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ABSTRACT

+ RCOOH

[Rh(cod)Cl], (5 mol %)
PCyyHBF, (10 mol %)

R = aryl, alkyl

Cul (40 mol %)
NMP, 130 °C

A rhodium-catalyzed ortho-benzoxylation of the sp? C—H bond by carboxylic acids is described. The procedure tolerates carbomethoxy,
formyl, bromo, chloro, and nitro groups, providing the benzoxylated products in moderate to good yields. Importantly, no external oxidant was

required for the transformation.

Selective functionalization of the C—H bond is a longstand-
ing goal in organic synthesis because it obviates the
prefunctionalization of substrates.* Combinations of transition
metals and directing groups are useful strategies to facilitate
the cleavage of the C—H bond, affording valuable transfor-
mations of an sp?-hybridized C—H bond to C—C,2 C—X,?
and C—N bonds.* Recently, much attention has been paid
to the development of regioselective C—O bond formation
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via C—H cleavage. For example, Sanford, Crabtree, Wang,
and Stock demonstrated acetoxylation of an sp? C—H bond
employing PhI(OAc),,> Oxone,® K,S,0g,” and other reagents®
as terminal oxidants. The Pd-catalyzed sp® C—H bond
acetoxylation reactions® were also developed by Yu, Corey,
and Sanford, respectively. However, most of the reports on
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Table 1. Effects of Rh Source, Cu Sources, Ligands, and Solvents

[ [
N Rh, ligand =N
+ PhCOOH
Cu source O\[]/Ph
solvent, 130 °C (0]
1a 2a 3aa
Cu source
entry Rh source (equiv) ligand solvent yield (%)*

1 Rh(CO)y(C5H702) Cu(OAc), (0.3) NMP <5
2 Rh(CO)y(C5H702) CuBr (0.3) NMP 29
3 Rh(CO)y(C5H702) CuCl (0.3) NMP 26
4 Rh(CO)y(C5H70¢) Cuy0 (0.3) NMP 20
5 Rh(CO)y(C5H705) Cul (0.3) NMP 36
6 Rh(CO)y(C5H705) Cul (0.3) binap NMP 46
7 Rh(CO)y(C5H705) Cul (0.1) binap NMP <5
8 Rh(CO)y(CsH70y) Cul (0.4) binap NMP 53
9 Rh(CO)5(C5H705) Cul (0.5) binap NMP 50
10 Rh(CO)y(C5H70y) Cul (1.0) binap NMP 51
11 Rh(PPhj);Cl Cul (0.4) binap NMP 62
12 [Rh(cod)Cl], Cul (0.4) binap NMP 63
13 [Rh(cod)Cl], Cul (0.4) PPh; NMP 43
14 [Rh(cod)Cl], Cul (0.4) P(1-Nap); NMP 49
15 [Rh(cod)Cl], Cul (0.4) i-ProN-PPh, NMP 40
16 [Rh(cod)Cl], Cul (0.4) PCy;HBF, NMP 66
17 [Rh(cod)Cl], Cul (0.4) PCys;HBF, DMF 20
18 [Rh(cod)Cl], Cul (0.4) PCysHBF, 1,4-dioxane <5
19 [Rh(cod)Cl], Cul (0.4) PCysHBF, toluene <5
20 [Rh(cod)Cl], Cul (0.4) PCysHBF, xylene <5
21 [Rh(cod)Cl], Cul (0.4) PCysHBF, NMP 720
22 [Rh(cod)Cl], Cul (0.4) PCy;HBF, NMP 692¢

@2-0-Tolylpyridine (0.2 mmol), benzoic acid (0.4 mmol), Rh source (5 mol %), Cu source, and ligand (7.5 mol %) in solvent, 130 °C, 36 h. Isolated

yield. P 2-o-Tolylpyridine (0.4 mmol) and benzoic acid (0.2 mmol). ©Under N,.

such transformations via transition-metal-catalyzed C—H
bond cleavage are almost limited to acetoxylation,*® and a
stoichiometric oxidant is required to fulfill the catalytic cycle.
In 2005, the elegant Pd-catalyzed sp® C—H bond acetoxy-
lation reaction employing peroxide oxidant MeCOOOtBu*!
was developed by Yu, in which aliphatic carboxylic acids
were incorporated by using anhydrides. In 2006, Yu dem-
onstrated the Cu(ll)-catalyzed acetoxylation of an aryl C—H
bond using O, as a clean oxidant.>® Herein, we wish to report
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rhodium-catalyzed ortho-benzoxylation of an sp> C—H bond.
Importantly, no external oxidant was required in the proce-
dure.

Our investigation started with the reaction of benzoic acid
and 2-o-tolylpyridine using Rh(CO),(acac) as the catalyst
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Table 2. ortho-Benzoxylation Reaction of 2-o-Tolylpyridine
with Carboxylic Acids

| = [Rh(cod)Cl]; (5 mol%) | S
N PCy3HBF, (7.5 mol %) _N
+ RCOOH o. R
Cul {40 mol %) hig
phenanthroline (10 mol %) ¢}
NMP, 130 °C
1a 2 3
entry carboxylic acids 2 product 3 yield (%)?

1 @COOH 3ab 76

2 QCOOH 3ac 79
3 @COOH 3ad 80
(2d)

COOH
S "
OM
COOH
5 3af 58
(2f)
6 OHCOCOOH 3ag 40

3ae 61

[0)

(29)
7 @COOH 3ah 57
(2h)
. ~COOH
8 ©/\/ 3ai 44
(2i)
9 CH;COOH (2j) 3aj 45

&2-o-Tolylpyridine (0.4 mmol), carboxylic acid (0.2 mmol), [Rh(cod)ClI],
(5 mol %), Cul (40 mol %), and PCyzHBF, (7.5 mol %) in NMP, 130 °C,
36 h. Isolated yield.

(Table 1). The results suggested that the copper sources used
had a dramatic effect on the yields. Among the copper
sources screened, Cul turned out to be the best (entry 5, Table
1), while Cu(OAc), was not effective at all (entry 1, Table
1). Remarkably, the yield of 3aa could be increased to 46%
in the presence of binap (entry 6, Table 1). Unfortunately,
decreasing the amount of Cul to 10 mol % resulted in no
reaction (entry 7, Table 1), while increasing the amount of
Cul to 40 mol % greatly improved the yield of 3aa to 53%
(entry 8, Table 1). Several rhodium sources were also
examined. The Rh(cod)Cl dimer and Wilkinson’s catalyst
showed better catalytic activity (entries 11 and 12, Table
1). The ligand was also crucial for this transformation. The
preligand, PCysHBF,, was the best, affording 3aa in 66%
yield (entry 16, Table 1). Next, we studied the solvent effect
and found that N-methyl-2-pyrrolidone (NMP) was superior
to dioxane, toluene, xylene, or DMF. Notably, the yield was
improved to 72% by changing the ratio of benzoic acid and
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Table 3. ortho-Benzoxylation Reaction of 2-Aryl Pyridines with
Benzoic Acid

[Rh(cod)Cl], (5 mol%) | =
PCysHBF, (7.5 mol %) _N
+  PhCOOH o. R
Cul (40 mol %) his
phenanthroline (10 mol %) o}
NMP, 130 °C
1 2a 3
entry substrate 1 product 3 yield (%)?

1 @—@ (1b)  3ba 69
N /
2 @@(m) 3ca 65
N /

3 C ) aa
D0

4 Q—(} (1e) 3ea 63°

w0 Yy W

OMe
7 F@—@ (1) 3ha 48
8 c|©@ i 3ia 43
9 MeOOC@—@ﬂk) 3ja 53

a2-o-Tolylpyridine (0.2 mmol), benzoic acid (0.4 mmol), [Rh(codCl)],
(5 mol %), Cul (40 mol %), and PCysHBF, (7.5 mol %) in NMP, 130 °C,
36 h. Isolated yield. ® The ratio of 2- and 6-benzoxylation product was 4:15,
determined by *H NMR.

3da 85

3ga 81

2-o-tolylpyridine (entry 21, Table 1). When conducted under
a N, atomsphere, 3aa was obtained in 69% vyield. The
comparable result indicated O, was not essential for this
transformation.

With a highly active catalytic system in hand, the scope
of carboxylic acids was next investigated (Table 2). As
expected, various substrates worked well under the reaction
conditions. A range of functional groups, such as bromo,
methoxy, formyl, and nitro groups, were tolerated in this
procedure. However, steric hindrance affected the efficiency.
For example, 80% of 3ad was isolated, while the yield of
3ae was decreased to 61% (entries 3 and 4, Table 2). The
electron-donating substituents on the phenyl ring of car-
boxylic acids were beneficial for the transformation, whereas
an electron-withdrawing group decreased the efficiency.
Notably, 2h underwent C—H bond benzoxylation leaving

Org. Lett, Vol. 11, No. 17, 2009
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the C—Br bond intact, which is attractive for further synthetic
elaboration. It is noteworthy that an alkyl acid, such as acetic
acid, also underwent the direct acetoxylation with 1a, forming
3aj in 45% yield (entry 9, Table 2). Particularly, the acrylic
acid derivative, cinnamic acid 2i, was subjected to the
reaction, affording the product 3ai in 44% yield (entry 8,
Table 2).

Next, we explored the reaction of a variety of 2-aryl
pyridines with benzoic acid as shown in Table 3. Steric
hindrance on the aryl ring of 2-aryl pyridines did not inhibit
the transformation. 2-(3,5-Dimethylphenyl)pyridine, for ex-
ample, reacted smoothly to afford the corresponding product
3da in 85% yield (entry 3, Table 3). The arenes possessing
electron-donating functional groups were found to be more
reactive and gave slightly higher yields than those of
electron-withdrawing groups (entries 3, 4, 5, and 6 vs 8 and
9 Table 3). Fortunately, the chloro group was compatible
with the reaction conditions (entry 8, Table 3). As for
substrates containing a meta substituent on the aromatic ring
(entry 4, Table 3), modest selectivity was observed for
benzoxylation of the less sterically hindered o-C—H bond.

The intramolecular isotope kinetic effects of 2-phenylpy-
ridine were studied. As shown in Scheme 1, interestingly,
the ku/kp was found to be 51/49.

Scheme 1. Kinetic Isotope Effect Study

| = [Rh(cod)Cl], (5 mol %) | S
N PCy3HBF,4 (7.5 mol %) =N
5 + PhCOOH oH o
Cul (40 mol %) 0 o\[r
NMP, 130 °C o
1b' 2a 3b'a
96% D yield: 67%
DIH = 49/51

A plausible mechanism for this transformation is outlined
in Scheme 2. First, rhodium(l) species react with the Cu-
mediated benzoxylation product to produce intermediate B.
Second, oxidative addition of the ortho-C—H bond of
arylpyridine with rhodium(l) B species occurs to form Rh(lll)
intermediate C.*? Finally, reductive elimination of intermedi-
ate C produces the desired product 3'2 and regenerates the
rhodium(l) catalyst.

Org. Lett, Vol. 11, No. 17, 2009

Scheme 2. Plausible Mechanism

N Rh (1) ArCOOCu (A)
N Cl
o}
0=
Ar

pr— 14
{;}T@ ArCOO-Rh(1) (B)
Rh.

In conclusion, we have developed an efficient method for
rhodium-catalyzed ortho-benzoxylation of the sp? C—H bond
affording the benzoxylation products in moderate to good
yields. The reaction showed remarkably broad substrate
scope and good functional group tolerance. Efforts to expand
the benzoxylation to an sp® C—H bond and elucidate the
mechanism in detail are underway in our laboratory.
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