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Isomerization reactions of 1,6-enynes are catalyzed by com-
plexes of many transition metals and have led to numerous
useful and interesting innovations in organic synthesis.[1]

Herein we report a novel gold-catalyzed intermolecular
addition of carbonyl compounds to 1,6-enynes I to form 2-
oxabicyclo[3.1.0]hexanes of type II (Scheme 1). Echavarren

et al.[2] have previously described an intramolecular gold-
catalyzed reaction of enynones, which proceeds through a
Prins-type reaction and yields different products.

Among the numerous novel reactions using gold com-
plexes as homogeneous catalysts,[3,4] the isomerization of 1,6-
enynes shows outstanding versatility. In the absence of an
additional reactant, dienes III and/or IV are formed, which
arise from 6-endo-dig and 5-exo-dig cyclizations to give
carbene complexes of type Vand VI, respectively. Preference

for III or IV in a specific case is strongly dependent on the
connector Z and on the substituents at the enyne moiety.[5]

The existence of V and VI was corroborated by DFT
calculations, and the existence of VI could be proved by
cyclopropanation of alkenes.[4d,6] In catalytic processes, V and
VI have been transformed into a variety of interesting
products by addition of nucleophiles (arenes[7] and alcohol
or water[5]). Furthermore, carbene complexes of type VII
were postulated as intermediates that are particularly impor-
tant for the work described herein. The complexes VII are
rearrangement products ofVI, and they have been trapped by
cyclopropanation of alkenes.[6b]

To optimize the reaction conditions for the conversion I!
II, the influences of the catalyst, the temperature, and the
ratio of carbonyl component and enyne were investigated
using the reaction of enyne 1 with benzaldehyde (2a) as an
example (Table 1). As observed with many enyne cyclizations

before, in the present case the catalyst [AuCl(PPh3)]/AgSbF6
(A) showed particularly high activity (see the Experimental
Section). The salts AuCl, AuCl3, CuOTf, PtCl2, and AgSbF6,
as well as [AuCl(PPh3)] without the addition of a silver salt

Scheme 1. Reactions of 1,6-enynes. Table 1: Optimization of the reaction conditions for the reaction of 1 with
five equivalents of benzaldehyde (2a).

Entry Catalyst Conditions Yield 3a
[%]

1 A 1.5 h �45 8C, no benzaldehyde (2a) –[a]

2 A 6 h �45 8C, then !RT, 1 equiv benz-
aldehyde (2a) (16 h)

38

3 A 6 h �45 8C, then !RT (16 h) 68
4 A 4 h �20 8C 66
5 A 1.5 h RT 42
6 B 6 h �45 8C, then !RT (12 h) –[b]

7 C 6 h �45 8C, then !RT (14 h) 59
8 [AuCl(PPh3)] 6 h �45 8C, then !RT (13 h) n. r.[c]

9 AgSbF6 6 h �45 8C, then !RT (15 h) n. r.
10 AuCl 6 h �45 8C, then !RT (12 h) n. r.
11 CuOTf 6 h �45 8C, then !RT (18 h) n. r.

[a] Yield of 4 : 49%. [b] Conversion to 3a <50% after 18 h (GC-MS).
[c] n.r.=no reaction.
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showed no catalytic activity in the addition reaction (Table 1,
entries 8–11). Among the weakly coordinating anions that
were tested, SbF6

� proved to be particularly well-suited
(Table 1, entries 3, 6, 7). The best yields were obtained when
the reaction was carried out at �45 8C with an excess of
benzaldehyde (Table 1, entries 1–5).

Without addition of an aldehyde, the enyne 1 reacted at
low temperature to give the 6-endo product 4, as anticipated[5]

(Table 1, entry 1). This product was detected by GC–MS also
in the reaction without the excess of benzaldehyde (Table 1,
entry 2) and in reactions run at temperatures of �20 8C and
above (entries 4, 5). With the exception of a run according to
entry 1, the compound was not isolated; at room temperature
it was not stable in the presence of the catalyst and gave rise to
side products which were not identified. The side product 4
was not formed when the optimal reaction conditions were
employed (Table 1, entry 3).

Subsequently, the applicability of the reaction to various
carbonyl compounds was investigated (Table 2). The yield

was somewhat lower with ortho-nitrobenzaldehyde (2b);
however, with isobutyraldehyde (2c) it was approximately the
same as with benzaldehyde (2a). Acetone (2d) and cyclo-
hexanone (2e) underwent the addition reaction at temper-
atures above about 0 8C.

The new reaction was further tested with several 1,6-
enynes and the 1,7-enyne 11 (Table 3). The structures of the
products 3b, 8, 10, 12, and 16 were confirmed by X-ray crystal
structure analysis.[8] In all cases, the reaction proceeded with
complete diastereoselectivity with respect to the stereogenic
centers C1a, C3, C3a, and C6a. Solely the diastereomer
represented in entry 3 of Table 3 was formed from the chiral
substrate 9.[9] The trans-deuterated enyne 5 furnished product
6 as a 1:1 mixture of epimers with respect to C1 (Table 3,

entry 1). Substrate 7, which contains a 1-methylvinyl group,
showed a significantly faster reaction than compound 1
(Table 3, entry 2). The formation of two quarternary centers
in vicinal positions is remarkable.[10] The bissulfonyl deriva-
tive 13 (Table 3, entry 5) gave the product in a yield
comparable to that obtained with malonic esters, while
substrate 15 with an ortho-phenylene moiety as the backbone
(Table 3, entry 6) gave a lower yield. Upon application of the
stated reaction conditions, 1,6-enynes with terminal substitu-
ents at the alkyne or alkene moiety did not yield products of
type 3.

A possible reaction mechanism for the formation of the
tricyclic products II is presented in Scheme 2. Addition of the
carbonyl oxygen atom as a primary step is plausible because
of the highly electrophilic character of cationic gold carbene
complexes. Intermolecular addition reactions of nucleophiles
to the isomeric gold carbene intermediates VI and VII were
described by Echavarren and co-workers.[7a] The oxophilic
character of the carbene carbon atom is also demonstrated by
recent publications: Hashmi et al.[11] proposed an intramo-
lecular addition of a carbonyl oxygen atom to a gold carbene
species, and Toste and co-workers[12] described an oxidation of
gold carbenes with sulfoxides. The lack of stereoselectivity in
the reaction of the deuterated substrate 5 (Table 3, entry 1)
suggests an addition to the linear achiral intermediate VII
leading to VIII. The subsequent reaction of VIII to II could
proceed stepwise as the addition of a carbocation to the
alkene moiety via the intermediate IX. In view of the very
high degree of diastereoselectivity for this transformation, a

Table 2: Products of the intermolecular addition of different aldehydes
and ketones to 1.

5 equiv 2b, �50!�25 8C over 5 h 20 equiv 2c, 6 h �45 8C, then !RT

20 equiv 2d, 8.5 h �5 8C 20 equiv 2e, 16 h 5 8C, then !RT

Table 3: Addition of ortho-nitrobenzaldehyde (2b) to various enynes.[a]

Entry Enyne t [h] Product (yield [%])

1 18

2 4[b]

3 21

4 43

5 16

6 22

[a] Reaction conditions: 5 equiv aldehyde, 0.2m enyne in CH2Cl2,
catalyst: 5 mol% A, 6 h �45 8C, then !RT. [b] Complete conversion
after 4 h at �45 8C. [c] The reaction proceeded without racemization.
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1,3-dipolar cycloaddition to the cyclopentene appears possi-
ble; such a reaction is typical for rhodium carbene com-
plexes.[13]

In conclusion, for the first time an intermolecular gold-
catalyzed addition of aldehydes and ketones to 1,6-enynes has
been observed. This reaction proceeds highly diastereoselec-
tively to yield a novel type of tricyclic compounds as products.
Further investigations are required to explore the scope of the
reaction and gain deeper insight into the reaction mechanism.

Experimental Section
Exemplary procedure (see Table 1, entry 3): Under an atmosphere of
argon a solution of benzaldehyde (2a ; 530 mg, 5.0 mmol), enyne 1
(210 mg, 1.0 mmol), and AgSbF6 (17 mg, 50 mmol) in anhydrous
CH2Cl2 (5 mL) was cooled to �45 8C and treated with [AuCl(PPh3)]
(24.7 mg, 50 mmol). The solution turned orange and was kept at
�45 8C for 6 h. The cooling device was switched off, which initiated
slow warming to room temperature. After an overall reaction time of
22 h, the solution was filtered through celite, which was then washed
with CH2Cl2 (50 mL). Flash column chromatography on silica (25 g,
petroleum ether/ethyl acetate 10:1) yielded 3a (216 mg, 68%) as a
colorless oil. 3a : 1H NMR (300 MHz, CDCl3): d= 7.22–7.35 (m, 5H;
Ph-H), 5.09 (dt, J= 7.5, 3.7 Hz, 1H; 3-H), 3.87 (dd, J= 5.1, 1.7 Hz,
1H; 1a-H), 3.84, 3.75 (2s, 6H; 2OCH3), 2.47–2.62 (m, 3H; 3a-H, 4-
H), 2.38 (s, 2H; 6-H), 1.14 (dd, J= 6.3, 1.8 Hz, 1H; 1-H), 0.98 ppm
(dd, J= 6.2, 5.1 Hz, 1H; 1-H); 13C NMR (75 MHz, CDCl3): d= 172.3,
171.9 (2s; 2CO2CH3), 141.6 (s; Ph), 128.5, 127.7, 125.7 (3 d; Ph), 95.7
(d; C-3), 65.6 (d; C-1a), 61.6 (s; C-5), 55.1 (d; C-3a), 53.0 (q; 2 OCH3),
38.3, 38.0 (2 t; C-4, C-6), 36.5 (s; C-6a), 23.1 ppm (t; C-1); HRMS
(EI): m/z calcd for C18H20O5: 316.1311; found: 316.1324 [M+].
Elemental analysis (%) calcd for C18H20O5 (316.35): C 68.34, H 6.37;
found: C 68.32, H 6.33.
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