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Over the past eight years there has been tremendous progress
in the development of PdII/IV-catalyzed ligand-directed C�H
oxidation reactions to form C�O, C�N, C�S, C�halogen, and
C�C bonds.[1] In marked contrast, analogous C�H oxidation
reactions of substrates that do not contain directing groups
remain challenging.[2–7] The lack of a directing group typically
renders these transformations (as exemplified by C�H oxy-
genation) kinetically slow, particularly with electron-deficient
arene substrates.[3d, 6,7c] The palladium-catalyzed C�H oxy-
genation of simple arenes is also plagued by low turnover
numbers[3–6] and competing biaryl formation, which often
leads to catalyst decomposition through precipitation of
palladium black.[5] Furthermore, with substituted aromatic
substrates, the site selectivity is typically low and difficult to
control. As part of a program aimed at developing efficient,
selective, and robust catalysts for nondirected C�H function-
alization reactions,[7] we sought to identify supporting ligands
that would address these limitations and promote the PdII/IV-
catalyzed C�H acetoxylation of arenes.

The vast majority of palladium-catalyzed arene C�H
oxygenations utilize simple palladium salts (e.g., Pd(OAc)2 or
PdCl2),[3–5] and literature studies have provided conflicting
data about the influence of added ligands on these reactions.
Several reports have shown that most common ligands (e.g.,
2,2’-bipyridine, 1,10-phenanthroline, pyridine, triphenylphos-
phine oxide, etc.) inhibit the palladium-catalyzed C�H
acetoxylation of arenes.[3b,d] In contrast, in a few related
systems bidentate sp2 N-donor ligands (e.g., 2,2’-bipyridine
and/or 1,10-phenanthroline) were shown to provide modest
enhancement of catalytic activity.[4c,d, 6] However, these latter
reactions exhibited low turnover numbers (typically < 10);
furthermore, the origin of the observed effects was not
explored in detail. Herein we describe the use of careful
mechanistic analysis to identify new, efficient, and general
palladium catalysts for the C�H acetoxylation of benzene

derivatives. Remarkably, these catalysts can be formed in situ
from Pd(OAc)2 and the simple ligand pyridine (pyr). Fur-
thermore, their catalytic activities and site selectivities can be
dramatically modulated through variation of the palladium/
pyridine ratio.

Inspired by recent reports of Pd0/II-catalyzed C�H func-
tionalizations,[8–10] our initial explorations focused on pyridine
as a ligand for the PdII/IV-catalyzed C�H acetoxylation of
benzene with [PhI(OAc)2]. As shown in Figure 1, the Pd-
(OAc)2-catalyzed transformation proceeded to completion
after 24 hours at 100 8C. However, in marked contrast,
[(pyr)2Pd(OAc)2] (generated in situ from 1 equiv of Pd(OAc)2

and 2 equiv of pyr) performed very poorly, providing less than
20% yield under the same reaction conditions (Figure 1).

We hypothesized that the low reactivity of [(pyr)2Pd-
(OAc)2] might be due to the lack of open coordination sites at
the palladium center. Therefore, we next explored the use of a
palladium/pyridine ratio of 1:1 to generate a coordinatively
unsaturated pyridine-ligated palladium species such as
[(pyr)Pd(OAc)2] in situ.[9–11] The combination of 2 mol% of
Pd(OAc)2 and 2 mol% of pyridine (1:1 ratio of [Pd] to [pyr];
catalyst loading relative to oxidant) clearly provided a
dramatic rate enhancement, with the reaction proceeding to
completion in less than 3 hours (Figure 1).[12, 13] A systematic
study of the initial reaction rate (approximated by the yield of
PhOAc after 2 h) as a function of the palladium/pyridine ratio
is shown in Figure 2. A large dependence was observed, with
the fastest initial rates at palladium/pyridine ratios between
1:0.5 and 1:1.3. Further experimentation (see the Supporting
Information for details) revealed that a palladium/pyridine
ratio of 1:0.9 is optimal.[14]

We next sought to probe the longevity of the palladium/
pyridine catalysts. Importantly, literature reports suggest that

Figure 1. Influence of pyridine on the Pd(OAc)2-catalyzed acetoxylation
of benzene. Pd(OAc)2/pyr 1:1 (&); Pd(OAc)2 (&); Pd(OAc)2/pyr 1:2 (x).
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monopyridine/palladium catalysts are short-lived in PdII/0-
catalyzed reactions because of fast aggregation of palladium
black from coordinatively unsaturated Pd0 intermediates.[11]

We anticipated that such catalyst decomposition pathways
should not be accessible in the current transformation
because of the PdII/IV catalytic cycle. Indeed, we found that
the palladium/pyridine (1:0.9) catalyst system maintained
high activity for C�H acetoxylation over days at 100 8C.[15] For
example, under our optimal conditions, the catalyst loading
could be lowered to 0.01 mol% Pd(OAc)2/0.009 mol % pyr-
idine, which provided a 48 % yield of PhOAc (TON of 4756)
after 306 hours at 100 8C. To our knowledge, this is the highest
reported TON for a homogeneous palladium-catalyzed arene
C�H oxygenation reaction.

As summarized in Table 1, the increased reactivity of the
Pd(OAc)2/pyridine system is general across a wide scope of
arene substrates. Our studies particularly focused on electron-
deficient arenes such as bromobenzene, chlorobenzene,
ethylbenzoate, a,a,a-trifluorotoluene, and 1,3-bis(trifluoro-
methyl)benzene, since these are typically challenging sub-
strates for palladium-catalyzed C�H functionalization.[3d, 6,7c]

In all cases, the yield of monoacetoxylated product under our
optimal reaction conditions [Pd(OAc)2/pyr 1:0.9] was com-
pared to that obtained with Pd(OAc)2 and with [(pyr)2Pd-
(OAc)2] (generated in situ from a 1:2.1 ratio of Pd(OAc)2 to
pyr). Gratifyingly, a Pd(OAc)2/pyr ratio of 1:0.9 provided
significantly enhanced yields in all cases. With many sub-
strates, the yield could be further improved by substituting
PhI(OAc)2 with iodomesitylene diacetate (MesI(OAc)2;
Table 1, entries 4, 6, 8, 10, and 12).[16]

The addition of 0.9 equivalents of pyridine also had a
significant influence on the site selectivity of C�H function-
alization. For example, the a/b selectivity for the C�H
acetoxylation of 1,2-dichlorobenzene changed from 41:59 to
29:71 upon moving from Pd(OAc)2 to Pd(OAc)2/pyr (1:0.9) as
the catalyst (Table 2, entries 1 and 2). Interestingly, the use of
the sterically more hindered oxidant MesI(OAc)2 in place of
PhI(OAc)2 also increased the site selectivity. With Pd(OAc)2

as the catalyst, the a/b ratio changed from 41:59 to 37:63
(Table 2, entries 1 and 3). This effect was even more
pronounced in the presence of pyridine (Pd(OAc)2/
pyr 1:0.9), in which case the a/b selectivity moved from
29:71 to 11:89 (Table 2, entries 2 and 4). Furthermore,
analogous trends were observed with other substrates (see
the Supporting Information for details). These observations

demonstrate the viability of catalyst control of site selectivity
in arene C�H acetoxylation through the use of suitable
ancillary ligands.[6, 8a,c,17] Moreover, the use of sterically differ-
entiated oxidants provides a novel strategy of reagent control
for influencing selectivity in palladium catalyzed C�H
functionalization.

Table 1: Substrate scope of arene C�H acetoxylation with Pd(OAc)2/
pyr.[a]

Yield [%][b]

Entry Product Pd[OAc]2 Pd(OAc)2/pyr
(1:0.9)

Pd(OAc)2/pyr
(1:2.1)

1 8[c] 70[c] 5[c]

2 – 70[d,e] –

3 7[c] 62[c] 3[c]

4 – 68[e,f ] –

5 8[g] 59[g] 4[g]

6 – 64[e,h] –

7 5[g] 68[g] 3[g]

8 – 70[e,i] –

9 5[j] 47[j] 3[j]

10 – 61[e,k] –

11 1[l] 24[l] 3[l]

12 – 56[e,m] –

[a] For reaction conditions see the Supporting Information. [b] Yields are
determined by GC analysis using PhCl or PhCH2C(CH3)3 as an internal
standard. Reaction endpoints for the most active catalyst system
(Pd(OAc)2/pyr 1:0.9) are determined by observation of palladium black
formation which indicates complete conversion of the oxidant. The less
reactive catalysts are compared at the same reaction times. [c] 5 h.
[d] 9 h. [e] MesI(OAc)2 was used as oxidant instead of PhI(OAc)2.
[f ] 10 h. [g] 8 h. [h] 12 h. [i] 21 h. [j] 18 h. [k] 17 h. [l] 22 h. [m] 10 mol%
[Pd], 50 h.

Table 2: Site selectivity of C�H acetoxylation as a function of catalyst and
oxidant.[a]

Entry Catalyst Yield [%][b] Oxidant a/b

1 Pd(OAc)2 8[c,d] PhI(OAc)2 41:59
2 Pd(OAc)2/pyr (1:0.9) 59[c] PhI(OAc)2 29:71
3 Pd(OAc)2 8[e,f ] MesI(OAc)2 37:63
4 Pd(OAc)2/pyr (1:0.9) 64[e] MesI(OAc)2 11:89

[a] For reaction conditions see the Supporting Information. [b] Yields are
determined by GC analysis using PhCH2C(CH3)3 as an internal standard.
[c] 8 h. [d] After longer reaction times (114 h), the acetoxylated products
were formed in higher yield (64%), but with comparable selectivity
(a/b 41:59). [e] 12 h. [f ] 51% yield after 68 h (a/b 29:71).

Figure 2. The yield (GC) of PhOAc (after 2 hours) versus mol % of
pyridine.
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We next initiated studies to gain more detailed insights
into the role of pyridine in the catalytic cycle. As discussed
above, we originally hypothesized that pyridine was acting as
a ligand for the active palladium catalyst; however, this
additive could also serve as an external base to accelerate
C�H activation. To preliminarily distinguish these roles, we
examined the effect of a series of 2- and 2,6-substituted
pyridine derivatives on this transformation. As shown in
Table 3, the initial rate (as approximated by the yield after 1
and 2 h) tracked extremely well with the steric environment
around the pyridine nitrogen atom. For example, moving
from unsubstituted pyridine to 2-picoline to 2,6-lutidine
significantly slowed the reaction (Table 3, entries 1–3, respec-
tively); furthermore, highly sterically hindered 2,6-di-tert-
butylpyridine afforded a similar initial rate to that with

Pd(OAc)2 alone. These results implicate a primary role for
pyridine as a ligand that binds to the palladium center during
one or more key steps of the catalytic cycle.

Finally, the method of initial rates was used to compare
the C�H acetoxylation of benzene to that of [D6]benzene with
three different catalysts: Pd(OAc)2 (A), Pd(OAc)2/pyr 1:0.9
(B), and Pd(OAc)2/pyr 1:2 (C). The values of kH/kD were all
relatively large (2.9, 4.8, and 3.8 respectively), implicating
C�H activation as the rate-determining step with all three
catalysts.[18] Since the reaction is clearly fastest with catalyst B
(Figure 1), these data suggest a critical role for the pyridine
ligand in accelerating the C�H activation step of the catalytic
cycle. We hypothesize that this is due to the generation of an
open coordination site at the palladium center (by de-
aggregation of trimeric/polymeric Pd(OAc)2)

[19] in the pres-
ence of 1 equivalent of pyridine.

In conclusion, this report describes a catalytic system
based on a commercial palladium source [Pd(OAc)2] and
ligand (pyridine), that shows the highest reactivity reported
for the acetoxylation of unactivated aromatic C�H bonds. In
the investigated systems, the ratio of palladium/pyridine

proved absolutely critical and the use of 1 equivalent of
pyridine per palladium center led to dramatic enhancements
in both reactivity and site selectivity. These studies highlight
the importance of exploring the ligand to metal ratio, along
with the structure of spectator ligands, during the optimiza-
tion of reaction conditions for catalytic C�H functionaliza-
tion. Current efforts are focused on gaining a detailed
mechanistic understanding of the palladium/pyridine ratio
effects reported herein. Such mechanistic insights will be
crucial for developing new N-ligated palladium catalysts that
display enhanced stability, activity, and site selectivity in C�H
oxidation reactions.

Received: May 16, 2011
Published online: August 24, 2011

.Keywords: C�H activation · homogeneous catalysis ·
N ligands · oxidation · palladium

[1] a) T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147 – 1169;
b) P. Sehnal, R. J. K. Taylor, I. J. S. Fairlamb, Chem. Rev. 2010,
110, 824 – 889; c) K. MuÇiz, Angew. Chem. 2009, 121, 9576 –
9588; Angew. Chem. Int. Ed. 2009, 48, 9412 – 9423.

[2] a) D. A. Alonso, C. Najera, I. M. Pastor, M. Yus, Chem. Eur. J.
2010, 16, 5274 – 5284; b) J. Tsuji, Synthesis 1990, 739 – 749.

[3] a) P. Y. Choy, C. P. Lau, F. Y. Kwong, J. Org. Chem. 2011, 76, 80 –
84; b) I. Mutule, E. Suna, K. Olofsson, B. Pelcman, J. Org. Chem.
2009, 74, 7195 – 7198; c) G.-W. Wang, T.-T. Yuan, X.-L. Wu,
J. Org. Chem. 2008, 73, 4717 – 4720; d) T. Yoneyama, R. H.
Crabtree, J. Mol. Catal. A 1996, 108, 35 – 40.

[4] a) F. Shibahara, S. Kinoshita, K. Nozaki, Org. Lett. 2004, 6,
2437 – 2439; b) M. Muehlhoefer, T. Strassner, W. A. Hermann,
Angew. Chem. 2002, 114, 1817 – 1819; Angew. Chem. Int. Ed.
2002, 41, 1745 – 1747; c) T. Jintoku, K. Takai, Y. Fujiwara, Y.
Fuchita, K. Hiraki, Bull. Chem. Soc. Jpn. 1990, 63, 438 – 441;
d) T. Jintoku, H. Taniguchi, Y. Fujiwara, Chem. Lett. 1987, 1865 –
1868; e) L. M. Stock, K. Tse, L. J. Vorvick, S. A. Walstrum,
J. Org. Chem. 1981, 46, 1757 – 1759; f) P. M. Henry, J. Org. Chem.
1971, 36, 1886 – 1890; g) T. Tisue, W. J. Downs, J. Chem. Soc. D
1969, 410a; h) J. M. Davidson, C. Triggs, Chem. Ind. 1966, 457.

[5] a) Y. Liu, K. Murata, M. Inaba, J. Mol. Catal. A 2006, 256, 247 –
255; b) H. A. Burton, I. V. Kozhevnikov, J. Mol. Catal. A 2002,
185, 285 – 290.

[6] a) L. Eberson, L. Jçnsson, Liebigs Ann. Chem. 1977, 233 – 241;
b) L. Eberson, L. Jçnsson, Acta Chem. Scand. 1976, 30, 361 –
364; c) L. Eberson, L. Jçnsson, J. Chem. Soc. Chem. Commun.
1974, 885 – 886; d) L. Eberson, L. Jçnsson, Acta Chem. Scand.
1974, 28, 771 – 776.

[7] a) T. W. Lyons, K. L. Hull, M. S. Sanford, J. Am. Chem. Soc.
2011, 133, 4455 – 4464; b) A. J. Hickman, M. S. Sanford, ACS
Catal. 2011, 1, 170 – 174; c) M. H. Emmert, J. B. Gary, J. M.
Villalobos, M. S. Sanford, Angew. Chem. 2010, 122, 6020 – 6022;
Angew. Chem. Int. Ed. 2010, 49, 5884 – 5886; d) N. R. Deprez, D.
Kalyani, A. Krause, M. S. Sanford, J. Am. Chem. Soc. 2006, 128,
4972 – 4973.

[8] [(pyr*)2Pd(X)2] complexes (pyr* = monodentate pyridine deriv-
atives) can be effective catalysts for certain PdII/0-catalyzed
undirected arene C�H functionalization reactions: a) Y. Izawa,
S. S. Stahl, Adv. Synth. Catal. 2010, 352, 3223 – 3229; b) C. Wang,
S. Rakshit, F. Glorius, J. Am. Chem. Soc. 2010, 132, 14006 –
14008; c) Y.-H. Zhang, B.-F. Shi, J.-Q. Yu, J. Am. Chem. Soc.
2009, 131, 5072 – 5074.

Table 3: Yield of C�H acetoxylation of benzene as a function of pyridine
structure.[a]

Entry Additive Yield [%][b]

(after 1 h)
Yield [%][b]

(after 2 h)

1 33 66

2 13 26

3 6 14

4 3 8

5 none 2 6

[a] Reaction conditions: benzene (1.00 mL, 875 mg, 11.2 mmol,
10.0 equiv), AcOH (0.90 mL), Ac2O (0.10 mL), PhI(OAc)2 (361 mg,
1.12 mmol, 1.00 equiv), Pd(OAc)2 (5.0 mg, 22.4 mmol, 2.0 mol%),
0.45 mL stock solution of additive (448 mmol in 10 mL AcOH; 1.8 mol%),
100 8C. [b] Yields are determined by GC analysis using PhCl as an internal
standard.

Angewandte
Chemie

9583Angew. Chem. 2011, 123, 9581 –9584 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr9003242
http://dx.doi.org/10.1021/cr9003242
http://dx.doi.org/10.1055/s-1990-27001
http://dx.doi.org/10.1021/jo101584k
http://dx.doi.org/10.1021/jo101584k
http://dx.doi.org/10.1021/jo901321b
http://dx.doi.org/10.1021/jo901321b
http://dx.doi.org/10.1021/ol049166l
http://dx.doi.org/10.1021/ol049166l
http://dx.doi.org/10.1246/bcsj.63.438
http://dx.doi.org/10.1246/cl.1987.1865
http://dx.doi.org/10.1246/cl.1987.1865
http://dx.doi.org/10.1021/jo00813a009
http://dx.doi.org/10.1021/jo00813a009
http://dx.doi.org/10.1039/c2969000410a
http://dx.doi.org/10.1039/c2969000410a
http://dx.doi.org/10.3891/acta.chem.scand.30b-0361
http://dx.doi.org/10.3891/acta.chem.scand.30b-0361
http://dx.doi.org/10.1039/c39740000885
http://dx.doi.org/10.1039/c39740000885
http://dx.doi.org/10.3891/acta.chem.scand.28b-0771
http://dx.doi.org/10.3891/acta.chem.scand.28b-0771
http://dx.doi.org/10.1021/ja1097918
http://dx.doi.org/10.1021/ja1097918
http://dx.doi.org/10.1021/cs1001543
http://dx.doi.org/10.1021/cs1001543
http://dx.doi.org/10.1002/ange.201002351
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1002/adsc.201000771
http://dx.doi.org/10.1021/ja106130r
http://dx.doi.org/10.1021/ja106130r
http://dx.doi.org/10.1021/ja900327e
http://dx.doi.org/10.1021/ja900327e
http://www.angewandte.de


[9] Several literature reports (e.g., see Refs. [8a,c, 10,11]) have
implicated monopyridine PdII complexes [(pyr*)PdX2] as reac-
tive intermediates in PdII/0-catalyzed oxidation reactions.

[10] a) D. R. Stuart, K. Fagnou, Science 2007, 316, 1172 – 1175;
b) E. M. Ferreira, B. M. Stoltz, J. Am. Chem. Soc. 2003, 125,
9578 – 9579; c) K. Mikami, M. Hatano, M. Terada, Chem. Lett.
1999, 28, 55 – 56.

[11] a) X. Ye, G. Liu, B. V. Popp, S. S. Stahl, J. Org. Chem. 2011, 76,
1031 – 1044; b) B. V. Popp, S. S. Stahl, Chem. Eur. J. 2009, 15,
2915 – 2922; c) R. M. Trend, Y. K. Ramtohul, B. M. Stoltz, J. Am.
Chem. Soc. 2005, 127, 17778 – 17788; d) M. J. Schultz, R. S.
Adler, W. Zierkiewicz, T. Privalov, M. S. Sigman, J. Am. Chem.
Soc. 2005, 127, 8499 – 8507; e) B. A. Steinhoff, I. A. Guzei, S. S.
Stahl, J. Am. Chem. Soc. 2004, 126, 11268 – 11278; f) B. A.
Steinhoff, S. S. Stahl, Org. Lett. 2002, 4, 4179 – 4181.

[12] The reactivity of the catalyst system Pd(OAc)2/pyr 1:1 surpasses
by far the reactivity observed when 2,2’-bipyridine or a
pyridinium-substituted bipyridine analogue are used as ligands
(see Ref. [7c]).

[13] Yields are based on the oxidant PhI(OAc)2, which has been
shown to decompose upon heating through metal-catalyzed
(V. V. Zhdankin, P. J. Stang, Chem. Rev. 2008, 108, 5299) and
uncatalyzed pathways (J. E. Leffler, L. J. Story, J. Am. Chem.
Soc. 1967, 89, 2333 – 2338). The by-products detected included
C6H4I(OAc), C6H4(OAc)2, and biphenyl in accordance with
Ref. [7c]. Both factors presumably contribute to the moderate

yields of acetoxylated products (ca. 70%) upon complete
conversion of the oxidant.

[14] The observed exquisite sensitivity of the catalyst activity on the
ligand to metal ratio is likely the reason that ancillary ligands
were previously reported to inhibit C�H acetoxylation (see
Ref. [3b,d]).

[15] The longevity of the catalyst system Pd(OAc)2/pyr 1:0.9 was also
evaluated by addition of a second batch of oxidant after 3 h. This
“second run” afforded a 54 % yield of PhOAc (see the
Supporting Information).

[16] This may be due to the greater stability of MesI(OAc)2 under the
reaction conditions (as indicated by Ref. [13]) and/or to dimin-
ished formation of the by-product ArI(OAc) (formed by C�H
acetoxylation of oxidant-derived ArI).

[17] Preliminary studies do not show a conclusive trend in the site
selectivity of C�H acetoxylation as a function of the substitution
pattern on the pyridine ligand. Data for the acetoxylation of 1,2-
dichlorobenzene using 2-picoline, 2,6-lutidine, and 2,6-di-tert-
butylpyridine as ligands is given in the Supporting Information.
Additional studies of ligand effects on site selectivity are
ongoing in our laboratory.

[18] a) L. V. Desai, K. J. Stowers, M. S. Sanford, J. Am. Chem. Soc.
2008, 130, 13285 – 13293; b) H. A. Chiong, Q.-N. Pham, O.
Daugulis, J. Am. Chem. Soc. 2007, 129, 9879 – 9884.

[19] a) S. D. Kirik, R. F. Mulagaleev, A. I. Blokhin, Acta Crystallogr.
Sect. C: Cryst. Struct. Commun. 2004, C60, m449 – m450; b) R. N.
Pandey, P. M. Henry, Can. J. Chem. 1973, 52, 1241 – 1247.

Zuschriften

9584 www.angewandte.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2011, 123, 9581 –9584

http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/jo102338a
http://dx.doi.org/10.1021/jo102338a
http://dx.doi.org/10.1002/chem.200802311
http://dx.doi.org/10.1002/chem.200802311
http://dx.doi.org/10.1021/ja055534k
http://dx.doi.org/10.1021/ja055534k
http://dx.doi.org/10.1021/ja050949r
http://dx.doi.org/10.1021/ja050949r
http://dx.doi.org/10.1021/ja049962m
http://dx.doi.org/10.1021/ol026988e
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1021/ja00986a016
http://dx.doi.org/10.1021/ja00986a016
http://dx.doi.org/10.1021/ja8045519
http://dx.doi.org/10.1021/ja8045519
http://dx.doi.org/10.1021/ja071845e
http://www.angewandte.de

