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ABSTRACT: Described herein is the synthesis of the NiII

complex (tBuMe2tacn)NiII(cycloneophyl) (tBuMe2tacn = 1-tert-
butyl-4,7-dimethyl-1,4,7-triazacyclononane, cycloneophyl =
−CH2CMe2-o-C6H4−) and its reactivity with dioxygen and
peroxides. The new tBuMe2tacn ligand is designed to enhance
the oxidatively induced bond-forming reactivity of high-valent Ni
intermediates. Tunable chemoselectivity for Csp2−O vs Csp2−
Csp3 bond formation was achieved by selecting the appropriate
solvent and reaction conditions. Importantly, the use of cumene
hydroperoxide and meta-chloroperbenzoic acid suggests a hetero-
lytic O−O bond cleavage upon reaction with (tBuMe2tacn)NiII(cycloneophyl). Mechanistic studies using isotopically labeled H2O2
support the generation of a high-valent Ni-oxygen species via an inner-sphere mechanism and subsequent reductive elimination to
form the Csp2−O bond. Kinetic studies of the exceptionally fast Csp2−O bond-forming reaction reveal a first-order dependence on
both (tBuMe2tacn)NiII(cycloneophyl) and H2O2, and thus an overall second-order reaction. Eyring analysis further suggests that the
oxidation of the NiII complex by H2O2 is the rate-determining step, which can be modulated by the presence of coordinating
solvents. Moreover, computational studies fully support the conclusions drawn from experimental results. Overall, this study reveals
for the first time the ability to control the oxidatively induced C−C vs C−O bond formation reactions at a Ni center. Importantly,
the described system merges the known organometallic reactivity of Ni with the biomimetic oxidative transformations resembling
oxygenases and peroxidases, and involving high-valent metal-oxygen intermediates, which is a novel approach that should lead to
unprecedented oxidative catalytic transformations.

■ INTRODUCTION
The formation of carbon−oxygen bonds is an important
chemical transformation because of the prevalence of hydroxyl
and ether functionalities in natural products1 and polymer
precursors.2,3 In pursuit of greener chemistry, transition-metal-
catalyzed hydroxylation and alkoxylation reactions have
emerged as an alternative to traditional stoichiometric
synthesis.4 In this context, palladium-catalyzed ligand-directed
C−H oxygenation has attracted high scientific interest for
decades, owing to the ability of Pd to activate strong C−H
bonds with predictable site selectivity.5 Moreover, the use of
dioxygen or hydrogen peroxide as oxidants in C−H
hydroxylation reactions has recently been demonstrated in
Pd-catalyzed late-stage functionalization,6,7 showing the
viability of sustainable transformations in building molecular
complexity.

On the contrary, the application of nickel, the earth-
abundant congener of palladium, as a catalyst in the field of
C−H oxygenation has been limited, likely due to challenges in
nickel-assisted C−H activation and inherently unstable high-
valent nickel species.8−10 Nevertheless, numerous efforts have
been dedicated to the study of high-valent Ni centers, which
are generated chemically,11−20 photochemically,20,21 or electro-
chemically,22 to promote C-heteroatom bond formation

reactions.23 A seminal work by Sanford and Camasso in
2015 showed the capability of multidentate ligands to allow the
isolation of well-defined organometallic NiIV complexes.16

These isolated NiIV complexes exhibit uncommon Csp3−X
bond-forming reactivity (X = O, S, N) in the presence of
exogenous nucleophiles, suggesting a great potential for NiII/IV

catalysis. Multidentate ligands such as 1,4,7-trimethyl-1,4,7-
triazacyclononane (Me3tacn) and pyridinophane (RN4)
ligands have been employed by our group to stabilize high-
valent Ni and Pd complexes, with an emphasis on their aerobic
reactivity.13,14,24−26 Specifically, we observed the rapid
oxidation of the LNiII(cycloneophyl) complexes (L = Me3tacn
or RN4; cycloneophyl = −CH2CMe2-o-C6H4−) upon exposure
to O2 or H2O2, and formation of the corresponding high-valent
species (Figure 1). However, the yields of C−C or C−O
coupled products resulting from subsequent reductive
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elimination were low and marred by poor chemoselectivity,
likely due to an appreciable stabilization of the high-valent Ni
species by the strong binding of the axial amine donors to the
Ni center. Therefore, we hypothesized that the use of an
asymmetric tacn-derived ligand bearing one bulky tert-butyl N-
substituent could facilitate the reductive elimination from the
NiIV intermediate due to the weaker axial Ni−Naxial interaction.

Herein, we report the development of the new 1-tert-butyl-
4,7-dimethyl-1,4,7-triazacyclononane (tBuMe2tacn) ligand and
the reactivity of the corresponding Ni complexes. By
weakening the interaction of the Ni center with one of the
amine donors on the ligand via installing a bulky tert-butyl
substituent, we were able to accomplish selective, oxidatively
induced Csp2−O bond formation in good yields using green

Figure 1. Oxidative C−O bond formation on organometallic nickel complexes induced by molecular oxygen or hydrogen peroxide.

Figure 2. Synthesis of (a) the new ligand tBuMe2tacn and (b) complexes 1 and 2.
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oxidants such as O2 and H2O2. Moreover, detailed mechanistic
studies were conducted to probe the intermediacy of NiIV

intermediates and their reactivity. Kinetic studies reveal a rate-
determining oxidation of the NiII complex by H2O2, while the
choice of solvent also plays an important role. Finally, density
functional theory (DFT) calculations were employed to
provide insights into the molecular structure of transition
states and the source of the observed C−O vs C−C
chemoselectivity.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of tBuMe2tacn and

(tBuMe2tacn)Ni(cycloneophyl) Complexes. 1,4,7-Triaza-
cyclononane (tacn) derivatives are nine-membered macro-
cycles that have been frequently employed as supporting
ligands in transition-metal-catalyzed reactions.27,28 In 2017,
our group showed that Me3tacn serves as an excellent ancillary
ligand to accommodate organometallic nickel complexes in the
NiII, NiIII, and NiIV oxidation states.13 Nevertheless, the
corresponding high-valent Ni complexes exhibit limited
bond-forming reactivity. Previous reports have shown that
bulky substituents on the axial amine arms are beneficial for
reductive elimination at high-valent metal centers.14,26,29 As a
result, we have developed the asymmetric ligand 1-tert-butyl-
4,7-dimethyl-1,4,7-triazacyclononane (tBuMe2tacn) with an
anticipation that the amine arm bearing the bulky tert-butyl
group could destabilize the high-valent Ni intermediates by
distorting the coordination geometry and promote the
formation of more reactive five-coordinate species.

The tBuMe2tacn ligand was prepared via a modified crab-like
route starting from bischloroacetamide and tert-butyl amine
(Figure 2a).30,31 The cyclized diamide was then reduced by
LiAlH4, and final purification of the ligand via vacuum
distillation afforded tBuMe2tacn as a colorless liquid in 20%
overall yield. Surprisingly, the tBuMe2tacn ligand has never
been synthesized to date, likely due to the unfavorable
cyclization of dimethyl-substituted bischloroacetamide with
primary amines.31

The complex (tBuMe2tacn)NiII(cycloneophyl) (1) was
prepared using a modified literature procedure and obtained
as a yellow crystalline solid in 70% yield (Figure 2b).32 The
solid-state structure of 1 displays a square planar geometry
around the Ni center that resembles (Me3tacn)-
NiII(cycloneophyl) (Figure 3a).13 The tBuMe2tacn ligand
coordinates in a κ2 binding mode, where the amine arm
bearing the tert-butyl group points away from the Ni center.
NMR analysis of 1 suggests an asymmetric and locked-into-
place tacn backbone structure in solution, as the three ethylene
bridges exhibit distinct and well-defined resonance peaks in
addition to the two chemically inequivalent N-Me groups. This
contrasts with (Me3tacn)NiII(cycloneophyl), for which the
ethylene peaks are broad, and only one singlet peak was
observed for all three N-Me groups, due to their fluxionality on
the NMR time scale even at low temperatures.

The cyclic voltammogram (CV) of 1 exhibits two
irreversible oxidative waves at −0.383 and 0.153 V vs Fc0/+,
as well as an irreversible reductive wave at −1.051 V vs Fc0/+

(Figure 4a). Based on our previous detailed studies focusing on
the redox properties of related Ni and Pd complexes supported
by flexible multidentate ligands,13,14,24−26,29,33−35 we tenta-
tively assign these features to the oxidation of 1 to
[(tBuMe2tacn)NiIII(cycloneophyl)]+, the oxidation of
[(κ3-tBuMe2tacn)NiIII(cycloneophyl)]+ to [(κ3-tBuMe2tacn)-

NiIV(cycloneophyl)]2+�in which the tBuMe2tacn ligand
adopts a κ3 binding mode, and the reduction of
[(κ3-tBuMe2tacn)NiIII(cycloneophyl)]+ to 1. The large separa-
tion between the NiII/III redox potentials is attributed to
intramolecular structural changes involving the coordination of
the bulky tert-butyl amine to the Ni center. The small anodic
feature at −0.95 V vs Fc0/+ likely corresponds to the oxidation
of a trace amount of the [(κ3-tBuMe2tacn)NiII(cycloneophyl)]+
conformation of 1 being present in solution. Moreover, when
the scan rate was increased 10-fold, from 0.1 to 1 V s−1, the
oxidative peak potential of 1 at −0.383 V shifts by 72 mV and

Figure 3. ORTEP representation (50% probability thermal ellipsoids)
of (a) complex 1 and (b) complex 2. The counterions are omitted for
simplicity. Selected bond lengths (Å) and angles (°): 1, Ni1-C1
1.937(1), Ni1-C2 1.903(1), Ni1-N1 2.068(1), Ni1-N2 2.048(1), C1-
Ni1-N2 175.32(4), C2-Ni1-N1 174.65(4); 2, Ni1-C1 1.968(1), Ni1-
C2 1.972(1), Ni1-N1 2.0829(8), Ni1-N2 2.1099(8), Ni1-N3
2.1977(9), C1-Ni1-N2 164.05(4), C2-Ni1-N1 166.78(4).

Figure 4. (a) CV of 1 in 0.1 M nBu4NPF6/MeCN (scan rate = 100
mV s−1) and (b) experimental and simulated EPR spectra of a frozen
1:3 MeCN/PrCN solution of 2 at 77 K using the following
parameters: gx = 2.398, gy = 2.324, gz = 2.003 (Az (N) = 15.0 G).
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the reduct ive peak potent ia l of [( tBuMe 2 tacn)-
NiIII(cycloneophyl)]+ at −1.051 V shifts by 35 mV, which
suggests a slow electron transfer process.36,37

Indeed, 1 could be readily oxidized by 1 equiv FcPF6 to
afford the NiIII complex [(tBuMe2tacn)NiIII(cycloneophyl)]-
PF6 (2) in 92% yield (Figure 2b). Notably, the single-crystal X-
ray structure of 2 shows a five-coordinate NiIII center with an
axial bond length, which is 0.11 Å longer than that in
[(Me3tacn)NiIII(cycloneophyl)]PF6 (2.19 vs 2.08 Å),13 in-
dicating a weaker axial binding interaction due to the steric
bulk of the tert-butyl group (Figure 3b). In addition, the
electron paramagnetic resonance (EPR) spectrum of 2 reveals
a weaker superhyperfine coupling constant (15.0 G) in the gz
direction compared to that observed for [(Me3tacn)-
NiIII(cycloneophyl)]PF6 (17.5 G), further supporting a weaker
Ni−Naxial interaction (Figure 4b). Further oxidation of 2 by
acetylferrocenium hexafluorophosphate (AcFcPF6) resulted in a
diamagnetic NiIV complex (3) that persists in solution for 24 h
at −60 °C (Figures S46−S50). At elevated temperatures, 3
undergoes rapid reductive elimination to afford the solvento
NiII complex [(tBuMe2tacn)NiII(MeCN)3](PF6)2 (4) and a
quantitative amount of 1,1-dimethylbenzocyclobutene (5,
Figure 5). Attempts to crystallize 3 at −60 °C led to the

decomposition of the NiIV complex, likely due to its instability
in the solid state. By comparison, the stability of high-valent

cycloneophyl Ni complexes supported by the tBuMe2tacn
ligand is significantly reduced vs those supported by Me3tacn.
While [(Me3tacn)NiIII(cycloneophyl)]PF6 is stable in solution
for days, 2 fully decomposes in MeCN within a day to yield 5.
Similarly, [(Me3tacn)NiIV(cycloneophyl)MeCN](PF6)2 is isol-
able at low temperatures, while 3 is not stable in the solid state.
The stability difference is attributed to the weakened electron-
donating ability of the amine arm bearing the bulky tert-butyl
group, and therefore we posit the corresponding high-valent Ni
complexes are more prone to reductive elimination.
Oxidative Reactivity of 1. Encouraged by the enhanced

reactivity of the high-valent Ni cycloneophyl complexes
supported by tBuMe2tacn, we investigated the aerobically
induced reactivity of 1 to generate new C−C or C−O bond
formation products. Indeed, exposure of 1 to dry O2 results in
rapid formation of benzocyclobutene (5) in up to 95% yield in
MeCN, or a combined yield of oxygenated products (6−9) in
up to 21% in 2-MeTHF after acidic workup (Table 1).
Notably, the polarity of the solvent plays an important role in
determining the chemoselectivity.38−40 In polar solvents such
as MeCN and DMF, 5 forms predominantly. On the other
hand, in weakly polar or nonpolar solvents such as 2-MeTHF
and toluene, appreciable amounts of oxygenated products 6−9
are formed. To further enhance the selectivity toward the
oxygenated products, we tested the effect of temperature on
chemoselectivity in toluene or 2-MeTHF (Table S5), and the
formation of C−O products 6−9 was favored at lower
temperatures. However, we reasoned that the wide distribution
of oxygenated products is a result of overoxidation in the
presence of excess amount of oxygen, which complicated the
interpretation of the reactivity results. In addition, use of
stoichiometric amounts of O2 did not significantly improve the
yields and selectivity for C−O products (Table S6).

Therefore, we hypothesized that the use of another oxidant
would alleviate overoxidation side reactions and lead to the
selective formation of a single oxygenated species. We
proceeded to use hydrogen peroxide as a dioxygen surrogate
for ease of accurate measurement, as well as its wide availability
and low cost. Interestingly, when only 0.5 equiv of H2O2 was
added to a solution of 1 in 2-MeTHF at −78 °C, we retrieved
50% tert-butylbenzene (10) derived from the direct proto-
demetallation of remaining 1 in the solution, indicating a
stoichiometry of 1:1 1:H2O2 during the reaction (Table 2).

Figure 5. Reaction of 2 with 1 equiv AcFcPF6.

Table 1. Aerobic Reactivity of Complex 1 in Various Solventsa,b

solvent dielectric constant 5 (%) 6 (%) 7 (%) 8 (%) 9 (%) sum (%) total C−Os (%)c C−Os/C−Cd

MeCN 36.64 95 ± 3 <1 <1 <1 <1 95 <1 <0.01
DMF 38.25 84 ± 2 <1 1 ± 1 <1 <1 85 1 0.01
THF 7.52 39 ± 2 <1 2 ± 1 5 ± 1 4 ± 1 50 11 0.28
2-MeTHF 6.97 38 ± 1 1 ± 1 5 ± 1 9 ± 1 6 ± 1 59 21 0.55
toluene 2.38 36 ± 1 6 ± 1 3 ± 1 4 ± 1 3 ± 1 52 16 0.44

aReaction conditions: 1 (0.0049 mmol, 1.0 equiv), trimethoxybenzene (1.0 equiv), 1.5 mL solvent, dry O2 (1 atm), 5 min, 21 °C. bYields were
determined by GC-FID upon acidic workup, using 1,3,5-trimethoxybenzene as the internal standard and a calibration curve. cTotal C−Os yield =
sum of yields of 6, 7, 8, and 9. dC−Os/C−C ratio = (6 + 7 + 8 + 9)/5.
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Importantly, 2-tert-butylphenol (6) was observed as the only
oxygenated product, which reaches a maximum yield of 61%
when 1 equiv of H2O2 is used. With an excess amount of H2O2
(2−5 equiv), the yield of 6 is reduced dramatically, with the
concomitant formation of 3,3-dimethyl-2,3-dihydrobenzofuran
(7) and 3,3-dimethyl-2,3-dihydrobenzofuran-2-ol (8), suggest-
ing that the presence of excess oxidants generates overoxidized
products. A similar phenomenon has been reported by
Puddephatt and co-workers in a Pd system, where selective
oxygen atom insertion into the Pd−aryl bond was observed
during the reaction of [Pd(cycloneophyl)(MesN = CHCH =
NMes)] with H2O2.41

To investigate if similar mechanisms are operating in our
system, we scaled up the reaction of complex 1 with 1.05 equiv
H2O2 in 2-MeTHF at −78 °C in an attempt to isolate any
oxygenated Ni complexes. NMR analysis of the dried crude
product revealed full consumption of complex 1 and the
formation of a new species. Gratifyingly, recrystallization of the
product in a THF/pentane solution afforded the complex
(tBuMe2tacn)NiII(−CH2CMe2-o-C6H4O−) (11) as orange
crystals in 38% yield (Figure 6). To the best of our knowledge,
this is the first observation that hydrogen peroxide can act as
an oxygen atom transfer reagent to afford an isolable
oxygenated Ni complex, in an oxygenase-like process. Notably,
N2O is usually required as the oxygen atom transfer reagent for
Ni complexes, with much longer reaction times being
necessary.42−46 In our case, the formation of the cycloether
product 7 could be generated upon the oxidatively induced
reductive elimination from the nickelacycloether 11. Alter-
natively, oxidation of 11 followed by a second C−O reductive
elimination in the presence of hydroxide could lead to the
formation of 2-(1-hydroxy-2-methylpropan-2-yl)phenol (12),
which was indeed observed under aerobic oxidation conditions
(Table S6). Since it has been reported that Ni complexes
catalyze the oxidation of alcohols to ketones or aldehydes,47,48

12 can be converted into the corresponding aldehyde by the
presence of (tBuMe2tacn)Ni complexes and excess oxidants.
Spontaneous ring-chain tautomerism of the aldehyde then
affords 8 in its cyclized form, and further oxidation of 8 could
generate the lactone product 9.
Mechanistic Studies of the Oxidation of 1. To probe

whether a heterolytic or homolytic cleavage of the peroxide
O−O bond occurs during the oxidation of 1, cumene

hydroperoxide (CumOOH) was used as the oxidant.24,49

Two-electron reduction of CumOOH leads to O−O bond
heterolysis, eventually affording α-cumyl alcohol (13) after
protonation. On the other hand, one-electron reduction of
CumOOH promotes O−O bond homolysis and yields
acetophenone (14) through loss of a methyl radical. When 1
was reacted with 1 equiv CumOOH in 2-MeTHF at −78 °C, 5
and 6 were formed in 2 ± 1% and 50 ± 1% yields upon acidic
workup, respectively, similar to the reaction of 1 with H2O2
(Table S15). In the same reaction mixture, 13 could be
observed by GCMS in 95% yield, while 14 was not detected.
The exclusive observation of 13 suggests a clean O−O bond
heterolysis and therefore a two-electron oxidation of 1 by
CumOOH. When meta-chloroperbenzoic acid (mCPBA) was
used instead of CumOOH, exclusive formation of meta-
chlorobenzoic acid, but not chlorobenzene, was observed, also
suggesting O−O bond heterolysis (Table S13).50 As a result,
we propose that a NiIV-hydroxo intermediate (16) was formed

Table 2. Dependence of Product Distribution on the Amount of H2O2 Useda,b

H2O2 equiv 5 (%) 6 (%) 7 (%) 8 (%) 9 (%) 10 (%) sum (%) total C−O pdts (%)c

0.5 2 ± 1 33 ± 1 <1 <1 <1 50 ± 1 85 33
1 6 ± 1 61 ± 1 <1 <1 <1 13 ± 3 80 61
2 4 ± 1 9 ± 3 18 ± 2 5 ± 2 <1 <1 36 32
3 4 ± 1 5 ± 2 18 ± 2 6 ± 1 <1 <1 33 29
4 3 ± 1 3 ± 1 13 ± 3 6 ± 1 <1 <1 25 22
5 5 ± 1 3 ± 1 16 ± 2 7 ± 1 <1 <1 31 26

aReaction conditions: 1 (0.0049 mmol, 1.0 equiv), trimethoxybenzene (1.0 equiv), 1.5 mL of 2-MeTHF, H2O2, 20 min, −78 °C. bYields were
determined by GC-FID upon acidic workup, using 1,3,5-trimethoxybenzene as the internal standard and a calibration curve. cTotal C−O pdts =
sum of yields of 6, 7, 8, and 9.

Figure 6. (a) Synthesis of 11; (b) ORTEP representation (50%
probability thermal ellipsoids) of 11. Selected bond lengths (Å) and
angles (°): Ni(1)-O(1) 1.846(2), Ni(1)-N(1) 2.075(2), Ni(1)-C(1)
1.923(2), Ni(1)-N(2) 1.972(2), C(1)-Ni(1)-N(1) 179.5(1), O(1)-
Ni(1)-N(2) 172.10(8).
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upon the reaction of 1 and hydroperoxides (Figure 7).
Notably, the reaction of CumOOH with 1 in MeCN at
ambient temperature also showed exclusive formation of 13,
suggesting the general intermediacy of 16, regardless of the
choice of solvent and temperature (Tables S16 and S17).

When 0.25 equiv of O2 was reacted with 1, 33% of 10 was
retrieved after acidic workup, whereas only a trace amount of
10 could be observed when 0.5 equiv of O2 was used (Table
S6). Since the amount of 10 observed upon acidic workup
represents the amount of unreacted 1 remaining in solution,
the obtained yield of 10 suggests an ∼2:1 1:O2 stoichiometry
for the oxidation of 1 and indicative of a two-electron process.
This is consistent with previously reported aerobic mecha-
nisms in a relevant Pd system,24 and therefore we tentatively
propose a similar pathway that involves the formation of
species 16 (Figure 7). The full consumption of 1 with 0.5
equiv O2 underlines the fast reaction of 1 with O2,51 in contrast
to reports of catalytic C−H activation reactions in which O2
was used in great excess or at elevated pressures.6,52

Mechanistic Studies of the Reductive Elimination
from NiIV Intermediate. Since the observed chemoselectivity
is heavily dependent on the choice of solvent, we then probed
whether the dissociation of the hydroxo group could play a role
in determining the selectivity. We hypothesize that if there is a
preequilibrium between 16 and 3 through hydroxide
coordination and dissociation, the presence of a Lewis or
Brønsted acid should scavenge the free hydroxide in solution,
rendering more selective formation of 5 due to the lack of a
C−O coupling partner. To examine the hypothesis, we tested
the effect of additives in C−O bond-forming reactions in 2-
MeTHF at −78 °C. Despite the strong Lewis acidity of
scandium trifluoromethanesulfonate (Sc(OTf)3), the reaction

of 1 and H2O2 in the presence of 5 equiv Sc(OTf)3 showed
similar yields of 5 and 6 (Table S14). The use of the stronger
Brønsted acid trifluoroacetic acid (TFA) led to exclusive
protodemetallation of complex 1. On the other hand, upon
addition of a weaker Brønsted acid AcOH (1−5 equiv), the
formation of 5 was significantly inhibited, with an increase in
the yield of 6 up to 67%, affording the highest yield of 6 among
all conditions (Figure 8). Interestingly, another species bearing
two connected tert-butylbenzene units (19) was also observed
in 11% yield, suggesting a small extent of organometallic ligand
exchange in a weakly acidic environment. Moreover, addition
of trimethylamine or boronic acid did not have a significant
impact on the yield of 6. Finally, increasing the concentration
of free hydroxide in solution via addition of 5 equiv NMe4OH
lowered the yield of 6 by 15%, while addition of 1 equiv
pyridine, a competitive nonsolvent ligand, did not significantly
change the yield and distribution of products (Table S14).
Overall, these results argue against hydroxide dissociation from
16 under C−O bond-forming conditions in 2-MeTHF at low
temperatures. This hypothesis was further probed by isotope
labeling experiments using hydrogen peroxide in the presence
of excess water. Interestingly, no significant 18O incorporation
into 6 (0.2 ± 0.1%, where the natural abundance level of 18O is
0.2%) could be observed upon the reaction of 1 and H2

16O2
along with 70 equiv H2

18O (Table S19). On the other hand,
18O enrichment of 6 up to 95.2 ± 0.3% was observed when
H2

18O2 (>90% purity) was used along with 70 equiv H2
16O

(Figure 9). In both cases, the extent of 18O incorporation in 6
is in line with the amount of 18O in H2O2, indicating that the
oxygen atom in 6 originates solely from H2O2 and that 16 does
not undergo exchange with the surrounding water molecules
during the C−O bond-forming reaction. Importantly, the lack

Figure 7. Proposed mechanisms of oxidation of 1 by hydroperoxides or O2.

Figure 8. Reaction of 1 with H2O2 in the presence of 5 equiv AcOH.
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of O atom incorporation from water further supports our
hypothesis that a NiIV−oxo/NiIII−oxyl species does not form
in this system (see below) since such high-valent metal−oxo
species are known to exchange the O atom with water.53−55

While the NiIV species 3 was stable at −78 °C in solution,
the addition of NMe4OH led to immediate decomposition of 3
and formation of 5 in up to 24% yield and 6 up to 26% yield,
highly suggesting the intermediacy of 16, which is more
reactive than 3 (Table S3). Overall, experimental results highly
support an inner-sphere Csp2−O reductive elimination
between the aryl carbon and the hydroxo group from 16,
leading to the formation of 20. The phenol group of 20 is
rapidly deprotonated and binds to the Ni center, affording 11
as the final product (Figure 10).

Notably, as the reaction temperature is increased, the ratio
of C−O product 6 to C−C product 5 decreases 10-fold in
both 2-MeTHF and PrCN (Tables S9 and S12), suggesting
opposite entropic factors for the two C−O/C−C bond
formation processes. Since 3 reductively eliminates to form 5
above −50 °C, we reasoned that at elevated temperatures,
hydroxide dissociation from 16 could take place due to a
smaller entropic penalty to generate 3 and subsequently 5
(Figure 10), thus resulting in a lower 6:5 ratio. This is

consistent with the decrease of selectivity for the C−O product
6 at temperatures above −44 °C in 2-MeTHF. In addition,
since dissociation of an anionic ligand is facilitated in more
polar solvents,39,40,56 we reasoned that the increased polarity of
the solvent promotes the dissociation of the hydroxide group,
leading to highly selective formation of the C−C product 5
when oxidation occurs in MeCN (Tables 1 and S8).
Kinetic Studies of the Reaction of 1 with H2O2. Kinetic

studies were then carried out to gain more mechanistic insight
into the oxidation of 1 by H2O2. The rates of formation of the
C−O product 11 in 2-MeTHF at −98 °C at various
concentrations of 1 and H2O2 were first investigated using
the initial rate method, which revealed that the reaction is first
order with respect to both 1 and H2O2 in the concentration
range from 6.16 × 10−4 to 2.47 × 10−3 M, exhibiting an overall
second-order character (Table 3). In addition, the activation

parameters derived from the Eyring plot over a temperature
range from −74 to −98 °C reveal a large, negative ΔS‡ value of
−47 ± 1 cal K−1 mol−1 and a low ΔH‡ value of 1.7 ± 0.2 kcal

Figure 9. Reaction of 1 with 18O-labeled H2O2 in the presence of
H2

16O.

Figure 10. Proposed mechanisms of reductive elimination from the NiIV intermediate 16 in (a) 2-MeTHF and (b) MeCN. The less preferred
reactivity pathways under each condition are shown in gray.

Table 3. Initial Rates of Consumption of 1 (r1) and
Formation of 11 (rC−O) as a Function of Initial
Concentrationa,b

unit [1]0 [H2O2]0 r1 rC−O

entry 10−4 M 10−4 M 10−7 M s−1 10−7 M s−1

1 6.16 6.16 16 ± 5 8 ± 1
2 6.16 24.7 51 ± 8 29 ± 9
3 24.7 6.16 48 ± 3 32 ± 13
4 24.7 24.7 192 ± 8 99 ± 6

aReaction conditions: 1, 1,3,5-trimethoxybenzene (1.0 equiv to 1), 2-
MeTHF, H2O2, 1 min, −98 °C. bThe consumption of 1 and the
formation of 11 were measured as the amount of 10 and 6,
respectively, upon acidic workup.
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mol−1, corresponding to an overall value of ΔG‡ of 10.5 ± 0.2
kcal mol−1 at −85 °C (Table 5) and consistent with an
exceptionally fast reaction. Impressively, when extrapolated to
room temperature, these kinetic parameters correspond to a
pseudo-first-order rate constant in the presence of excess
oxidant of ∼20 s−1, which is similar to the rates observed for
cytochrome P450 enzymes and heme peroxidases.57−59

Previous reports have shown that reactions involving H2O2
as a direct oxidant usually feature large negative values of ΔS‡

ranging from −125 to −167 J K−1 mol−1 (−30 to −40 cal K−1

mol−1) as a result of a rate-determining bimolecular/
associative electron transfer step.60,61 Based on the second-
order dependence of the oxidation of 1 by H2O2 and the large
negative value of ΔS‡, we propose that the formation of the
NiII−H2O2 complex 15 is the rate-determining step in the
Csp2−O bond-forming reaction (Figure 7). In fact, the value of
ΔS‡ in our system is even more negative than the other
reported values, and we reason that this is likely due to the
concomitant coordination of the axial tert-butyl amine arm to
the Ni center, which facilitates the cleavage of the O−O bond
and oxidation of the Ni center, further decreasing the number
of degrees of freedom and leading to a more negative ΔS‡.

Similarly, when the reaction of 1 with H2O2 was carried out
in 79:1 MeCN/2-MeTHF at −41 °C, the rate of formation of
the C−C product 5 shows a first-order dependence on both 1
and H2O2 (Table 4). However, a positive ΔS‡ value of 29 ± 10

cal K−1 mol−1 and a higher ΔH‡ value of 18 ± 3 kcal mol−1

were derived from the Eyring analysis, suggesting a different
rate-determining step (Table 5). This could be due to the
binding of MeCN molecule(s) to the Ni center in 1, which is
consistent with the more complex CV and NMR data in

MeCN (or MeCN-d3) in comparison to those in THF or C6D6
(Figures S6−S19 and S38−S41). DFT calculations also
suggest that 31a and 1b, both MeCN adducts of 1, could be
accessible energetically at room temperature and thus control
the oxidative reactivity (Figure S59). However, we cannot
exclude the possibility that the observed positive ΔS‡ value is
due to a rate-determining C−C bond formation from a NiIV

intermediate, which can also be modulated by MeCN binding
to further promote the reductive elimination step.

The proposed mechanism for the selective Csp2−O
formation was further examined computationally by calculating
the reaction energy profile and the relevant transition states for
the oxidation and reductive elimination steps (Figure 11). The
DFT calculations were carried out employing a B3LYP-D3/
LACVP/6-31G** level of theory for the geometry optimiza-
tion, vibration, and solvation energy calculations. The
electronic energies of all optimized structures were reevaluated
with B3LYP-D3/LACV3P/cc-pVTZ(-f),62−72 as described in
the Supporting Information. The initial oxidation of 1 by H2O2
via 1-TS is found to require 11.9 kcal mol−1 to furnish the
NiIV−OH intermediate 16, which is lower in energy than 1 by
2.6 kcal mol−1. Importantly, we have also considered the
potential formation of a NiIV−oxo/NiIII−oxyl species during
the oxidation of 1 by H2O2, via the formation of a NiII−OOH
transient species (315a-dH, Figure S59) followed by
heterolytic O−O bond cleavage, yet such a NiII−OOH species
was calculated to be very high in energy (50.9 kcal mol−1 vs 1)
and thus the formation of a NiIV−oxo/NiIII−oxyl species is
considered to be disfavored in this system. This hypothesis is
in line with the isotopic labeling experiments that suggest a
NiIV−oxo/NiIII−oxyl species is not involved in the C−O bond
formation step since no O incorporation from water into the
C−O product 6 is observed (Figure 9). The intermediate 16
can then undergo Csp2−O reductive elimination, and the
calculated transition state 16-TSO corresponds to a barrier of
16.6 kcal mol−1, which is 1.5 kcal mol−1 lower than the
competing Csp2−Csp3 reductive elimination via the transition
state 16-TSC (Figure 11). After the Csp2−O reductive
elimination, which is favored thermodynamically, subsequent
rearrangement and deprotonation by hydroxide will give 11,
which generates 6 upon acidic workup. It is worth mentioning
that while the calculated transition state 1-TS for the oxidation
step leading to the formation of 16 is calculated to be slightly
lower than the transition state 16-TSO for the Csp2−O

Table 4. Initial Rates of Formation of 5 (rC−C) as a Function
of Initial Concentrationa

unit [1]0 [H2O2]0 rC−C

entry 10−5 M 10−5 M 10−8 M s−1

1 7.73 7.73 31 ± 10
2 7.73 30.9 116 ± 67
3 30.9 7.73 98 ± 24
4 30.9 30.9 430 ± 16

aReaction conditions: 1, 1,3,5-trimethoxybenzene (1.0 equiv to 1),
MeCN/2-MeTHF = 79:1, H2O2, 30 s, −41 °C.

Table 5. Kinetic Parameters for the Oxidation of 1 by H2O2

aThe consumption of 1 and the formation of 11 were measured as the amount of 10 and 6, respectively, upon acidic workup. Reaction conditions:
[1]0 = [H2O2]0 = 2.47 ×10−3 M, temperature ranging from −74 to −98 °C in 2-MeTHF. bReaction conditions: [1]0 = [H2O2]0 = 7.73 × 10−5 M,
temperature ranging from −29 to −41 °C in a solution of MeCN/2-MeTHF = 79:1.
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reductive elimination, the oxidation step via 1-TS could still be
the rate-limiting step (as suggested experimentally) since this
oxidation step is a bimolecular process, while the Csp2−O
reductive elimination is an intramolecular process that is not
limited by the rate of diffusion. Overall, the DFT calculations
strongly support the proposed mechanism in which the NiIV−
OH complex 16 is formed via heterolytic cleavage of H2O2,
followed by the selective formation of the Csp2−O bond via
reductive elimination. Finally, the selective formation of the
C−O product may actually be due to the lack of formation of a
NiIV−oxo/NiIII−oxyl species, which is known to rapidly
undergo unspecific hydrogen atom transfer (HAT) reac-
tivity.53−55 Thus, we would like to put forward the proposal
that avoiding the formation of NiIV−oxo/NiIII−oxyl transient
species is key to promote selective C−O reductive elimination
for productive transformations.

■ CONCLUSIONS
Herein, we report the detailed study of oxidatively induced
Csp2−O and Csp2−Csp3 bond formation upon the reaction of
t h e o r g a n o m e t a l l i c N i c o m p l e x ( tB u M e 2 t a c n ) -

NiII(cycloneophyl) (1) with peroxides or O2. By weakening
the interaction of the Ni center with one of the amine donors
by installing a bulky tert-butyl substituent on the ligand, we
were able to accomplish oxidatively induced selective Csp2−O
bond formation in good yields using green oxidants such as O2
and H2O2. Detailed mechanistic studies were conducted to
probe the intermediacy of NiIV intermediates and their
reactivity. Isotope labeling experiments suggest the generation
of a high-valent Ni-oxygen species via an inner-sphere
mechanism, while kinetic studies of the exceptionally fast
Csp2−O bond-forming reaction reveal a first-order dependence
on both NiII complex and H2O2, and thus an overall second-
order reaction. Eyring analysis further suggests that the
oxidation of the NiII complex by H2O2 is the rate-determining
step, which can be modulated by the presence of coordinating
solvents. Moreover, DFT calculations were employed to
provide insights into the molecular structure of transition
states and the source of the observed C−O vs C−C
chemoselectivity. This study thus shows that the control of
the axial amine arm is essential for both the oxidation of
organometallic NiII species with mild oxidants, as well as the

Figure 11. Energy profile of the proposed mechanism for the oxidation of 1 by H2O2 in 2-MeTHF.
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subsequent C−O bond-forming reductive elimination from a
high-valent NiIV−OH intermediate, leading to a system that
functionally mimics oxygenase and peroxidase metalloenzymes.
Finally, we would like to put forward the proposal that
avoiding the formation of NiIV−oxo/NiIII−oxyl transient
species is key to promote selective C−O reductive elimination
for productive transformations promoted by high-valent Ni
systems.
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