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construction of functionalized pyrroles. The concerted aza-

Claisen-type mechanism induces a complete selectivity of the process and allows the easy formation of quaternary centers.

Pyrroles are structural motifs which are found in a wide
variety of natural productsor pharmacologically active
substancésand are frequently used in materials sciehce.
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As a consequence, the development of practical synthetic
routes to access them remains of major interest. Recently,
the groups of Firstner, Yamamoto and Nakamura have
shown that gold and platinum catalysts were highly efficient
in converting o-alkynyl aryl derivatives of typel into a
variety of functionalized heterocycleg2 (eq 1)* This
transformation operategia a 5-endocyclization followed

by a heteroatom to carbon shift of the electrophilic moiety
E.

G M= E+
“E Pt AU S €]
x
1 S R M 2 E

G=NR, 0,8 E =allyl, acyl, alkoxyalkyl, sulfonyl

While this way might be envisaged for the synthesis of
pyrroles, the difficult and restricted access to the correspond-
ing substrates represents a severe synthetic limitation. By
analogy with the work of Flrstner and co-workers on the
rearrangement of allyl pentynyl ether (Scheme 1, etv2g,
rather envisaged that easily accessible substrates ofdtype
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Scheme 1. Synthetic Approach to Functionalized Pyrroles
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could be valuable precusors for a gold(l) catalyzed synthesis
of pyrroles (Scheme 1, eq 8.

Moreover, we were particularly intrigued by the mecha-
nistic aspect of this transformation which should determine
the selectivity of the rearrangement. Indeed, an N to C allyl
shift from intermediatetl and5 should lead to a mixture of
pyrroles 6 and 78 while a concerted aza-Claisen type

TS\ Ts
NH // PhsPAUNTf, (1 mol %) N
= T
CHyCly, ¢ =0.1M
Ri Ry rt, 5 min Ry Ro
8a Ryi=H,Ry=Me 9a 97%
8b R;=CLR,=Me 9b 96%
8 R{=H,Ry,=Ph 9 94%

However, more surprisingly, allyl tosylamid®areacted
more slowly under the same reaction conditions to give
rearranged pyrroldlain a moderate 62% yield (Table 1,

Table 1. Optimization of the Catalytic System

— Ts
TSN_//7 catalyst N
AN
_ N\
CHxCl, c=0.1M, 1t

10a 11a
entry catalyst time conversion ¢ yield b
1 PPhsAuNTf, 1 mol % 6h 84% 62%
2 PPh,AuNTf, 2 mol % 2h 100% 80%
3 (pCF;Ph);PAuNTf, 12 2mol% 30 min 100% 94%

4 i Pr., 13 2mol% 16h 51%  42%
C)—$>—i-pr
-Pr
5 AuBry 5mol% 16h 60%  21%
6 AgNTh, 10mol% 16h 14% 0%

a Determined by'H NMR of the crude reaction mixturé.Isolated yield.

rearrangement of intermediadeshould lead to a selective
formation of 6.

Following our recent success in using the air-stable
crystalline PBPAUNTf, catalyst for the formation of C-C
or C—0 bonds, we first chose this catalytic system to validate
our approach. Treatment of tosylamid&s—c with 1 mol
% of PRPAUNTH, in CH,Cl, at room temperature rapidly
led to the expected pyrroléa—c (eq 4)2°
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entry 1). Increasing the catalyst loading led to a complete
conversion of 10a and improved the yield (entry 2).
However, a rapid screening of various catalytic systems led
to the conclusion that the use of the more electrophpic (
CRPh)PAUNTf, 12was ideal, leading to the rapid formation

of 11awhich was isolated in nearly quantitative yield (entry
3). Other catalysts such as biphenylphosphine-based catalyst
13, AuBr3, or AgNTf, were less efficient or did not promote
the reaction (entries 4—6).

In the light of these preliminary results, experimental
conditions as mentioned in entry 3 were finally retained for
the study of the scope of this transformation Secondary
tosylamides8a—c were functionalized with various substi-
tuted allylating agents and the corresponding products
isomerized (Table 2). As for substrat®a, simple allylated
tosylamidesl Ob and10cfurnished the desired productéb
andl11cin good yields while methallyl derivativé0d gave
pyrrole11din 89% yield (entries 1-3). Examples compiled
in entries 4—11 are in agreement with the concerted aza-
Claisen type mechanism sintee exclusie formation of
branched products was obsed. Indeed, no linear product
resulting from a formal N to C shift of the allylic moiety
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Table 2. Scope of Au(l)-Catalyzed Synthesis of Pyrréles

entry substrate product time  yield® entry substrate product time yield ?
— Ts Ph
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aReaction conditions: 0.1 M of substrate in &, with 2 mol % of 12 at rt. P Isolated yields¢ Z/E = 1:3.5.9 Z/E = 1:2.6.

could be observed whatever the substrate dsezrotyl To account for these observations, a mechanistic manifold
derivativesl0e,fand cinnamyl derivative$0g,hwere thus for the formation of the pyrroles is proposed in Scheme 2.
efficiently isomerized into the corresponding pyrrolelse, f
and 11g,h in yields ranging from 89% to 98%. More
interestingly, tosylamided0i—| bearing allylic moieties Scheme 2. Proposed Mechanism
disubstituted at the terminal vinylic position reacted with no
observable difference in rate even if the steric hindrance in R Ro
the postulated aza-Claisen intermediate was increased. This T@;Rs &\‘/« Rs

~1a \ R

behavior strongly contrasts with the generally less efficient
classical Claisen or aza-Claisen reaction of substrates pos-

sessing the same substitution pattern. To the best of our 15 1o rOY R
knowledge, metal-catalyzed isomerization of such substituted Laut aza-Claisen  +N) ( Rs
allyl substrates has never been reported béeforeis also intermediate \_ /7N L
noteworthy that the isomerizations of tosylamidEGi—I . l
bearing a prenyl, a geranyl, or a pentenynyl moiety operate H 16
under mild conditions at room temperature and produce N R,
pyrroles possessirggnew quaternary centem the side chain Ts R4 WS D I:i Rs
in high yields (84-93%). Interestingly, in the case of W 278 g “ AuL
substratel0l, the second alkyne moiety remains unchanged /' g, .
with no detectable products derived from a possible cycliza- 19 -H T I
tion onto the pyrrole ring. From a reactivity point of view,
allylic substrates bearing substituents at the terminal position _ Ro TsRT Ry
tend to react more rapidly as the consequence of a probable 17 Ho N/ Or, == H N Rs
higher stabilization of the incipient positive charge in the AU =/ AuLt T e
postulated aza-Claisen intermediate.

(11) Within the limits of detection byH NMR. In contrast with what was previously observed by Flrstner

(12) Examples reported by Furstner and coworkers dealt with the
rearrangement of substrates bearing allylic moieties monosubstituted at theand co-workers for the rearrangement of a”yl pentynyl ether,

terminal vinylic position. the results obtained in this study strongly suggest that no
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allyl cation is formed during the reaction. The results shown

Ph

in entries 4—11 (Table 2) serve as a mechanistic probe § R 12 (5 mol %) s R

indicating a more concerted mechanism in the present case TZN—/ w \N/ €q5)
and tend to exclude the possibility of a simple N to C allyl —/ RePh,Me CHaCl 1t 0%
shift. The key step of this transformation may therefore be o

seen as a gold-catalyzed aza-Claisen type reaction. The NHTs) 12 (5 mol %) LS

following reaction pathway is therefore envisaged: gold(l) <:/ - . \ P (eqe)
activation of the triple bond in substrafel promotes the u CHCl, rt 23 87%
nucleophilic addition of the tosylamide and leads to the NHTs . Ts

formation of the cationic vinyl gold intermediate5. A V4 12 (5 mol %) \N/ " 24 (eq7)
subsequent aza-Claisen-type rearrangement furnishes inter- = 22 CH,Chy, 1t 52% (ZE = 1:3.8)

mediate16, which is presumably in equilibrium with the

gold(l) tosylenamide complek7. A proton loss from one TSNJOEt ® ,;gl %) e N (eq 8)
of these two intermediates allows the aromatization of the 4 - m — m + 9
system and the formation of a new gold intermedia8e =\ 25 77 g O g7 15% 31%

This latter is subsequently protodemetalated to finally give
pyrrole 19.

This mechanism is partly supported by a crossover
experiment in which an equimolar mixture of tosylamides
10f and 10g was reacted under standard conditions. As a
probe of the internal delivery of the allylic fragment, pyrroles
11f and11gwere the only products formed in this reaction
with no detectable products derived from a crossover of these
fragmentsit

To further highlight the synthetic potential of this trans-
formation, reactions of tosylamides bearing an internal alkyne
were attempted. Unfortunately, cinnamyl derivati2®
possessing either a phenyl or a methyl group at the terminal

of Furstner and Yamamot®¢migration of an ethoxymethyl
group was attempted. Even if this reaction proved to be very
sensitive, vinyl pyrrole27, presumably derived from the
intermediate ethoxy pyrrol6, could, however, be obtained

in a poor 15% yield along with 31% of pyrroka (eq 8)**

In summary, we have developed a new gold(l)-catalyzed
formation of functionalized pyrroles, which is characterized
by its efficiency, the mild conditions employed and the easy
formation of quaternary centers. The complete selectivity
observed in the structure of the final product is in agreement
with the postulated aza-Claisen type rearrangement. Further
studies of this new gold(l)-catalyzed process and its applica-

position of th_e alkyne did not lead to the corresponding tion to the synthesis of other heterocycles are underway.
pyrrole even in the presence of 5 mol % of the catalyst (eq

5). This lack of reactivity might be attributed to anincreased  Acknowledgment. We thank Prof. S. Z. Zard (CNRS/

steric hindrance during the nucleophilic addition step of the Ecole Polytechnique) for helpful discussions and Rhodia
tosylamide moiety onto the gold(l)-activated alkyne (from chimie Fine for a gift of HNTS.

14 to 15, Scheme 2).

Tosylamides21 and 22 lacking the allyl fragment were,
however, transformed into pyrrol@8 and24 under the same
conditions (eqs 6 and #j.Finally, by analogy with the work

Supporting Information Available: Experimental pro-
cedures and spectral data for new compounds. This material
is available free of charge via the Internet at http:/pubs.acs.org.

(13) Formation of pyrrole24 might be the result of a gold(l) or proton 0L0713032

catalyzed isomerization of the intermediate allyl pyrrole which seems to
be unstable under the reaction conditions. Such a behavior was already (14) Elimination of ethanol from intermedia®6 might be a gold(l)- or
observed for the gold catalyzed formation of furans (see ref 7b). a proton-catalyzed reaction.
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