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ABSTRACT

Rhodium(III)-catalyzed oxidative olefination of N-(1-naphthyl)sulfonamides has been achieved at the peri position. Three categories of olefins
have been successfully applied. Activated olefins reacted to afford five-membered azacycles as a result of oxidative olefination�hydroamination.
Unactivated olefins reacted to give the olefination product. 2-fold oxidative C�C and C�N coupling was achieved for allylbenzenes.

The oxidative coupling of unreactive C�H bonds with
olefins (the Fujiwara-Moritani reaction)1 represents an
atom-economic strategy to directly functionalize arenes
without prior activation and has received increasing atten-
tion since 1967. It has become an attractive alternative to
the Heck reaction. Achieving oxidative C�C coupling in

high catalytic efficiency using readily available starting
materials should increase sustainability in synthesis.2 A
common strategy to achieve selective C�H oxidative
olefination is the use of a neighboring directing group.
Palladium,2,3 ruthenium,4 and rhodium5 have been re-
ported to effectively catalyze this transformation with the
assistance of directing groups such as amide, oxime,
pyridyl, ketone, carboxyl, and ester. In contrast to the
well-studied palladium catalysts, rhodium(III) complexes
have been recently explored and have been found to effect
at low catalyst loading with high functional group
tolerance.6�10 Despite the success, nearly all oxidative
olefination required somewhat activated alkenes such as
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acrylates and styrenes. Glorius8a and Bergman and
Ellman11 reported the only two examples of Rh(III)-
catalyzedolefination usingunactivatedolefins. InBergman
and Ellman’s report,11 various unactuvated alkenes such as
1-hexene are smoothly coupled with O-methyl oximines.
We now report a general method of Rh(III)-catalyzed oxi-
dative olefination of the sulfonamides of 1-naphthylamine
at the peri position using activated and unactivated alkenes.
Although the sulfonamide group can act as a directing

group in facilitating C�H activation, only very limited
examples have been reported.12 In this context, given that
sulfonamide groups can be readily installed and removed,
it is important to explore this type of substrate for selective
C�H activation. We initiated our investigation on the
oxidative olefination of N-(1-naphthyl)sulfonamide 1a
with benzyl acrylate. Our initial screening indicated that
the coupled product 3aa was isolated in 70% yield when a
combination of [RhCp*Cl2]2 (2.5 mol %) and Cu(OAc)2
(2.1 equiv) was used in DCE (120 �C). Replacing the
solvent with DMF resulted in significant decomposition
under the same conditions. Gratifyingly, by lowering the
temperature to 100 �C, a clean reactionwas achieved and
3aa was isolated in 89% yield (Scheme 1). Notably, no
silver salt additive is necessary under these conditions.
This product was characterized as a five-membered
azacycle as a result of olefination followed by intramo-
lecular hydroamination.7a,10a,10b,13

With these optimized conditions in hand, we first ex-
amined the scope of activated olefins in their coupling with
N-(1-naphthyl)sulfonamides (Scheme 1). Several acrylates

readily coupled with 1a to afford the cyclization products

in high yields (87�90%). In addition, both electron-donat-

ing (3cc and 3dc) and -withdrawing (3bb) groups in the

naphthyl ring are well tolerated. Furthermore, no Heck-

type product was generated for a halogen-functionalized

substrate (see 3bb). This specific feature highlights an

advantage of Rh(III)-catalyzed C�C coupling reactions

compared to many palladium-catalyzed ones in that the

halogen is retained. In addition, other activated olefins

such as acrylonitrile and enones are all efficient coupling

partners. Thus, all the coupled products were isolated in

comparably high yields (87�95%) for all monosulfona-

mides examined. In contrast, only unidentifiable products

were isolatedwhen PhNHTswas used as a substrate under

the same conditions. C�Hactivation at both the ortho and

peri position of 1-substituted naphthalenes has been noted

using rhodium and palladium catalysts.14 To better define

the substrate scope, a centrosymmetric disulfonamide has

been applied. Although two equivalents of olefin were

oxidatively incorporated, NMR analyses indicated that

monocyclization occurred. Thus, products 3fb and 3fc

were isolated in good yields. In these reactions, failure of

the second hydroamination is likely caused by the change

of electronic effects induced by the first cyclization.
The scope of the olefin was successfully expanded.

Simple styrene and 4-chlorostyrene readily coupled with
1a to give products 4a (93%) and 4b (82%), respectively
(Scheme 2). Significantly, unactivated simple olefins such
as 1-hexene, vinylcyclohexane, and 4-methyl-1-pentene are
also efficient coupling partners, and all the coupled pro-
ducts were isolated in high yield (72�93%). In linewith the
scope of sulfonamides in their coupling with acrylates,
both electron-donating and halide substituents in the
naphthyl ring can be tolerated, indicating the general
applicability of the sulfonamide substrate. We noted that
only two reports deals with rhodium-catalyzed oxidative
olefination using unactivated alkenes.8a,11

Scheme 1. Oxidative Olefination Using Activated Alkenesa,b

aConditions: sulfonamide (0.5 mmol), alkene (0.75 mmol),
[RhCp*Cl2]2 (0.0125 mmol), Cu(OAc)2 (1.05 mmol), DMF (3 mL),
100 �C, 16 h, under N2, isolated yield. b 2a=benzyl acrylate, 2b=
n-butyl acrylate, 2c = tert-butyl acrylate, 2d = acrylonitrile, 2e =
1-penten-3-one. cConditions: sulfonamide (0.5mmol), alkene (1.5mmol),
[RhCp*Cl2]2 (0.0125 mmol), Cu(OAc)2 (2.1 mmol), DMF (3 mL), 100 �C,
18 h, under N2, isolated yield.
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Surprisingly, when we attempted to carry out the reac-
tion of 1a and tert-butyl acrylate (2 equiv) under aerobic
conditions (O2 (1 atm) and Cu(OAc)2 (20 mol %)) (eq 1),
no olefination product such as 3acwas detected. Instead, a
formal oxidative carbonylation reaction occurred. On the
basis of NMR, IR spectroscopy, and mass spectrometry,
the product 5a was determined as a lactam. In particular,
the carbonyl carbon resonates characteristically at δ 165.1
in the 13CNMRspectrum (CDCl3), and a characteristic IR
signalwas alsodetected (1747 cm�1). Thus products5a, 5b,
and 5e were isolated in 50�54% yield under these unopti-
mized conditions. Our preliminary studies indicated that
the Cu(OAc)2 co-oxidant is necessary, and using a smaller
amount of tert-butyl acrylate resulted in lower efficiency.
Using n-butyl acrylate also resulted in lower yield. When
DMAwas used as a solvent for the reaction of 1aunder the
same conditions (tert-butyl acrylate), 5a was also isolated
albeit at a lower yield. Although the carbonyl likely
originates from DMF, no solid conclusion on the role of
tert-butyl acrylate can be drawn at this stage.15

Given the proximity of the sulfonamide NH group and
the olefin unit in products 4, we reasoned that allylic olefin
products could potentially undergo further intramolecular
oxidative amidation via formal allylic C�H activation.13a

In order to validate this possibility, an excess of Cu(OAc)2
(4.1 equiv) was applied to the coupling of a 4-bromo
substituted sulfonamide (1b) and 4-methyl-1-pentene. In-
deed, the expected 2-fold oxidative coupling product (6)
was isolated in 52% yield (eq 2), together with the direct
olefination product 4h (18%). Alternatively, 6 could also
beobtainedwhen4hwas subjected to the standard reaction
conditions, suggesting that 4h is an intermediate in the
formation of 6.

The generality of this formal allylic C�H oxidation
follows from the coupling of allylbenzenes and 1a. The
reaction of allylbenzenes and 1a under the same conditions
afforded 7a,b in high yield, with no direct olefination
product being isolable (Scheme 3). When allyl acetate
was employed, product 8 was isolated in 89% yield.
Formation of related terminal olefins starting from allyl
acetate has been reported.11,16

To explore the mechanism of this transformation, a
stoichiometric reaction between 1b and [RhCp*Cl2]2 has
been carried out in the presence of an access of NaOAc
(25 �C). NMR analysis of the reaction product 9 indicated
that the coordination sphereof the rhodiumcomplex include
a Cp* ring, a sulfonamidate, and an acetate (eq 3).
Although the sixth coordination site and identity of 9
cannot be unambiguously established, IR spectroscopy
suggested that the acetate likely adopts the η2 binding
mode in the sold state (no intense absorption in the range

Scheme 2. Olefination Using Unactivated Alkenesa

aConditions: sulfonamide (0.5 mmol), alkene (0.75 mmol), [RhCp*-
Cl2]2 (0.125 mmol), Cu(OAc)2 (1.05 mmol), DMF (3 mL), 100 �C, 16 h,
under N2, isolated yield.

Scheme 3. Olefination Using Allylic Olefins
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of 1600�2100 cm�1). Subjection of 9 (4 mol %) to the
coupling of 1a and tert-butyl acrylate under the standard
conditions afforded product 3ac in comparably high yield
(86%), suggesting that 9 could be an active intermediate in
this catalytic process. In addition, migratory insertion of
Rh-bound amido groups to olefins has been reported.17

A plausible pathway for the formation of 7 is given in
Scheme 4. Rhodation at the peri position (A) followed by
insertion of the olefin affords a rhodium(III) alkyl species
(B). Subsequent β-hydrogen elimination generates the
direct olefination intermediate (C). This intermediate is
proposed to undergo allylic C�H activation, leading to
anη3-allyl species (D) followed by nucleophilic C�N bond
formation.18 Formation of 8 starting from 1a and ally
acetate may likely follow the β-oxygen elimination of B
that is generated after allyl acetate insertion, and olefinE is
thus a likely intermediate.11,16

The scope of amide substrates was successfully extended
to a pivalamide (eq 4). Although unactivated olefins are
not appliable, acrylates did couple with this pivalamide
undermodified conditions inMeCN([RhCp*Cl2]2 (4mol%)
andAg2CO3 (2.1 equiv). Thus, olefination products 10a�c

were isolated in moderate yields. Despite the lower cataly-
tic efficiency, these products are complementary to those
obtained from sulfonamides. The absence of any further
aza-Michael reaction might be ascribed to both electronic
and steric effects. Electronically, the NH proton is less
acidic in products 10a�c, and previous reports seem to
indicate that acidic OH and NH groupstend to add to
activated olefins.7a,b,10a Sterically, the bulky tBu group in
the amide renders the NH group less accessible.

In summary,wehave successfully achieved the rhodium-
(III)-catalyzed oxidative olefination of N-(1-naphthyl)-
sulfonamides at the peri position. This coupling process
proceeded under simple conditions in high selectivity and
high efficiency. Three categories of olefins have been success-
fully applied. Activated olefins reacted to afford new five-
membered azacycles as a result of oxidative olefination-
hydroamination sequence. Unactivated olefins coupled
smoothly with N-(1-naphthyl)sulfonamides to afford the
direct olefination product, which could undergo further intra-
molecular oxidative allylicamidation. 2-fold oxidationwas
successfully achieved for allylic olefins such as allylbenzene
and allyl acetate. In contrast, although N-(1-naphthyl)-
pivalamide also coupled with acrylate esters, only the
direct olefination products were isolated. Thus, by intro-
ducing an appropriate directing group, C�H activation
and oxidative functionalization using unactivated as well
as activated terminal olefins can be achieved in high yield
and high selectivity.Given thewide scope of substrates and
cleavability of sulfonamide N�S and carboxamide N�C
bonds in the coupled products, the current reactions are
likely to find important synthetic utility. Studies on the
mechanistic details of the C�H activation and of the
oxidative carbonylation are currently underway in our
laboratory.
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Scheme 4. Possible Mechanisms of the Formation of 7 and 8
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