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Abstract: Mechanistic studies are performed on the alkane
hydroxylation with m-CPBA (m-chloroperbenzoic acid) catalyzed by
nickel(ll) complexes, Ni'(L). In the oxidation of cycloalkanes, Ni'(TPA)
acts as an efficient catalyst with a high yield and a high alcohol
selectivity. In the oxidation of adamantane, the tertiary carbon is
predominantly oxidized. The reaction rate shows first-order
dependence on [substrate] and [Ni'(L)] but is independent on [m-
CPBAL; vobs = kz[substrate][ Ni'(L)]. The reaction exhibited a relatively
large kinetic deuterium isotope effect (K/E) of 6.7, demonstrating that
the hydrogen atom abstraction is involved in the rate-limiting step of
the catalytic cycle. Furthermore, Ni'(L) supported by related
tetradentate ligands exhibit apparently different catalytic activity,
suggesting contribution of the Ni"(L) in the catalytic cycle. Based on
the kinetic analysis and the significant effects of Oz and CCls on the
product distribution pattern, possible contributions of (L)Ni"-O« and
the acyloxyl radical as the reactive oxidants are discussed.

Introduction

Alkanes are the most abundant chemicals obtained from crude oil
and natural gas. In the present chemical industry and synthetic
organic chemistry, selective hydroxylation of alkanes (saturated
hydrocarbons) is an important chemical process to obtain
valuable compounds such as alcohols, which themselves are also
important precursors for the synthesis of various organic
compounds."! Thus, the selective alkane hydroxylation has long
been one of the most important research objectives in catalytic
chemistry.® In nature, metalloenzymes such as cytochrome
P450 and methane monooxygenases (MMOs) catalyze the
hydroxylation of alkanes having strong C—H bonds (BDE ~100
kcal/mol) using molecular oxygen (Oz) as an oxidant with great
efficiency and high alcohol-product selectivity under very mild
conditions.P®! Such metalloenzymes contain iron or copper at their
active sites, and for that reason, a large number of iron- and
copper-active-oxygen (superoxide, peroxide, oxyl radical, and
oxide) intermediates have been studied extensively in model
systems.”  More recently, iron- and copper-loaded zeolites have
been demonstrated to be efficient catalysts for selective oxidation
of methane to methanol, in which similar types of iron- and copper-

active-oxygen species have been invoked as the key reactive
intermediates based on the spectroscopic and DFT studies.®!

In contrast to the large number of iron- and copper-active-
oxygen complexes reported over the past decades, relatively few
examples of such active-oxygen complexes of nickel have been
explored.®! Nonetheless, Schwarz and co-workers demonstrated
that NiO* is an efficient oxidant for methane hydroxylation
compared to FeO* and MnO* in the gas phase reaction, which
is afterwards supported by theoretical calculations by Yoshizawa
and co-workers.®l In this respect, we have demonstrated that
nickel(ll)-complexes, Ni"(L), supported by tripodal N4 ligands such
as tris(2-pyridylmethyl)amine (TPA) and its analogues can
catalyze oxygenation of alkanes by m-chloroperbenzoic acid (m-
CPBA) in solution, where the yield of alcohol product and its
selectivity (alcohol/ketone, A/K) are much better than those of the
Fe- and Mn-complexes supported by the same ligand (TPA)
(Scheme 1).%1 Afterwards, we and other groups investigated the
catalytic alkane hydroxylation reaction by m-CPBA using a variety
of nickel(ll) complexes to examine the ligand effects on the
catalytic activity.'” Regarding to the reactive intermediate
involved in the catalytic reaction, (L)Ni-Oe (oxyl) species have
been postulated based on the product analysis.['d!

Ni'(L) / m-CPBA

R-H R-OH

Scheme 1. Alkane hydroxylation with m-CPBA catalyzed by nickel(ll)-
complexes.

Meanwhile, Hartwig and co-worker conducted detailed
mechanistic studies on the Ni'(L)-catalyzed alkane oxidation
reaction by m-CPBA to propose a free-radical chain mechanism
shown in Scheme 2. In this mechanism, the reaction of m-
CPBA and Ni'(L) generates ArC(O)O- (aroyloxyl radical, Ar = 3-
chlorophenyl) as an active oxidant for the hydrogen atom
abstraction (HAA) from the alkane substrates (R—H) giving m-CBA
(m-chlorobenzoic acid) and radical intermediate of the substrate
(Re). Then, the generated substrate radical R+ reacts with another
m-CPBA molecule to give the alcohol product R-OH and ArC(O)Os,
making the catalytic cycle. In this mechanism, Ni'(L) is
considered as an initiator of the radical chain reaction to generate
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ArC(0)O- from m-CPBA, but does not directly participate to the
C-H bond activation process of R—-H. However, little was
discussed how ArC(O)O« was generated from the reaction of m-
CPBA and Ni'(L), and fate of the nickel complex afterwards.

o
R-H Ar)J\OH
m-CBA
)CJ)\ OH Ni'(L) i R
1 .
A YO —m Ar)]\o'
m-CPBA
(Ar = 3-chlorophenyl)
R—-OH m-CPBA

Scheme 2. Hartwig’s mechanism.

In this study, we revisited our alkane hydroxylation by m-CPBA
with Ni'-complexes supported by TPA and related tripodal
tetradentate ligands to get deeper insights into the catalytic
mechanism.

Results and Discussion

Alkane Hydroxylation with m-CPBA Catalyzed by Ni'"(TPA)

We have previously reported an efficient alkane hydroxylation by
m-CPBA  catalyzed by nickel(ll) complex of TPA,
[Ni'"(TPA)(OAc)(H20)](OAc) (Ni'(TPA)) (Figure 1).! Here, we re-
examined the oxidation of cycloalkanes (Cy"H: Cy®H,
cyclohexane; Cy’H, cycloheptane; Cy®H: cyclooctane) by m-
CPBA in the presence of a catalytic amount of Ni'(TPA) (Table 1).

(m ‘lOAc

N
N., | .wmOAC

Figure 1. The structure of [Ni'(TPA)(OAc)(H20)](OAc) (Ni'(TPA)).

The reaction was started by adding m-CPBA (180 mM) to a
CH2Cl2/CH3CN (v/v =3/1) solution containing a catalytic amount of
Ni"(TPA) (0.36 mM) and an excess amount of Cy"H (2.2~2.7 M)
at 30 °C under anaerobic conditions (N2). After 2 h, the yields of
alcohol (A), ketone (K), lactone (L), chlorocycloalkane (Cy"Cl) and
chlorobenzene (PhCI, decarboxylation product of ArC(O)O¢) were
determined by GC-FID. As shown in Table 1, Ni'(TPA) acted as
an efficient catalyst to give A as the major product together with
K as a minor product (entries 1-3). A small amount of L (&-
caprolactone), generated from K via Baeyer-Villiger reaction by
m-CPBA, was also detected in the case of Cy®H (entry 1).
However, the corresponding L was hardly detected in the cases
of Cy’H and Cy®H (entries 2 and 3), since Baeyer-Villiger reaction
of cyclohexanone was reported to be much faster than that of
cycloheptanone and cyclooctenone.l'? In this case, the alcohol
product selectivity (A/(K + L)) increased as 5.8 — 8 — 18 as the
bond dissociation energy of the C—H bond of the substrates
decreases as 97.7 kcal/mol (Cy®H) — 96.5 kcal/mol (Cy’H) —

2
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95.7 kcal/mol (Cy®H),"®! indicating that the C—H bond activation
of the substrates is involved in the alcohol formation process as
discussed later based on the kinetic analysis. Notably, the
product yield reached 95 % based on the oxidant (m-CPBA) in the
case of Cy®H (entry 3), demonstrating that most of m-CPBA was
used for the substrate oxidation. The chlorinated products (Cy"Cl)
were also obtained, suggesting that cycloalkyl radical (Cy") is
generated by hydrogen atom abstraction from the substrate by the
active oxidant. Generated Cy" may react with the solvent
molecule (CH2Cl2) to give Cy"Cl. In fact, bromocyclohexane
(Cy®Br) was obtained instead of Cy®Cl, when the reaction was
carried out in CH2Br2/CHsCN.

Table 1. Hydroxylation of cycloalkanes (Cy"H) with m-CPBA catalyzed by
Ni'""TPA) under anaerobic condition (N2) for 2 h.

QM ijm Q O O

Ni'(TPA): 0.36 mM
m-CPBA: 180 mM

O)Mz under N, at 30 °C for 2 h

CHoCl/CHLCN (3:1)

Cy"Cl PhCI
Yield (%) based on m-CPBA @
Cy"H A(K+L)E
A K L Cy"Cl Total® PhCI
1 Cy°H 58 8.8 1.2 4.8 83 34 5.8
2 CyH 48 6.0 - 2.2 62 30 8
3 Cy®H 84 4.8 - 1.6 95 26 18
4 CySHd 9.0 3.6 9.2 1.4 36 1.2 0.70
5 Cy®Hel 9.4 3.8 9.4 1.6 37 1.2 0.77
Reaction conditions: [Ni'(TPA)] = 0.36 mM, [m-CPBA] = 0.18 M, [Cy®H] =

M, [Cy"H] = 2.4 M, [Cy8H] = 2.2 M in CH2Clo/CH3CN (v/v =3/1) at 30 °C for 2 h
under N2. [a] The yields were determined by GC-FID using calibration curves of
the products. [b] Total yield = A + 2K + 2L + Cy"Cl. [c] Alcohol product
selectivity. [d] The reaction was carried out under Oz. [e] PPhs (2 equiv against
m-CPBA) was added after the reaction.

Generation of Cy" (substrate radical) was also confirmed by
the reaction carried out under Oz atmosphere (Table 1, entry 4).
In the anaerobic reaction of Cy®H (under N2), A was obtained as
the major product and the alcohol-product selectivity was quite
high (entry 1). In this reaction, PhCl derived from m-CPBA was
also generated in a relatively high yield (34 %). On the other hand,
when the oxidation of Cy®H was carried out under Oz atmosphere
(entry 4), the product distribution pattern differed significantly from
that of the anaerobic reaction under otherwise the same
conditions. Namely, total yield of the oxidation products (A + K +
L + CyeCl) as well as the yield of PhCl decreased significantly.
Furthermore, the alcohol product selectivity A/(K + L) was
completely lost. The result suggests that the radical intermediate
is trapped by O: to induce “Russell rearrangement” (termination
of radical chain reaction) (Scheme 3). Namely, generated
cyclohexyl radical intermediate (Cy®) via the hydrogen atom
abstraction from Cy®H by a reactive oxidant rapidly reacts with O2
at a rate of ~10° M~" s to generate cyclohexyl peroxy radical
species (Cy%00-).l'1 Radical coupling between two Cy%00-
generates tetroxide Cy80OOOOCy®, which is eventually converted
to A and K in an equal amount.'¥ The reaction solution was
analysed by GC-FID after addition of PPhs to get almost the same
result to that of the aerobic reaction (entry 5). This result
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suggested that Cy800- was not converted to cyclohexyl hydrogen
peroxide (Cy®OOH) or cyclohexyl peroxide (Cy®*OOCy®). If such
peroxide products were formed in the aerobic reaction, A should
be a major product after the treatment with PPhs.l'"]

09 (o}
o e, OF (O
H H Hoz HO

Scheme 3. Russel rearrangement of tetroxide.

Hydroxylation of adamantane by m-CPBA also proceeded
efficiently to give the corresponding alcohols, 3A in 34 % and 2A
in 5 %, together with a small amount of ketone 2K (2.6 %)
(Prefixes 3 and 2 represent tertiary and secondary, respectively.
The yields are calculated based on m-CPBA.) (Figure 2). As has
been reported,”® the regioselectivity of the tertiary carbon (3°)
against the secondary carbon (2°) was quite high (3°/2° = 13),
suggesting that the reactive intermediate is not a highly reactive

free radical species such as OH- as suggested by Hartwig et al.l'"
16]

Ni'(TPA): 0.36 mM
m-CPBA: 180 mM
under N, at 30 °C for 2 h
CH,Cl,/CH5CN (3:1)

ﬁ;@g

Figure 2. Hydroxylation of adamantane with m-CPBA catalyzed by Ni'(TPA)
in CH2CI2/CH3CN (v/v =3/1) under anaerobic conditions (N2) for 2h.

e

0.27M

Kinetic Analysis

Kinetic analysis on the oxidation of Cy®H was performed to get
further insights into the catalytic mechanism. The reaction rates
(vobs) were obtained from the linear plots of the amounts of
products (A + K + L, M) against the reaction time (s) at the initial
stage (0 — 20 min) of the catalytic reaction using a lower
concentration condition of the catalyst ([Ni"(TPA)] = 0.036 — 0.18

M). Figures S1(a), S1(b), and S1(c) show the plots obtained by
changing the concentration of Cy®H, Ni'(TPA), and m-CPBA,
respectively. In all cases, the product amounts increased linearly,
from which the observed reaction rates (Vors, M s™') were
determined as the slopes. Then, the rate-dependences on the
concentrations of Cy®H, Ni'(TPA), and m-CPBA were plotted as
shown in Figure 3(a), 3(b), and 3(c), respectively. Apparently, the
reaction rate (vobs) exhibits first-order dependence on the
concentrations of both Cy®H and Ni'(TPA) (Figures 3(a) and 3(b))
but was independent on the concentration of m-CPBA (Figure
3(c)) under the reaction conditions employed (see figure captions
of Figure 3). Thus, the reaction rate can be expressed by eq (1),
where k2 was calculated as 0.22 M~' ™"

Vobs = k2[Cy®H]INI'"(TPA)] (1

The results indicate that m-CPBA itself is not involved in the
turnover-limiting step (TLS) of the catalytic reaction. Thus, if the
Hartwig mechanism (Scheme 2) operates, the reaction of R+ and
m-CPBA must be much faster than the reaction between
ArC(0)O+ and R-H giving m-CBA and Re.

Catalytic hydroxylation of Cy®D (CeéD12) was also examined
under the same reaction conditions to obtain the second-order
rate constant k2 as 3.3 x 102 M~' s™' (Figure S2). Thus, the kinetic
deuterium isotope effect, k2(Cy®H)/k2(Cy®D), was obtained as 6.7,
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clearly indicating that the hydrogen atom abstraction (HAA) is
involve in the rate-limiting step of the catalytic cycle.

25 140 40
(a) 120 (b) (c)

20 0
A "‘Enwo N
s 15 =
3 § 80 Lol 1 by
5 2 e
Z10 =, 60 = I { I
H g 8

g £ 40 $

“al 10

20
o o 0 P
05 10 1.5 20 25 3.0 005 010 015 020 80 100 120 140 160 180 200 220
[Cy°H] /M [Nil(TPA)] /mM [m-CPBA]/mM

Figure 3. Kinetic analysis on the catalytic hydroxylation of cyclohexane (Cy®H)
with m-CPBA in the presence of a catalytic amount of Ni"(TPA). (a) Plots of Vobs
against the substrate concentration; [Cy®H] = 0.5-2.7 M, [m-CPBA] = 180 mM,
[Ni'(TPA)] = 0.036 mM. (b) Plots of vobs against the catalyst concentration;
[CY®H] = 2.7 M, [m-CPBA] = 180 mM, [Ni'(TPA)] = 0.036-0.18 mM, (c) Plots of
Vobs against the oxidant concentration; [Cy®H] = 2.7 M, [m-CPBA] = 80-220 mM,
[Ni"(TPA)] = 0.036 mM. (c). All reactions were conducted at least three times in
CH2Cl2/CH3CN (v/v = 3/1) under N2 at 30 °C.

Catalytic Activity of Other Ni-complexes

In our previous study, we examined the catalytic activity of the Ni'-
complexes supported by a series of tetradentate ligands having
one, two, or three 2,4-di-tert-butyl phenol group(s) (L18"H, L2%BYHy,
and L3®YHs, Figure 4) in the oxidation of Cy®H by m-CPBA.[02. 10b]
To get further insights into the reaction mechanism, catalytic
activities of these Ni'-complexes were re-examined.

Bu 'Bu
N
I

V\ll «OAc OA

i SNT Sowme N\” °
CI, N/ \OAc \TMG
H

Q"Bu

Bu rBu

Ni”(L1 tBU) NIII(L2tBu Ni!! L3tBu

Figure 4. Ni'-complexes supported by phenol(ate) ligands. TMG is 1,1,3,3-
tetramethylguanidine. The syntheses and structural characterizations of these
Ni'-complexes were reported in our previous papers.[10a 100]

In Figure 5 is shown the plots of product amounts against the
reaction time for each complex in the oxidation of Cy®H, and the
amounts of products obtained after 15 min and the observed
reaction rates (vobs, M s7') are summarized in Table S1. In these
cases as well, A was obtained as the major product together with
K, L, and Cy®Cl as the minor products. Apparently, reactivity of
the four complexes was different (vobs = 23 x 1078 M s for
Ni'(TPA); 32 x 108 M s™' for Ni"(L1®Y); 14 x 10° M s™' for
Ni"(L2®Y); 6.0 x 1078 M s~" for Ni'(L3®")) and the monophenol

25

. N
3] =)

Product /102 M
o

0.5¢

0 400 800 1200

time /s
Figure 5. Plots of the product amounts against the reaction time in the catalytic
hydroxylation of Cy®H (2.7 M) with m-CPBA (180 mM) catalyzed by Ni'-

complexes (0.036 mM) in CH2Cl2/CH3CN (v/iv = 3/1) under N2 at room
temperature. (30 °C).
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complex Ni'(L1®Y) exhibited the highest catalytic activity (Table
S1). The result indicates that an active oxidant derived from Ni'(L)
contributes to the catalytic reaction, as suggested by the kinetic
result shown in Figure 3(b).

Reactive Oxidants for HAA
1. Aroyloxyl Radical (ArC(0)O¢)

As mentioned in Introduction, Hartwig and co-worker proposed a
catalytic mechanism, in which the reaction of m-CPBA and Ni'(L)
generates aroyloxyl radical (ArC(O)O¢) as an active oxidant for
HAA from R-H, generating the radical intermediate of the
substrate (R*) (Scheme 2).['1 Then, the hydroxylation takes place
by the reaction of generated R+ and another molecule of m-CPBA,
giving the alcohol product (R-OH) and re-generating ArC(O)Os,
constructing a radical chain cycle. An essentially the same
mechanism was proposed for the self-decomposition of
peroxybenzoic acid in hydrocarbons.['! Thus, in the Hartwig’s
mechanism, Ni'(L) is just an initiator of the radical chain reaction
to generate ArC(O)O-. The observed different reactivities among
the nickel(ll) complexes examined in their study were attributed to
the different rate of decomposition of m-CPBA to ArC(O)O-.
However, the fate of Ni'(L) after the reaction with m-CPBA was
not discussed in the Hartwig’s system.['" The reaction between
Ni'(L) and m-CPBA may generate an m-CPBA adduct of Ni'(L),
(L)Ni"-OOC(O)Ar (a).l'® Then, O-O homolysis takes place to
generate ArC(O)O- and (L)Ni"-O-. Generate ArC(O)O- can be a
reactive oxidant as proposed in the Hartwig mechasnim (Scheme
2), since ArC(0)O- is a powerful oxidant, judging from the high
BDEo-+ of ArC(O)OH (107.3 kcal/mol).[3!

2. Nickel(ll)-oxyl ((L)Ni'-O¢)

What about the reactivity of (L)Ni"-O« generated by the O—O bond
homolysis of the m-CPBA adduct a? So far, little is known about
the HAA reactivity of (L)Ni'"-O- species, since there has been no
report of BDEo.+ of (L)Ni"-OH. Ray and coworkers reported that
the reaction of a Ni'(L) supported by a strongly electron donating
tripodal  tetradentate ligand TMGastren  (L:  tris[2-(N-
tetramethylguanidyl)ethyl] amine) and m-CPBA generated a
nickel terminal oxygen intermediate with S = 1/2, which could be
formed via O-O bond homolysis of an m-CPBA adduct
complex.'  This intermediate induced aliphatic ligand
hydroxylation at the methyl group of the TMG
(tetramethylguanidyl) substituent even at —30 °C (BDEc-H of N-
CHs is about 93 kcal/mon).['®]

Company et al. and McDonald et al. independently
investigated the reaction of Ni'(L) supported by 2,6-diamido-
pyridine ligands with m-CPBA at low temperature to obtain Ni"'—
O- type intermediates, which could be generated via O-O bond
heterolysis of the m-CPBA adduct.?” In these reactions, however,
they used strongly electron-donating dianionic diamido ligands
(L), so that the reactivity of the generated Ni'-m-CPBA adducts
might be significantly different from those of the Ni'-m-CPBA
adducts supported by the neutral nitrogen ligands.

On the other hand, Oda and co-workers succeeded to
generate and characterize a distinct Zn"-O+ species in a zeolite
super cage. They also reported that the generated Zn'-Oe
species can oxidize methane (BDEc-+ = 105 kcal/mol) to methanol,
demonstrating extremely high HAA reactivity of the oxyl-complex
of late-transition metal ions.?"! Moreover, Schwarz and co-
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workers demonstrated that NiO* (formally [Ni"-O-]*) is an efficient
oxidant for methane hydroxylation in the gas phase reaction.["!

Judging from those reports, we propose that not only the
aroyloxyl radical (ArC(0O)O¢) but also (L)Ni"-O- species generated
by the O—O homolysis of the nickel(ll)-m-CPBA adduct a is a
reactive oxidant in the catalytic alkane oxidation reaction (eq 2).
Generated ArC(O)O- in eq 2 can get into the catalytic cycle of the
Hartwig’s mechanism (Scheme 2). On the other hand, (L)Ni"-O-
may also abstract hydrogen atom from R-H to generate (L)Ni'-
OH and Re (eq 3). Then, (L)Ni"-OH undergoes ligand exchange
reaction with another m-CPBA molecule to regenerate the m-
CPBA adduct complex a and H20 (eq 4). The substrate radical
R« can also go into the catalytic cycle of Hartwig’'s mechanism
(Scheme 2) and/or rebound to (L)Ni"'-O- to produce (L)Ni'-OR
(eq 5), which can also undergo ligand exchange reaction with m-
CPBA to regenerate a and alcohol product ROH (eq 6).

The bond dissociation energy of the O—O bond in the m-CPBA
adduct a is not known, but it might be less than 40 kcal/mol,
judging from the BDEo-o of the simple alkyl peroxycarboxylic acid
(RC(O)OOH).I" If so, the endergonic O-O bond homolytic
cleavage is involved in the rate-limiting process, being consistent
with our kinetic analysis (eq 1). Namely, independence of vobs ONn
[m-CPBA] suggested that generation of Ni'(L) derived oxidant,
(L)Ni"—-Oe, from the m-CPBA adduct a is slower than the formation
of a from Ni'(L) and m-CPBA (egs 1 and 2).

o] o]
Ni'(L) + m-CPBA — (L)Ni“’o\g*Ar — (L)Ni"-0- + Ar*o' 2)
(LNI"-O- + R-H —— (LNi'-OH + R-O @)
(LUNI"-OH + m-CPBA —— (L)Ni'" E}*Ar + H0 @)
(LNI'-0 + R+ — (LNI'-OR (5)
o]
(LNI"-OR + m-CPBA — (L)Ni“’o\oAAr + ROH (6)

a

Involvement of (L)Ni"-O« in the HAA process can be evaluated
by the following experiment (Figure 6). When the catalytic
oxidation of Cy®H (2.7 M) by m-CPBA (180 mM) was carried out
in the presence of a catalytic amount of Ni"(TPA) (0.36 mM) using
a CCl4s/CH3CN (v/v = 3/1) mixed solvent instead of CH2Cl2/CH3CN
(vlv = 3/1) for 6 h, chlorinated product CyCl was obtained as the
major product (241 mM) together with A (4 mM), K (6 mM), and L
(6 mM) as the minor products. At this point, all m-CPBA (180 mM)
was consumed to provide m-CBA (175 mM) and PhCI (5 mM).
Apparently, the product distribution pattern was largely different
from that in the reaction carried out in CH2CI2/CH3sCN shown in
Table 1. Since L was formed by Baeyer-Villiger oxidation of K
with m-CPBA, 174 mM of m-CPBA (180 — 6 mM) can be used for
the oxidation of Cy®H. Notably, the total amount of the oxidation
products was 257 mM (241 mM (Cy8Cl) + 4 mM (A) + 6 mM (K) +
6 mM (L); Since both K and L are derived from A, the amounts of
K and L are counted as the oxidation product from Cy®H.), which
largely exceeded the amount of oxidant ([m-CPBA] = 174 mM).
This means that different oxidants other than ArC(O)O- and Are
(decarboxylation product of ArC(O)O¢, see below) are involved for
the HAA process from the substrate. In other words, if all the
oxidation products (A, K, L, and Cy8Cl) were produced from Cy®e
intermediate, 257 mM of oxidants (hydrogen atom abstractor) are
needed. Out of the 257 mM oxidant, 40 mM of CCls+, generated
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by the reaction of Cy® and CCls, could be an oxidant, since 40
mM of CHCI3 was obtained (Figure 6). Thus, at least 43 mM (257
— 40 — 174 mM) of nickel-based oxidant should be derived from
the m-CPBA adduct a, that must be (L)Ni"-O-. Namely,
involvement of (L)Ni"—O- could not be neglected in the catalytic

alkane oxidation reaction.
OH o o cl
+ + +
A K L

Ni'(TPA): 0.36 mM
m-CPBA: 180 mM

under N at 30 °C for 6h o
in CCl4/CD3CN (3:1)

cyécl
(GmM)  (BmM)  (6mM) (241 mM)
m-CBA + PhCl + C,Clg + CHCls
(75mM)  (5mM) (50 mM) (40 mM)

Figure 6. Oxidation of CySH by m-CPBA with Ni'(TPA) in CCls/CDsCN (3:1).
The product yields shown in parentheses were determined by GC-FID and 'H-
NMR.

3. 3-Chlorophenyl Radical (Are)

As discussed in the Hartwig paper, the C—H bond activation of R—
H by ArC(O)O-* may compete with decarboxylation from ArC(O)O-
(<10%% 722 giving *CeH4Cl (*Ar) and CO2. The generated Are
can also abstract hydrogen atom from the substrate (R—H) or the
solvent molecule to generate ArH (PhCl). To confirm this
possibility, the following reactions were carried out. When the
catalytic hydroxylation was carried out using Cy®D (cyclohexane-
di2) instead of Cy®H in CH2Cl2/CH3sCN, 30 % of PhCl was
deuterated (determined by simulation of the mass spectra shown
in Figure S3). In the reaction of Cy®H in CD2Cl2/CD3sCN, PhCl was
also deuterated in 6 %. These results confirmed that hydrogen
(deuteron) atom abstraction by chlorobenzene radical (*Ar) occurs
both from the substrate and from the solvent.

Trapping of (L)Ni—-Oe Speceis

To confirm the O-O bond cleavage occurring from the m-CPBA
adduct a, a reaction of the Ni'-complex of the diphenol ligand
Ni(L2®Y) and m-CPBA was examined at a low temperature.
Figure 7(a) shows an absorption spectrum obtained upon addition
of an equimolar amount of m-CPBA to an acetone solution of
Ni(L2®) in the presence of a base such as DBU (1,8-
diazabicyclo[5.4.0Jundec-7-ene, 2 equiv) at—70 °C, which exhibits
a visible absorption band at 547nm (¢ =1246 M~ cm™) together
with a broad near-IR absorption band at 1280 nm (s = 1105 M~
cm™). The broad absorption band in the near-IR region is
reminiscent of a phenolate to phenoxyl-radical inter-valence
charge transfer (IVCT) of one-electron oxidized transition-metal
complexes of diphenolate ligands.??!

The resonance Raman spectrum of the generated
intermediate, taken with 405 nm excitation at =80 °C, exhibited a
Raman band at 1572 cm™', which disappeared by raising the
temperature (Figure 7b). This band is assignable to 18a (Cortho—
Cmeta Stretching vibration) of the phenoxyl-radical species. A weak
band was also recognized at 1499 cm™, a frequency characteristic
of vra (C—O stretching vibration). These two band frequencies are
relatively low, as compared to square-planar Ni-phenoxyl radical
complexes with a variety of salen-type ligand systems (1589-1612
cm™ for vea and 1507-1517 cm™ for v7a).24 The frequencies of vsa
and wra for Ni-phenoxyl radical complexes are sensitive to the
coordination structures, and tend to be downshifted by Ni—-O bond
elongation.?! Particularly, octahedral Ni'-complexes ligated by a
salen and two axial pyridines have weak Ni—O bonds, giving rather
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low frequencies of 18a (1582-1585 cm™) and 17a (1494-1498 cm™
1).2%1 Thus, the observed low frequencies of vsa and vra for the
Ni"-complex intermediate could be derived from weak interaction
between the phenoxyl-radical moiety and the nickel center in the
octahedral coordination geometry.

o

Absorbance

4
o

* : solvent peaks

2000 1450 1500 1450 1550 1650
Raman Shift/ cm™

500 1000 1500
Wavelength / nm

Figure 7. (a) UV-vis-NIR spectrum of generated intermediate by the reaction
of Ni(L2®Y) (0.57 mM) with m-CPBA (1 equiv) in the presence of DBU (2.5
equiv) in acetone at =70 °C. (b) Resonance Raman spectrum of the
intermediate derived from the reaction of Ni(L2®!) with 2.5 equiv of DBU and 1
equiv of m-CPBA in acetone at —80 °C, excited by 405 nm laser light (red line),
and that after decomposition by raising the temperature to room temperature
(black line).

The electro-spray ionization mass spectroscopy (ESI-MS) with
negative ion mode exhibited a peak cluster at m/z 675.34, even
though the peak intensity was small due to its instability under the
ESI-MS measurement. The peak positions as well as the isotope
distribution pattern of which were consistent with the chemical
formula of [Ni(L2®")(O)(OAc)]™ (Figure 8). The 'H-NMR spectrum
of the final reaction solution showed existence of m-CBA (m-
chlorobenzoic acid) as a decomposition product of m-CPBA in an
83 % yield.

675.34

exp.
m/z = 675.33 [Ni(L2/B4)(0)(OAC)|
sim.
670 675 680 685

m/z

Figure 8. Negative mode ESI-MS of the intermediate (red line) generated by
the reaction of Ni(L2%®") (1.0 mM) and m-CPBA (1 equiv) in the presence of DBU
(2 eq) in acetone at —70°C and its simulation spectrum (black line).

These results (UV-vis-NIR, resonance Raman, and ESI-MS)
can be explained by assuming a reaction mechanism shown in
Scheme 4. The reaction of the neutral nickel(ll) complex of the
diphenol ligand, Ni(L2®") ([Ni"(L2®B'H")(AcO™)(AcOH)]), with 1
equiv of m-CPBA in the presence of 2 equiv of DBU generates an
monoanionic m-CPBA adduct a by releasing 1 equiv of AcO~ and
2 equiv of protonated DBU (DBUH*). Then, homolytic cleavage
of the O-O bond occurs concomitant with intramolecular
hydrogen atom abstraction (HAA) from the remained phenol
group in a by dissociated ArC(O)O-, generating a monoanionic
Ni'-O+ species b supported by a phenoxyl-radical/phenolate
ligand, [Ni"(L2BY~)(O+")(AcO7)]", and m-CBA. Although further
studies are needed to evaluate detailed structure of b, the results
suggest that the O-O bond homolytic cleavage occurs in the
nickel(l)-m-CPBA adduct intermediate a to generate the Ni'-O«
species and ArC(O)Os, the later of which abstracts hydrogen atom
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from the phenol moiety of the supporting ligand. Thus, this
reaction can be regarded as a model reaction of the HAA process
of the catalytic cycle.

Bu Bu

° e B
ArC(O)OH
Bu Bu (m»(CE)§A) Bu
o- o- o-
H -
Mo | One CPBA, 2 DBU N"-‘..’!“H,.‘OAC AN N,L 1.OAC
=N ~oke =N"1 o _N/l‘\o.
Q > \ 0 Q2

Oe
g\ AcO™ + 2 DBUH* g\ o~ g\
Al
Bu Bu Bu Bu ' Bu Bu

O-0 bond cl
Ni(L2’B“) a on&c eavage b

Hydrogen atom abstraction

Scheme 4. Reaction of Ni(L2®) and m-CPBA generating Ni'-O- speceis.

Conclusion

In this study, catalytic hydroxylation reactions of alkanes with m-
CPBA catalyzed by Ni'(TPA) and related Ni'-complexes were
reinvestigated. Most of the results obtained in this study are
consistent with the Hartwig’s mechanism shown in Scheme 2,
where the aroyloxyl radical ArC(O)O+ generated via O-O bond
homolysis of m-CPBA itself is a reactive oxidant for HAA from the
alkane substrate. However, our present results suggested that
(L)Ni"-O- generated by the O—O bond homolysis of the (L)Ni"-m-
CPBA adduct a can also contribute to the HAA process in the
alkane hydroxylation reaction.

Experimental Section

General

The reagents and the solvents used in this study, except the ligands and
the nickel(ll) complexes, were commercial products of the highest
available purity and further purified by the standard methods, if
necessary.l28l m-Chloroperbenzoic acid (m-CPBA) was washed using 0.07
M phosphate buffer (pH = 8.5) and recrystallized from dichloromethane
before use. Ligands, TPA, BUL1H, BUL2H> and BUYL3H3, and their nickel(ll)
complexes were prepared according to the reported procedures.[10
Anaerobic reactions were carried out under N2 atmosphere using a
glovebox (miwa DBO-1KP or KK-01-AS, KOREA KIYON product, [O2]<1
ppm). UV-visible spectra were taken on a Jasco V-570 or a Hewlett
Packard 8453 photo diode array spectrophotometer equipped with a
Unisoku thermostated cryostat cell holder USP-203. Visible-to-NIR
spectra were taken on Jasco V-670. 'H-NMR spectra were recorded on a
JEOL ECP400. ESI-MS (electrospray ionization mass spectra)
measurements were performed on a BRUKER cryospray microTOFILI.
Resonance Raman scattering was excited at 405 nm with a diode laser
(Ondax, SureLock Model LM-405-PLR-40-2). Resonance Raman
scattering was dispersed by a 1-m single spectrometer (MG100DG; Ritsu
Ohyo Kogaku) and was detected by a liquid nitrogen cooled CCD detector
(Symphony; Horiba Jobin Yvon). The resonance Raman measurement
was carried out using a spinning NMR tube at -80 °C by flashing cooled
dinitrogen gas. Gas chromatography (flame ionization detector (GC-FID))
measurements were performed on a Shimadzu GC-2010 equipped with a
GL Science InertCapWAX capillary column (30 mx0.25 mm), an AOC-20s
auto sampler, and an AOC-20i auto injector.

Catalytic oxidation

All procedures of the catalytic hydroxylation reactions were carried out
under inert atmospheres (N2) unless otherwise noted. The reaction was
started by adding m-CPBA to a solution containing the nickel complex and
a substrate. The reaction conditions are shown in the footnotes of Tables.
After quenching the reaction by passing the reaction mixture through a

10.1002/chem.202102532

WILEY-VCH

short alumina-column, products were analysed by using GC-FID. All peaks
of interest were identified by comparing the retention times with those of
the authentic samples. The products were quantified by comparing their
peak areas with that of an internal standard (nitrobenzene) using
calibration curves consisting of plots of molar ratio (moles of organic
compound/moles of internal standard) versus area ratio (area of organic
compound/area of standard).
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(0] O
/O\ . 0
Ni'(L) + m-CPBA — (L)Ni' O)KAr — (LNiI"-O- + Ar)J\o
a Reactive oxidant for
alkane hydroxylation

Hydroxylation of alkanes with m-CPBA (m-chloroperbenzoic acid) catalyzed by Ni'-complexes was investigated. Based on the detailed
mechanistic studies, we propose that both (L)Ni"-O+ and aroyloxyl radical species generated by the O—O bond homolysis of a (L)Ni'"-
m-CPBA adduct a contribute to the hydrogen atom abstraction process from the substrates in the alkane hydroxylation reaction.

This article is protected by copyright. All rights reserved.



