradual shift of the
paramagnetic signals toward the diamagnetic region. This
effect correlates to the effective magnetic moments of the
arylchalcogenolate complexes, which were determined in
solution by the Evans method.27 The larger magnetic moments
are associated with greater paramagnetic shifts (Table 3). A
s im i l a r t r e n d w a s o b s e r v e d i n M i d o l l i n i ’ s
(Et4N)3[Fe4E4(SPh)4] (E = S, Se, Te) complexes. In these
iron ferredoxin models, it was observed that larger magnetic
moments correlated to greater paramagentic shifts in the 1H
NMR spectra. Interestingly, Fe4Te4 exhibited the largest
magnetic moment.63

Table 2. Bond Length Data (in Å) for Isostructural Terminal M−EAr Series

[TpPh,Me]Ni(EAr) [TmBut]Cd(EAr)48 [TmBut]Zn(EAr)49 Cp*2Zr(EAr)2
50 [TpMe,Me]2Sm(EAr)51

O 1.813(1) 2.109(6)a 1.925(4) 1.989(3) 2.159(2)b

S 2.219(2) 2.4595(7) 2.272(1) 2.522(1) 2.8620(9)c

Se 2.3283(8) 2.5595(5) 2.394(1) 2.651(3) 2.9390(3)
Te 2.5084(5) 2.7097(5) 2.568(1) 2.87(2) 3.1874(4)

aAr = 2,6-C6H3Ph2.
bAr = p-OC6H4Bu

t. cAr = p-SC6H4Me.

Figure 2. 1H NMR spectra of [TpPh,Me]Ni(EAr) in C6D6 recorded at
room temperature: (a) E = O, red; (b) E = S, green; (c) E = Se, teal;
(d) E = Te, purple.

Table 3. Magnetic Data and 1H NMR Chemical Shifts at 298
K for [TpPh,Me]Ni(EAr) Complexes

μeff (μB) δ(ppm): o-H, m-H, p-H

[TpPh,Me]Ni(OC6H5) 3.04(4) −48.9, 37.2, −43.6
[TpPh,Me]Ni(SC6H5) 2.88(4) −30.7, 26.5, −40.7
[TpPh,Me]Ni(SeC6H5) 2.80(4) −23.0, 22.3, −29.8
[TpPh,Me]Ni(TeC6H5) 2.73(1) −20.2, 19.2, −23.7
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The para-substituted selenolate series [TpPh,Me]Ni(SeC6H4-
4-X) shows similar trends in their 1H NMR spectra (Figure 3).

However, there are only minor differences in chemical shifts as
the para substituent is varied from X = Cl, H, Me to OMe.
While the chemical shifts vary to a small degree among the
arylselenolate derivatives, a general trend is apparent. An
increase in the electron-donating ability of the aryl selenolate
ligand from Cl to OMe is related to a very small decrease in the
downfield pyrazole 4-H proton shift from 69.8 to 68.1 ppm.
This occurs with a concomitant upfield shift of the
arylselenolate ortho protons from −22.2 to −24.9 ppm. In
addition, upon replacement of the para substituent with a
methyl group the 1H NMR spectrum exhibits further evidence
of spin polarization. On replacement of the p-H shifted upfield,
the protons of the p-methyl group appear downfield due to the
alternating parallel and antiparallel spins.
Electronic Spectroscopy. The electronic absorption

spectra of [TpPh,Me]Ni(EAr) display intense absorption
features in the visible region corresponding to ligand to
metal charge transfer (LMCT) bands (Figure 4). These
transitions are assigned to an E−Ni pπ−dπ* charge trans-
fer.11,32,58,62 The bands range in energy from 430 to 670 nm,
with the highest energy band assigned to E = OPh and the
lowest energy band assigned to E = TePh. The observed red
shift in energies on moving down the series is reflective of the
comparative electronegativities of the chalcogens. On descend-
ing the chalcogen series, there is a decrease in the
electronegativity. In the chalcogenolate complexes this is
associated with an increase in the energy of the ligand pπ
orbital, resulting in a smaller transition energy between ligand
pπ and metal dπ* orbitals.
Figure 4 displays the analogous LMCT bands for the

[TpPh,Me]Ni(SeC6H4-4-X) complexes. In order of increasing
electron-donating ability of the chalcogenolate ligand, Cl to
OMe, a minor red shift from 570 to 600 nm is noted. The red
shift in this para-substituted selenolate series can be
rationalized in the same manner as for the arylchalcogenolates.
Specifically, the change in energy of the ligand pπ orbital is
associated with the change in the magnitude of the LMCT
band energy. Jensen and co-workers have characterized a

related nickel(II) thiolate series with TpPh,Me and TpMe,Me

ligands.34,39 Their [TpR,Me]Ni(SC6H4-4-X) series (R = Me, Ph;
X = H, Cl, Me, OMe) shows similar absorption bands in the
visible region: 506 nm for R = Me and 540 nm for R = Ph.

Electrophilic Alkylation Reactivity. All reactions of
[TpPh,Me]Ni(EAr) were performed in dry THF at room
temperature under pseudo-first-order conditions: i.e., [MeI]
> 100[[TpPh,Me]Ni(EAr)]. Solutions of the intensely colored
arylchalcogenolate complexes turn pale orange over the course
of the reaction. [TpPh,Me]NiI formation was confirmed by
electronic absorption (λmax = 390, 435 nm in THF) and 1H
NMR spectroscopies (δ 75.1 ppm in C6D6). The identity of
the organic product was confirmed by gas chromatography−
mass spectrometry (GC-MS) and 1H NMR spectroscopy.
The reactions of [TpPh,Me]Ni(EAr) with MeI occur readily at

room temperature on a time scale ideal for kinetic analysis.
Depending on the identity of the chalcogen, the alkylation
reaction time courses vary on the order of minutes to several
hours. Consequently, electronic absorption spectroscopy
provides a practical method for measuring the reaction rates.
The loss of the LMCT absorption bands gave rise to the
absorption features of the product, [TpPh,Me]NiI, with
observation of an isosbestic point, indicative of an optically
clean reaction (Figure 5).
The time-dependent decrease in concentration of the

starting material at λmax exhibited exponential decay over the

Figure 3. 1H NMR spectra of [TpPh,Me]Ni(SeC6H4-X) in C6D6
recorded at room temperature: (a) X = H, red; (b) X = Cl, green;
(c) X = Me, teal; (d) X = OMe, purple.

Figure 4. Electronic absorption spectra of [TpPh,Me]Ni(EAr) (top)
and [TpPh,Me]Ni(SeC6H4-4-X) (bottom), recorded in THF at room
temperature.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c00066
Inorg. Chem. 2021, 60, 6327−6338

6332

https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00066?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00066?rel=cite-as&ref=PDF&jav=VoR


course of 3 half-lives. A representative plot for one of these
reactions is depicted in Figure 5. A pseudo-first-order plot was
constructed to derive kobs from the linear relationship of ln[(A
− A∞)/(Ai − A∞)] versus time. The kobs values for each
reaction were measured over a range of MeI concentrations.
The reactions demonstrated second-order kinetics, first order
in each reagent. Second-order rate constants, k2, for each
reaction were obtained from the linear relationship of kobs
versus [MeI] (Figure 6).
[TpPh,Me]Ni(OC6H5) did not react with methyl iodide even

under more forcing reaction conditions of 70 °C for several
days. Notably, the small positive intercept for the alkylation of
[TpPh,Me]Ni(TeC6H5) suggests a side reaction, which is
ascribed to competitive decomposition of the complex due
to its instability in solution.
The trend in the observed reaction rate is O (no reaction)

≪ S < Se < Te (Table 4). While the data contained therein are
for reactions conducted in THF, additional reactions were
performed in toluene. Reactions in the less polar toluene
exhibited a significantly slower rate in comparison to those in
THF. Incidentally, it is relevant that Jensen has determined the
k2 value for alkylation of the complex [TpPh,Me]Ni(SC6H5)
with MeI in 1,2-dichloroethane.64 The k2 value for this reaction
is 1.83(4) × 10−3 M−1 s−1. This value is larger than that for the
same complex’s rate constant measured in THF (Table 4).
Similarly to the reactions conducted in toluene, this result

provides further evidence that more polar solvents accelerate
the rate of the reaction. The solvent effect on reaction rate is
consistent with the alkylation reactions proceeding via an SN2
mechanism. In sum, the observed trend in reactivity among the
chalcogenolates parallels an increase in nucleophilicity among
the heavier chalcogens.
The complete examination of reactivity of the chalcogen

series from oxygen to tellurium presented herein represents the
first such reactivity study of which we are aware. Therefore,
relevant systematic comparisons are not possible. However,
further insight is gained by assessing the rates of reactivity
between the more prevalent sulfur and selenium nucleophiles.
Reactions of organic thiolates and selenolates with methyl
iodide are well-known. Songstad determined several nucleo-
philic reactivity constants with methyl iodide, including a
variety of sulfur and selenium substrates.65,66 For reactions of
PhENa and (Me)2E where E = S, Se, the ratio kSe/kS ranges
from 5.9 to 6.5, indicating faster reactions for both anionic and
neutral selenium species. By comparison kSe/kS = 6.7 for the
[TpPh,Me]Ni(EPh) complexes. In the current series, on
transitioning to the heavier tellurolate congener, the reaction
with MeI is ∼22 times faster than that with the selenolate and
∼146 times faster than that with the thiolate.

Eyring Analysis. An Eyring analysis was conducted for the
reaction of [TpPh,Me]Ni(SeC6H5) with MeI to deduce
activation parameters. Reactions with concentrations of MeI
at 284 mM were performed over a 40 °C temperature range,
15−55 °C. Plotting ln(k/T) versus 1/T for five distinct
temperatures yielded a linear relationship (Figure 7). The
activation parameters for this second-order reaction were
determined to be ΔH⧧ = 12(1) kcal mol−1 and ΔS⧧ = −33(3)

Figure 5. (top) Electronic absorption spectra monitoring the decrease
in λmax at 580 nm for the reaction of [TpPh,Me]Ni(SeC6H5) with
methyl iodide (284 mM) in THF at 25 °C. (bottom) Exponential
decay time course of the same reaction.

Figure 6. Plot of kobs vs [MeI] for each [TpPh,Me]Ni(EAr) complex
used in determining k2 for the reaction with methyl iodide. Error bars
are included for each data set; where error bars are not visible, they
are within the size of the data point.

Table 4. Second-Order Rate Constants for Alkylation
Reactions with MeI in THF

complex k2, M
−1 s−1

[TpPh,Me]Ni(SC6H5) 3.9(3) × 10−4

[TpPh,Me]Ni(SeC6H5) 2.6(3)× 10−3

[TpPh,Me]Ni(SeC6H4-4-Cl) 9.8(2) × 10−4

[TpPh,Me]Ni(SeC6H4-4-Me) 3.6(1) × 10−3

[TpPh,Me]Ni(SeC6H4-4-OMe) 4.7(5) × 10−3

[TpPh,Me]Ni(TeC6H5) 5.7(5) × 10−2
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cal mol−1 K−1. Alkylation reactions for complexes with terminal
thiolate ligands have been reported to have similar values.
Notably, the activation parameters for reaction of Jensen’s
[TpPh,Me]Ni(SMes) with MeI are the same within error: ΔH⧧

= 11(1) kcal mol−1 and ΔS⧧ = −37(4) cal mol−1 K−1.64 At first
glance, it would appear that these activation parameters are
consistent with an associative substitution mechanism. Indeed,
the small enthalpic value is consistent with an SN2 transition
state. Likewise, the negative entropic term is indicative of an
ordered transition state in an associative mechanism. However,
these parameters alone are insufficient in distinguishing
between associative and dissociative pathways. For instance,
a negative entropy value could be the result of solvent
electrostriction, due to solvated anions and cations in a
dissociative reaction, for example, as detailed by Parkin.23

In Jensen’s electrophilic alkylation of nickel(II) arylthiolates,
evidence for a possible associative mechanism was cited, but
they did not discount a dissociative mechanism. Alkylation in
separate systems can have similar activation parameters and
operate under different mechanisms. Our laboratory22 and that
of Parkin23 reported similar values for alkylation of Zn thiolates
with MeI: ΔH⧧ = 16 kcal mol−1, ΔS⧧ = −20 cal mol−1 K−1 and
ΔH⧧ = 14.1(1) kcal mol−1, ΔS⧧ = −23.1(4) cal mol−1 K−1,
respectively. Despite deriving comparable activation parame-
ters, the reactivity of our laboratory’s [Ph(pztBu)BttBu]Zn-
(SAr) complex with MeI was proposed to occur via an
associative route, whereas Parkin’s [TmPh]Zn(SCH2C(O)N-
(H)Ph) was proposed to proceed via a dissociative mechanism.
Electron-Donating Effects/Hammett Relationship.

The alkylation kinetics of [TpPh,Me]Ni(EAr) complexes were
explored via the series of para-substituted phenylselenolate
complexes, [TpPh,Me]Ni(SeC6H4-4-X) (X = Cl, Me, OMe).
The reactions were performed with MeI under the same
conditions as those for the arylchalcogenolate analogues. The
results are presented in Table 4 and Figure 8. Analogously to
the phenylchalcogenolate derivatives, the phenylselenolate
complexes exhibited a linear relationship for kobs and [MeI],
consistent with a first-order dependence on the alkyl halide.
Reaction rates increase in the order Cl < H < Me < OMe. The
more strongly electron donating substituents on the phenyl-
selenolate ligand contribute to faster reaction rates.
In analyzing the effect of electron-donating and -with-

drawing substituents on the rate of the reaction, a Hammett

plot was constructed (Figure 9). By a plot of k2 values for the
arylselenolate derivatives against the standard Hammett

substituent constants (σp),
67 the Hammett reaction constant

(ρ) was determined. The ρ value is used to gain insight into
the reaction mechanism. For alkylations of [TpPh,Me]Ni-
(SeC6H4-4-X) with MeI, ρ = −1.3(3). A negative ρ value is
indicative of accumulation of charge in the transition state,
specifically a buildup of positive charge.68 On consideration of
the two mechanisms discussed earlier (Scheme 1), in an
associative transition state, this could indicate stabilization of
positive charge accumulation on selenium by the more electron
donating substituents. However, there is also charge
accumulated in a dissociative transition state. In this case, ρ
would depend on the ability of the phenylselenolate ligand to
dissociate, as well as the strength of the dissociated
nucleophile.64 Similar ρ values have been reported for nickel
complexes with terminal thiolate ligands. For reactions with
benzyl bromide in toluene, Guan obtained ρ = −1.5(3) for a
square-planar nickel(II) complex69 and Jensen’s [TpPh,Me]Ni
arylthiolate complexes yielded ρ = −1.7(4).64 While the

Figure 7. Eyring plot of k2 (M−1 s−1) for the reaction of
[TpPh,Me]Ni(SeC6H5) with MeI in THF.

Figure 8. Plot of kobs vs [MeI] for each [TpPh,Me]Ni(SeC6H4-4-X)
complex used in determining k2 for the reaction with methyl iodide.
Error bars are included for each data set; where error bars are not
visible, they are within the size of the data point.

Figure 9. Hammett plot for the reactions of [TpPh,Me]Ni(SeC6H4-4-
X) with MeI in THF at 25 °C. From left to right the data points
represent X = OMe, Me, H, Cl.
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Hammett reaction constants compare favorably, the reaction
mechanisms for each of these systems remain to be elucidated.
Therefore, to gain further insight into the details of the
mechanism, DFT computational methods were employed to
buttress the experimental results.
Computational Analysis. To obtain greater insight into

the mechanistic pathway of the electrophilic alkylation
reactions of [TpPh,Me]Ni(EAr) with MeI, DFT computational
methods were employed. In accordance with the experimen-
tally determined activation parameters for the reaction of
[TpPh,Me]Ni(SeC6H5) with MeI, this reaction was used as the
model system for computational analysis. The transition states
for each of three pathways were modeled, Scheme 1. Two
transition states were considered for the individual associative
mechanisms, i.e. classical SN2 and four-centered, and one
transition state for the potential dissociative route. The
resulting energies for the potential pathways are contained in
Tables S1 and S2 in the Supporting Information.
From the transition-state calculations, it is evident that the

reaction barriers for a four-centered associative transition state
and dissociation of the arylselenolate are quite high for a
reaction that occurs readily at room temperature. Energetic
values for the classical SN2 transition structure showed greater
potential for a mechanism that proceeds through this transition
state, but the computed enthalpy of reaction, ΔΗ⧧ = 23.6 kcal
mol−1, was much greater than the experimentally determined
value, ΔΗ⧧ = 12(1) kcal mol−1. Further consideration was
given to the solvated model for the SN2 associative transition
state. Using the SMD solvent model in THF, the theoretically
determined enthalpy, ΔΗ⧧ = 17.3 kcal mol−1, showed
somewhat better agreement with the experimentally derived
value for the reaction with MeI. Upon selection of a larger
basis set, Def2TZVPP, the enthalpy was lowered even further
to ΔΗ⧧ = 14.1 kcal mol−1. This calculated value compares well
with the experimentally determined value, ΔΗ⧧ = 12(1) kcal
mol−1. On the basis of these calculations, the electrophilic
alkylation of [TpPh,Me]Ni(EAr) with MeI is proposed to
proceed via an associative mechanism, through a classical SN2
transition state (Figure 10).
Although several studies have been conducted to elucidate

the electrophilic alkylation mechanism of metal−thio-
lates,21,22,64,70 less commonly have computational methods
been deployed as a means to complement and buttress
mechanistic arguments.71 One study that did include DFT

calculations in their analysis of the alkylation mechanism was
Parkin’s examination of Zn thiolates.23 Experimentally, it was
determined that the reaction of [TmPh]ZnSCH2C(O)NHPh
with MeI had a small kinetic isotope effect (KIE) of kH/kD =
1.16(1) at 0 °C. When both associative and dissociative
transition states were modeled, calculations were supportive of
a dissociative mechanism due to a determined KIE value of
1.08 at 0 °C, which compared well with experimental results.
In Parkin’s study of Zn−thiolates and the work presented
herein on nickel chalcogenolates, a computational analysis of
transition states proved to be an effective tool for distinguish-
ing between associative and dissociative routes. From these
results, it is clear that mechanistic analyses of alkylation
reactions can benefit from supplemental computational
analysis.

■ SUMMARY

The synthesis and characterization of the complete congeneric
[TpPh,Me]Ni(EAr) series has allowed for a systematic
comparison of nickel chemistry throughout the chalcogen
group. Structural changes arising from variation of the
chalcogen were consistent with periodic trends. Ni−E bond
lengths increase from E = O to Te, whereas Ni−E−Ar bond
angles decrease, corresponding to changes in the chalcogen.
Additionally, electronic effects were considered through
characterization of the phenylselenolate para-substituted series,
[TpPh,Me]Ni(SeC6H4-4-X) (X = Cl, Me, OMe). There were
only minor changes in Ni−E bond length, with shorter bond
distances correlating to more electron donating substituents.
Overall, substitution of the different chalcogens had a greater
effect on the structural parameters in comparison to electronic
substitution on the arylchalcogenolate ligand.
The 1H NMR spectra of [TpPh,Me]Ni(EAr) complexes

displayed paramagnetic contact shifts, with evidence of a
spin-polarization pathway. The spectra also indicated a
correlation between μeff and the degree of shifting toward
the paramagnetic region. Furthermore, the electronic absorp-
tion spectra showed intense LMCT features in the visible
region, which displayed a red shift in energies corresponding to
either a decrease in electronegativity of the chalcogen or an
increase in the electron-donating ability of the ligand.
A detailed kinetic analysis of electrophilic alkylation

reactions of [TpPh,Me]Ni(EAr) with methyl iodide provided
insight into reaction trends among the chalcogens, as well as a
greater mechanistic understanding. Reactions conducted at
room temperature in THF exhibited second-order kinetics,
first order in each reactant. Rates increased from E = O to Te
corresponding to an increase in chalcogen nucleophilicity. An
analysis of reaction rates under the same conditions for
[TpPh,Me]Ni(SeC6H4-4-X) showed faster rates coincident with
greater electron-donating ability of the arylselenolate ligand: X
= OMe > Me > H > Cl. Furthermore, activation parameters for
the alkylation reaction were considered for [TpPh,Me]Ni-
(SeC6H5) resulting in the values ΔH⧧ = 12(1) kcal mol−1

and ΔS⧧ = −33(3) cal mol−1 K−1. An associative mechanism,
proceeding through a SN2 transition state, was proposed on the
basis of DFT transition-state calculations. Other factors were
considered in distinguishing between associative and dis-
sociative mechanisms, such as exchange reactions, electronic
effects, and the Hammett reaction constant. DFT analysis
provided the most convincing evidence in support of an
associative mechanism.

Figure 10. Geometry-optimized structure of the [TpPh,Me]Ni-
(SeC6H5)- - -Me- - -I transition state. Hydrogens have been omitted
for clarity.
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