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ABSTRACT: Hydroxylation of aliphatic hydrocarbons requires
highly reactive oxidants, but their strength can lead to undesired
oxidation of the initially formed alcohols and solvents, under-
mining the product selectivity. To address these problems, we
developed a novel catalytic system using fluorocarbon solvents. A
cobalt complex supported by the fluorinated ligand, N,N,N',N’,N"-
pentakis-[ CF;(CF,),(CH,)]-diethylenetriamine (Rf-deta), acts as
an efficient catalyst [turnover number (TON) = 1203, turnover
frequency = S1 + 1 min™'] for cyclohexane hydroxylation with the
m-chloroperbenzoic acid oxidant, achieving high alcohol selectivity
(96%). Overoxidation to form cyclohexanone is minimized due to
the separation of cyclohexanol from the reaction phase, comprising
perfluoromethylcyclohexane and a,a,a-trifluorotoluene. The cata-
lyst hydroxylates primary carbons (S examples) and exhibits significant reactivity toward the terminal C—H bond of normal hexane
(TON = 13). This system extends to the hydroxylation of the gaseous substrate butane, yielding the corresponding alcohols.

B INTRODUCTION their miscibility with polar organic compounds such as
alcohols.” This characteristic immiscibility of PFCs and
alcohols can be exploited as a promising strategy for improving
the alcohol product selectivity in alkane hydroxylation

Selective hydroxylation of the C(sp*)—H bond is a challenging
reaction due to the much lower reactivity of the C—H bonds in
the substrates than those of the alcohol products.’ Over-

oxidation of the alcohol products to carbonyl compounds reactions. The product alcohols escape from the reaction
decreases the alcohol selectivity. Furthermore, solvent phase and thus do not suffer from the overoxidation (Scheme
oxidation decreases the reaction efficiency when highly 1).
oxidative reagents are employed.” These problems become Typical metal-ion complexes are, however, poorly soluble in
inevitable when we try to oxidize inert alkane substrates, in PEC solvents. Nevertheless, Horvath and Rabai succeeded in
particular, primary carbon substrates with high C—H bond solubilizing a rhodium complex as a hydroformylation catalyst
dissociation energy. In this respect, water is an attractive in PFC using ligands bearing fluoroalkyl chains.” A fluorous
solvent as it is resistant to oxidative attack.” However, the phase containing the Rh catalyst and an organic phase
immiscibility of hydrocarbon substrates under aqueous solvent containing a substrate are miscible in a hand-wormed
conditions is another problem. condition (>36 °C). A decrease in the solution temperature
One potential solution to these challenges involves the induces spontaneous phase separation again. The repeatable
employment of perfluorocarbons (PFCs) as solvents due to phase association and separation allow recycling of the Rh
their exceptional resistance to oxidation reactions, imparted by catalyst by simple decantation. Since then, transition-metal
the inherent stability of C—F bonds.” Recently, Ohkubo and (Mn, Co, Cu, and Pd) complexes bearing fluorocarbon chains
Hirose utilized perfluorohexane as a solvent in their photo- have been applied to oxidation reactions in PFC solvent
catalytic methane oxidation system, which featured chlorine systems.9 For instance, Fish et al. investigated cyclohexane

. ° . . S
radicals (CI®) as the reactive species.” We employed a,a,a,- hydroxylation with fert-butyl hydroperoxide (fBuOOH) under
trifluorotoluene (TFT) to elongate the lifetime of an

oxoiron(IV) porphyrin radical cation species (so-called
compound I) and demonstrated its reactivity toward primary
carbon substrates.” Even in the presence of highly reactive
oxidants, the fluorocarbon solvent did not disturb the
oxidation reactions.

In addition to enhancing chemical stability, the introduction
of fluorine atoms to solvent molecules significantly decreases
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Scheme 1. Strategy of This Work to Achieve High Alcohol
Selectivity with a Transition-Metal Complex Anchored in a
Fluorous Phase
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aerobic conditions using a biphasic system consisting of a
fluorous phase (perfluoroheptane) and an organic phase
(substrate itself) with fluorocarbon-soluble transition-metal
complexes. In their study, alcohol product selectivity was up to
60%, probably because the radical chain reactions indiscrim-
inately oxidized the substrate and the alcohol product (Scheme
S1 in Supporting Information).91

We herein report a selective alkane oxygenation system that
features cobalt catalysts bearing a ligand functionalized with
fluoroalkyl chains (Figure 1). The fluorous ligand confined
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Figure 1. Demonstration of the solubility of the cobalt complexes
supported by the Me-deta (left bottle), CgH,,-deta (middle bottle),
and Rf-deta (right bottle) ligands into water, dichloromethane, and
PFMCH.

\! z

m mmTmaTm O
nmAmTmmTTm

them to the fluorous solvent phase consisting of perfluor-
omethylcyclohexane (PFMCH) and TFT. The catalytic
activity of the fluorinated complex was examined in cyclo-
hexane hydroxylation with m-chloroperbenzoic acid (m-
CPBA) in the fluorous solvent at SO °C. At the initial stage
of the catalytic reaction, the system was monophasic,
consisting of the complex catalyst, the substrate, and the

fluorocarbon solvent. Subsequently, the alcohol product
separated from the fluorous phase to form a biphasic system
as the catalytic reaction proceeded. Reported together is the
scope of applicable alkane substrates, including primary carbon
and the gaseous substrate n-butane.

B RESULTS AND DISCUSSION

Synthesis of a Cobalt-Complex Soluble to Fluorous
Solvents. Fluoroalkyl chains of the ligand were introduced by
the reaction of diethylenetriamine and CF,(CF,),(CH,),I by
following reported procedures.” A cobalt(II) salt
Co,(OCOC4F,,),[(CH;CH,);NH-OCOCF;,](H,0),, con-
taining perfluorononanoate counteranions and triethylamine
(for '"H NMR, Figure S1), was prepared following the
synthetic procedures for the preparation of copper(Il) salt,
Cu,(OCOCF,,),.'"" The metal salt did not show high
solubility in PFMCH. However, they were immediately
solubilized by treatment with the fluorinated ligand (Figure
1), upon which a change in the color of the solution was
observed, indicating formation of the corresponding transition-
metal complex. Both the fluoroalkyl chains on the ligands and
the fluorinated counteranion facilitate solubilization of the
complexes into PEMCH and prohibit their dispersion into the
other phases. For example, Co"(OCOCF;,), (Rf-deta)
remained in the PEMCH phase, whereas the cobalt complexes
with pentamethyldiethylenetriamine (Me-deta) and pentaoc-
thyldiethylenetriamine analogue (CgH,,-deta) ligands bearing
normal alkyl chains were only soluble in water and CH,Cl,
phases, respectively. The PFMCH phase containing
Co"(OCOC4F;,),(Rf-deta) was separated from cyclohexanol
while being able to retain cyclohexane (Figure S2).

Comparison of the Catalytic Activities of Co"
Complexes in Cyclohexane Hydroxylation Using m-
CPBA. The catalytic ability of the cobalt complexes for
cyclohexane hydroxylation was examined using m-CPBA
(Scheme 2). A partially fluorinated solvent, a,q,a-trifluor-

Scheme 2. Catalytic Hydroxylation of Cyclohexane by m-
CPBA Catalyzed by a Cobalt Catalyst Supported by a
Fluorinated Ligand in a Fluorocarbon Solvent System
m-CPBA (32 umol) OH o (o]
: Co"(OCOCF;,),(Rf-deta) (9.4 nmol) f ? C\j
in PEMCH/TFT (v:v=7:3)
550 pmol 50 °C, 2 h, under Np TON:1203 51  Not Detected
yield: 35.3%  1.5%

otoluene, was necessary to solubilize m-CPBA in PFMCH,
although its miscibility with cyclohexanol will decrease the
separation coeflicient of produced alcohol from the reaction
system. The reaction was initiated by m-CPBA addition into a
PEMCH/TFT solution containing the substrate and the
complex prepared in situ by mixing the ligand and the metal
salt under an inert atmosphere at 50 °C. The hydroxylation of
cyclohexane proceeded with a turnover number (TON) of
1203 and markedly high alcohol product selectivity (>96%)
over ketone and e-caprolactone. No chlorocyclohexane or
fluorocyclohexane were detected. Table S1 summarizes the
influence of the mixing ratio of PEMCH/TFT and reaction
temperature. The selectivity for cyclohexanol produced in this
study represents the highest value reported to date when
compared with that of other examples for cyclohexane
hydroxylation (Table S2). The alcohol product selectivity is

https://doi.org/10.1021/acsomega.4c01204
ACS Omega 2024, 9, 23624—-23633


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01204/suppl_file/ao4c01204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01204/suppl_file/ao4c01204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01204/suppl_file/ao4c01204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01204/suppl_file/ao4c01204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01204/suppl_file/ao4c01204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01204/suppl_file/ao4c01204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01204?fig=sch2&ref=pdf
?ref=pdf
https://doi.org/10.1021/acsomega.4c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

remarkable when compared to the autoxidation of alkanes with
tBuOOH and oxygen (O,) in a substrate/fluorinated solvent
biphasic catalyst system (TON: 12.5, alcohol selectivity:
56%).”*™™ In the absence of the Rf-deta ligand, the catalytic
efficiency was significantly decreased: TON for cyclohexanol
formation was 36 and only a trace amount of cyclohexanone
was observed.

Interestingly, after the catalytic reaction, we could observe a
spontaneous phase separation of the final reaction mixture in a
Pasteur pipet (Figure 2), where cyclohexanol formed a new

cyclohexane/
PFMCH /TFT

Figure 2. Separation of the cyclohexanol product from the fluorous
reaction phase after the catalytic reaction.

phase on the PEMCH/TFT/cyclohexane phase. To corrobo-
rate this result, we evaluated the cyclohexanol solubility in the
PFMCH/TFT/cyclohexane mixture (700/300/300 uL) with
m-CPBA at 50 °C. The resultant mixture after the catalytic
reaction was reproduced by adding 5.0 uL (47 pmol) of
cyclohexanol to the PEMCH/TFT/cyclohexane mixture. After
the solution was left to stand at 50 °C with steering, only 30
umol of cyclohexanol was detected by its gas chromatograph-
flame ionization detector (GC-FID) analysis (Table S3). This
result indicated that a portion of the produced cyclohexanol
escaped from the reaction phase during the catalytic reaction.
Consequently, this escape phenomenon leads to a reduction in
the effective concentration of cyclohexanol surrounding the
catalyst within the experimental setup described above. The
observation of phase separation in the reaction mixture was
further corroborated by dynamic light scattering (DLS)
analysis. Notably, the injection of 2.0 uL of cyclohexanol
into a solution comprising PFMCH/TFT/cyclohexane (700/
300/300 uL) resulted in the emergence of a peak at around a
diameter of 160 nm. This newly formed peak can be attributed
to the presence of small droplets primarily composed of
cycl)o?lex?anol that escaped from the reaction phase (Figure
S3a).

Substrate Scope: C5—C8 Alkanes. The substrate scope
was investigated using various alkanes under the optimized
reaction conditions (Table 1). In the case of cyclooctane and
cycloheptane, the catalyst system produced corresponding
alcohols as the major products with a high TON (up to 1800)
and a relatively high alcohol selectivity (74—82%) (entries 1
and 2). The higher TONs obtained in the oxidation of
cyclooctane and cycloheptane can be ascribed to their lower
bond dissociation energies of the C—H bonds (95.7 and 94.0
keal mol™!, respectively) compared to that of cyclohexane (99
kcal mol™"). The higher TON for alcohol production,
facilitating the overoxidation, resulted in lower alcohol
selectivity, as discussed later (Solvent Effects section). The

catalytic activity decreased (TON = 300) in the oxidation of
cyclopentane, although cyclopentane has C—H bonds (95.6
kcal mol™") that are weaker than those of cyclohexane (entry
3). We examined the reaction-inhibition effect of cyclo-
pentanol on the optimized system for cyclohexane hydrox-
ylation to elucidate the reason for this. The addition of
cyclopentanol (5% of the amount of cyclohexane, 11 mM)
drastically decreases the TON for cyclohexanol formation by
about 10-fold (Table S4). Cyclopentanol has a smaller ligand
cone angle than those of C6—C8 cyclic alcohols and probably
binds to the metal center strongly in the nonpolar solvent
system. The inhibition by produced alcohol is reasonable,
considering the slow ligand exchange of Co(III) complexes in
a low-spin state.

This system was applicable to the oxidation of n-alkanes to
demonstrate that secondary alcohols were mainly produced
with an alcohol selectivity of 72—95% (entries 4—6). Lower n-
alkane substrates appeared to form fewer products. Remark-
ably, primary alcohol products were also produced despite the
very high dissociation energies of the primary C—H bonds
(~100 kcal mol™"), although the yields were lower than those
of the secondary alcohol products. The TON of 13 for
terminal C—H hydroxylation with n-hexane was the highest
value among the reported molecular catalyst systems in
thermal conditions (Table SS). In the system presented here,
suppression of solvent oxidation effectively induced the
formation of primary alcohol products. We further examined
the ability of this reaction system to cleave primary C—H
bonds using 2,2,3,3-tetramethylbutane, where the TON of the
reaction was 42 (entry 7). Hydroxylation of other branched
hydrocarbons such as 2-methylbutane, 2,2-dimethylbutane,
and 2,3-dimethylbutane yielded secondary and ternary alcohols
without forming any ketone products (entries 8—10). The
reason remains elusive for the lower yields of 2,2-
dimethylbutane and 2-methylbutane hydroxylation compared
to 2,3-dimethylbutane. Fine-tuning the ratio of solvents mixed
or adjusting the reaction temperature may enhance both the
TON and the selectivity of the reactions. However, we have
not yet conducted a detailed optimization of these conditions
for each individual substrate.

Oxidation of n-Butane. Under standard pressure
conditions, the catalytic conversion of gaseous alkanes presents
a considerable challenge owing to their low solubility in
conventional solvents. Fluorocarbons, however, are recognized
for their exceptional ability to incorporate lower-alkanes such
as methane, ethane, propane, and butane efficiently.'*
Accordingly, we attempted to hydroxylate n-butane by taking
advantage of the high solubility of alkane gases in fluorous
solvents. The solubility of butane in PEMCH at 25 °C was
confirmed to be 310 mM, which is 10-fold higher than that in
CH;CN (29 mM at 2§ °C) by '"H NMR. The hydroxylation
reaction of n-butane was performed using the PEMCH/TFT
system (Table 1, entry 11) to yield 1- and 2-butanol and 2-
butanone in 0.5, 8, and 4% yields, respectively (based on the
oxidant), and a total TON of 477. Thus, this system showed a
much higher TON than those reported values for butane
oxidation under normal pressure conditions.'> This oxidation
system also showed a reasonably high alcohol selectivity of
69%, even with the limited concentration of n-butane; the
oxidation reactions of other substrates were carried out at
much higher concentrations (2 M). In a control experiment
using CH;CN as the solvent, butanone was obtained as the
sole product with a lower yield (3%) and a TON of 143 (entry

https://doi.org/10.1021/acsomega.4c01204
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Table 1. Substrate Scope of the Catalytic System’

product

entry substrate ?Ico_ht_)l R
TON @ (yield b) selectivity
OH o]
O @ (7
1840 (50%) 405 (11%)
OH O
2 O @ g 73%
1830 (50%) 663 (18%)
OH o]
3 O O & 9%
294 (8%) 33 (1%)
OH OH
ANNNOH /\/\)\ /\/\oc\ /\)\/\
26 (1%) 438 (12%) 575 (16%) 184 (5%)
4 PN o o 92%
/\/\)J\ /\/jl/\ /\)l\/\
50 (1%) 47 (1%) 14 (0.4%)
OH
NN
5 AN~ - /\/ﬁ: A~ N\Q/ 95%
13 (0.4%) 262 (7%) 265 (7%) 26 (1%)
OH [e]
6 PN /\)\ /j)j\ /\)j\ /\g/\ 72%
252 (8%) 37 (1%) 47 (1%) 63 (2%)
OH
7 %—é } < >99%
42 (1%)
>99%
8 P 1 ’
41 (1%)
OH
9 >—< >_<_ o >99%
102 (3%) 958 (26%)
10 )\/ oH OH >99%
48 (1%) 53 (1%)
" on 0 69%, [0%]
[12¢] i 20 (0.5%), [<1 (<1%)] 311 (8%), [<1 (<1%)] 146 (4%), [143 (3%)] ’

“Determined by GC-FID (entries 1—6) or '"H NMR (entries 7—12). bCalculated based on m-CPBA added. “(umol of alcohol)/(umol of alcohol
and ketone). “Butane saturated (310 mM). “In CH,CN/cosolvent (v/v = 3:7), butane saturated (29 mM). ’Conditions; substrates: 550 ymol (2
M), m-CPBA: 32 umol, Co,(OCOCF;,),((CH;CH,)NH-OCOC,F;,)(H,0): 4.9 nmol, Rf-deta: 9.4 nmol in TFT/cosolvent (3:7) under N, at

50 °C for 2 h. TON is calculated based on the amount of Rf-deta.

12). The decrease of TON in the CH;CN system is ascribed to
the lower solubility of butane. The disappearance of alcohol
selectivity is due to the miscibility of the alcohol product to the
reaction system. Alcohol selectivity was also decreased in the
cyclohexane hydroxylation reaction in the CH;CN-based
solvent system (vide infra).

Mechanistic Studies. Extensive research attention has
been directed toward the inert alkane hydroxylation reaction
by m-CBPA catalyzed by transition-metal complexes.””'® Here,
we conducted a concise investigation of the reaction
mechanism. Upon the addition of m-CPBA to the reaction
solution, the Co™ starting complex underwent rapid oxidation
to a Co™ species. This transformation was confirmed by the
disappearance of the EPR signal due to the Co species
(Figure S4). The cobalt Co™ species showed an electronic

absorption band at 600 nm (with an extinction coefficient, €, of
approximately 50 M~' c¢cm™', ascribed to lTlg « 1Alg
transition), persisting throughout the catalytic reaction
process.

The amounts of the products (cyclohexanol and cyclo-
hexanone) increased linearly following zeroth-order kinetics,
and the turnover frequency reached its maximum value of 51 +
1 min~" in the presence of the highest substrate concentration
(Figure 3a). The reaction rates (V, umol min™") obtained from
the slopes of the plot showed proportional dependence on the
concentration of cyclohexane and the cobalt complex, while
they showed no dependence on the m-CPBA concentration
(Figure 3b—d). Therefore, the rate equation was determined as
eq 1, where k indicates the second-order reaction-rate constant
(24 + 1 M™! min™).

https://doi.org/10.1021/acsomega.4c01204
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Figure 3. (a) Time-course of product formation [cyclohexanol (A) and cyclohexanone (K)] for catalytic hydroxylation of cyclohexane (closed
square: 2.1 M, open square: 1.7 M, closed circle: 1.4 M, open circle 1.0 M) by m-CPBA (0.14 mM) catalyzed by the Co" Rf-deta complex (36 uM)
in a PEMCH/TFT mixed solvent system under N, at 50 °C. (b) Plot of the reaction rate (V, ymol min~") against the cyclohexane concentration.
(c) Dependence of V on the concentration of the cobalt complex in the presence of cyclohexane (2.1 M) and m-CPBA (0.14 M). (d) Dependence
of V on the concentration of m-CPBA in the presence of cyclohexane (2.1 M) and the cobalt complex (36 #M). The sum of molar amounts of A

and K were used to calculate TON and V values.

V = k[substrate][cobalt complex] (1)

This equation indicates that the turnover-limiting step (TLS)
of the catalytic cycle includes a reaction of the reactive
intermediate based on a cobalt complex with the substrate. A
deuterium kinetic isotope effect (KIE) value of 49 was
obtained when using cyclohexane-d;, instead of cyclohexane.'®
This considerable KIE value is consistent with the involvement
of hydrogen abstraction from the substrate in TLS of the
catalytic reaction. In all cases listed in Table 1, chlorobenzene
is generated as a byproduct from m-CPBA, which indicates
that the cobalt complex facilitates the O—O bond homolysis of
m-CPBA.

Experimental results indicate that the TLS of the catalytic
reaction is a concerted process: the O—O homolysis of a Co'-
(m-CPBA) complex that is synchronous with the C—H bond
activation step of the substrate (Scheme 3a). Such a concerted
process was suggested in a Ni-acylperoxide system,’ recently
investigated in a Co-acylperoxide system,'” and the alkane
hydroxylation reaction by m-CPBA without a metal catalyst.”’
This type of concerted mechanism is also investigated in the
sp>-C—H bond activation reaction by Cu-alkyl peroxido and
Fe-acyl peroxido complexes.'°”>' An alternative mechanism
involves a stepwise process: the initial formation of a Co™-oxyl
(or formally Co™-oxido) complex, followed by the oxidation of
the substrate (Scheme 3b). However, when following path B,
the Co™-oxyl species becomes the prominent component in
the system, awaiting the TLS, which is inconsistent with the
EPR results of the reaction mixture, denying the presence of
EPR-active species. Considering the known instability of

Scheme 3. (a) Concerted O—O Bond and C—H Bond
Activation and (b) stepwise O—O Bond Homolysis
Followed by Hydrogen Atom Abstraction

S
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hypervalent cobalt complexes, the concerted mechanism
appears to be the more plausible explanation for this catalytic
system.”” Nonetheless, the potential involvement of hyper-
valent cobalt complexes, which may rapidly react with the
substrate upon formation, cannot be entirely ruled out.”’ The
generated m-CBA radical through the O—O bond homolysis is
known to lead to prompt decarboxylation to generate
chlorophenyl radicals,™ and this highly reactive radical species
should instantly abstract hydrogen from the H—O group of
another m-CPBA molecule (BDEqy_g ~ 96.5 kcal mol™!),
which is the best hydrogen donor in the reaction system
(Scheme $2).>*7° The coordination of the m-CPBA radical
[CIC4H,C(0O)O0"] to the cobalt(II) complex regenerate the
putative reactive intermediate, Co(III)(OOCOCH,CI) spe-
cies to close the catalytic cycle. The free radical-based
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Table 2. Effects of Cosolvents on the Catalytic Oxidation of Cyclohexane®

Hildebrand TON?
solubility eld? alcohol
entry co-solvent  parameter, OH 0 yie select. ©
total (%) (%)
(callcm?)’2 c
1 CH3NO2 12.7 111 0 0 111 99 3 >99
2 DMF 121 37 0 0 37 104 1 >99
3 CHsCN 12.0 1090 491 0 1580 1270 43 69
4 CH3CH2CN 10.6 580 341 0 921 1050 25 63
5 CH2Cl2 9.9 1250 221 147 1470 1340 40 851dl
6 CsHsCl 9.6 609 91 57 700 - 19 871l
7 CHCI3 9.3 886 477 432 1360 808 37 65l
8 cyclohexane 8.2 1970 126 0 2100 1140 57 94
9 PFMCH 6.0 1200 50 0 1250 1220 34 96

“(Amounts of products)/(amount of cobalt ion [9.8 nmol]). “Yields determined based on m-CPBA added. “(umol of cyclohexanol)/(umol of
cyclohexanol and cyclohexanone). 4(umol of cyclohexanol)/(umol of cyclohexanol, cyclohexanone, and chlorocyclohexane). “Conditions;
cyclohexane: 550 pmol, m-CPBA: 32 umol, Co,(OCOCF;,),((CH;CH,)NH-OCOCF,;)(H,0);: 4.9 nmol, Rf-deta: 9.4 nmol in TFT/cosolvent

(v/v = 3:7) under N, at 50 °C for 2 h.

mechanism hardly explains the TON dependence on the
substrate shown in Table 1, where cyclopentane with lower
BDE values shows lower TON compared to that of
cyclohexane or cyclooctane, as discussed above in the
Substrate Scope: C5—C8 Alkanes section.

Solvent Effects. We next employed conventional organic
solvents to investigate the effect of solvent on the alcohol
product selectivity (Table 2). Because the Co-complex
Co"(OCOC4F,;),(Rf-deta) was not soluble in pure organic
solvents, TFT (30 vol %) was added to solubilize the complex
in all the solvent systems. In polar solvent systems,
dimethylformaldehyde (DMF)/TFT and CH;NO,/TFT, the
cobalt complex could not exert its activity, and TONs were
significantly lower than those obtained in the PEMCH system
(entries 1 and 2). The nitrile solvent systems such as CH;CN/
TFT and CH;CH,CN/TFT facilitated the catalytic efficiency,
but considerable amounts of ketone were produced, lowering
the A/K (alcohol/ketone) values for those systems (entries 3
and 4). The halogenated solvent systems such as CH,Cl,/
TFT, C¢H;Cl/TFT, and CHCL;/TFT improved the A/K
value.”” However, formation of chlorinated products reduced
alcohol product selectivity (entries 5—7); chlorocyclohexane
(Cl) was obtained in 10, 8, and 32% yields, respectively, most
likely by the reaction between cyclohexyl radicals and chlorine
radicals generated by the oxidation of the solvent. Formation
of chlorinated products was also reported for hydroxylation
reactions of cyclohexane and adamantane in halogen solvents,
where hexachloroethane was obtained as a byproduct, although
the detailed reaction mechanisms of these reactions remain
2f The formation of 1,1,2,2-tetrachloroethane and
hexachloroethane for entries S and 7, respectively, was
observed by GC-FID, confirming the occurrence of solvent
oxidation in the halogen solvent systems. In contrast, no
byproducts such as fluorocyclohexane were detected in the
PFMCH/TFT mixed solvent system (entry 9). When the
substrate (cyclohexane) itself was used as the cosolvent
(cyclohexane/TFT, v/v = 7:3), a high alcohol selectivity was
achieved (entry 8). In summary, the alcohol product selectivity
tends to increase with a decrease of solvent polarity

unclear.

parameterized by the Hildebrand solubility parameter (), as
shown in Table 2.””*"

Alcohol product selectivity is the result of the accumulation
of the relative rate of alcohol oxidation and alkane oxidation
(Va/Vy), as described by the following equation

Vi/Vi =k [alkane]/k [alcohol] (2)

alkane alcohol

where k... and ky.no indicate rate constants for alkane
oxidation and alcohol oxidation, respectively. As shown by the
equation, one of the determining factors of the alcohol product
selectivity is the concentration ratio of alcohol to alkane
around the reactive species. As demonstrated in Figure 2, the
spontaneous separation of produced alcohol from the
PFMCH/TFT solvent system should reduce the effective
concentration of alcohol around the catalyst, leading to high-
alcohol product selectivity. Equation 2 also explains the high-
alcohol product selectivity observed in the cyclohexane/TFT
system (entry 15), where the cyclohexane concentration is the
highest. The ratio of k... and k;.n, can also be a
determining factor of the product selectivity. However, the
solvent polarity hardly has a significant influence on the rate of
the C—H bond dissociation reaction, enough to explain the
selectivity listed in Table 2.°%*'

B CONCLUSIONS

In this work, we prepared a novel cobalt catalyst system soluble
in PEMCH and assessed its efficiency toward cyclohexane
hydroxylation with m-CPBA. The Co complex with Rf-deta
affords a high TON and a high alcohol selectivity in
cyclohexane hydroxylation reactions (1203 and 96%). The
high selectivity toward alcohol products can be attributed to
the immiscibility of the initial product, cyclohexanol, to the
components of the reaction solution. The reaction system is
applicable to the hydroxylation of cyclic and acyclic C5—C8
alkanes to form the corresponding secondary and tertiary
alcohols. Remarkably, primary alcohols are also produced by
the hydroxylation of the terminal carbons of S substrates. The
characteristic solubility of gaseous hydrocarbons in fluorous
solvent systems was exploited for the hydroxylation reaction of
butane under normal pressure to yield 2-butanol and 1-butanol
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with good selectivity without overoxidation of the alcohol
products (sum of TON for 1-butanol and 2-butanol: 331,
alcohol selectivity: 69%). Thus, this study presents the first
example of a catalyst system that employs a fluorocarbon to
achieve high alcohol product selectivity in catalytic alkane
oxidation. Accordingly, this study presents a novel strategy for
catalytic transformations of inert alkane substrates that require
highly reactive oxidative species.

Fluorous solvents have the unique ability to dissolve higher
concentrations of oxygen compared to conventional organic
solvents.'* This property will be harnessed to facilitate the
aerobic oxidation of substrate, a process that continues to pose
significant challenges in the field of organic chemistry.”> The
concept of this fluorous system can also inform the design of
heterogeneous catalysts. By anchoring a fluorous environment
onto the surface of solid support, we could replicate the
benefits observed in our solution system while mitigating the
environmental impact of fluorinated chemicals.*

B EXPERIMENTAL SECTION

Materials. The reagents and solvents used in this study
were commercial products of the highest available purity. All
solvents and all liquid substrates were dried over 4 A molecular
sieves (Nacalai Tesque, Inc.) activated by the standard
procedure.”® m-CPBA was purified by recrystallization from
CH,Cl, at 10 °C, and its purity was determined to be 90% by
titration against Nal. In this manuscript, the actual amount of
the m-CPBA added after considering its 90% purity is given.
All other chemicals were used as received. PFMCH,
N,N,N’,N’,N"-pentamethyldiethylenetriamine (Me-deta),
4,4,5,5,6,6,7,7,8,8,9,9,10,10,-11,11,11-heptadecafluoroundecyl
iodide (CF;(CF,),(CH,);I), perfluorooctanoic acid
(CF;(CF,)(CF,CO,H), and butane gas were purchased from
Tokyo Chemical Industry Co., Ltd. and were used as received.
N,N,N’,N’,N"-Pentakis(CF;(CF,),(CH,);)diethylene-tria-
mine (Rf-deta) was prepared using previously reported
procedures.””*> Solvents employed for catalytic reactions
were dried with molecular sieves before use. Caution:
Although no problems were encountered during complex
synthesis, perchlorate salts are potentially explosive and should
be handled with care.

Equipment. Fast atom bombardment mass spectroscopy
(FAB-MS) was conducted with a JEOL JMS-700T Tandem
MS-station mass spectrometer. The product mixtures resulting
from the catalytic reactions were analyzed using a Shimadzu
GC-2010 GC-FID equipped with a GL Science InertCapWAX
capillary column (30 m X 0.25 mm), an AOC-20s auto
sampler, and an AOC-20i auto injector or by "H NMR (400
MHz, JEOL ECS 400). The synthesis of metal salts and
preparation of samples for catalytic reactions were performed
in a glovebox (KK-011-AS, KOREA KIYON). EPR spectra of
cobalt complexes were measured on an EMX plus continuous-
wave X-band spectrometer equipped with a cryostat (Bruker).
DLS measurements were performed with a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., USA).

Synthesis of Co,(OCOCgF,;)4((CH;CH,);NH-OCOC,F,,)-
(H,0)g. This compound was synthesized according to the
synthetic procedure reported for Cu,(OCOCgF,;), with some
modifications.'® In brief, an acetone solution (30 mL) of
CF;(CF,)¢CF,CO,H (1.4 g 2.8 mmol) and triethylamine
(0.56 g, 5.6 mmol) was stirred at room temperature for 30 min,
and the unreacted triethylamine and solvent were evaporated.
To the obtained residue were added acetone (30 mL) and

Co(ClO,),-6H,0 (0.50 g, 1.4 mmol), and the mixture was
stirred at room temperature for 30 min. After removal of the
solvent, the mixture was extracted with TFT (15 mL X 5) and
the TFT solution obtained was slowly evaporated to give the
titled Co salt as a pink solid (0.84 g, 0.31 mmol, 45%). FAB-
MS m/z: 522 [Co(OCOC4F;,)]*, 964 [Co(OCOCF,,), — F
+ 2H]*. IR (KBr): 1654, 1426, 1369, 1204, 1148 cm™'. Anal.
Calcd for (Cs H3,F3sNO,5Co,)
Co,(OCOC4F,,),[(CH;CH,)3NH-OCOCF,,](H,0)s: C,
22.86; H, 1.20; N, 0.52. Found: C, 23.05; H, 1.33; N, 0.51.
'H NMR (400 MHz, 298 K, (CD),CO) &: 2.81 (q, 6H,
NCH,CHS,), 1.80 (t, 9H, NCH,CH,).

Synthesis of N,N,N’,N’,N”-Pentaoctyldiethylenetri-
amine (CgH,;-deta). This compound was prepared by a
method similar to that used for the synthesis of the Rf-deta
ligand. In brief, diethylenetriamine (0.16 g, 1.5 mmol),
CH;CN (40 mL), K,CO; (1.6 g 11 mmol), and n-octyl
bromide (1.6 g, 8.5 mmol) were mixed in a three-necked flask
under a nitrogen atmosphere, and the mixture was refluxed for
3 days. After cooling to room temperature, water (20 mL) was
added to the resulting solution, and the mixture was extracted
with chloroform (20 mL X 3). Removal of the solvent on a
rotary evaporator gave the ligand as a yellow oil (0.20 g, 0.30
mmol, 20%). '"H NMR (400 MHz, 298 K, CDCL,) &: 2.73—
2.57 (m, 8H, NCH,CH,N), 2.51-2.35 (m, 10H,
NCH,(CH,)4sCH;), 1.46-1.36 (m, 10H,
NCH,CH,(CH,);CH,), 1.26 (s, S0H,
NCH,CH,(CH,);CH,), 0.88 (t, 15H, N(CH,),CH,). FAB-
MS m/z: 666 [M + 2H]*. IR (KBr): 2926, 2854, 2253, 2197,
1467, 1378 cm ™.

Catalytic Hydroxylation of Cyclohexane. Each reaction
was conducted in a screw vial (¢p: 12 mm, H: 35 mm) sealed
with a silicone septum (Figure S2). Typically, a mixture of
cyclohexane (550 umol, 60 uL) and a solvent (140 uL of
either CH,NO,, DMF, CH,CN, CH,CH,CN, CHCL, or
PFMCH) containing m-CPBA (32 pmol) was prepared and
tightly sealed in the vial under a nitrogen atmosphere in a
glovebox. After heating the sample to the requisite temper-
ature, reactions were initiated by addition of a mixture of a
ligand (9.4 nmol) and a metal salt (4.9 nmol) in 60 uL of TFT.
After vigorous stirring of the solution at 50 °C for 2 h, the
reaction was quenched by removal of the catalyst using a short
silica gel column. TFT (1 mL) was then added to the solute to
make the resulting solution homogeneous. Then, product
analysis was performed using GC-FID. All peaks of interest
were identified by comparing the retention times to those of
the authentic samples. The product amounts were determined
by comparison of their peak areas with that of an internal
standard (nitrobenzene) using a calibration curve comprising a
plot of mole ratio (moles of organic compound/mol of internal
standard) vs area ratio (area of organic compound/area of
internal standard). TONS of the catalyst were calculated based
on the amount of cobalt ions. Data for hydroxylation reactions
of other hydrocarbon substrates were corrected in a similar
manner. Figure 2 was taken after the reaction in a 5-fold larger
scale.

Determination of the Concentration of Cyclohexanol
in the PFMCH/TFT System. PFMCH (700 L), TET (300
uL), cyclohexane (300 uL), m-CPBA (24 mg), and cyclo-
hexanol (5-500 uL) were vigorously stirred in a vial at S0 °C.
Standing the solution at 50 or 25 °C for 2 h without stirring,
100 uL of the solution was sampled from the bottom of the
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vial, and then the amount of cyclohexanol in the sample totally
homogenized by addition of TFT was analyzed by GC-FID.

Catalytic Hydroxylation of C5-C8 Alkanes. All
procedures were carried out under the same conditions as
those employed for the cyclohexane hydroxylation in a mixed
solvent system, i.e., PEMCH and TFT in a 7:3 ratio (v/v). The
resulting solution was analyzed by GC-FID or '"H NMR after
the reaction was quenched by removal of the catalyst using a
short silica gel column. For '"H NMR analysis of the products,
1,1,2,2-tetrachloroethane was employed as an internal stand-
ard.

Catalytic Hydroxylation of n-Butane. A butane-
saturated solution of CH3;CN or PFMCH was prepared by
gentle bubbling of gaseous n-butane into the solvent at 10 °C.
The concentration of butane in the solution was determined by
'H NMR using 1,1,2,2-tetrachloroethane as an internal
standard. After the addition of m-CPBA and the ligand, a
sample vial was sealed, and the solution temperature was raised
to S0 °C. The reaction was initiated by the addition of the
metal salt, and the reaction mixtures were stirred for 2 h. Then,
the resulting mixture was analyzed by GC-FID and 'H NMR.
The typical set of conditions used is the same as those
employed for the cyclohexane hydroxylation reaction.
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