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There are till some synthetic chemists who hesitate to use metal-mediated or -catalysed reactions. The Pauson—Khand
reaction (PKR) is a powerful transformation that has now been sufficiently well developed to be routinely considered
when planning a synthesis, especially of polycyclic complex molecules. This tutorial review aims to encourage the use
of this process explaining the best ways of performing a PKR both in the stoichiometric and the catalytic version,
showing the scope of the process and its limitations. Additionally, asymmetry can be introduced in the reaction using
severa strategies, which will be discussed. The most recent examples of the synthetic applications of the PKR in natural
product synthesis will give the reader an idea of the great usefulness of this reaction.

1 Introduction

The Pauson—Khand reaction (PKR) is formaly a [2 + 2 + 1]
cycloaddition in which a triple bond, a double bond and carbon

T Present address: Centro de investigacion Lilly S. A. Avda delaindustria
30. 28108 Alcobendas, Madrid, SPAIN.

monoxide form a cyclopentenone. This implies the formation of
three new bonds and one or two cycles in the intermolecular or
intramolecular versions, respectively (Scheme 1).

Theaim of thisreview will beto point out recent advancesin this
field and to encourage the use of this reaction for the synthesis of
complex molecules.! The most outstanding, recently reported
examples of itsusein natura product synthesis will also be shown.
There are indeed few reactions that can compete with the Pauson—
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Scheme 1 Connectivity of the Pauson—Khand reaction.

Khand in the construction of great molecular complexity in one
step.

Thisreaction wasfirst reported in the seventies. At the beginning
it was carried out thermally under relatively severe conditions, and
led to transformations of generally low efficiency. Until the mid-
nineties, dicobalt octacarbonyl wasthe only cluster used to mediate
the reaction. With the exception of propynoic acid derivatives, al
akynes underwent the reaction. On the other hand, only strained
olefins reacted efficiently under the origina reaction conditions.
With respect to regioselectivity, the bulkier substituent of the
alkyne is placed adjacent to the carbonyl in the cyclopentenone
product. Unsymmetrical olefins usually give mixtures of regioi-

somers (Scheme 2).2

Scheme 2 Regiochemistry of the Pauson—Khand reaction.
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In the early eighties Schore introduced the intramolecular
version of this reaction. Until recently this version alowed the
formation of 5.5- and 5.6-fused bicycles, (the former with generally
greater levels of efficiency), and good conversions were achieved
only with gem-disubstituted enynes (Scheme 3).3
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Scheme 3 Intramolecular PKR.

The main problem with the mechanism of the Pauson—Khand
reaction is that beyond the cobalt-hexacarbonylalkyne complex, it
isdifficult to detect further intermediates. Nevertheless agenerally
accepted working mechanism has been proposed by Magnus
(Scheme 4).4

Severa theoretical studies support this mechanism while it
explains the regio- and stereochemical results of numerous
examples. Starting from the initial hexacarbonyl complex, the first
step would be the loss of one CO ligand. This step, strongly
endothermic, is the rate-determining step and, consequently,
acceleration of the process overall usualy involves the use of
promoters that act at this point, labilising one of the CO ligands.
Some studies have shown, with the aid of IR spectroscopy, that this
CO loss occurs after irradiation with shortwave UV, and penta-
carbonyl dicobalt intermediates have been detected.5 Then, the
olefin coordinates with the cobalt and is inserted into a Co—C bond
forming a cobaltacycle. This is the other important stage in the
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reaction course as it determines its regiochemical and ster-
eochemical outcome. Pericas has studied these two important steps
of the reaction using DFT calculations (Scheme 5).6 This author
shows the importance of facilitating CO dissociation but points out
thisis not a sufficient condition for the reaction. Thus, the energy
of the second step is also important and this is the reason why
strained olefins react so well. Pericas has established the relation-
ship between the strain of the olefin and the energy of the
cobaltacycle-forming step. In this step, the strain of cyclic olefinsis
liberated, favouring the process. Following this conclusion, they
have carried out PKRs with cyclopropene, observing excellent
yields under very mild conditions (Scheme 6). This group has also
isolated sulfur ligated decarbonylated intermediates that support
the dissociative decarbonylation step of the reaction course.

Other authors like Nakamura? and Milet and Gimbert8 have
performed high-level theoretical calculations on the cobaltacycle
formation step. These authors show that the insertion of the olefin
is the critical stereo- and regiochemical-determining step of the
PKR. Nakamura points out that the bond-forming events occur only
on one metal atom while the other acts as an anchor and exerts
electronic influences through the Co—Co bond. Some further study
is required with respect to the mechanism of this reaction, in
particular on the reaction catalysed by other metals.

In addition to mechanistic studies, the main efforts in this
chemistry at present are directed towards: (1) increasing the scope
to new substrates, which involves the finding of new experimental
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Scheme 5 Energy of the relevant steps of the PKR
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protocols including the use of different metal clusters, and new
promoters; (2) establishment of an efficient catalytic process; (3)
development of the asymmetric version of the reaction; (4) the
application of the PKR to the synthesis of natural products.

Aswe will show here, recent years have been excitingly fruitful
and the scope of the PKR has widened remarkably due to the use of
new promoters and reaction conditions. The reaction can be carried
out catalytically and on solid support. There have been important
advances in understanding what determines the stereochemical
aspects of the reaction and severa strategies have been devel oped
to effect asymmetric processes. Although cobalt is still widely used,
other metals are attaining great popularity, rhodium complexes
being the most promising mediators. We can now say that this
reaction is ready to be taken into account when planning a wide
variety of syntheses of complex molecules.

2 Reaction conditions and scope
2.1 Accelerating the PKR

The main drawback of the PKR was origindly its relatively low
scope and, in many cases, poor conversions. Over the past years
there has been an increase in the scope of this reaction, which has
its origin in the finding of new reaction conditions. The first
important report on the promotion of the PKR was by Smit and
Caple, who effected the reaction with the reagents adsorbed on
severa solid supports (Dry State Adsorption Conditions, DSAC).?
This allowed the use of lower temperatures and shorter reaction
times. Following that, the use of amine N-oxides, independently
introduced by Jeong and Schreiber, has become the most popular
way to promote the PKR.1° The N-oxides act by oxidising one CO
ligand, which istransformed into CO,, thusforming avacant sitein
the cobalt cluster (Scheme 7).

0
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Scheme 7

The amine N-oxides mostly used are trimethylamine N-oxide
(TMANO) and N-methylmorpholine N-oxide (NMO). Recently the
latter has been anchored to a solid support, facilitating the work up
of the reaction and leading to excellent yields (Scheme 8).11

Qe %
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Scheme 8

Another way to accelerate this reaction is by the addition of
different chemical compounds. Several sulfides and sulfoxides
have shown excellent results, especialy in the intermolecular
version of the reaction. One additive that has found widespread

34 | Chem. Soc. Rev.,

2004, 33,32-42 |

applicability is cyclohexylamine. This amine, introduced by
Sugihara, has enhanced the yield of many intramolecular reactions.
From the contributions of Sugihara we may say that sulfides are
especialy useful in the intermolecular version and with hydroly-
sable enynes, whereas amines are superior in the rest of the cases.
These additives are added in 3.5 equival ent amounts with respect to
the substrate and probably act by helping the displacement of a CO
ligand and stabilising reaction intermediates (Scheme 9).12

Co,(CO)s
(T )=o

== Cy—NH, (3.5eq)
/O ::
Ph

::\ 83°C
Wehave shown the positive effect of molecular sievesin both the

(79%)
COZI(CO)G n-BuSMe (3.5 eq)
=I=—~Ph +
83°C
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zeolites probably retain CO molecules, increasing conversions even
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Other ways of labilising CO ligands consist of irradiating the
complex. Ultraviolet light and ultrasound have shown a positive
effect in the reaction. Most recently, severa contributions have
used microwaves as a way to accelerate the reaction. These latter
conditions seem to shorten reaction times remarkably, athough
results are not spectacular with respect to conversions percent-

agel14
2.2 Other conditions for the PKR

Krafft has shown that modifications of the reaction conditions can
lead to variations in the result of the intramolecular PKR. Thus, the
use of a reductive atmosphere leads to the delivery of a
cyclopentanone. The best results are obtained with Co,(CO);» in
acohols under H, or N,. Thermolysis of dicobalthexacarbonyl-
alkyne complexes under H, or O, atmosphere in toluene forms
monocyclic alkenes in moderate yields. These latter conditions are
examples of so-called interrupted PKRs. Several groups have
detected these and other types of products of interrupted processes
that can become major under specially selected reaction conditions
(Scheme 11).15
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The PKR has been effected with reagents anchored on solid
supports. The intermolecular version of this reaction, using one



reagent anchored to a polymeric support, has been explored as a
way to create libraries of compounds. In addition, when using these
conditions with low weight starting compounds, the experimental
work may be facilitated. After the early examples by Schore, who
used akynols linked to a solid support that were reacted with
strained olefins, and the first intramolecular example by Bolton,
Schreiber has recently used the PKR to carry out a split-pool
synthesis of tricyclic and tetracyclic molecules. This diversity-
oriented synthesis consisted of a Ferrier reaction followed by a
PKR on a glyca template that yielded polycyclic scaffolds. They
describe the synthesis of some individual products and a pilot
library of 2500 compounds (Scheme 12).16

Co,(CO)g

NMO
CH,CN

Scheme 12

Other metals apart from cobalt can mediate the PKR. Although
these have found best use in the catalytic version, as will be
discussed later, the stoichiometric reaction has been performed
with Zr, Ni, Fe, Ti, W and Mo. Many early contributions describe
the use of these metals and have been reviewed previously.!
Christie and, more recently, Pericas have studied the use of
heterobimetallic Co-W and Co—Mo complexes, which are suitable
precursorsfor the PKR and impart ahigh degree of selectivity inthe
process (Fig. 1).17

R R2
(0C);,Co=M(CO),Cp

M = Mo, W
Fig. 1

2.3 Scope of the reaction

Many functional groups such as ethers, alcohals, tertiary amines,
acetals, esters, amides and heterocycles are compatible with the
Pauson—Khand reaction. The intermolecular version is the most
limited, as olefins without strain scarcely react. In the intra
molecular version, relatively few carbon skeletons undergo the
cyclisation. Most intramolecular PKRs use systems derived from
hept-1-en-6-yne or propargy! alyl ethers or amines. Good conver-
sions are generaly achieved when a Thorpe-Ingold effect is
helping. Substituted olefin fragments, in genera, fail to react or
lead to low yields. However, enynes connected through aromatic
rings, alenes, enamines, ynamines and traceless tethers have
recently joined the group of substrates used successfully in this
reaction, involving the synthesis of some medium sized rings. In
early times there was a common idea that akenes possessing
electron-withdrawing groups were not adequate substrates for
Pauson—-Khand reactions and underwent undesired CH insertion
reactions. Despite this idea, Carretero has reported several
examples of thisreaction involving el ectron-deficient alkenes, such
as «,3-unsaturated ketones, esters, nitriles, sulfoxides and sulfones
(Scheme 13).18

We and other groups have used aromatic substrates allowing the
synthesis of aromatic polycycles. We have observed in some cases
isomerisation of the emerging double bond.1° Lovely has reported
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an unusua regiochemistry in the PKR with similar substrates. In
this case, due to the buttressing effect of the tert-butyl situated in
the aromatic ring, a bridged compound is obtained involving the
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Scheme 14

formation of seven and eight membered rings (Scheme 14).20
Some of the most promising new substrates for the PKR
introduced in the past years are those that bear an allene that acts as
the olefinic part of the reaction. Allenes have an interesting
property: they can react with both double bonds depending on the
substitution pattern and on the reaction conditions. Thefirst studies
were by Brummond, who established the substitution patterns for
the reaction with either the external or the internal bond of the
allenic fragment (Scheme 15). This group has applied these studies

R Re
1 R, R, R, R1/
Mo(CO)s ——  Mo(CO)s o
R =r
Rs 2 Rs
Scheme 15

to the synthesis of hydroxymethylfulvalene, a potent anticancer
agent, and has developed an asymmetric version of the reaction
(vide infra).2t

After these studies, several groups have used the intramolecular
alenic PKR for the synthesis of medium sized rings fused to
aromatic rings, cyclohexanes (vide infra) or 3-lactams.22 The best
results are obtained using rhodium catalysed reactions.

Cook hasreported an impressive example of the allenic PKR this
year. Dicyclopenta[a,e] pental ene was obtained via a molybdenum
hexacarbonyl mediated tandem reaction (Scheme 16).23
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Exocyclic olefin fragments are among the few disubstituted
double bonds that react efficiently in PKRs. Several examples have
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appeared in the literature and are covered by previous reviews.
They include methylenecyclohexanes, methylenecyclopropanes

and methylenepyranes (Fig. 2).
éﬁ
o]
RO

OR

Fig. 2

Another group of interesting new substrates are those possessing
tracel esstethers. These compounds have the advantage of using the
intramolecular version of the reaction, which is not limited to
strained olefins and does not have regioselection problems. In a
second step, which sometimes occurs in a domino fashion, they
give amonocyclic compound upon cleavage of the tether. After the
first tethers containing oxygen, used by Smit, and those by Pericas,
in which a sulfur atom was reductively eliminated after the PKR,24
the most recent reports use silicon as a traceless tether. Pagenkopf
has succeeded in obtaining a monocyclic cyclopentenone in one
step, starting from a vinylsilane. The mechanism of the reductive
elimination of the silicon tether was investigated by this group and
implies the participation of water in the process (Scheme 17).25

0/% Ph C0,(CO)s Me
\
: MeCN, 1%H,0 (0]
Si ’ 2 >
N\ Reflux
(74%)
Scheme 17

Several domino processes have also expanded the synthetic
applications of the PKR. In addition to palladium allylic alkylations
that will be commented on later, we have used a combined
metathesisPKR for the synthesis of tricyclic compounds in one
step. The cobalt cluster acts first as a protecting group to avoid
undesired enyne metathesis processes (Scheme 18).26
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Scheme 18

3 The catalytic Pauson—K hand reaction2?
3.1 Catalysis by cobalt species

There has been great interest in devel oping efficient protocolsfor a
catalytic version of the PKR. The synthetic applications that can be
envisioned for this reaction make this aim an essential target in this
research. After thefirst example of areal catalytic reaction reported
by Rautenstrauch in 1990, during the nineties, several experimental
conditions were reported.! The common drawback of these
protocols was the use of severe conditions involving high CO
pressures and temperatures. The situation changed at the end of that
decade when the groups of Livinghouse and Krafft reported new
reaction conditions using only 1 atmosphere of CO. Livinghouse
used either high intensity irradiation or heat to promote an efficient
PKR using 5% of Co,(CO)g under 1 atmosphere of CO. The
thermal conditions gave best results when using a narrow gap of
temperatures situated between 65 °C and 75 °C. Livinghouse put
great emphasis on the use of high purity catalysts as an essential
requirement for getting good results.28 On the other hand, Krafft
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showed that enyne—-Co,(CO)s complexes, previously formed and
purified, or commercial Cox(CO)g and Co,(CO),» are effective
enough in the catalytic PKR under 1 atmosphere of CO. The
efficiency of the reaction is enhanced by the addition of Lewis
bases, mainly 2-3 equivalents of cyclohexylamine, which act by
stabilising reaction intermediates. The amine also facilitates the
initial decarbonylation step (Scheme 19).29
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K T=o
EtO0C

Catalyst (5 mol%)

7 CO (1 atm)

EtO0C
EtOOC —

Livinghouse: DME, 50-55°C, hv, 95% or
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Catalyst: sublimated Cox(CO)gor A

OC \/
/kﬁ/éOH

Co—
Krafft: DME, 70°C, 3 eq CyNH,, 94% Ts—N OC CO
Catalyst: commercial Co,(CO)gor A
\ A

Scheme 19

From the experience of our group, we can add to these
considerations on the purity of Co,(CO)g that recently opened
bottles of this catalyst usually work well in catalytic PKR, but care
must be taken with storage of this metal cluster, as it may lose
activity in few days.

Krafft has described sub-stoichiometric reactions (35% of
C0,(CO)g) under nitrogen atmosphere, in which cyclohexylamine
was used as an iterative displacement agent of CO ligands (Scheme
20).20

C0,(CO); 35 Mol% n-Pr
CyNH, 60 mol%

v
2
(0]
DME, 70°C, N, TBSO
15 h, 95%
Scheme 20

TBSO :\

Jeong first made the addition of phosphines and phosphites to
enhance the yields of the catalytic PKR. These additives may avoid
the formation of inactive cobalt species, stabilising intermediate
active clusters. These findings have recently been used in an
enantioselective version of the reaction. When adding chiral
phosphines such as BINAP, good enantiomeric excess is reached
with moderate chemical yields. The best results are obtained with
unsubstituted olefins and akynes. Substitution patterns in the
skeleton dramatically affect the stereochemical outcome of the
reaction (Scheme 21).30

C0,(C0O)g 0.2 eq H

/=" (S)-BINAP 0.2 eq
Ts—N Ts—N o
— 80°C 1 atm CO
Yield: 54%
ee%: 94%
Scheme 21

Buchwald has recently used chiral phosphites derived from
BINOL as additive in a cobalt catalysed reaction (Fig. 3). The
enantiomeric excesses reached with these additives are moderate
and far behind those obtained with these ligands in other
transformations such as asymmetric hydrogenation. Only aryl
substituted 1,6-enynes maintained a good degree of enantiose-
lectivity.31

Other cobalt sources have been used recently and show high
efficiency in the catalysis of the PKR. Chung has reported several
way's to generate active cobalt species.32 the most recent contribu-
tions from this group deal with the description of several reusable
catalysts. Thus, cobalt supported on mesoporous silica was
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presented as the first heterogeneous catalyst for the PKR. This
catalyst is obtained by decomposition of Co,(CO)g in the presence
of slica (SBA-16) under refluxing toluene. Good yields are
obtained using this system, even when reutilising the same catalyst
two or three times (Scheme 22).

0.1g Co/Si
Et0OC :/ (CO 9-10W%) Etooc><j;>:
EtO0OC CO (20 atm),  EtOOC
130°C, THF
Entry Catalyst Yield %
1 Co/SBA-15 95
2 Rec from Ent 1 98
3 Rec from Ent 2 98
4 Rec from Ent 3 98
Scheme 22

Another similar system described by this group consists of
supporting cobalt on charcoal. In this case, the amount of cobalt
supported by the solid is dightly superior. The main problem with
these systems is that they use severe reaction conditions, in
particular, high CO pressures. This drawback has been partialy
solved with the obtention of colloidal cobalt nanoparticles, which
react at lower pressures. These particles have been used in the first
PKR carried out in agueous media.32

The combination of the PKR with other processes in one step
increases the synthetic utility of this reaction. Chung has recently
been very active in using palladium catalysed asymmetric alylic
alkylations to obtain enynes that are cyclised in the same reaction.
Intheir latest contribution, they use acombination of palladium and
cobalt nanoparticlesimmobilised on silica (PCNS) to form bicyclic
enones after sequentia allylic alkylation—-PKR (Scheme 23).32

COOMe OAc Me
MeOOC
o)
MeOOC
Me

PCNS = Palladium and cobalt nanoparticles inmobilised on silica
Scheme 23

MeOOC PCNS

| | CO, THF
(88%)

Carbonylcobalt complexes have aso been modified by the
interchange of several CO by phosphines. Theresulting clustersare
more resistant against high temperatures and thus are interesting
aternatives for catalytic reactions performed under severe condi-
tions. The phosphines can also be immobilised in resinsthus giving
anchored cobalt complexes. These catalysts, used at 5% give
moderate to good yields in a series of substrates. When using
dendron-functionalised polystyrene as the immobilising agent, the
results are improved remarkably (Scheme 24).33

Other cobalt metal clusters apart from Co,(CO)g have exhibited
high reactivity in the catalytic PKR. In addition to Co4(CO)15,
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thP F'Ph2
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oc’to o o)
EtOZC>d/ 5 mol% EtO,C
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EtO,C = 70°C EtO,C _
(68%) (minor)
EtO,C

Scheme 24

which can be activated by Lewis bases, Sugihara has introduced
methylidynetricobalt nonacarbonyl as an efficient cluster, even in
the absence of activators. The reactivity of this cluster may be due
to the facile coordination of the substrate to the metal trough
dissociative and associative mechanisms and/or cleavage of one
Co—Co bond. Standard conditions with this cluster use 7 atmos-
pheres of CO in toluene at 120 °C and lead to good results both in
the inter- and the intramolecular versions. These kinds of clusters
are easily prepared by reacting dicobalt octacarbonyl with triha-
loalkanes. They are more stable against auto oxidation than dicobalt
octacarbonyl itself (Fig. 4).34

R
oc
oc \c 4\0 °
— 0—CO
N N
ocC /<|Jo co
F|g.4

3.2 Catalysis by other metals

Several metals have been used to catalyse PKR besides cobalt. In
addition to W, Zr and some recent reports with Ir, there has been
much attention to the use of Ti, Ru and Rh. We would dare to say
that most promising results are being reported with several Rh
complexes and we can envision that this metal will overtake cobalt
in the coming years. With respect to Ti, Buchwald has developed
severd titanocenes that act as efficient catalystsin the PKR and in
PK-like reactions with cyanides. In particular, titanocene dicarbo-
nyl is able to catalyse the reaction of different 1,6 and 1,7-enynes
with excellent functional group tolerance, but fails to react with
sterically hindered olefins and alkynes. In a very recent contribu-
tion, thisgroup has prepared a series of aryloxide complexes. These
new catalysts are able to promote cyclisation with some sterically
hindered enynes. The efficiency of the cyclisation reactions is
dependent upon the substitution of the aryloxide ligand (Scheme
25).35

Me\ Me
Me
Me Ti
ph Me" O
0.30 eq.
y Me
_— Ph
/T Me
BnN ————BnN (o]
—=— Ms O (2.1atm)
toluene 90°C ™S
(81%)
Scheme 25

In an enantioselective version of this methodology, Buchwald
has used chiral titanocenes to effect the PKR. These catalysts have
achieved good chemical yields with moderate enantiomeric
excesses (72—96%). In Scheme 26 a comparison of the racemic and
asymmetric reactions is shown.35
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Late transition metals were introduced more recently. After the
first reports by Murai and Mitsudo, both in 1997, ruthenium
complexes have been used by Itami and Y oshida recently. In their
work, they have contributed remarkably to the expansion of the
scope of the intermolecular PKR. The strategy consists of using
olefins bearing a pyridisilyl group which is readily removed after
the reaction. These « or f§ subgtituted vinylsilanes are easily
obtained from alkynes. The pyridyl group directs the PKR by a
possible coordination of the nitrogen with the metal, which
accelerates the process and gives complete regioselectivity. The
directing group is eliminated in the reaction, giving rise directly to
4 and/or 5 substituted cyclopentenones. This avoids the use of
ethylene or strained olefinsin the intermolecular PKR and isaway
to solve the problem of the regioselectivity with unsymmetrical
olefins (Scheme 27).36

Rhodium complexes are effective catalysts for the PKR and are
receiving increasing interest. Jeong has been especially active in
thisfield and has shown that several complexes are able to promote
the process. The scope and efficiency of the reaction depends on the
catalyst used. Those depicted in Fig. 5 are the most active.3”

Cl.._ PPhg cl PPh
RhCI(PPh ; 7. oy PRy
(PPhg)s PhP” NGO PhaP” Rh ~co
1 2
Th Ph Cl..._ .PPh,
cl, 2 Ph,P” | CO
JRh ] [RRCI(CO)L 2
PhyP P 3
Ph” )
4 Ph 5
Fig. 5

Some of these rhodium complexes need activation with AgOTf.
Modification of complex 5 produces a chiral catalyst that can give
rise to enantioselective processes. However, a careful choice of
conditions, including CO pressure, activation, solvent and ligands,
is essential, to obtain good enantiosel ectivity. In Scheme 28, some
reactions with different catalysts are compared, including the best

: Pz*Rh(I)—’ |

P*,Rh(I)CICO —»[P*th(I)CO]

O@EJ

\47?

P2*Rh(III)‘

(mf::t%) "(‘,‘3,‘3,',‘ '.,f)’ Yield (%) ee (%)
1(5) AgOTf (10) 89 -
2 (5) AgOTf (10) 90 -
3 (5) none 58 -
3(5) AgOTf (10) 82 -
4 (5) none 96 -
5(3) AgOTf (9-12) 95 70
(S)BINAP (6)
Scheme 28

conditions found for the asymmetric process. Jeong has proposed a
reaction course for the rhodium catalysed PKR which is aso
summarised in this Scheme. The face-selectivity in the first
coordinating step would determine the stereochemical outcome of
the reaction, and explains the influence of the solvent and the
electronic character of the ligand used.3”

Two important advances using rhodium catalysts have recently
appeared. The first is the efficient synthesis of seven membered
rings via alenic PKRs. Mukai has synthesised 19 examples of
bicyclo[5,3,0]decenones, using severa rhodium catalysts. Differ-
ent catalysts work best with different alenynes. The process
tolerates hydroxy and silyloxy groups and reaches good yields in
genera (Scheme 29).38

The second is an elegant CO-transfer carbonylation reaction in
which aldehydes serve as a source of CO for a PKR catalysed by
rhodium, ruthenium or iridium complexes under argon atmosphere.
This approach begins with decarbonylation of the aldehyde and
transfer of the CO to the enyne. The authors show there is no free
CO in the reaction medium that is used to form the PK product, as
they perform reactions in 13CO atmosphere without observing
incorporation of 13C in the final product. The enantiomeric excess
reached when using achiral ligand is higher with this methodology
than when using CO atmosphere in the absence of the aldehyde
(Scheme 30).3°

R* R®

5mol % [Rug(CO)4,]

CO (1 atm) R! R

Scheme 27

38
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4 Inducing asymmetry in the Pauson—K hand
reaction

Previous reviews have covered the different efforts made by many
groups regarding asymmetric PKR. However there have been
important advances after 1999 in the different approaches that can
be used to introduce asymmetry in the process. These are: (1) The
chiral substrate approach; (2) the chiral auxiliary approach; (3) the
chirad meta complex approach and (4) the chiral promoter
approach. The best results have been reported using chiral
substrates or chiral auxiliaries. The chiral metal complex approach
isstill inits beginnings and will probably show excellent resultsin
the future.

4.1 Transfering chirality from the substrate

This approach uses chiral precursors that transfer their chirality to
the fina cyclopentenone. This implies the synthesis of chiral
substrates, which have generaly been made from classic chira
pools. While amino acids have received scarce attention as starting
materials, carbohydrates have been used widely for the synthesis of
chiral enynes. The most recent contribution has used an iso-
propylidenedioxyfuranoside as a scaffold to obtain a series of
enynes that are transformed into cyclopenta[c]pyranes (Scheme
31).40

R (0] \R AcO R

I

1) Co,(CO)e

"0 2 NMO

0 O):_:_—

\/,,,

One recent contribution in this area uses epichlorhydrin to
develop a new chiral block that gives enantiomericaly pure
4-substituted bicyclooctanes (Scheme 32).41

Brummond has reported the successful transfer of chirality from
chira alenes. The PKR was effected using molybdenum and
zirconium complexes, and with the internal bond of the allene
giving «-akylidene and «-silylidene cyclopentenones. The en-
antioselectivity of these reactions was good, athough partial
isomerisation of the exocyclic double bond formed in the
cyclisation process occurred. A typical example is depicted in
Scheme 33.42

4

Scheme 31

4.2 Using chiral auxiliaries

Major contributions in this area are due to Pericas’ group. Many of
these have been reviewed previously. This group has worked with
chiral sulfur moieties like 10-methylthioisoborneol, which coor-
dinate with the metal, giving complexes that have sometimes been

H o5 ——SiMe,
c._X] =~ RO
NC
——SiMe,
TBSO Ti(O-i-Pr)4 / 2 i-PrMgCl
57%
CO,Et
SiMe; SiMe,
TBSO O + TBSO (0]
H H
80:20
Scheme 32
PPS DPS
3 H
M woico) {
o
6 + o
— DMSO,
toluene
95% ee 63% ee
(80%, E/Z: 8/1)
Scheme 33

isolated. Some of the complexes studied by this group are shownin
Fig. 6. Complexeslike 6 give good stereochemical results, although

N
\//s\\
o
, o
: o\\s/' LoL
T ey O R
=Cox T< XL
L Co Me /? L
L/\LLO R
8 9
L=CO
Fig. 6

they do not work well when sulfur is substituted by oxygen. Other
auxiliaries like Oppolzer’'s camphorsultam 7 or chiral oxazolidi-
nones 8 gave excellent results in stereocontrol and yields. On the
other hand, chiral sulfoxides like 9 only reacted when bearing
certain moieties at the alkyne, and in those cases gave mixtures of
regioisomers with partial loss of the enantiomeric excess (Fig.
6).43

These chiral auxiliaries act by transmitting their chirality to the
metal cluster due to the chelation with a cobalt atom, which upon
diastereosel ective complexation of the olefin, controls the absolute
configuration of the final cyclopentenone (Fig. 7).

The most recent contribution from this group describes the use of
chira akynylthiols instead of the parent ethers as so-called
chelating auxiliaries. These new auxiliaries have higher stability
against hydrolysis, are more efficiently prepared and exhibit
excellent diastereoselectivities in PKR with norbornene and
norbornadiene. The chiral auxiliary is eliminated using samarium
iodide, and a retro-Diels-Alder reaction can finally afford highly
enantiomerically enriched 4-substituted cyclopentenones (Scheme
34).43

Carretero has demonstrated the feasibility of carrying out the
PKR with electron deficient olefins. Among the different electronic
withdrawing groups used by this group, chiral sulfoxides attached
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a the olefin are efficient auxiliaries and reach high enantiomeric
excess. The proximity of the chira sulfur to the reaction centre
explains these good results. In addition, mixtures of Z and E
vinylsulfoxides gave only one isomer after the cyclisation.
Reductive cleavage of the sulfoxide is carried out by treatment with
activated zinc (Scheme 35).44

T

Scheme 35

o)
\s

Cox(CO)s Zn, NH,CI

96% ee

4.3 Using chiral metal complexes

This elegant approach actually groups several different method-
ologies. The most experimentally simple possibility has been
shown above and consists of the addition of chiral ligands to metal
complexesthat formin situ chiral aggregates. In general the ligands
used arewell known for their successin other chemical transforma-
tions, but in the PKR only give good enantioselectivitiesin certain
examples. Aswe have seen, this methodology has been carried out
with cobalt, titanium, ruthenium and rhodium catalysts. Another
possibility is to prepare desymmetrised metal clusters by inter-
changing one ligand for a chiral one. After the first report by
Greene, Pericas has recently obtained different chiral complexes
using bidentate (P,N) and (P,S) ligands. The most effective result
was achieved using a ligand called PUPHOS, which is readily
obtained from natural product (+)-pulegone. This ligand reacted
with cobalthexacarbonyl-alkyne complexes derived from terminal
alkynes giving diastereomerically-enriched mixtures of chiral
complexes that were separated. The major isomers, upon reaction
with norbornadiene, gave excellent results in yields and ster-
eosel ectivities (Scheme 36).45
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Finally metal clusters can be desymmetrised substituting one of
the metal atoms for another metal. Pericas has recently prepared
heterobimetallic (Mo—Co) complexes. The chirality of the tetra-
hedral core formed by the akyne and the metals is used to induce
high levels of stereocontrol. The complexes obtained are enantio-
merically pure with the aid of several traditional chiral auxiliaries
attached to the alkyne. The complexation of the chiral alkyne with
the two metals gives a mixture of diastereomeric bimetallic
complexes that are separated. The maor isomer reacted with
norbornadiene efficiently and with total regioselectivity. Inter-
estingly, the face-stereosel ectivity isreversed with these complexes
and the endo-fused norbornadiene adducts are obtained instead of
the expected exo compounds (Scheme 37).46
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4.4 Using chiral promoters

Several groups have used chiral promoters, generally amine N-
oxide derived from natural alkaloids. The chiral promoter should be
able to make a selective decarbonylation of one carbonyl of the
cobalt cluster, generating an enantiomerically enriched cyclopente-
none after the cyclisation. To date, the enantiomeric excesses
reached with this approach have been very low. In a recent report
Kerr has modified this methodology using the chiral N-oxide to
prepare a desymmetrised cobalt complex by selective substitution
of one carbonyl by a phosphine. This leads to sterically and
electronically differentiated cobalts. The resulting asymmetric
complexes are isolated, with moderate to good enantiomeric
excess. |n the presence of norbornadiene and an achiral amine N-
oxide, they lead to enantiomerically enriched PK adducts (Scheme
38).47

5 Natural product synthesis using the PKR

There has been a permanent increase in the use of the PKR for the
synthesis of natural products. The cyclopentane ring is quite
common in nature and the PK adducts are easily functionalised.
Applications up to 1999 have been covered by previous reviews.t
Theseinclude the synthesis of prostaglandins, different triquinanes
and polyquinanes like ceratopicanol, furanether B, kainic acid,
hirsutene, fenestranes, brefeldine A, epoxidictimene, loganine,
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xestobergsterol, spatane, daphane, iridomirmecin, dendrobin, kal-
manol and f-cuparenone. We will present herein some of the
syntheses that have appeared in the last 3 years.

Krafft has reported the total synthesis of asteriscanolide, a
sesquiterpene structurally related to epoxidictimene. The synthesis
is based on aregiosel ective intermolecular PKR with propene. The
formation of the cyclooctane ring is accomplished in the fina
stages by means of a ring closing metathesis reaction (Scheme
39).48
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Asteriscanolide

Scheme 39

An intermolecular PKR has been used as a key step for the
synthesis of the cedrene skeleton. The starting material was a
monocyclic enyne with an exocyclic olefin fragment. A bridged
adduct is obtained in high yield which is further manipulated to
provide a total synthesis of «- and [3-cedrene (Scheme 40).49
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Zard hasrecently reported atotal synthesis of 13-deoxyserratine,
alycopodium akaloid with high structural complexity, in only 10
steps and 12% overall yield. The key stepsin this synthesis were a
highly diastereoselective PKR and a radical cyclisation cascade
(Scheme 41).50

Mukai has effected atotal synthesis of 8«x-hydroxystreptazolone
in which the key step is an intramolecular PKR carried out on a
2-oxazolone derivative. This implies the use of an enamine as the
olefinic part of the reaction. The PKR is accomplished in a highly

Me. OTBS

. 1D CoxCO)s
N 2) NMO

THPO
OTHP

97:3 13-Deoxyserratine
Scheme 41

stereoselective manner. This compound is a natural product
possessing antifungal and antibiotic activities (Scheme 42).51
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6 Concluding remarks

There are redly few organic transformations that add so much
molecular complexity in one step as the Pauson—Khand reaction.
The process yields cyclopentenones, which can be easily trans-
formed into different functionalised cyclopentanes, present in the
structure of many natural products. This reaction had its main
drawback in the limited scope, low yields and lack of efficient
catalytic procedures. But we have tried to demonstrate that these
problems have been, to a great extent, solved. There are severa
efficient ways to accelerate the reaction. Using these new
procedures, the intramolecular PKR is now successfully used to
obtain 5, 6 and sometimes 7 membered rings. Disubstituted and
electronically poor olefin fragments are frequently reactive and
alenes act efficiently as the olefinic part. The intermolecular
versionisstill quitelimited, asunstrained olefins scarcely react, but
the use of traceless tethers or directing groups like pyridisilyl have
circumvented this problem, aso avoiding the formation of
regioisomeric mixtures. There are a wide variety of catalytic
protocols available to effect this reaction, some of them under mild
conditions. Nevertheless the catalytic PKR is not a completely
solved problem. Many protocols only give good results with
favourable substrates. Others use interesting reusable catalysts but
under severe reaction conditions. The most promising advances
come from the use of late transition metal complexes (rhodium,
ruthenium). Although there is not one single catalyst that works
well with every substrate, with a careful selection of the metal
complex, one can reasonably expect to achieve good results.
Asymmetric PKR can be carried out using different strategies.
Important findings will probably come from the use of chiral
ligands and chiral metal complexes. Advances in the comprehen-
sion of the reaction mechanism will allow accurate prediction of the
stereochemical outcome of the reaction. Finally, all this knowledge
is producing impressive synthetic applications that will encourage
synthetic chemists to rely on this reaction when planning their
syntheses.
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