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ABSTRACT

Catalyzed by gold(I), ( E)- and (Z)-2-(arylmethylene)cyclopropylcarbinols, terminal arynes, and alcohols underwent three-component addition
reactions to produce 3-oxabicyclo[3.1.0]hexanes in high yields and moderate diastereoselectivities under mild conditions. A plausible mechanis m
based on an intermolecular tandem hydroalkoxylation/Prins-type reaction pathway has been proposed.

Multicomponent reactions (MCRs) are powerful tools in
organic synthesis because these transformations deliver
complex molecules straightforwardly in a single operation.1

During the past few years, gold has emerged as the most
efficient catalyst for activation of alkynes, allenes, and
alkenes due to its exceptional alkynophilicity.2 Despite
tremendous progress made in this area, efficient three-
component additions catalyzed by gold(I) are rare.3 In this
communication, we report efficient gold(I)-catalyzed three-
component additions of 2-(arylmethylene)cyclopropyl-
carbinols,4 terminal arynes, and alcohols. Last year, Barlu-
enga et al. found a novel tandem 6-exo cycloisomerization/

Prins-type cyclization of allyl-substituted 5-hexyn-1-ol
derivatives catalyzed by gold and platinum complexes to give
eight-membered carbocycles,5 indicating that enol ether could
act as an acceptor for a Prins-type transformation. Recently,
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we also reported cascade Brønsted acid mediated three-
component condensations of 2-(arylmethylene)cyclopropyl-
carbinols1 and aldehydes where the Prins reaction mecha-
nism is the key step (eq 1).6 Thus, we envisaged that, in the
presence of gold, a three-component hydroalkoxylation/Prins-
type reaction might take place when1, an alkyne, and an
alcohol were mixed together (eq 2).

Using (E)-2-(benzylidenecyclopropyl)methanol1a, phenyl-
acetylene, and methanol as substrates, we tested the hypoth-
esis described above. To our delight, we found that the
expected three-component adducts2a and3a were obtained
as a pair of diastereoisomers in moderate yields. Following
that, we optimized the reaction conditions, and the results
are summarized in Table 1. No reaction occurred in methanol

at 70 °C (Table 1, entry 1). In addition, complex product
mixtures were obtained in 1,2-dichloroethane (DCE) when
less than 4 equiv of methanol was added, presumably because

substrate1a itself could trap the formed cationic intermediate
(Table 1, entry 2). Addition of magnesium sulfate or 4 Å
molecular sieves suppressed this transformation (Table 1,
entries 3 and 4). Using 10 equiv of methanol in DCE at 70
°C, 2a and 3a were obtained in 82% total yield (Table 1,
entry 5). Decreasing the reaction temperature from 70 to 45
°C, the diastereoselectivities of2a and 3a were improved
slightly along with similar yields (Table 1, entries 5-7). A
1.8:1 diastereoselectivity and 87% total yield of2a and3a
were achieved when the reaction was carried out at 35°C
in dichloromethane (DCM) with 6 equiv of methanol (Table
1, entries 8 and 9). Further decreasing the reaction temper-
ature did not improve the total yield of2a and3a (Table 1,
entry 10). Some other solvents were examined under the
standard conditions. Toluene, benzene, and tetrahydrofuran
(THF) are not suitable solvents for this transformation (Table
1, entries 11-13). In chlorobenzene at 35°C, the reaction
proceeded smoothly to afford2a and3a in good yield, but
with slightly lower diastereoselectivity (Table 1, entry 14).
It should be noted that, in the presence of Brønsted acid or
Ag(I) salt itself, no reaction occurred under the standard
conditions. Therefore, Au(I) is the key catalyst in this
multicomponent reaction.

With these optimal conditions in hand, we next carried
out this three-component addition reaction using a variety
of starting materials1, terminal arynes, and alcohols as
shown in Tables 1 and 2, respectively. 2-Phenylethanol, a

sterically more bulky primary alcohol than methanol, reacted
with 1a or 1b and a variety of substituted phenylacetylenes
smoothly to afford2b-f and3b-f in excellent yields along
with 1.8-2.2:1 diastereoselectivities within 5-24 h (Table
2, entries 1-5). In addition, as can be seen from Table 2,

(6) Tian, G.-Q.; Shi, M.Org. Lett.2007,9, 2405.

Table 1. Optimization of the Reaction Conditions

entrya MeOH additive solvent
temp
(°C)

time
(h)

yieldb (%)
(2a/3a)

1 - MeOH (1 mL) 70 12 -
2 4 equiv - DCE (1 mL) 70 2 complex
3 10 equiv MgSO4 DCE (1 mL) 70 12 -
4 10 equiv 4Å MS DCE (1 mL) 70 12 -
5 10 equiv - DCE (1 mL) 70 3 82 (1.1:1)
6 10 equiv - DCE (0.6 mL) 55 6 77 (1.2:1)
7 10 equiv - DCE (0.6 mL) 45 6 80 (1.4:1)
8 6 equiv - DCE (0.6 mL) 35 7 89 (1.6:1)
9 6 equiv - DCM (0.6 mL) 35 5 87 (1.8:1)

10 6 equiv - DCM (0.6 mL) rt 10 62 (2.0:1)
11 6 equiv - PhMe (0.6 mL) 35 24 complex
12 6 equiv - PhH (0.6 mL) 35 24 -
13 6 equiv - THF (0.6 mL) 35 24 -
14 6 equiv - PhCl (0.6 mL) 35 24 86 (1.6:1)

a All reactions were carried out with1a (0.3 mmol), phenylacetylene
(0.6 mmol), methanol, and catalyst (0.009 mmol) under argon atmosphere.
b Isolated yields.

Table 2. Scope of the Three-Component Addition

entrya R1/R1′ R2

time
(h)

yieldb (%)
(2/3)

1 C6H5/H, 1a C6H5 7 92 (1.8:1) (2b/3b)
2 C6H5/H, 1a 4-MeC6H4 5 95 (2.0:1) (2c/3c)
3 p-ClC6H4/H, 1b 4-MeC6H4 5 89 (2.2:1) (2d/3d)
4 C6H5/H, 1a 4-BrC6H4 24 90 (2.1:1) (2e/3e)
5 p-ClC6H4/H, 1b 4-BrC6H4 24 79 (2.0:1) (2f/3f)

a All reactions were carried out with1 (0.3 mmol), 2 (0.6 mmol),
2-phenylethanol (1.8 mmol), and catalyst (0.009 mmol) under argon
atmosphere.b Isolated yields.
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terminal aryne bearing an electron-donating group is more
reactive than phenylacetylene or that bearing an electron-
withdrawing group. Therefore, using 4-methoxyphenylacet-
ylene as a substrate, we examined the reactions with a variety
of 1 and alcohols under the best conditions. It was found
that1a reacted with 4-methoxyphenylacetylene and methanol
rapidly at room temperature (20°C), affording2g and3g in
93% yield within 6 h along with2g/3g ) 2.3:1 (Table 3,

entry 1). Under the same conditions, 2-phenylethanol gave
2h and 3h in 90% yield and a higher diastereoselectivity
(2h/3h ) 2.6:1) (Table 3, entry 2). Whether there was an
electron-withdrawing group or an electron-donating group
on the aromatic rings of1, the three-component addition
reactions proceeded smoothly to give the corresponding
adducts in good yields and moderate diastereoselectivities
(Table 3, entries 3-8). A methoxy group on the aromatic
ring of 1 seems to be an exceptional substituent since an
inversed diastereoselectivity was observed for1e (Table 3,
entry 6). Prop-2-en-1-ol and butan-1-ol are also suitable
nucleophiles for trapping the formed cationic intermediates
(Table 3, entries 9 and 10). Reaction of (Z)-2-(benzylidene-
cyclopropyl)methanol1g with 4-methoxyphenylacetylene
and 2-phenylethanol furnished the same products as those
with 1a, but in a lower yield (Table 3, entry 11). It should
be emphasized here that a cyclopropyl group on the molec-
ular backbone is essential for this reaction since, if using
(E)-4-phenylbut-3-en-1-ol [(E)-Ph-CHdCH-CH2-CH2-
OH] as a substrate, no reaction occurred under the standard
conditions. Product structures of2a-p and 3a-p were

determined by1H and13C NMR spectroscopic data, HRMS,
and microanalysis. Furthermore, the X-ray crystal structure
of 2h was determined (Figure 1), and its CIF data are
presented in the Supporting Information.7

To confirm the mechanism of this addition reaction,
we performed deuterium labeling studies with deuterated
phenylacetylene and methanol-d4. Under the same conditions,
reaction of1awith deuterated phenylacetylene and methanol
afforded2g-d1 and3g-d1 in 83% yield. Moreover, reaction
of 1a with phenylacetylene and methanol-d4 produced2g-
d5 and3g-d5 in 90% yields, indicating that two deuterium
atoms were incorporated at the terminal alkynyl carbon
(Scheme 1).

The deuterium labeling experiments support a mechanism
that is consistent with our hypothesis described at the

Table 3. Scope of the Three-Component Addition

entrya R1/R1′ R3

yieldb (%)
(2/3)

1 C6H5/H, 1a Me 93 (2.3:1) (2g/3g)
2 C6H5/H, 1a C6H5CH2CH2 90 (2.6:1) (2h/3h)
3 p-ClC6H4/H, 1b C6H5CH2CH2 90 (2.7:1) (2i/3i)
4 p-BrC6H4/H, 1c C6H5CH2CH2 82 (3.0:1) (2j/3j)
5 p-MeC6H4/H, 1d C6H5CH2CH2 85 (2.7:1) (2k/3k)
6 p-MeOC6H4/H, 1e C6H5CH2CH2 68 (1:1.3) (2l/3l)
7 m-MeC6H4/H, 1f C6H5CH2CH2 59 (2.5:1) (2m/3m)
8 m-MeC6H4/H, 1f Me 69 (2.2:1) (2n/3n)
9 C6H5/H, 1a CH2dCHCH2 92 (2.0:1) (2o/3o)

10 C6H5/H, 1a n-C4H9 86 (2.1:1) (2p/3p)
11 H/C6H5, 1g C6H5CH2CH2 62 (2.6:1) (2h/3h)

a All reactions were carried out with1 (0.3 mmol), 4-ethynylanisole (0.6
mmol), alcohol (1.8 mmol), and catalyst (0.009 mmol) under argon
atmosphere.b Isolated yields.

Figure 1. ORTEP drawing of2h.

Scheme 1. Deuterium Labeling Experiments
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beginning of this communication. Activation of aryne by
gold(I) forms intermediateA, which is attacked by substrate
1 to produce vinylgold speciesB. SpeciesB undergoes
protodemetalation to furnish intermediateC. The intermedi-
ate C is activated by gold(I) again,8 and a subsequent
intramolecular nucleophilic attack (Prins-type reaction) oc-
curs to afford intermediateD stereospecifically. This process
may proceed via a chair-like transition stateC′, which can
account for the stereoselectivity. Trapping the organogold
cation by an alcohol and the following protodemetalation
delivers the three-component adducts and regenerates the
gold(I) catalyst (Scheme 2). Along with the clarification of
the reaction mechanism, we should point out at the same
time that, although the principle of gold-catalyzed hydration
of triple bond is well-known in intramolecular addition
reaction, intermolecular addition to the triple bond is not an
easy task and still remains a real challenge.

In summary, we have developed an efficient three-
component addition reaction of 2-(arylmethylene)cyclo-
propylcarbinols1, terminal arynes, and alcohols catalyzed
by gold(I). This synthetic protocol furnishes 3-oxabicyclo-
[3.1.0]hexanes straightforwardly from simple materials under
mild conditions, substantially enriching gold chemistry. A
plausible mechanism has been proposed that is based on an
intermolecular tandem hydroalkoxylation/Prins-type reaction
pathway. Clarification of the reaction mechanism and further
application of this chemistry are in progress.
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Scheme 2. Proposed Mechanism Based on Intermolecular
Hydroalkoxylation/Prins-Type Reactions
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