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Abstract: This account provides a comprehensive
overview of the development of gold and platinum
catalysis of the enyne cycloisomerization. The use of
these soft, alkynophilic metals enables mild, chemo-
selective and efficient transformations of a variety of
readily available acyclic enynes to a wide range of
synthetically useful carbocyclic and heterocyclic
products. The review is organized according to di-
verse structural types of enynes that undergo skeletal
cycloisomerizations. The account begins with an
overview of transformations of primarily 1,6-enynes
to 1l-alkenylcyclopentenes, bicyclo[4.1.0]heptenes,
methylenecycloalkenes, bicyclo[4.3.0]nonadienes and
bicyclo[3.2.0]heptenes. This section is followed by
the discussion of cycloisomerizations of 1,5-enynes,
which enable a rapid access to a range of other cyclic
products, including bicyclo[3.1.0]hexenes, cyclohexa-
dienes, heterobicycloalkenes, methylenecyclopen-
tenes, naphthalenes and methyleneindenes. In addi-
tion, the [3,3] rearrangement of 1,5-enynes provides
efficient access to the corresponding allenes. The ac-
count concludes with an overview of the most recent
studies on gold- and platinum-catalyzed cycloisome-
rizations of 1,4- and 1,3-enynes. Due to the rapidly
increasing interest in this area during the past three
to five years, we believe that this review provides a
timely and comprehensive discussion of the develop-
ment gold- and platinum-catalyzed cycloisomeriza-
tion starting from the initial pioneering investigations
to the latest advances in the field. A significant em-

phasis is placed on the mechanistic discussion of the
observed manifolds of skeletal reorganizations.
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1 Introduction

The transition metal-catalyzed enyne cycloisomeriza-
tion is among the most important strategies for the
synthesis of functionalized cyclic structures."! The sig-
nificance of this process stems from the rapid increase
in structural complexity starting with relatively simple
acyclic subunits containing ene and yne fragments.
Among a range of transition metal complexes capable
of catalyzing enyne cycloisomerizations, gold and
platinum complexes are particularly powerful as they
are capable of delivering a diverse array of cyclic
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products that are produced under mild conditions,
with excellent chemoselectivity and high synthetic ef-
ficiency. While the pioneering work in this area goes
back to the 1990s, there has been an explosive in-
crease of interest in Au and Pt catalysis during the
last three to five years. This review provides a com-
prehensive discussion of the development of Au- and
Pt-catalyzed enyne cycloisomerizations.?
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2 Cycloisomerizations of 1,6-, 1,7- and
1,8-Enynes

Scheme 1 summarizes a range of observed reaction
topologies for cycloisomerizations of 1,6-enynes (I).
The diversity of cyclic structural motifs that can be ef-
ficiently accessed from a common enyne precursor is
remarkable. The process can furnish the six-mem-
bered carbocyclic or heterocyclic products II and III.
Alternatively, the cycloisomerization provides an effi-
cient access to five-membered dienes or alkenes IV, V
and VI. Highly strained bicyclo[3.2.0]alkenes VII and
VIII can also be obtained as a result of this transfor-
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mation. Incorporation of arene and alkene groups
(R,) at the terminal alkyne position provides access
to bicyclic and tricyclic products IX as a result of a
formal [4+42] cycloaddition. The substitution pattern
of the starting enyne, as well as the nature of the cata-
lyst, influences significantly the outcome of the cycloi-
somerization process.

2.1 Formation of 1-Alkenyl-1-cyclopentenes
During the period of 1985 to 1994, Trost and co-work-

ers described a series of skeletal cycloisomerizations
of 1,6-enynes employing a range of Pd complexes.”!
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Scheme 1. Observed reaction topologies in cycloisomerizations of 1,6-enynes.

In the course of these studies, the authors reported
that, in the presence of TFA and dimethyl acetylene-
dicarboxylate (DMAD), (Ph;P),Pt(OAc), catalyzed
the cycloisomerization of enyne 1 to the correspond-
ing diene 2, which was isolated in 79% yield
(Scheme 2).! Enyne 3 containing a terminal alkyne
similarly afforded diene 4, albeit as a 3.4:1 mixture of
trans/cis alkene isomers. While the palladium-based
catalysis was proposed to proceed via a formation of
metallocyclopentene, followed by a (3-hydride elimi-
nation, no mechanistic rational for the Pt-catalyzed
process was proposed at the time.

In 1994, Murai and co-workers reported their dis-
covery of [RuCl,(CO);],-catalyzed skeletal cycloiso-
merizations of 1,6-enynes to vinylcyclopentenes,
which were proposed to proceed via the intermediacy
of a polarized (n’-alkyne)ruthenium alkyne com-
plex.”! Two years later, the same group reported that

P{PPhs)(OAC)  ph Oxy-OMe

Me
(10 mol%)

(e] _ > o N
CF,COOH (1.3 equivs.) Ve Me
Me DMAD (2.1 equivs.) Me
CgHg, 80 °C
1 79% 2

Me OMe

Me PHPPhs),(OAC), T Me
o — (10 mol%) o X Me
—_—

Me N\ CF3;COOH (1.3 equivs.) Me
Me " DMAD (2.1 equivs.) Me
e
CgHg, 80 °C trans:cis = 3.4:1
3 81% 4

Scheme 2. (PPh;)PtCl,-catalyzed cycloisomerizations of 1,6-
enynes.
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PtCl, efficiently catalyzed cycloisomerizations of 1,6-
and 1,7-enynes to 1-vinylcycloalkenes (Scheme 3).[°!
In a typical experiment described in this report,
treatment of enyne 5 with 4 mol % of PtCl, in toluene
at 80°C under a nitrogen atmosphere afforded the cy-
clorearranged product 6 in 86% yield. A representa-
tive scope of this process is depicted in Scheme 3. The
reaction was broadly tolerant of mono-, di- and tri-
substituted alkenes, as well as terminal, internal and
electron-deficient alkynes. The authors noted that
PtCl, catalyzed the reactions with comparable effi-
ciency. However, a range of other Pt complexes, in-
cluding PtCl,(COD) and PtCL,(PPh;),, were found to
be ineffective, indicating that both the presence of the
halide ions and the absence of other coordinating li-
gands was required for productive catalytic turnover.
Cycloisomerization of double deuterium-labeled
enyne 13 resulted in formation of three products 14,
15, and 16 in a 73:23:4 ratio (Scheme 4). While no
catalytic mechanism was proposed, Murai and co-
_ PtCl
EtOzC: < — (4 mol%) Etozc><j/\
R0 \ toluene, 80 °C EtO,C
86%

TBSO
@/\ EtOZC Ph ETOZC
EtO,C
EtOZC Ve 2
7: 93% 8:97% 9: 97%
TBSO TBSO
EtO,C ol
10: 70% 11: 76% 12:69%

Scheme 3. PtCl,-catalyzed cycloisomerization of 1,6-enynes
5.
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Scheme 4. Cycloisomerization of deuterium-labeled enyne
13.

workers speculated that two catalytic cycles were op-
erating competitively in this reaction.

Another interesting and unusual result was ob-
tained upon treatment of ester 17 with a catalytic
amount of PtCl,, which afforded a mixture of prod-
ucts 18 and 19, having the ester group exclusively at
the terminal position of the diene (Scheme 5).° This

(@]
NS
EtO,C
EtO,C — PLCI, (cat EtO,C
o (cat) 18
EtO,C >
\ toluene, 80 °C EtO,C N
17 80%
EtO,C 0% oR
18:19 = 66:33

19

Scheme 5. Cycloisomerization of enynoate 17.

anomalous result of the skeletal reorganization corre-
sponded to the formal insertion of the methylene
group of the alkene between the two carbons of the
alkynes. While no mechanistic rational was provided
by Murai and co-workers at the time, the outcome of
these experiments has been rationalized (see
Scheme 14).

In 1998, Fiirstner and co-workers were the first to
recognize the utility of Pt-catalyzed enyne cycloiso-
merization for the assembly of the bicyclic ring sys-
tems of streptorubin B and metacycloprodigiosin, the
two representative members of the prodiginine family
of antibiotics.”! Indeed, the authors found that a
range of platinum salts readily promoted the cycloiso-
merization of sulfonamide 20 to give the ring-expand-
ed diene 21 in 45-95% yields depending on the
nature of the carbonyl group (Scheme 6). It is note-
worthy that this ring expansion could also be promot-
ed equally effectively by a range of other Lewis and
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Scheme 6. Synthesis of metacycloprodigiosin intermediate
22.

Brgnsted acids, including BF;, HBF,, SnCl,, and
ZnCl,. Conversion of dienone 21 to m-pyrrolophane
22 was accomplished in 5 steps. Since pyrrole 22 was
previously converted to metacycloprodigiosin (23),
construction of this intermediate represented a formal
synthesis of the natural product. A similar sequence
was utilized for the assembly of the advanced precur-
sor en route to streptorubin B (not shown).

Fiirstner and co-workers further explored the scope
of this ring-expansion process.®’! The results are sum-
marized in Scheme 7. In addition to the formation of
10-membered dienes 25, 26, 28, 31 and 32, the cyclo-
isomerization was suitable for production of bicyclic
products containing 12-membered dienes and 14-
membered tetraenes (27 and 29). A particular advant-

(0] OMe
OMe
- 0,
TS_N/ \<o PtCly (5 mol%) S
—_—
O toluene, 80 °C
2 85% 25
Os_OMe
o |
Ts—N, | Ts—N_ | d
26 27 28 29
96% 80% 70% 54%
Os_OMe Oxy-Me
0,
@s EtO,C EtO,C
g EtO,C EtO,C
O,
30 31 32
60% 83% 63%

Scheme 7. Cycloisomerizations of cyclic enynes.
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age of this process is the ability to rapidly access mo-
lecular complexity starting with enynes that can be as-
sembled in a few steps starting from readily available
building blocks.

The utility of the Pt-catalzyed enyne cycloisomeri-
zation for the construction of roseophilin, yet another
member of prodiginine family of alkaloids, was inde-
pendently recognized by Trost and Doherty, who re-
ported in 2000 their approach to this intricate natural
product.'”! The critical step in the synthesis entailed
the conversion of enyne 33 to bicyclic diene 34. While
Pd catalysis was found to be ineffective, the authors
reported that the use of the Pt-based catalytic system
developed by Murai enabled this transformation,
which proceeded in essentially quantitative yield.
Diene 34 was converted to tricyclic pyrrole intermedi-
ate 35 in an 11-step sequence. Since 35 was previously
converted to roseophilin (36), this represented a
formal synthesis of this alkaloid (Scheme 8).

PtCl, (5 mol%)

_—
toluene, 20 °C \
99% BSG
34
11 steps l
-
.

Scheme 8. Synthesis of roseophilin intermediate 35.

In 2004, Echavarren and co-workers published a
seminal study which demonstrated that Au-based cat-
alysts were very effective for accomplishing a series
of 1,6-enyne cycloisomerizations (Scheme 9)."?l One
of the reaction pathways reported by the authors was
similar to that observed for Pt-based catalysts dis-
cussed above. The catalyst was generated by treat-
ment of Au(PPh;)Cl with AgSbF,, which resulted in
precipitation of AgCl and formation of highly reactive
cationic Au(PPh;)*. In the presence of 2 mol% of
this complex, enyne 37 was converted to diene 38 in
91 % yield. Notably, the reaction proceeded at room
temperature, indicating a significantly more reactive
nature of the Au-based catalyst compared to the Pt
counterpart. This process was successfully employed
for conversion of a range of 1,6-enynes to the corre-
sponding dienes shown in Scheme 9. Subsequently,
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Scheme 9. Au-catalyzed cycloisomerizations of 1,6-enynes.

Au(PPh;)NTf, was also found to be effective in cata-
lyzing the same transformation.!?

Further studies by Echavarren and co-workers re-
vealed that, depending on the structure of the enyne,
two alternative cycloisomerization pathways could be
observed. This finding was in agreement with the
earlier results obtained by Murai for the Pt-catalyzed
cycloisomerizations. Treatment of enyne 44, contain-
ing a trisubstituted alkene and a terminal alkyne, with
cationic gold complex 45 afforded diene 46. On the
other hand, subjection of enyne 47, armed with a ter-
minal alkene and an internal alkyne, to the same cata-
lyst afforded diene 48, which corresponded to the
formal insertion of the methylene carbon of the
alkene between the two carbons of the alkyne
(Scheme 10). It is noteworthy that the replacement of
PPh; with bulkier phosphine ligands resulted in en-
hancement of catalytic activity of the resulting gold
complexes.

While the mechanism shown in Scheme 11 could
explain the formation of the observed alkenylcyclo-
pentene 52, this reaction pathway seems to be highly

Sy @
Cy~p—Au—NCMe
Ph SbF
MeO,C_ /= 45 (2 mol%) Meozcm Me
MeO,C N CH,Cly MeO,C Me
“ Me  _63°Cto-26°C 46 99%

Kinetic Parameters

— M
MeO,C. /—==—Me 45 (2 mol%) M6020><j/\/ ©
_—
MeO,C : 23°C, 5min  Me0L
a CH,Cl 48: 95%
Scheme 10. Cycloisomerizations of enynes 44 and 47 using
cationic gold complex 45.
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Scheme 11. A plausible, albeit unlikely, mechanism for the
1,5-enyne cycloisomerization to alkenylcyclopentenes.

unlikely based on several lines of evidence. First, this
mechanism does not explain the observed deuterium
scrambling in Murai’s labeling experiment shown in
Scheme 4. Second, the activation parameters for the
cycloisomerization of enyne 44 (Scheme 10), which
were determined by Echavarren and co-workers, are
AG3s=21.7 kcalmol™!, AHZs=3.7 kcalmol™' and
AS* =—-60.6 calK 'mol ".I"*! This entropy of activa-
tion suggests that an associative ligand substitution
maybe the rate-determining step. Furthermore, the
low activation energy of the process is inconsistent
with the expected activation energy for the ring-open-
ing of bicycle 51 (Scheme 11), for which an activation
energy of ca. 30 kcalmol ™ is expected. Finally, Echa-
varren and co-workers demonstrated that cyclobutene
55 (Scheme 12), which was efficiently prepared from
enyne 53 using Au catalyst 54, was thermally stable at
120-150°C.["3

C)( e
Cy~p—Au—NCMe
— Ar SbFse
MeO,C 54 (2mol%)  Meo,C |
—_—
MeOZC CHZC'QV 20°C MeOzC @
67%
53 55

Scheme 12. Assembly of tricyclic cyclobutene 55.

The bonding in late transition metal complexes
with alkynes and olefins is described by a combina-
tion of the interaction of the occupied ligand m-orbtal
to the metal vacant “dsp”, and donation of metal “d”
electrons to olefin or acetylene empty m*. PtCl, and
AuCl; are isoelectronic and form mostly square
planar complexes with alkynes, but Au(I) complexes
are predominantly linear. The coordination of alkynes
to Pt/Au metal centers is the initial step during cycloiso-
merization and the exceptional activation of the C-C
triple bond by these metal complexes/salts are the
key for the subsequent reactivity manifestations. Al-
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though in theory alkynes can serve as 4e donors and
supply both m electron pairs for coordination, this
phenomenon mainly involves early transition metals
such as Mo and W.'¥ The efficient activation of al-
kynes by Pt(II) and Au(I/III) toward nucleophilic at-
tacks can be rationalized by a simplified molecular or-
bital treatment of metal alkyne complexes according
to Maitlis’s model." Due to the relativistic effects,!""!
Au is the most electronegative metal on Pauling’s
scale with a value of 2.54, and Pt has a value of
228" Consequently, the energies of the valence
shell dsp orbitals of Pt(II) and Au(I)/Au(Ill) are
lower than alkyne m-bonding orbitals (Figure 1), and

alkyne Au(l/lN/PL(Il) valence orbitals

T { dsp }

Figure 1. Bonding in Au(I/III)/Pt(IT) alkyne complexes.

the bonding molecular orbitals formed from alkyne =
and metal orbitals will have mostly metal characters
and conversely, the corresponding antibonding orbital
will be predominantly of alkyne character. As a
result, the pair of & electrons is effectively transferred
to the metal center. Moreover, the orbital interaction
between m* and metal valence orbitals should be
weak due to the large energy gap, and so is the -
back-donating from the metal to the alkyne.'® Conse-
quently, the coordinated C-C triple bond becomes
electron-deficient and susceptible to nucleophilic at-
tacks.

Zwitterionic complexes 57 and 60 represent reso-
nance structures of 56 and 59, respectively. Another
important resonance structure of the Pt alkyne com-
plex is the carbene 58, which is implicated in cyclo-
propanation reactions that will be discussed below.
Examination of Pt complex 60 reveals that the [1,2]
hydride shift would produce the corresponding Pt car-
bene 61. Applying the principle of microscopic rever-
sibility, a frequently observed conversion of alkenes
from Pt carbene 61, can be seen as a [1,2] hydride
shift, followed by elimination of PtCl, from inter-
mediate 60. Similar behavior can be expected upon

Adv. Synth. Catal. 2006, 348, 2271 -2296
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Scheme 13. Complexation of PtCl, with alkynes and alkenes.

complexation of Au complexes with alkynes and al-
kenes.

A mechanistic analysis of Pt or Au-catalyzed cyclo-
isomerization of 1,6-enyne 62 to alkenyl cyclopen-
tenes 66 or 70 is presented in Scheme 14. The process
begins by chemoselective metal complexation to the
alkyne, followed by cyclopropanation of the proxi-
mate alkene to produce cyclopropyl metal carbene
63. This initial step can be explained by invoking the
resonance contribution of carbene 58 (Scheme 13),
which results in direct alkyne cyclopropanation. Alter-
natively, the cyclopropanation can be envisioned to
occur step-wise via initial reaction of alkene with al-
kenyl cation 57 (Scheme 13), followed by nucleophilic
interception of the resulting carbocation by alkenyl
platinum. DFT calculations, which were carried out
by Echavarren and co-workers/'!! suggested that in
the case of Au(I) catalysis cyclopropanation proceeds
directly via a single transition state located on the po-
tential energy surface. In the absence of external nu-
cleophile, highly electron deficient carbene 63 can un-
dergo [1,2] alkyl shift to give zwitterion 64. Depend-
ing on the nature of the R, alkene substitution, com-
plex 64 can undergo either a fragmentation to give cy-
clopentene 65 or another [1,2] shift to produce
spirocycle 68. Subsequent fragmentation of 68 affords
carbene 69. Elimination of the metal fragment from

M = PtCl, or AuL*

M)

R1 . M
=R, M i} Re [1,2 alkyl shift] &) R,
~ R : iR
DR, H? H Ry
Rz 62 63 64
l [1,2 alkyl shift]
©
M
® Ry [1 2 alkyl shift] ) R
(I
DOiTRe )
H R,
67

©

65 and 69 gives the two alternative diene products 66
and 70, respectively. The mechanism in Scheme 14 is
presented to proceed in a step-wise manner, primarily
in order to provide the reader with a detailed mecha-
nistic analysis of bond-breaking and bond-forming
steps. DFT calculations indicated, however, that con-
versions of carbene 63 to complexes 65 and 69 were
direct processes.””! In the absence of the information
on the kinetic isotope effects in these reactions, it is
difficult to make an unambiguous mechanistic ration-
al. The two pathways depicted in Scheme 14 explain
the formation of two observed products. Indeed, in
the case of trisubstituted alkene 62 (R,=Me,
Scheme 14), the carbocation 65 will be stablizied by
the two adjacent methyl groups. This effect is expect-
ed to favor the formation of the product of type 66.
In the case of monosubstituted alkenes (R,=H), for-
mation of primary carbocation 65 will be disfavored
thus derailing the reaction to proceed via an alterna-
tive formation of carbene 69, followed by [1,2] hy-
dride shift and elimination to give diene 70. This
mechanism explains the results of the deuterium la-
beling experiment conducted by Murai (Scheme 4).

2.2 Formation of Bicyclo[4.1.0]heptenes

In 1995, Blum and co-workers reported that treat-
ment of enyne 71 with 5 mol% of PtCl, resulted in
the formation of oxabicyclo[4.1.0]heptene 72 in 97 %
yield (Scheme 15).""! The product was obtained as a
single diastereomer. The structure and relative stereo-
chemistry were confirmed by X-ray crystallography of
the naphthyl-substituted cycloisomerization product
74. The relative stereochemistry corresponded to a
stereospecific cyclopropanation of FE-alkene. Indeed,
subjection of a 4:1 mixture of E:Z-alkene isomers to
the same reaction protocol afforded the correspond-
ing 4:1 mixture of cyclopropanes 76. No mechanistic
rationale for this process was provided at the time.

eM R4 o 1
Fragmentation R, Elimination
—_— (O]
2 Rz
65 66
[1,2 hydride shift]
2
1 Fragmentat/on R R2 Elimination R,
\V —_— ~
Ry
=HorD
69 70

Scheme 14. Proposed mechanisms for cycloisomerizations of 1,6-enynes to dienes 66 and 70.
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Scheme 15. Pt-catalyzed cycloisomerization of 1,6-enynes to
oxabicyclo[4.1.0]heptenes.

Aiming at increasing the efficiency of this process,
Fiirstner and co-workers examined a series of enyne-
containing sulfonamides. They found that treatment
of these substrates with a catalytic amount of PtCl, at
elevated temperature (60-80°C in toluene) resulted
in the assembly of the corresponding azabicyclo-
[4.1.0]heptenes (Scheme 16).%*) Mono-, di-, and tri-
substituted alkenes efficiently participated in this pro-
cess.

/— Ph PtCI, (5 mol%) =\ .Ph
Ts—N -, Ts—N \
AN toluene, 60 - 80 °C H
77 78 Me

78%

79 80 81
69% 73% 76% 87%

Scheme 16. Pt-catalyzed cycloisomerization of 1,6-enynes to
azabicyclo[4.1.0]heptenes.

In 2004, Echavarren and co-workers described two
examples of the gold-catalyzed assembly of
azabicyclo[4.1.0]heptenes 83 and 86 (Scheme 17).['%
While the corresponding dienes 85 and 88 were ob-
tained as by-products, the mild reaction conditions
(20°C in CH,Cl,) and excellent efficiency of these re-
actions are highly noteworthy. The same group also
reported an interesting example of Pt-catalyzed for-
mation of tricyclic oxabicyclo[4.1.0]heptenes.!'™"!

In 2005, Marco-Contelles and co-workers reported
the PtCl,-catalyzed assembly of highly functionalized
bicyclo[4.1.0]heptene enol esters from 1,5-enynes con-
taining the propargylic carboxylate moiety. This group
subsequently reported a series of theoretical studies
of the reaction mechanism."

In 1998, Murai and co-workers reported the first
example of the tandem cyclopropanation of dienyne
89.% Subjection of 89 to a catalytic amount of PtCl,
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)
——  AgSbFg (3 mol%) —
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93% Me
83 84 85
84:85=12.4:1
__ Au(PPh3)CI (3 mol%) /
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93%
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Scheme 17. Au-catalyzed cycloisomerization of 1,6-enynes to
azabicyclo[4.1.0]heptenes.

at 80°C afforded tetracycle 90 in 75% yield
(Scheme 18). Remarkably, the formation of four C—C
bonds occurred with complete diastereoselectivity.

H
EO,C — PtCI, (cat.) y CO,Et
EtO,C — Ei0,C

2 CO,Et

\ A toluene, 80 °C ., ?
X EtO,C H
EtO,C 75% H
CO,Et
89 920

Scheme 18. Pt-catalyzed tandem bis-cyclopropanation of di-
enyne 89.

The authors found that this interesting transformation
could also be catalyzed by a series of other metal
complexes, including [RuCl,(CO);],, [Rh-
(OOCCF;),], [IrCI(CO);],, and ReCl(CO)s. This ex-
ample illustrates the power of cycloisomerization pro-
cesses to provide a rapid access to molecular com-
plexity starting from readily accessible acyclic build-
ing blocks.

Malacria and co-workers described another exam-
ple of the Pt-catalyzed tandem cyclopropanation of
dienyne 91.”% Interestingly, since the two alkenes
were attached at the 3-postion of the terminal alkyne,
this process afforded a different polycyclic product,
tetracyclo[4.4.0.0'°0%'"]decane 92 (Scheme 19). The

PtCl, (5 mol%)

—_—

toluene, 80 °C

68% € Me

92

Scheme 19. Pt-catalyzed tandem bis-cyclopropanation of di-
enyne 91.
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structure and stereochemistry of the product analo-
gous to 92 were established by X-ray crystallography.

Echavarren and co-workers reported that cationic
gold(I) complexes also promoted tandem intramolec-
ular bis-cyclopropanations. Once again, compared to
the use of PtCl,, the Au-catalyzed transformations
proceeded under milder conditions and with excellent
efficiency. Representative scope of this study is sum-
marized in Scheme 20. Treatment of dienyne 93 with
3 mol% of Au(PPh);* afforded tetracycle 94 in 89 %
yield as a single diastereomer. Polycyclic products 95—

— Au(PPh3)CI (3 mol%)

TN AgSbF (3 mol%)
—_—
A CH,Clp, 0°C
mé 89%
\ Me
93 Me

MeO,C
MeO,C Me
o7
88%

Scheme 20. Au-catalyzed tandem bis-cyclopropanation of di-
enynes.

H M
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1,2-Hydride Shift ® IEH Elimination =\ R
aRy X é“‘ !
—_— X \
y R3 ; B A R3
[M]

Cyclopropanation

_—
Ry = '.,_’z/\/ﬁM/eMe

97 were obtained from the corresponding dienynes
with comparably high efficiency and diastereoselectiv-
ity.

A detailed mechanistic analysis of the cyclopropa-
nation reactions is presented in Scheme 21. The first
steps entail a metal-based alkyne activation, which is
followed by intramolecular cyclopropanation. Two al-
ternative metal carbenes 99 and 102 can be produced,
which correspond to the cyclopropanation at either
one of the two carbons of the alkyne. Carbene 99 is
expected to undergo facile [1,2] hydride shift, fol-
lowed by elimination of the metal fragment to pro-
duce [4.1.0]bicycloheptene. Importantly, the presence
of a heteroatom in the tether (X=0O or NR) is ex-
pected to favor this process due to the stabilization of
an intermediate cation 100 by the heteroatom lone
pair. Carbene 102, on the other hand is poised for a
second intramolecular cyclopropanation to give tetra-
cycle 103 and regeneration of the metal catalyst,
which enters the next catalytic cycle.

2.3 Formation of Alkyl- and Alkenylmethylene-
cyclopentanes and Cyclohexanes

In 2000, Echavarren and co-workers reported that a
range of transition metal complexes catalyzed the cy-
clizations of enynes, containing allylsilanes or allylstan-
nanes.” In a typical experiment, allylsilane 104 was
treated at ambient temperature with 5 mol% of PtCl,
in either acetone or methanol to give diene 105 in
83% yield. Cyclizations of disubstituted alkynes af-
forded exclusively the corresponding Z-alkenes (i.e.,
108, Scheme 22). In addition to 1,6-enynes, the au-
thors reported two examples of successful transforma-
tions of 1,7-enynes to give the expected six-membered
cyclization products (i.e., 109, Scheme 22).

©

2

Tu

o
In
v

2
100 101

Scheme 21. Proposed mechanism of Pt- and Au-catalyzed intramolecular cyclopropanations of 1,6-enynes.
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PhO,S = PtCl, (5 mol%) PhO,S
_—
PhO,S acetone or MeOH PhO,S
Mé  TMS 20°C Me
104 83 - 95% 105
PhOzs><:/|/v MeOzC><f/
PhO,S = MeO,C =
106 107
81% 43%
PhO,S =~ “Ph PhOZS
PhO,S
PhO,S 2 »Z
108 e 109 Me
87% 79%

Scheme 22. Pt-catalyzed cyclizations of allylsilanes with al-
kynes.

In addition to allylsilanes and allylstannanes, Echa-
varren and co-workers later reported that enynes con-
taining trisubstituted alkenes also underwent similar
cyclizations.™ Subjection of enyne 110 to 5 mol % of
PtCl, in dioxane at 70°C afforded diene 111 in 89 %
yield (Scheme 23). Several additional successful ex-
amples were also described. The use of RuCl; enabled
cyclizations of disubstituted alkenes, while the PtCl,-
catalyzed reactions were limited to the trisubstituted
alkenes.

PhO,S — PtCl; (5 mol%) PhO,S
—_—
PhO,S dioxane PhO,S
e 20 °C Me
Me
110 89% 111

Scheme 23. Pt-catalyzed cyclizations of 1,6-enynes.

The mechanism of metal-catalyzed carbocycliza-
tions of 1,6-enynes is shown in Scheme 24. The reac-
tion can be viewed to proceed via a concerted process
involving alkyne activation and addition of the alkene
to generate carbocationic intermediate 115. Alterna-
tively, the cyclization may proceed via a stepwise
mode involving initial generation of highly electro-
philic cyclopropyl carbene 114, which undergoes ring
opening by the proximate alkene to generate the
same intermediate 115. Elimination of either silyl
cation (Y =TMS) or a proton (Y =H) affords alkenyl
metal complex 116. Subsequent protodemetallation
takes place to give the observed diene 117, regenerat-
ing the active catalyst.

The above mechanism suggests that the carbocation
115 can be intercepted in the presence of an external
nucleophile, which would enable generation of addi-
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M = PtCI, or AuL*
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Scheme 24. Mechanism of Pt-catalyzed cyclizations of 1,6-
enynes.

tional complexity in the reaction product. Indeed, fol-
lowing their initial report on cyclizations of allylsi-
lanes and stannanes, Echavarren and co-workers de-
scribed a series of alkoxy- and hydroxycarbocycliza-
tion reactions of 1,6-enynes using a catalytic amount
of PtCl, (Scheme 25).°! A range of disubstituted and

PhO,S — PtCl, (5 mol%) PhO,S
—_—
PhO2S MeOH PhO,S gﬁMe
wd Me 60 °C Me
118 88% 119
MeO,C 5 PhO2S
MeO,C Me MeMe PhO,S B OMe
120 Me | 121 V€ 122 e
57% 76% 66%
H
PhO,S OMe] ~ coMe — MeOLC
PhO,S I OMe COzMe MeOZC
2 2N
H opn
123 124 125 Mé OMe
72% 67% 80%

Scheme 25. Pt-catalyzed
enynes.

alkoxycarbocyclizations of 1,6-

trisubstituted alkenes successfully participated in this
process. In the case of disubstituted alkenes, the reac-
tion was stereospecific to the starting alkene geome-
try producing single diastereomers of the cyclized
products, which resulted from anti-addition of alkyne
and alcohol to the alkene moiety. In two cases, the
formation of six-membered cyclization products was
reported (124 and 125, Scheme 25).

Subsequently to the initial report of Pt-catalyzed al-
koxycarbocyclizations, the scope of this process was
further expanded to include a range of enol ethers.””)

Adv. Synth. Catal. 2006, 348, 2271 -2296
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For example, treatment of enyne 126, containing a
methyl enol ether, with PtCl, or with AuCl; in MeOH
at 60°C afforded dimethyl acetal 127 with excellent
efficiency (Scheme 26). A series of other enol ethers
successfully participated in this reaction as well.

PtClz or AUC|3

S (5 mol%)
Ts—N _ = Ts—N
\_\\; MeOH /\:/<rOMe
OMe 60 °C OMe
126 84 - 97% 127

Scheme 26. Pt-catalyzed alkoxycarbocyclizations of enol

ethers with alkynes.

In 2004, as a part of their comprehensive study of
gold-based catalysis of enyne -cycloisomerizations,
Echavarren and co-workers reported that cationic
gold complexes were exceedingly effective in promot-
ing alkoxycarbocyclizations of a wide range of 1,6-
enynes.""?! A representative scope of this process, as
well as the typical reaction conditions, is shown in

Scheme 27.
Au(PPh);Me (3 mol%)
PhO,S — HBF,4 (6 mol%) PhO,S
- .
PhO,S MeOH PhO,S ZI?’V'E
Me
23°C M
128 Me 129 e
97%
PhO,S A pn MeO,C. Me.-Me
TsN " |
PhO,S Me e e MeO,C
o) o) 3
130 Me 131 Me 132 Me P Me
96% 85% 65%
MeO,C Oy -Ph MeO,C
MeO,C OMe Meozc)g(v,/
133 CO,Me 134 135
95% 100% agy, Me OMe
Scheme 27. Au-catalyzed alkoxycarbocyclizations of 1,6-

enynes.

The mechanism of alkoxycarbocyclizations can be
depicted to proceed in a highly concerted manner in-
volving simultaneous attack of the activated alkyne
by the alkene with a concomitant addition of the alco-
hol nucleophile. Alternatively, the process may in-
volve a stepwise formation and opening of cyclopro-
pane intermediate 138. The final step involves proto-
demetallation of an alkenyl metal complex 139
(Scheme 28).

In 2004, Genet and co-workers reported the results
of their studies on the ability of chiral phosphines to

Adv. Synth. Catal. 2006, 348, 2271 -2296
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Scheme 28. Mechanism of Au- and Pt-catalyzed alkoxycar-
bocyclizations of 1,6-enynes.

induce asymmetry in the Pt-catalyzed alkoxycarbocy-
clizations (Scheme 29).”! The authors utilized Pt-
based complexes obtained from a range of chiral
phosphines. Interestingly, monodentate Ph-BINE-
PINE (142) produced the best results (up to 85% ee),
which are summarized in Scheme 29.

Oe (15 = 30 mol%)
P—Ph
OO 142
MGOZC
MeO,C Ph
H

PtCl, (10 mol%)

RS

AgSbFg (25 mol%)

i - ° OH
141 dioxane-H,0, 80 °C 143
94% 85% ee
MeO,C MeO,C
Me Me
MeO,C Me MeO,C Me
H H
144 OH 145 OMe
66% ee 50% ee
TsN Me
TSN(X/ Ph <:;/Q/Me
H A
146 OH 147 OH
84% ee 56% ee

Scheme 29. Enantioselective Pt-catalyzed alkoxycarbocycli-
zations of 1,6-enynes.

In 2005, Echavarren and co-workers reported the
results of their studies aimed at the development of
catalytic enantioselective alkoxycarbocyclizations.")
While the cyclization products were produced gener-
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ally with only moderate enantioselectivity, one of the
examples is highly noteworthy. Treatment of enyne
148 with a gold complex 149 produced by complexa-
tion of 2 equivalents of AuCl to BINAP afforded the
expected cyclization product 150 in 94% ee
(Scheme 30). This example demonstrated the ability
to effectively differentiate enantiotopic faces of pro-
chiral alkene by a distant phosphine ligand.

! l PR,AUCI
=——pn OO

PR,AUCI

PhO,S R=p-Tol pno.s _
145 2 Ph
—
PhO,S AgSbFg ( 2mol%) PhO,S "o"fMe
Me MeOH, 24 °C 150 Me
Me
148 529 94%ee

Scheme 30. Enantioselective Au-catalyzed alkoxycarbocycli-
zations of 1,6-enynes.

2.4 Intramolecular [4 4 2] Cycloadditions of Alkenes
with Enynes and Arylalkynes

In 2005, Echavarren and co-workers described the
synthesis of a series of new gold(I) complexes armed
with bulky, biphenyl-based phosphines, i.e., 152
(Scheme 31)." The authors found that these com-

Cy
Cy~p—au—cl

Ph
— 152(2 mol%)

MeO,C —
2 N AgSbFg (2 mol%) ~ MeOC
—_—

MeO,C
? CH,Cl, 20°C MeO,C

Ve 79% Me Me

MeO,C =

151 153
CH Clp 20 °C

152 (2 mol%)
MEOZC
67%

AngF6 (2 mol%)
154 155

MeO,C \
Ph

Scheme 31. Au-catalyzed intramolecular [4+42] cycloaddi-
tions.

plexes, upon activation with AgSbF, displayed en-
hanced catalytic activity and were able to promote a
novel process, which corresponded to a formal intra-
molecular [4+2] cycloaddition of alkenes with enynes
or aryl alkynes. Two representative examples are
shown in Scheme 31. Treatment of dienyne 151 with 2
mol% of complex 152 and 2 mol% of AgSbF result-
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ed in efficient assembly of bicyclic diene 153. Subjec-
tion of enyne 154 to the same conditions afforded tri-
cyclic product 155 as a single diastereomer, corre-
sponding to the syn addition of arylalkyne to the
olefin.

The initial stage of the intramolecular [4 4 2] cyclo-
additions is similar to other catalytic processes dis-
cussed above. It entails alkyne activation by Au(I),
followed by intramolecular olefin cyclopropanation.
The cyclopropane is poised for intramolecular ring-
opening by the proximate alkene or arene in the pro-
cess, which is analogous to the cationic Nazarov cycli-
zation. The cyclization is followed by the loss of a
proton, which in turn initiates the protodemetallation
step concluding the catalytic cycle (Scheme 32).

Ro (AQSL

= e
— N\ ,J’/) LAu Rid A
X - Vs -'1‘::

Scheme 32. Mechanism of Au-catalyzed intramolecular [4+
2] cycloadditions.

2.5 Conversion of 1,6-Enynes to
Methylenecyclohexenes

Echavarren and co-workers observed that treatment
of enyne 160 with the cationic (PPh;)Au(I) catalyst
resulted in the formation of two diene-containing
products 161 and 162 (Scheme 33)."*! The minor
product 162 corresponded to the expected cycloiso-
merization process, which was discussed above. The
major product, however, was determined to be meth-
ylenecyclohexene 161, corresponding to a new reac-
tion manifold. Treatment of enyne 163, containing a
trisubstituted alkene, resulted in the exclusive forma-
tion of 164. In the case of disubstituted alkene 165, a
1:2.4 mixture of diene 166 and cyclopropane 167 was
obtained. These results indicated that the substitution
of the 1,6-enyne greatly influenced the outcome of
the cycloisomerization.

A possible mechanistic explanation of the conver-
sion of 1,6-enynes to methylenecyclohexenes is pre-
sented in Scheme 34. Initial cyclopropanation gives
the highly electrophilic carbene 169. Subsequent rear-
rangement of 169 affords the cationic intermediate
170. This process could occur as a series of two con-
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Au(PPh;)CI MeOC&
_ AgSbFg
MeO,C
Me0,C ——= (cat) €0,
161
MeOzC CHzc|2v 0°C
A MeO,C, N
160 77%
161:162=7:1 MeOC
162
Au(PPh)CI
— AgSbFg Me
Ts—N/ (cat.) Me
=
CH,Cl, 0°C
\_\>*Me 2 TN,
ME 96%
163 164
Au(PPhy)CI TSN
= AgSbFg
Ts—N  Me (cat) 166 Me
—§ CH,Cl, 0°C —
165 93% TS_N: ZS‘
166:167 = 1:2.4 F
167 Me

Scheme 33. Au-catalyzed formation of methylenecyclohex-
enes.

[T R A
X R .
Ry
168
Ry
R3
X / R1
R>

171

Scheme 34. Mechanism of Au-catalyzed formation of meth-
ylenecyclohexenes.

secutive [1,2] alkyl shifts or as single [1,3] alkyl
shift,") which is much less precedented. Fragmenta-
tion of the C—C bond of the cyclopropane with con-
comitant elimination of the cationic [AuL] fragment
produces the observed methylenecyclohexene 171.
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2.6 Conversion of Allenynes to
Bicyclo[4.3.0]nonadienes

In 2004, Malacria and co-workers reported that the
replacement of an alkene moiety in 1,6-enynes with
an allene dramatically changes the outcome of the cy-
cloisomerization process.*”! Indeed, treatment of allen-
yne 172 with 5 mol% of PtCl, in toluene at 20°C af-
forded a bicyclic diene 173 in 80% isolated yield
(Scheme 35).

MeO = PICL (5Mol%)  peo
Me —_—
MeO \ toluene, 20 °C MeO Me
80% Me
172 Me ’ 173

Me

Scheme 35. Pt-catalyzed cycloisomerization of allenyne 172.

Another interesting version of this double cycliza-
tion is shown in Scheme 36. This reaction entails the
initial generation of acyloxyallene via an in situ iso-

1. PtCl, (5 mol%)

MeO —
OAc toluene, 90 °C MeO "
MeO — ’ €
© Me 2.K,COs; MeOH MeO
174 Me 175 O
32%
MeO —
M
OAc €0
- > Me
MeO \ MeO
OAc
176 >\*Me 177
Me

Scheme 36. Pt-catalyzed cycloisomerization of diyne 174.

merization of propargyl acetate 174. Subsequent
PtCl,-catalyzed cycloisomerization converts allene 176
to bicyclic enol acetate 177, which produces the
enone upon basic hydrolysis. While the efficiency of
the overall process is moderate, this result is signifi-
cant taking into account the number of individual
transformations that occur en route to 175.

Malacria and co-workers proposed that allenyne cy-
cloisomerization proceeds via a series of steps depict-
ed in Scheme 37. The initial step is suggested to entail
the formation of platinacyclopentene 179 which, upon
B-hydride elimination, is converted to platinum hy-
dride 180. Intramolecular carboplatination is expected
to produce alkyl platinum complex 181. Final reduc-
tive elimination affords the observed bicyclic diene
182 and regenerates the PtCl, catalyst. This proposed
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/T B-hydride P{CIoH
X R4 PtCI2 PICl  glimination
>‘Me
carboplatination
reductive
elimination
X / Me < X / ) PtCloH
e

182 Me 181 Me

Scheme 37. Mechanism of Pt-catalyzed cycloisomerization
of allenynes.

mechanism was consistent with the results of the deu-
terium labeling experiment.

2.7 Formation of Bicyclo[3.2.0]heptenes

In the course of their studies on Au-catalyzed [4+2]
cycloadditions, Echavarren and co-workers found that
treatment of enyne 183 with a phosphine gold com-
plex in the presence of AgSbF, afforded cyclobutene

Cy
Cy~p—au—cl

Ph
(2 mol%)

MeO,C ——Ph
AgSbFg (2 mol%)
MeO,C \
M

H
MeO,C ~_ N
CH,Cl, 20°C MeO,C : :
e ! H

183 77% 184

Me

Scheme 38. Au-catalyzed cycloisomerization of enyne 183 to
cyclobutene 184.

184 (Scheme 38).5! The change in the outcome of the
reaction was attributed to the lack of stabilization of
the developing positive charge by the methyl group of
the alkene. Indeed, an enyne containing a terminal
alkene produced the corresponding cyclobutene in
57 % yield. It is noteworthy that related cyclobutenes
have been obtained previously by Trost and co-work-
ers using Pd-based catalysis. Another interesting ex-
ample of Pt-catalyzed formation of cyclobutenes was
described by Malacria in 2004.5°%°!

Fiirstner and co-workers independently described
the formation of cyclobutenes via Pt-catalyzed cyclo-
isomerizations of 1,6-enynes.”” Similar to Echavar-
ren’s observation, these bicyclic products were ob-
tained from enynes containing terminal alkenes and
1,2-dialkyl-substituted alkenes. Two representative ex-
amples are depicted in Scheme 39. The authors re-
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PtCl, (cat.)
—_—
CO (1 atm)
84%
EtO,C, ——FPh PtCl; (cat.)
—_—
EtO,C CO (1 atm)
91%
187

Scheme 39. Pt-catalyzed cycloisomerization of enynes to cy-
clobutenes.

ported that the presence of CO had a significant
effect on increasing the reaction rates of production
of cyclobutenes while decreasing the rate of compet-
ing formation of alkenylcyclopentenes.

Murakami and co-workers reported that treatment
of allenyne 189 with 10 mol% of PtCl, in toluene at
80°C resulted in formation of cyclobutene 190
(Scheme 40).*! This result is quite unusual in light of

_ H
/—— Ph  P{Cl, (10 mol%) - Ph
Ts—N —_— Ts—N
N\ toluene, 80 °C H
C H M
0, e
>—Me 7% 190

Scheme 40. Pt-catalyzed cycloisomerization of allenyne to
cyclobutene.

Malacria’s earlier report on the formation of bicyclo-
[4.3.0]nonadienes from structurally similar enynes. In
addition to the use of a sulfonamide tether, the alle-
nynes utilized in Murakami’s study contained exclu-
sively bis-substituted alkynes while those employed
by Malacria and co-workers were terminal alkynes.
Indeed, the Murakami group noted that the use of an
allenyne containing a terminal alkyne or an all-carbon
tether produced complex mixtures of products.

Scheme 41 shows the proposed mechanism of cyclo-
butene formation in the case of Pt-catalyzed cycloiso-
merization of allenynes.® The process begins, as in
many other reactions described above, with intramo-
lecular cyclopropanation to give platinum carbene
192. Subsequent [1,2] alkyl shift produces a zwitter-
ionic intermediate, which is depicted in two resonance
forms 193 and 194. Elimination of a proton, followed
by protodemetallation of the alkyl platinum complex
195 affords cyclobutene 196.

Recently, one of us described another example of
the formation of highly strained, four-membered
products in Au-catalyzed reactions involving
enynes.” The ene component in this case is the part
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PtC|2
Ph — X (+)
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>‘Me 19 193 Me
© O prci
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195 Me 194 Me

Scheme 41. Mechanism of Pt-catalyzed cycloisomerization
of allenyne 191.

of the indole m-system, formally corresponding to an
example of a 1,7-enyne. Indeed, subjection of prop-
argyl ester 197 to 1 mol% of cationic gold catalyst
formed from Au(PPh;)Cl and AgSbF; afforded tetra-
cycle 199 in 86% yield as a single diastereomer
(Scheme 42). The tetracyclic structure was verified by
X-ray crystallography. The reaction occurs by initial
Au-catalyzed isomerization of propargyl ester 197 via
a [3,3] sigmatropic rearrangement. The resulting car-
boxyallene 198 is subsequently activated by highly re-
active cationic Au phosphine complex towards a step-
wise [2+2] cycloaddition with the proximate indole
moiety to give cyclobutane 199.

3 Cycloisomerizations of 1,5-Enynes

Au- and Pt-catalyzed skeletal reorganizations of 1,5-
enynes (X) can also deliver a range of synthetically
useful products (Scheme 43). Some of the products re-
semble those that were obtained in isomerizations of

X=CR, Y=0
R C OH
Ri R \
XV

Ra X =Y, arene
B

R3
Xvil Ro X =Y, arene

Y = CH,

R X=CR,
7 /
o

R R
R R
xvi 2 \QE 3
R4
Z=0RorNTs Z Ry
XV

Au(PPhg)Cl
AgSbFg

(1 mol%)
N - =

CH,Cl, 20 °C
86%

L%J

198

PhH

Scheme 42. Au-catalyzed tandem [3,3]-rearrangement-[2 +2]
cycloaddition.

the homologous 1,6-enynes, i.e., bicyclo[3.1.0]hexenes
XI and XII. However, the majority of other processes
produce different cyclic structures. Several types of
six-membered dienes and alkenes (XIII, XIV, and
XYV) can be obtained as a result of cycloisomerization
of 1,5-enyne X. Incorporation of the arene moiety in
the tether enables access to naphthalenes (XVII) and
indenes (XVI). Furthermore, a formal [3,3] rearrange-
ment process provides an efficient access to the corre-
sponding allenes X VIIL

3.1 Formation of Bicyclo[3.1.0]alkenes

In 2004, Firstner and Malacria published back-to-
back their independent studies of Pt-catalyzed
1,5-enyne cycloisomerizations to bicyclo-
[3.1.0]hexenes.***” These reports were soon followed
by a communication from the Toste laboratory, de-
scribing a series of independently observed cycloiso-

_ _ R
X=CR, Y=CH, Rs
R
R4
/ Ry
X1
X =CRy Y =CH; R R,
—_—
X=CHR, Y=CH
2 R4
R2
x CN Xil
Y CH,
rRE Rj Rs
Ry
Ry Ri
Ry Rz
XV Xi

Scheme 43. Observed reaction topologies in cycloisomerizations of 1,5-enynes.
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merizations of 1,5-enynes, which were catalyzed by
cationic gold-phosphine complexes.!

Fiirstner and co-workers reported that subjection of
enyne 200 to a catalytic amount of PtCl, in toluene at
60°C afforded bicyclic ketone 201 in 75% yield
(Scheme 44).5°! The deuterium label in the product

D

HO Ph
D — pp PtCl; (cat) \):t
—_— (0]
— toluene, 60 °C
200 75% 201
Ph
204 205
78% 60% 66% 52% 62%

Scheme 44. Pt-catalyzed cycloisomerization of 1,5-enynes.

appeared exclusively at the C(2) position of 201. Rep-
resentative examples of the scope of the cycloisomeri-
zation are depicted in Scheme 44. In addition to PtCl,
catalysis, the authors reported that the combination of
Au(PPh;)Cl and AgSbF, was effective in conversion
of acetate 207 to bicyclic ketone 208 (Scheme 45).

Au(PPh3)CI o
AQ AgSbF (2 mol%) pn
——Ph » )
o CH,Cl,, 20 °C,
207 MeOH 208

74%

Scheme 45. Au-catalyzed cycloisomerization of 1,5-enyne
207.

The studies of Malacria and co-workers are sum-
marized in Scheme 46 and Scheme 47.°”) This work
demonstrated that enynes containing terminal alkynes
successfully participated in the cycloisomerization
process. In addition, the authors established that the
formation of bicyclo[3.1.0]hexenes was stereospecific.
Subjection of enyne 215 containing an E-alkene af-
forded ketone 216, while a similar reaction using Z-
alkene 217 furnished the diastereomeric product 218.
In 2004, the same group also reported a transannular
version of this reaction, which assembled a series of
tricyclic compounds from cyclic 1,5-enynes.!

Scheme 48 summarizes the studies of Toste and co-
workers.”®! Unlike the two previous reports, which
utilized exclusively C(3)-acyloxy- and hydroxy-substi-
tuted enynes, Toste and co-workers found that gold
catalysis of the 1,5-enyne cycloisomerization enabled
efficient conversions of enynes bearing aryl and alkyl
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@> @ “Ph Rzo@ —<:[>
213 Me 214 /—'VIe
80% o  86% 79% ga% Me

Ry = )K@\ _ )J\ /\@ R;=TBS
NO,

Scheme 46. Pt-catalyzed cycloisomerizations of 1,5-enynes.

HOU  _  PiCl, (5 moi%) H
B ——— O:<>--A|Ph
— toluene, 80 °C .
H
215 Ph 96% 216
HO PtCl, (5 mol%) H
= - > o=<j>-ph
Ph toluene, 80 °C oA
= H
83Y
217 % 218

Scheme 47. Stereospecificity of Pt-catalyzed cycloisomeriza-
tions of 1,5-enynes.

Au(PPh3)CI
AgSbFg
Ph — (1 mol%) .~‘H
- — Ph@
—_— CH2C|2, 20 °C ",H
219 99% 220
4< > @ ©> <:'> QTIPS
“—0OAc Ph—
222 223 224
94% 96% 82% (dr10:1)  61%
H Me Y
Ph : N ) Ph : = Me
225 Me 226 Me
98% 96%
S
MeO OMe Me
227 99%

Scheme 48. Au-catalyzed cycloisomerizations of 1,5-enynes.

groups at the C(3) position. In a typical experiment,
subjection of enyne 219 to 1 mol% of cationic gold-
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phosphine complex at ambient temperature afforded
bicyclo[3.1.0]hexene 220 in quantitative yield. Toste
and co-workers also demonstrated a series of interest-
ing ring expansion reactions that occurred during cy-
cloisomerizations of enynes 228 and 230 (Scheme 49).

H
“uPh

4

Au(PPh3)CI
AgSbFg
— (cat.)
—_—

— CH,Cly, 20 °C
228 Ph 72% 229

Au(PPh,)Cl

AgSbFg H
— (cat.) =
. <1Ph
— CH,Cl,, 20 °C B

H
Ph 72%
230 231
Scheme 49. Ring-expansion during Au-catalyzed cycloisome-
rizations of 1,5-enynes.

The proposed mechanism of 1,5-enyne isomeriza-
tions to the corresponding bicyclo[3.1.0Jhexenes is de-
picted in Scheme 50. The process begins with the in-

@
Re @ LAu /R3
R, —R3 AuL -~ ST R 4
- R4 R’I .,
R, H Rs
232 Rs 233
AuL
R1 R3 R1 \ :R3 R
& R N 4
R24<:[>{ ' Ro
% Rs ® ® T—I Rs
H AuL
235 234

Scheme 50. Mechanism of cycloisomerizations of 1,5-enynes
to bicyclo[3.1.0]hexenes.

tramolecular cyclopropanation to give cyclopropyl
metal carbene 233, which undergoes a [1,2] shift of a
hydride or an alkyl group to give 234. Elimination of
a cationic metal fragment results in the formation of
the observed bicyclic alkene 235 and regeneration of
the active metal catalyst.

In 2004, Nishibayashi and co-workers also reported
a sequential reaction transforming 1,5-enyne, which
was generated in situ from a propargyl alcohol, to a
bicyclo[3.1.0]hexene skeleton by tandem Ru and Pt
catalysis.! "

Based on the ability of phosphine-gold(I) com-
plexes to catalyze the intramolecular cycloisomeriza-
tion of enynes, Toste and co-workers examined the
possibility of conducting the corresponding intermo-
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lecular reaction of propargylic esters with alkenes.*!]

Indeed, they demonstrated that such condensations
readily occurred using 5 mol% of Au(PPh;)Cl and 5
mol% of AgSbF, to give the corresponding cyclopro-
panes (Scheme 51). In the case of enantiomerically

Au(PPhs)Cl
AcO, AgSbFg H, A H
>—: (2 mol%)
Ph —_— - Ph
236 , CH,Cly, 20 °C Ph OAc 237
Z~Ph 65% >95:5 dr, 95:5 Z'E, 0% ee
H, /A H Ph
Me /—\ Me Me
— T™MS — Ph —
Me OPiv Me OPiv Me OBz
238 239 240
62% (cis:trans = 1.3:1) 73% 73%

Me OPiv
241 242 243

61% (cis:trans = >20:1)  68% (cis:trans = >20:1)  68% (cis:trans = 5:1)

Scheme 51. Au-catalyzed intermolecular cyclopropanation.

enriched propargylic acetate 236, the reaction pro-
ceeded to give cyclopropane 237 with high diastereo-
selectivity, but no enantiomeric excess. This result is
consistent with the initial formation of the achiral
gold carbene from acetate 236, followed by alkene cy-
clopropanation.

Toste and co-workers also demonstrated that the
use of a chiral phosphine ligand, such as DTBM-SEG-
PHOS, resulted in the formation of cyclopropanes in
enantiomerically enriched form (Scheme 52).*!) These

(R)-DTBM-SEGPHOS(AUCI),

PivO (2.5 mol%) H H
" e%—: AgSbFs (5 mol%) Me}_ZA{A
Me —_— — r

+ CHyCly, 20 °C Mé  OPiv 244

/\Ar

69 - 85% >20:1 Z:E, 76 — 94% ee

Scheme 52. Enantioselective  Au-catalyzed intermolecular

cyclopropanation.

results provide further support of the involvement of
gold-carbenes as reactive intermediates, and demon-
strate the ability to efficiently induce asymmetry in
gold-catalyzed reactions, which remains a highly chal-
lenging task.

Recently, Nolan and co-workers reported the use of
the N-heterocyclic carbene (IPr) ligand to enable an
Au(I)-catalyzed cycloisomerization of 1,5-enyne 245,
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which resulted in the formation of a new bicyclo-
[3.1.0]hexene skeleton 246 (Scheme 53).14!

Me OAc (IPr)AUCI/AgBF, Me
(2 mol%) Me
CHZCIZ 20 °C, 5 min = ACO
86% By
° 246

Scheme 53. Au-catalyzed cycloisomerization of enyne 245.

One of the proposed mechanisms by the Nolan’s
group is shown in Scheme 54. The reaction begins
with a known acetoxy group shift promoted by the
cationic gold complex to give intermediate 248, which
undergoes two intramolecular C—C bond forming
steps to give the observed product 246 with concomi-
tant regeneration of the gold catalyst.

Me Me Me
Me YA F O au® Me 0 ]
| — OP—Me=—> ®
P Il Z._9~3 AcO R
R H AuL
R 245 AuL 247 248 I
M
Me Me Me e Me Me ®
= P R ~—— _
AcO AcO AcO R
R ® AuL LA
246 AuL 250 249 MU

Scheme 54. Mechanism of cycloisomerization of enyne 245.

Me 4y Picl, 2 mol%)
AcO toluene, 80 °C
|
| \ b) K,CO3 MeOH
Mg Me
253

In 2006, Fiirstner and Hannen reported the applica-
tion of PtCl,-catalyzed cycloisomerization of 1,5-
enyne 253 to efficient syntheses of (—)-cubebol 255,
(—)-a-cubebene 256, and (—)-Pf-cubebene 257
(Scheme 55), which were efficiently accessed from a
common intermediate 254.1% Interestingly, an essen-
tially identical approach to (—)-cubebol was commu-
nicated independently by Fehr and Galindo.*!

3.2 Isomerization of 1,5-Enynes to Cyclohexadienes

In 2004, we demonstrated that subjection of 1-siloxy-
5,1-enyne 258 to 1 mol% of AuCl resulted in the
highly efficient formation of a new product, which
was subsequently identified as siloxycyclohexadiene
259.%1 Interestingly, during this process, the siloxy
group formally migrated from the C(1) to the C(6)
position. This observation was quite general and a
range of 1,4-cyclohexadienes could be obtained by
this reaction (Scheme 56). While addition of the phos-
phine inhibited the reaction, Au(PPh;)Cl in combina-
tion with a silver salt was found to be equally effec-
tive.

Introduction of the quaternary center at the C(3)
position of the enyne resulted in exclusive formation
of 1,3-cyclohexadienes (Scheme 57). Both alkyl and
aryl substitution at the C(3) position were well toler-
ated. Importantly, protodesilylation of siloxycyclohex-
adienes efficiently afforded the corresponding 1,3- or
1,2-cyclohexenone (not shown), highlighting the gen-
eral synthetic utility of this catalytic process.

Experiments depicted in Scheme 58 provided im-
portant insights into the mechanism of the cycloiso-
merization. Cycloisomerization of enyne 268 contain-

B-cubebene (257)

Scheme 55. Syntheses of (—)-cubebol, (—)-a-cubebene, and (—)-f3-cubebene.
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Me Me
AuCI (1 mol%) ~ Me Me
—_—
|| CH,Cly, 20 °C TIPSO
258 OTIPS 93%
TIPSO’ : TIPSOEO)/TIPSO: : TIPSO
73% 50% 99% (4.1) 82% (6.1)

Scheme 56. Au-catalyzed cycloisomerization of siloxyenynes

to 1,4-cyclohexadienes.
20 °C, CH,Cl, TlPSO;OJ/\/

264 G7ips 88% 265

Me
MeU Ph Me:dﬂj\/\/
TIPSO TIPSO
266 267

89% 84%

AuCl (1 mol%)

Scheme 57. Au-catalyzed cycloisomerization of siloxyenynes
to 1,3-cyclohexadienes.

Me Me
Ve jQ/\/
TIPSO
Me AuCI (1 mol%)

Me

| EE——— 269

Me Il 20 °C, CH,Cly Me Ve

OTIPS 99%
268 269:270=3:1 TIPSO

Me 270

Me Me  AuCi(20mol%)  Me Me

—_—

If 20 °C, CH,Cly
H
211 H 74% 272

Scheme 58. Au-catalyzed cycloisomerizations of enynes 268
and 271.

ing a trisubstituted alkene resulted in the formation a
3:1 mixture of cyclohexadienes 269 and 270. Impor-
tantly, not only the migration of the siloxy group was
observed; the C(6) methyl substituent migrated to the
C(1) positon. Treatment of enyne 271 with AuCl (20
mol%) resulted in the formation of bicyclo-
[3.1.0]Jhexene 272, indicating that the presence of the
C(1)-siloxy group was crucial to the formation of cy-
clohexadienes.
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We proposed that the cycloisomerization of 1-
siloxy-5,1-enynes proceeds via a series of steps depict-
ed in Scheme 59.") The process begins with a gold-

Ry Ry AuCl Rz Ry
— A
I | (> AuCl
TP :OTIPS
273 274
R
R, !
+ = -— AuCl
R, r,;\uCI V/
TIPSO OTIPS
276 275

H TIPSO
R, R
278
TIPSO AuCl

H

Ro Ry
277 — :©/
TIPSO

279

Scheme 59. Mechanism of Au-catalyzed cycloisomerizations
of siloxyenynes.

alkyne complexation, which results in the cyclopropa-
nation of the pendant alkene to give gold carbene
274. While hydride migration and elimination repre-
sented the dominant pathway in the previously ob-
served enyne cycloisomerizations, the presence of the
C(1) siloxy group changes the mechanistic scenario.
Indeed, a subsequent [1,2] alkyl shift results in forma-
tion of oxocarbenium ion 275. Another [1,2] alkyl
shift delivers an intermediate 276, which undergoes
facile fragmentation to give gold carbene 277. De-
pending on the availability of the hydride at the a-po-
sition, final elimination occurs to give either the 1,4-
cyclohexadiene 278 or 1,3-cyclohexadiene 279.

Recently, we were able to further expand the scope
of the enyne cycloisomerization to form a wide range
of 1,3-cyclohexadienes starting with enynes containing
terminal, internal and arene-conjugated alkynes.[*]
Indeed, we found that incorporation of the quaterna-
ry center at the C(3) position of the enyne prevented
the competing formation of bicyclo[3.1.0]hexene, fa-
voring exclusively the cycloisomerization of 1,5-
enynes to 1,3-cyclohexadienes. The best results were
obtained using PtCl, (5 mol%) and toluene-acetoni-
trile reaction medium. A representative scope of the
reaction is provided in Scheme 60.
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Scheme 60. Mechanism of Pt-catalyzed cycloisomerizations of 1,5-enynes.

3.3 Formation of Oxa- and Azabicycloalkenes

During our studies on Au- and Pt-catalyzed cycloiso-
merizations of 1,5-enynes, we found that treatment of
enyne 291 with either Au(I)- or Au(Ill)-based catalyst
resulted in the facile formation of 6-oxabicyclo-
[3.2.1]octane 292 (Scheme 61).”) Importantly, subjec-
tion of enyne 291 to 50 mol% of HCI affords exclu-
sively the tetrahydrofuran (not shown), which demon-
strates unambiguously that Au-based alkyne activa-

Me o—

Me o AUCIE(Bmol%)  Me i~% Me
—_—
Il 20 °C, MeCN
Ph 89% Ph
291
OMe 292

o M NS M 0 M
e e
Me Me °Me
207 298 299

Ph  86% Ph  87% Ph  96%

Scheme 61. Au-catalyzed assembly of heterobicyclic systems.
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tion is uniquely responsible for the observed tandem
cyclization. We found that a range of enynes success-
fully participated in this reaction, providing rapid
access to a series of bridged bicyclic alkenes as well as
spirocyclic alkenes shown in Scheme 61.

We also examined the formation of fused heterobi-
cyclic alkenes.”! Treatment of alcohol 300 with 5
mol% of AuCl; afforded oxabicycloalkene 301 in
90 % yield as a single diastereomer. Similarly, subjec-
tion of sulfonamide 302 to the cyclization conditions
furnished azabicycloalkene 303 in 81 % yield, also as
a single diastereomer (Scheme 62). The sterospecifici-
ty of the tandem cyclization reactions is highly note-

Me Me

AuCI3 (5 mol%) o Me
20 °C, MeCN ﬂ
90% Ph
301
M Au(PPh3)CI
Me 9 e P(\gCISi TS\ Me Me
N Me
| (5 mol%)
B ——
fl CHaCly, 20 °C i
TsHN Ph 819% Ph
302 303

Scheme 62. Au-catalyzed assembly of fused heterobicyclic
systems.
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worthy and is fully consistent with earlier observa-
tions of stereospecific cyclopropanations.

The mechanism of Au-catalyzed double cyclizations
is depicted in Scheme 63.7) The reaction can be
viewed as a concerted process involving the nucleo-

Me Me
HO | AuCI3 HO \v l \‘
| | AuCly
304 Ph

AuCI3
Me Me

Me Me
Qﬁ ‘ <J\':;:Aum AuClsy
Ph ©

AuClj

305

307

Scheme 63. Mechanism of Au-catalyzed double cyclization.

philic attack of the alkene at the gold-alkyne complex
305 with a concomitant interception of the developing
carbocation by the oxygen or nitrogen nucleophile.
Alternatively, the mechanism may involve the ring-
opening of cyclopropyl gold carbene 306. Release of
the proton, followed by final protodemetallation de-
livers the observed bicyclic product 309. Based on the
number of observations cited in the original report,
we had suggested that the reaction is likely to follow
a concerted pathway via an intermediacy of 30S.

3.4 Formation of Allenes via a [3,3] Rearrangement

In 2004, Toste and Sherry reported that phosphine-
gold(I) complexes efficiently catalyzed the propargyl-
Claisen rearrangement.”! In a typical experiment,
subjection of enantiomerically enriched vinyl ether
310 to [(AuPPh;);O]BF, at ambient temperature in
CH,Cl,, followed by reduction afforded allene 311 in
91 % yield and 90 % ee. The efficient chirality transfer
during this process is particularly noteworthy as it
provides access to chiral allenes. The process was
amenable to the construction of a range of allenes de-
picted in Scheme 64.

In addition to the efficient chirality transfer, excel-
lent diastereoselectivity was observed upon rearrange-
ment of ether 318 containing a disubstituted alkene to
give allene 319 in 81% yield, 94% ee and>20:1 dr
(Scheme 65).

The proposed mechanism of the rearrangement
begins with the gold-based alkyne activation towards
the nucleophilic attack by the proximate alkene to
give cyclic intermediate 322. Fragmentation of the C—
O bond with a concomitant elimination of the cationic
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1. [(PPthU)gO]BF4

O/\ (1 mol%) H
M CH,Cl, 20 °C N
PR O T L PTG OH
AN 2. NaBH,; MeOH ﬁ
310 311 Me
0,
95% ee 91% 90% ee
H OH /L OH
/& Ph/gc PR~ C
312 | 313 314
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OH
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C
Mesis o 316 317 Me
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Scheme 64. Au-catalyzed propargyl-Claisen rearrangement.

OTBS 1[(PPh3Au);0]BF,4
o AN (1 mol%) H OH
CH,Cl, 20 °C X
PN Me  CEL20EC P oTBS
N 2. NaBH,, MeOH
M
318 81% 319 ©
95% ee 94% ee, >20:1 dr

Scheme 65. Au-catalyzed propargyl-Claisen rearrangement
of ether 318.

phosphine gold complex affords the observed allene
323 (Scheme 66).

Recently, Toste and co-workers reported the assem-
bly of dihydropyrans using a tandem Claisen rear-
rangement/heterocyclization sequence shown in
Scheme 67.%! Subjection of propargyl vinyl ether 324
to [(PPh;PAu);O0]BF, afforded aldehyde 325 by the
same mechanism as shown in Scheme 66. Subjection
of 325 to the same catalyst, but in wet dioxane, result-
ed in the formation of dihydropyran 326. This two-
step process was then combined into a single opera-

Q/\/R1 AuL@ 0
z R :

Ry N
N Rs @A Rs

320

HO _SRi
; > R3
Rz AuL

323 322

Scheme 66. Mechanism of Au-catalyzed propargyl-Claisen
rearrangement.
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o [(PPhsAU);0IBF H  OgH
Me \\ (1 mol%) Me C
CH,CI
Ph 2 Ph
324 325 | [(PPh3Au);01BF,
(1 mol%)
dioxane, H,O
[(PPh3Au);0]BF4 OH
(1 mol%)
’ 0
dioxane, H,O =
Me
86%
326 "

Scheme 67. Au-catalyzed Claisen rearrangement/heterocycli-
zation cascade.

tion using wet dioxane as a solvent to give dihydro-
pyran 326 in 86 % yield.

In 2005, Gagosz demonstrated another example of
a [3,3] rearrangement involving enyne 327, which cor-
responds to an acetylenic oxy-Cope rearrangement.’!
Treatment of alcohol 327 (5:1 mixture of syn and anti
diastereomers) with 2 mol% of Au(PPh;)Cl and 2
mol% of AgBF, at —20°C afforded aldehyde 328 in
68 % yield without any detectable isomerization of
the trisubstituted alkene (Scheme 68). The rearrange-
ment was proposed to proceed via the intermediacy
of a similar six-membered cyclic intermediate, fol-
lowed by fragmentation of the C—C bond.

HO. Au(PPh,)Cl H
Me — AgBF, Me N
(2 mol%)
_—

Me = CH,Cl, -20°C  Me

Me 68;/ Me

(o]
327 Ph 328 Ph

major

Scheme 68. Au-catalyzed acetylenic oxy-Cope rearrange-
ment.

3.5 Formation of Methylenecyclopentenes

As a part of the same account,”™ which described the
acetylenic oxy-Cope rearrangement, Gagosz reported
that subjection of propargyl ester 329 to a cationic
phosphine-gold(I) complex resulted in the highly effi-
cient formation of a new product, which was identi-
fied as a diene 330 (Scheme 69). The course of this cy-
cloisomerization reaction is similar to that observed
previously by Echavarren in the case of 1,6-enynes.
However, this outcome was not precedented for cy-
cloisomerization of 1,5-enynes.

The postulated reaction mechanism may involve
the initial intramolecular cyclopropanation to give
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Au(PPh3)ClI

AcO
AQBF4 Me '-
2
(2 mol%) Ph
—_—
o~ Me

CH,Cl, -20 °C M

90% Me
329 Ph 330

major

Scheme 69. Au-catalyzed cycloisomerization of 1,5-enyne
329.

gold carbene 332, which undergoes two consecutive
[1,2] alkyl shifts to afford carbocation 333
(Scheme 70). Fragmentation of the cyclopropane C—C

®
AuL
"'R1
"R3
Aul 0
ST AR,
. o
©) ) ;
R R1 3 @ R1
2 AuL Ra
333 334

Scheme 70. Mechanism of Au-catalyzed cycloisomerization
of 1,5-enyne 331.

bond with the concomitant loss of cationic phosphine
gold(I) complex completes the catalytic cycle.

3.6 Formation of Naphthalenes and
Methyleneindenes

In 2006, Shibata and co-workers reported efficient cy-
cloisomerization of 1,5-enynes conjugated to an aro-
matic ring (Scheme 71).' Depending on the nature
of the alkyne, the cyclization followed either 6-endo
or 5-exo manifolds. The alkyl-substituted alkyne 335
afforded naphthalene 336, while the terminal or halo-
gen-substituted alkynes 337 favored the formation of
indenes 338

4 Cycloisomerizations of 1,4-Enynes

Reported in 1984,°? the Rautenstrauch rearrange-
ment provided an access to cyclopentenes starting
with acyclic 1-ethynyl-2-propenyl acetates. The origi-
nal reaction was catalyzed by Pd(II) complexes and
was postulated to proceed via the intermediacy of Pd
carbenes. In 2005, Toste and co-workers reported that
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Scheme 71. Au-catalyzed cycloisomerization of enynes 335
and 337.

cationic phosphine-gold(I) complexes are effective
catalysts for this process, which also enabled the con-
struction of enantiomerically enriched cyclopen-
tenes.’* The study of the initial scope of the process
is depicted in Scheme 72. The reaction exhibited a
broad substrate scope, including terminal and internal
alkynes, as well as di- and trisubstituted alkenes,
which enabled construction of bicyclic and tricyclic
enones.

Au(PPh;)CI
PvO AgOTf
— (5 mol%) Me 0
Me _— =
A\ .
MeCN, 20 °C Mé
Mé 339 340
100%
SN O ) S o
m-BU 349 nBU 342 343 344
80% 73% 68% 82%
j O
: n-Bu
347
81% 45%, 48% 85%

Scheme 72. Au-catalyzed Rautenstrauch rearrangement.

The authors demonstrated that the Au-catalyzed
Rautenstrauch rearrangement enabled an efficient
chirality transfer from the propargylic position of the
enyne 349 to the C(4) position of the cyclopentenone
350. Several additional examples of this enantioselec-
tive process are depicted in Scheme 73.

The proposed mechanism, which is responsible for
the observed stereochemical course of the process, is
depicted in Scheme 74. The process begins with a
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Scheme 73. Au-catalyzed enantioselective Rautenstrauch re-
arrangement.

t—Bu
PivQ, O) O
AuL
Me V/
\ Au
t-Bu 0}
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Me 0 HO Me\@/
N @D
Me AuL
350

Scheme 74. Mechanism of Au-catalyzed Rautenstrauch rear-
rangement.

gold-promoted intramolecular addition of ester onto
the alkyne to give alkenyl gold complex 355. Subse-
quent cyclization produces intermediate 356, which
upon the loss of cationic gold phosphine fragment
gives cyclopentadienol acetate 357. Aqueous hydroly-
sis of 357 affords cyclopentenone 350. The stereose-
lectivity of the reaction has been attributed to the or-
thogonal disposition of the leaving group relative to
the plane of the olefin in the transition state for cycli-
zation of 355. This mechanistic proposal was followed
by a more detailed theoretical study."

In 2005, Sarpong and co-workers reported an effi-
cient Pt-catalyzed pentannulation of propargylic
esters with quarternary propargylic position
(Scheme 75).5° Interestingly, iodosobenzene was em-
ployed as an additive in this reaction. The authors
proposed participation of Pt(IV) species as the active
catalytic species.

Recently, Nolan and co-workers reported another
interesting example of an Au-catalyzed cycloisomeri-
zation of a propargyl acetate containing an adjacent
aryl fragment (Scheme 76).°°) While a 1,2-migration
of the acetate was observed in the previously de-
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Scheme 75. Pt-catalyzed cycloisomerization of arene-containing propargyl acetates.
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Scheme 76. Au-catalyzed cycloisomerization of propargyl o o
acetate 367. Q 0 H H
. . . n-CsHy n-CsHy ﬁ n-CsHy H n-CsHz g
scribed study, the current reaction entailed a formal 371 372 373 374
1,3-migration of the acetate moiety to give indene 88% 57% 84% 0%

368.

S Cycloisomerizations of 1,3-Enynes

In 2006, Zhang and Wang reported the efficient con-
struction of cyclopentenones by an Au(I)-catalyzed
cycloisomerization of 1,3-enynes, which was proposed
to involve a cascade of sigmatropic [3,3] rearrange-
ment and Nazarov cyclization reactions. Subjection of
propargyl acetate 369 to 1 mol% of Au(PPh;)Cl and 1
mol% of AgSbF, in wet CH,Cl, at 20°C efficiently af-
forded cyclopentenone 370 (Scheme 77). This process
enabled an efficient accces to a range of 3,5-disubsti-
tuted and 3,4,5-trisubstituted cyclopentenones, as well
as several bicyclic enones.

This remarkable transformation can be rationalized
by the series of individual mechanistic steps depicted
in Scheme 78. The reaction begins with the gold-pro-
moted attack of the ester carbonyl onto the alkyne
fragment to give cationic intermediate 381. Subse-
quent [3,3] sigmatropic rearrangement affords cation-
ic intermediate 382, which is poised to undergo the
Nazarov cyclization. The resulting cation 383 can be
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Scheme 77. Au-catalyzed synthesis of cyclopentenones from
1,3-enynes.

depicted in the resonance form 384, which explains
the subsequent [1,2] hydride shift, followed by elimi-
nation of the cationic gold complex to give cyclopen-
tadienol acetate 385. Aqueous hydrolysis of 385 pro-
duces the observed cyclopentenone.

6 Conclusions and Future Outlook

We have presented a comprehensive overview of the
development of the gold and platinum catalysis of
enyne cycloisomerization. Use of soft, alkynophilic
metals enables mild, chemoselective and efficient
transformations of readily available acyclic enynes to
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Scheme 78. Mechanism of Au-catalyzed synthesis of cyclopentenones from 1,3-enynes.

a wide range of synthetically useful carbocyclic and
heterocyclic products. While the vast majority of new
catalytic processes has been uncovered during the
past three years, we anticipate that many additional
reactions will be invented in the next decade. The de-
velopment of new transformations should be facilitat-
ed by the mechanistic foundation provided by the
previous studies. The asymmetric Au and Pt catalysis
of enyne cycloisomerization is currently in its infancy.
We anticipate that this important area will continue
to develop in the future. Furthermore, the rapid in-
crease in molecular complexity enabled by enyne cy-
cloisomerizations will result in many subsequent ap-
plications of these catalytic processes in the area of
complex molecule synthesis of natural and unnatural
products.
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