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Abstract: We report a gold-catalyzed [2+2+2]-cycloaddition of
1,7-enyne with carbonyl species; our experimental data

10 suggests that the resulting oxacyclic cycloadducts arose from
an  interception of  gold-containing cyclobutenium
intermediates with carbonyl species.

In the presence of gold and platinum catalysts, 1,n-enynes (n = 5-
7) undergo cycloisomerizations with skeletal rearrangement,

15 giving various carbocycles with high chemoselectivity." For 1,6-
terminal enynes I, their key cyclopropyl gold-carbene
intermediates A have a dipole character to react with suitable
dipolarophiles to access bicyclic compounds II>® The first
realization of this valuable cycloaddition was reported by

0 Echavarren et. al.’> on the gold-catalyzed cyclizations of 1,6-
enynes bearing a tethered carbonyl functionality (Nu-E =
R R,CO); this method has been applied to the total synthesis of
naturally occurring compounds englerin A and B.*
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In contrast, gold-catalyzed intermolecular cycloadditions of
I,n-enynes with carbonyl species still remain a formidable task.
30 With 1,6-enynes, Echavarren attempted to intercept intermediate
A using external carbonyl compounds,’ but the reactions were
inevitably accompanied with side products in significant
proportions. Helmchen studied® similar cycloadditions using
unsubstituted 1,6-enynes, but carbonyl substrates were few and
35 used in large proportion (20 equiv). To continue our work on
gold-catalyzed cycloadditions on 1,n-enynes,”® we report an
efficient intermolecular [2+2+2]-cycloaddition of 1,7-enynes 1
with carbonyl species, giving cycloadducts 2 stereoselectively;
herein, the side reaction is the occurrence of cycloisomerization
a0 product,’ i.e., bicyclic cyclobutene species 3 that is not
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Scheme 1. [2+2+2]-Cycloadditions of 1,7-enynes with carbonyls.

60 convertible to acyclic diene III in this catalytic system. Our
experimental results suggest that cycloadduct 2 is generated with
an interception of cyclobutene-like cationic intermediate B with a
carbonyl species, and its formation is unrelated to both
cyclobutenes 3 and acyclic dienes II1.

6s Table 1 shows our efforts to realize the cycloaddition of 1,7-
enyne la with benzaldehyde with commonly used gold and
platinum catalysts. An optimized operation involves a slow
addition (2 h) of a metal catalyst in dichloromethane to a mixture
of 1,7-enyne (1 equiv) and benzaldehyde (2 equiv) in hot DCM

70 (35 °C). Workup of the solution followed immediately the end of

the catalyst addition. Such an atypical addition drastically

decreases the yields of cycloisomerization product 3a for most
catalysts, but the reason for this phenomenon is still unclear. We

first tested the reactions on P(#-Bu),(o-biphenyl) AuNTf, (entry 1)

that gave desired oxacyclic adduct 2a in 81% yield together with

byproduct 3a (14% yield). With a standard reagent addition, we
obtained cycloisomerization product 3a in 88% yield with
cycloadduct 2a in a tractable proportion (2%). For IPrAuNTf,

(IPr = 1,3-bis(diisopropyl phenylimidazol-2-ylidene, entry 2), we

so recovered starting 1a exclusively in hot DCM (35 °C, 6 h, entry
2). The reaction chemoselectivity was further improved with
more acidic P(z-Bu),(o-biphenyl)AuSbF; to give oxacyclic adduct
2a in 85% yield. PPh;AuSbFs also showed a fair
chemoselectivity to give compounds 2a and 3a in 71% and 20%

ss yields respectively (entry 4). A control experiment revealed that
AgSbF; alone gave mainly cycloisomerization species 3a in 60%
yield together with cycloadduct 2a in minor proportion (32%,
entry 5). For AuCl; and PtCl,/CO, their catalytic reactions gave
mainly undesired cycloisomerization product 3a in 90% and 47%
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Table 1 Tests of cycloadditions on various gold catalysts

@(«A Y

5 mol %catalyst
(2 h, addition)

DCM, 35 °c
(n equiv)®

entry catalyst i comr;t:unds (% yiel:):
1 LAUCI/AgNTf, — 81(2) 14(88)°
2 IPrAUCI/AgNTF, 90 - -
3 LAuCI/AgSbFg - 85 trace
4 AuCIPPhy/AgSbFg - 71 20
5 AgSbFg - 32 60
6 AuCl3 90
7 PtCIl,/CO 15 22 47
8 LAUCI/AgSbFg - - 90¢

L = P(#-Bu),(o-biphenyl), DCM = dichloromethane. 1a (1 equiv., 0.01
M).aPhCHO (2 equiv for entries 1-7).

. o c . .
separation from a silica column. The values in parenthesis correspond to

inelds are obtained after

a normal reagent treatment; the reaction duration is 5 min. This yield is
given in the absence of benzaldehyde.

yields respectively (entries 6-7). In the absence of benzaldehyde,
P(#-Bu),(o-biphenyl)AuSbF, gave only cyclobutene derivative 3a
in 90% yield. The molecular structure of compound 2a was
confirmed by x-ray diffraction study.'

We prepared various 1,7-enynes 1b-1i to test the scope of
substrates; their cycloadditions with benzaldehyde (2 equiv) were
operated according to the preceding procedure. We obtained
cycloadducts 2b-2i nearly exclusively except entry § that gave
cyclobutene compound 3i in a small proportion (31%). For 1,7-
enyne 1b bearing a cyclopentylidene moiety, we obtained its
resulting oxacycle 2b in 80% yield. The gold-catalyzed
cycloadditions also worked for 1,7-enynes lc-1g bearing fluoro
and methoxy at the phenyl C(3)-C(5) carbons, giving resulting
cycloadducts 2¢-2g in 55-85% yields (entries 2-6). The reaction
also worked well with all-carbon 1,7-enyne 1h bearing a
methylene bridge (X = CH,, entry 7), producing compound 2h in
78% yield. The cycloaddition on nitrogen-bridged 1,7-enyne 1i
gave cycloadduct 2i and cycloisomerization product 3i in 41%
and 31% yields respectively. The yield of desired cycloadduct 2i
was increased to 72% using benzaldehyde in excess proportion (6
equiv, entry 8).

We next investigated the scope of aldehydes (2 equiv) and
ketones (6 equiv.); the results are provided in Table 3. We
examined the reactions on various 4-substituted benzaldehydes;
satisfactory yields (86-88%) were obtained for methoxy- and
methyl derivatives 4a and 4b (entries 1-2) whereas decreased
yields (45-65%) were found for compounds 4c¢ and 4d bearing X
= Cl, CO,Me. In entry 4 (X = CO,Me), we obtained also
cycloisomerization byproduct 3a in 35% yield. These reactions
were extensible to various aliphatic aldehydes (Rs = H) including
Ry = methyl, ethyl, cyclopropyl and cyclohexyl; their resulting
cycloadducts 4e-4h were produced in satisfactory yields (71-
82%, entries 5-8). The cycloadditions of heteroaryl aldehydes (R
=2,
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Table 2. Gold-catalyzed cycloadditons with various 1,7-enynes

5 mol %
LAUCI/AgSbFg

—
PhCHO
(2 equiv)
DCM, 35°C, 2 h

55

2h (78%)

2i (41%C, 72%¢)

L = P(z-Bu),(o-biphenyl), DCM = dichloromethane, a[la] =0.01 M.

70 bProduct yields are obtained after separation from a silica column.’
Cyclobutene species 3i was obtained in 31% yield. *PhCHO (6 equiv).

3-furanyl and 2-thienyl) gave expected oxacycles 4i-4k in 81-
87% yields (entries 8-10). To our pleasure, these cycloadditions
75 worked well not only for alkenyl aldehydes but also for acetone;
resulting oxacyclic products 41 and 4m were obtained in 84% and

78% yields respectively (entries 12-13).

According to our control experiments, oxacyclic cycloadduct

2a was not produced from the gold-catalyzed cycloaddition of
s0 bicyclic cyclobutene 3a with benzaldehyde."' Like other 1,7-
enynes,’ an acyclic diene such as IITh (eq 2) was unattainable in

our catalytic system. To assure its absence, we prepared an

Table 3. [2+2+2]-Cycloadditions with varios carbonyl species

5 mol %
=Z O  LAUClAgsbFg
+ [
O/Q\ RL)J\RS DCM, 350C

2 equlv

o, B ol

(5) R = Me (4e, 82%) (9) Ar = 2-furanyl (4i, 81%)
(2) X = Me (4b, 86%) (6) R = Et (4f, 76%) (10) Ar = 3-furanyl (4j, 87%)
(3) X =Cl (4c, 65%) (7) R = cyclopropyl (4g, 72%) (11) Ar = 2-thienyl (4k, 81%)
(4) X = CO,Me (4d, 45%)° (8) R = cyclohexyl (4h, 71%)

4a-m®

(1) X = OMe (4a, 88%)

(o
T

o) “Ph
(12) 41 (84%)

(13) 4m (78%)°

L = P(#-Bu),(o-biphenyl), DCM = dichloromethane,a [1a]=0.01 M.
90 bProduct yields are obtained after separation from a silica column.’

aldehyde.
equiv).

d Cyclobutene species 3a was obtained in 35%. Acetone (6
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authentic sample of acyclic diene IITh from a separate procedure
(eq 2). In the presence of P(¢-Bu),(o-biphenyl)AuSbF (5 mol %),
this acyclic diene reacted slowly with benzaldehyde (2 equiv) in
dichloromethane to produce two diasteromeric cycloadducts 2h
and 2h’ in nearly equal proportion whereas 1,7-enyne 1h gave
only oxacyclic product 2h (Table 2, entry 7). The proposed
structure of species 2h> was inferred by the coupling constants of
the OCHPh proton (dd, J = 44, 12 Hz). The poor
diastereoselectivity of species IITh precludes its participation in
10 this enyne cycloaddition.

o

As shown in Scheme 2, we postulate that cycloadduct 2a
likely arose from the interception of gold-containing
cyclobutenium-like intermediate B'> with benzaldehyde giving
chair-like transition state C, ultimately giving observed product
2a stereoselectively. This reaction model also rationalizes our
observation on aldehyde substrates that electron-rich aryl
aldehydes are more efficient than their electron-deficient
analogues (Table 3, entries 1-4) in the cycloaddition reactions as
the former shows great nucleophilicity to intercept species B.

20
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Scheme 2. Stereochemical course and reaction mechanism

35 In summary, we report a gold-catalyzed stereoselective
cycloaddition of 1,7-enynes'® with various carbonyl species. This
cycloaddition proceeds with a wide scope of enynes and carbonyl
species in reasonable proportions with an efficient suppression of
cycloisomerization byproduct. Based on our experimental data,

40 we postulate that the formation of such [2+2+2]-cycloadducts
arise from an efficient interception of cyclobutenium-like
intermediate B. This work highlights the utility of gold catalysis
in cycloaddition reactions.
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We report a gold-catalyzed [2+2+2]-cycloaddition of 1,7-enyne with carbonyl
species; the resulting oxacyclic cycloadducts arose from an interception of
gold-containing cyclobutenium intermediates with carbonyl species.
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