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Despite the common perception that alkenes possessing
electron-withdrawing groups are not adequate substrates for
Pauson—-Khand (PK) reactions, a number of successful ex-
amples of this reaction involving electron-deficient alkenes,
such as o,B-unsaturated ketones, esters, nitriles, sulfoxides
and sulfones, have been reported in recent years. In the case

of the intramolecular PK reaction of 1-sulfinyl-1,6-enynes
and 1-sulfonyl-3-oxygenated-1,6-enynes these processes
have been applied in asymmetric synthesis.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

of stoichiometric amounts of dicobalt octacarbonyl, alkyne
and alkene, in the last ten years the synthetic interest of this
process has been greatly improved in several ways. First,
the discovery of very effective and simple promoters,®! for
instance tertiary amine oxides or cyclohexylamine, that al-
low the reaction to be performed at much lower temper-
atures (usually 0—25 °C) and often in high yields. Second,
the development of efficient versions of asymmetric PK re-
actions™ and catalytic PK reactionsl® makes possible the
synthesis of enantiopure substituted cyclopentenones and
fulfills the principle of atom economy. Third, this metal-
mediated cyclopentenone annelation of alkynes and alkenes
is not limited to the case of cobalt: complexes of other

Since its discovery in the early 70s,[l the cobalt-mediated
carbonylative cocyclization of an alkyne and an alkene,
known as the Pauson—Khand (PK) reaction,®! has become
nowadays one of the most convergent and versatile methods
for the synthesis of cyclopentenones. Although the classical
PK reaction was originally carried out by heating a mixture

2l Departamento de Quimica Organica, Universidad Autonoma
de Madrid, Cantoblanco,
28049 Madrid, Spain
Fax: (internat.) +34-91/397-3966
E-mail: juancarlos.carretero@uam.es

Javier Adrio (left) was born in Madrid, Spain, in 1968. He studied chemistry at the
UAM, where he received his B.S. and M.S. degrees in 1992 and 1994, respectively.
From 1995 to 2000 he carried out his PhD thesis at the Department of Organic
Chemistry, under the supervision of Prof. Juan Carlos Carretero, working in new
synthetic applications of functionalized a,f-unsaturated sulfoxides and sulfones in
intramolecular radical cyclizations and Pauson— Khand reactions. He is currently
i working as a senior scientist at the pharmaceutical company PharmaMar.

Juan Carlos Carretero ( centre) was born in Madrid, Spain, in 1960. He studied chemistry at the UAM ( B.S. degree in 1982 ) and received
his PhD in Organic Chemistry in 1985, under the supervision of Prof. José L. Garcia Ruano. He spent almost three years (1985—1988)
at the Université Catholique de Louvain, Belgium, as a postdoctoral fellow with Prof. Léon Ghosez. He subsequently joined the
Department of Organic Chemistry of the UAM, where he became Associate Professor in 1988 and Professor of Organic Chemistry in
2000. He has been involved in the development of highly stereoselective methods from sulfur compounds, mainly sulfoxides and sulfones,
and their application to the synthesis of natural products and pharmacologically active compounds. One of his current research interests
deals with the use of enantiomerically sulfur compounds as stereochemical controllers in transition metal-catalyzed reactions.

Marta Rodriguez Rivero (right) was born in Segovia, Spain, in 1976. She studied chemistry at the Universidad Autonoma de Madrid
(UAM), where she received her B.S. and M.S. degrees in 1999 and 2001, respectively. Currently she is a graduate student at the
Department of Organic Chemistry under the supervision of Prof. Juan Carlos Carretero. In 2001 she enjoyed a three months stay in the
group of Prof. Gary A. Molander ( University of Pennsylvania). She is working on metal-mediated stereoselective cyclization of enynes.

MICROREVIEWS: This feature introduces the readers to the authors' research through a concise overview of the
selected topic. Reference to important work from others in the field is included.

Eur. J. Org. Chem. 2002, 28812889 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002  1434—193X/02/0917—2881 § 20.00+.50/0 2881



MICROREVIEW

Pauson—Khand Reactions of Electron-Deficient Alkenes

metals, especially T, Cr,[] Fe,[¥1 Ni,P1 Zr,[10 Mo, [!1] Ry,[!?]
Rh!!3l and W' have also proved to be effective in this kind
of formal [2+2+1] cycloaddition.

Concerning the structural scope of the PK reaction, al-
though its tolerance for a wide variety of substituents at the
alkyne moiety is well-known,!'*! this seemed not to be the
case for the alkene partner. Since the seminal work of Pau-
son and Khand, it has been widely accepted that electron-
deficient alkenes, such as o,p-unsaturated aldehydes, ke-
tones, esters and nitriles, are not suitable substrates for PK
reactions. In these cases it has been postulated that the key
cobaltacyclic intermediate preferentially undergoes a B-hy-
dride elimination process, to furnish the conjugated 1,3-
diene,[?272¢l5a.16] pather than the carbonyl insertion step re-
quired for the formation of the cyclopentenone product
(Scheme 1).

This result is in sharp contrast to the case of the PK
reactions of alkenes possessing electron-donating substitu-
ents (like alkyl!'” or ether groups!'®) or strained C-C
double bonds (like allenes™! or cyclopropylmethylene and
cyclopropene groups?), which afford the expected cyclo-
pentenone products.

However, several studies, most of them reported recently,
show that under certain circumstances a relatively broad
variety of electron-deficient alkenes can also be appropriate
substrates in PK reactions, and this is a major improvement
of the structural versatility of this reaction.

Intermolecular Processes

To the best of our knowledge, there are only two papers
regarding successful intermolecular PK reactions of elec-
tron-deficient alkenes. The reaction of alkyl acrylates and
acrylonitrile with terminal alkynes (like 1-hexyne or phenyl-
acetylene), reported by Costa et al. in 1995,>! can be driven
towards the formation of PK cyclopentenone products, in-
stead of the expected 1,3-dienes, by performing the reaction
in the presence of a catalytic amount of Co,(CO)g and a
large excess of the olefin (preferably used as solvent), under
CO pressure (40 bar) at high temperatures (120 °C in an
autoclave). Under these conditions the cyclopentenones 1,
resulting from a regioselective domino Pauson—Khand/

Michael addition reaction, were obtained in moderate
yields (24—44%, Scheme 2).

CO (40 bar) o
Re=—H + PENG —— RM
(excess) Cox(CO)s EWG
120 °C
R = nBu, tBu, Ph 1
24-44%

EWG = CO,Me, CO,Et, CN

Scheme 2

More recently, Cazes et al. have reported that dicobalt
hexacarbonyl complexes of terminal and internal alkynes
react with methyl acrylate and phenyl vinyl sulfone at 0—20
°C when N-methylmorpholine oxide (NMO) is used as pro-
moter.”?! Under these mild conditions the cyclopentenones
2—-3 were obtained in moderate to acceptable yields
(41—"71%; Scheme 3). Disappointingly, no reaction was ob-
served in the case of other types of conjugated alkenes such
as substituted o,B-unsaturated esters and o,B-unsaturated
ketones.

o
HeC—=[E—CHy + 2 Ewe MO (B eauv) equv)_ HyC EWG
Co2(CO) (2 equiv) CHoCly-THF
a 0-20°C HsC

2a, EWG = COyMe, 59%
2h, EWG = SO,Ph, 71%

(0]
NMO (6 equiv) R EWG
CH,Clo-THF é
0-20°c
3a, R = Ph, EWG = COMe, 41%
3b, R= CgH;, EWG = CO;Me, 47%
3¢, R = C3Hyz, EWG = SO,Ph, 49%

R—=E + ZOEWG
COz(CO)G
(2 equiv)

Scheme 3

Intramolecular Processes

From a synthetic point of view, because of its complete
regiocontrol and broad structural scope, the intramolecular
PK reaction of 1,6- and 1,7-enynes has been by far the most
studied version of this process.l”! Thus, it is not surprising

R
Co(CQ); | B-H elim. N EWG
) K 3 R
7 TEWG ¢ ‘:///\002(00)6—'> Co(CO); | =R
EWG Conjugated 1,3-diene

EWG = CHO, COR, COsR, CN

Scheme 1
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that almost all the precedents regarding the use of electron-
deficient alkenes in PK reactions fit into this category.

a) a,p-Unsaturated Enones

The first successful intramolecular PK reactions of elec-
tron-deficient alkenes were described in 1991 with certain
conformationally restricted 1-en-6-yn-3-ones.?*! In particu-
lar, the dicobalt hexacarbonyl complex of the 1,6-enynes
4, bearing a carbonyl group at position C-3 of the enyne
framework, underwent an intramolecular PK reaction in
the presence of Florisil as promoter of the process, af-
fording the corresponding cyclopentenones in acceptable to
good yields (Scheme 4). Interestingly, the tetracyclic ad-
ducts 5a and 5b possess the structural core of the natural
products retigeranic acid®¥ and crinipellin B,>3! respect-
ively. However, the structurally related enones 6, which in
comparison with 4 are not disubstituted at C-2, failed to
react under the same conditions. The authors ascribed this
different outcome to the presumably more restricted con-
formational mobility of enones 4, which would facilitate the
coordination of the alkene to the cobalt atom. On the other
hand, the absence of hydrogens at C-2 in enynes 4 makes
the evolution of their dicobalt hexacarbonyl complexes by
a B-hydrogen elimination pathway impossible.

O
o
MeQ ’X/é o)
Florisil
A
o} (e}
4a 5a, 53%
O
OO'LKCJ
MeQ Az OMe 0
d' Florisil
-, r——-
'Tr C: A
o] (e]
4b 5b, 73%
()
c,o’L\
MeO
(j 27 Florisil .
: . no reaction
g A
',1 R
(@]
6, R=H, Me
Scheme 4

On the other hand, Keese et al. reported in their synthesis
of [5.5.5.5]fenestranes some quite outstanding examples of
intramolecular tandem PK reactions.l*®! The readily avail-
able acyclic ene-diynes 7 reacted with two equivalents of
dicobalt octacarbonyl in the presence of NMO to give the
fenestrane products 9 in 22—24% yield. According to the
authors,?%4 the second PK reaction takes place at the inter-

Eur. J. Org. Chem. 2002, 2881—2889

Il I~  2Cos(COx
| iiy NMO,
C‘)SIMeZR THF'CH2C|2, r.t.

7
L(OC)3Co\ o O H (¢]
1 Co
(COXCo2i 4§ hol— H
5SiMe,R OsiMe,R
8 9, 22-24%
R = Me, Bu

Scheme 5

mediate metallacycle 8 rather than on the fully decom-
plexed enone (Scheme 5).

b) a,B-Unsaturated Sulfoxides

Unlike the previous cases of intramolecular PK reactions,
which involve substrates with constrained conformational
mobility, our group has reported that simple 1,6-enynes
bearing a sulfoxide group at C-1 are suitable substrates for
PK cyclizations.?”) Thus, the dicobalt hexacarbonyl com-
plexes of the readily available 1-sulfinyl-1-hepten-6-ynes 10
react under both thermal (CH;CN, 80 °C) and N-oxide-
promoted conditions (NMO, CH,Cl,, room temp.) to give
the PK bicyclo[3.3.0]Joctenones 11 as the only characteriz-
able products (Table 1). Although the yields after silica gel
chromatography were moderate (46—55%), the presumed
competitive 1,3-diene product could not be detected in
any case.

Table 1. PK reaction of (*)-1-sulfinyl-1,6-enynes 10

O
O\ R
S"\R S".‘;
R H e H =
=g i)C0y{(CO)s A
== 0 ii) heat (a) or
NMO (b)

10 A (4R, 55, 58% B (45*, 5R*, 857)
Entry R Enyne Cond.[! Product A:B ratio Yield [%)]
1 pTol 10a a 11a 75:25 52
2 pTol 10a b 11a 73:27 49
3 pMe;,NCeH, 10b  a b 7129 55
4 tBu 10c a 11c >98:<2 50
5 tBu 10c b 11c >98:<2 46

[ala: CH5CN, 80 °C; b: NMO-H,0 (6 equiv.), CH,Cl,, room temp.

As our main goal was the development of an efficient
version of the asymmetric PK reaction by using sulfoxides
as chiral auxiliaries, the formation of a single diastereomer
(isomer A) from the fert-butyl sulfoxide 10c was quite
promising (entries 4 and 5). The configurational assignment
of the A adduct (4R*,55*,SS*) was unequivocally estab-
lished by NMR spectroscopy and X-ray diffraction stud-
ies.?”] To establish the stereochemical generality of this pro-
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cess and its potential in asymmetric synthesis a variety of
enantiopure (S)-zert-butylsulfinylated enynes 12 (ee > 96%),
readily prepared by Wadsworth—Emmons olefination of
the corresponding alkynyl aldehyde with (R)-diethyl fert-
butylsulfinylmethylphosphonate,?’#1  were treated under
thermal PK reaction conditions (Table 2). Pleasingly, with
all terminal alkynes the PK reaction (CH;CN, 60—80 °C)
took place again with complete diastereocontrol [exclusive
formation of the (4R,5S,SS) adduct, entries 1—4]. Com-
pared to the case of the unsubstituted 1,6-enyne 10c¢
(Table 1), the yields were somewhat higher in the case of
the 4-substituted 1,6-enynes 12a—c¢ (60—65% yield), prob-
ably due to the entropically beneficial gem-dialkyl effect.
The cyclization of the 1,7-enyne 12d was also completely
diastereoselective, but much less efficient (30% yield). Dis-
appointingly, no reaction at all was observed in the case of
the internal alkynes 12e,f (entries 5 and 6). This lack of
reactivity might be caused by the great steric hindrance
resulting from the bulky substitution at both ends of the
enyne.

Table 2. PK reaction of (S)-1-zert-butylsulfinylenynes 12

}
? 1B W SJ\“EBU
s i) CoplCO)e Ny o
< —— e
N — r 7) CHaCN, A
12 13 R
A (4R, 58, SS)
Entry Enyne X n R Product  Yield [%]
1 12a CMe, 1 H 13a 65
2 12b C(COsEt), 1 H 13b 60
3 12¢ NBOC 1 H 13¢ 60
4 12d C(CO,Et), 2 H 13d 30
5 12e CH, 1 TMS 13e —
6 12f CMe, 1 Ph 13f —

As the final step of this sulfinyl-mediated asymmetric PK
reaction, the reductive cleavage of the sulfoxide was ac-
complished in very high yields by treatment with activated
zinc, affording the corresponding enantiopure (R)-bicyclo-
[3.3.0]oct-1-en-3-ones 1481 (Scheme 6).

g ®

[
13 NH,CI, H,0

THF, r.t.
14, 92-96%, ee 296%

Scheme 6

A plausible explanation of the high diastereoselectivity
observed in the PK reactions of 1-zerz-butylsulfinyl enynes
could rely on the conformational preferences around the
C—S bond in the starting o,B-unsaturated sulfoxide,*! as
shown in Scheme 7. Thus, assuming that, as in other trans
a,B-unsaturated sulfoxides, the s-cis conformation is the

2884

most stable (dihedral angle C=C—S—0 of approximately
0°), complexation of the cobalt atom to the less-hindered
side of the double bond (that opposite to the bulky tert-
butyl group) would lead to the complex I which, by further
syn C—Co insertion, would afford the key cobaltacycle in-
termediate II, in which the stereogenic carbons at positions
C-4 and C-5 have been formed.
o}

Co,(CO) ? coordination x\)H__(
N 6 ) e g
N wBu  Cgre face T
\\/x\/\/sx_. L )(:3 H
e O~
- s-cis conformation >/ Co, \

Insertion
———————-

Scheme 7

A more striking result was observed in the case of the
PK reactions of 1-sulfinyl-1,6-enynes of cis configuration.
Unexpectedly, depending on the substitution at the sulfur
atom, either the PK cyclopentenone 11¢ (from the rert-butyl
sulfoxide cis-10c) or the exocyclic 1,3-diene 15 (from the p-
tolyl sulfoxide cis-10a) were obtained as the main products,
albeit in low yields®?”! (Scheme 8).

O\ o)
pTol
s~ \—pTol
o wo (T
= CH,Cly, rt.
Co,(CO)
cis-10a 15, 28%
g ;
S
H S—1Bu
B —
— 80°C
Co,(CO)s
cis-10c 11¢,41%

Scheme 8

¢) o,B-Unsaturated Sulfones

In addition to the case of o,B-unsaturated sulfoxides, our
group has reported that other types of sulfur-substituted
electron-deficient alkenes are also excellent substrates in in-
tramolecular PK reactions. 1-Phenylsulfonyl-3-oxygenated
enynes provided particularly interesting results.?*] These
compounds were prepared in one step by condensation of
the corresponding alkynyl aldehyde with phenylsulfinyl
phenylsulfonyl methane in the presence of piperidine*!l and
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further protection of the hydroxyl group (compounds
16—19, Scheme 9). Although the free alcohols (substrates
a) proved to be in most cases hardly reactive under typical
PK reaction conditions, the hydroxyl-protected derivatives
such as the ethoxymethyl ketal (substrates b) and the TIPS
derivative (substrates ¢) underwent a clean intramolecular
PK reaction under both thermal and N-oxide-promoted
conditions (MesNO as promoter), affording the corres-
ponding bicyclo[3.3.0]octenones 20—23 in good yields (usu-
ally 70—80% yield after flash chromatography, Table 3). In
no case was the competitive 1,3-diene product, resulting
from an elimination process on the cobaltacyclic interme-
diate, detected in the crude reaction mixtures.

R0
R2 cHo PhSOp\_-SOpTal o E/: SO,Ph
R2 — R! piperidine, CHsCN, 0°C R2 = g'
78-84%
R®=H, 16a-19a

iz CICH,OEt, DIPEA, CHCly, r.t.; 90-04% /
' z 72 0 '\ R3 = CH,OE, 16b-19b

ii: TIPSOTS, 2,64utidine, CHCly, r.t,; 96-98% i
R® = TIPS, 16c-19¢

Scheme 9

Besides the high reactivity displayed by these 1-sulfonyl-
ated enynes in PK reactions, the most outstanding result
was the stereochemical outcome of the cyclization. Unlike
the usual selectivity of allylically substituted enynes in PK
cyclizations, in which the allylic substituent ends up on the
unhindered exo face of the bicyclic product,*?! the PK reac-
tions of the 1-sulfonylated enynes 16—19 were endo selective
in most cases (Table 3). Particularly high endo selectivities
were observed in the case of enynes 16b, 17b and 19c¢ (ent-
ries 2, 4 and 9). As the sulfonyl group can subsequently be
removed in quantitative yield by reductive cleavage of the
C—S bond with zinc, this two-step sequence — intramolec-
ular PK reaction and desulfonylation — constitutes an in-
teresting stereocomplementary approach to the diasterco-
selective synthesis of C-6 substituted bicyclo[3.3.0]oc-

Table 3. PK reaction of 3-oxygenated-1-phenylsulfonyl-1,6-enynes
16—19

R%Q RQ H ,SO0Ph  R°Q y ,SOPh
R2 ==—R' i)MeNO R? R?
CH,Cly, r.t. R R!
1619 endo 20-23 exo
Entry Enyne R' R?> R? Product Yield [%] endolexo
1 16a H H H 20a — -
2 16b H H CH,OEt 20b 76 >98/<2
3 16¢ H H TIPS 20c¢ 74 92/8
4 17b Me H CH,OEt 21b 77 93/7
5 17¢ Me H TIPS 21c 73 91/9
6 18b H Me CH,OEt 22b 74 67/33
7 18¢ H Me TIPS 22¢ 71 39/61
8 19b Ph Me CH,OEt 23b 79 87/13
9 19¢ Ph Me TIPS 23c¢ 78 94/6
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tenones. An example of the independent stereoselective
access to each diastereoisomer of a C-6 substituted bi-
cyclo[3.3.0]Joctenone (compound 24) by PK reaction of
either a 1,6-enyne or its 1-phenylsulfonyl derivative is de-
picted in Scheme 10.

EtOCH,O EtOCqu H
==~ 50,Ph i) Cox(CO)g <I>=°
e —"
= ii) MezNO
iii) Zn, NH,CI endo-24
71% (endo/exo = >98/<2)
EtOCH,0 EtOCH,0.  H
— i) Coy(CO)g 2:@0
—_—
== i) Me3NO
72% exo-24
(endo/exo = 28/72)
Scheme 10

Given its potential in asymmetric synthesis, it is also in-
teresting to note that the starting 1-sulfonylenynes can read-
ily be prepared in high enantiopurity by enantioselective
lipase-mediated acetylation of the racemic starting alco-
hol.?3 An example is shown in Scheme 11.

HQ EtOCH,0, H ,SO.Ph
i ~==80,Ph _ii
(£)16a——» <;\ — 0
(S)M16a (4R, 5R, 6S)-20b

49%, 98.5% ee 98.5% ee

i Lipase PS, vinyl acetate, toluene, r.t.
ii: CICH,OEt, DIPEA, CH,Cl,
iii: @) Co,(CO)g; b) Me3NO, r.t.

Scheme 11

In diastereoselective intramolecular PK reactions, the rel-
ative thermodynamic stability of the key diastereomeric cis-
cobaltacyclic intermediates is usually considered to be the
main factor controlling the stereochemical course of the re-
action.[>3* Thus, the major formation of the endo adduct
in the case of the 1-sulfonylated-1,6-enynes can be rational-
ized by assuming that the cis-cobaltacycle A is more stable
than its diastereomer B, probably because in A the allylic
OR group and the bulky sulfone moiety are located on op-
posite faces of the cobaltacycle, whereas in B both groups
could suffer an important steric interaction due to their
nearly 1,3-parallel arrangement (Scheme 12). In addition,
the conformational preferences around C2—C3 in the start-
ing enynes 16—19 could also reinforce the endo selectivity
of the cyclization.30?!
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SO,Ph
H H 'CO(CO)3 Rq H SO,Ph

a%\co(oms - CIQZO

) OR
RO A endo
== SO,Ph (major)
’COZ(CO)G Co(CO);
Co(CO) | ™™ o
RO¥Pho,s RO H s0,Ph
B exo
(minor)
Scheme 12

Table 4. PK reaction of 3-oxygenated-1-phenylsulfonyl-1,7-enynes

OR/ o) RQ ; SOPh RO |, SO,Ph
i) Co
T et (e (B
X ity MesNO X X
= CHoCly, 1t.
endo exo

Entry Enyne X R Product Yield [%] endolexo
1 25a CH, H 27a 49 59/41

2 25b CH, CH,OEt 27b 49 52/48

3 25¢ CH, TIPS 27c¢ 62 34/66
4al 26a (0] H 28a 14 79/21
5lal 26b (@) CH,OEt 28b 50 66/34

6 26¢ (0] TIPS 28c 50 58/42

(21 Me;NO-2H,0 + molecular sieves as promoter of the reaction.

EtOCH,0 SO,Ph EtOCH,0 Me
=
Me. SO,Ph
Me' —] ==—Me
29 30

In the exploration of the structural scope of the intramolec-
ular PK reaction of o,B-unsaturated sulfones, the homolog-
ous l-sulfonylated-1,7-enynes 25—26 were also studied
(Table 4). These substrates afforded the corresponding bi-
cyclo[4.3.0]nonenones 2728, although both the yield and
the endo-selectivity of the cyclization were lower than in the
case of the 1,6-enynes. Disappointingly, neither the sulfone
of cis-configuration 29 nor the a-substituted vinylsulfone 30
were able to react under either thermal or N-oxide-pro-
moted PK reaction conditions.

d) a,p-Unsaturated Esters and a,p-Unsaturated Nitriles

Taking into account the high reactivity exhibited by 1-sul-
fonyl-3-oxygenated-1,6-enynes in PK cyclizations, we ex-
tended the same study to the related o,B-unsaturated esters
31. These compounds were readily prepared by piperidine-
mediated condensation of 5-hexynal with ethyl p-tolylsulfinyl
acetate (SPAC condensation®) and further OH protection.
The cyclization of the dicobalt hexacarbonyl complexes of
these substrates, under the same conditions previously em-
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ployed in the case of the a,B-unsaturated sulfones and sulfox-
ides, furnished in good yields (59—80%) a mixture of the PK
bicyclic product 32 and the exocyclic 1,3-diene 33 resulting
from the competitive elimination pathway of the co-
baltacyclic intermediate.'®! Interestingly, depending on the
particular substitution at the enyne chain either the PK ad-
duct (32d) or the 1,3-diene (33b) could be selectively ob-
tained®! (Scheme 13). The different behavior of enynes hav-
ing an a,B-unsaturated ester (31), compared to the case of
o,B-unsaturated sulfones (16—19) and sulfoxides (10 and 12),
suggests that the thermodynamically very favorable m-con-
jugation between the C-C double bond and the ester moiety
(but not so favorable in o,B-unsaturated sulfoxides or sul-
fonesP7)) is a key factor in the formation of the conjugated
1,3-diene vs. the formation of the PK cyclopentenone.

0 2
R R20
R1 cHo D TolS_-COEt R1>C/\002Et
R C..: piperidine R —
ii) OH protection 31
70-81% iif) Coa(CO)g

59-80% | V) MesNO
molecular sieves

toluene, r.t.
R%Q y COEt R?Q /COzEt
R! o N R
R’ R
32 33

32a:33a = 36:64
32b:33b = <2:>98
32¢:33¢c = 83:17
32d:33d = >98:<2

R' = H, R? = CH,OEt
R'=H,R®= TIPS

R' = CH3, R? = CH,OEt
R'= CH, R2=TIPS

Scheme 13

Remarkable results have been reported with this kind of
substrates by Hoye et al.l*¥l in the tungsten-mediated PK
cyclizations of 1,6-enynes. In the presence of a stoichio-
metric amount of tungsten pentacarbonyl [W(CO)s THF]
a variety of 1,6-enynes, including substrates possessing a
cyano or an ester function at the alkene terminus (com-
pounds 34 and 35), underwent the PK cyclization in THF
at 65—110 °C to give the corresponding bicyclo[3.3.0]oc-
tenones as mixture of epimers at C-4 (compounds 36 and
37, Scheme 14).

MeO;C =~pwG W(CO)sTHF
e
MeOzc: /\\_/: THF, A
34, EWG =CN
35, EWG = CO,Me

EWG
Me02C><I§:
MeO,C ©

36, EWG =CN, 57%
37, EWG = CO,Me, 21%

Scheme 14

It has also been reported that the alkynyltungsten com-
plexes of the a,B-unsaturated nitrile 38 and o,B-unsaturated
ester 39 react with a stoichiometric amount of Co,(CO)g un-
der very mild conditions (THF, 25—40 °C) to afford the bi-
cyclo[3.3.0Joctenones 40 and 41 in satisfactory yields
(66—72%) as mixtures of epimers at C-4.I'Y1 According to
the authors, the mechanistic course of this tungsten/cobalt-
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mediated Pauson—Khand reaction would take place through
the formation of the key bicyclic cyclopropane intermediate
42, bearing a pendant mixed W—Co carbonyl complex as a
substituent of the cyclopropane ring (Scheme 15). This inter-
mediate has been isolated in certain cases (for instance E =
H, Me) and it has been proved that it yields the bicyclo-
[3.3.0]octenone after heating in benzene at 60—80 °C.

EWG
MeO,C, :/ EWG  CoiCO)s  MeO,C
e e O
MeO,C == W(CO); THF, 25-40°C MeO,C
i
Cp W(CO)s
Cp

38, EWG=CN
39, EWG = CO,Me

40, EWG =CN, 66%
41, EWG = CO,Me, 72%

MeOZC COzMe
(CO),
Co

/ -
Cp(CORW; E =H, Me, CN, CO,Me

Co
(COs g
42

Scheme 15

Instead of cobalt-based complexes Narasaka et al. have
recently reported that [RhCI(CO),], is a suitable catalyst for
the rhodium-mediated PK cyclization of a variety of alkyne
substituted 1,6- and 1,7-enynes.?”) Among the tested sub-
strates, the o,p-unsaturated ester 43 reacted in the presence
of a catalytic amount of the rhodium catalyst under a CO
atmosphere at 130 °C to afford a mixture of the cyclopen-
tenone 44 and its demethoxycarbonylated derivative 45 in
86% overall yield (Scheme 16).

EtOZC: C/ CO,Me
EtO,C =—ph

[RRCICOgly, 5 mol %
CO (1at), nBugO, 130°C

43 86%

H COzMe
EtO,C EtO,C 0
EtO,C EtO,C

Ph Ph
44 45
44:45 = 21.79
Scheme 16

Through a different mechanistic pathway, 1,6- and 1,7-
enynes with an ester group at the alkene terminus have also
been used in low-valent titanium-promoted cyclizations.
Sato et al. have reported that the cyclization of enynes 46
in the presence of a stoichiometric amount of [Ti(OiPr),(n>-
propene)] gives the intermediate titanacycle 47 which, by
an in situ selective protonation (1.1 equiv. of sBuOH) and
intramolecular acylation of the resulting alkenyltitanium in-
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termediate, furnishes the cyclopentenones 48 in satisfactory
yields%! (54—89%, Scheme 17).

R R COEt
o 2, O
(Ccozet (n"-propene)Ti(0-Pr); TP,
=--TMS Et,0,-20°C
™S
46 47

n=12

R =H, C4Hg, OTBS SBUOH (1.1 equiv)

R R
intramolecular COLEt
(@;2:0 acylation (Cg['ri]
T™S ™S
48, 54-89%
Scheme 17

¢) Other Electron-Deficient Alkenes in PK Reactions

Considering electron-deficient alkenes that contain atoms
with strong inductive effects, it has been reported that fluor-
ine-containing 1,6-enynes are able to undergo the PK reac-
tion in low to moderate yields.*!! For instance, the dicobalt
hexacarbonyl complex of the fluoroalkene 49 reacted in the
presence of NMO (CH,Cl,, room temp.) to afford the de-
fluorinated cyclopentenone 50 in 37% yield. Under the
same conditions the trifluoromethyl-substituted alkene 51
gave the cyclopentenone 52 in 14% yield (Scheme 18).

Vs i) Cop(CO)s TsN/;on
s r——
= i) NMO, CH,Cly, rt.
0,
49 50, 37%
Ct CF.
s i Cox(COls e
CF3 o
TsN — > TsN
p— II) NMO, CH2C|2, rt.
51 52,14%
Scheme 18

Summary and Outlook

Since the pioneering work of Pauson and Khand it was
widely accepted that alkenes substituted with electron-with-
drawing groups were not suitable substrates in PK reactions
due to their presumed low reactivity and high tendency to
evolve by a competitive elimination process, which leads to
1,3-dienes instead of cyclopentenones. However, in recent
years several reports show that this general assumption is
far from being exact. To date a number of examples of in-
termolecular and, especially, intramolecular PK reactions
of alkenes bearing an electron-withdrawing substituent,
such as carbonyl, ester, nitrile, sulfoxide and sulfone, have
been reported. In particular, the wide structural scope of
the intramolecular PK reaction of the enantiopure sulfur-
based substituted enynes 1-zerz-butylsulfinyl-1,6-enynes and
1-phenylsulfonyl-3-oxygenated-1,6-enynes makes this pro-
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cedure very interesting in asymmetric synthesis. In addition,
compared to the cobalt-mediated PK reaction, several re-
sults suggest that tungsten and rhodium carbonyl com-
plexes are less sensitive to the electronic properties of the
alkene partner in intramolecular PK-like reactions.

The extension of this study to other types of electron-
deficient olefins, as well as the clarification of the electronic
and structural factors involved in the competition between
1,3-diene formation and the PK reaction, is under research
in our group.
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