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A mild, room-temperature Pd-catalyzed acetoxylation of pyrroles with phenyliodonium acetate is described. The acetoxylation was found to
proceed via the initial formation of pyrrolyl(phenyl)iodonium acetates, which were converted to acetoxypyrroles in the presence of Pd(OAc),. The
acetoxylation could also be carried out as a one-pot sequential procedure without the isolation of the intermediate iodonium salts.

Transition metal catalyzed selective C—H oxidation is
an efficient methodology for the construction of C—O
bonds.! The regioselectivity of the C—H activation/
oxidation in aromatic systems usually is controlled by
suitable ortho-directing groups.” Intriguingly, in contrast
to the many examples of C—O bond formation in benzene
rings,” the direct acetoxylation of heterocycles is much less
explored.* Thus, there are only a few reports on direct
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acetoxylation of heterocycles, and the scope of substrates is
limited to indoles® and uracil.® It should be noted that the
regioselectivity of C—O bond formation in heterocycles
typically is controlled by the inherent reactivity of a given
heterocyclic system and, consequently, there is no need for
the ortho-directing group.

Direct acetoxylation examples frequently employ Pd(OAc),
as a catalyst and PhI(OAc)- as a terminal oxidant in acetic
acid, conditions that have been developed by Crabtree.’
Mechanistic studies evidence that the Pd-catalyzed direct ace-
toxylation involves palladation of an aryl C—H bond with
Pd(II) species as the first step,® which is followed by oxida-
tion to dinuclear Pd(III) complexes’ and, finally, product
forming reductive elimination. By analogy, carbopallada-
tion via C—H activation was considered to be the initial step
also in Pd-catalyzed acetoxylation of indoles (eq 1).>
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The present report on a selective oxidation of substituted
pyrroles'® expands the scope of heterocycles for the
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Pd-catalyzed acetoxylation reaction. Also, we provide evi-
dence that the acetoxylation of electron-rich heterocycles
such as pyrroles and indoles under Crabtree conditions
most likely occurs via the initial formation of heteroarylio-
donium acetates (eq 1)."" The latter are transformed into an
acetoxylated product in the presence of a Pd catalyst.

Initially, Crabtree acetoxylation conditions were exam-
ined for synthesis of acetoxypyrroles and the progress of
the reaction was followed by NMR methods. Thus, stirring
the pyrrole 1a with Pd(OAc), (5 mol %) and PhI(OAc),
(2 equiv) in AcOH-d, showed complete conversion within
2 h at ambient temperature.'> Two sets of signals in a 3.5:1
ratio were observed in the '"H NMR spectrum of the
reaction mixture. The minor set of signals corresponded
to acetoxypyrrole 3a, whereas the major set of signals was
assigned to a structure of pyrrolyliodonium acetate 2a
based on 'H NMR, ')C NMR, MS data and X-ray
crystallographic analysis of purified 2a.

The iodonium acetate 2a was stable in AcOH-d, solution
atrt(entry 1, Table ). However, in the presence of S mol %
Pd(OAc), in AcOH-d,, 2a was converted into the target
acetoxypyrrole 3a (90% yield) within 18 h (entry 2).
Acetonitrile was equally efficient to AcOH, affording 3a
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Table 1. Reactivity of Arylpyrrolyliodonium Acetate 2a
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catalyst t time products
entry (mol %) solvent (°C) (h) (yield, %)
1 — AcOH rt 18 2a
2 Pd(OAc); (5) AcOH rt 18 3a(90%)
3 Pd(OAc)s (5) MeCN 60 18 3a(91%)
4 - AcOH 100 24  3a(45%)+ 4(20%)+
1a(27%)
- HFIP 100 18 2a
PtCl; (5) AcOH 80 48 3a:la=3:2
PtCl,(5) AcOH 80 48 2a

BF3¢0Et; (400) CHyCly rt 3 2a
Cu(OTf)(10) CHyCl, 35 24 2a
10 TMS-OTf(200) HFIP rt 2 products mixture

© 0 3 O Ut

in 91% vyield (entry 3). Additional experiments were
performed to investigate the reactivity of iodonium salt
2a. Heating of 2a without the Pd catalyst yielded a mixture
of products 3a, 4, and the starting 1a (entry 4). Interest-
ingly, only unreacted 2a was observed after prolonged
heating in (CF3),CHOH, a solvent of choice for oxida-
tive nucleophilic acetoxylation of alkylphenyl ethers
(entry 5)."* PtCl, was inferior to Pd(OAc), as a cata-
lyst>® (entry 6), whereas PtCly did not catalyze the
conversion of 2a (entry 7). Likewise, BF3eOEt,'* in
DCM (entry 8) and Cu(OTf), in DCM'’ were not
efficient as catalysts (entries 8, 9), whereas addition of
TMS-OTf!¢ resulted in the formation of an inseparable
mixture of products (entry 10).

A series of pyrrolyliodonium acetates 2b—k was subse-
quently prepared in the reaction of pyrroles 1b—k with
1.2 equiv of PhI(OAc), in AcOH at ambient temperature
(63—79% yields; see Table 2). The iodonium acetates 2b—k
were sufficiently stable to be isolated and characterized,'”
and they can be stored in the freezer for several months. To
the best of our knowledge, pyrrolyl-3-iodonium acetates
have not been previously prepared in a direct electrophilic
substitution of pyrrole.'®

The yields of iodonium salts 2a—k were found to be
sensitive to the electronic properties of substituents on
the pyrrole ring."” Todonium acetates were formed from
N-unsubstituted pyrroles 2h,k (entries 8,11, Table 2). The
regioselectivity of pyrrolyliodonium salt formation appar-
ently is a result of the combined directing effects of pyrrole
substituents.”’ Nevertheless, there is a strong preference
for the formation of iodonium salts at the o-position
(entries 2, 3, 9, 10),?! and B-pyrrolyliodonium salts could
be obtained only for 2,5-disubstuted heterocycles 1a,e—h,k
(entries 1, 5—8, 11, Table 2).

In the presence of 5 mol % Pd(OAc), in AcOH
solution at ambient temperature iodonium salts 2a—k
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Table 2. Acetoxylation of Pyrroles 1a—k and Indoles 11-m via
Isolation of Intermediate lodonium Salts 2a—m

’r"\ PhI{OAc), o OAC Pd(OAc); r‘
L\‘_ i \/)H 12 _12equv z 2o 5 mol % { W.0Ac
N AcOH O
1 R r rt

time yield
)y (n)

time vield”

entry iodonium salt ) (%)

product

CO,Me

{ AcO,
Ph—iy  CO;Me
i s e
N 6 78 18 90
Br

a 3a
AcO\II /N\ Aco/Q
) Ph 3 77 © 1 85
i 2b ' 3b
3 ACZ‘JJP\COZE« 6 72 ACOJP\COZEl 3 79
2¢ 3c
COEL
o l_gcoza
4 ph“ ’il 3 79 A0 Ny 3 78
|
2 3d
AcOf\Fh AcO,
5 ﬂco = 6 65 /Z—A}\COZE‘ 18 7
N+o| ' 2e K 3e
Ph
AcO-!
R o\
. /Z:)\ PR /ZD\ 18 71
: L
a2f B 3f
Ohc
Ph—
7 0, 86 I BB
CoEt 2g Coer 3g
OAc
ph—|
8 7 18 73 /Z—>\co Me 18 79
B P COE ‘
H 2h
0 Aco\l‘lj\ M- ACQJ}\ 18 67
Ph 80,7l 2i $0.7ol 3i
10 IQ 18 71 AcO/[N\Q 1871
Ph so,‘ro\ 2j S0,Tol 3j

Br, |\OAC
11 J—Qwﬁ 18 79 I&COZH 1
\\\OAC @—S\
12 3 18 79 COZE 1 81°

“Yields for the conversion from 2 to 3. ® Heating at 100 °C.

were readily converted into the target acetoxypyrroles
3a—k (see Table 2). A simple workup and purification
by chromatography afforded pure 3a—k (Table 2). The
Pd-catalyzed acetoxylation conditions are compatible
with the presence of bromine (entries 8, 11) and even
iodine (entry 2). N-Alkyl, N-aryl, N-benzoyl, N-benzyl,
N-tosyl, and N-carbamoyl are tolerated at the pyrrole
nitrogen (Table 2).

We have found that the acetoxypyrroles 3a—k could also
be synthesized in a sequential one-pot approach without
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Table 3. One-Pot Sequential Procedure vs Crabtree Conditions

cntry  pyrrole One-pot” yicld Crabtree conditions® yicld
product (%) product (%)
1 la 3a 92 3a 85
OF™NTT0 0 one 275y
2 1b 3 56 © . © 11 (6r
! I 5+6
3 Le 3¢ 80 o ; 3225(7 75
COEt CO,Et
= = 34 (8
4 1 377 OQ\—LO . OQ_XOA .
N N ° 849 51(9)
5 1e 3e 86 3e 76
6 1f 3f 60 3f 65
7 1g 3g 50 - -
AcO, OAc
8 1h 3 74 BV/Z?\C%E‘ ar/@\coza 74
H
3h:10=4:1
9 1i 3i 42 - -
10 1j 3 a1 - }
11 1k 3k 69 3k 41%¢
12 11 31 86 31 77
13 1m 3m 70 3m 51

“Pyrrole 1 (1 equiv) and PhI(OAc), (1.2 equiv) were stirred in AcOH
at rt for 3—18 h (see Table 2 for time; the formation of 2 was monitored
by "H NMR), then Pd(OAc), (0.05 equiv) was added, and stirring at rt
was continued for 1—18 h (see Table 2). ® Pyrrole 1 (1 equiv), PhI(OAc),
(1.3 equiv), and Pd(OAc), (0.05 e(}uiv) were heated in AcOH at 100 °C
for 1 h. 2.3 equiv of PhI(OAc),. “Yield of a 4:1 mixture of 3h and 10.
¢Heating at 100 °C for 3 h./ Reference 5e.

isolation of the intermediate iodonium salts 2a—k (see
Table 3). Accordingly, Pd(OAc), was added to the reaction
mixture after the corresponding iodonium acetate has been
formed.?* In general, the sequential one-pot approach
afforded higher yields of 3a—k compared to the two-step
reaction. Importantly, the original Crabtree’ conditions
are inferior to the sequential one-pot approach. Thus, not
only the yields are substantially lower (Table 3, entries 1, 5,
8, 11, 12) but also the formation of overoxidation products
is more pronounced. For example, acetoxylation of pyr-
roles 1b—d under Crabtree conditions (entries 2—4,
Table 3) afforded mixtures of pyrrole-2,5-diones 5,8 and
5-functionalized pyrrolidin-2-ones 6,7,9. y-Lactams such
as 6,7,9 have been found in a wide range of biologically
active natural products.”?

The initial formation of salts 2a—k in the Pd-catalyzed
acetoxylation reaction prompted us to hypothesize that the
previously reported acetoxylation of indoles under similar
conditions (Pd(OAc), and PhI(OAc),)*® may also proceed
via the intermediate indolyliodonium acetates. Indeed,
treatment of indoles 1l,m with PhI(OAc), in AcOH af-
forded C3-iodonium salts 21,m which were stablein AcOH-
d, solution and could be isolated.*

(22) The formation of iodonium acetates 2a—k was controlled by 'H
NMR. The addition of Pd(OAc), early on resulted in the formation of
overoxidation products.

(23) For a review, see: Nay, B.; Riache, N.; Evanno, L. Nat. Prod.
Rep. 2009, 26, 1044.

(24) The structures of 2a and 2l were confirmed by X-ray analysis; see
the Supporting Information, pp S29 and S30.
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Furthermore, salts 2l,m were smoothly converted into
acetoxyindoles 3l,m in the presence of PA(OAc), (5 mol %)
(see Table 2, entries 12, 13). The sequential one-pot
approach afforded higher yields of 31 compared to the
Crabtree conditions (86% vs 77%, Table 3, entry 12).

The Pd-catalyzed formation of C—O bonds from iodo-
nium acetates 2a—m showed high regioselectivity for the
sterically more bulky heterocycle ring, and O-acetylphenol
formation was not observed. Assuming that acetoxylation
occurs via the initial transfer of pyrroles and indoles from
the iodonium salts 2 to Pd, the observed regioselectivity is
striking, because the less hindered aryl group usually is
transferred from nonsymmetrical diaryliodonium salts
(such as [Ar-I-Mes|BF,) to Pd (Scheme 1).%3

Scheme 1. Regioselectivity in the Reaction of Nonsymmetrical
Todonium Salts with Palladium

Apparently, electronic preferences rather than steric
factors control the acetoxylation regioselectivity of salts
2. Thus, it has been demonstrated that in Pd(II)-catalyzed
reactions the more electron-rich Ar moiety is selectively
transferred from unsymmetrical diaryliodonium salts
[Ar-I-Ar|BF, to a Pd catalyst.”®*” The high regioselec-
tivity of the pyrrole and indole ring transfer to a Pd
catalyst, presumably, is ensured by n*-coordination of an
iodonium substituted double bond of the more elec-
tron-rich pyrrolyliodonium moiety to the Pd(II) species
(complex 11, Scheme 2).*® Subsequent oxidative addi-
tion would generate a transient pyrrolyl—-Pd(IV)

(25) The presence of a bulky mesityl group in iodonium salts [Mes-1-
Ar]X ensured the selective transfer of the smaller Ar group in Pd-
catalyzed arylations: (a) Kalyani, D.; Deprez, N. R.; Desai, L. V.;
Sanford, M. S. J. Am. Chem. Soc. 2005, 127, 7330. (b) Deprez, N. R.;
Sanford, M. S. J. Am. Chem. Soc. 2009, 131, 11234. For the analogous
use of a nontransferrable 2,4,6-tri-isopropylphenyl group, see:Phipps,
R. J.; Grimster, N. P.; Gaunt, M. J. J. Am. Chem. Soc. 2008, 130, 8172.

(26) Deprez, N. R.; Sanford, M. S. Inorg. Chem. 2007, 46, 1924 and
references cited therein.

(27) Decomposition of [Mes-I-Ph]JOAc under Crabtree acetoxylation
conditions (Pd(OAc),, AcOH, 100 °C, 18 h) was moderately selective for
the formation of Mes-OAc (ratio Mes-OAc/Mes-1 = 3.4:1).

(28) (a) Related nz—coordination of 2-tributylstannylfurane to Pd(II)
followed by tin-to-palladium transmetallation of the furyl group has
been observed: Cotter, W. D.; Barbour, L.; McNamara, K. L.; Hechter,
R.; Lachicotte, R. J. J. Am. Chem. Soc. 1998, 120, 11016. (b) For related
stable #n”-arylgold(I) complexes, see: Herrero-Gémez, E.; Nieto-
Oberhuber, C.; Salomé, L.; Benet-Buchholz, J.; Echavarren, A. M.
Angew. Chem., Int. Ed. 2006, 45, 5455.
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Scheme 2. Proposed Mechanism for Acetoxylation of Pyrroles
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complex 12, which undergoes C—O bond forming re-
ductive elimination.

The acetoxylation of pyrroles presumably involve a
Pd(II)/Pd(1V) or Pd(II)/Pd(I1I) catalytic cycle. However,
the Pd(0)/Pd(II) catalytic cycle cannot be ruled out, as
evidenced by the “mercury drop” test.” Thus, addition of
a large excess (> 300 equiv) of metallic Hg to a mixture of
iodonium acetate 2a and Pd(OAc), (5 mol %) in AcOH
resulted in complete inhibition of the acetoxylation ( < 5%
of acetoxypyrrole 3a was formed).*® Additional work is
ongoing to elucidate the mechanism of the Pd-catalyzed
conversion of 2 to 3.

In summary, a series of stable pyrrolyl(aryl)iodonium
and indolyl(aryl)iodonium acetates 2a—m have been pre-
pared and characterized. The formation of intermediate
iodonium salts of pyrroles 2a—k and indoles 2m,l under the
acetoxylation conditions as well as their Pd-catalyzed con-
version to oxidized heterocycles 3a—I indicate that iodo-
nium salts 2a—l are actual intermediates in the acetoxylation
reaction. Consequently, we propose that the formation of
iodonium salts 2 is the first step in the catalytic cycle for the
acetoxylation of pyrroles and indoles. Such a mechanism
differs from the closely related Pd-catalyzed C2-arylation of
pyrroles and indoles with diaryliodonium salts, which pro-
ceeds via the initial carbopalladation of the pyrrole ring.*'
Further studies to expand the scope of heterocycles in the
Pd-catalyzed regioselective acetoxylation reaction via iodo-
nium acetates are ongoing in our laboratory.
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