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1 Introduction

This review covers the literature from 1 July 1992 to
31 August 1993 and is a selective account of recent

developments in the applications of stoichiometric
organotransition metal chemistry to organic synthesis.
Particular attention has been given to work of general
applicability to the practising synthetic organic chemist
and to reactions which lead efficiently to otherwise
elusive structural entities. Areas which have seen
particularly notable advances in their synthetic
applicability in the period covered include
hydrozirconation reactions, the use of carbene
complexes in organic synthesis, and transition metal
mediated cycloadditions. Relevant reviews published
during the period are cited in the text.

2 Transition metal alkyl, allyl, alkenyl, alkynyl, and
acyl complexes in organic synthesis

2.1 Hydrozirconation methodology

The utility of the classical hydrozirconation reaction
originally developed by Schwartz' has been
considerably expanded over the past year with much
of the work having general applicability in organic
synthesis. For example, regioselective
hydrozirconations of alkenes followed by
transmetallation of the resulting alkylzirconate 1
(Scheme 1) with catalytic CuCN (10mol%) gives alkyl
cuprates which can subsequently be used in coupling
reactions with allylic chlorides, bromides, or
phosphonates. For unsymmetrically substituted allylic
systems the predominant mode of attack is Sy2'".
Unfortunately, couplings with monosubstituted
epoxides, allylic acetates, and aryl or alkenyl halides
were unsuccessful.? Transmetallation of alkyl and
alkenyl zirconates with CuBr.SMe, (5-10mol%) in the
presence of an acid chloride gives ketones in a one-pot
reaction. In the absence of a copper catalyst this
reaction is very slow for alkylzirconates and fails for
alkenyl zirconates (Scheme 1).2

An alternative approach to enhancing the reactivity
of alkyl and alkenyl zirconates avoids transmetallation
but uses a catalytic amount of AgClO, (0.1-5mol%) to
generate the cationic species 2; reactions with
aldehydes lead to a highly efficient C-C bond forming
process (Scheme 2).* Epoxides have been shown to
react in a similar manner via in situ generation of an
activated aldehyde.’

The Grignard-like reactivity of alkenyl zirconates in
the presence of catalytic AgClO, has been applied to
the highly E-selective synthesis of terminal 1,3-dienes
via three-carbon homologation of an aldehyde
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(Scheme 3).5 Moreover, hydrozirconation of
ethoxyethyne 3 or (Z)-1-methoxy-but-1-en-3-yne 4
followed by AgClO, catalysed reaction with aldehydes
gives an efficient two-and-four-carbon homologation
protocol respectively, leading to conjugated polyenals
{Scheme 3).

An interesting aspect of this chemistry is the
hydrozirconation of the allenyl stannane 5 to give the
allylzirconate 6 which undergoes smooth reaction with
aldehydes and ketones in the absence of any catalyst.
Subsequent F;B.OEt, catalysed S-elimination affords
an alternative approach to terminal E-dienes
(Scheme 4)8
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Hydrozirconation products from acyclic alkenes®
or alkynes!? have also been shown to be useful
precursors to alkyl or alkenyl boranes respectively
via transmetallation with BCl;, BBr;, or
chlorocatecholborane. Hydrozirconations of various
vinyl-9-BBN derivatives give 1,1-dimetalloalkanes 7;
the C-Zr bond can be selectively cleaved with bromine
to give a-bromoboranes (Scheme 5).!!

Hydrozirconation of alkynyl stannanes gives a
highly efficient synthesis of Z-alkenyl stannanes vig the
1,1-dimetallic species 8. The dimetallic intermediates
8 offer the potential for regioselective
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functionalization using the differences in reactivity
between alkenyl stannanes and alkenylzirconates
(Scheme 5).!2
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A novel synthesis of «, S-unsaturated esters has
been developed via reductive deoxygenation of
B-ketoesters. Generation of the zirconium enolate 9
followed by hydrozirconation and S-elimination gives
the corresponding a, S-unsaturated ester (Scheme
6).!3 The extension of this work to amide and lactam
deoxygenation is of particular synthetic utility (Scheme
6).14
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An alternative method for the generation of alkenyl
zirconates involves zirconium-mediated
carboalumination of alkynes.!* A recent paper reports
a significant increase in the rate of carboalumination in
the presence of water, such that reaction can be
achieved at —23°C.16

2.2 Allyl zirconium species

The generation of allyl zirconium species via
B-elimination of the alkoxy group from the
zirconocene complexes of a, f-unsaturated acetals 10
has recently been developed (Scheme 7).!7 The allyl
zirconium intermediates react in a diastereoselective
manner with a variety of aldehydes and ketones to give
predominantly syn or anti 1,2-dioxygenated species in
the presence or absence of a Lewis acid respectively.
Although allyl zirconium species do not react with
alkynes, the allylation of alkynes can be achieved via
reaction of zirconocene-alkyne complexes 11
(prepared from the corresponding alkyne and
Cp,ZrBu3) with an appropriate allylic ether. The
reaction is highly regioselective with C-C bond
formation occurring only at the y-position of the allylic
ether. 8-Elimination of the alkoxy substituent in the
zirconacycle intermediate 12 is postulated to account
for the formation of the 1,4-diene products (Scheme
7).18

B-Elimination of an alkoxy group in the zirconocene
complex of an allylic ether also results in a mild,
efficient deprotection method for allyl ethers

(Scheme 7}."

2.3 Zirconacycles in synthesis

The use of zirconacyclopentenes in synthesis
continues to increase; the last year has seen important
developments in the methodology of zirconacycle
formation and subsequent trapping. A more facile
route to these complexes which avoids the use of PMe;
or hydrozirconation has been reported via reaction of
diethylzirconocene and an alkyne. Subsequent
Cp-Cp’' bond cleavage, with extrusion of ethylene,
provides a convenient source of Cp,Zr-alkyne
complexes which can be trapped by a variety of
unsaturated functional groups (Scheme 8).2
Although the former protocol is limited to the use of
diethylzirconocene it has recently been shown that
more general pair-selective couplings of alkynes and
alkenes can be achieved if excess alkene is present.?!

Important methods for the regioselective
functionalization of the C-Zr bonds of
zirconacyclopentenes and zirconacyclopentanes have
also been introduced in the last year and these greatly
increase the synthetic potential of zirconium-mediated
coupling reactions. For example, protonation of
zirconacyclopentenes 13 occurs regioselectively at the
alkylcarbon-zirconium bond?? whilst the
corresponding symmetrical zirconacyclopentane 14
undergoes selective monoprotonation, allowing
halogenation of the remaining alkyl-zirconium bond
(Scheme 9).*
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2.4 Alkyl, allyl, alkenyl, and alkynyl chromium
species in synthesis

The use of organochromium reagents in organic
synthesis has been rapidly increasing over the past
decade; of particular note is the increased use of allyl,
alkenyl, and alkyny! chromium reagents in C—-C bond
forming reactions.?* The period under review
witnessed some useful extensions of the methodology,
particularly in the field of y-substituted allyl chromium
reagents. The first silyl substituted allyl chromium
reagents have been shown to react with aldehydes in a
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highly regio- and diastereoselective manner to give
anti B-hydroxysilanes 15 (Scheme 10).2° Although this
class of reaction is normally highly diastereoselective
regardless of the stereochemistry of the starting allylic
halide, it has now been demonstrated that

y, y-disubstituted allylic phosphonates 16 react with
CrCl, and aldehydes without equilibration of the allyl
chromium intermediate (Scheme 10).26
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The highly stereoselective reaction of y-substituted
allyl chromium reagents with aldehydes in an
intramolecular sense has recently been utilized as a key
step in the total synthesis of Acerosolide.”” A new
development is the reaction of allyl chromium species
with activated aldimines 17 to give homoallylic amines
(Scheme 10).2%

The reaction of propargylic chromium species with
aldehydes® has been extended to functionalized
propargylic reagents. This work exemplifies the
selectivity of formation of the chromium(im)
intermediate since ester, cyano, or chloro groups do
not interfere (Scheme 11).3°

The intramolecular cyclization of alkynyl iodides
onto aldehydes mediated by CrCl, /NiCl, has
continued to be applied to organic synthesis; two
elegant examples of this approach are the total
synthesis of the macrocycle taxamycin®' and the
oxabicyclo [7.2.1] enediyne moiety from a sensitive
furanoside precursor.*?
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The use of a gem-dichromium reagent derived from
Bu;SnCHBr, with aldehydes has been demonstrated
to give E-vinyl stannanes (Scheme 12).3* This

procedure is complementary to the Z-vinyl stannane
synthesis reported by Lipshutz (Scheme 5).'2
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2.5 Acyl transition metal complexes in synthesis

Applications of stoichiometric transition metal-acyl
complexes have largely involved exploitation

of the stereochemical control exerted by the chiral
auxiliary CpFe(CO)PPh;. Highlights include

the asymmetric synthesis of ( — }-Actinonin and

(= yepi-Actinonin,* (3 R,45)-Statine,? as well as the
synthesis of S-( — }-methyl tropinate 19 via a novel
benzyne-mediated arylation of the homochiral
complex 18 (Scheme 13).36
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A series of homochiral organometallic NADH
mimics which exert their stereocontrol via attachment
of the chiral auxiliary CpFe(CO)PPh; to the C-3
carbonyl of the 1,4-dihydronicotinoyl moiety have
been investigated. These complexes stereoselectively
reduce ethyl benzoylformate with high enantiomeric
excess.>’

3 Transition metal carbene complexes in synthesis

The period under review witnessed interesting
extensions of the use of chromium, molybdenum, and
tungsten carbene complexes in organic synthesis.
Particular highlights include a novel dipeptide
synthesis and the intramolecular trapping of carbenes
in a variety of ring-forming reactions of potential
synthetic interest.

The classical reactivity of Fischer carbenes has now
been coupled with subsequent intramolecular
nucleophilic substitution of the intermediate
(n®-arene)Cr(CO), complexes. This tandem reaction
sequence involves a crucial in situ protection of the
phenol generated in the first step and can provide a
novel entry into tetracyclic systems (Scheme 14).3
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The classical reaction of vinyl chromium carbene
complexes with alkynes depicted in Scheme 14 has
been shown to proceed with improved rate under
milder conditions using dry state absorption
conditions first applied to the Pauson-Khand
cyclization. Promotion of ligand exchange in the
intermediate carbene complexes via donor centres on
the solid support is believed to accelerate the
reaction.*”

Anions of aminocarbenes 20 have been shown to
undergo exclusive 1,4-addition to enones; indeed,
chiral carbene complexes give good
diastereoselectivities in their Michael additions. These
reactions display the highest facial selectivity observed
in enolate-type additions to enones; they proceed via a
kinetically controlled process and readily yield the free
organic product vig oxidation (Scheme 15).4°
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Scheme 15

In contrast to classical metalloenolates the delocalized
aminocarbene anion is a soft nucleophile.

The carbene functionality also significantly modifies
the reactivity of the dienophile in Diels-Alder
reactions; for example, the alkyne complex 21
undergoes a facile cycloaddition with cyclopentadiene
in contrast to the free propriolic amides which do not
react (Scheme 16).*' Similar effects are seen in the
intramolecular Diels-Alder reaction; the carbene
moiety acts as an internal Lewis acid, giving rise to
higher endo/exo selectivities and shorter reaction times
(Scheme 16).4%

The use of a silicon tether to promote the
intramolecular alkyne trapping of Fischer carbenes has
also been reported, leading to a novel synthesis of
functionalized quinones under photochemical
conditions.*® Intramolecular trapping of a carbene with
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a pendant alkyne generates a second carbene species
which, in the presence of an internal alkene trap, gives
rise to a novel, tandem ring-forming process (Scheme
17).44
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A number of publications have appeared on
intermolecular ring-forming reactions from carbene
complexes, in particular leading to five- or
seven-membered rings. Herndon has demonstrated an
interesting divergence of reactivity between
cyclopropylcarbene-chromium complexes 22 and
their molybdenum and tungsten analogues. The
former, on trapping with alkynes, give predominantly
five-membered ring products whilst the molybdenum
and tungsten analogues give seven-membered rings
(Scheme 18).*° A similar difference in reaction
pathway is found in the reaction of simple alkyl
carbene complexes with alkynes; the chromium
derivatives yield cyclopentenones whilst the
molybdenum and tungsten analogues yield

-1,3-dienes.*

Seven-membered rings can be formed from vinyl
chromium carbenes, however, vig an interesting Cope
rearrangement on the initially formed cyclopropane 23
(Scheme 19).*” The potential for stereocontrol of this
process has been exploited by Barluenga via use of a
chiral 2-amino-buta-1,3-diene.*®

A novel entry into y-lactones has been reported via
C-H insertion of an in situ generated non-heteroatom
stabilized carbene complex 24 (Scheme 20). Using this
methodology, Eldanolide was prepared in 50% overall
yield with high trans-stereoselectivity (Scheme 20).4°

One of the highlights of chromium carbene
chemistry has been the photolytic coupling of
chromium aminocarbene complexes to give a
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stereoselective peptide synthesis via chiral ketene
complexes (Scheme 21).>° The intramolecular
trapping of similar chiral aminoketene complexes
facilitated a new synthesis of arylglycines.>! The
photolysis of optically active aminocarbene chromium
complexes 25 with N-protected imidazolines has also
been shown to give a-amino protected azapenems 26
with high diastereoselectivity (Scheme 21).32
Recently, Petasis has reported a new convenient
method for the methylenation and benzylidenation of
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aldehydes, ketones, esters, lactones, and amides via
dimethyl- and dibenzyl-titanocene derivatives
respectively. He has extended this methodology to the
synthesis of vinylsilanes and vinylcyclopropanes.
However, these reactions require rather high
temperatures and give a low Z/F selectivity. Grubbs
has recently reported the new carbene species 27
which selectively reacts with the alkene of an olefinic
ketone to form a new alkylidene complex via olefin
metathesis; subsequent intramolecular carbonyl
olefination leads to cycloalkenes (Scheme 22).54

This strategy is effective for the synthesis of five-, six-,
and seven-membered rings; the more reactive tungsten
analogue of 27 allows the formation of cyclic enol
ethers from acyclic olefinic esters.
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4 n’-nS-Complexes in organic synthesis
4.1 n?-Complexes in organic synthesis
4.1.1 n?-Alkyne dicobalt hexacarbonyl complexes

The Nicholas reaction of dicobalt hexacarbonyl
stabilized propargyl cations with nucleophiles has been
widely used in organic synthesis, in particular to avoid
the allenic by-products associated with classical
propargylation reagents. Few examples of reactions
with nitrogen nucleophiles have been published;
however, Roth has now demonstrated the facile
reaction of a range of cobalt-stabilized propargylic
cations with primary and secondary amines, although a
mixture of mono and bis propargylated products may
be obtained from reactive primary amines.>> An
efficient C-3-propargylation of indoles has also been
reported via reaction with cobalt-stabilized
propargylic cations; no products from attack at the
indole nitrogen or other aromatic positions were
detected.>

A novel diastereoselective propargylation reagent
has been reported by Nicholas in which replacement of
one of the CO ligands on cobalt with the w-acceptor
ligand tris(1,1,1,3,3,3-hexafluoroisopropyl)phosphite
gives a more electrophilic chiral complex 28, capable
of stereocontrolled reaction with carbon nucleophiles.
The complexes 28 are formed as easily separable
diastereoisomers from chiral alcohol precursors;
reaction of a single diastereoisomer with silyl enol
ethers proceeds with complete retention of
configuration at the propargylic carbon atom (Scheme
23).%7 Propargylic cations are presumably implicated
in the a to B epimerization of C-1-alkynyl substituted
pyranose derivatives 29 via their dicobalt
hexacarbonyl derivatives (Scheme 23).
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This acid-mediated transformation was also examined
using 2-substituted A, , substrates. The even higher
«: B ratios observed with these substrates was
attributed to the unfavourable interaction of the bulky
coordinated alkyne with the pyranose 2-substituent in
the a¢-anomer.>®

A high degree of stereocontrol has also been
observed in the additions of nucleophiles to complexes
of propynal with hexacarbonyldicobalt 30; addition of
O-silylketene-O,S-acetals gives rise to a highly syn
selective aldol reaction which complements the
corresponding anti selective aldol reactions of
uncomplexed propynal 31 (Scheme 24). This
methodology has been applied to the synthesis of
B-lactams™ and the antibiotic Blastmycin.®°
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4.1.2 n2-Complexes of zirconocene

n?-Complexes of imines have been widely used as a
means of functionalizing the a-position of amines; this
process has been carried out in a highly
enantioselectve manner through the use of a chiral
zirconium reagent to give homochiral allylic amines.®!
Taguchi has adopted an alternative approach via
attachment of a chiral group onto the nitrogen of the
precursor aldimine 32 {Scheme 25). Although a
degree of stereocontrol could be observed in the
formation and trapping of the z2-imine complexes, the
reactions were highly temperature dependent.5?

The activation of positions a to nitrogen in an
aromatic system has been extended from pyridines to
pyrazines by Jordan. The 72-pyrazine complexes are
formed from the cationic complex
Cp,Zr(CH,)(THF )* 33 via a C-H activation/CH,,
elimination sequence (Scheme 25).

4.2 n3-Complexes in organic synthesis
4.2.1 n3-Complexes of iron tetracarbonyl

The regio- and stereo-selective substitution of an
allylic leaving group is commonly achieved via r-allyl
palladium intermediates in a catalytic manner;
however, the more electrophilic -allyl complexes of
iron tetracarbonyl react with a wider range of
nucleophiles in a similar but stoichiometric manner.
The high degree of stereocontrol associated with
reactions via cyclic 73-iron intermediates is
exemplified by the synthesis of C-5 substituted
pyrrolidinones 34 (Scheme 26).%° Complexation of the
homochiral pyrrolidinone 35 gave a mixture of cis and
trans *-complexes 36 which could be separated.

Lewis acid catalysed reaction with allylsilanes
occurred via the corresponding 73-complexes with
predominant inversion or retention respectively.
Acyclic stereocontrol has also been achieved in the
reaction of nitrogen nucleophiles with
(E)-(48)-( — )-benzyloxypent-2-enoic ethyl ester 37 via
formation of the intermediate s-allyl complex 38 and
regioselective y-attack on the face of the complex away
from the bulky metal moiety (Scheme 26).%4
The Lewis acid catalysed reactions of nucleophiles
with iron tetracarbonyl complexes of
y-benzyloxy-a, f-unsaturated ketones 39 also
proceeds, to give exclusively the y-substitution
products, with retention of double-bond configuration
(Scheme 26).5°

nt-Allyl palladium complexes can undergo facile
syn/anti isomerization to the favoured anti isomer;
however, the corresponding iron tetracarbonyl systems
appear stable to isomerization; for example, E or Z
vinyl silanes may be prepared via regioselective
y-attack on the stereochemically defined silyl
substituted syn and anti z-allyl complexes 40 and 41
respectively (Scheme 27).66

4.2.2 13-Allyl molybdenum complexes in organic
synthesis

The reactions of aldehydes with allyl molybdenum
complexes occurs with high stereoselectivity; however,
to date, the ready availablility of homochiral allyl
boron and allyl titanium reagents has led to their
preferential use in synthesis. Faller has now reported
the resolution of #3-2-methallyl molybdenum
complexes via the covalent attachment of a
camphorsulfonate ligand to the metal. Although this
procedure does not yield the homochiral parent
n3-allyl complex, the 2-methallyl complex 42 is

Ph
PhAN/\/OMe
32
Ph o CP:ZfBuz"l(il) PhCHO, THF Ph
. __OMe
A~ OMe HN RN
NP +
\,{\Ph sPh
OH OH
Temp.
0°C 94 6
Reflux 5 95

+ _Me
0 Cpp 2 o: 1eq. CHCl,, 23 °C

33

(i) MegSi—C=CH
89%

Me. N
’d
\[\]\
N Me

Scheme 25
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I
2 OAc 54%
P 4.3 p*-Complexes of iron tricarbonyl in organic
synthesis
o) SiMe, .
Me.Si  OAc e 4.3.1 Acyclic complexes
¢ () F4B.OEt,, CH,O Z L , :
X T osm The iron tricarbonyl moiety has been widely used as a
Fe(CO ® e stereocontrol element in the diastereoselective
&(COM 61% generation of chiral centres adjacent to a conjugated
40 (i) air diene, generally via nucleophilic attack on a
pentadienyl cation or on an adjacent carbonyl group.
Scheme 27 Methodology exists for preparing homochiral diene

accessible and reacts with aldehydes to give
enantiopure allylic alcohols (Scheme 28).57

Cyclic 53-allylmolybdenum complexes have been used
in the enantiospecific synthesis of pyranose
derivatives; reaction of the readily available lactone
complex 43 (Scheme 28) with Et,O* PF; generates
the air-stable cationic complex 44 which can be
reacted with nucleophiles in a highly regio- and
stereo-specific manner. The incoming nucleophile
approaches the allyl moiety away from the metal, to
generate the trans isomer 45. Reformation of the
cationic complex and hydride addition gave the

134 Contemporary Organic Synthesis

iron tetracarbonyl complexes either via classical
resolution®® or enzymatic Kinetic resolution’ and
these techniques have been expanded upon in the last
year.”!

The utility of homochiral #4-diene iron tricarbonyl
complexes in synthesis is exemplified by the recent
synthesis of hydroxylated eicosatetraenoic acids by
Lellouche and Grée. The key step involves
diastereoselective dihydroxylation of the alkene
adjacent to the complexed diene moiety of 47 (Scheme
29).72 The diastereoselective alkylation of carbanions
generated a- to the complexed dienyl moiety of
racemic tricarbonyl(methyl-hexa-3,5-dienoate)iron
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has also been reported.”® Application of the resolution
procedures discussed above should permit the use of
this methodology in homochiral synthesis.

The n* complexes of a, f-unsaturated ketones with
iron tricarbonyl have been extended to the
corresponding a, S-unsaturated acyl silanes (Scheme
29).7 Reaction with alkyllithiums generates
1,4-dicarbonyl products 48, in accord with the
chemistry of other n*-a, S-unsaturated ketone
complexes of iron tricarbonyl.

4.3.2 Cyclic systems

The regio- and stereo-selective functionalization of
cycloheptadienones, cycloheptatrienones, and
cyclooctadiene via their n*-iron tricarbonyl-type
complexes has resulted in some particularly useful
applications to organic synthesis in the past year. For
example, (77*-tropone)Fe(CO); 49 can be
stereoselectively reduced to the protected alcohol 50;
subsequent osmylation gives the single triol derivative
51, akey precursor for the synthesis of heptitol
derivatives (Scheme 30).”°> The corresponding
cycloheptadienone complex 52 has been prepared via

7\
A
TBDMSO Fe(CO),
CO,Me
a7

() OsO,, pyridine| (i) Na;S05

0o Ph—\ , O
Fex(CO) :
Ph/\)J\snau'Me2 . AW
Et,0, 35 °C, 14h ! SiBu'Me,
4% Fe(CO)s

MelLi, N [ THF, - 78 °C, 4h
68%

Ph O

\n)\)j\SiBu‘Mez

(o]
48
Scheme 29

highly regio- and stereo-selective iron tricarbonyl
directed hydroboration of the 7*-triene complex 53
followed by oxidation (Scheme 30). Double
hydroxylation of 52 is accomplished via sequential
treatment with KHMDS and the Davis oxaziridine
reagent; alcohol protection and reduction of the
central carbonyl moiety then affords the protected triol
54 with three contiguous chiral centres. Dimethylation
of 52 followed by reduction of the central carbonyl
gives the alcohol 55. This material is a key precursor
for the synthesis of the C-10 to C-13 portion of
Calyculin A and the C-19 to C-25 subunit of
Swinholide A (Scheme 30).7° It should be noted that in
the cycloheptadiene work, one of the ligands on the
iron has been replaced with triphenylphosphite, a
poorer m-acceptor which reduces competing reactions
on the CO ligands. This strategy has been crucial in
controlling the chemistry of the corresponding
cyclooctadiene derived complexes where replacement
of one CO by PPh, gives the versatile key intermediate
56 (Scheme 30), which can be functionalized either by
hydroboration of the uncomplexed alkene,
nucleophilic attack on the #3-dieny!l complex, or
Friedel-Crafts type alkylation.””

4.4 n5-Cyclohexadienyl iron tricarbonyl cations in
synthesis

Nucleophilic attack onto 7°-cyclohexadienyl
tricarbonyl iron cations is well researched and occurs
exclusively at the termini of the z-system on the face
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away from the metal moiety. The application of this
type of methodology to the synthesis of alkaloid
skeletons has recently been reviewed,’® although
McKillop and Stephenson subsequently published a
synthesis of tetrahydrophenanthrene derivatives 58
via cuprate attack onto the n°-cyclohexadienyl cation
57 followed by regeneration of the cationic system and
spontaneous intramolecular ring closure (Scheme
31).” Other applications of nucleophilic attack onto
n>-cyclohexadienyl cations have been numerous in the
past year; highlights include nucleophilic attack by
serine derived zinc/copper reagents in the synthesis of
a-substituted amino acids 59 (Scheme 31)%° and
nucleophilic attack by alkynyl cuprates to give the
substituted cyclohexenone 60 (Scheme 31).8!

The corresponding acyclic n3-dienyl tricarbonyl
iron cationic complexes have been generated in

enantiomerically pure form by Donaldson, and applied
to the enantioselective synthesis of
5-hydroxyeicosatetraenoic acid methyl ester. A key
step involved the reaction of the homochiral cation
complex 61 with a cuprate to give the dienediynoate
62 (Scheme 32).82 The ester was subsequently
reduced to the aldehyde which was subjected to a
second stereocontrolled nucleophilic attack to
introduce the chiral centre a-to the diene as required
in the natural product.

4.5 n%Complexes in organic synthesis

4.5.1 n%-Arene chromium tricarbonyl complexes in
organic synthesis

The preparation of simple enantiomerically pure
n®-arene chromium tricarbonyl complexes as synthons
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o oy MON A
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THF, 0°C ~F 74% ! /\/
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+/ 68% 84%
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60 (83%)

Scheme 31
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has been well studied in recent years; the best methods
involve resolution of o-substituted benzaldehyde
chromium tricarbonyl complexes via the formation of
diastereomeric derivatives.®> A potentially exciting
new approach involves the catalytic asymmetric
induction of planar chirality in
7%-(1,2-dichlorobenzene)Cr(CO), 63, via
palladium-catalysed cross coupling with a vinyl metal
species in the presence of a chiral ligand on palladium,
although the enantioselectivities to date have been low
(Scheme 33).3* Applications of such enantiomerically
pure complexes to organic synthesis include the
diastereoselective 1,4-additions of cuprates to
o-substituted E-enone complexes 64 (Scheme 33)%°
and diastereoselective aldol reactions on the
complexed acetophenone 65 (Scheme 33).86

The nucleophilic addition of the titanium enolate of
S-t-butylbenzyloxyethanethiolate 66 to the
enantiomerically pure aldehyde 67 has been used to
give the anti aldol product in a highly stereoselective
reaction {Scheme 34).87 Stereoselective benzylic
alkylation of enantiomerically pure complexes 68 has
also been demonstrated (Scheme 34).58

The susceptibility of arene chromium tricarbonyl
complexes to nucleophilic attack on the n%-arene
ligand has continued to be exploited. Kundig has
extended the previously published tandem
nucleophilic addition acyl transfer methodology to
homochiral oxazolidinone substituted arene ligands

“d | H
73N siMe
CHCO), 3
67
(i) THF, OTi(OPr‘)g (i) CAN
BrO A N saut 64%
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OH O OH O
r” ~sBut t SBu'
OBn OBn
anti syn
95:5
OMe
Bu'Li, THF
(iliy MelI, THF Me
(iiy hv,02,E1,0 “H
OMe
(+)-68 ®

Scheme 34

69; two new chiral centres are generated on a highly
functionalized six-membered ring (Scheme 35).8°

Two total syntheses have recently been described by
Semmelhack, both of which involve the nucleophilic
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attack of a stabilized carbanion on an
(n5-indole)Cr(CO); moiety as the key step. In the total
synthesis of Clavucipitic acid an a-amido carbanion is
used in the key step of a stereoselective, intramolecular
attack on the indole C-4 position of 70;°° whilst in a
formal total synthesis of Telocidin A the nucleophile is
an a-cyano stabilized carbanion which attacks the
indole C-7 position of 71, the alternative C-4 position
being blocked (Scheme 36).°!
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! \
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4.5.2 7%-Arene manganese tricarbonyl cations in
organic synthesis

n®-Arene manganese tricarbonyl cations have been
less thoroughly investigated than their neutral
chromium tricarbonyl counterparts; however, their
cationic nature renders them more reactive to
nucleophilic attack on the coordinated arene. Grignard
reagents,”” enolate anions, and malonate anions have
all been shown to add in an efficient manner;
moreover, improved preparative procedures for
cationic arene manganese tricarbonyl complexes make
their use in organic synthesis more appealing.”
Pearson has used this methodology in an extension of
his previous work®* to prepare the diaryl ether subunit
of Ristocetin A. The key step involves the nucleophilic
attack of the protected aryl glycine phenoxide anion
72 onto the arene manganese tricarbonyl cation 73 to
generate a highly functionalized diaryl ether which is
then subjected to a second nucleophilic attack by the
Schollkopf glycine enolate equivalent to give, after
deprotection, the target compound 74 (Scheme 37).%°
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5 Transition metal mediated cycloadditions in organic
synthesis

5.1 The Pauson-Khand and related cycloadditions

There have been significant improvements in the
Pauson-Khand reaction in the last few years; in
particular, the use of amine N-oxides or phosphine
oxides to generate a free coordination site on the
cobalt moiety®® and the use of dry state absorption
conditions®’ or sonication® to lower the reaction times
and temperatures. The use of DMSO in
dichloromethane (or benzene) has also been shown to
promote the Pauson-Khand reaction.®® The use of
pendant coordinating ligands to accelerate the
intramolecular reaction has been explored; for
example, pendant sulfides capable of liberating a free
coordination site on the cobalt allow high conversions
after 15 minutes at 71°C.!% Recently, the scope of the
reaction has also been extended with the finding that
electron-deficient alkenes and alkynes can participate.
For example, cyclization of the conjugated alkynoates
75 can be achieved using the mild amine N-oxide
mediated conditions, although the alkyne must bear a
terminal substituent for good yields (methyl or phenyl
for example) (Scheme 38).!°! 1,6-Enynes 76 undergo
cycloaddition in acetonitrile at 75°C despite the
electron-deficient alkyne moiety; the choice of solvent
and the beneficial effect of a gem-dialkyl substituent in
the ring-closure contributes to the success of this
process (Scheme 38).192

The classical intramolecular Pauson-Khand
cycloaddition of N-protected propargylamines usually
gives unsaturated products i.e.
3-azabicyclo[3,3,0]oct-1-ene-7-ones. However,
performing the reaction under the dry state absorption
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conditions vide supra in an inert atmosphere gives
exclusively the saturated bicyclic system 77
(Scheme 39).1%3

/-'—E—H
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Scheme 39

Several applications of the classical Pauson-Khand
reaction to total synthesis have been reported in the
last year, including the preparation of pentalenone,!%*
whilst the milder amine N-oxide promoted
cycloadditions have been used in the total synthesis of
Loganin'® and ( — }-Kainic acid.!% A combination of
the ability of cobalt complexed alkynes to stabilize a
propargylic cation and then to promote a
cycloaddition has been used before as a strategy in
total synthesis.!?” A new version of this approach
involves the electrophilic addition of an
o, f-unsaturated carbonyl compound to a cobalt
complexed conjugated enyne to give the
Pauson-Khand precursor 78; after reduction of the
a, f-unsaturated ketone to an allylic alcohol, this then
cyclizes to afford the highly functionalized bicyclic
system 79. A range of tri- and tetra-cyclic skeletons
were prepared using this powerful methodology
(Scheme 40).108
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The Pauson-Khand type cyclization reaction has also
been achieved with Mo(CO) in the presence of
DMSO,* W(CO);THF,!''° Ni(CO),,'!! and
Fe(CO)s.!'2 A potentially useful iron-mediated
carbonylative cycloaddition of 1,1,3 trisubstituted
conjugated dienes 80 has also been reported

(Scheme 41).!13
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60%

Scheme 41

5.2 Titanium- and zirconium-mediated cycloadditions

The well known reductive cyclization of enynes
mediated by zirconium or titanium metallacycle
formation has continued to be applied to organic
synthesis. The lower oxophilicity of titanium versus
zirconium allows a wider functional group tolerance in
this type of reaction. Advances have been made in
methods for functionalization of the intermediate
metallacycles (see also section 1.3); for example,
trapping of metallacycle 81 with an isocyanide allows
the introduction of an exocyclic nitrogen (Scheme
42),!'* and whilst one further C-C bond forming step
has been incorporated by interception of the 5%imine
complex 82 from isocyanide trapping of the
intermediate zirconacycle formed from cycloaddition
of the diallyl species 83 (Scheme 42).!13

A particularly elegant application of the
zirconium-mediated carbonylative cyclization strategy
is the recently published synthesis of Dendrobine by
Mori in which the key step involves a regio- and
stereo-controlled construction of the tricyclic
Dendrobine skeleton 85 in a single step from an
enantiomerically pure carvone derivative 84
(Scheme 43).!16

Stille has recently published a carbocycle-forming
reaction which occurs viag intramolecular insertion of
alkynes into Ti-C bonds (Scheme 44).!!7 This type of
reaction has previously been accomplished with alkyl
magnesiums and alkyl lithiums. The advantage of the
titanium species is their relative stability towards
hydrolysis and air oxidation. The reactions proceed in
high yield under Lewis acid catalysis.

5.3 Cobalt-mediated cyclotrimerizations

The formation of aromatic rings via cobalt-mediated
[2 +2 + 2] cycloadditions has continued to be applied
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in synthesis;!'8 a particularly interesting report
concerned the use of supercritical water (374°C) to
promote the cyclotrimerization of alkenes.''? A recent
approach to the synthesis of the alkaloid Lycorane
(Scheme 45) illustrates the rapid construction of
polycyclic systems via the cobalt-mediated [2 +2 + 2]
cyclization strategy.'20

5.4 Higher order [6 7t + 4] and [67 + 2 7]
cycloadditions

A relatively new development in metal promoted
cycloaddition chemistry is the use of chromium
tricarbonyl coordinated trienes in higher order
[67 + 4] and [61 + 27] cycloaddition reactions.
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Several synthetically useful variants of this strategy
have been reported over the past year, including
reactions of coordinated cycloheptatrienes 86 with
isocyanates (Scheme 46)'?! and the reaction of
coordinated N-carboxyazepines 87 with 4 and 27
systems (Scheme 46).!22 The intramolecular versions
of these reactions have also been reported!?3 and,
more significantly, a catalytic version.!?*
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T 3
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Scheme 46

5.5 Rhenium-promoted cycloadditions

One stoichiometric rhenium-promoted cycloaddition
reaction is of particular note, namely the oxidative
cycloaddition of y-alkoxyalkenes (e.g. 88), mediated
by Re, O, (Scheme 47).!2° This reaction presumably
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proceeds via the perrhenate ester which undergoes a
Sharpless-type [2 + 2] addition to the double bond,
affording a metalaoxetane.

6 References

1

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25
26

27

1. Schwartz and J.A. Labinger, Angew Chem., Int. Ed.
Engl., 1976, 13, 333. For a general review of zirconium
chemistry see: E. Negishi and T. Takahashi, Synthesis,
1988, 1.

L.M. Venanzi, R. Lehmann, R. Keil, and B.H. Lipshutz,
Tetrahedron Lett., 1992, 33, 5857.

P. Wipf and W. Xu, Synlett, 1992, 718.

H. Maeta, T. Hashimoto, T. Hasegawa, and K. Suzuki,
Tetrahedron Lett., 1992, 33, 5965.

P. Wipf and W. Xu, J. Org. Chem., 1993, 58, 825.

H. Maeta and K. Suzuki, Tetrahedron Lett., 1992, 33,
5969.

H. Maeta and K. Suzuki, Tetrahedron Lett., 1993, 34,
341.

H. Maeta, T. Hasegawa, and K. Suzuki, Synlets, 1993,
341.

T.E. Cole, S. Rodewald, and C.L. Watson, Tetrahedron
Lett., 1992,33,5295.

T.E. Cole and R. Quintanilla, J. Org. Chem., 1992, 57,
7367.

B. Zheng and M. Srebnik, Tetrahedron Lett., 1992, 33,
4133,

B.H. Lipshutz, R. Keil, and J.C. Barton, Tetrahedron
Lett.,1992,33,5861.

A.G. Godfrey and B. Ganem, Tetrahedron Lett., 1992,
33,7461.

D.J.A. Schedler, A.G. Godfrey, and B. Ganem,
Tetrahedron Lett., 1993, 34, 5035.

E. Negishi, Pure Appl. Chem., 1981,53,2333.

P. Wipf and S. Lim, Ang. Chem., Int. Ed. Engl., 1993,
32, 1068.

H. Ito, T. Taguchi, and Y. Hanzawa, Tetrahedron Lett.,
1992, 33, 7873.

T. Takahashi, N. Suzuki, M. Kageyama, D.Y. Kondakov,
and R. Hara, Tetrahedron Lett., 1993, 34, 4811.

H. Ito, T. Taguchi, and Y. Hanzawa, J. Org. Chem.,
1993, 58, 774.

T. Takahashi, M. Kageyama, V. Denisov, R. Hara, and
E. Negishi, Tetrahedron Lett., 1993, 34, 687.

T. Takahashi, Z. Xi, C.J. Rousset, and N, Suzuki, Chem.
Lett., 1993,1001.

T. Takahashi, K. Aoyagi, R. Hara, and N. Suzuki, J.
Chem. Soc., Chem. Commun., 1993, 1042.

T. Takahashi, K. Aoyagi, R. Hara, and N. Suzuki, Chem.
Lert., 1992,1693.

N.A. Saccomano in, ‘Comprehensive Organic
Synthesis’, ed. B.M. Trost, Pergamon Press, Oxford,
1991, p. 173.

D.M. Hodgson and C. Wells, Tetrahedron Lett., 1992,
33,4761.

C. Jubert, S. Nowotny, D. Kornemann, I. Antes, C.E.
Tucker, and P. Knochel, J. Org. Chem.,1992,57,6384.
L.A.Paquette and P.C. Astles, J. Org. Chem., 1993, 58,
165.

28

29

30

31

32

33
34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

M. Giammaruco, M. Taddei, and P. Ulivi, Tetrahedron
Lett., 1993, 34,3635.

C. Verniere, B. Cazes, and J. Goré, Tetrahedron Lett.,
1981,22,103.

K. Belyk, M.J. Rozema, and P. Knochel, J. Org. Chem.,
1992, 57, 4070.

Y-F. Lu, C.W. Hartwig, and A.G. Fallis, J. Org. Chem.,
1992, 58, 4203.

M.E. Maier and T. Brandstetter, Tetrahedron Lett.,
1992,33,7511.

D.M. Hodgson, Tetrahedron Lett., 1992, 33, 5603.

G. Bashiardes, G.J. Bodwell, and S.G. Davies, J. Chem.
Soc., Perkin Trans. 1,1993, 459.

J.W.B. Cooke, S.G. Davies, and A. Naylor, Tetrahedron,
1993, 49, 7955.

T.M. Baker, G.J. Bodwell, S.G. Davies, A.J. Edwards,
and M.R. Metzler, Tetrahedron, 1993, 49, 5635.

V.A. Burgess, S.G. Davies, R.T. Skerlj, and M.
Whittaker, Tetrahedron: Asymmetry, 1992,3,871.

S. Chamberlain and W.D. Wulff, J. Am. Chem. Soc.,
1992, 114, 10667; S. Chamberlain, W.D. Waulff, and
B.M. Bax, Tetrahedron, 1993, 49, 5531.

J.P. Harrity, W.J. Kerr, and D. Middlemiss, Tetrahedron
Len., 1993, 34, 2995; J.P. Harrity, W.J. Kerr, and D.
Middlemiss, Tetrahedron, 1993, 49, 5565.

B.A. Anderson, W.D. Wulff, and A. Rahm, J. Am.
Chem. Soc., 1993, 115, 4602.

A.Rahm, W.D, Wulff, and A.L. Rheingold,
Organometallics, 1993, 12, 597.

W.D. Wulff and T.S. Powers, J. Org. Chem., 1993, 58,
2381; G. Muller and G. Jas, Tetrahedron Lett., 1992,
33,4417.

B.L. Balzer, M. Cazanoue, and M.G. Finn, J. Am.
Chem. Soc.,1992,114,8735.

D.F. Harvey and M.F. Brown, J. Org. Chem., 1992, 57,
559; D.F. Harvey, K.P. Lund, and D.A. Neil, J. Am.
Chem. Soc.,1992,114, 8424,

S. Tumer, J.W. Herndon, and L.A. McMullen, J. Am.
Chem. Soc.,1992,114, 8394; J.W. Herndon and

M. Zora, Synlett, 1993, 363; J.W. Herndon, M. Zora,
P. Patel, G. Chatterjee, J. Matasi, and S. Tumer,
Tetrahedron, 1993, 49, 5507.

C.A. Challener, W.D. Wulff, B.A. Anderson, S.

Chamberlain, K.L. Faron, O.K. Kim, C.K. Murray, Y.-C.

Xu, D.C. Yang, and S.D. Darling, J. Am. Chem. Soc.,
1993,115,1359.

J. Barluenga, F. Aznar, A. Martin, S. Garcia-Grande,
M.A. Salvado, and P. Pertierra, J. Chem. Soc., Chem.
Commun., 1993, 319,

J. Barluenga, F. Aznar, C. Valdés, A. Martin,

S. Garcia-Grande, and E. Martin, J. Am. Chem. Soc.,
1993, 115, 4403.

S.L.B. Wang, J. Su, and W. D. Wlff, J. Am. Chem. Soc.,
1992,114,10665.

J.R. Miller, S.R. Pulley, L.S. Hegedus, and

S. DeLombaert, J. Am. Chem. Soc., 1992, 114, 5603.
J.-M. Vemier, L.S. Hegedus, and D.B. Miller, J. Org.
Chem.,1992,57,6914.

B. Ronan and L.S. Hegedus, Tetrahedron, 1993, 49,
5549.

For previous work see: N.A. Petasis and E.I. Bzowej, J.
Org. Chem., 1992,57, 1327; N.A. Petasis and E.I.
Bzowej, J. Am. Chem. Soc.,1990,112,6392; N.A.
Petasis and E.I. Bzowej, Tetrahedron Lett., 1993, 34,
1721. For vinylsilane synthesis see: N.A. Petasis

and 1. Akritopoulou, Synlerz, 1992, 665.

For vinylcyclopropane synthesis see: N.A. Petasis and
E.L Bzowej, Tetrahedron Lett., 1993, 34, 943.
G.-C.Fu and R.H. Grubbs, J. Am. Chem. Soc., 1993,
115, 3800.

Blagg: Stoichiometric apﬁlications of organotransition metal complexes in organic synthesis

141



55

56
57

58

59

60

61

62

63

64

65
66

67

68.

69

70

71

72

73

74

75

76

77

78

79

80

81
82

83

84

85

86

87

142

K.-D. Roth and U. Miiller, Tetrahedron Lett., 1993, 34,
2919.

K.-D. Roth, Synlett, 1993, 529.

A.JM. Caffyn and K.M. Nicholas, J. Am. Chem. Soc.,
1993,115, 6438.

S. Tanaka, T. Tsukiyama, and M. Isobe, Tetrahedron
Lett., 1993,34,5757.

C. Mukai, O. Kataoka, and M. Hanaoka, J. Chem. Soc.,
Perkin Trans. 1,1993, 563.

C. Mukai, O. Kataoka, and M. Hanaoka, J. Org. Chem.,
1993, 58, 2946.

R.B. Grossman, W.M. Davis, and S.L. Buchwald, J. Am.
Chem. Soc.,1991,113,2321.

H. Ito, T. Taguchi, and Y. Hanzawa, Tetrahedron Lett.,
1992, 33, 4469.

A.S. Guram and R.F. Jordan, J. Org. Chem., 1992, 57,
5994,

W.-J. Koot, H. Hiemstra, and W.N. Speckamp, J. Chem.
Soc., Chemn. Commun., 1993, 157.

D. Enders and M. Finkam, Synlett, 1993, 401.

T. Zhou and J.R. Green, Tetrahedron Leit., 1993, 34,
4497,

J.W. Raller, ].T. Nguyen, W. Ellis, and M.R. Mazzieri,
Organometallics, 1993, 12, 1435.

A. Rubio and L.S. Liebeskind, J. Am. Chem. Soc.,
1993,115, 891.

A. Monpert, J. Martelli, R. Grée, and R. Carri€,
Tetrahedron Lett., 1981, 22, 1961.

N.W. Alcock, D.H.G. Crout, C.M. Henderson, and S.E.
Thomas, J. Chem. Soc., Chem. Commun., 1988, 746.
S. Nakanishi, H. Yamamoto, Y. Otsuji, and

H. Nakazumi, Tetrahedron: Asymmetry, 1993, 4,1969;
J.A.S. Howell, M.G. Palin, H. El Hafa, S. Top, and

G. Jaouen, Tetrahedron: Asymmetry, 1992, 3, 1355.
J.P. Lellouche, A. Gigou-Barbedette, and R. Grée, Bull.
Soc. Chim. Fr.,1992,129, 605.

W.A. Donaldson, R. Craig, and S. Spanton, Tetrahedron
Lett.,1992,33,3967.

S.E. Thomas, G.J. Tustin, and A. Ibbotson,
Tetrahedron, 1992, 48, 7629.

A.J. Pearson and K. Chang, J. Org. Chem., 1993, 58,
1228.

A.J. Pearson and K. Srinavasan, J. Org. Chem., 1992,
57, 3965.

A.J. Pearson and K. Srinivasan, Tetrahedron Lett.,
1992, 33, 7295; A.J. Pearson, S. Balasubramanian, and
K. Srinivasan, Tetrahedron, 1993, 49, 5663.

K.-J. Knolker, Synlett, 1992, 371.

A. McKillop, G.R. Stephenson, and M. Tinkl, J. Chem.
Soc., Perkin Trans. 1,1993, 1827.

M.J. Dunn, R.E.W. Jackson, and G.R. Stephenson,
Synlett, 1992, 905.

D. Schinzer and J. Kabbara, Syn/ett, 1992, 766.

C. Tao and W.A, Donaldson, J. Org. Chem., 1993, 58,
2134.

S.G. Davies and C.L. Goodfellow, J. Chem. Soc., Perkin
Trans. 1,1989,192; S.G. Davies and C.L. Goodfellow,
J. Chem. Soc., Perkin Trans. 1,1990, 393; L.A.
Bromley, S.G. Davies, and C.L. Goodfellow,
Tetrahedron: Asymmetry, 1991, 2, 139; A. Alexakis,

P. Mangeney, and I. Marek, J. Am. Chem. Soc., 1992,
114, 8288.

M. Uemura, H. Nishimura, and T. Hayashi, Tetrahedron
Lert., 1993, 34,107.

M. Uemura, H. Oda, T. Minami, M. Shiro, and Y.
Hayashi, Organometallics, 1992, 11, 3705.

M. Uemura, T. Minami, M. Shiro and Y. Hayashi, J. Org.
Chem., 1992,57,5590.

C. Mukai, I.J. Kim, and M. Hanoaka, Tetrahedron:

Contemporary Organic Synthesis

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

Asymmetry, 1992, 3, 1007; C. Mukai, I.J. Kim, E. Furu,
and M. Hanoaka, Tetrahedron, 1993, 49, 8323.

S.G. Davies, C.L. Goodfellow, and K.H. Sutton,
Tetrahedron: Asymmetry, 1992, 3,1303.

E.P. Kundig, A. Ripa, and G. Bernadinelli, Angew.
Chem., Int. Ed. Engl., 1992,31,1071.

M.F. Semmelhack, P. Knochel, and T. Singleton,
Tetrahedron Lett., 1993, 34, 5051.

M.F. Semmelhack and H. Rhee, Tetrahedron Lett.,
1993, 34, 1399.

See for example, G.R. Krow, WH. Miles, P.M. Smiley,
and Y.J. Kim, J. Org. Chem., 1992, 57, 4040.

A.J. Pearson and I.C. Richards, J. Organomet. Chem.,
1993, 258, C41.

A.J. Pearson, S.-H. Lee, and F.J. Gouzoules, J. Chem.
Soc., Perkin Trans. 1,1990, 2251.

A.J. Pearson and H. Shin, Tetrahedron, 1992, 48,7527.
S. Shambayati, W.E. Crowe, and S.L. Schreiber,
Tetrahedron Lett., 1990, 31, 5289; N. Jeong, Y. Chung,
B.Y. Lee, S.H. Lee, and S.E. Loo, Synlett, 1991, 204.
S.0. Simomian, W.A. Smit, A.S. Gybin, AS. Shashkov,
G.S. Mokaelian, V.A. Tarasov, L1 Ibragimov, R. Caple,
and D.E. Froen, Tetrahedron Lett., 1986,27,1245.
D.C. Billington, .M. Helps, P.L. Pauson, W. Thompson,
and D. Willison, J. Organomet. Chem., 1988, 354,233,
Y K. Chung, B.Y. Lee, N. Jeong, M. Hudecek, and P.L.
Pauson, Organometallics, 1993,12,221.

M.E. Krafft and C.A. Juliano, J. Org. Chem., 1992, 57,
5106; M.E. Krafft and C.A. Juliano, J. Am. Chem. Soc.,
1993, 115,7199.

M.E. Krafft, R.H. Romero, and LL. Scott, J. Org. Chem.,
1992,57,5277.

T.R. Hoye and J.A. Suriano, J. Org. Chem., 1993, 58,
1659.

D.P. Becker and D.L. Flynn, Tetrahedron, 1993, 49,
5047.

E.G.Rowley and N.E. Schore, J. Org. Chem., 1992,57,
6853. :

N. Jeong, B.Y. Lee, S.M. Lee, Y.K. Chung, and S.-G.
Lee, Tetrahedron Lett., 1993, 34, 4023.

S. Yoo, S.-H. Lee, N. Jeong, and I. Cho, Tetrahedron
Lertt., 1993, 34, 3435.

S.L. Schreiber, T. Sammakia, and W.E. Crowe, J. Am.
Chem. Soc., 1986, 108, 3128.

A.S. Gybin, W.A. Smit, R. Caple, A.L. Vertenov, A.S.
Shashkov, L.G. Vorontsova, M.G. Kurella, V.S.
Chertkov, A.A. Carapetyan, A.Y. Kosnikov, M.S.
Alexanyan, S.V. Lindeman, V.N. Panov, A.V. Maleev,
Y.T. Struchkov, and S.M. Sharpe, J. Am. Chem. Soc.,
1992, 114, 5555.

N. Jeong, S.J. Lee, B.Y. Lee, and Y.K. Chung,
Tetrahedron Lett., 1993, 34, 4027.

T.R. Hoye and J.A. Suriano, J. Am. Chem. Soc., 1993,
115,1154.

L. Pages, A. Llebaria, F. Camps, E. Molins,

C. Miravitlles, and J. Moreto, J. Am. Chem. Soc., 1992,
114,10449.

A.J. Pearson, R.J. Shively, and R.A. Dubbert,
Organometallics, 1992, 11, 4096; H.-J. Knolker, J.
Heber, and C.H. Mahler, Synlett, 1992, 1002.

M. Franck-Neumann, E.L. Michelotti, R. Simler, and
J.-M. Vemier, Tetrahedron Lett., 1992,33,7361; M.
Franck-Neumann and J.-M. Vernier, Tetrahedron Lett.,
1992, 33, 7365.

R.B. Grossman and S.L. Buchwald, J. Org. Chem.,
1992,57, 5803.

JM. Davis, R.J. Whitby, and A. Jaxa-Chimiec,
Tetrahedron Lett., 1992, 33, 5655.

M. Mori, F. Saitoh, N. Vesaka, and M. Shibasaki, Chem.



117

118

119

120

121

Lett.,1993,213.

A.E.Harms and J.R. Stille, Tetrahedron Leit., 1992, 33,
6565.

C. Aubert, J.-P. Gotteland, and M. Malacria, J. Org.
Chem., 1993, 58, 4298; A.T. McNichols and P.J. Stang,
Synlett, 1992, 971.

K.S. Jerome and E.J. Parsons, Organometallics, 1993,
12,2991.

D.B. Grotjahn and K.P.C. Vollhardt, Synthesis, 1993,
579.

J.H. Rigby, G. Ahmed, and M.D. Ferguson, Tetrahedron
Lert., 1993, 34, 5397.

122

123

124

125

J.H.Rigby, H.S. Ateeq, and A.C. Krueger, Tetrahedron
Lert., 1992,33, 5873.

J.H. Rigby and V.P. Sandanayakai, Tetrahedron Lett.,
1993, 34, 935.

J.H.Rigby, K.M. Short, H.S. Ateeq, and J.A.
Henshilwood, J. Org. Chem., 1992, 57, 5290; J.H.
Rigby, H.S. Ateeq, N.R. Charles, J.A. Henshilwood,
K.M. Short, and P.M. Sugathapala, Tetrahedron, 1993,
49, 5495,

S. Tang and R.M. Kennedy, Tetrahedron Lett., 1992, 33,
5299.

Blagg: Stoichiometric applications of organotransition metal complexes in organic synthesis

143



