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Abstract View Article Online

Nickel complexes with hydrotris(pyrazolyl)borate (= Tp") ligands catalyze alkane
oxidation with organic peroxide meta-CI-CaH4C(=O)OOH (= mCPBA).  The
electronic and steric hindrance properties of Tp" affect the catalyses. The complex
with an electron-withdrawing group containing a less-hindered ligand, that is Tp™**®",
exhibits higher alcohol selectivity. Higher selectivity for secondary over tertiary
alcohols upon the oxidation of methylcyclohexane indicates that the oxygen atom
transfer reaction proceeds within the coordination sphere of the nickel centers.
Reaction of the catalyst precursor, dinuclear nickel(II)-bis(x-hydroxo) complexes, with
mCPBA yields the corresponding nickel(Il)-acylperoxo species, as have been
characterized by spectroscopy. Thermal decomposition of the nickel(Il)-acylperoxo
species in CH,Cl, yields the corresponding nickel(II)-chlorido complexes through CI
atom abstraction. Employment of the brominated ligand increases the thermal stability
of the acylperoxo species. Kinetic isotope effects observed on the decay of the

nickel(Il)-acylperoxo species indicate concerted O—O breaking of the nickel-bound

acylperoxide and H-abstraction from the solvent molecule.
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Introduction View Article Online
Selective partial oxidation of alkanes to the corresponding alcohols is an important
fundamental chemical transformation." In order to achieve high alcohol selectivity,
free radical-contributed reaction will give a mixture of alcohol and the corresponding
over-oxidized product (i.e. ketone or aldehyde) through the Russel termination

mechanism.>*

It therefore remains important to design catalysts that provide a
metal-based oxidant showing alkane hydroxylation activity. The most considerable
metal-based oxidants are high-valent metal-oxo (or metal-oxyl radical) species.
Metal-peroxo species, LM-OO-Z (where L denotes a metal supporting ligand, Z = none,
H, alkyl, acyl, metal), are also possible candidates for the metal-based oxidants.
Moreover, these species are promising precursors for the metal-oxo species produced by
0-0 bond activation under mild conditions.”

Recently, some experimental’* and theoretical'™'' investigations have revealed
the alkane hydroxylation potential of active oxygen complexes of nickel. One of the
interesting findings is the selective hydroxylation of cyclohexane catalyzed by nickel(II)

complexes with mCPBA explored by Itoh and coworkers.” In addition,

Balamurugan et al. have reported similar catalytic alkane hydroxylation by a series of

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32419A

nickel(IT) complexes with mCPBA.>? The correlation between the structures of the
metal-supporting ligands (shown in Figure 1) and the catalytic activities of the resulting
nickel(I) complexes has been revealed. During the catalytic process, homolytic O—O
bond rupture of a putative nickel(I)-acylperoxo intermediate occurs, as has been
evidenced by the formation of chlorobenzene from mCPBA. Although no reaction
intermediates have been detected in these catalytic systems, a related mononuclear
nickel(IIT)-oxygen (oxo and hydroxo) species that is formed through the reaction of the
Ni(II) precursor with mCPBA has very recently been characterized.’

In this study, hydrotris(3,5-dialkyl-4-X-pyrazolyl)borates, Tp"** where R = Me or
iPr and X = H or Br (when X = H, H is omitted in the abbreviation shown as Tp"*; the

abbreviation system follows that in the literatures'”: see Fig. 1), have been employed as
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the nickel-supporting scaffold. The advantage of Tp"**

controllability.'* In particular, substituent groups on the distal fourth position of the
pyrazolyl groups affect the electronic nature of the resulting Tp*** complex, although
the structural environment around the metal center is almost same as that of the
prototype compound where X = H. Such electronic tuning leads to control of the
stability and reactivity of the nickel(II)-alkylperoxo species.””  This strategy is
expected to provide insight into the catalytic alkane hydroxylation mechanism of the
nickel(Il)/mCPBA system. As reported herein, we have explored the catalyses of the
Tp"** supported nickel(IT) complexes toward cyclohexane oxygenation with mCPBA.
Notably, we have succeeded in detecting thermally unstable nickel(Il)-acylperoxo
species formed by reaction of the dinuclear nickel(Il)-bis(x~hydroxo) complexes,
[(Ni"Tp***),(1~OH),] (1* where R = Me and 1°* where R = iPr, respectively),'>!*
with mCPBA. Products analyses and kinetic studies of the thermal decomposition
process of the nickel(Il)-acylperoxo species provide insights into the alkane

hydroxylation mechanism through the O—O activation process.

[Fig. 1]

Results and Discussion

Correlation between catalytic activity and the nature of the metal-supporting
ligands

Prior to characterization of a putative nickel(Il)-acylperoxo intermediate, trends in
cyclohexane oxygenation catalyses of the Tp“**-supported nickel complexes were
explored (Table 1). The catalysts derived from 1%, of which the metal-supporting

ligands were the less hindered TpMez’X

, yielded the alcohol as the major product. The
more hindered Tp™™* ligand analogues 1°* did not exhibit such catalytic activity even
in the large excess substrate reaction. In contrast, the alkylperoxonickel(Il) complex

[Ni'(OOBu)Tp™™] can catalyze the oxygenation of cyclohexane with

Page 4 of 35
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tert-butylhydrogenperoxide, but the major product is cyclohexanone because hg Articeonline
free-radical reaction occurs predominantly.” As reported previously by Nam and
coworkers, a simple nickel(Il) salt (= an MeCN solution of Ni(ClO4);) cannot catalyze
cyclohexane oxidation with mCPBA.">  Therefore, the catalytic hydroxylation activity
of nickel emerges from employment of the appropriate ligands controlling the
generation of a metal-based oxidant. In the case of the tris(pyridylmethyl)amine (=
TPA) ligand system, a cobalt catalyst exhibits selective hydroxylation activity similar to
that of the nickel catalyst.”® Moreover, a cobalt-porphyrinato complex as well as

15,16 In

cobalt-perchlolate salt catalyze cyclohexane hydroxylation with mCPBA.
contrast, the cobalt(I) analogues of 1 were almost inactive in the examined reaction
conditions. These findings imply that the combination of a central metal ion and its
supporting ligand is dominant.
[Table 1]
The electron-withdrawing bromine-containing Tp"'“*"" ligand catalyst 1®" showed
a higher alcohol yield than that of the non-brominated ligand catalyst 1" when the

reaction proceeded in CF;C¢Hs (Figure S4). In the reaction of the mixture of large

excess substrate and a small amount of CH,Cl, as solvent for mCPBA, the extremely

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
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high A/K value (= 53) was achieved by 1®". In this reaction condition, TON of 1"
reached 42 (theoretical maximum is 50). The less electron-withdrawing ligand
catalyst 1" exhibited somewhat higher TON (= 46) but lower A/K (= 32) (Fig. 2).

[Fig. 2]

Formation of chlorobenzene (= CgHsCl) indicated that homolytic O—O bond
cleavage of a putative nickel(Il)-acylperoxo intermediate occurred in the present
oxidation process.’™ In the reactions of large excess substrate (entries 3 and 4 in
Table 1), 57 pmol of C¢HsCl formed when 1%" was used as the catalyst precursor, while
84 umol of C¢HsCl formed when 1" used. The yield of C¢HsCl seems to be correlated

with the selectivity of the oxygenated products; a small amount of radical species such
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as a phenyl radical (generated by decarboxylation of acyloxy radical) might work aged Articie online

mediator for a free-radical contributed reaction giving a ketone.

When methylcyclohexane was employed as a substrate, 1X/mCPBA systems
showed high secondary alcohol selectivity (Table 2). In the absence of 1%, i.e. control
reactions (entries 3 and 4 in Table2), the tertiary C—H bond was oxidized selectively.
In the case of substituted cyclohexanes, the tertiary C—H 1is sterically crowded.
Therefore, the bulkiness of the oxidant affects the products selectivity'’, and selective
hydroxylation on secondary C-H bonds results from sterically demanding
Tp™**—supported nickel-based oxidant.

[Table 2]

To clarify the nature of the active oxygen species, cyclohexane oxidation in the
presence of H,'®0 was examined. No '®O-labeled cyclohexanol could be detected,
whereas an '*O-labeled cyclohexanone was obtained (Fig. S5). These findings imply
that the '®O-labeled ketone is not formed from the corresponding alcohol by its
over-oxidation, and that the formation pathways of alcohol and ketone are different in
our Tp"**-supported nickel-mCPBA system as well as the previously reported nickel
complexes with the amine-based neutral ligands.” In addition, the oxygen atom of the
alkane hydroxylating active species of our system (i.e. nickel-oxygen species) is not
exchangeable with the oxygen atom of the water molecule. Incorporation of the
oxygen atom of H,O into cyclohexanol occurs in the cyclohexane oxidation with
mCPBA catalyzed by iron- and cobalt catalysts (porphyrinato complexes of iron and

15,1 .
51618 In these iron and

cobalt, and Co"(ClOy),) reported by Nam and coworkers.
cobalt systems, high-valent metal-oxo species are proposed as the active oxidant and
their oxo ligands are exchangeable. Such a difference between our nickel and the
other systems may be due to the reaction mechanism and the character of the active
species. Possible explanations for our nickel system are, (i) the active oxidant is a

utative nickel-oxygen species (such as Ni'™™=0 or Ni'=0¢)**%® and its oxygen atom is
p ygen sp yg

readily transferred to the substrate via hydrogen atom abstraction and radical-rebound
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mechanism, and (ii) a nickel(Il)-mCPBA complex is the active oxidant and the reactiQ Article Online
occurs via a concerted mechanism through concomitant O—O rupture and oxygen atom
transfer. In the iron-heme system reported by Nam and coworkers, the extent of the
80 incorporation into the product is varied depending on the nature of the catalysts as

well as the reaction conditions, including the choice of solvent.'®

Characterization of nickel(IT)-acylperoxo species 2~

The alkane hydroxylation catalyses of 1* motivate us to characterize a putative
nickel-acylperoxo species that may be a key intermediate formed during the mCPBA
activation process. Titration of the reaction of 1" with mCPBA at 223 K monitored by
UV/Vis spectra revealed that increase in the absorption band around 386 nm became
saturated when two equivalents of mCPBA were added to the CH,Cl, solution of
dinuclear nickel(IT)-bis(z-hydroxo) complex 1" (Fig. 3 and Table 3). The intensity of
this band is not very high, and the spectral pattern of this pale blue solution is clearly
different from those of the dinuclear nickel(Ill)-bis(z~0x0) and mononuclear

R 7,8¢,13

nickel(II)-alkylperoxo complexes with Tp".
[Fig. 3]

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
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[Table 3]

An IR spectrum of this solution exhibited a peak at 1644 cm ' under a
low-temperature condition, and this peak disappeared in response to increases in the
solution temperature (Fig. 4). Therefore, the thermally unstable pale blue species
could be assigned as the nickel(II)-acylperoxo complex,
[Ni"(OOC(=0)CeH4CI)(Tp™?)] (21, formed through dehydrative condensation of 1"
with a stoichiometric amount of mCPBA (i.e., Ni(Il):mCPBA = 1:1)." The vC=0
bands of free mCPBA and mCBA are observed at 1738 and 1706 cm', respectively,
under the same condition (i.e. CH,Cl, solution at 223 K). To date, a few
meta-chloroperbenzoate complexes have been characterized, and the wavenumbers of

their vC=0 bands (observed in the solid state) are correlated to the binding mode of the
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.. . . 20-22
acylperoxo moieties, as summarized in Table 4.° As found for h& Articleonline

structure-determined dinuclear copper(Il) complex, the non-coordinating acyl group
shows a small blue shift of the vC=O compared to that of the free mCPBA.*' The
observed vC=0 peak at 1644 cm™' of 2" suggests coordination of the acyl group to the
nickel center (see Scheme 1), and the molecular structure of 2" is probably similar to

2 reported by Kitajima and coworkers.*”

that of the copper(Il) derivative of Tp
[Fig. 4]
[Table 4]

The other nickel(I)-hydroxo complexes, not only the catalytically active Tp™*"
but also the inactive Tp™"™> derivatives, gave the corresponding acylperoxo complexes
2% and 2°%, respectively. As summarized in Tables 3 and 4, spectral patterns of
UV/Vis and wavenumbers of vC=0 of 2" and 2°* are similar to those of 2"". These

findings indicate that the reason for the catalytic inertness of the Tp™™>*

complexes is
the steric hindrance between the substrate and the isopropyl groups surrounding the
nickel center. Three isopropyl groups on the third position of the pyrazolyl rings in
Tp"™* work as hindered shades surrounding the nickel center, which stabilizes the

*Br could be isolated,

nickel(Il)-acylperoxo species. In fact, the most stable complex 2
although the C-H hydroxylation potential was retained, as evidenced by the
intra-molecular ligand oxygenation (vide infra). Unfortunately, our challenge to get

single crystals of 2°®" (and other ligands derivatives) has not met with success thus far.

Characterization of product complexes derived from thermal decomposition of 2%
and 2°%
The nickel(IT)-acylperoxo species 2* and 2°* decomposed even at 253 K, and the
resulting product nickel(Il) complexes were varied depending on conditions such as
solvent and temperature as well as R of Tp*** (Scheme 1).

[Scheme 1]

(i) Products from the Tp™*** complexes 2*. In the case of the CH,Cl, solution
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Me2,X

of 2% having the less hindered Tp , raising the solution temperature from 223 to 233 Article Online
K resulted in changing the solution color from pale blue-green to pale brown. The
resultant pale brown solutions exhibited absorption around 480 nm attributed to the
Cl-to-Ni charge transfer band of nickel(IT)-chloride complexes, [Ni"(CI)(Tp™**)] (3%;
see Fig. 5(a): the formed complexes 3™ were characterized by comparison to authentic
samples synthesized via another method).” The yields of 3* were over 85 %
(determined by UV/Vis) when the CH,Cl, solutions of 2 were stored at 253 K for 12 h
and then slowly warmed to room temperature. As we have reported previously,
iPr2,X

thermal decomposition of the nickel(Il)-tert-butylperoxo complexes with Tp in

CH,Cl, yields the corresponding chloride complexes [Ni"(CI)(Tp™™)] (3°%) with

713 The formation of 3°* may proceed through abstraction of

moderate yield (ca 30 %).
the Cl atom from CH,Cl, by a putative nickel(I) species given by the Ni—-O bond
homolysis of the alkylperoxo complexes. The vyielding of 3% from the
nickel(IT)-acylperoxo complexes 2* suggests the formation of a nickel(I) species
through the thermal decomposition process. Itoh and coworkers have proposed
formation of the nickel(I) species after the hydroxylation of alkane in the catalytic

Me2,X

processes.”” In this context, we can hypothesize that nickel(I) species with Tp are

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32419A

formed after the oxidation of CH,Cl,. The formation rates of 3% (3.2><10_4 for 3" and
5.2x107° s~ for 3%, respectively, at 253 K) were lower than the decay rates of the
corresponding 2™ (vide infra). Therefore, the conversion from 2* to 3% might proceed
by a stepwise process through the decomposition of 2* and following reaction of the
resulting nickel(I) species with CH,Cl, to give 3%, although we have not succeeded in
trapping any intermediates so far.

Other products in the decomposition reactions in CH,Cl, were
nickel(IT)-meta-chlorobenzoate complexes, [Ni'(0,CCsH,CI)(TpM*™)] (4%), having
characteristic absorption bands around 420-430 nm (see experimental section).
Decomposition of 2¥ in CH,Cl, at 273 K led to an increase in the yield of 4% with

decreases in 3%, as shown in Fig. 5(b). Therefore, the formation of 3* and 4 occurred
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competitively. View Article Online

[Fig. 5]
Decomposition of 2* in toluene yielded 4%, with yields of 4" and 4°" of 73 and
77 % (determined by UV/Vis), respectively. A possible explanation for the formation
of 4% is coupling of the nickel(I) species with acyloxy radical resulting from homolysis
of the O—O bond of 2* (see Scheme 2). Mass spectral analyses revealed no formation
of oxidized TpM*** ligands compounds in the case of products derived from either

CH,CI; or toluene solutions. However, decomposition of 25" in CD,Cl, resulted in the

Me2,Br

oxidation of Tp This result implies that there are competitive reactions between

the solvent and the methyl group on Tp"“***".

iPr2,X

(ii) Ligand hydroxylation on Tp complexes 2°*. In the case of more

hindered Tp™"™** systems, the solvent type did not affect the products. UV-vis spectra of
the products derived from both CH,Cl, and Et,O solutions of 2°X exhibited peaks
around 430 nm, and these spectral patterns were the same as those of the Tp™™™
analogues of 4%, [Ni"(0,CC¢H4CI)(Tp™™>™)] (4°®). In mass spectra of the product
derived from CH,Cl, solution, no peak of the chloride complexes 3’ existed, whereas
peaks consistent with the formula as [4°* + O] (m/z = 933) were observed. 'H NMR
spectra of the product mixture showed the existence of 4* and another species, of which
the three-fold symmetry of the tris(pyrazolyl)borate ligand moiety was lost. Moreover,

’Bl'

the '"H NMR spectrum derived from 2°®" contained a signal at 16.5 ppm, of which the

proton was exchangeable with external D,O. These spectral features suggest the
progress of partial oxygenation of the methine portion of the isopropyl groups of Tp™™>*
proximal to the nickel center, and the resultants were tentatively assigned as
nickel(II)-carboxylate complexes with hydroxylated Tp*™>* ligands,
[Ni"(0,CC¢H4C1) {HB(3-Me,C(OH)-5-iPrpz)(3,5-iPropz)2}] (5°%; see Scheme 1).

Such intra-molecular ligand oxygenations have been observed in various transition

metal-active oxygen complexes such as M,(1~0), and M—OOR, including the nickel-

iPr2 13,24
and cobalt-Tp"" TR Be. 13,

complexes. Interestingly, the selectivity for the

10
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ligand-hydroxylated compounds 5’ seems to be correlated with the nature of Xve Article Online
Tp™™*. The products ratio 5°*:4°* were 7:1 from 2°®" and 1:2 from 2°", respectively
(determined by 'H NMR). Although the hindered Tp™™* complexes cannot catalyze
cyclohexane hydroxylation, the higher selectivity toward the intra-molecular alkyl
Me2,Br

group hydroxylation on 2°®" is consistent with the alcohol selectivity of the Tp

ligand catalyst being higher than that of the non-brominated Tp™** ligand catalyst.

Kinetics of the thermal decomposition process of 2*

In the absence of external substrate, both 2* and 2°* decomposed spontaneously in
accord with first-order kinetics. The bromine-containing ligand complexes are more
stable than the parent non-brominated complex. Also, 2°®" is more stable than 2°"
(Table 5). These orders illustrate that how the electronic and steric natures of the
ligands affect the lifetime of the acylperoxo species and the substrate-oxidizing

iPr2,X

activities. The bulky alkyl groups (i.e. 3-iPr on Tp" ") wrap the O—O moiety of the

metal-bound acylperoxide to stabilize 2°* but hinder the reaction with external substrate.

Me2,X

The smaller methyl substituents on Tp are an appropriate size to provide

substrates-accessible space allowing for the catalyses of 2*.  As well as the previously

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32419A

reported nickel(I)-alkylperoxo complexes with Tp™™>*,"® incorporation of the

electron-withdrawing bromine at the distal fourth position of the pyrazolyl groups in
Tp"** results in increases in the stability of the nickel(II)-acylperoxo species.
[Table 5]

Interestingly, kinetic isotope effects were observed during the decay of 2X in
CH,Cl,/CD,Cl,. The observed ku/kp values at 253 K were 2.5 for 2% and 3.2 for ZBF,
respectively. Interestingly, the yields of the chloride complexes 3* decreased when the
deuterated solvent was used (3H: 51 % in CH,Cl, — 12 % in CD,Cl, at —20°C, 38
36 % in CH,Cl, — 7 % in CD,Cl, at 0°C). Moreover, the decomposition of 2" in
CD,Cl, led to oxygenation of the methyl group of Tp™**®" (Fig. S9). These findings

indicate an interaction between the solvent molecule and 2*, and hydrogen atom

11
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abstraction from the solvent may occur concomitant with O—O bond rupture of 2Viax Article Online

The large negative values of an activation entropy for the self decomposition of 2* in
CH,CI, (Fig. S11 and Table S5) indicate the reaction proceeds through an associative
transition state, and that is consistent with the interaction between the solvent molecule
and 2%, The observed KIE values are, however, not so large even at low temperatures.
Upon the decomposition of 2% (2.0 mM) in the mixture (v/v = 1/1) of CD,Cl, and
C¢Hpp or Cg¢Dy, at 273 K, the observed KIE was 1.6 (k(CD,Cl,/CsH;,) and
k(CD,Cly/C¢Dy5) were 5.2x10°* s' and 3.3x107* s, respectively). However, high
concentration of cyclohexane (v/v = 1/20 of CD,Cl, and C¢H;; or C¢D;;) led to
negligible KIE value (decomposition rate of 2 mM of 2® at 283 K were
k(CD,Cly/C¢Hyz) = 2.8x107° s and k(CD,Cly/C¢Dy2) = 2.5x10° s ).  Therefore, 2%
themselves have the ability of hydrogen atom abstraction from aliphatic C—H group,®
but a putative nickel-oxygen species such as Ni''=0 or Ni"—O« resulting from the O-O
homolysis of 2% may work as a major oxidant on catalytic cyclohexane hydroxylation
(Scheme 2). Recently, the hydrogen atom abstraction ability of the mononuclear
nickel(III)-oxo species, which is generated from the reaction of [Ni"(OTf)(TMGstren)]*
(TMGstren denotes tris[2-(N-tetramethylguanidyl)ethylJamine) with 1 equiv. of mCPBA,
has been reported.® In the Tp"**Ni systems, however, we could not identify any
intermediates during decomposition of the nickel(I)-acylperoxo species 2 by
spectroscopy (UV/Vis and EPR), and there is no direct evidence for the contribution of
the nickel(IIT)-oxo and related species.”’

[Scheme 2]

Conclusion

The nickel complexes with TpM**

exhibit alkane hydroxylation catalyses with mCPBA
oxidant. Introduction of electron-withdrawing group (= EWG) on the pyrazolyl
backbone of Tp™*** leads to increases in the alcohol selectivity. Effectiveness of the

introduction of EWG on the metal supporting ligand for the selective hydroxylation of

12
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alkanes has been demonstrated on iron-heme compounds.”® An electrophilicity of ¢he Article Online
active oxidant may be enhanced by EWG-containing ligand, and our results indicate
that the common concept for the ligand design, that is the fine tuning of the electronic
property without changing the structure of the metal-supporting scaffold, is applicable
to non-heme catalysts. The thermal stability of the nickel(IT)-mCPBA species is also
enhanced by the EWG-containing ligands Tp"*®', which might weaken the ability of
back-donation from the metal center to the o* orbital of the peroxide moiety.'>*
Kinetic and product analyses of the decomposition of the nickel(Il)-mCPBA complexes
suggest that the nickel(I)-acylperoxo complex, Ni'-OOC(=0)C¢Hs-meta-Cl, is an
alternative  oxidant. However, hydrogen atom abstracting potential of
nickel(I1)-mCPBA complexes with Tp™**®" is not so high and the previously proposed

0-0 bond cleaved species (i.e. Ni'—Oe or Ni'"'=0) may be a major active oxidant for

the catalytic cyclohexane oxygenation.

Experimental Section
General

All manipulations were performed under argon by standard Schlenk techniques. THEF,

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32419A

Et,O, pentane, toluene, CH,Cl,, MeCN were purified over a Glass Contour Solvent
Dispending System under Ar atmosphere. CF3;C¢Hs was distilled using sodium as a
drying agent and then stored under argon. meta-Chloroperbenzoicacid (= mCPBA)
was washed with KH,PO4-NaOH buffer solution (pH 7.4) and pure water in order to
remove meta-chlorobenzoic acid. Other reagents of the highest grade commercially
available were used without further purification. The catalyst precursors
[(Ni"Tp"*™),(1~0OH),] 1* (R = Me) and 1’* (R = iPr); X = H, Br) and their starting

8.13.1430 " Blemental

materials were prepared by the methods described in the literature.
analyses were performed on a Perkin-Elmer CHNS/O Analyzer 2400I. IR
measurements of KBr pellets of solid compounds were carried out by using JASCO

FT/IR-5300 or FT/IR 4200 spectrometers. IR spectra of the in situ-generated solution
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samples were recorded using a Mettler Toledo ReactlR iC10. NMR spectra Wk Article Online

recorded on Bruker AC-200 ('H, 200.0 MHz) or JEOL ECA-500 (‘H, 500.0 MHz)
spectrometers. Chemical shifts (5) were reported in ppm downfield from internal
SiMes. UV/Vis spectra were recorded on JASCO V-570, V650 or Agilent 8453
spectrometers equipped with a UNISOKU CoolSpeK USP-203-A for low-temperature
measurements. Mass spectra were measured on a JEOL JMS-700 by a field desorption
(FD) ionization method or a JEOL JMS-T100LC by an electrospray ionization (ESI)
method. Gas chromatographic (GC) analyses were carried out on a Shimadzu
GC-2010 instrument with a flame ionization detector equipped with a RESTEK
Rtx-1701 (30 m, 0.25 mmID, 0.25 umdf) capillary column. GC-MS analyses were
carried out on a Shimadzu PARVUM?2 system equipped with a RESTEK Rtx-5MS (30

m, 0.25 mmlID, 0.25 pumdf) capillary column.

Catalytic cyclohexane oxidation with mCPBA

All reactions were carried at 313 K under Ar, and the products were analyzed by GC
and GC-MS with an internal standard. Cyclohexane (0.28 mL, 2.6 mmol) was added
to a 5.2 mM CF;Cg¢Hs solution of 1¥ or X (5.0 mL, 26 umol). Next, 45 mg of
mCPBA (260 umol) was added to this solution with stirring. The reactions with large
excess substrate were carried out as follows.  Due to the insolubility of the catalyst
precursors (1 and 1°") and mCPBA toward cyclohexane, a minimal amount of CH,Cl,
was used as solvent: 1.0 mL of a 2.6 mM CH,Cl, solution of 1% or 1’ (2.6 pmol) was
added to 1.4 mL of cyclohexane (13 mmol) under Ar. Then 45 mg of mCPBA (260

umol) was added.

Synthesis of the nickel(II)-mCPBA complexes
[Ni"(00C(=0)CeH4CI)(TpT™P)] (2°%"). The synthetic procedure for the

iPr2,Br

isolable Tp complex 2°®" is described as a typical example.  The hydroxo

complex 1°®" (250 mg, 0.16 mmol) was dissolved in Et;O (15 mL), and the solution was

14
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cooled at 233 K. Then 5 mL of an Et,0 solution of mCPBA (58.2 mg, 0.33 mmol) wa$ Article Online
added to the cold solution of 2°®". The resulting pale blue solution was stirred for 10
min at 233 K, and the solvent was then concentrated by evaporation while maintaining a
low temperature. Refrigeration of the concentrated solution at 195 K yielded the pale
blue powder of 2°®".  Almost quantitative oxygenation of PhsP to PhsP=0 (97 % yield
based on 2°®" analyzed by *'P NMR) in Et,O at 293 K (7 equiv. of PhsP was applied)
indicated the isolated blue powder compound was a pure acylperoxo complex. UV/Vis
(Et,0. 233 K): A(£)=386 (151), 654 nm (50); IR (KBr): v=2586 (BH), 1637 cm ™' (CO).
The other ligand complexes 2™ and 2°" could be generated by similar procedures,

and spectroscopic characterization by UV/Vis and IR were performed without isolation.

Products analyses of the spontaneous decomposition of the nickel(Il)-mCPBA
complexes

The product complexes derived from the spontaneous decomposition of 2% and 2°* were
characterized by comparison with the UV-vis spectral data of the nickel(II)-chloride and
meta-chlorobenzoate complexes 3%, 3°%, 4%, and 4’*. Except for the previously

reported chlorido complexes with Tp™** (3"),2 Tp™? (3°M),"* and Tp™**" (3°"")," the

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32419A

authentic complexes were synthesized as follows.

INi"'(C(TpM*P")] (3®"). THF solution (20 mL) of NaTp™*"" (1.00 g, 1.80
mmol) was slowly added to a methanol solution (20 mL) of NiCl,-6H,O (0.854g 3.6
mmol) over 30 min at RT. The green solution was stirred for 30 min, and the solvent
was then evaporated. The green residue was re-dissolved into 100 mL of CH,Cl,, and
the insoluble green powder was removed by filtration through a celite pad, after which a
reddish filtrate was evaporated to dryness to give a green solid. The solid was
re-dissolved into 100 mL of MeCN, and the insoluble purple residue was removed by
filtration through a celite pad to give a bluish-green filtrate. Evaporation of the solution

gave a green solid. Crystallization from toluene gave the title complex as a green

platelet crystal (0.498 g, 0.74 mmol, 41%). UV/Vis (CH,CL): A(e)=481 (360), 801

15
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(105), 900 nm (120); IR (KBr): »=2532 cm ' (BH); 'H NMR (500 MHz, CD>Cls, nidis Article Online

6=—13.16 (2H, BH), —8.52 (18H, Me), 3.74 ppm (18H, Me); elemental analysis: calcd
(%) for C;35H23N¢BBr;CINi (3Br-1/2toluene): C 32.96,H 3.44, N 12.47; found: C 33.48,
H 3.23, N 12.65. The molecular structure was determined by X-ray crystallography,
and the details are provided as Supporting information.

[Ni"(0,CCeH4CI)(Tp**®M)] (4* and 4°%). As a typical example, the synthetic
procedure for [Ni''(0,CC¢H4CI)(Tp™*PM)] (4®") is described. The hydroxo complex
1% (122 mg, 0.10 mmol) and meta-chlorobenzoic acid (mCBA, 34.4 mg, 0.22 mmol)
were dissolved in 10 mL of CH,Cl,. The green solution was stirred for 30 min at
ambient temperature, and the solvent was then evaporated. The green residue was
recrystallized from slow evaporation of EtOH to give an ethanol adduct of 4",
[Ni"(0,CCeH4CI)(TpM*P")(C,HsOH),], as green block crystal (127 mg, 0.15 mmol,
75 % yield). UV/Vis (CH,Cly): A()=421 (210), 682 (47), 843 nm (39); (toluene):
A)=421 (180), 685 (38), 851 nm (31); IR (KBr): 1=2544 (BH), 1591 cm™' (COO); 'H
NMR (500 MHz, CD,Cl,, r.t.): =—10.51 (1H, BH), —9.45 (9H, Me), 0.62 (9H, Me),
2.36 (6H; EtOH), 4.28 (4H; EtOH) 6.06 (1H; mCBA), 9.39 (1H; mCBA), 11.04 (1H;
mCBA), 1147 ppm (1H; mCBA); elemental analysis: caled (%) for
C26H3sBBr;CINgNiOy (4°7-2EtOH): C 37.16, H 4.20, N 10.00; found: C 37.25, H 3.98,
N 10.11.

The other nickel(II)-mCBA complexes were synthesized by the same procedure.

[Ni"(0,CCeH,C)(Tp™?)] (4"). The Tp™** complex 4" is synthesized by the
reaction of 1" (111 mg, 0.15 mmol) and mCBA (51.6 mg, 0.33 mmol) in THF.
Recrystallization from MeCN yielded the yellow-green solid of 4" (60.1 mg, 0.12 mmol,
40 % yield). UV/Vis (toluene): A(£)=428 (213), 686 nm (61); IR (KBr): 1=2514 (BH),
1591 cm™' (COO); elemental analysis: caled(%) for C2,HasNgBCINiO, (47): C 51.67, H
5.12, N 16.43; found C 51.20, H 4.95, N 16.47.

[Ni"'(0,CCeH4CI)(Tp™™?)] (4’"). The hydroxonickel complex with Tp™? 1°"
(75.6 mg, 0.0698 mmol) and mCBA (21.8 mg, 0.139 mmol) were stirred in 15 mL of

16
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Et,O for 10 min at room temperature. After removal of the volatiles under vacuwiy Articie online
the resulting yellow-green solid of 4’ was recrystallized from pentane (76.5 mg, 0.113

mmol, 81% yield). UV/Vis (CH,Cly): A£)=429 (250), 690 (59), 854 nm (47); IR

(KBr): v=2549 cm ' (BH); '"H NMR (200 MHz, C¢Ds, r.t.): 8=—3.6 (3H, br, CH of iPr),

0.07 (18H, s, Me of iPr), 2.61 (21H, s, Me and CH of iPr), 4.80, 9.04, 11.1, 11.5 (1Hx4,

sx4, Ph of mCBA), 75.4 ppm (3H, s, pz-4H); MS (ED): m/z=679 ([4’"]"); elemental

analysis: calcd (%) for Cs4HsoNgBCINiO; (4’H): C 60.08, H 7.41, N 12.36; found: C

59.86, H 7.43, N 12.43.

[Ni"(0,CCeH4CI)(Tp™™>P"] (4°®"). Recrystallization of the reaction mixture of
1°®" (352 mg, 0.226 mmol) and two equiv. of mCBA (70.8 mg, 0.452 mmol) from
hexane yielded the yellow-green powder of the Tp" ™" analogue 4°®" (217 mg, 0.120
mmol, 53% yield). UV/Vis (Et,0): A(£)=416 (240), 694 nm (52); IR (KBr): »=2578
cm ' (BH); 'H NMR (200 MHz, C¢Ds, r.t.): 8=—11.1 (1H, BH), —0.75 (br, CH of iPr),
1.78 (18H, s, Me of iPr), 2.12 (21H, br, Me and CH of iPr), 5.10, 9.10 (1Hx2, sx2, Ph of
mCBA), 13.1 ppm (2H, br, Ph of mCBA); MS (FD): m/z=917 ([4’®"]"); elemental
analysis: calcd (%) for C34H47NgBBr;CINiO; (4’Br): C 44.56, H 5.17, N 9.17; found: C
44.85, H 5.40, N 8.89.

Downloaded by FORDHAM UNIVERSITY on 03 December 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32419A

The molecular structures of an EtOH adduct of 4% and 4°" were determined by

X-ray crystallography, and the details are provided as Supporting information.
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Table 1  Catalytic activity of 1" for cyclohexane oxidation . . :
View Article Online

cl

Ot
OOH OH O
SE— U
TpMeZ’XNiH<g>HNiTpMeZ’X CeHsCF3
or

H CH,Cl,
313K, Ar, 2 h.

Entry  Complex A/K " TON*®

Products / pmol *

Sillos

Solvent: C¢HsCF3 (5 mL), Amount of 1X=26 umol, Ni: mCPBA:C¢H;, = 1:5:50
1 M 10.7 6.4 1.7 0.5
2 1% 35.9 20.4 1.8 1.5
Solvent: CH,Cl, (1 mL), Amount of 1¥ = 13 pumol, Ni: mCPBA:C¢H,> = 1:50:2500
3 1M 227 7.0 32 46

4 18r 210 4.0 53 42

“ g-Caprolactone, which would form through the reaction of cyclohexanone and
mCPBA, was not obtained under the examined reaction conditions. ” A/K = yield of
cyclohexanol / yield of cyclohexanone. ¢ TON = (cyclohexanol

+2xcyclohexanone)/nickel.
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Table 3 UV/Vis spectral data of 2 and 2°*“ View Article Online
2Hb zBrb 2,HC 2,BI‘C
A [nm] 386 (148) 382 (108) 386 (260) 386 (151)
(e[M'em™)) 633 (42) 628 (22) 654 (68) 654 (50)

“ ¢ values of 2% and 2°" were estimated based on the concentration of nickel in the

*Br \was determined based on the

parent hydroxo complexes 1* and 1°", while the € of 2
used 2°%", which was isolated as a pale blue powder by refrigeration. ” CH,Cl,

solution at 223 K. “ Et,0O solution at 233 K.
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Table 4 IR band of vC=0 of the acyl component “ View Article Online
Compound Ve=0 [cmﬁl] Ref.
M 1646 “ This work
28 1661, 1643 “° This work
2°H 1643° This work
28" 1637° This work
[Fe"(0OOC(=0)CsH4Cl) (TTPPP)] 1744° 20
[Cu", (XYL-O-)(u-00C(=0)CsH4C) > 1745° 21
[Cu"(OOC(=0)CeH4Cl)(Tp™)] 1640° 22
mCPBA 17384, 1726° This work ¢
mCBA 1706, 1696 " This work ¢

“ CH,Cl, solution. ” Solid sample (KBr or Nujol). ¢ Two peaks appeared. See
supporting information (Figure S6). “ Measured under the same conditions for 2%
(CHCl, solution at 223 K) and for 2°% (KBr pellet at room temperature).
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Table 5 First order rate for the decomposition of 2% and 2°¥ View Article Online
solvent rate /s
(Temp.) oH 2Br yoH 29Br
CH,Cl, (273K) 42%107 1.7%107 . _«
CH,Cl, (253K) 8.8x107* 1.6x107 —a _«
CD,Cl, (253K) 3.5%x10°* 5.0x107 . __a
Toluene 273 K)  3.8X10° 23%X107° — 9.7x10™*

Et,0 (273 K)

a

a

2.5%107° 5.1x10™*

“ not measured.
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Scheme 1 Formation of the nickel(Il)-acylperoxo complexes and their thermal

decomposition products.
Scheme 2 Possible reaction pathways for the thermolysis of 2.

Fig. 1 Cyclohexane oxygenation by the Ni/mCPBA system and the ligands used
as the support for nickel.

Fig. 2 Time course of cyclohexane oxidation with mCPBA mediated by 1* under

a large excess of substrate (corresponding to the entries 3 and 4 in Table

1.

Fig. 3 UV/Vis spectra of in situ-generated 2" (formed by the reaction of the
dinuclear nickel(IT) complex 1" with 2 equiv of mCPBA) and the parent 1"
in CH2C12 at 223 K.

Fig. 4 IR spectra of the CH,Cl, solutions of in situ-generated 2" (formed by the
reaction of the dinuclear nickel(II) complex 1" with 2 equiv of mCPBA;
top), the parent 1" (bottom), and the sample once warmed to room

temperature (recorded at 223 K).
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Fig. 5 Decay of 2% observed by time-course UV/Vis spectra. [2"'] = 1 mM.
(a) Interval of the spectrum recording was 60 min.  (b), (c¢) Interval of

the spectrum recording was 20 min.
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N
X — 2X 27X
1X (R = Me) ;
1X —
1I'* (R = iPr) Thermolysis
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nd \ 1 Q-»N/ |n/o cl
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4vX
X
3 +
+ X
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| b N
N™~ ~
o N~ O
4X SvX
Scheme 1 Formation of the nickel(Il)-acylperoxo complexes and their thermal

decomposition products.
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Concerted reaction

sub. +
1,0~0
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/ O K l
11/0\0 Cl Ni\ o)
Ni O
\O/

f \ B 0-0 homolysis - sub%' b
Cl
2 N0 == niZ° sub.—0
é
Cl
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Ni = TpMe2XN; \ \ o
(NF=Tp ) o) o\\f
cl

Cl abstraction :
from CH,Cl, ‘ re-combine
Ni—Cl it
X N
3 © Cl
a * cl 4X
S =0
- + CO
o- 2
Scheme 2 Possible reaction pathways for the thermolysis of 2*.
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O Nickel(I) complex O/OH Cr
Cl
QOOH Q*OH e o

— Ligand of the nickel(II) complex catalysts —
Itoh and coworkers (ref’s. Sa-c)

@g@fwiw@
wfral s b
L

Palaniandavar and coworkers (ref. 5d)
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NR—4N Tpiprz iPr H iPr
RESNRS = TpR®X/ ™2 e Br P
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Fig.1 Cyclohexane oxygenation by the Ni/mCPBA system and the ligands used as
the support for nickel.
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Fig.2  Time course of cyclohexane oxidation with mCPBA mediated by 1 under a

large excess of substrate (corresponding to the entries 3 and 4 in Table 1).
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393 nm (1%: £ =250 M em 1)

Abs.

Fig.3  UV/Vis spectra of in situ-generated 2" (formed by the reaction of the dinuclear
nickel(IT) complex 1" with 2 equiv of mCPBA) and the parent 1" in CH,Cl, at
223 K.
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Fig.4 IR spectra of the CH,Cl, solutions of in situ-generated 2" (formed by the
reaction of the dinuclear nickel(I) complex 1" with 2 equiv of mCPBA; top),

the parent 1" (bottom), and the sample once warmed to room temperature
(recorded at 223 K).
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(a) 28 ICH,Cl, at 253 K

(b) 2Br/CHZC|2 at 273 K

|

!

(c) 2Br/CD,Cl, at 273 K

350 550 750
A/ nm

Fig.5 Decay of 2" observed by time-course UV/Vis spectra. [2%]=1 mM. (a)
Interval of the spectrum recording was 60 min. (b), (c¢) Interval of the

spectrum recording was 20 min.
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