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compounds.

ecause of the unique properties of fluoroaryl and

heteroaryl compounds in pharmaceutical and material
science,’ the development of an efficient method for their
preparation has attracted much attention. Inspired by Itami’s
and related works on transition metal-catalyzed C—H/C—O
cross couplings for the construction of C—C bonds,™ we
envision that if these reactions can take place successfully with
the commercially available fluorobenzenes and heteroarenes,
access to these valuable heteroatom-containing aryl compounds
would be more practical than the classical procedures.*™®
Herein, we report a Ni-catalyzed C—H/C—O cross coupling of
benzylic alcohol derivatives with polyfluoroarenes and hetero-
arenes, leading to the generation of a variety of heteroatom-
containing diarylmethanes from the readily available alcohol

derivatives and the hydrocarbons in good to excellent yields
(Scheme 1).

Scheme 1. Generation of Fluorobenzenes and Heteroarenes
via Ni-Catalyzed Direct C—H/C—O Cross Couplings
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R = t- Bu, N(Me), ; Z= O, NR'

These compounds are important in pharmaceutical chemistry
and organic synthesis.” They are also frequently found as key
subunits in supramolecules.® Although Friedel—Crafts alkyla-
tion of arenes is a well-established method for the preparation
of diarylmethanes, it only works well with electron-rich arenes
and the control of the regioselectivity is also difficult.” Recently,
transition metal-catalyzed cross coupling is emerging as a
powerful approach to prepare these compounds;” however,
these transformations usually require the use of organometallic
reagents,” and(or) organohalides'® and organoborides."!
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R = t- Bu, N(Me), ; Z = O, NR'

We began this work by examining the reactivity of 2-
naphthylmethyl pivalate la with pentafluorobenzene 2a, and
the results obtained are compiled in Table 1. After an extensive
screening, we found that under a mild condition the

Table 1. Ni-Catalyzed Cross Coupling of 2-Naphthylmethyl
Pivalate with Pentafluorobenzene®

i
OCBu-t cat. Ni CgFs
+ H—CgFs >

1a 2a 3a
entry  ligand base (equiv) temp (°C)  solvent  yield® (%)

1 Et,P t-BuONa (2.0) 80 °C toluene 28%
2 PCy; t-BuONa (2.0) 80 °C toluene 50%
3 Ph,P t-BuONa (2.0) 80 °C toluene 58%
4 dppe t-BuONa (2.0) 80 °C toluene 23%
5 dppp t-BuONa (2.0) 80 °C toluene 54%
6 dppb t-BuONa (2.0) 80 °C toluene 90%
7 dpph t-BuONa (2.0) 80 °C toluene 79%
8 dppf t-BuONa (2.0) 80 °C toluene 75%
9 dppb t-BuONa (1.5) 80 °C toluene 91%
10 dppb t-BuONa (1.0) 80 °C toluene 82%
11 dppb t-BuONa (1.5) 60 °C toluene 99%
12 dppb t-BuONa (1.5) 40 °C toluene 48%
13 dppb t-BuONa (L.5) 60 °C hexane 45%
14 dppb  +BuONa (L5) 60°C  THF 8%

15 dppb t-BuONa (L.5) 60 °C dioxane 22%
16 dppb t-BuONa (1.5) 60 °C DMF trace
17 dppb K;PO, (1.5) 60 °C toluene trace
18 dppb Cs,CO; (1.5) 60 °C toluene trace

“Conditions: a mixture of 1a (0.1 mmol), 2a (0.12 mmol), Ni(COD),
(0.01 mmol), a phosphine ligand (P/Ni = 2:1), and a base in the
solvent (1.5 mL) was stirred at the temperature indicated for 18 h.
bGC yield using tridecane as an internal standard.
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Ni(COD),/phosphine ligand, in the presence of a base, could
mediate the coupling of 2a with la via C—H/C—O cross
coupling affording 3a. As to the phosphine investigated, dppb
(Ph,P(CH,),PPh,) gave the highest yield of the product,
followed by a decreasing order in catalytic activity of dpph
(79% yield, Ph,P(CH,)¢PPh,), dppf (75% yield), PhyP (58%
yield), dppp (54% yield), PCy; (50% yield), Et;P (28% yield),
and dppe (23% vyield) (entries 1—8). Thus, catalyzed by
Ni(COD),/dppb (10 mol %), the cross coupling of 1a with 2a
took place readily at 80 °C in toluene in the presence of 2.0
equiv of -BuONa, producing the corresponding product 3a in
90% GC vyield (entry 6). Further optimization of the conditions
revealed that a nearly quantitative yield of 3a was generated
when the reaction was conducted at 60 °C with 1.5 equiv of ¢
BuONa (entry 11). However, upon further lowering the
reaction temperature to 40 °C, only 48% yield of 3a was
produced (entry 12). This C—H/C—O coupling could also
proceed in hexane, but poorly takes place in THF, dioxane, and
DMF (entries 13—16). As to the base, K;PO, and Cs,CO; only
produced a trace amount of the coupling product under similar
conditions (entries 17 and 18).

This Ni-catalyzed C—H/C—O coupling reaction could be
applied to other substrates to produce the corresponding
substituted fluorobenzenes. As shown in Table 2, pivalate 1a
and carbamate 1b coupled with pentafluorobenzene 2a to yield
the corresponding fluorobenzene 3a in 95% and 70% yields,
respectively (entries 1 and 2). Worth noting is that a variety of
fluorobenzenes with either an electron-withdrawing or electron-
donating group, all could be coupled readily to the
corresponding diarylmethanes efficiently (entries 3—10).
Thus, 1,2,4,5-tetrafluorobenzene 2b served as a good substrate
in this reaction to produce 3b in 73% yield (entry 3). Moderate
to high yields of the diarylmethanes were obtained from
tetrafluorobenzenes 2 bearing CH,OPiv, OMe, OPiv, and
amido groups (entries S—8). Tetrafluorobenzene 2i bearing an
electron-withdrawing CF; group also coupled with 1a smoothly
to give the corresponding product 3i in 92% yield (entry 10). A
trifluorobenzene 2j could also be used as the substrate, albeit
the yield of the coupling product 3j was low (entry 11). 1-
Naphthylmethyl pivalates also coupled efficiently with 2a to
generate the corresponding diarylmethanes in high yields
(entries 12—15). 9-Anthracenylmethyl pivalate 1g produced
20% yield of 30 under similar conditions (entry 16). However,
only a trace of product was detected when 1h was used as
substrate (entry 17). It should be noted that 1,2-di(naphthalen-
2-yl)ethane and reduced benzylic pivalates were detected as
byproduct in the catalytic system by GC and GC—MS.

As demonstrated in Scheme 2, this Ni-catalyzed C—-H/C—O
cross coupling has the potential for the preparation of high
molecule-weight compounds containing fluorobenzene units,
which are of-interest functional materials. Thus, under standard
conditions, compound 3b, synthesized by the coupling of 1a
with 2b (entry 3, Table 2), could further couple with pivalate
la to produce a linear dibenzylated product 3q in 75% yield.
However, two fluorobenzenes were successfully introduced in
one pot by the cross coupling of 1i with 2b to give a linear
fluoroarylated product 3r in 57% yield. Similarly, further
coupling reaction of 3r with benzylic alcohol derivatives would
produce higher molecule weight fluorobenzene-containing
linear products via the Ni-catalyzed C—H/C—O cross coupling.
These materials have potential applications as liquid crystal
materials.'>

Table 2. Ni-Catalyzed Cross Coupling of Benzylic Alcohol
Derivatives with Fluorobenzenes®”

1 2 3

entry  substrate 1 substrate 2 product3  yield”

R F

OR H R'

F F
1 1b,R=CONMe, 2aR'=F 3a  70%
2 1a, R=COBu-t 2a,R'=F 32 95%
3¢ 2b,R'=H 3b  73%
4¢ 2c,R'=Me 3¢ 58%
5c.e 2d, R'=CH,OPiv 3d  62%
6° 2e, R'= OMe 3¢ 96%
7o! 2f, R = OPiv Ff 63%
gof 2g,R'=NHPiv 3¢  60%
9° 2h, R' = NMe; 3h  37%
10°9 2i, R'=CF3 3i 92%
117h H F 3j 19%

F 2i

W
OC(0O)Bu-t

12 1¢,R=H 2a 3k 9%
13° 1d, R=Me 2a 3l 89%
144 1¢, R = OMe 2a 3m  93%
15° 1f R=F 2a 3n  87%

16" 1g O 2a 30 20%
Q OC(0)Bu-t

17 1h @AOC(O)B”'IZa 3p  ftrace

“Conditions: 1 (0.1 mmol), 2 (0.12 mmol), Ni(COD), (10 mol %),
dppb (10 mol %), t-BuONa (0.15 mmol), toluene (1.5 mL), 60 °C, 18
h. “Isolated yield. “80 °C. “Ni(COD), (20 mol %), dppb (20 mol %).
€100 °C.#120 °C. €2i (0.15 mmol), £-BuONa (0.2 mmol). "Ni(COD),
(20 mol %), PEt; (40 mol %).

Scheme 2. Synthesis of Linear Molecules via Ni-Catalyzed
C—H/C-0 Coupling
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To our delight, this C—H/C—O coupling method could also
be used for the preparation of heteroarenes. As shown in Table
3, we found that by switching the ligand dppb to PEt;, the
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Table 3. Ni-Catalyzed Cross Coupling of Benzylic Alcohol
Derivatives with Heteroarenes”

N : _N
Np” “OR+¢ Cat' NN
5

1 4,Z=0,NR’
entry substrate 1 substrate 2 product 5 yield"
Ry
OR N
=
IS0
Ry ~ | _
1¢ 1a 4a,R'=H 5a 60%
2 1b d4a, R'=H 5a 7%
3 1a 4b, R' = 5-Me 5b 58%
4 1a 4c, R' = 6-Me 5¢c 66%
5 1a 4d, R' = 5-t-Bu 5d 61%
6 1a 4e, R'=5-Ph 5e 56%
7 1a 4f, R'=5-Cl 5f 45%
8 1a 4g, R' = 5-NO, 5g n.d.
R= i-PrOC(0)
gd 1Ry =Me 4a, R'=H 5h 31%
Rz = 0OMe
10 1h 4a, R'=H 5i n.d.
N
H—~
N
R
112 1a 4i, R'=Me 5j 83%
128 1a 4j, R'=Ph 5k 59%

“Conditions: 1 (0.1 mmol), 4 (0.12 mmol), Ni(COD), (20 mol %),
PEt, (40 mol %), +-BuONa (1.5 equiv), toluene (1.5 mL), 120 °C, 18
h. ¥Isolated yields. €140 °C. 100 °C, 1.5 equiv of KOAc was added.
2.0 equiv of K;PO, was added.

coupling of heteroarenes with the benzylic alcohol derivatives
took place efficiently via a similar Ni-catalyzed C—H/C-0O
cross coupling, readily yielding the corresponding heteroarenes
S (Table 3). For example, both pivalate 1a and carbamate 1b
successfully coupled with benzoxazole 4a to give the desired
diarylmethanes Sa in 60% and 77% yields, respectively (entries
1 and 2). Other benzoxazole analogues bearing electron-
donating groups also coupled with 1a and were converted to
the corresponding diarylmethanes $ in moderate yields under
similar reaction conditions (entries 3—6). Surprisingly,
compound S5f having a chloro atom could also be obtained in
45% yield from the chloro substituted benzoxazole 4f (entry 7).
However, a benzoxazole analogue with a strong electron-
withdrawing NO, group did not give the expected coupling
product under similar conditions (entry 8). Notably, secondary
carbonate 1j also coupled with 4a to give Sh in 31% yield
(entry 9). When 1h was used, no cross coupling product was
detected (entry 10). In addition to these benzoxazoles, the
valuable benzoimidazolyl groups were also successfully
benzylated to produce the corresponding diarylmethanes S in
good yields (entries 11 and 12).

To gain insight into the reaction mechanism, kinetic isotope
effect (KIE) experiments were performed, and a kinetic isotope
effect (ky/kp = 1.0) was obtained, indicating that C—H
functionalization perhaps is not the rate-determining step in the
reaction (Scheme 3).

The mechanism is not fully understood. On the basis of the
above experiments and the previous investigations,}“’b’13 we
propose a catalytic cycle as shown in Scheme 4. First, Ni(0)
oxidatively adds to the C—O bonds to generate complex B,

814

Scheme 3. Kinetic Isotope Effect Experiment
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Scheme 4. Proposed Mechanism; Ligands Are Omitted for
Clarity
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which subsequently undergoes ligand exchange with a C—H
bond by the aid of a base to yield C. Reductive elimination of C
produces the corresponding diarylmethanes and regenerates
Ni(0) complex A.

In summary, we have successfully developed a C—H/C—-0O
cross coupling of benzylic alcohol derivatives with fluoroben-
zenes and heteroarenes in the presence of a nickel catalyst. This
reaction provided a direct and efficient protocol to synthesize a
wide range of heteroatom-containing diarylmethanes under
mild reaction conditions, which are important molecular
skeletons in pharmaceutical and material science.
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General procedure, spectra data of products, and copies of 'H,
F, and "*C NMR spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.
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