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Abstract: The gold(I)-catalysed isomerisation of
1,8-enynes allows the efficient synthesis of function-
alised bicyclo[5.2.0]nonenes. Notably, these cyclobu-
tenes derivatives can be isolated as reactive inter-
mediates that could undergo subsequent gold(I)-
catalysed transformations such as isomerisation,
fragmentation or ene reaction to furnish more
structurally complex products. This study also pro-
vides useful information related to the mechanism
leading to metathesis-type derivatives, examples of
which were shown to be produced, in the present
case, by a gold(I)-catalysed ring fragmentation of
the cyclobutene moiety.
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1,n-Enynes represent a privileged class of substrates
in the area of transition metal-catalysed reactions.!'!
They can indeed be cycloisomerised efficiently and
generally selectively under mild conditions into a
wide variety of products, depending on their substitu-
tion pattern and the nature of the metallic species
used. Among these transformations, those related to
the formation of a cyclobutene product 2 following a
formal [242] cycloaddition of an 1,n-enyne 1 are
much less common [Scheme 1, Eq. (1)].1%

This can be explained by the presence of a variety
of other skeletal rearrangements that are generally
more favoured than the [2+2]cycloaddition process,
which leads to potentially more strained bicyclic pro-
ducts.'”?) A series of cyclobutenes derivatives have
however been isolated as the products of the reaction
when a specific substitution pattern of the alkene and/
or alkyne disfavours the more commonly observed

Adv. Synth. Catal. 2009, 351, 379 -386

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ':Jgig

[2+2] R® R R®
cycloaddltlon LR | R!
R3 — s Vi R2 (1)
R* R4 R
1,n-enynes 1 cyclobutenes 2 3

endocyclic alkene:

Q)n Pd(ll), Ga(lll)
X
4

X = C(CO,Me), O

n

X n=1-3 (2)
1-
R Pt(11), Au(l) H R=HMe
g (1), Aufl) ! R?*=H, CO,Me
acyclic alkene:
7 Pt(ll)
E: < : (—> E .. E = ester 3)
— Pd(ll) E R=H,E, Ar
R R
4 PY(1), Ru(ll) O R = i-Pr, Br, |
’ O x O, NTs, CHZ( )
X CH,OMe
VY
PA(Il) {n R=Ts, CBz
o — K PSRN N
N auy N -
R 8 R; 11 (unstable)

Scheme 1. Cyclobutenes as products in metal-catalysed cy-
cloisomerisation of 1,n-enynes.

skeletal rearrangement. This is the case with 1,7-
enyne substrates of type 4 bearing an endocyclic
alkene moiety that reacts with an electrophilic
PA(IT),5 Ga(III),* Pt(11),5 or Au(I)P? catalyst to
furnish tricyclic compounds of type 5 [Scheme 1, Eq.
(2)]. Certain other 1,6- and 1,7-enynes 6-8, possessing
an acyclic alkene and an arylalkyne or ynamide
moiety can also be transformed into the correspond-
ing cyclobutenes 9-11 in the presence of a Pd(II),/*®l
Pt(I1),“¢ Au(I),** or Ru(I)!* catalyst [Scheme 1,
Egs. (3)-(5)]. Cyclobutenes 2 have also been postulat-
ed as intermediates in a series of metal-catalysed
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transformations of 1,n-enynes 1 that furnish metathe-
sis type compounds 3 [Scheme 1, Eq (1)].”)

In the specific case of the gold-catalysed single exo-
cleavage skeletal rearrangement of 1,6-enynes such as
12, DFT calculations have, however, lent support to
mechanistic pathways that do not involve the interme-
diacy of such cyclobutenes (Scheme 2).1%*6]

Following our previous investigations in the field of
gold-catalysed cycloisomerisations of enynes,”! we
report herein that a series of 1,8-enynes can be trans-
formed into functionalised cyclobutenes. These can be
either isolated as the final products of the reaction or
further transformed into various products including
metathesis-type derivatives.

In an attempt to cycloisomerise 1,8-enynes into cy-
cloheptene derivatives following a reaction pathway
similar to that reported in the case of 1,6-enynes (see
Scheme 2), substrate 16 was treated with 4 mol% of

s Xa\(k

X _— ) R —

X
=
—  X=C(CO,Me) 14 AuL

single exo-clevage l 15

------------------------------- - XA
=

Scheme 2. Mechanistic pathway for the gold(I)-catalysed
single exo-cleavage skeletal rearrangement of 1,6-enynes.

I, 13
LAu *

4 mol%
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—_———

/\}\ — c=01M

CH,CI, r.t.
16 e

X = C(CO,Me), 24 h, 91%

4 mol% 20

CD,Cl, r.t, 15 h

4 mol%
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16 PYIVE
c=01M
CD,Cl, r.t.

(Ph,P)AUNTT, max. 20% (3 h)
[(Ph;P)AUNCCH,]SbF, max. 8% (30 min)

Cy
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i-Pr, 20
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max. 88% (15 min)
86% (isolated)

-Pr

the stable (Ph;P)AuNT%,® in CH,Cl, at room temper-
ature [Scheme 3, Eq. (6)].”) After 24 h, 'TH NMR anal-
ysis of the crude reaction mixture showed a complete
and clean conversion of 16 into cycloheptadienes 17
and 18, which were isolated as a 1.4:1 mixture in 91%
yield. The formation of deconjugated cycloheptadiene
17 as the major product was however rather surprising
and could not be directly explained following a mech-
anistic pathway analogous to that proposed for the cy-
cloisomerisation of 1,6-enynes. Due to the difficulties
encountered in monitoring the reaction by TLC, the
conversion was performed in CD,Cl, and monitored
by 'H NMR spectroscopy [Scheme 3, Eq. (7)].

We were pleased to see that another species,
namely cyclobutene 19, was involved in this transfor-
mation. This intermediate rapidly accumulated to a
maximum of ca. 20% yield (after 3 h) and then gradu-
ally disappeared while the quantity of 17 and 18 con-
tinuously increased. In order to obtain more insight
into the mechanism of this reaction and unambigu-
ously establish the intermediacy of cyclobutene 19 in
the formation of 17 and 18, we envisaged its isolation
and various gold(I) catalysts were therefore screened
in order to optimise its yield."”) While a faster trans-
formation was observed when the more electrophilic
gold(I) complex [(Ph;P)AuNCCH;]|SbF, was used as
the catalyst, a disappointing maximum ca. 8% yield of
cyclobutene 19 (after 30 min) was observed. The use
of the bulkier catalyst 20 had a remarkable impact on
the course of the transformation. Gratifyingly, the se-

l 96% (1.6:1)

—_—

|17 + 13| (7)

90% (1.4:1) 24 h
90% (1.1:1) 8 h

95% (1.6:1) 15 h

Scheme 3. Cycloisomerisation of enyne 16/optimisation of the formation of cyclobutene intermediate 19.
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lectivity was improved in this case and cyclobutene 19
could be isolated in 86% yield when the reaction was
quenched after 15 min. Resubmitting 19 to the same
reaction conditions, furnished a mixture of cyclohep-
tadienes 17 and 18 in the same yield and ratio as
those obtained starting from 1,8-enyne 16.'' Addi-
tionally, the 17:18 ratio remains unchanged when the
mixture is re-treated with catalyst 20, indicating that
deconjugated diene 17 is not converted into conjugat-
ed diene 18."7 Cyclobutene 19 also proved to be
stable in solution in the absence of gold catalyst 20,
thus excluding its conversion into conjugated diene 18
by conrotatory ring opening. We have hence estab-
lished the intermediacy of cyclobutene 19 in the for-
mation of cycloheptadienes 17 and 18, which could
arise through carbocation 21 following a gold-cata-

Table 1. Scope of the Au(I)-catalysed [2+2] cycloaddition

lysed fragmentation of the cyclobutene moiety.'”) No-
tably, even if the gold-catalysed cycloisomerisations of
1,6-enyne 12 and 1,8-enyne 16 furnish structurally
similar metathesis type compounds 15 and 18, these
are produced by two different mechanistic pathways.
The formation of deconjugated cycloheptadiene 17 as
the major product of the reaction is however difficult
to rationalise, more especially when contrasted with
the reaction of 1,6-enyne 12, which exclusively fur-
nishes conjugated diene 15 via a postulated carbocat-
ionic intermediate 14 that is similar to 21.1""!

Given the novelty of this transformation and the
presence of the bicyclo[5.2.0]nonane framework in
the skeleton of a number of natural products, we de-
cided to study the scope of the [2+2]cycloaddition.
As seen from the results compiled in Table 1, the re-

;
\/grRz B@moH X R R
"IR3
>/—— CDZCIZ r.t. g:;tr
R* RS
22a-p 23a-p
Entry Substrate Product t Yield [%]®
AcO OAc H Me
N AcO *Me
1 22a \ 23a 0.25h 90
— AcO
MeO,C H R
MeO,C g3
2 22b 23b 3h 83
3 22¢ 23c 24h ol
MeO,C CO,Me
4 224 ﬁ\/ 23d 10h 80
EtO,C_ CO,Et
R5
5 22e =Me 23e 85h 57 (82)1
6 22f RS_n CH, 23f 75h 66
CO,Me MeO,C
Meo,c. 02 MeO,C Me ph
R* “H
R* RS
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Table 1. (Continued)

Entry Substrate Product t Yield [% ]
7 22¢ R*=H, R°=Me 23g 135h 7
8 22h R*—R’=-(CH,), 23h 2h 62
CcOo,Me MeO,C
MeOZC 2 MeO,C Me
A N
R® o R* R®

9 2i R*=H, R*=Me 23i 025h 85
10 22 R‘=H,R*=n-CH,, 23 1.5h 78
11 2k R‘—R’=-(CH,)- 23k 3h 77
12 221 R*R’=-(CH,),- 231 5 min 85

Meo,c_COMe MeO:C oo, Me
13 22m f ; 23m 10 min 86

_ Me
EtO,C_ CO,Et EO,C
A
14 22n f\ 23n EtozC@ 22h 620!
Et0,C. CO,Et BtOC  co,Et

15 220 :< N 230 16h 65

MeOC_,CO,Me MeOLC H MeM 1h 49[[d]] (1:1)::]]

N 0, ('Me 6h 41 (1:1)

16 22p @ 23p Vo

[ Isolated yields.

bl Under reflux.

[l NMR spectroscopic yield.

@ In refluxing 1,2-dichloroethane.

[} With [(2,4-di-t-BuPhO);PAu]SbF; as the catalyst (4 mol% ).

1" Diastereoisomeric ratio.

action proved to be quite general and various 1,8-
enynes 22a—-p reacted using 4 mol% of gold complex
20 to give cyclobutenes 23a—p in generally good yields
(41-90%).1'4

The transformation could be performed with sub-
strates possessing diversely substituted alkenes, with
the exception of 1,8-enyne 22¢, bearing a neryl chain
which, surprisingly, did not react (entry 3).") The
esters at C(4) could be replaced by diacetoxymethyl
groups whithout loss of efficiency (entry 1) and other
acyclic (entries 6, 10), carbocyclic (entries 8, 11, 12) or
aromatic (entries 13, 15) susbtituents were tolerated
at postions C(6) and/or C(7) of the 1,8-enyne. Nota-
bly, the time necessary to reach a maximum yield of
the cylobutene was generally dependant on the nucle-
ophilicity of the alkene, while the yield was function
of the presence of possible competitive reactions af-
fecting the cyclobutene ring. Cyclobutenes 23i-m de-
rived from enynes possessing a methallyl group (en-

382 asc.wiley-vch.de
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tries 9-13) were for instance rapidly formed and did
not suffer subsequent transformation.'® In contrast,
the reaction was very slow for substrates 22n-o bear-
ing a simple allyl moiety. A highly competitive iso-
merisation process took place in this case, that ulti-
mately led to the formation of cyclobutene 23n—o0 in
which the C=C bond of the cyclobutene had migrated
at the ring junction. Finally, even if it makes the trans-
formation easier, the presence of an unsaturation con-
jugated with the alkyne is not essential. Substrate 22p
could for instance be transformed into cyclobutene
23p using 4 mol% of catalyst 20 in refluxing 1,2-DCE
(49%) or 4 mol% of the more electrophilic [(2,4-di-z-
BuPhO);PAu]SbF, catalystl® at room temperature
(41%) (entry 16).

Certain 1,8-enynes could be ultimately transformed
into metathesis-type derivatives by gold-catalysed
fragmentation of the intermediate cyclobutene, as
previously observed for enyne 16. For example,

Adpv. Synth. Catal. 2009, 351, 379 -386
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R
X\)\/Ph 4 mol% 20 R (8)
—_— —_— /
\ Ph
== CD,Cl,, reflux
22e X = C(CO,Et), R= H 18h 24 96%
22g X = C(CO,Me), R = Me 24h 25 81%
MeO,C 3 MeO,C
R® Ph 2
MeO,C / CDCl, r.t. MeO,C R® o)
‘“ : 9
Z~ph
R' R? R' R!
23fR"=H, R*= n-C4H,,, R®=H 7d 26 quant.
23h R'-R?*= -(CH,)s-, R*= Me 7d 27 quant.

Scheme 4. Examples of cyclobutene ring fragmentation.

enynes 22e and 22g furnished cycloheptadienes 24
and 25 as single isomers in, respectively, 96% and
81% yield [Scheme 4, Eq. (8)].'"” Thus, cyclobutenes
23f and 23h, possessing the same substitution pattern
as 23e and 23g, were stable in CD,Cl, but were slowly
rearranged into 26 and 27 by traces of HCI contained
in CDCl; [Scheme 4, Eq. (9)]. A remarkable sequence
of [2+2]cycloaddition/ring fragmentation/Friedel-
Crafts reaction/diene isomerisation/Wagner-Meer-
wein rearrangement was observed in the case of
enyne 28 (Scheme 5)."*! The fragmentation of cyclo-
butene 29 produced the carbocationic species 30,
which was trapped by the pendant phenyl group. The
resulting tricyclic compound 31 was subsequently iso-
merised into naphthalene derivative 33."") A similar
result was observed in the case of substrate 34.

For substrates bearing a geranyl chain, the [2+42]
cycloaddition could be followed by an impressive
gold-catalysed ene reaction that stereoselectively fur-
nished tetracylic compound 38 in an excellent 90%
yield in the case of enyne 36 and a mixture of com-
pounds 40 and 41 in the case of enyne 39
(Scheme 6).12<18]

A mechanistic proposal for the [242] cycloaddition
of 1,8-enynes is presented in Scheme 7. The electro-
philic gold(I) activation of the alkyne in substrate 42
might lead to the formation of a cyclopropyl gold car-
bene (or gold-stabilised cyclopropylmethyl carbocat-
ion)® 44. A subsequent ring expansion could then
furnish the cyclobutyl carbocation 45 which would
evolve into cyclobutene gold complex 46. A final sub-
stitution of the coordinated cyclobutene 47 by the

MeO,C CO,Me 4 mol% 20
N CD,Cl, reflux MeO,C .O
N 61% MeO,C O
Ph 28 33
X = C(CO,Me), T
AuL Aul
N VR
X — X
Y Y
29 30 31 32
MeO,C CO,Me
x_Ph 4 mol% 20 MeO,C .O Fh
—_—
N\ CD,ClI, reflux MeO,C O
Ph 63%

34

Scheme 5. Multiple-steps Au(I)-catalysed isomerisation of 28 and 34.
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X-R 4 mol% 20
CD,Cl,
— —_—
1h,rt.
36
X = C(CO,Me),
R= A~y
X~R 4 mol% 20
CD,Cl,
=] _—
30 min, r.t.
39

61% (1:1.6)

MeO,C

co,Me

40

18%

Scheme 6. Multiple-steps Au(I)-catalysed isomerisation of 36 and 39.

. R
X 3 .Ttrans 47 LAut At /\ x\)ﬁ/Rh’ans
@ h d// R Rumw  © < Rus 42
= —/~x cny —
42 x)/ R..
43

isomerisation
fragmentation
ene reaction

Scheme 7. Mechanistic proposal.

substrate would complete the cycle.”!l. The ring ex-
pansion leading to 45 might be more favoured in the
present case than in the cycloisomerisation of 1,6-
enynes (Scheme 2) due to a reduction of geometric
constraints (7- versus 5-membered cycle) and a possi-
ble greater stabilisation of the resulting cationic
charge by the unsaturation between C(6) and C(7).

Even if the intermediacy of 44 could not be experi-
mentally proved,”” it is nevertheless supported by the
formation of conjugated diene 51 as a minor product
in the cycloisomerization of enyne 22m (Scheme 8).
Cyclobutene 23m proved to be stable in CH,CI, in
the presence of catalyst 20 or HNTY,, thus excluding
the formation of 51 by ring fragmentation. This latter
might, however, be competitively formed from a
common cyclopropyl intermediate 52 by a rearrange-
ment similar to that proposed for the isomerisation of
1,6-enynes (Scheme 2).

384 asc.wiley-vch.de
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In summary, it was found that a variety of function-
alized bicyclo[5.2.0]nonenes could be accessed by a
gold(I)-catalysed [2+2]cycloaddition of 1,8-enynes.
These cyclobutenes could be isolated as intermediates
that could suffer subsequent gold(I)-catalysed trans-
formations such as isomerisation, fragmentation or
ene reaction to furnish more structurally complex
products. This study provides useful information relat-
ed to the mechanism leading to metathesis-type deriv-
atives, which were shown to be produced, in the pres-
ent case, by a gold(I)-catalysed ring fragmentation of
the cyclobutene moiety. It also highlights the diversity
of products which can be formed from a single mech-
anistic class depending on the relative stability of the
intermediates involved.
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Au+ or HNTf,
X M X
X 4 mol% 20 e
oot ) ]
— CD,Cl, r.t. —
- 10 min
22m 4 23m 86% 51
X = C(CO,Me), ‘ 10%
X Me X (NMR
yield)
L» — /
+
+ [ A
LAU 52 LAu

Scheme 8. Experimental result supporting the formation of a gold-stabilised cyclopropyl methyl carbocation intermediate.

Experimental Section

Typical Procedure

To a solution of 16 (13.9mg, 0.05mmol) in 0.5mL of
CD,(Cl, in an NMR tube was added 4 mol% of gold catalyst
20 (2mg, 0.002 mmol). The reaction was monitored by
'"HNMR spectroscopy. After 0.25h, the reaction was
quenched by the addition of Et;N (0.1 mL), the mixture
concentrated under vacuum and the residue purified by
flash chromatography (SiO,, petroleum ether/Et,0O=095/5)
to afford product 19: yield: 12 mg (86%).
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porting Information for deuterium-labelling experi-
ments supporting this mechanism.

[13] The involvement of a carbocationic species of type 21
is in agreement with the transformation of enynes 28
and 34 in which similar cationic species could partici-
pate in a Friedel-Crafts reaction (see Scheme 5).

[14] Reactions were performed in CD,Cl, in order to moni-
tor the transformation by '"H NMR spectroscopy.

[15] The lack of reactivity of 22¢ might be explained by a
steric interaction between R, and AuL in an inter-
mediate of type 45 (see Scheme 7).

[16] Compounds 23i-m were stable in the presence of gold
catalyst 20.

[17] Compounds 22e and 22g were stable in CD,Cl, whitout
gold catalyst 20.

[18] See Supporting Information for a complete mechanistic
proposal based on "H NMR monitoring.

[19] The formation of 29 and 31 was observed by 'H NMR
monitoring.
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For a discussion, see: A. Fiirstner, L. Morency, Angew.
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[21] An alternative syn-cyclopropyl gold carbene undergo-
ing ring expansion could also be envisaged, see
Refs. 22

[22] All attempts to trap a gold carbene intermediate of
type 44 were unsuccessful (oxidation, cyclopropana-
tion).

386 asc.wiley-vch.de

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adpv. Synth. Catal. 2009, 351, 379 -386


http://asc.wiley-vch.de

