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I. Introduction

The focus of this report deals with the use of Rh(II) complexes and therr ability to catalyze a
vanety of important reactions Diazo-carbonyl compounds are rdeal substrates for Rh(II) based
catalysts and react under mild conditions to form what 1s probably a Fischer-type carbenoid These
carbenoids have never been observed, due to the high reacuvity of the putative intermediate
metal-carbene. Rhodium (II) acetate dumer 1s the prototypical catalyst for the diazo-transfer process,

although hgand modifications have resulted 1n various improvements for specific crrcumstances
(vide 1nfra)

This review will cover four important reactions of Rh(II) carbenes cyclopropanation,
carbon-hydrogen bond nsertion, heteroatom-hydrogen bond msertion, and yhide formation and
subsequent reactions. The diversity of reactions as well as the umque bond forming capabilittes 1s an
impressive feature of the rhodium generated carbenes Free carbenes have long been regarded as
haghly energetic species which have interesting properties, though of limited value 1n orgamc
synthesis. Metal-carbenes 1n general, have generated a wealth of novel and useful reactions. This
review will attempt to demonstrate the scope of the rhodium catalyzed carbene reactions with a view
to practical synthetic construction, and briefly address some of the mechanistic 1ssues which make
the rhodium based catalysts useful reagents for synthetic chemistry.

* Thus Report is dedicated to Professor W D Ollis on the occasion of his 65th birthday
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Rhodium acetate dimer 15 prepared by heating RhCly» 3H,0 1n acetic actd  Other rhodium
carboxylates may be obtamed by the analogous procedure or by ligand exchange with Rhy,(OAc),
Rhodium (II) carboxylates possess an octahedral D4 symmetry with four bridging carboxylates
complexed to the binuclear rthodium atoms This has been refered to as the "lantern” structure The
inorganic chemustry of thodium (II) carboxylates has been extensively reviewed by Boyer and
Robinson,® and will not be addressed in this paper
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Rhodium Acetate Dimer

II. Cyclopropanation

The synthesis of cyclopropanes and ther use n ning cleavage reactions remains an important
area of research 1n organic chemistry, and several recent reviews have explored these themes !4 As
mentioned 1n the mtroduction, thodium IT mediated reactions of o-diazo carbonyl compounds may
result 1n addition to unsaturated systems to produce 3-membered ring products The most commonly
used reaction leads to the formation of cyclopropyl denvatives  Historically the use of varous
copper catalysts>7 were prevalent and only the emergence of the group VIII metals 1n the late 1960’s
and early 1970’s challenged the efficacy of the copper based catalysts 812 The proneenng work of
Belgian chemsts Paulissen, Hubert, Teyssié, Ancraux and other collaborators was paramount 1n
identifying the rhodium (II) carboxylates as efficient catalysts for carbenord mediaied
cyclopropanations 13-16

A systematic screening of common transiion metal complexes revealed that Rh(II) species
were the mildest and most efficient catalysts for cyclopropanation 1718 Asr stable Rh(II)
carboxylates, most notably Rh,(OAc),, having one coordination site per metal, form highly reactive
complexes with carbenes derived from diazo precursors These carbenoids add rapidly to available
carbon -carbon double and triple bonds (and, as will be reviewed, are capable of single bond
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msertion reactions) By contrast, the traditional copper metal catalysts which mediate the same
reactions to varying degrees, probably do so via different mechamsms Copper-olefin complexation
has been proposed to direct the cyclopropanation reaction  Rhodium catalysts with the single
available coordination site do not form complexes with olefins and this 1s inferred from the near
random chemo-selectivity observed with different olefins 1718 The catalyst selection 1s critical since
competing processes such as the Wolff rearrangement (seen with silver based catalysts or C-H
insertion reactions (observed with Pd catalysts) are also options for a-ketocarbenes.!® Rh(ID)
catalysis 1s documented to be very specific for cyclopropanation

A note on the general reaction conditions 1s 1n order Catalytic efficiency 1s generally high,
requining 1-3% catalyst (by weight) and best results are obtained at ambient temperature (solubility
permitting) in non-reactive solvents such as methylene chloride or other halogenated hydrocarbons
Reaction rates are extremely rapid and no intermediate carbenoid complexes have ever been 1solated,
unlike the well known tungsten or chromium carbenoids A general correlation of olefin reactivity
indicates that the more electron-rich double bonds will react preferentially 17 Even ketene acetals
react with diazoacetate to give the desired cyclopropyl acetal, but only when Rh(II) was chosen for
catalysis 20 Electron deficient olefins (1 ¢ o,B unsaturated olefins) often fail to generate

cyclopropanes, but rather form pyrazolines Barring steric factors, cis olefins react shightly faster
than trans olefins

Scheme 1: General Cyclopropanation Reaction
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Conjugated dienes and trienes are also reactive, and cyclopropanation at the more
nucleophilic double bond 1s predominant.21-2> By the same token, acetylenes represent good
substrates for Rh(II) mediated carbene additions and lead to highly strained (and reactive)
cyclopropenes 2% In general the copper catalysts fail to produce any product at all As already
mentioned, the more nucleophilic the reacting substrate the more rapid the reaction  This was
demonstrated by Petimiot et al 24 who performed a competition experiment between 1-hexyne and
1-octene, where the cyclopropene product predominated over the cyclopropane by a ratio of 2 1

Such selectivities amongst olefins, dienes and trienes have been extensively documented 1n
the hterature 17182526 Mych of the earher literature addressed the ntermolecular reactions with
respect to regiochemical and stereochemical aspects of cyclopropanation Doyle and co-workers
have conducted the most systematic investigations with regards to mechamsm and rhodium catalyst
comparisons %27 Doyle’s imuial efforts confirmed the superiority of Rh,(OAc), as the catalyst of
choice for cyclopropanation, observing superior yields under the mild reaction conditions
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Nevertheless Rhy(OAc), tends to exhabit shightly less regioselectivity compared to copper catalysts
The reaction of ethyl diazoacetate and monosubsututed dienes was used to establish a
"metal-carbene regioselecttvity index "?5 Product analyss of the competing double bonds of the
diene gave results that were mechamstically diagnostic This exercise confirmed the tendency of
Rh(II) to form reactive metal-carbene complexes with no coordination to the reacting olefin As
nitially proposed by the Belgian investigators electron-rich olefins were more reactive towards
cyclopropanation with the electrophilic ethyl acetate carbenoid(Scheme 2)

Scheme 2: Diazoacetate Addition to Mono-susbstituted Dienes
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Doyle and colleagues also undertook a systematic mvestigation of the stereoselecuvity in the
ethyl diazoacetate cyclopropanation reaction 28 In general the reaction tends towards hittle if any
selectivity The trans 1somer predominates to a small degree (1-2-1 trans/cis) except if a sterically
demanding group or groups influence the reaction outcome Trans olefins react to produce
cyclopropanes where the two substituents dertved from the olefin mantan the trans relationship 1n
the cyclopropane product The same applies to cis substituted olefins

Scheme 3: Stereospecificity of Olefin Substituents in Cyclopropanation
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Doyle correctly ponts out that four vanables contribute to the resulting regio- and
stereochemical course of cyclopropanation. the transition metal, 1ts associated higands, the diazo
compound and the olefin The olefin 1s generally the weakest contributor to the stereochemical
outcome

Further mechanistic evaluation by Doyle, using kinetic competitton experiments and product
analysis, led to the companison of the stable tungsten metal-carbene, (CO)sWCHPh, for
cyclopropanation, and the rhodium acetate catalyzed reaction of phenyl diazomethane.”® Though the
relative reactivities were much faster in the tungsten catalyzed system (103-10% umes) the order of
olefin reactivity remained the same as for the Rhy(OAc), case This 1s good evidence for the
assumption of a rhodium-carbene complex which has been extended to hold true for diazo-carbonyl
carbenes as well

A pictonal assessment which accounts for the shight preference for the trans-cyclopropane
1somer 1n mono- substituted olefins was put forth by Doyle, as shown 1n Scheme 4 While such an
account 18 reasonable, caution must be employed 1n considering this mechamsm since none of the
intermediate transition states have ever been observed Nevertheless, as a point of departure, this
analysis 1s consistent with mechamistic principles and accounts for the experimental observations

Scheme 4: Doyle’s Mechanism of Cyclopropanation 2°
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Following the 1mitial 1nvestigations with Rhy(OAc),, Doyle et al proceeded to demonstrate
both the igand effects on Rh(II) and the steric effects of the reacting diazo carbonyl Both rhodium
acetamide, Rhy(NHCOCH3), and rhodium perfluorobutyrate, Rhy(OCOC;F), were found to affect
the trans-selectvity 1n the reaction of diazo-carbonyls with styrene 3¢ The results are summarized 1n
the table below
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Table 1: Stereoselectivity Enhancement in Catalytic Cyclopropanation of Styrene

trans/c1s (yield, %)

Catalyst N,CHCOOEt  N,CHCOOMe(iPr), N,CHCONMe, N,CHCON(@Pr),
Rhy(OCOC;F;),  1.1(81) 11(83) 15(67) 12 (51)
Rh,(0AC), 1.6 (95) 24(95) 22 (74) 64 (53)
Rhy(NHCOCH3), 21 (89) 44 (87) 24(70) 114 (47)

The electron withdrawing effects of the perfluorobutyrate ligand adversely influences the
trans selectivity while the acetamide catalyst enhances trans selectivity  As well, the steric bulkiness
of the reacting diazo carbonyl contributes to the trans stereochemustry although the yields tend to
dimimish  Alternatively, Callot and Metz were able to effect c1s stereoselectivity n cyclopropanation
with the use of bulky 2,4,6-triarylbenzoate ligands on Rh(II) 3! A detailed account of the
stereoselectivity 1n catalytic cyclopropanation reactions was recently published and includes further
studies mvolving hgand modification of the catalyst and diazo carbonyl compounds 32

An mteresting application of the intermolecular reaction demonstrating the power of the
Rh(II) catalyzed cyclopropanation 1s the reaction of ethyl diazoacetate and furan (Scheme 5) With
furan as the solvent, rapid evolution of nitrogen ensued and a mixture of products was obtained
Wenkert et al analyzed the products 1-4 and put forth an interesting mechanistic rationale to account
for therr observations In contrast to Doyle’s hypothesis, two thodium based metallocycles 5 and 6
(differing 1n ther regiochemustry) were postulated to explain the expenimental findings 33

The Merck Frosst Canada group has made use of the furan-diazo carbonyl addition chemistry
to prepare cis-trans dienes 1n the synthesis of the arachadonic acid metabolites, hydroxy
eicosatetraenoic acids (HETEs) 3436

It can, however, be concluded that the intermolecular cyclopropanation reaction 1s relatively
non-selective (by today’s standards) unless particular attentron 15 paid to "matching” the olefin, the
catalyst and the diazo carbonyl substrates accordingly Another potential problem arises with the
mtermolecular reaction Due to the nature of highly reactive carbenoid intermediates, dimerization
1s often an accompanying side reaction Typically the mtermolecular reaction has been run using an
excess of the olefin substrate, often as the solvent itself Dimerization can be minimized as well by
controlling the rate of addition of the diazo carbony! to the reaction mixture, effectively maintaining
a low concentration of the carbene 1n solution
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Scheme 5: Reaction of Ethyl Diazoacetate with Furan
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Scheme 6: Dimerization of Carbenoids (a side reaction)
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By contrast the intramolecular reaction provides greater synthetic utility due to the geometric
constraints of formung the cycle and the entropic advantages mimmizing the dimenzation of the
carbene Several particularly interesting demonstrations of the carbene-olefin additions which

underscore the mildness and high snecificity of the intramolecular nrocess are pvnp\n]:ﬁpd below

nderscore the mildness and gh specificity of the mtramolecular process are exemplified belov
Dowd performed a cyclopropenation followed by cyclopropanation to prepare mghly straned
tricyclo [2 1 0 023] pentan-3-one 737(Scheme 7)

The first to use cyclopropanation 1 an intramolecular sense were Stork and Ficini3® although
at the ume the more efficient Rh(II) catalysts had not yet been described 38 In many cases the
traditional copper catalysts suffice (albeit in lower yield) but reactions sensitive to elevated
temperatures or Lewis acidic media require the use of Rh(II)

Given the himzited preparative utility of the intermolecular reaction, many more useful
synthetic constructions have been devised wath the intramolecular process We have attempted 1n
this report to highlight some of the more useful and outstanding reactions, particularly the cases that
required the mild Rh(IT) catalysis and failed with other transition metal catalysts

Scheme 7: Formation of Highly Strained Cyclopropanes
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Following the work on the cyclopropanation of furan, Padwa® and Wenkert*? independently
investigated the intramolecular process in some detatl The intermediate cyclopropane was so labile
1n the ummolecular reaction that 1t was not observed, but its intermediacy was inferred from the
geometry of the exocyclic double bond 1n the product (see Scheme 8) Thus a general synthesis of
cychic 1,4-diacyl-2,4-cis,trans butadienes (1 e 8) was developed
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Padwa expanded on this theme using benzofuran cychzations as well as reaction with
thiophenes.?40 In some of these cases the intermediate cyclopropane was observed
spectroscopically or even isolated. The intramolecular reaction with thiophenes 1s interesting
mechanistically and contrasts somewhat with the bimolecular reaction with diazo carbonyls.
Gallespie and Porter have reported a stable ylide intermediate with diazomalonate, 9, for which an
X-ray crystal structure was determined ! This complex does not react further to produce the
cyclopropanated thiophene The authors rationalized this resuit by stating that the two electron
withdrawing esters render the ylide too stable for rearrangement. They proposed that the
diazoacetate addition to thiophene may also proceed via a less stable (and not observed) ylide prior
to cyclopropanation Further discussion regarding the correlation between yhde formation and
cyclopropanation may be found by reading the work of Doyle 42

Scheme 8: Intramolecular Diazoketone Reaction with Furan

CHO

oo

Scheme 9: Thiophene-Malonate Ylide
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In a similar vein we have examined the intramolecular reaction on the relatively nucleophilic
enol ether olefin 1n dihydropyrans.*3 The oxa-tricyclic ketone products, 10, were found to be useful
wntermediates for the synthesis of small and medium ring carbocycles. The sequential carbon-carbon
and oxygen-carbon bond cleavages afforded carbocyclic ketones, 11, with syn-disubstitution The
limat of ring s1ze formation was addressed vis a vis competing C-H nsertion (Scheme 10) This
synthetic approach was employed 1n the total syntheses of natural products eucalyptol*4 and
B-chamigrene*’

Scheme 10: Intramolecular Addition of Diazoketones on Dihydropyrans
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The addition of alkyl or aryllithium or Grignard reagents to the carbonyl of the simplest
oxa-tricychc ketone (n=0), 10, led to carbinols, 12, which upon Lews acid treatment (TiCly)
provided a novel entry to cyclohexadienes or eventually meta-substituted aromatic compounds 46

Another novel ring construction owing to Rh,(OAc), catalyzed cyclopropanation was
descnibed by McKervey and used to prepare fused cycloheptatriene compounds 47 Once agarn, the
use of Rh(II) 1s cnitical since copper catalysis or photochemical methods fall The general scheme
mvolves the conversion of aryl propionic acids to cycloheptatrienes, 13, via intermediate fused
cyclopropanes Tetralones, 14, could be obtained by treating the cycloheptatrienes with
tnifluoroacetic acid 47 Doyle apphed the same reaction pathway to prepare azabicyclo [5 3 0]
decatrienones*®(Scheme 12)
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Scheme 11: Synthesis of Cyclohexadienes and m-Substituted

Aromatic Compounds
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Scheme 12: Synthesis of Fused Cycloheptatrienes and Tetralones
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Piers et al made use of an elegant intermolecular addition of diazoacetate to a cyclopentane
denivative, 15, to set up a divinyl cyclopropane rearranagement, which afforded a umque bnidged
tricychc construction, 17, en route to the natural product quadrone 49 Here the cyclopropanation
occured with high exo selectivity and the stereochemical preference was dictated by the 5,5 fused
cyclopentane substrate, 15 (Scheme 13)

One particularly novel and elegant application of a carbenoid-olefin addition 1s the reaction
of the rhodium-vinyl carbenoid with dienes resulting 1n a formal 3 + 4 cycloaddition This work,
pioneered by Davies, adds a new dimension to the cyclopropanation repertowre  An example of this
process 1s the addition of diethyl 4-diazo-2-pentendioate to furan (Scheme 14) 50 Evidence was
presented favoring a cyclopropanation-divinylcyclopropane (or Cope) rearrangement based on the
endo selectivity for the carbenoid addition 51

On the same theme, Davies also applied the same methodology 1n an intramolecular sense to
prepare fused 5,7 membered carbocycles and heterocycles (Scheme 15) 5253 Once again the
remarkable endo selectivity of the cyclopropanation accounts for the facile tandem process to afford
the observed products (1e 18)
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Scheme 13: Divinyl Cyclopropane Rearrangement
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Scheme 14:  Formal 3 + 4 Cycloaddition of a Vinyl Carbene to Furan
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Scheme 15: Intramolecular Tandem Cyclopropanation/Cope Reactions
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Another clever apphcation by Davies allows for the synthesis of substituted furans.>*
Recognition that o-keto cyclopropenes could be formed under the mild Rh(II) conditions, using
diazomalonates and keto-esters, led to the observed furan products. This reaction 18 formally related
to a vinyl cyclopropane rearrangement. The polanization of the zwitterionic keto-olefin intermedate,
19, serves to accelerate this process leading to furans (Scheme 16) 3

Scheme 16: Cyclopropenation and Synthesis of Furans
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Recent examples of intramolecular processes leading to unusually strained rnng systems are
noted below (Scheme 17) 3556 These examples further demonstrate the power of this chemistry
This account 1s by no means an exhaustive catalogue of all known cyclopropanations, but rather an
mstructive hiterature survey and crittcal assessment of the potential for useful synthetic construction.
Chemusts 1n the future will surely witness further developments and application of this chemstry

Scheme 17: Highly Strained Cyclopropane Rings®>5¢
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Cyclopropanobicyclo [3 2 1] octanone



J. ADaMs and D M. SPERO

The chemustry described so far has been restricted to diazo carbonyl additions to olefins. The
extension of the Rh(H) based carbenoid additions has been extended to other electron deficient
carbenes. Dailey and O’Bannon have recently made use of ethyl mtrodiazoacetate and
nitrodiazomethane to form cyclopropanate alkenes 378 Once again Rhy(OAc), was successfully

employed where thermal or photochemical methods failed

Another interesting development was the report of the rhodium catalyzed reaction of

diazomalonate with mtrles to form oxazoles Formally one could consider a dipolar addition as
proposed by Helquist et.al.®® Nevertheless, 1t 1s tempting to speculate that a 3-membered imine
species, 20, may also be possible, similar to the Davies synthesis of furans (Scheme 18). Precedent
for an imino azindine intermediate exists from the previous work of Hubert et al. %

Scheme 18: Preparation of Oxazoles from Diazomalonate Addition to Nitriles
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One remaining area to explore 1n cyclopropanation chemustry 1s the prospect for asymmetric
catalysis Some examples are already described using a copper based catalyst, but the enantiomeric
excesses (ee) observed have been relatively modestS'%  We have attempted to prepare chiral Rh(Il)
catalysts using amino acids and other chiral acids but so far have been unsuccessful in obtaining
asymmetrc induction % At the ume of this writing we became aware of the work of Stephen Martin
(U of Texas) and Micahel Doyle (Trinity University) who described the general reaction shown
below (Scheme 19) % This encouraging result bodes well for future advances 1n this field and may

provide additional useful avenues for the Rh(II) based catalytic cyclopropanation chemistry

Scheme 19: Asymmetric Induction Using a Chiral Rh(II) Catalyst
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. C-H Insertion:

Free carbenes have long been known to be capable of inserting into C-H bonds, although both
low yields and lack of chemical control have mitigated against reliable and useful synthetic
apphications 57 With the advent of Rh(IT) carboxylates, the carbenoids generated from o-diazo
carbonyl compounds were found to be effective 1n C-H insertion under extremely mild conditions.
Belgian chemists Noels et al reported the Rh(IT) catalyzed C-H nsertion of ethy! diazoacetate
using a variety of alkane hydrocarbon solvents, at ambient tempertature®® (Scheme 20) Whale the
overall yields were generally good, no useful regioselectivity was seen  Some preference for
secondary C-H bonds was observed with Rhy(OAc),, and increasing the size of the carboxylate
Iigand on rhodium (1 ¢ 9-triptycene carboxylate) enhanced the ratio of primary C-H bond nsertion
Nevertheless, the mtermolecular reaction has no real preparative value since mixtures of 1somers are
formed .70

Scheme 20: Intermolecular C-H Insertion of Hydrocarbon Solvents
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The reahization by Taber’! and Wenkert’? mdependently that the utihity of the carbene-metat
catalyzed C-H nsertion process could be exploited 1n an intramolecular sense was demonstrated 1n
the preparation of cyclopentanone derivatives Both groups found that the cychization of carbenoids
denved from diazo ketones and keto esters preferentially formed 5-membered carbocycles This
process had been previously described with copper catalysts, but once again Rh(II) species proved to
be more selective, higher yielding and proceeded at ambient temperature’(Scheme 21)

The preference for S-membered ning formation 1s not absolute, and 1s strongly influenced by
the local steric and electronic environment of the reacting carbenoid Interestingly, Taberet al
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Scheme 21: Intramolecular C-H Insertion to Cyclopentanones
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published a synthesis of pentalenolactone, 21, whereby the tncychc skeleton was assembled through
a thodium-carbene mediated cychization to form a 5-membered ning 7 By contrast, the Cane group
also constructed pentalenolactone, 21, but the key cyclization step involved a C-H nsertion to form a
6-membered lactone In the Cane approach, the possibility for 5-membered formation exists, but the
6-membered ring 1s formed since 1t 1s the more sterically accessible option The two successful yet
differing synthetic constructions underscore the versatility of the intramolecular C-H insertion
reaction (Scheme 22)

Taber and Ruckle conducted a systematic study of thus reaction and concluded that the order
of reactuvity for C-H 1nsertion tn an aliphatic hydrocarbon was methine > methylene > methyl, which
1s consistent with the observations of the intermolecular reaction 7 Furthermore, 1t was determined
that allylic and benzylic C-H bond 1nsertions were disfavored Taber rationalized that alkyl groups
are inductively electron donating and increase the electron density of the C-H bond, thus making 1t
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Scheme 22: Syntheses of Pentalenolactone
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more susceptible to the electrophilic Rh(IT) carbenord The mechamistic implications of this have
been exploited by others and will be described later i this chapter (vide 1nfra)

Though little 18 known about the mechamsm for the rhodium-carbenoid C-H wnsertion
reaction, Taber offered a plausible hypothesis which accounts for preferential 5S-membered ning
formation’6 (Scheme 23) The first step requires the formation of a Fischer-type metal-carbene
complex, 22, at a vacant coordination site on rhodium (a well accepted assumption based on the
cyclopropanation mechanism) In the next step, 1t 1s unknown whether or not the C-H msertion 1s a
concerted 3-bond process (intermediate 23) Also unknown, 1s the role of the carboxylate ligands on
the metal In any case, a hydrogen atom ends up on the rhodium,(24) and the final step requires
B-hydnde transfer from the metal to regenerate the catalyst and afford the observed cyclopentanone
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Scheme 23: Mechanism of Aliphatic C-H Insertion
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Taber et al. also determined that C-H 1nsertion proceeded with retention of stereochemistry
at the reacting carbon center and made use of this knowledege to synthesize (+)-o-cuparenone’’
(Scheme 24) This enantioselective process represents a general strategy for constructing cycles
containing quaternary centers

A further development by the Taber group demonstrated the trans selectivity of 3,4 dialkyl
cyclopentanone substituents 7 This 1s sigmficant since 1t indicates a highly ordered transion state
geometry whereby unfavorable steric interactions are mimmized(Scheme 25)

Taber’s cyclopentanone synthesis employed a diazoketo-ester precursor, whereby the ester
functionality could be removed by hydrolysis and decarboxylation following cyclization This
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Scheme 24: Synthesis of (+)-o-Cuparenone
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Scheme 25: Synthesis of Trans-3,4 Dialkyl Cyclopentanones
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provided an opportunity to explore disposable chiral auxillanies in place of simple esters to achieve
enantioselective carbocychization’ (Scheme 26) This was indeed realized by the Taber group as
they prepared a naphthalene substituted (+)-camphor denivative, 25 Excellent diastereoselectivity
(> 80%) was observed 1n the C-H nsertion reaction These results suggested an ordered chair-like
transition state whereby the bulky naphthalene mozety of the the chiral ester effectively shielded one
face of the pendant chan of the substrate The assumption that the carbenoid ester exasts 1n an
extended conformation directs the mode of cyclhization towards Hy  This application provides a
convenient synthesis of chiral cyclopentanones
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Scheme 26: Asymmetric Induction Using a Chiral Auxillary
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Other examples of 5-membered ring products are described 1n the hiterature 308! In general
polycyclic systems tend to be well suited for the C-H imsertion process and the stereochemical
outcome 18 usually predictable The synthesis of [4 4.5 5] fenestrane, 26, by Agosta et al 1illustrates
this pomnt32-34 (Scheme 27) The constraints imposed by strain mn the ring system led to the predicted
result.

Scheme 27: Synthesis of [4.4.5.5] Fenestrane

H
[ 1 ha(OAc),,
2 reduce

26

Formal aromatic C-H insertion 1s well documented As discussed 1n the cyclopropanation
section, 1t may not be possible to distinguish between direct C-H 1nsertion and apparent C-H
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insertion arising from an unobserved cyclopropyl intermediate which then rearranges to the final
product. Shown below are several examples of aromatic msertion to form indanones, 27,5
naphthalenes, 28,3 fused pyrroles, 29,588 and 1,3 dihydrothiophene 2,2 dioxides, 305990 (Scheme
28) The versatility of this process allows for convement preparation of a vanety of S-membered
fused heterocycles Perhaps the most unexpected example was reported by Matsumo and co-workers
1n the cyclization of 2-d1azo-4-(4-indolyl)-3-oxobutanoic esters, 31 °! Catalysis by Rhy(OAc), gave
exclusively the 5-membered fused indole, 32, while reaction with Pd(OAc), afforded the
6-membered product, 33, presumably via a cattonic mechamism (Scheme 29)

The early work of Taber suggested that some stereoelectronic control exasts in the C-H
insertion process The more electron rich C-H bond tends to be kinetically more reactive  This
phenomenon was also observed in our laboratory, when we first noticed the susceptibility towards
mnsertion of C-H bonds o to ether oxygens Our first experience with this reaction involved the
trans-annular cyclization of a diazoketone appended to a tetrahydropyran ring, 34, which produced a
single product of 1nsertion at the 6-position ether C-H, 3§, and no 1nsertion at the aliphatic
methylene This construction led to the total synthesis of the natural insect attractant
endo-1,3-dimethyl-2,9 dioxabicyclo[3 3 1]nonane, 36 92

Further studies 1n our group indicated that this selectivity for ether C-H bonds could be
applied to the intermolecular reaction of ethyl diazoacetate with ether solvents.”> The
intermolecular reaction 1s mechamstically instructive, but suffers from the same disadvantages
discussed previously, and holds ittle synthetic interest  Alternatively the intramolecular cyclization
of drazoketones dertved from 2-hydroxy carboxylic acids provided a general route to furanones, 37
(Scheme 31) The S-membered rings were favored 1n the cychization as witnessed by the reaction of
diazoketone, 38,1n which both the 5-membered and 6-membered rings (39 and 40) are possible as
both methylenes are flanked by ether oxygens Furthermore, when we studied the cyclization of the
diazoketone, denived from 6-benzyloxy pentanoic acid, 41, the carbon analogue, the 6-membered
nng, 42, was formed (albext 1n low yield) owing to the ether oxygen activation, and no
cyclopentanone, 43, was observed (Scheme 32)

While we were pursuing the phenomenon of ether C-H insertion, the findings of Stork and
Nakatam described a complementary C-H 1insertion reaction under stereoelectronic control®*
(Scheme 33) They observed that the inductive effects of electron withdrawing esters disfavored
C-H mnsertion at methylenes o or even P to the ester As a result they were able to direct C-H
nsertion at an unactivated methylene of a proximal aliphatic chain to generate cyclopentanones, 44,
1n a selective manner
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Scheme 28: Fused Aromatic Rings
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Scheme 29: Cydlization of Indoles
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Scheme 30: Trans-Annular Cyclization
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Scheme 31: Synthesis of 2(H)-3-Furanones
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Scheme 32: Intramolecular Cyclization Ether Competition
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Scheme 33: Stereoelectronic Effect of Electron Withdrawing Groups
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The report of Stork and Nakatam was significant to us since we had observed that the
cyclization of a the diazoketone denived from Mosher’s acid (2-methoxy-2-trifluoromethyl
phenylacetic acid) 45, led predominantly to aromatic C-H product, 46, mnsertion with the minor
product, 47, arising from C-H nsertion at the methyl ether This could be explained by the inductive
electron withdrawing effect of the tnfluoromethyl group which serves to partially cancel the ether
activation (Scheme 33)

Further studies 1n the preparation of unsymmetrical 2,5- disubstituted furanones led to the
observation that the reaction favored the c1s disubstituted 1somer 9 This appears to be the result of
kinetic control and an ordered transition state involving the metal-carbene complex Base catalyzed
equihibration of the product furanones provided a thermodynamic mixture wherein the cis/trans ratio
1s essentially 1 1 An attempt to rationalize the results was put forth m a mechanistic hypothesis
(Scheme 34) The proposal relies on Taber’s original mechanism which calls for hydrogen transfer
to rhodium The electron donating ether oxygen facilitates this process, and participates 1n the
transition state by chelating the rhodium 1n such a way as to mmmmize substituent interactions
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Scheme 34: Proposed Mechanism for Furanone synthesis
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In order to highlight the useful apphication of our findings, both the furanone construction and
the cis-selectivity of the C-H insertion mediated by Rh,(OAc), were exploited m a total synthesis of
the natural product (+)-muscarme®’ (Scheme 32)

A related C-H msertion process 1n which the carbene was directed o to mtrogen was
observed by Ruggier: and co-workers in the preparation of ergoline derrvatives®® (Scheme 35) In
their case Cu,l, was used as the catalyst to generate the carbene Here Rhy(OAc), failed to catalyze
the reaction because the metal forms strong complexes with basic mtrogens and renders the catalyst
mactive  This represents a limitation for Rh(ID) catalyzed processes Nevertheless, the mechanism
proposed 1s simular to our hypothesis for ether activated C-H 1nsertton, and the electron donating
capacity of the nitrogen lone pair directs the mode of cyclization Although mixtures of 1somers
were obtained, 48 and 49, including some cyclization at an unactivated C-H bond (9%), this reaction
further emphasizes the stereoelectronic effect of heteroatom activation of the C-H bond

Doyle recently described a very effective C-H msertion to prepare B-lactams, 51, from
diazo-B-ketoamudes, 50, 1n which the nitrogen of the amide bore a bulky t-butyl or branched alkyl
subsutuent 97 The usual S-membered ring products were seen using the catalyst in dichloromethane
at ambient temperature  However, in benzene at reflux a different reaction prevailed and p-lactam,
51, was obtained Doyle argued that the selectivity 1n the reaction 1s not of an electronic nature, but
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Scheme 35: C-H Insertion o to Nitrogen
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rather that the C-H bonds 1n closest proximity to the reactive rhodium-carbene center led to the
preferred B- and not y-lactam products This suggests a very stable amide conformation which 1s
governed by the bulky substituent on nitrogen (Scheme 36)

Scheme 36: Synthesis of -Lactams
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In contrast when Doyle studied the analogous reaction using diazoesters and diazoketo-esters
no B-lactone formation was observed, but rather the normal 5-membered ning leading to y-lactone
construction prevailed *® Interestingly, igand effects on rhodium led to dramatic regiochemical
preferences A competition for C-H insertion of diazoester, 52, yielded product mixtures ( 53 and 54)
using Rh,(OAc), or Rh,(OCOC;F;), (Scheme 37) However when rhodium acetamide,
Rhy(NHCOCH3;),, was employed as the catalyst the reaction was totally regioselective. These
results suggest, as 1n the cyclopropanation chemistry, that the higands on rhodium play an important
role 1n the C-H insertion process
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Scheme 37: Synthesis of y-Lactones
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The C-H msertion chemistry of rhodium mediated carbenes 1s still relatively new and has
only recerved limaited attention over the past decade It remains to be seen what future combmations
of catalyst selection and stereoelectronic control in the reacting substrate will reveal 1n establishing
reg10-, stereo-, and eventually enantio-specific control in the carbene C-H nsertion reaction

IV. Heteroatom-H Insertion

Since the proneering work of Yates on the copper-catalyzed decomposition of diazoketones
1n alcohols and phenol,? the insertion of carbenes and carbenoids 1nto hydroxylic bonds has been
extensively investigated Teyssté reported rhodium-catalyzed insertion of ethyl diazoacetate into the
hydroxylic bond of simple alcohols,!%%10! a5 well as unsaturated alcohols.!%? In the case of ethylenic
and acetylenic alcohols there 1s a preference for O-H nsertion over cyclopropanation,'2 and
examples are shown in Scheme 38

Scheme 38: O-H Insertion of Unsaturated Alcohols

NzCHCOzMe

H —=——=—CH,0H » H-—=—=- CH,0CH,CO,Me + cyclopropanation
N,CHCO,Et

/\/\OH /\/\ OCH,CO,Et  + cyclopropanation
Rhy(0Ac),

68% 14%
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The intermolecular O-H insertion of rhodium carbenords has been used to convert diols to
dioxanes.!% Diols treated with ethyldiazoacetate and catalytic thodium (IT) prvalate afforded a mono
O-H insertion product. Subsequent acid catalyzed lactonization followed by reduction yielded a
dioxane (Scheme 39)

Scheme 39: Synthesis of Dioxanes

N2CHC02Et R_OH 1. H* RO
X — 1)
OH Rh(lI)plvalate R™ "OCH,COEt 2, reduce R™ ™0

The intramolecular O-H 1nsertion of rhodium carbenods has been explosted to make fivel®
through eight membered oxygen containing rings 1% Moody explored the rhodium carbenoid
cychizations as a general route to oxygen, sulfur, and mtrogen contamning nings as shown in Scheme
40 105

Scheme 40: Synthesis of Lactones, Thiolactones, and Lactams
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Moderately good yields were obtained for the formation of six and seven membered rings
The yield of cychzation to eight membered rings was lower due to competing C-H insertion. When
X = sulfur, cyclic six and seven membered thioethers were obtamed albert 1 low yield (30-35%) 195
When X = tert-butyloxycarbonyl (Boc) or pivaloyl protected nitrogen only C-H nsertion was
observed to afford cyclopentanones,'%>1%5¢ 1nstead of seven or eight membered rings The authors
propose that the failure of N-H insertion was probably due to the fact that the Boc or
pivaloyl-protected mitrogen 1s too hindered and non-nucleophilic to intercept the electrophilic
rhodium carbenord However, the formation of four, five and six membered rings by rhodium
carbenoid 1nsertion mnto N-H bonds has been reported and 1s a rehiable process 104.106
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An mportant synthetic apphication of the N-H insertion reaction was the construction of
B-lactam antibiotics. The earliest version of this reaction was reported by workers at Merck Sharp &
Dohme, where diazoketone, 55, was cychized to the oxepenam, 56, with catalytic rhodrum (IT)
acetate!7 (Scheme 41)

Scheme 41 Synthesis of Oxepenams
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Merck has also applied the rhodium (II) catalyzed N-H nsertion towards the synthes:s of
carbapenem ring systems, and found this method preferable to photochemical methods 108
Photolytic decompostion of the diazoketones gave Wolff rearranged products 1n addition to the
desired N-H msertion A rhodium (II) catalyzed intramolecular N-H 1nsertion was used as a key step
1n the total synthesis of the carbapenem thienamycin and 1s even used 1n the commercial
manufacturing of the drug!®11%(Scheme 42)

Scheme 42: Synthesis of Thienamycin
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Synthetic approaches to 1,2-diazetidinones have been mvestigated by Moody and Pearson 1!
Aza-B-lactams can be prepared 1n hugh yield from the Rh(Hl) catalyzed decomposition of diazo
hydrazides (Scheme 43)

Scheme 43: Synthesis of Aza-B-Lactams
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The msertion reaction of carbenoids mnto S1-H bonds to form carbon-silicon bonds 1s a
synthetically useful procedure Doyle has recently published a general procedure for the formation
of o-silyl carbonyl compounds by the rhodium (II) catalyzed decomposition of diazoketones 1n the
presence of organosilanes'!? (Scheme 44) In general the yields are high and this methodology
offers an alternative to enolate amion displacement of chlonde from chlorosilanes

Scheme 44: Preparation of o-Silyl Carbonyl Compounds
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V. Ylide Formation and Reactivity

The reaction of carbenes with heteroatoms to form ylides has been known for many years 113
Recently there has been renewed interest 1n these reactions due to the synthetic utality of the reactive
yhde In the following section the reactions of rhodium (IT) acetate denived carbenotds with oxygen,
sulfur, and mitrogen 15 reviewed

a) Carbonyl Ylide Formation

The reaction of an a-ketocarbenoid with a lone pair of electrons on a carbonyl group
generates a carbonyl ylide Recently synthetic chemists have made use of the carbonyl yhide as a
1,3-dipole, trapping the reactive species with olefins, 1152 acetylenes, carbonyls and hetero-multple
bonded dipolarophiles The Padwa group has been a major contnibutor to this area of research and
some of this work 18 reviewed below

Padwa et al have constructed a number of interesting ring systems using a carbonyl yhde
[2,3] cycloaddition strategy 117 For example, oxapolycyclic lactones can be synthesized by the
rhodum (II) acetate catalyzed reaction of 1-acyl-1-diazoacetates 114 The intramolecular
cycloaddition of a mixed diazomalonate ester, $7, with a suitably positioned olefin affords the
tricychic lactone, 58 (Scheme 45) In order for cyclization to occur, the diazoacetate must have an
electron withdrawing group on the carbon bearing the diazo moiety In similar systems when the
electron withdrawing group 1s replaced by hydrogen, no cycloaddition occurs, presumably because
the ntermediate rhodium carbenoid has dimimshed electrophilicity and therefore does not react with

the carbonyl to form the yhide 114
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Scheme 45: Intramolecular Carbonyl Ylide Formation and 2,3 Cycloaddition
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The same group also prepared unsaturated w-atkoxyacyl-a-diazoacetophenones, 59, and
mvestigated rhodum (II) acetate catalyzed cyclizations Compound, 59, was treated with catalytic
rhodum (II) acetate and cycloadduct, 61, was 1solated (Scheme 46) Experimental support for the
formation of the intermediate carbonyl ylide, 60, was provided by trapping with dimethylacetylene
dicarboxylate (DMAD) As seen 1 Scheme 46, the yhde intermediate 1s suitably disposed for the 2
+ 3 cycloaddition process

Scheme 46: Cyclization of Diazoacetophenone Derived Ylides
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In the first two examples (Schemes 45 and 46) the tandem cyclization-cycloaddition
sequence occurred with six membered ring carbonyl ylides  Also reported are similar sequences
with five and seven membered ning carbonyl ylides 116 When cyclopropy! substituted diazoketone,
62, was treated with rhodium (II) acetate, the intermediate five membered ring ylide was trapped
with DMAD to afford, 63!16 (Scheme 47) Methyl propiolate, N-phenylmaleimide, ethyl
cyanoformate and methyl propargyl ether were also used as 1,3-dipolarophiles

Scheme 47: Cyclization of Diazo-B-Diketones with Acetylenes
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The rhodium (IT) catalyzed reaction of a-diazoketones with neighboring oxime ethers also
has been mnvestigated 118 Cyclization to the azomethine ylide occurs only 1if the oxime ether exists 1n
such a conformation that the lone pair of electrons on mtrogen are accessible to the carbenoid The
rhodium (II) octanoate catalyzed reaction of 64 and DMAD afforded the azomethine yhide derived
cycloadduct, 65 118 Similarly 66 could be converted to 67 (Scheme 48)

Scheme 48: Oxime Ylides and 1,3 Cycloaddition
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b) Sulfonium Ylides

The reaction of carbenes with the lone parr of electrons on sulfur to form sulfonium ylides 18
finding increasmg utility 1n organic synthests.!1% 120,121 Kametam has demonstrated the synthesis of
pemcillin dervatives utlizing sulfonum ylides as intermediates Carbon can be introduced at the
C-4 postion of azetidinones by employing a rhodium-catalyzed decomposition reaction of
a-diazomalonate!?° with 4-phenylthioazetidinones, 68'2 (Scheme 49)  The formation of the C-4
carbon substituted azetidinone, 70, occurs through the yhide intermediate, 69 Oxygen funcuonahty
can be introduced at C-4 of the azetidinone by treatment of 68 with a-drazoacetoacetate. In both
cases, the substituents at C-3 and C-4 end up trans

As an extenston of this work, the reaction of pemicillin, 73, with the rhodium carbenoid of
p-mtrobenzyl a-diazoacetoacetate afforded eight-membered oxa-denivatives, 742 (Scheme 50)
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Scheme 49: C-4 Substitution of Azetidinones
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The approach of the carbene 1s from the less hindered B-face of the pemicillin bicyclic system The
conversion of 4-thioxo-2-azetidinones mto 4-alkylidine-2-azetidinones has also been reported 134

A novel synthesis of 3,4-dihydro-1,3-thiazin-4(2H)-ones, 77, also made use of a carbene
addition-ring expansion sequence 24 The rhodium-catalyzed reaction of diazo compounds with
2-substituted 1sothiazol-3(2H)-ones, 75, afforded an intermediate sulfonium ylide, 76, which
rearranged to the six membered nng, 77 (Scheme 51)

Ando and co-workers have mvestigated the reaction of cyclic disulfides with carbenes to
afford 1,3-dithanes, or desulfunzation products if the disulfide and the carbene are sterically
hindered 125 In most cases the authors used CuCl to catalyze carbene formation, however, some
examples employed rhodium (II) acetate and the results did not depend on the method of carbene
generation In general, the yields for the desulfurization reactions are approximately 30% The
yields for the S-S 1nsertion products are typically greater than 65%
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Scheme 50: Ring Expansion of Penidillins
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Scheme 51: Synthesis of Dihydro-thiazinones
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It 1s well known that sulfonmum ylides are 1solable when stabilized by two electrons
withdrawing groups 121126 Stable cyclic sulfomum ylides are less well known although some have
been prepared by the treatment of cyclic sulfonum salts wath base 27 Stable cyclic sulfonium ylides
formed via a carbene route have been reported by Davies!?8 and Moody'?® Moody demonstrated
that 1n the presence of catalytic thodum (II}) acetate the diazosulfide, 78, gave the stable yhde, 79, 1n
24% yield (Scheme 52). Further heating 1n toluene effected a Stevens type [1,2)-rearrangement to
the thiapyrone, 80

Thiophenes react with diazomalonates under rhodium (II) acetate catalysis to give
thiophenium methylides 13° Initially, copper catalysis was investigated as the means for generating
the carbene but these reactions were impractically slow, typically taking eight days at reflux with
mcomplete reaction 130 T contrast the rhodium (II) acetate reactions are complete 1n 18h at room
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Scheme 52: Sulfonium Ylides and Stevens Rearrangement
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temperature  Otto Meth-Cohn found that 2,5-dichlorothiophenes reacted with diazoketones to yield
yhdes which readily underwent thermal rearrangement to give oxathiocines 13!

Intramolecular versions of thiophentum ylide formation have also been reported 1n the
lnterature 132 Rhodium (IT) acetate catalyzed decomposition of the diazo compound, 81, gave
cyclized 83 as the major product, presumably anising from a Stevens rearrangement of yhde,
82133(Scheme 53) In addition, the C-H nsertion product, 84, was 1solated in 25% yield

¢) Oxomum Yhdes

Oxonium ylides have been postulated as mntermediates when diazo compounds decompose 1
the presence of 2-phenyl-1,3-dioxolane,!3 styrene oxides,!36 allylic ethers,!37 aliphatic ethers, 138139
allyhc acetals,*’ oxetanes'#! and furans 142 Carbenoids react with the oxygen of epoxides!43 and
sulfoxides'* effecting transfer of oxygen to the carbene center Oxonium yhides have also been
generated by deprotonation'4® and desilylation!%® of oxontum 10ns and they are involved n the
zeolite catalyzed conversion of methanol to ethylene46

Johnson has designed aliphatic, alkoxysubstituted diazoketones and utihized their rhodium
(I) acetate decomposttions to yield cycloalkanones 47 The presence of an intermediate oxonium
ylide was proposed An example of this work 1s shown in Scheme 54 Diazoketone, 85, was
decomposed 1n the presence of rhodium (II) acetate to form cyclobutanone, 87, and cyclooctenone,
89 When the methyl substituted diazoketone, 86, was subjected to the reaction conditions the
resulting cyclobutane, 88, was formed 1n high diasteroselectivity (97 3) with the cis vicinal methyl
groups of the cyclobutanone ring as the major diastereoisomer
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Scheme 53: Thiophenium Ylides
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Purrung!“® has reported results on the mtramolecular generation of allylic oxonium ylides and
ther subsequent [2,3]-sigmatropic rearrangement to give five-, six-, and eight- membered oxygen
heterocycles In a generalized scheme diazoketone, 90, was treated with thodium (II) acetate to form
an allylic oxontum ylhde, 91, which underwent a [2,3]-sigmatropic rearrangement to form an oxygen
containing nng, 92 (Scheme 55)

In the majonity of examples the highest yields were obtained when R=CO,R! Alternative
pathways available to the carbenoid (e g , C-H 1nsertion, cyclopropanation and dimerization) were
mimimized by the kinetic preference for five-membered ring formation Furanones are formed 1n
very good yields (93—94), whereas pyranone formation occurs 1n modest yield (95—96) due to
competing C-H 1nsertion (Scheme 56)

Padwa has also observed that for the formation of six-membered rings, C-H nsertion can be
competitive with yhde formation and subsequent [2,3] sigmatropic rearrangement 149 In addition he
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Scheme 54: Intramolecular Cyclization of Oxonium Ylides
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Scheme 55: Allylic Oxonium Ylide
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noted that the replacement of allyl substituted oxygen with sulfur resulted in primarily ylide derived
products Moody has also studied the [2,3]-rearrangements of S-allyl sulfonium ylides to form
six-membered nings 12
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Scheme 56: Synthesis of Furanones and Pyranones
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d) Intermolecular Reactions of Carbenes with Altyhic Hetero Compounds

Intermolecular reactions of rthodium carbenoids with allylic hetero compounds are widely
recogmzed The [2,3]-sigmatropic rearrangement of S-allyl sulfontum yhdes, generated by the
reaction of a diazoketone and an allyl alkyl sulfide, has been studied by Takano ! In a typical
procedure allylphenylsulfide, 97, and diazo compound, 98, were heated to reflux 1n toluene 1n the
presence of rthodium (II) acetate to form the intermedate sulfonium yhde, 99, which underwent 2,3
sigmatropic rearrangement to form 100 (Scheme 57)

Scheme 57: Intermolecular Ylide Formation with Allylic Sulfides

R
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With simple alky! allyl sulphides, [2,3]-s1igmatropic rearrangement was the major pathway
However with more complex systems, such as 2-vinyl denwvatives of 1,3-dithiane and 1,3-dithiolane,
elimination reactions of the intermediate yhdes was competitive with [2,3]-s1igmatropic
rearrangement 140

Ally] acetals underwent yhide generation in rhodium (II) acetate catalyzed reactions with
diazoesters to form 2,5-dialkoxy-4-alkenoates by [2,3]-s1igmatropic rearrangement. 0 Competng
cyclopropanation, and 1n some cases Stevens rearrangements, occurred The product distributions
were dependent on the catalyst, diazo compound, acetal and temperature

Metal catalyzed decomposition of diazoesters n the presence of allyl halides can afford
halonium ylides, but cyclopropanation 1s competitive with ylide generation and rearrangement
Competitzon between cyclopropanation and yhide generation can be mantpulated by varying the
nucleophilicity of halogen 1n the reactant allyl halide. Reactions with allyl 1odide resulted solely 1n
the product from [2,3]-sigmatropic rearrangement, whereas cyclopropanation occured predominantly
with allyl chloride 159151 Catalyst selection was also important: Cu catalyss afforded more
complex reaction mixtures due to C-Br bond cleavage Another method of increasing the relative
yield of yhide derived product was through the use of thodum (II) perfluorobutyrate 15!

In summary, the chemistry of yhde formaton resulting from Rh(II) catalyzed diazo-carbonyl
decomposition 1s very rich and diverse, allowing for many novel synthetic applications
Nevertheless, optumum utility of these processes requires analysis of the reacting substrates, the
catalyst employed and the reaction conditions, since the reaction pathways of ylide intermediates are
numerous



Rhodium(Il) catalyzed reactions 1805

References:

(a) Wong, HN.C.; Hon, M,, Tse, C., Yip, Y.; Tanko, J ; Hudlicky, T. Chem. Rev (1989), 89,
165 (b) Boyer, E.B.; Robinson, S.D. Coordination Chemustry Rev (1983) 50, 109, Ed.
Lever, AB P., Elsevier, Amsterdam-Oxford-New York

Brookhart, M., Studabaker, W B Chem. Rev (1987) 87, 411

Maas, G Topics in Current Chemustry, Vol 137, Springer-Verlag, Berlin Heidelberg, 1987
Doyle, M P Chem. Rev. (1986),86, 919.

Kirmse, W "Carbene Chemustry”, 2nd ed., Academic Press, New York, 1971, p116
Marchand, A.P., MacBrockway, N Chem. Rev (1974) 74, 431.

Jones Jr., M.; Moss, R A., Eds., "Carbenes", Vol. 1, Wiley, New York, 1973

Armstrong, R K J. Org Chem. (1966) 31, 618

McBee, E T, Calundann, G.W ; Hodgin, T J Org. Chem. (1966) 31, 4260.

Werner, H, Richards, JH. J Am. Chem. Soc. (1968) 90, 4976.

Moritani, I, Yammamoto, Y., Homshi, H J Chem. Soc , Chem. Commun (1969) 1457
Kitanam, K., Hiyama, T , Nozaki, H. Tetrahedron Lett (1974) 1531

Paulissen, R , Hubert, A J ; Teyssié, P. Tetrahedron Lett (1972) 1465

Paulissen, R , Reimhnger H., Hayez E , Hubert, A J , Teyssié, P Tetrahedron Lett. (1973)
2233

Paulissen, R ; Hayez, E , Hubert, A.J., Teyssié, P Tetrahedron Lett (1974) 607.

Hubert, A J ,Noels, A.F, Anciaux, A J Teyssié, Synthesis (1976) 600

Anciaux, A.J, Hubert, A.J, Noels, AF Petiniot, N , Teyssié, P J Org Chem. (1980) 45,
695

Doyle, M P, Van Leusen, D ; Tamblyn, W.H.; Synthesis (1981) 787

Bien, S., Segal, Y J Org Chem. (1977) 42, 1685.

Dowd, P., Kaufman, C, Paik, Y H Tetrahedron Lett (1985) 26, 2283

Holland, D, Milner, D J J Chem. Res (S) (1979) 317.

Anciaux, A J.,, Demonceau, A , Noels, AF , Warmn, R , Hubert, A J, Teyssié, P Tetrahedron
(1983) 39, 2169

Demonceau, A , Noels, A F, Anctaux, AJ, Hubert, AT, Teyssié, P Bull Soc Chim. Belg
(1984) 93, 949,

Petimot, N, Anciaux, A J, Noels, AF , Hubert, AJ Teyssié, P Tetrahedron Lett (1978)
1239,

Doyle, M P, Dorow,, R L, Tamblyn, W H , Buhro, W E Tetrahedron Lett (1982) 23, 2261
Shapiro, E A Izv Akad. Nauk. SSSR Ser Khim. (1987) 11 2497

Doyle, M P Chem. Ind (London) (1985) 22, 47

Doyle, M P, Dorow, R L, Buhro, W E , Gnffin, J H, Tamblyn, W H, Trudell, ML
Organometallics (1984) 3, 44

Doyle, M P, Griffin J.H , Bagher, V , Dorow, R L. Organometallics (1984) 3, 53

Doyle, M P, Loh, K, DeVnes, KM, Chinn, M S Tetrahedron Lett (1987) 28, 833
Callot, HJ , Metz, F Tetrahedron (1985) 41, 4495

Doyle M P, Bagheri, V, Wandless, TJ, Ham, NK , Brinker, D A , Eagle, C T, Loh,K J
Am. Chem. Soc (1990) 112, 1906

Wenkert, E , Guo, M, Pizzo, F. Ramachandran, K Helv Chim. Acta (1987) 70, 1429
Rokach, J , Adams,, J Perry, R Tetrahedron Lett (1983) 24, 5185

Adams, J, Rokach, J Tetrahedron Lett (1984) 25, 35

Adams, J, Leblanc, Y , Rokach, J Tetrahedron Lett (1984) 25,1227

Dowd, P, Schappert, R , Gamer, P, Go, CL J Org Chem (1985) 50, 44

Stork, G , Ficm, I J Am. Chem. Soc (1961) 83, 4678

Padwa, A , Wismeff, T J., Walsh, EJ J Org Chem. (1986) 51, 5036

Padwa, A , Wisnueff, TJ, Walsh, EJ J Org Chem. (1989) 54, 299



1806

J ApamMsandD M SPERO

Gallespie, R.J.; Porter, A E.A J Chem. Soc. Perkin I (1979) 2624.

Tamblyn, W H ; Hoffmann, S R., Doyle, MP J Organometallic Chem. (1981) 216, 64.
Adams, J ; Frenette, R , Belley, M.; Clubante, F ; Springer, JP J Am. Chem. Soc (1987)
109, 5432

Adams, J , Belley, M Tetrahedron Lett. (1986) 27, 2075

Adams, J., Lepine-Frenette, C., Spero, D M. J Org. Chem. submitted

Adams, J Belley, M J. Org Chem. (1986) 51, 3878.

McKervey, M.A,, Tuldahar, S M., Twohig, M F J Chem. Soc , Chem. Commun. (1984) 129
Doyle, M P ; Shanklin, M S ; Pho, H.Q. Tetrahedron Lent (1988) 29, 2639

Piers, E.; Jung, G.L.; Moss, N, Tetrahedron Lest (1984) 25, 3959.

Davies, HM L., Clark, D M.; Smith, T.K. Tetrahedron Lett (1985) 26, 5659.

Davies, HM L.; Clark, D M., Alligood, D B ; Eiband, G R Tetrahedron, (1987) 43, 4265
Davies, HM L.; Oldenberg, C.E M., McAfee, M J.; Nordhal, G , Henretta, J P., Romines,
KR Tetrahedron Lett (1988) 29, 975.

Davies, HM L , McAfee, M.L.; Oldenberg, C.E.M. J. Org. Chem. (1989) 54, 930
Davies, HM.L.; Romines, K.R. Tetrahedron, (1988) 11 3343

Reingold, LD ; Drake, J Tetrahedron Lett. (1989) 30, 1921.

Ceccherell, P, Curin1, M , Marcotullio, M C, Wenkert, E J Org Chem. (1986) 51, 738
O'Bannon, P.E , Dailey, W P. Tetrahedron Lez. (1988) 29, 987

O’Bannon, P.E ; Dailey, W.P. J. Org Chem.(1989) 54, 3096

Connell, R, Scavo, F , Helquist, P Tetrahedron Lett (1986) 27, 5559

Hubert, A J, Feron, A , Wann, R ; Teyssié, P. Tetrahedron Lert (1976) 1317

Nozaki, H , Monuti, S ; Takaya, H., Noyon, R. Tetrahedron Lett (1966) 5239

Aratam, T., Yoneyosh1, Y , Nagase, T Tetrahedron Lett (1977) 2599

Aratam, T, Yoneyoshi, Y , Nagase, T Tetrahedron Lett (1982) 23, 685

Becalski, A , Cullen, W R ; Fryzuk, M D , Herb, G, James, B I, Kutney, J P, Protrowska,K,
Tapiolas, D Can J Chem (1988) 66, 3108

Adams, J , DiMaio, J unpublished results.

Martin, S , Doyle, M P private communication.

Burke, S D, Gnieco, P A Org React (NY ) (1979) 26, 361

Demonceau, A , Noels, A F ; Hubert, AJ, Teyssié, P JCS Chem. Commun , (1981) 688
Demonceau, A., Noels, A F; Hubert, AJ, Teyssi€, P Bull. Soc Chim. Belg (1984) 93, 945
Demonceau, A , Noels, A.F.,Teyssié, P, Hubert, AJ J Mol Catalysis (1988) 49, L13
Taber, D.F., Petty, EH J Org Chem. (1982) 47, 4808

Wenkert, E , Davis, L L, Mylan, B.L.; Solomon, M F,, da Silva, R R, Shulman, S ; Warnet,
R I ; Ceccherelh, P., Curm, M.; Pellicciari, R. J Org Chem. (1982) 47, 3242

Ledon, H, Linstrumelle, G, Juha, S Bull Soc Chim. Fr (1973) 2071

Taber, D F ; Schuchardt, J L. J. Am. Chem. Soc (1985) 107, 5289

Cane, D.E , Thomas, PJ J Am. Chem. Soc (1984) 106, 5295

Taber, DF, Ruckle Jr,RE J Am. Chem. Soc (1986), 108, 7686

Taber, D.F, Petty, E H, Raman, K J Am. Chem. Soc. (1985) 107, 196

Taber, DF, Ruckle Jr, RE Tetrahedron Lent (1985) 26, 3059

Taber, D F, Raman, K J Am. Chem. Soc (1983), 105, 5937

Monteiro, H J. Tetrahedron Lent. (1987) 28, 3459

Corberl, B, Hernot, D , Haelters, J , Sturtz, G Tetrahedron Lent (1987) 28, 6605

Rao, V.B ; Wolff, S, Agosta, W C J Chem. Soc, Chem. Commun (1984) 293.

Rao, VB, George, CF , Wolff, S , Agosta, W C J Am. Chem. Soc (1985) 107, 5732
Rao, V B ; Wolff, S, Agosta, W C Tetrahedron (1986) 42, 1549

Nakatani, K Tetrahedron Lesnt. (1987) 28, 165

Taylor, E C.; Davies, HM L Tetrahedron Lett (1983) 24, 5453

Jefford, C W , Zaslona, A. Tetrahedron Lett (1985) 26, 6035

Jefford, C W., Kubota, T, Zaslona, A. Helv Chim. Acta (1986) 69, 2048

Hrystak, M , Etkin, N, Durst, T Tetrahedron Lett (1986) 27, 5679

Babu, S D, Hrystak, M., Durst, T Can J Chem. (1989) 67, 1071



91
92
93

94
95
96
97

98
100

101
102

103
104
105

106
107
108
109

110
111

112
113

114
115
116
117
118
119
120
121
122
123
124
125
126

127

128
129

Rhodinm(II) catalyzed reactions

Matsumoto, M., Watanabe, N.; Kobayashi, H. Heterocycles (1987) 26, 1479.

Adams, J.; Frenette, R. Tetrahedron Lest. (1987) 28, 4773

Adams, J.; Poupart, M.A.; Grenier, L ; Schaller, C ; Omimet, N ; Frenette, R. Tetrahedron
Lezt. (1989) 30, 1749.

Stork, G.; Nakatani, K. Tetrahedron Lett. (1988) 29, 2283

Adams, J.; Poupart, M.A.; Grenter, L. Tetrahedron Lett. (1989) 30, 1753.

Ballabio, M.; Malatesta, V ; Ruggien, D.; Temperells, A. Gazz. Chim. Ital (1988) 118, 375.
Doyle, M.P., Shanklin, M.S.; Oon, S.; Pho, H.Q.; van der Heide, Veal, W.R. J. Org. Chem.
(1988) 53, 3386.

Doyle, M.P, Baghen, V., Pearson, M M ; Edwards, I.D Tetrahedron Lett. (1989) 30, 7001
Yates, P J Am. Chem. Soc. (1952) 74, 5376.

Paulissen, R , Reimhinger, H , Hayez, E , Hubert, A.J, Teyssie, P Tetrahedron Lett. (1973)
2233.

Paulissen, R ; Hayez, E , Hubert, A.J ; Teyssie, P. Tetrahedron Lett (1974) 607

Noels, A.F ; Demonceau, A , Peumot, N , Hubert, A.J, Teyssie, P Tetrahedron (1982) 38,
2733.

Hosten, N.G C, Tavernier, D ; Anteums, M.J O Bull Soc Chim. Belg (1985) 94, 183
Moyer, M.P.,; Feldman, P L , Rapoport, H J. Org. Chem. (1985) 50, 5223.

(a) Heslin, J.C., Moody, C.J ; Slawin, AM Z , Wilhams, D Tetrahedron Lett. (1986) 27,
1403. (b) Moody, C J.; Taylor, R.J 1bid, (1987) 28, 5351 (c) Moody, CJ; Taylor,RJ. J
Chem. Soc Perkin Trans. I, (1989) 721.

Saba, A , Selva, A Heterocycles, (1988) 27, 867

Cama, L D ; Chnistensen, B.G. Tetrahedron Lett. (1978) 4233

Ratcliffe, R.W.; Salzmann, T N., Christensen, B G Tetrahedron Lest. (1980) 21, 31

(a) Reader, P.J , Grabowsk, E.J.J. Tetrahedron Lett. (1982) 23, 2293,. (b) Karady, S,
Amato, J S ; Reamer, R A.; Wemnstock, L.M. J. Am. Chem. Soc (1981) 103, 6765

For a further example of carbapenem formation see. Kametam, T , Honda, T ; Sask1, J ;
Terasawa, H., Fukumoto, K J. Chem. Soc PerkinI, (1981) 1884

(a) Moody, C J , Pearson, CJ Tetrahedron Lett (1985) 26,3171 (b) Moody, CJ, Pearson,
CJ J Chem. Soc Perkin Trans I. (1987) 899 For an attempted approach to the
aza-analogues of $-lactam antibiotics see Taylor, E C ; Davies, HML J. Org Chem.
(1984) 49, 113

Baghen, V, Doyle, M.P, Taunton, J , Claxton, EE J Org Chem., (1988) 53, 6158

Ibata, T ; Hamaguchi, M Tetrahedron Lett (1974) 4475 Ibata, T., Toyoda, J Bull chem.
Soc Jpn (1985) 1787 Taylor, K G Tetrahedron (1982) 38, 159

Dean, D C, Krumpe, KE , Padwa, A J Chem. Soc, Chem. Commun (1989) 921

Gillon, A, Ovadia, D, Kapon, M , Bien, S Tetrahedron (1982) 38, 1477.

Padwa, A , Chinn, R.L , Hornbuckle, S F, Zh, L. Tetrahedron Lett (1989) 30, 301
Padwa, A , Stull, P.D Tetrahedron Lett (1987) 28, 5407

Padwa, A , Dean, D C.J Org Chem (1990) 55, 405

Doyle, M P Chem. Rev. (1986) 86, 919

Maas, G Tap Curr Chem (1987) 137,75

Ando, W., Acc Chem. Res (1977) 10, 179

Kametani, T , Kanaya, N ; Mochizuki, T ; Honda, Heterocycles (1982) 19(6), 1023
Kametam, T ; Kanaya, N, Mochizuki, T , Honda, T Tetrahedron Lest. (1983) 24, 221
Crow, W D ; Gosney, I, Ormiston, R A J Chem. Soc Commun (1983) 643

Ando, W, Kumamoto, Y., Takata, T Tetrahedron Lett. (1985) 26 (42), 5187

Ando, W, Yagthara, T, Tozune, S, Imay, I, Suzuki, J, Toyama, T ; Nakaido, S , Migita, T
J Org Chem. (1972) 37, 1721.

Hon, M , Kataoka, T , Shimizu, H, Kataoka, M , Tomoto, A, Kishida, M Tetrahedron Lett.
(1983) 24, 3733 Hor, M, Kataoka, T, Smmizu, H, Imai, E , Tomoto, A 1did (1982) 25,
2597 Hon, M., Kataoka, T, Shimizu, H, Tomoto, A 1bid (1981) 22, 3629

Davies, HM L, Crisco, L.V T Tetrahedron Lett (1987) 28, 371.

Moody, CJ, Taylor, R J Tetrahedron Lett (1988) 29, 6005

1807



1808

130.

131
132
133

134,

135
136
137

138
139
140
141
142
143
144
145
146
147
148

149
150

151

J ApaMsand D M SPErRO

Gallespie, R J.; Murray-Rust, J , Murray-Rust, P ; Porter, A [E.A. J Chem. Soc. Chem.
2Co2rr:nun. (1978) 83. Gillespie, R.J.; Porter, A E.A J Chem. Soc. Perkin Trans I (1979)

6
Meth-Cohn, O.; Vuonnen, E. J. Chem. Soc Chem. Commun. (1988) 138
Storflor, H.; Skramstad, J Acta. Chemica. Scandinavica (1986) B40, 303
Storflor, H., Skramstad, J.; Nordenson, S. J. Chem. Soc Chem. Commun. (1984) 208
Bachi, M.D.; Goldberg, O.; Gross, A.; Vaya, J. J. Org. Chem. (1980) 45, 1481
Gutsche, D.C., Hillman, M. J, Am. Chem. Soc. (1954) 76, 2236
Nozaki, H, Takaya, H ; Noyon, R. Tetrahedron Lett.( 1965) 2563.
Ando, W., Yagxhara,T Kondo, S ; Nakayama, K.; Yamato, H., Nakaido, S.; Migita, T. J.
Org Chem. (1971) 36, 1732. (b) Ando, w, Kondo S; Nakayama, K.; Ichlbon, K., Kohoda,
H.; Yamato, H.; Ima, 1.; Nakaido, S.; Mlgxta, T. J Am. Chem. Soc. (1972) 94, 3870.
Ilvggglura, H, Imahash, Y, Kushida, K , Aok, K., Satoh, S Bull Chem. Soc Jpn (1976) 49,
Olah, G.A.; Doggweiler, H.; Felberg, J.D J Org Chem. (1984) 49, 2116.
Doyle, M.P.; Gnffin, ] H.; Chinn, M.S ; van Leusen, D J Org. Chem. (1984) 49, 1917
Friednich, K.; Jansen, U ; Kirmse, W , Tetrahedron Lett. (1985) 26, 193 Kirmse, W, Chiem,
P V. Tetrahedron Lett (1985) 26, 197.
Saltykova, L.E.; Vasilvitski, A.E.; Shostakovski, V M., Nefedov, O.M. Izv. Akad. Nauk,
SSSR Ser. Khum, (1988) 4, 842. Nefedov, O.M ; Vasilvitski, A.E.; Zlatkina, V.L., Yufit,
D.C.; Struchkov, Y T ; Shostakousk:, VM 1bid (1988) 10, 2340
Martin, M F, Ganem, B Tetrahedron Lett. (1984) 251
Ebbinghaus, C F, Mormissey, P, Rosati, R.L. J. Org. Chem. (1979) 44, 4697
Olah, G.A , Doggweiler, H., Felberg, JD J. Org Chem. (1984) 49, 2112. Olah, G.A,,
Doggweiler, H , Felberg, J.D. Frohlich, S. J. Org. Chem. (1985) 50, 4847
Olah, G A ; Doggweiler, H ; Felberg, J D ; Frohlich, S., Girdina, M J.; Karpeles, R.; Keum,
T., Inaba, S , Ip, W.M.; Lammertsma, K.; Salem, G.; Tabor, DC J Am. Chem. Soc. (1984)
106 2143. Mole, TJ Catal (1983) 84 423,
Roskamp, E.J.; Johnson, CR. J Am. Chem. Soc. (1986) 108, 6062
Pirrung, M.C.; Wemer,J A. J. Am. Chem. Soc. (1986) 108, 6060
Padwa, A , Hombuckle, S.F, Fryxell, G.E., Stull, P D. J. Org Chem. (1989) 54, 817
Takano, S , Tomata, S , Takahashi, M , Ogasawara, K Chenustry Letters (1987) 1569 (b)
For similar studies see Doyle, M.P., Tamblyn, W.H , Bagheri, V J Org Chem (1981) 46,
5094,
Doyle, M P. Acc Chem. Res.(1986) 19, 348



