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A novel, direct para-selective oxidative cross-coupling of benzene derivatives with cycloalkanes catalyzed by ruthenium was developed. A wide
range of arenes bearing electron-withdrawing substituents was functionalized directly with simple cycloalkanes with high para-selectivity; arenes
with electron-donating groups were mainly para-functionalized. Benzoic acid can be used directly.

Regiocontrolled functionalization of aromatic rings has
been an important subject throughout the history of organic
chemistry because of the vital role of aromatic compounds in
materials, fine chemicals, and biological compounds. The
Friedel—Crafts-type' electrophilic substitution of arenes con-
stituted a key pillar of classical synthetic chemistry, leading to
o0- and p-aryl C—C bonds with electron-donating substituents
and meta-functionalization with electron- withdrawing sub-
stituents. The ortho-lithiation” and chelation-controlled tran-
sition-metal catalyzed cross-couplings are milestones of
modern achievements in creating alternatives,” furnishing
ortho-functionalized products regioselectively. Recently, a
significant advance has been made by Gaunt* and others’
in achieving meta-functionalization of substituted arenes
through transition-metal catalysis. However, the regioselec-
tive transition-metal-catalyzed functionalization of arenes at
the para-position remains virtually unexplored.®

*Dedicated to Prof. Barry M. Trost on the occasion of his 70th birthday.
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On the other hand, the formation of a carbon—carbon
(C—C) bond directly from carbon—hydrogen (C—H) bonds
via an oxidative cross-coupling has emerged as a powerful
synthetic methodology.” Such a process will allow the use of
less functionalized starting materials and greatly reduce the
number of synthetic operations.” For oxidative cross-cou-
pling involving arenes, Fujiwara® pioneered a palladium-
catalyzed arene—alkene oxidative Heck-type coupling, which
has recently been achieved in water by Lipshutz.” The use
of ruthenium catalyst for such a coupling was achieved
by Milstein.'” Recently, Fagnou'' and others'? reported a
direct arene—arene coupling reaction using simple benzene
as reagent. Very recently, the oxidative arene—alkyne
coupling'® was also achieved. For the more challenging
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transition-metal-catalyzed arene—alkane coupling, we pre-
viously reported an ortho-cycloalkylation of phenylpyridine
via chelation control'* (Scheme 1, route a). Herein, we report
an unprecedented direct para-selective oxidative cross-cou-
pling of benzene derivatives with cycloalkanes catalyzed by
ruthenium. A wide range of arenes with both electron-
donating and electron-withdrawing substituents were func-
tionalized directly using simple cycloalkanes with high para-
selectivity, even with the overwhelming strongly ortho-direct-
ing effect of chelating substituents (Scheme 1, route b).

Scheme 1. Regioselectivity of Aromatic Substitutions

route a
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The mechanistic insights on the radical nature of our pre-
vious arene functionalizations' inspired us to take advantage
of stabilizing the resonance of a radical-charactered inter-
mediate by both electron-donating and electron-withdrawing
groups through FMO interactions,'>'® thereby leading to
selective para-functionalization. To test this hypothesis, we
chose benzoic acid and cyclohexane as the standard sub-
strates for the optimization of the reaction conditions
(Table 1). Di-tert-butyl peroxide (TBP) was used as external
oxidant in this reaction. We found that the desired product 3a
could be generated without any catalyst in a trace amount.
When 10% Ru;(CO);, was added to the system, 35% yield of
the desired product 3a could be obtained (Table 1, entry 1).

We then focused our efforts on changing the ligands.
Sulfinyl groups were found to be good ligands for this
reaction (entries 2 and 3). Phosphine ligands gave similar
results, except for dppb (bis(diphenylphosphino)butane) and
binap (2,2'-bis(diphenylphosphino)-1,1’-binaphthyl) achiev-
ing 75% and 60% yields, respectively (entries 4—13). Dppb
oxide gave a similar yield to dppb, and it was found that dppb
(*'PNMR 6 = —15.0) was oxidized to dppb oxide *'PNMR
0 = 33.1) after 3 h during the course of the reaction based on
a phosphorus NMR, while the product yield was less than
10%. Therefore, it appears that the real ligand in this reaction
is dppb oxide. Neither a higher or lower temperature
improved the yield (entries 14 and 15). While lowering the
amount of TBP used in this reaction reduced the yield,
increasing the loading of TBP to 4 equiv only increased the
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yield slightly (entries 16 and 17). Thus, further studies used 2
equiv of oxidant. Other oxidants such as TBHP, dicumyl
peroxide, benzoic peroxyanhydride, and zerz-butyl benzoper-
oxoate gave much lower yields (not shown). The product
yield dropped to 53% with a reduced loading of the catalyst
and ligand (entry 18). Using either more or less ligand
decreased the product yield (entries 19 and 20). Thus, we
chose 10% Ru;(CO),, together with 5% dppb and 2 equiv of
TBP at 135 °C for 12 h under air as our standard conditions.

Table 1. Optimization of Reaction Conditions*

10% RU3(CO)12

©\ O _2equivTBP /7 \
0 o Py
COOH 135°C, 12h C‘OOH
a (0.2 mmol) 2a ~9 equiv 3a
entry additives % NMR yield
1 none 35
2 10% Na(OAc)s + 10% DMSO 45
3 5% 1,2-bis(phenylsulfinyl)ethane 55
4 10% PhsP 50
5 10%/n-BusP 35
6 5% dppm 52
7 5% dppe 53
8 5% dppp 53
9 5% dppb 75
10 5% dppb oxide 75
11 5% binap 60
12 5% 1,2-bis(diphenylphosphino)benzene 41
13 3% (PhoPCH;CH,):PPh 38
14 5% dppb 38°
15 5% dppb 70°
16 5% dppb 774
17 5% dppb 61°
18 2.5% dppb 53"
19 10% dppb 48
20 2.5% dppb 55

“Conditions: 1a (0.2 mmol), 2a (0.2 mL, ~9 equiv), 10% Ru3(CO),»,
2 equiv of TBP (di-tert-butyl peroxide), 135 °C, 12 h under air. b120°C.
€150 °C. 94 equiv of TBP. ° 1 equiv of TBP.”5% Rus(CO)».

With the optimized conditions in hand, other benzene
derivatives and cycloalkanes were investigated (Table 2). The
reaction proceeded efficiently for a wide range of benzene
derivatives. Electron-withdrawing group was found to be
efficient for this reaction. Other than benzoic acid, methyl
benzoate worked similarly well and gave a 70% separated
yield (3b). Acetophenone, 2,2,2-trifloroacetophenone, and
cyanobenzene achieved much higher yields (3¢, 83%, 3d,
95%, and 3e, 90%). Halobenzenes also reacted smoothly
with cyclohexane in good yields (3g, 75%, and 3h, 72%) with
the halogen group untouched. Fluorobenzene gave a mod-
erate yield, possibly due to the low boiling point of fluor-
obenzene (84 °C), and only a trace amount maybe present in
the catalytic mixture (3f). lodobenzene gave a complicated
mixture. Amides were also effective, although they gave
moderate yields (3i, 45%, and 3j, 50%). A free N—H bond
can be tolerated without any protection during the reaction
(3j). It is interesting to note that even unfunctionalized
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benzene can be used for this reaction (3k, 45%). Electron-
donating groups such as a methoxyl group on the benzene
ring gave moderate yield (31). Other cycloalkanes are also
effective in this reaction. The ring size of alkanes had a
dramatic influence on the reaction: while cyclopentane gave a
much lower yield (3m), cycloheptane gave a good yield (3n,
82%, 3w, 41%). In all these reactions, only trace amounts
(about 5%) of the disubstituted products were observed.

Table 2. Cross-Coupling of Benzene Derivatives with
Cycloalkanes® ¢

GCOOH COOMe COMe COCF; CN
0y 0 0. N
X X X X X
Cy Cy Cy Cy Cy
3a71% 3b 70% 3¢ 83% 3d 95% 3e 90%
92% para 95% para  96% para 94% para 45% para
42% ortho
13% meta
F Cl Br CONMe, CONHMe
| R | RS | X | X | x
X 2 2 X 2
Cy Cy Cy Cy Cy
3f 46%°" 39 75% 3h 72% 3i 45% 3j 50%
52% para 51% para  76% para 85% para 91% para
36% ortho 40% ortho 18% ortho

19% meta 9% meta 6% meta

Cy OMe COMe CN COMe
& &84
he

3k 45%° ZLZZ ,f;ra 3m26%  3n82% 3w 41%
30% ortho 50% para  95% para
10% meta 44% ortho
6% meta

“Conditions: 1 (0.2 mmol), 2 (0.2 mL), 10% Ru3(CO),, 5% dppb, 2
equiv of TBP (di-zerz-butyl peroxide), 135 °C, 12 h under air; yield was
given as a total yield of mixtures of ortho/meta/para products. ® Regios-
electivity ratio determined by GC—MS. “Cy = cyclohexyl. Isolated
yield, otherwise noted. *NMR yield.” 72 h.

The reaction proceeded predominately at the para posi-
tion in all cases for monosubstituted benzene derivatives
(3ato 3d, 3i, 3j ,and 3w). However, for benzene derivatives
with a halogen or alkoxy substitutent (3e—h, 3l), the
amount of ortho product was increased.

The commonly used 2-phenylpyridine was also tested in
this reaction. We found that the coupling took place
exclusively at the para position (>99%) (Scheme 2).
A small amount of product due to the reaction of the
pyridine ring was also observed.

Disubstituted benzene derivatives were also examined
(Table 3). As methyl benzoate has a very high para-
selectivity, dimethyl terephthalate only gave a low yield
(39%) at the ortho position because of the inaccessibility of
the para-position (3p). By making the para-position avail-
able, excellent yields of the corresponding products were
obtained. (80—93%). Para selectivity showed a stronger
control than ortho or meta selectivities (3q, 3r, and 3u).
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Scheme 2. Reaction of 2-Phenylpyridine (Separated Yields

Given)
10% Ru(CO)1z
5% dppb
2 equlv TBP
185°C, 12h
0 (0.2mmol)  2a~9 equiv 30 70% 50 10%

With the less selective but stronger activating cyano group,
1,3-dicyanobenzene generated dicyclohexyl-substituted
product 4t as the major product with an 81% yield.

Table 3. Cross-Coupling of Disubstituted Benzene Derivatives
with Cyclohexanes® ¢

COOMe COOMe 1_COOMe
e ROV /@
N . Cy” + = COOMe
COOMe
COoOM o,
e 3q 67% 3r 80%
3p 39% (4-substituted 95%) (4-substituted >95%¢)

(disubstituted 4q 15%P)

CN
Cy i _CN
. o
Cy ¢ 2 CN

Cy 3
3S 70%_ 4t 81% 3u 82%
gsé‘o"{;‘)"“‘ed (4,6-disubstituted >95%¢)  (4-substituted 77%

(mono-substituted 3t 12%P°)  3-substituted 23%°)

“Conditions: 1 (0.2 mmol), 2 (0.2 mL, ~9 equiv), 10% Ru3(CO),»,
5% dppb, 2 equiv of TBP (di-tert-butyl peroxide), 135 °C, 12 h under air.
b determined by GC-MS. ¢ Cy = cyclohexyl; /yields are separated yields,
if not otherwise noted; ¢determined by "H NMR.

A kinetic isotope study revealed that the reaction
showed a nonisotope effect, with ky/kp = 1.00, when
chlorobenzene and chlorobenzene-ds were used as the
substrates. These results suggested that the reaction most
likely proceeds via a radical mechanism.

In summary, we have developed a novel direct para-
selective oxidative cross-coupling of benzene derivatives
with cycloalkanes catalyzed by ruthenium. A wide range
of arenes with electron-withdrawing substituents was func-
tionalized directly with simple cycloalkanes with high para-
selectivity; arenes with electron-donating groups were
mainly para-functionalized. The reaction overwhelmed the
effect of strongly ortho-directing of chelating substituents.
Notably, benzoic acid can be used directly. Further research
on the reaction mechanism is underway in our laboratory.
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