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ABSTRACT

We have reported an efficient gold(I)-catalyzed tandem cyclization of tert- butyl carbonate derivatives of hex-1-en-5-yn-3-ol where nucleophilic
participation of the O-Boc group appears to intercept a carbocationic (or cyclopropyl carbene) Au intermediate. This novel protocol leads to
densely functionalized cyclohexene-3,4-diol derivatives where 1,2- or 1,2,3-stereocenters are controlled in a highly diastereoselective fashion.

Tandem reactions in which multiple bonds are formed in a
chemo-, regio-, and stereoselective fashion are highly valued
because of the need to synthesize increasingly complex
natural targets or pharmaceutical agents. Recently, gold
catalysis has provided a highly potent means of triggering
addition reactions on alkyne1 and proved effective in a
number of consecutive C-X (heteroatom) and C-C bond-
forming processes.2 In this context, cyclizations of 1,5-enynes
forming multiple stereocenters and functionalities in a single
operation would present a valuable opportunity.3 Earlier
examples of the gold-catalyzed cycloisomerization of 1,5-

or 1,6-enyne led to [n,1,0]bicycloalkene (n) 3, 4), where
the catalytic cycle is terminated by 1,2-H-shift from Au-
carbenoid.4 A synthetically more appealing approach would
be trapping the cationic intermediate by appropriate nucleo-
phile, such as alcohol or amine,2a,5a-c and σ-bond via
Wagner-Meerwein 1,2-shift.5d

O-Boc carbonate is another promising nucleophile for a
possible trapping cationic intermediate because it could
generate 1,2- or 1,3-diols in a protected form. A formal
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addition of acetate or carbonate on alkene, as compared to
that on alkyne,6 has the inherent advantage of generating
stereogenic center(s) and therefore have been utilized in a
number of noncatalyzed versions.7 However, Au-catalyzed
functionalizations of isolated alkene have been far less
precedented than those of alkyne and typically occur under
harsh conditions.8 On the other hand, alkene functionalization
of 1,5-enyne could occur under very mild conditions by
virtue of alkyne activation by gold complex.

In the course of our study on the cyclization ofO-Boc
carbonates derived from homopropargylic alcohols (route A,
Scheme 1),6b we found that chemoselectity changes from

O-Boc (O-nucleophile) to alkene (C-nucleophile) when an
alkenyl tether is positioned at the appropriate position (route
B).9 Herein, we report the realization of this concept,
terminating in the synthesis of densely functionalized cy-
clohex-4-ene-1,2-diol derivatives, which constitute useful
intermediates of substantial synthetic interest. A notable
feature of this novel cyclization is that three contiguous
stereocenters, including a quaternary carbon, are controlled
in a highly diastereoselective fashion.

Initially, we tested1 with (PPh3)AuSbF6 in DCE for the
cyclic carbonate formation (Scheme 1, route A). In a complex
mixture, we could obtain2 in 37% yield after 3 h at rt,whose
constitution was confirmed by1H, 13C, COSY, and DEPT-
NMR experiments for the hydrolyzed diol3 (eq 1).

As indicated in Scheme 1, the intermediacy of alkenyl
group in the cyclization could be significantly enhanced by
the presence of a carbocation stabilizing group at R1. We

were pleased to find that placing Me at R1 (4) improved the
yield, producing5 (57%) using Au(PPh3)SbF6 (5 mol %)
(Table 1, entry 2). A careful optimization in terms of
counteranion, ligand, and solvent identified Au[t-Bu2P(o-
biphenyl)]SbF6 as optimal catalyst10 which produced 46%
of 2 and 78% of5 (along with its 1,2-diastereomer, 10%) at
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Scheme 1. Switch of Chemoselectivity:O- vs C-Nucleophile

Table 1. Gold-Catalyzed Cyclization of 1,5-Enyne into
Cyclohex-4-ene-1,2-diol Derivative

a All reactions were conducted at rt in DCE. Method A: Au(PPh3)SbF6
(5 mol %) in DCE (0.2 M). Method B: Au[(t-Bu2P(o-biphenyl)] SbF6 (2
mol %). b Isolated yield of the major diastereomer after chromatographic
purification. c Diastereomeric ratio (in parentheses) was determined on the
basis of the isolated yield after flash column chromatography.d For structural
identifications, see ref 10 and the Supportiing Information.e Less than 5%
of exo-isomers were isolated.
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rt and 2 mol % of catalyst loading (entries 1 and 3).11 The
presence of a phenyl group at R1 led to 84% of bicyclocar-
bonate7, with no other detectable diastereomer (dr>20:1,
entry 4). Incorporation of alkyl at R2 and/or R3 was well
accommodated, producing9 and11 in good yields, although
in the latter case, a slightly reduced diastereoselectivity was
observed (entries 5 and 6).11 Cyclic substrates were viable
and delivered tricyclic carbonate13and15smoothly (entries
7 and 8). Substrate having an internal alkyne (16, 19, 22,
and25) also underwent smooth cyclizations, although in this
case, a small amount of exo-isomers as well as diastereomers
were obtained (entries 9-13). Interestingly, the diastereo-
meric ratio increased when an electron-rich and bulky ligand
was used (entries 9 and 10) and also when a substituent was
present at R2 (entries 11 and 12).12 For 17, single-crystal
X-ray crystallography allowed an unambiguous assignment
of the relative stereochemistry (Figure 1).

To further probe the effect of acetylene substituents, we
prepared substrates28,30, and33 (Scheme 2). As expected,
the ester group in28puts unfavorable electronic bias toward
the desired cyclization and induces attack ofO-Boc on
alkyne, and hydrolyzed product29was isolated in 45% yield.

Bromo-substituted30 also favored addition on alkyne to
produce31 (52%) along with desired32 (17%). In the case
of 33, devoid of R1 substituent, an alternative 1,3-function-
alization occurred to deliver34as a major product (39%) as
well as35 (25%, single isomer).

A consistently high level of stereochemical control can
be rationalized on the basis of the6-endo-digtransition state
as depicted in Scheme 3. Cyclization through the attack of

O-Boc group on the carbocationicA seems disfavored for
stereoelectronic reasons, and the attack on cyclopropyl gold
complexA′ (or B′ for minor isomer) seems most consistent
with our observations. Together with the importance of
cation-stabilizing ability at R1 in the current cyclization, we
believe that the actual intermediate species is a resonance
hybrid ofA andA′ (or B andB′).13 Alternatively, a concerted
pathway is also consistent with the observed diastereoselec-
tivity.

The evolution of33under the current gold catalysis reveals
another evidence of involvement of non-classical, carbene
stabilized Au-intermediate as shown in Scheme 4. In this
case, carbene-stabilized cationic intermediateC can have two
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Figure 1. Relative stereochemistry in17by X-ray crystallography

Scheme 2. Further Substrate Scope

Scheme 3. Proposed Stereochemical Course of the Cyclization
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mesomeric extremes, i.e.,C-1 andC-2, both corresponding
to secondary carbocation in classical terms. The stereo-
selective formation of34 and35 presumably evolves from
C-1 andC-2, respectively, which form resonance hybdrids
with C. Notably, a lack of cation-stabilizing ability in33
slows down the attack of the internalO-Boc nucleophile.

In summary, we report herein a novel Au(I)-catalyzed
assembly of densely functionalized cyclohexene derivatives
in a highly stereoselective tandem reaction. It is noteworthy

that the nucleophilic participation of theO-Boc group in the
gold-catalyzed cyclization has been expanded to include a
formal nucleophilic attack on an alkene. Subsequent studies
directed at target-oriented synthesis are currently underway
in this laboratory.
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Scheme 4. Evolution of 33
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