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I. Introduction

The synthetic uses of organic diazo compounds for
carbenoid transformations have undergone a renais-
sance in recent years as a result of the development of
new transition-metal catalysts and the design of effec-
tive strategies for their application. Catalytic methods
have supplanted thermal and photochemical schemes,
and efficient procedures for cyclopropanation, dipolar
addition, insertion, and ylide generation have arisen.
In addition, recent advances in the mechanistic un-
derstanding of transition-metal-catalyzed transforma-
tions have removed a significant amount of the voodoo
that had been associated with these processes.

Originally suggested by Yates,! there is now general
agreement that transition-metal catalysts react with
diazo compounds to generate transient electrophilic
metal carbenes 1. The catalytic activity of transi-
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tion-metal compounds depends on coordination unsa-
turation at their metal center which allows them to
react as electrophiles with diazo compounds. Electro-
philic addition causes the loss of dinitrogen and pro-
duction of a metal-stabilized carbene 1. Transfer of the
carbene entity to an electron-rich substrate completes
the catalytic cycle:

SCR; s:
LM L.M=CR,
1
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L,,M-(I:R, N,
N,

2

Catalytic methods are most effective when diazo car-
bonyl compounds are employed, although applications
with a limited variety of less stable diazo compounds
indicates their general suitability as carbenoid precur-
sors. Alternative carbenoid sources that are syntheti-
cally useful for catalytic reactions are not currently
available.

© 1986 American Chemical Society



920 Chemical Reviews, 1986, Vol. 86, No. 5

The present review is focused on the generation and
synthetic transformations of electrophilic metal carb-
enes that exemplify the emergence of catalytic metho-
dologies for carbenoid transformations. Earlier reviews
emphasized the chemistry of diazo carbonyl com-
pounds,? and that by Marchand and MacBrockway in
1974 discussed the unique importance of metal carbenes
for molecular constructions with diazo compounds.?
Partial reviews of catalytic cyclopropanation reactions
have also appeared.* This review is a critical survey of
the literature through 1985 that is intended to identify
those factors and conditions which promote effective
catalysis in carbenoid transformations of diazo com-
pounds.

I1. Catalysts for Carbenold Transformations

A. Historical Perspective

Metal catalysis in the decomposition of diazo com-
pounds has been known for more than 80 years.’ In-
soluble copper bronze and cupric sulfate dominated
their synthetic applications until the 1960s when Nozaki
introduced soluble copper chelates such as bis(acetyl-
acetonato)copper(I[)® and Moser reported the use of
soluble (trialkyl and triaryl phosphite)copper(I) cata-
lysts.” The introduction of homogeneous catalysts was
motivated, in part, by uncertainties with the use of
insoluble copper compounds that were regarded as
heterogeneous catalysts. Yates had previously sug-
gested that metallic copper participated in the loss of
dinitrogen from diazo carbonyl compounds and that the
resulting carbene remained bound to the copper surface.
Although the carbenoid formalism was generally ac-
cepted, the nature of the catalytically active species in
these reactions continued to be controversial.?? QOb-
servations of induction periods,® changes in the physical
appearance and metallic composition of reaction mix-
tures,® and carbenoid reactions with the ligands origi-
nally bound to the metal'® provided uncertainty as to
the actual identity of the catalytically active species.

In 1972 Salomon and Kochi published a benchmark
article that has greatly influenced basic understanding
of copper catalysis in carbenoid transformations.!!
They discovered that copper triflate (triflate = tri-
fluoromethanesulfonate, OTf) was a very active catalyst
for the cyclopropanation of olefins with diazo com-
pounds and that diazo compounds caused reduction of
copper(Il) to copper(I). This latter discovery was con-
sistent with a prior observation by Wittig and
Schwarzenbach,® that copper(II) chloride was reduced
to copper(I) chloride by diazo compounds, which for-
tified their conclusion that copper(I), rather than cop-
per(Il), was the active catalyst in carbenoid transfor-
mations. However, since copper(l) triflate is relatively
difficult to handle,'? copper(II) triflate, conveniently
prepared!® and reduced in situ by diazo compounds to
the copper(I) catalyst, is preferentially employed for
carbenoid transformations of diazo compounds.

Between Nozaki’s report of Cu(acac), and Kochi’s
development of copper triflate for carbenoid reactions,
a number of potentially effective homogeneous catalysts
were investigated,!* but none held synthetic advantage
or the promise of unveiling unique mechanistic insight
and were not advanced further. During this period,
however, Nozaki, Noyori, and co-workers laid the
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groundwork for effective asymmetric induction in cat-
alytic cyclopropanation reactions with their preparation
and use of chiral copper chelates,!® and Fischer and
Dotz demonstrated that stable metal carbenes of
chromium, molybdenum, and tungsten underwent
stoichiometric carbenoid addition to olefins.!® This
latter discovery prompted extensive development of
stable metal carbenes for cyclopropanation along lines
that diverged naturally from those taken for their
catalytic counterparts (section IIL.F).

Palladium(II) acetate!” and rhodium(II) acetate!®
were introduced by Teyssie and co-workers in the early
1970s as alternatives to copper catalysts for carbenoid
transformations. They are distinguished from each
other by their relative ability to coordinate olefins.!®
Only recently, however, have their unique characteris-
tics for carbenoid transformations been identified.

B. Catalysts That Possess More Than One
Metal Coordination Site

The capability of copper(]) triflate to coordinate with
alkenes!'?? has distinguished this material from other
traditionally employed copper catalysts. The rate for
nitrogen loss from diazo compounds in the presence of
an alkene is inversely proportional to the alkene con-
centration!'! which suggests that alkene dissociation
precedes electrophilic addition of the catalytically active
copper(I) species to the diazo compound (n = 2):

(R,C=CR,),Cu* “OTf =
(R2C=CR2)n_ICu+ -OTf + R2C=CR2 (1)

(R,C=CR,), ,Cu* "OTf + ZCH=N, —
(R,C=CR,),_1Cu-CH(Ny)*Z TfO~ (2)
Comparisons of selectivity in cyclopropanation!'*® have
shown that those catalysts that are capable of forming
olefin complexes preferentially foster carbenoid addition
at the less substituted double bond whereas those which
do not form olefin complexes, like Cu(acac),, favor ad-
dition at the more substituted double bond (eq 3 and
4). However, selectivity in competitive cyclo-

CH N,
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propanation reactions with copper triflate is dependent
on the molar ratio of olefins employed, and with ethyl
diazoacetate and the styrene/cyclohexene combination,
for example, cyclopropanation selectivity for styrene
increases from 1.6 to 3.3 as the molar ratio of styrene
to cyclohexene is increased from 0.25 to 2.0.2! Differ-
ential olefin coordination of copper(I) during carbenoid
addition affects reactivity, but quantitative evaluation
of this influence awaits determination.

Palladium catalysts that are effective for carbenoid
reactions include palladium(II) acetate!”'® and palla-
dium(II) chloride.?*?® Their similarities as catalysts
have been noted,?* and the ability of palladium(II)
compounds to form olefin complexes is well-known.?%
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SCHEME II. Preferential Trans-Stereoselectivity in Cyclopropanation by «-Carbonylcarbenes
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20s

percent of Cu(acac), proved to be suitable for these
transformations (eq 17), which apparently have strik-

/ X8 cuso, N.
Culacac), /\/\/X%CH, Cutacac),

CH, PhH, reflux o PhH, retiux

H, 07

(18)

ingly different requirements compared to cyclo-
propanation of simple olefins joined to a diazo ester®
or to 16, which was converted to cyclopropyl lactone 17
in 92% yield with the use of Nozaki catalyst 15.%
Hudlicky and co-workers have approached intramo-
lecular diene cyclopropanations of diazo esters and
diazo ketones with the use of insoluble CuSO, in re-
fluxing benzene, and they have reported high-yield
conversions for small- and moderate-scale reactions.”

Cyclopropane product yields in metal-catalyzed cy-
clopropanation reactions with diazo compounds are
lowered by competitive dimerization of the carbenoid
equivalent of the diazo compound.? When competition
between olefin and diazo compound for the metal
carbene (eq 19) is the cause of limited cyclopropane

R2C==N,

- R
RzC=CRz + ML, == — L,M=CR, = D<R ¥ ML, (9

production, merely minimizing the available concen-
tration of the diazo compound should afford optimal
yields of cyclopropane products. Thus exact control of
the rate of addition of the diazo compound to the re-
action medium containing the catalyst and olefin should
result in superior cyclopropane yields, even when only
equivalent amounts of olefin and diazo compound are
employed, and provide economical benefits by limiting
the amount of catalyst required for effective cyclo-
propanations. These advantages have been realized for
reactions catalyzed by Rh,(OAc),, Rh4(CO),, and
CuCl-P(0-i-Pr);.”® Representative examples of stoi-
chiometric cyclopropanation reactions of ethyl diazo-

H
Ly Moo ML, R H
H ﬁ,on H H OOEt
0

acetate with alkenes include (arrows identify the site
of exclusive addition to dienes):
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The effect of this control on product yield is dra-
matically illustrated in results for reactions of 1-meth-
oxycyclohexene with a stoichiometric amount of ethyl
diazoacetate: at a [EDA]/[Rhy(OAc),] ratio of 200 and
an addition rate of 5 mmol/h, the corresponding cy-
clopropane product was obtained in 80% yield. With
a [EDA}/[Rhy(0Ac)] ratio of 2000 and an addition rate
of 5 mmol/h, the yield of this product was only 60%.
However, by decreasing the rate of addition of ethyl
diazoacetate to 0.5 mmol/h, the cycloprepane product
could again be isolated in 80% yield. By contrast,
control of the rate of addition of the diazo compound
has only a marginal influence on cyclopropane product
yield in reactions catalyzed by PdCl,-2PhCN or Cu-
(0OTH)y.%

Palladium(II) acetate has been advanced as the cat-
alyst of choice for cyclopropanation of terminal olefins™
and of a,8-unsaturated carbonyl compounds.”> How-
ever, the high yields and selectivities for cyclo-
propanation of terminal olefins reported for reactions
with diazomethane™ are not duplicated with ethyl
diazoacetate.’® Only styrenes and strained cycloalkenes
generally give high yields of cyclopropane products in
reactions with ethyl diazoacetate that are catalyzed by
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Pd;(0Ac)g, and palladium(II) chloride exhibits similar
catalytic behavior.2* Diethyl maleate and diethyl fu-
marate, the carbenoid dimers formed from ethyl diaz-
oacetate, inhibit cyclopropanation by palladium(II)
acetate,!® possibly as a result of their coordination to
palladium and subsequent reaction with the developing
carbenoid on the same metal center. In the presence
of relatively unreactive olefins such as cyclohexene,
palladium catalysts cause decomposition of ethyl
diazoacetate to form as yet uncharacterized polymeric
material based on carbethoxycarbene.

The effectiveness of palladium(II) acetate for cyclo-
propanation of certain «,8-unsaturated carbonyl com-
pounds by either diazomethane or ethyl diazoacetate
(eq 20 and 21) is well established.”® As in reactions with

Ac OAc

CHyN,

Pdg(0Ac)g (20)

COCH,

CeH N,CHCOOE! H
§Ms A CeH, 2 (21)
Pdy(0AC)y ; COOEt
(¢} CiH; H
50%

simple olefins, the use of diazomethane generally results
in higher product yields. However, neither copper nor
rhodium catalysts are similarly effective and, consid-
ering the low reactivity of even simple olefins toward
cyclopropanation in the presence of palladium catalysts,
the apparent ease of cyclopropane formation with «,3-
unsaturated carbonyl compounds is surprising. Doyle
and co-workers have shown that a variety of transi-
tion-metal compounds, but principally Mo(CO)4 and
Mo, (OAc),, promote cyclopropanation of «,8-unsatu-
rated carbonyl compounds and nitriles,*®’® and they
have demonstrated from kinetic investigations that
these reactions occur by dipolar cycloaddition” followed
by dinitrogen extrusion from the intermediate 1-
pyrazoline (eq 22).# Whether this is the explanation

R
z
=\ - R;ch —_— RQ — RA . Nz (22)

for the behavior of palladium(II) acetate remains to be
established, but metal carbene involvement in the cy-
clopropanation of a,3-unsaturated carbonyl compounds
is by no means certain.

Although intramolecular cyclopropanation reactions
have been advanced to their limits for ease in prepa-
ration of diazo carbonyl compounds,? intermolecular
reactions have generally been restricted to those be-
tween olefins and diazo esters, especially ethyl diazo-
acetate. Reactions with diazomalonate and diazopy-
ruvate often result in products of carbonyl carbene
dipolar addition (sections IV.A and V.B)*® or carbon—
hydrogen insertion (section V.A),?® but these products
are rarely formed with ethyl diazoacetate. In certain
cases, replacement of the ethyl group of ethyl diazo-
acetate by n-butyl has been reported to increase the
yield of cyclopropane products,'®® and the cause of the
yield increase has been attributed to an increase in the

Doyle

solubility of the intermediate metal carbene.!®® Because
of their relative instability, diazoalkanes have been
rarely employed for catalytic transformations, and their
responsiveness to different catalysts for cyclo-
propanation has not been determined.

Olefin reactivities in cyclopropanation reactions are
dependent on the catalyst employed. Competitive cy-
clopropanation of two olefins by diazo compounds in
the presence of metal catalysts is ordinarily used to
characterize relative reactivities.!1%21 However, this
data is misleading when the catalyst employed possesses
a coordination site for olefin association during carbene
transfer because selectivity in competitive cyclo-
propanation reactions is dependent on the molar ratio
of olefins employed.?' In such cases relative reactivities
are accurate only under the conditions employed for
their determination. Currently, Rhy(OAc), is the only
catalyst for which reliable olefin relative reactivities are
available,* and the general order for olefin reactivity
is reflective of relative rates for electrophilic addition:™

vinyl ethers > styrene > cyclopentene >
cyclohexene > 1-hexene

A distinguishing feature of Rhy(OAc), as a cyclo-
propanation catalyst is that high yields of cyclopropane
products can be obtained throughout the spectrum of
olefin reactivities.!®2*

B. Mechanism of Cyclopropanation

Reactivity-selectivity correlations between
(CO)sWCHPh and the combination of PhCHN,; with
Rh,(OAc), for reactions with olefins have been obtained
(section IL.D), and these data implicate metal-carbene
involvement in catalytic cyclopropanation reactions.
Predominant cis selectivity in cyclopropane formation
characterizes both procedures for benzylidene transfer
(Figure 1). In contrast, reactions of ethyl diazoacetate
with olefins that are catalyzed by either Rhy(OAc), or
W(CO); favor formation of the trans cyclopropane
isomer.*®

In their initial investigation of the reactions of
(CO);WCHPh with alkenes, Casey and co-workers
found an unexpected preference for the thermodynam-
ically less stable cis cyclopropane isomer, and their
systematic survey of the influence of alkene substituents
on cyclopropane stereochemistry caused their rejection
of metallacyclobutane intermediates as the sole expla-
nation for the observed stereochemical preference.*®
Instead, a stabhilizing interaction between the developing
electrophilic center of the reacting alkene and the
phenyl group was proposed to explain the high cis
stereoselectivities for benzylidene transfer from
(CO);WCHPh and Cp(CO),FeCHPh* to alkenes.*®™
However, ethylidene transfer reactions of Cp-
(CO),FeCH(OMe)CHj, for which such a stabilizing in-
teraction is not possible, also exhibited a pronounced
preference for formation of the cis cyclopropane iso-
mer,® and transition state model 17 (e.g., L,M = (C-
0);W, Cp(CO),Fe*) was invoked to explain the com-
posite results. According to this model, initial inter-
action occurs between the electrophilic carbene carbon
and one terminus of the reacting alkene. The devel-
oping electrophilic center at C; in 17 may displace ML,
in a frontside manner or by backside attack with syn-
chronous C g pene—Cs bond formation (e.g., 18 — cis-



Metal Carbene Transformations

diazoacetate.®® Stereoselectivity® and regioselectivity®
correlations for cyclopropane formation between Rhy-
(OAc)-catalyzed reactions of ethyl diazoacetate and
those with CuCl-P(0O-i-Pr);, Cu(acac);, Rhg(CO)y4,
PdCl,-2PhCN, and Pd;(0Ac)g catalysts provide their
link to metal carbene intermediates.

The combination of chirality transfer and reactivi-
ty—selectivity correlations to reactions of structurally
defined metal carbenes provides convincing arguments
for metal carbene complexes as intermediates in cata-
lytic transformations of diazo compounds. Structural
similarities of the metal environments of carbenes as-
sociated with Rhy(0OAc), and W(CO); define the inter-
action of olefins with the electrophilic carbon center.
Accordingly, reactions catalyzed by Rh,(OAc), or W-
(CO); can be viewed as taking place at the carbenic
carbon which protrudes from the metal embeded in a
wall constructed from its ligands (9). In so far as the

c\\‘\R
g
9

structures of other metal catalysts fit this description,
their reactivities and selectivities will be comparable to
those of Rhy(OAc), in carbenoid reactions with differ-
ences that are dependent upon the electrophilicity of
the metal-stabilized carbene.

E. Carbenold Catalysts as Lewis Acids

Although numerous different modes of bonding be-
tween a coordinatively unsaturated metal center and
a diazo compound may be considered,*! only the one
that results in the loss of dinitrogen and formation of
the metal-stabilized carbene accounts for their effective
catalysis in carbenoid transformations. The active
catalysts in these reactions are Lewis acids, and their
turnover of diazo compounds is due, at least in part, to
their reactivity as electrophiles. As Lewis acids they
are subject to inhibition by Lewis bases including, with
catalysts such as copper triflate or rhodium(II) tri-
fluoroacetate, olefins. Rhodium(II) acetate is a superior
catalyst for many carbenoid transformations because
olefin coordination or association with alkyl halides,
ethers, and esters does not occur. Some of the tradi-
tional copper catalysts are not inert towards association
with these weak bases.

Because they are Lewis acids, transition-metal com-
pounds that are effective catalysts for carbenoid
transformations could actually be operating as Lewis
acid promoters in much the same manner as BF;. Such
activity appears to explain the formation of oxazoles
from nitriles and diazo carbonyl compounds (eq 10)

RCEN « NzCHCR — Q (o)

catalyzed by Pd;(OAc)s? or Cu(OTf),.5 This same
transformation proceeds in even higher yields with any
of a wide spectrum of Lewis acids,? but especially
BF;.0Et,.%5 Furthermore, oxazoles can be prepared
directly from ketones and nitriles with the use of Cu-
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(OTf),.% A carbenoid intermediate is not required in
this transformation. Instead, as appears to be the case
in BF;-promoted reactions,3 the transition metal could
activate the nitrile for nucleophilic addition by the diazo
carbonyl compound:

4

N
. , =CH
RC=N-ML, + N,CHCR® —» o
Il \?N—ML,,,
(o]
R

R H

o\/)\ﬁ‘-ﬂ

R

* N (1)

Alternativily, an electrophilic metal carbene complex
could serve as the template upon which oxazole for-
mation occurs.

The same conclusion has been reached for Cu-
(OTf),-promoted insertion of diazo compounds into the
carbon—oxygen bond of ortho esters (eq 12).5” But here

RI/ OR
R'C(OR); + N,CRCZ —» (RO),C Z ., N, (12)
I Lo
L.M—CR, + RC(OR), —» Lnﬂ—$R£’ + R'C(OR), ®)
OR 10

there is evidence that the metal carbene complex,
through alkoxide transfer from the ortho ester (eq 13),
generates the active catalyst, a dialkoxycarbenium ion
(10). Once again BF;.OEt, is a superior catalyst,?® but
Rh,y(0Ac),, Rhg(CO)y5, CuCl-P(OR);, and PdCl-2PhCN
were relatively ineffective.’” These results point to a
gradation in the electrophilicity of catalytically gener-
ated metal carbenes that have important implications
for catalyst utilization in carbenoid transformations.

The parallel activities of Cu(OTf), and BF;-OEt, are
nowhere more pronounced than in the acid-promoted
intramolecular cyclization of 8,y-unsaturated diazo
ketones. Extensive investigations by Smith and co-
workers have demonstrated the utility of these BF;-
promoted cyclizations for the preparation of simple and
annulated cyclopentenones,® and their discovery of a
novel skeletal rearrangement promoted by copper(Il)
compounds including CuSO,, Cu(acac),, and Cu(QTf),,
which they termed the vinylogous Wolff rearrangement
(eq 14),%° afforded a definite contrast between Lewis

'/ 0 BFy-OEt
s [T, e [
OO0R CHN,

acid and transition-metal catalyzed reactions of this
class of diazo compounds. However, Doyle and Trudell
have reported that Cu(OTY), is as effective as BF3OEt,
in promoting intramolecular cyclization (eq 15).57 The

cucm ,
CO.8n C:Hn 4 CHNz b3

63% LY OEt,/CHgNO, 50%

CulOTN,/CHNO, sox’’

product and the pathway through which it is obtained



924 Chemical Reviews, 1986, Vol. 86, No. 5

Doyle

TABLE 1. Cyclopropanation with Heterogeneous and Homogeneous Catalysts

heterogeneous homogeneous
olefin/diazo compd product catalyst (ref) yield, % catalyst (ref) yield, %
,r”j AA mf“" Cu, Et,0, reflux (66) 66 Rh,(0Ac),, 25 °C (24) 90
% ==\ i> Cu, 100-130 °C (67) 64 Rhy(0Ac),, 20 °C (18b) 85
EDA ! COOEt
A Pent o sPet Cu, PhCH,, reflux (68) 50 Cu(acac),, PhH, reflux (69) 63
%i\oon Cj/\/
S, “coost
o o
/ o / o CuSOQ,, C¢gHyy, reflux (70) 67 Cu(OTf),, CH;NO,, 25 °C (57) 90
SCHEME I. Proposed Mechanism for Cyclopropane Formation?!
20a
H R Te
H
ke M H H
LM —€ || M
H '} z L H 2 R R :
LMm=c] H
n
Nz
+* H
H H R
TR .
LM i, Mo M H
Z H H z
H R T
20s

is dependent on the reaction conditions. Doyle and
Trudell employed Cu(OTf), in anhydrous nitromethane
and obtained hydrindanone 11; the vinylogous Wolff
rearrangement takes place in refluxing cyclohexane to
which is added an equivalent amount of alcohol. The
dichotomy awaits resolution.

III. Catalytic Cyclopropanation Reactions
A. Methods

Copper bronze,’! used as a suspension in refluxing
solvent, continues to be a popular catalyst for the cy-
clopropanation of olefins. Wenkert and co-workers*252
have applied this methodology to the synthesis of a
substantial number of cyclopropanes that are synthetic
intermediates in the preparation of natural products
(e.g., eq 16).8% Copper bronze was also the catalyst of

CI)Me
CH,CH)sCCOCHN, + == cu.a:)z:oc
(|)Me 0-n-Bu
MeQ OMe
H
n-Bu0Q CH,);sCH; + N2 (46)
(o]

choice for the continuous process synthesis of ethyl
chrysanthemate (12).%¢ An excess of the olefin is

Me

H
M

| OOEt
Me

Me 12

normally employed, and the amount of inexpensive

copper bronze required for effective cyclopropanation
is ordinarily 1-2 mol percent based on the diazo com-
pound. However, the use of heterogeneous reaction
conditions does not always provide optimal yields.
Corey and Myers, for example, noted that although
copper powder in refluxing toluene converted diazo
ester 13 (TBDMS = ¢t-BuMe,Si) to cyclopropyl lactone
14 in 57% yield, the product yield dropped substan-
tially on scaleup.% Use of bis(N-tert-butylsalicylald-

15

iminato)copper(II), a soluble Nozaki catalyst,!*® pro-

vided 14 in 92% yield. Similar yield improvements with
the use of soluble catalysts are being reported with
increasing frequency (e.g., Table I). However, Hudlicky
and co-workers have found that, whereas Cu(acac), is
highly effective for intramolecular cyclopropanations
of conjugated dienes connected to diazo ketones,
useful yields of cyclopropane products were not ob-
tained from structurally similar diazo esters when the
same catalyst was employed.”” Excess CuSOy sus-
pended in refluxing benzene together with 15-20 mol
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Palladium(II) chloride undergoes Pd-Cl addition with
certain dienes (eg., eq 5),22?7 presumably from the co-

Cl
(PhCN) PdCI,

~ — (5)23a

Z Cl,Pd— Cl—Pd—

2
3 4

ordinated diene 3, and this transformation complicates
its use as a catalyst for carbenoid reactions. In their
formation of w-complexes, palladium(II) catalysts re-
semble copper(I) triflate, which may account for the
complimentary selectivities in cyclopropanation reac-
tions that are observed with their use.l® However, there
are significant differences in their coordinating abilities
with certain olefins, particularly with bicyclo[2.2.1]-
hepta-2,5-diene.!?

The influence of the coordinated olefin on carbenoid
transfer is a fundamental characteristic of these cata-
lysts:

SCR, s

-
LaM=CR,
5

Ln'&'—ll = Ln’lw

[
R,CN; LaM(R,CN,) N,

M=Pd in PdCl,, Pda(OAc)e
Cu in CuOTt, CuBF,

Steric and/or electronic effects from the coordinated
olefin affect reactivity and, in certain cases, selectivity.?
Lewis bases can replace the coordinated olefin and in-
fluence carbenoid transfer, but they also inhibit for-
mation of the carbenoid intermediate. Phosphine lig-
ands on PdX, (X = Cl, Br, I), for example, cause a
relatively long induction period for nitrogen evolution
from ethyl diazoacetate.?? Entrapment of the phos-
phine by the diazo compound?® probably releases the
active catalyst:

PdX,(PPhy), = PdX,(PPhy) + Ph;P  (6)

Ph,P + N,CHOOEt — Ph,P—N—N=CHCOOEt
(7

Bidentate bis(dioximato)cobalt(II) complexes, whose
optically active derivatives induce a high degree of en-
antioselectivity in cyclopropanation reactions with diazo
compounds,? are square planar with two axial coordi-
nation sites.?* Hexacoordinate Co(II) complexes such
as those with bis(dimethylglyoximato)cobalt(II) and its
nitrosyl derivative with representative Lewis bases are
known, and the lability of the axial ligand has been
established.?’ Nakamura and co-workers have found
that the addition of a donor molecule such as pyridine
to bis[(—)camphorquinone a-dioximato](aqua)cobalt(II),
6 = Co(a-cqd),H,0, has a marked effect on enantios-
electivity (section IIL.E) and stereoselectivity in catalytic
cyclopropanation reactions.? Its influence is explained
by a mechanism in which the olefin that undergoes
cyclopropanation causes displacement of the axial lig-
and by a two-center interaction with the intermediate
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carbene complex. Although this mechanism may be
subject to reinterpretation, the fact remains that liga-
tion which is axial to the carbene ligand influences se-
lectivity.

C. Catalysts That Possess Only One Vacant
Metal Coordination Site

Rhodium(II) acetate, whose catalytic activity in re-
actions with diazo compounds was discovered by
Teyssie and co-workers,!® has played a central role in
the evolution of a basic understanding of carbenoid
transformations. A binuclear compound with four
bridging acetate ligands and D, symmetry,3? Rhy(OAc),
(7) possesses one vacant axial coordination site per
metal atom. Rhodium(II) carboxylates are thermally
stable and air stable, but they readily form adducts with
donor ligands such as nitriles and amines.

R 7

Rhodium(II) acetate does not appear to form olefin
complexes in solution,'®3* although gas-solid-phase
measurements have indicated the existence of such
complexes.® In contrast, olefin coordination by Rh,-
(OOCCFj), is readily detectable, and equilibrium con-
stants for association increase with the electron donor
ability of alkene substituents.?* However, only one of
the two diaxial coordination sites is occupied by an
olefin (eq 8) and, unlike copper triflate, differential

| + Rh(OOCCF3),Rh = ||-Rh(OOCCF;)Rh (8)

olefin coordination does not affect selectivity in car-
benoid reactions.?® As is evident in these results and
those by Drago and co-workers,® the carboxylate ligand
has a strong influence on the electron-pair-acceptor
capability of the rhodium(II) center which can be ex-
pected to affect reactivity and selectivity in carbenoid
transformations.

Recently, a number of binuclear carboxamido com-
plexes of rhodium(II) have been synthesized and
characterized.’” Owing to the increased number of
possible geometrical isomers for Rhy(RNOCR/), (R =
H,R"=CH; R =H,R' = CF; R = CF;, R = CH,),
these are structurally complex materials. However,
their catalytic activities are comparable to that of
Rhy(OAc),, and their selectivities in carbenoid trans-
formations increase with the basicity of the free car-
boxylate/carboxamide ligand.3®

The hexarhodium(0) carbonyl cluster, Rhg(CO)y4, has
been reported to be a highly effective homogeneous
catalyst for cyclopropanation?% and ylide generation.*
Carbenoid selectivities obtained with the use of this
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metal cluster, which are nearly identical with those
obtained with Rhy(OAc),, point to parallel mechanistic
pathways for carbenoid generation and transformations.
However, the structure of the actual catalytically active
species has not been conclusively determined.
Iodorhodium(III)mesotetraphenylporphyrin
(RhTPPI, 8) has alsc been reported to catalyze trans-
formations of diazo compounds.*! The first mononu-

Ph

8 RhTPPI
Ph Ph

Ph

clear rhodium cyclopropanation catalyst, RhTPPI
provides an unusual cis(syn) selectivity for reactions of
ethyl diazoacetate with olefins. However, the oxidation
state of the active catalyst has not been determined.
The possible reduction of rhodium(III) to rhodium(II)
by diazo compounds, and the lower yields obtained for
both cyclpropanation and for carbene dimer formation*?
relative to Rho(OAc),, suggest that the porphyrin ligand
may not be inert.

Wulfman and co-workers have maintained that the
oxidation state of the active catalyst in carbenoid
transformation with Cu(acac), and CuCl-P(OR); is
copper(I1),?°43 and they have argued that under certain
conditions diazo compounds undergo nucleophilic ad-
dition to a copper-olefin complex.** Although CuCl-P-
(OR); does not maintain its structural integrity
throughout many carbenoid transformations, the cata-
lytically active intermediate in cyclopropanation reac-
tions with ethyl diazoacetate provides the same relative
reactivity towards olefins as Cu(acac), and CuSO,.!!
That their reaction characteristics differ substantially
from copper triflate places them in the category of
catalysts that possess only one exchangeable metal co-
ordination site. The oxidation state of the catalytically
active intermediate for each of these copper catalysts
has not been conclusively determined, but it is unlikely
that the oxidation state of the carbene intermediate
differs from catalyst to catalyst. The copper(l) oxida-
tion state of even copper(II) 3-diketonates such as Cu-
(acac), is accessible.*® Furthermore, 10 years after the
initial proposal* there is no evidence that copper(I)-
olefin complexes undergo nucleophilic addition by diazo
compounds.

D. Evidence for Metal Carbene Involvement in
Catalytic Reactions

Metal carbene complexes of transition-metal com-
pounds that are active catalysts for the decomposition
of organic diazo compounds have not been isolated or
identified. Consequently, evidence for their involve-
ment has arisen indirectly from results obtained in
catalytic carbenoid transformations. Carbene dimer
formation (eq 9)*? is characteristic of metal carbene

ML,
2RQC=N2 —— RQC=CR2 + 2N2 (9)

intermediates but not conclusive. Similarly, stereo-

log (cis/trans)(co)swCth

OCH,

-2.0 o clew), 1 .

It
-1.0 0 +1.0

log (cis/trans)PhCHNz ) ha(OAcL

Figure 1. Stereoselectivity correlation in cyclopropanation re-
actions between (CO);WCHPh and Rhy(OAc),/PhCHN,.

specific cyclopropanation of olefins under reaction
conditions that are not conducive to dipolar addition
of the diazo compound*® suggest these intermediates.
However, more convincing evidence has been obtained
through observation of asymmetric induction in cycl-
propane-forming reactions with the use of copper'®*’
or cobalt® catalysts (section IILE). Chirality transfer
demands that the catalyst is intimately involved at the
product-determining stage in cyclopropanation reac-
tions and suggests that free carbenes are not interme-
diates. That chirality transfer results from the addition
of a free (achiral) carbene to a chiral metal-olefin
complex is highly unlikely.

Alternatively, if electrophilic metal carbene com-
plexes are intermediates in catalytic reactions, then
reactivity—selectivity correlations between known stable
metal carbene complexes and assumed structurally
similar catalytic intermediates should be observed.
Such correlations have been reported by Doyle and
co-workers from stoichiometric cyclopropanation reac-
tions of Casey’s (CO)sWCHPhH* and Rh,(OAc),-cata-
lyzed reactions of phenyldiazomethane.?! As indicated
by the stereoselectivity correlation in Figure 1,%! elec-
tronic and structural similarities between the carbenes
derived from W(CO); and Rhy(OAc), are pronounced.
A similar correlation between W(CO); and Rh,(OAc),
has been obtained with the carbene derived from ethyl
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18

19

cyclopropane product). Alternatively, a discrete me-
tallocycle (e.g., 19 — trans-cyclopropane product) may
be formed. As the size of the R group is increased from
methyl to tert-butyl, the trans-cyclopropane isomer
becomes the preferred product.

Although this diversity of pathways which includes
18 and 19 accounts for the stereochemistry of cyclo-
propane formation with alkylidenemetal complexes, it
does not explain the predominant trans stereoselectivity
observed in catalytic cyclopropanation reactions with
diazo carbonyl compounds. To account for this car-
benoid-dependent difference in selectivity, Doyle and
co-workers proposed an alternate mechanistic model for
cyclopropanation.?’ According to this model, cyclo-
propane formation occurs by initial association of the
olefin 7 bond with the electrophilic center of the met-
al-carbene complex followed by ¢-bond formation with
backside displacement of the catalyst (Scheme I).
Stabilization of the developing electrophilic center by
the electron-donating substituent R determines the
motion of the alkene relative to the electrophilic carbon
center of the reacting carbene. In proceeding from 20a
to the transition state T, the alkene carbon structure
moves up relative to the carbenic carbon and concur-
rently rotates to the T, configuration in which the or-
iginal alkene C-C bond axis is parallel to the original
metal-carbon bond axis. Similarly, the alkene carbon
structure in 20s moves down relative to the carbenic
carbon with rotation to the parallel alignment of T..
Backside displacement of ML, by the developing car-
benium ion results in cyclopropane formation.

According to this proposal, cyclopropane stereo-
chemistry is determined by a combination of steric
and/or electronic interactions at the = complex (20a
and 20s) and cyclopropane-forming (T, and T,) stages.
In the absence of prominant steric interactions between
R and Z in the cyclopropane-forming stage, predomi-
nant cis stereoselectivity is predicted (&, ~ k., but 20s
is less stable than 20a) and observed for reactions of
monosubstituted alkenes possessing alkyl®®8! or
aryl?14879 gybstituents. As the size of R is increased,
k. decreases relative to k, with the resulting decrease
in the cis/trans ratio of cyclopropane products. The
principal differences between this mechanism and those
previously advanced are the proposal of an intermediate
that exists in equilibrium with the separated alkene and
carbene complex and the absence of a metallacyclo-
butane intermediate. The 7 complex of Scheme I may,
in fact, be a formalism, although it is a useful one for
the prediction of stereoselectivity in catalytic and
stoichiometric reactions.

Stereochemical preference for the trans-cyclopropane
isomer in reactions involving transition-metal-catalyzed
reactions of ethyl diazoacetate and related diazo car-
bonyl compounds appears to be the exception to the
model depicted in Scheme I. However, the carbonyl
group is a nucleophile that can be expected to influence
association between the reacting alkene and the elec-
trophilic carbene. Electronic stabilization of the tran-
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sition state leading to trans-cyclopropane products by
interaction of the developing electrophilic carbon of the
original alkene with the nucleophilic carbonyl oxygen
(T, is Scheme II), which is only possible in the transition
state leading to the trans cyclopropane, accounts for the
predominant trans stereoselectivity in these reactions.
Accordingly, increasing the nucleophilicity of the car-
bonyl group should cause an increase in trans selectiv-
ity. Also, alkenes such as vinyl ethers whose substitu-
ents can stabilize a developing electrophilic carbon
center should be least affected by interaction with the
carbonyl substituent of the metal carbene (section
II1.C).

Metal-carbene-alkene complexes have often been
invoked as intermediates in metal-catalyzed cyclo-
propanation reactions.”!%1® Until recently, their ex-
istence has been hypothetical, based on arguments
derived from selectivities in product formation, How-
ever, Casey and co-workers have prepared stable
tungsten—carbene—alkene complexes 21 from their

-CO N IJ_\Z a
co,w ~c  (ow=' —* )
Ar Ar ™2
21 23

Ar
22

corresponding pentacarbonyltungsten carbenes 22 by
thermolysis and observed their decomposition to cy-
clopropane products (eq 23, Z = 0, NMe).#? Cyclo-
propane formation was found to be autocatalytic, and
a chain mechanism involving W(CQ), was proposed®

22—-21+CO (24)

21 — 23 + W(CO), (25)

22 + W(CO)4 — 21 + W(CO); (26)
22 + W(CO); — 21 + W(CO), (27)

Introduction of any agent that can trap the reactive
W(CO), and W(CO); intermediates effectively shuts
down the autocatalytic decomposition and greatly in-
hibits the decomposition of 22. The composite data are
consistent with the intervention of a tungsten—carb-
ene—alkene complex in cyclopropane formation but,
considering the slow rate for exchange of carbon mon-
oxide on pentacarbonyltungstencarbenes,?* the rele-
vance of these intermediates to cyclopropanation re-
actions of carbene complexes such as (CO);WCHPh*®
and to catalytic cyclopropanation reactions remains to
be determined.

Doyle, Wang, and Loh have recently reported that
stable palladium chloride complexes of dienes?” such as
24 and 25 do not react with ethyl diazoacetate and do

24 25

not form cyclopropane products when treated with
ethyl diazoacetate in combination with either Rho(OAc),
or PdC1,:2PhCN.? These results are inconsistent with
intermolecular electrophilic carbene addition to a co-
ordination olefin as well as with electrophilic addition
of the coordinated olefin to the diazo compound. Al-
though collapse of a metal-carbene—alkene complex
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Doyle

TABLE II. Cyclopropanation Reactions of Ethyl Diazoacetate at 25 °C. Influence of Reaction Catalyst on Stereoselectivity?

trans/cis (anti/syn)

alkene Rhy(OAc), Rhg(CO)46 Cu(0Tf), CuCl-P(0-i-Pr); Cu(acac),® PdCl,-2PhCN

ethyl vinyl ether 1.7 1.7 2.4° 1.9 1.6 1.5
styrene 1.6 1.7 1.9 2.8 2.6 1.6
3,3-dimethyl-1-butene 4.2 4.5 5.5 7.3 104 2.5
cyclohexene 3.8 3.9 6.8 6.8 6.5 2.2
2,5-dimethyl-2,4-hexadiene 1.8 1.9 2.3 2.7 1.8 2.3¢

% yield range 81-93 42-88 54.97 23-88 15-78 20-52

av % yield 88 73 75 51 40 36

aReactions performed at 60 °C. °Reactions performed at 0 °C. °Reaction performed at 25 °C. ¢The cis isomer undergoes chloro-

palladation (ref 85).

TABLE III. Cyclopropanation Reactions of Ethyl Diazoacetate at 25 °C. Influence of Rhodium Catalyst on Stereoselectivity

trans/cis {(anti/syn)

alkene Rhy,(NHCOCH,) # Rhy(OAc), Rhy(OOCC,F,),® RhTPPI*
ethyl vinyl ether 2.8 1.6 1.3
styrene 2.1 1.6 1.1 0.88
3,3-dimethyl-1-butene 49 2.9¢ 1.5
cyclohexene 10 3.8 1.9 1.2
bicyclo[2.2.1]hept-2-ene 3.6 2.0° 1.5 0.54

¢Reference 38. ?Reference 24. °Reference 41.

remains a mechanistic possibility for catalytic cyclo-
propanation reactions with copper triflate and palla-
dium(II) acetate or chloride, the absence of an inter-
molecular counterpart weakens arguments for their
involvement. Catalyst-dependent selectivity differences
in cyclopropanation reactions, such as have been re-
ported for copper triflate (eq 3), may be due to elec-
tronic influences of the metal or to steric influences
derived, at least in part, from olefin coordination to a
metal carbene complex (eq 5).

C. Stereoselectivity

The attractiveness of catalytic cyclopropanation re-
actions for organic syntheses has been limited by low
stereoselectivities associated with the transformation.
In fact, few reports have documented isomer distribu-
tion. However, sufficient data is now available to
evaluate the influence of catalyst, diazo compound, and
olefin on stereoselectivity.

In reactions with diazo esters, copper catalysts gen-
erally provide a higher trans selectivity than do either
Rhy(OAc), or Rhg(CO) g which, in turn, are superior to
palladium(II) catalysts (Table II). Stereoselectivities
are invariant to changes in catalyst concentration, to
the rate of addition of the diazo compound, and to the
molar ratio of olefin to diazo compound,? except with
palladium(II) chloride which causes “isomerization” of
vinyleyclopropanes.® Stereochemical results from cy-
clopropanation reactions with 22 olefins have been
found to correlate through the simple linear relationship

(isomer ratio)eatlyst = § X (ijsomer ratio)Rhe(0Acs

where S, the index of relative stereoselectivity, is equal
to 1.7 for CuCL-P(0-i-Pr)s, 1.0 for Rhg(CO) 4, and 0.59
for PdCl,»2PhCN.2* Surprisingly, there is little differ-
ence in selectivity between Rhy(OAc), and Rhg(CO)4
or between various copper catalysts, including Cu-
(OTf)y. Rhodium(Il) acetate and W(CO); also produce
nearly identical isomer distributions in reactions with
ethyl diazoacetate (S = 0.9).* However, product yields
are dependent on the catalyst employed, and rhodium-

(IT) carboxylates are superior.

Electronic effects from ligands bound to dimeric
rhodium(IT) influence carbene stabilization and, as seen
from the range of cyclopropanation stereoselectivities
in Table I1I, afford more exact control than is obtained
with the selection of copper and palladium catalysts
(Table II). Stereoselectivities for production of the
more stable trans or anti cyclopropane isomer are
greater with rhodium(II) acetamide than with even
copper catalysts, and they are less than even palladi-
um(II) chloride when rhodium(II) perfluorobutyrate is
employed. Electronic effects of these ligands are ap-
parently manifest in the carbene and influence the
closeness of approach by the olefin to the electrophilic
carbene center. The mesotetraphenylporphyrin com-
plex 8 (RhTPPI) actually causes a reversal of predom-
inant stereoselectivity in reactions of ethyl diazoacetate
with certain olefins,*! but this catalyst may affect se-
lectivities differently than do rhodium(II) carboxylates
or carboxamides. The influence of rhodium(II) car-
boxylate ligands on stereoselectivities in the synthesis
of chrysanthemic and permethric esters has been re-
ported, % and a slight preference for the Z isomers
was observed with the use of rhodium(Il) (L-(+)-2-
(tetrachlorophthalimido)propionate.®

For catalytic reactions with diazocarbonyl com-
pounds, Scheme II predicts that increasing the size of
the carbonyl substituent and increasing the nucleo-
philicity of the a-carbonyl group should lead to an in-
crease in trans(anti) selectivity. These effects are ob-
served (Table 1V). 2,3,4-Trimethyl-3-pentyl diazo-
acetate is superior to tert-butyl diazoacetate in causing
an increase in trans(anti) selectivity as a result of steric
effects,*” and N,N-dimethyldiazoacetamide, whose
carbonyl oxygen is more nucleophilic, exhibits even
greater selectivity in the cyclopropanation of cis olefins.
However, increasing the size of amide substituents or
employment of rhodium(II) acetamide with N,N-di-
methyldiazoacetamide does not lead to further dramatic
increases in selectivity.

The influence of olefin structure on stereoselectivity
is relatively weak. Heteroatom substituents such as
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TABLE IV. Cyclopropanation Reactions Catalyzed by Rhy(OAc), at 25 °C. Influence of Diazo Compound on

Stereoselectivity
trans/cis (anti/syn)
alkene N,CHPh* N,CHCOOEt? N,CHCOOCMe(i-Pr),* N,CHCONMe,¢
ethyl vinyl ether 0.33 2.3 1.8
n-butyl vinyl ether 0.40 2.0 1.7
styrene 0.30 24 2.2
cyclohexene (0.63)¢ 9.5 12
2,5-dimethyl-2,4-hexadiene 1.8 1.1

sReference 21. ®Reference 24. Reference 87. 9Reference 38. ¢Stereoselectivity for cyclopentene. With ethyl diazoacetate, value is 2.1

(anti/syn).

TABLE V. Cyclopropanation Reactions of Ethyl Diazoacetate at 25 °C. Influence of Reaction Catalyst on Regioselectivity

regioselectivity (A/B)

diene Rhy(0Ac), Rhg(CO) 6 Cu(O0Tf), CuClL-P(0-i-Pr); PdCl,:2PhCN
isoprene (28)° 1.6 1.6 2.0 1.9 0.54
trans-piperylene (29)° 7.5 8.2 10 34
limonene (30)%¢ 2.5 2.8 3.9 4.7 1.7
5-methylenebicyclo[2.2.1Thept-2-ene (31)¢ 2.3 2.2 1.0 2.5 0.16
bicyclo[4.3.01nona-3,6-diene (32)° 6.0 6.2 3.2 2.1 4.1

¢ Reference 24. ?Reference 94. °Reference 49.

oxygen in vinyl ethers?%® and silyl enol ethers®® offer
advantages in reactivity but not in selectivity. However,
increasing the steric bulk of the olefinic substituent does
result in enhancement of the relative percentage of the
sterically less encumbered cyclopropane product, and
cis-disubstituted olefins are among the most sensitive
to catalyst-dependent changes in selectivity. Rhodi-
um(II) acetate has recently been reported to catalyze
cyclopropanation of ethyl diazoacetate exclusively from
the convex side of a bicyclo[3.3.0]octene (e.g., eq 28),%
although both carboxylate epimers were obtained
(anti/syn = 4). However, the anti isomer is formed
exclusively by Rhy(OAc),-catalyzed cyclopropanation
of 1,3-cyclohexadiene with tert-butyl diazopyruvate.®!

/ \
?5'\+ 79 cookt
NaGHCOOE! es)
——.»
Any(OAC),
78%
26 27

Stereoselectivity increases with decreasing tempera-
ture, and the direction of this increase is dependent on
the carbene. With phenylcarbene cis(syn) selectivity
is enhanced,?! and trans(anti) selectivity also increases
to a small extent with decreasing temperature.?* How-
ever, the use of temperature as a controlling influence
of stereoselectivity is limited by the rate for carbenoid
generation with diazo compounds.

D. Regioselectivity

A considerable amount of information is available on
the regioselectivity of cyclopropanation reactions, 509293
Doyle and co-workers have reported that regioselec-
tivities for copper- and palladium-catalyzed reactions
of monosubstituted 1,3-butadienes with ethyl diazo-
acetate correlates with those for rhodium(II) acetate by
the relationship

(isomer ratio)e®®elyst = R X (isomer ratio)Rhz(0Ack

where R, the index of relative regioselectivity, is equal
to 1.4 for CuCl-P(O-i-Pr);, 1.1 for Rhy(CO)4g, and 0.5
for PdCl,:2PhCN.?° Regioselectivity increases with

TABLE VI. Cyclopropanation Reactions of Ethyl Diazoacetate
at 25 °C. Influence of Rhodium Catalyst on Regioselectivity

regioselectivity (A/B)

diene Rhy(NHCOCH,),®* Rhy(OAc),® Rhy,(OOCC,F),°
isoprene (28) 2.1 1.7 1.2
trans-piperylene 13 7.5 3.7
(29)
limonene (30) 2.8 2.5 1.5
5-methylene- 5.2 2.3 2.0

bicyclo[2.2.1]-
hept-2-ene (31)

bicyclo[4.3.0]nona- 8.3 6.0 3.3
3,6-diene (32) )

myrcene (34)° 10.4 (1.5)¢ 6.0 (1.3)¢ 3.5 (1.1)¢

¢References 36 and 38. “Reference 49. °Regioselectivity (Ay/A,).

substituents at the 2-position in the order Me < Ph <
Cl < OMe, and exclusive cyclopropanation at the 1,2-
double bond is observed with 2-methoxy-1,3-butadiene.
In contrast, selectivity for cyclopropanation at the
3,4-double bond of 1-substituted-1,3-butadienes follows
the order MeO < Me < Ph < Cl. Inversion of the order
for the methoxy substituent of 1- and 2-substituted
butadienes is an anomaly.

Regioselectivity for intermolecular cyclopropanation
is determined primarily by electronic influences of the
catalyst, carbene substituents, and olefin. Dienes 28-32
are representative, and their regioselectivites in reac-
tions with ethyl diazoacetate are responsive to the
catalyst employed (Table V). At least with Rhyo(OAc),,

o, N B
1‘—““%@&‘\%\@@

relative reactivities for model compounds reflect re-
gioselectivities. Differences in olefin reactivities have
been attributed to electronic influences on the transition
state for cyclopropanation.*® A transition state with
little charge development at the olefinic carbons (33a,
e.g., ML, = PdCl,) favors cyclopropanation at double
bond B in 28 and 31, whereas a transition state with
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TABLE VII. Cyclopropanation Reactions Catalyzed by
Rh,(0Ac), at 25.0 °C. Influence of Diazo Compound on
Regioselectivity

regioselectivity (A/B)

diene N,CPh,* N,CHCOOEt® N,CHCONMe,
isoprene (28) 2.6 1.7 2.5
trans-piperylene (29) 100 7.5
5-methylenebicyclo- 100 2.3 12

[2.2.1]hept-2-ene (31)
4 Reference 94. ?References 24 and 49. ¢Reference 38.

considerable charge development (33b, e.g., ML, =
Rh,;(OAc),) favors cyclopropanation at double bond A
in these same compounds. Regioselectivity in cyclo-

[ N T

1 __CRr--ML, AN

L~ ! ,—CRz
ML,

33a 33b

propanation of other dienes reflects their responsiveness
to electronic and steric effects in the transition state
for addition.?#% Decreasing the electrophilicity of the
intermediate metal carbene increases selectivity (Tables
VI and VII). With the triene myrcene (34), the diene
functional group is more reactive than the trisubstituted
double bond, and regioselectivity for cyclopropanation
of the diene is proportional to that observed with
isoprene (Table VI); both selectivities increase with
decreasing electrophilicity of the dimeric rhodium(II)

catalyst.

Aj 8
34

The response of dienes possessing a strained car-
bon-carbon double bond toward regioselective cyclo-
propanation by palladium(II) and rhodium(II) catalysts
is inverted, and the extent of this inversion is enhanced
with diazo compounds whose substituents offer greater
carbene stabilization than does carbalkoxy.?? With
5-methylenebicyclo[2.2.1]hept-2-ene, for example,
preferential electrophilic carbene addition occurs at the
exocyclic double bond with Rhy,(OAc), (eq 29), but

%ﬁ — | /@ e
R; R’

N,CHCOOEt Rhy(OAc), 70 30
PdCL2PhCN 14 86
thch Rh2(OAC)4 99 1
PdCl,-2PhCN 2 98

PdCl1,-2PhCN directs cyclopropanation to the endo-
cyclic double bond. This selectivity is enhanced with
diphenyldiazomethane. However, (E,Z)-1,5-cyclo-
decadiene undergoes selective cyclopropanation of the
E double bond with Pd;(0Ac)g (eq 30).22 The reason
for this disparate reactivity may be related to the “free”
carbene character of the transition state for cyclo-
addition.

Ring size determines regioselectivity in intramolecular
cyclopropanation reactions.®* The formation of bicyclic
compounds with five-, six-, and even seven-membered
rings has been reported, and five-membered ring for-
mation is favored over the production of seven-mem-

Doyle

OOEt

NaGHCOOE!
Se— 9.
EtO0

Rhy(OAc), 50 50
Cu(OTf), 50 50
Pdy(0Ac), 2 98

bered rings.”>’? Bicyclo[2.1.0]pentanone derivatives
have been proposed as intermediates, but they have not
been isolated in the presence of a cyclopropanation
catalyst.%®12 Taylor and Davies have disclosed a novel
route to 4-aryl-2-hydroxy-1-naphthoates by intramo-
lecular “cyclopropanation” of aromatic compounds us-
ing rhodium(II) acetate as the catalyst (eq 31).% Since

OH

Et OOEt
ha(OAc)‘ @ (31)
@ TrE vetux” @ @
z Z Z

35, 90% (Z = H)
97% (Z = CI)
76% (Z @ OMe)

the intermolecular counterpart of this process produces
cycloheptatrienes (from diazo esters and rhodium(II)
trifluoroacetate),’ the formation of 35 is presumably
a consequence of the lower energy pathway leading to
aromatization.

E. Enantioselectivity

Nozaki and co-workers were the first to recognize the
potential of chiral catalysts for asymmetric cyclo-
propanation,'® but their early results with the copper(II)
chelates (R)- and (S)-bis(N-a-phenethylsalicylald-
iminato)copper(II) (36) were disappointing. Low op-

H\Ph
0~ ~P-CuCl
H A
Ph
\CH
3

37
36

tical yields were obtained from reactions of selected
olefins with either ethyl diazoacetate or diazomethane,
although they were nearly identical but opposite in
configuration with (R)- and (S)-36. Moser reported
even lower optical yields (3%) than those obtained with
36 (6%) for the cyclopropanation of styrene by ethyl
diazoacetate using [(-)-tribornyl phosphite]copper(I)
chloride 37.7 The first breakthrough occurred in 1975
when Aratani reported that copper chelate 38 produced

H Me 0~ CH—» Hex
N§R
| 7., ‘i :>
u ’R
St ;
38

optical yields as high as 68% in reactions of ethyl
diazoacetate with 2,5-dimethyl-2,4-hexadiene.”” Pre-
dominant formation of (1.5,35)-trans- and (18,3R)-cis-
chrysanthemic acid ester was observed with (S)-38, and
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TABLE VIII. Cyclopropanation of
2,5-Dimethyl-2,4-hexadiene with Alkyl Diazoacetates
Catalyzed by (R)-38%

crysanthemate enantiomeric
ester excess, %

N,CHOOR, R = vield, % trans/cis  trans cis
d-menthyl 64 2.6 90 59
d,l-menthyl 87 4.3 90 75
1-adamantyl 82 5.2 85 46
cyclohexyl 71 1.4 70 58
2,3-dimethyl-2-butyl 71 3.6 85 43
tert-butyl 74 3.0 75 46
ethyl 54 1.04 68 62

(R)-38 produced esters of opposite chirality. As ex-
pected, the optical activity of the product increased with
the bulkiness of substituent R.

Increasing the size of the alkyl group of the diazo-
acetate ester led to further increases in the optical
purities of chrysanthemate esters from those with 38
and ethyl diazoacetate (Table VIII).®® A 90% enan-
tiomeric excess of (15,3S)-trans alkyl chrysanthemate
is obtained with menthyl diazoacetate, and the
(18,3R)-cis isomer is produced in as high as 75% en-
antiomeric excess. Lower optical yields were obtained
from the cyclopropanation of 1,1-dichloro-4-methyl-
1,3-pentadiene leading to permethric acid.*

Table VIII also describes the dramatic influence of
alkyl group structure on stereoselectivity. The observed
increase in trans selectivity with increasing size of the
alkyl substituents suggests a higher degree of sensitivity
of the bulky alkyl substituent to catalyst 38 than to
structurally simpler catalysts such as Rhy,(OAc), (Table
1V). However, the increases in percent enantiomeric
excess do not parallel the observed increases in ste-
reoselectivity which suggests that size alone does not
determine enantioselectivity.

Asymmetric induction from the use of Nakamura’s
chiral cobalt catalyst, Co(a-cqd)s"H,O (6),% is at least
as good as that from 38% for the cyclopropanation of
styrene (eq 32), a-methylstyrene, or 1,1-diphenyl-
ethylene, but the use of this catalyst is restricted to a
limited selection of conjugated olefins.?®® Methyl a-

COOR Ph COOR

Ph
= . N,CHCOOR —» v . v (32)
Ph

% ee % ee
R = neopentyl 6 88 81
R = l-menthyl (R) - 38 69 54
R = [-menthyl (S) - 38 81 78

phenylacrylate undergoes cobalt-catalyzed cyclo-
propanation readily with ethyl diazoacetate at 0 °C, but
vinyl ethers and even norbornadiene are not cyclo-
propanated. Pyrazoline intermediates were ruled out,
but the aberent reactivity of 6 towards alkenes has not
been explained. A cobalt-carbene complex with a low
barrier to rotation about the metal-carbene bond, sim-
ilar to that proposed for octaethylporphinatocobalt(II)
in its reactions with ethyl diazoacetate,!® was invoked
to explain enantioselectivity derived from the use of 6.

Nakamura found that enantioselectivity increased
with an increase in the bulkiness of the ester group of
diazoacetate, but in his investigation stereoselectivity
paralled enantioselectivity.?® Also, addition of a donor
molecule to the cobalt(II) catalyst caused a marked
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change in enantioselectivity for the cyclopropanation
of styrene, which with 8- or y-picoline reversed the
configuration of the prevailing enantiomer. Most in-
terestingly, geometrical isomerization of cis-styrene-d,
occurred during but not prior to carbenoid cyclo-
propanation (eq 33) and was explained as due to co-
baltacyclobutane formation by either a symmetry-al-
lowed [2, + 2,] cycloaddition or a biradical process.

Ph  H
>+ N,CHCOOEt -p NaOH,
o~ D HO

COOEt
Dy D D OOEt
Ph;F H Ph H (33)

Pl cooet et cookt
D H D H
H D

However, Brookhart has observed the same isomeration
in stoichiometric reactions of Cp(CO),FeCHPh* with
cis-styrene-d;,!°! and his explanation allows for bond
rotation of the alkene after attachment to the electro-
philic carbene. An alternate explanation is available
from an extension of Scheme 1.

A novel pattern of enantioselectivities was recently
reported by Laidler and Milner using chiral copper(II)
Schiff base catalysts derived from L-phenylalanine and
aromatic aldehydes.!%> Although cyclopropane yields
and enantiomeric excesses were low, both the degree
and direction of optical induction were found to depend
upon the olefin. An explanation was provided that
concurs with m-complex formation (Schemes I and II)
as the initial metal carbene-olefin interaction.

Asymmetric induction with the use of chiral diazo
compounds and an achiral catalyst was attempted re-
cently. Doyle and co-workers have reported the syn-
thesis of chiral N-(diazoacetyl)oxazolidones 39 and 40

Ph  CH,

+
N.__O (é N.__O
Y YOY
o] CHN, [o] CHN,
39 40

and their use in the Rhy(OAc),-catalyzed cyclo-
propanation of styrene.!% Although optical yields were
moderate (13% ee of the 1R,2R enantiomer and 14%
ee of the 1R,2S enantiomer) and products of the same
chirality were produced from 39 and 40, product yields
were low because of competing intramolecular associa-
tion of the oxazolidone carbonyl group with the car-
benoid center (e.g., eq 34, A = Rh,(0Ac),). However,
the observed enantioselectivity with 39 or 40 is far
greater than that previously obtained with 1-menthyl
diazoacetate (0.7% ee using copper powder).%

)\rcm
A wo, MO (4)

¥ = O\(o}oi\ oj/o jo

F. Stoichiometric Metal Carbene Reagents

Ph  CH,

Electrophilic metal carbene complexes, particularly
those of chromium, tungsten, and iron, have been de-
signed for use as highly versatile and selective stoi-
chiometric cyclopropanation reagents.1%41% Those
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possessing an a-heteroatom substituent such as oxygen
are stable, isolable reagents, although poor cyclo-
propanating agents, whereas metal carbene complexes
without a stabilizing a-heteroatom substituent are
unstable, but they are good cyclopropanating agents.
Basically, three methods are available for the generation
of these carbene reactants:7®81:106-108

Cr H
Co Fe _{-OMe c
N H oc”) _éCH P\ H
Fe—{ L } Fe_éSMe
OCL CH, ocy  TcH,
HBF, Me;Si050,CF, / L
Me,0" BF,"
L= CO,Ph,P c
P, H *
\
Fe=<
ocL// CH,

e " "
O TS

H
Uw

(syn/anti > 25:1)%°

. 4.4380
(syn/anti = 1:1) (syn/ant = 4.7:1)%°

Cyclopentadienyliron carbene complexes afford greater
stereoselectivity in cyclopropanation reactions than do
carbene complexes of tungsten, and a high degree of
enantioselectivity is obtained when L in 41 is a chiral
phosphine.1%

Stoichiometric metal carbene reagents with desta-
bilizing electron withdrawing substituents such as 42
which are accessible from diazo carbonyl compounds
have not been prepared, although a stable Fischer
carbene has been used to generate such a reagent as a
catalytic intermediate (eq 35).#° The Fischer carbene

(CO)sW==C(OMe)Ph L(COY W1 N2CHCOOEt
sWGOMSI T oo T

N2CHCOOEt Ph(MeO)C=CHCOOEL
[(CO)gW==CHCOOE!t] (35)
42

was described as a “procatalyst” for the generation of
the active cyclopropanation agent. That the selectivities
for cyclopropanation observed for 42 and for
N,CHOOEt/Rhy(OAc), were nearly identical supports
the basic mechanistic similarity of catalytic and stoi-
chiometric methods for cyclopropanation. Given the
scope and limitations of the two methodologies, they
remain complementary.

1V. Dipolar Addition

A. Dihydrofuran Formation

Alkyl vinyl ethers react with certain diazo carbonyl
compounds to form dihydrofurans in what is formally
a 1,3-dipolar addition reaction (eq 36).1'° Although

BEREIa\

diazo esters such as ethyl diazoacetate do not undergo
this transformation but form cyclopropane products
exclusively, alkyl 2-diazo-3-oxobutyrates, 3-diazo-2,4-
pentanedione, and even diazo ketones?!!! undergo the
dipolar addition process preferentially. Developed and
utilized as an advantageous methodology for dihydro-

Doyle

SCHEME III1. Proposed Mechanism for Dihydrofuran

Formation?!
b o. OR
OR 2 ONLR ML, 2
H CH, \ CH,
H
MLﬂ

furan formation by Wenkert,#b8111 the addition
transformation has been thoroughly investigated by
Alonso and co-workers.!t0

Dipolar addition is restricted to vinyl ethers, includ-
ing furans, and is regiospecific with vinyl ethers but not
with furans. Diazo ketones of varied structures are
required (eq 37-40); diazo esters, including diazo-

Q
N,
] CulCFgCOCHCOCF,),
| - cneccoorr ——2 2ty
i PhE
[e] [} reflux

OEt
110
Nch, @)
0

(329 43

63
cu N-cooet (38)
O\Q * MiCHECOOEt T O:}
Me 0 1e°e OMe

73% m

MeQ,

OMe
12
| . NCHCCOOEt — ——ai2fchs o \ (30)'
if CHacle COOEt
OMe 0 a0 MeQ'
as
oM
l Rhy(OAC), H.C \ . © @)
e
Me O H,y o) MeO Ph Ph YO
46 41

malonate, do not undergo this transformation. Origi-
nally copper bronze and (MeO);P-Cul were the pre-
ferred catalysts, but recently Cu(acac),, Cu(CF;COCH-
COCF;),, and Rhy(OAc), have also been used. Alonso
has reported that Cu(CF;COCHCOCFS), is superior to
Cu(acac),.'0

The apparent dipolar addition has been explained as
an extension of Scheme I1.?! Increased stabilization that
is provided to the developing electrophilic center of the
reacting olefin by the carbonyl group can be expected
to alter the reaction course by forming dihydrofuran
products (Scheme III). Vinyl ethers allow greater
charge development in the transition state, and the
ketone carbonyl group is more nucleophilic than that
of an ester. As seen in eq 40, dipolar addition is com-
petitive in certain cases with an apparent carbon-hy-
drogen insertion process (section V.B).

B. 1,3-Dioxole Formation

Aldehydes and ketones react with either 2-diazo-3-
oxobutyrate or 3-diazo-2,4-pentanedione in the presence
of copper(Il) chelates to form 1,3-dioxoles exclusively
(eq 41-43).113115  Although sensitive to steric influences

o

?l ; COOCH,
Cu(CF,COCHCOCF,)
\KJ\ + CH,CCCOOMe ———82°%77%%75%2, >__<OI )
1l PhF, retiux :
N, O"cH,

80%

N

48
: 0~ COCH,
o - cH CgCCH, Cu(CF,COCHTOCF,), i (@™
R FhF, retlux
o0 4% o CH,
49
N;
il Cu(CF,COCHCOCF,) 15
@ + CH,CCCOOMe ———>———— 225 [ \_o coocH, (#3)
o CHO i PhF, retiux O /
o Te%

o]

CH
50 :
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from the carbonyl compound, this transformation is
general for even a,8-unsaturated aldehydes. Copper(II)
hexafluoroacetylacetonate is superior to other copper
chelates, and copper(II) triflate was not effective.!!s
Simple diazo esters and diazomethane led to complex
mixtures of products.!* Synchronous [1,3]-dipolar
cycloaddition of the keto carbenoid intermediate or the
production of a short-lived ylide intermediate accounts
for available data.!'®

V. Insertion Reactions

A. Carbon-Hydrogen Insertion

Originally based on the use of copper catalysts,? the
insertion of metal-associated carbenes into carbon-hy-
drogen bonds has undergone a renaissance with the
advent of rhodium(II) carboxylate catalysts. Intermo-
lecular carbon-hydrogen insertion into paraffins by
diazoacetate esters (eq 44) has been achieved with
Rhy(OOCCF3),

RCH,COOEt + N,
(44)

RH + N,CHCOOEt

rhodium(II) trifluoroacetate.!'® A large excess of the
alkane is required to prevent oligomerization of the
carbene, and product yields are dependent on the cat-
alyst employed, but rhodium(II) perfluoroalkanoates
are clearly effective. Regioselectivities for these in-
sertion reactions are also catalyst dependent, and the
9-triptycene (9-TRP) rhodium(II) carboxylate alkyl
group affords both efficient conversions and a higher
selectivity for insertion into primary C-H bonds:!!"

HaC CHj THS
CHa-CH-CH,=CHj

5 25 66 4
18 18 27 37

CHg-CH-CH-CH3

88 12
67 33

Rh2(00CCF3)4
Rh,(00C-9-TRP),

Analogous effects have been observed with the use of
RhTPPI 8.118

Intramolecular C-H insertions of carbenes are syn-
thetically important, and they have also evolved with
the use of rhodium(IT) carboxylates. Wenkert was the
first to report the effectiveness of Rhy(OAc),.!*® The
conversion of a isopimaradiene system 51 into a steroid
skeleton 52 (eq 45) was achieved in 60% yield with this
catalyst, and poor yields characterized the CuSQ,-cat-
alyzed process. Taber and co-workers have undertaken

Rha(0Ac),
MeOCH,CH,OM
28°¢

(45)“ []

51 52

a comprehensive examination of this methodology.}20-122
They employed a-diazo-3-keto esters for intramolecular
C-H insertion and found that these diazo compounds
undergo highly selective conversions to cyclopentanone
derivatives. Carbon-hydrogen insertion competes ef-
fectively with other carbenic processes, even at the
allylic position of 53 (eq 46),'%° and occurs with a high
degree of diastereoselectivity (eq 47).122 Exclusive
formation of the cyclopentanone ring coupled with the
high reaction diastereoselectivity suggests a chairlike
transition state for the insertion reaction.}?? However,
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C0Me o
Rhptore), = 7\ CO;Me
N. CH,Clp (a8)
48%
53
\ 54
Q o
CO,Me
: Rh,tOAC), €O, Me (47)
o N, P only
Ph oM,
55 56

whereas acyclic systems show a substantial preference
for five-membered ring formation, the same is not
necessarily true for cyclic systems (eq 48).123
o
Freon TF j
s H O
Lo

XX

§7 58

Rhe(OAc)‘

Taber and Raman recently reported a high degree of
enantioselectivity in C-H insertion reactions of a-di-
azo-(-keto esters bearing a chiral alky! ester group de-
rived from camphor (e.g., eq 49).!2 The diastereose-

o 0 o
or* It
Nz ﬂhz(OAC)‘ OR* (49)
59 60 ||
Y

- o
@,

lectivity for the conversion of 59 — 60 was 92:8, and
these esters are conveniently separated by HPLC.

B. Apparent Allylic C—H Insertion

When cyclohexene is treated with dialkyl diazo-
malonate in the presence of copper catalysts, a formal
carbene carbon-hydrogen insertion product is formed
in addition to the anticipated cyclopropane deriva-
tive.l?* The origin of this insertion product has been
the subject of considerable speculation,?* and only
recently has the question been resolved. In the mean-
time, a select number of synthetically useful insertion
reactions began to appear (e.g., eq 50)% which suggested

Nz(}((:OOMQ)2

Cu, 120% (50)
34% OMe

MeOOQC” "COOMe
61

OMe

a commonality of mechanism with cyclopropanation
and dihydrofuran formation (e.g., eq 40). However,
evidence accumulated thus far indicates that the oc-
currence of this insertion process is limited.

Ethyl diazopyruvate!® and ethyl diazoacetate? do not
form these insertion products in any meaningful yield
under normal cyclopropanation conditions. Only dia-
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SCHEME 1IV. Proposed Mechanism for Apparent Allylic

C-H Insertion?!
LM OR OR
+ - ML
H = [N
-\ z
o H h oH

zomalonates and «-diazoacetophenone®! appear to be
capable of generating apparent allylic carbon-hydrogen
insertion products, but only with certain alkenes. Even
dicyclopropylethylene does not yield these products
when treated with dimethyl diazomalonate in the
presence of Cu(acac),.'”® Doyle and co-workers have
proposed that these products arise in competition with
cyclopropanes and/or dihydrofurans by hydrogen
transfer in the transition state encompassing the in-
teracting metal-carbene and alkene (Scheme IV). The
apparent limitations to this transformation may be
related to the basicity of the carbonyl group and the
orientation of the allylic C~H bond relative to the base.

Recently, Alonso and Garcia reported that 2-alkoxy-
dihydropyrans 62 undergo apparent vinyl C-H insertion
and novel addition-rearrangement in catalytic reactions
(eq 51: a, R = H; b, R = CH,).!?” The oxocyclo-

MQOQR PhF, reftux

62 63

COOMe

N,C(COOMe), I COOMe

+

Cu(CF,COCHCOCF,),
@ 372 MeO o] R

MeOOC QOMe

MeO. R

(51)

64
COOEt

d catalyst (E/\COOH (52)
o o

propane-vinyl ether rearrangement (e.g., eq 52) had
been previously described by Doyle and van Leusen as
a general reaction,?12% and the viability of this trans-
formation was confirmed by Alonso and Garcia. How-
ever, their interpretation of this process was that the
oxocyclopropane underwent Lewis acid-catalyzed ring
opening, rather than metal insertion,® and this expla-
nation is probably correct for common cyclopropanation
catalysts.

The molar ratio of 63 to 64 was highly dependent on
the reaction solvent, decreasing with increasing polarity,
indicating the participation of charged species in the
metal-catalyzed addition of diazo compounds to elec-
tron-rich olefins.!?” A possible explanation for the
production of 63 and 64 was proposed (eq 53). Taken

COOMe
Culn /8\
Cul, COOMe R
. oM —

62 + N,C(COOMe), ~—=p P . oome 63

R MeQ L
' MeoOC “Uhn
63 64

together with Schemes I-1V, all modes of reaction ob-
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SCHEME V. Catalytic Generation of Ylides

Rzé—?:luc

R,.CN, ML, *—4

L,,M—CRZ—?:Juc

N, L,M=CR,

Nuc:

served for metal carbenes with olefins can now be ex-
plained.

C. Nitrogen-Hydrogen Insertion

The advent of Rhy(OAc), as an effective catalyst for
carbenoid transformations resulted in extensive uses of
this methodology for carbenoid insertion into polar
bonds. Teyssie’s report of its use for insertion into the
hydroxyl bond!® initiated the widespread use of this
catalyst for O~-H% and N-H insertion reactions.!3%13
Probably the most significant example of intramolecular
N-H insertion is the key step (eq 54) in the Merck
synthesis of carbapenams.!® Similar examples using
a variety of catalytic methods have been reported.!32-1%

g}o .
[¢]

COOR

ha(OAc)‘

o
—
Om(:OOR PhH, reflux

VI. Catalytic Methods for Ylide Generation and
Rearrangements

A. [2,3]-Sigmatropic Rearrangement

Carbenoid entry into reactive ylides is a useful al-
ternative to the widely employed base-promoted tech-
nologies.'® Although suitable for ylide production,
carbenes generated photochemically and thermally in
the presence of organic compounds containing hetero-
atoms are relatively indiscriminate.!3"1% The poten-
tially more general catalytic approach to carbenoid
generation began to evolve with the use of copper cat-
alysts!3146 and, as with catalytic cyclopropanation re-
actions, the discovery of Rhy(OAc), as a highly effective
catalyst for ylide generation*®!4é accelerated the use of
this methodology. In the catalytic approach, diazo
compounds combine with the transition-metal catalyst
to form the reactive electrophilic carbene complex.
Nucleophilic addition followed by dissociation of the
catalytically active metal species and ylide complete the
catalytic cycle (Scheme V).

The symmetry-allowed [2,3]-sigmatropic rearrange-
ment!*” is a facile bond reorganization process for cat-
alytically generated ylides. Copper catalysts have been
employed for the generation of allylic sulfur ylides and
their subsequent [2,3]-sigmatropic rearrangement in a
variety of synthetic applications (e.g., eq 55-57).
However, as Vedejs has pointed out,'*® copper catalysts
are not generally successful for these transformations
since high yields for synthetic conversions such as that
in eq 57 could not be achieved, and analogous reactions
with diazo ketones were unsuccessful. Rhodium(II)
acetate has greater potential for these transformations
(eq 58 and 59), and its use allows these reactions to take
place under milder conditions than necessitated by the
use of copper. The rhodium carbonyl cluster Rhg(CO),4



Metal Carbene Transformations
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80%
7e%

LI
nn,(ou)‘
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(143

is also useful for the generation and rearrangement of
ylides from allyl sulfides and amines, and in some cases
is superior to Rhy(OAc),.%° In general, catalysts that are
effective for cyclopropanation are at least as active for
ylide generation from allyl sulfides.!®>!%2 Elimination
reactions of intermediate ylides such as in the conver-
sion of 66 to 68 can be competitive with [2,3]-sigma-
tropic rearrangement (67/68 = 3.4).1%° However, cy-
clopropanation is not competitive with ylide generation
from allylamines or sulfides.

Ando and co-workers were the first to show that the
copper-salt-catalyzed decomposition of diazo esters in
the presence of allyl halides could be used to enter
halonium ylides.!#> Here cyclopropanation is compe-
titive with the generation and rearrangement of ylides.
Recent systematic investigations by Doyle, Tamblyn,
and Bagheri with rhodium and copper catalysts have
shown that the product distribution is dramatically
dependent on the nucleophilicity of the halide (eq 60),
on the diazo compound, and on the catalyst.*® With

HoH
PhCH,CONH~T S\ M
NgCHCOOE! S CoOR w
Cu, xylene 56
130° 0 ( )

ROOC

s3%
COOR n,

COOEt

N,CICODEY), OCOOH (57)uu
Cu, xylense
reflux

s0%

0
,I\ (s8)"
£tood Me, COOEt

65 (3:1)

SCH,COOEt

COOEt
150
f\AOOE( @3 g 69
H!

CH,
67E 872

N,CRCOOEt LU /1c SA<
? e OOEt
COOEt
R=H X=1 98% 100 .
H Br 76% 28 72
H Cl 95% 5 95
COOEt Br 92% 93 7

crotyl bromide, for example, the rhodium(II)-acetate-
catalyzed decomposition of ethyl diazoacetate exhibits
competition between only cyclopropanation and the
[2,3)-sigmatropic rearrangement (eq 61), whereas copper
catalysts employed under the same conditions generate
the product from direct carbon-heteroatom insertion
(70) as well as 69 and 71.#° These results and those
from analysis of diastereoselectivity in the formation
of 69 (1.2 with Rh,(0OAc), and 0.8-0.9 with copper
catalysts) indicate that the copper catalysts, and also
Rh,(0Ac), at or above 40 °C, are capable of carbon-
bromide bond cleavage from the bromide-associated
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Br COOEt
N,CHCOOEt
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Rh,(0Ac), 67
Cu(acac), 43
CuCl-P(0-i-Pr); 32
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Me

Me
\/j\ . “: /7N 61)
COOEt
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70 n
70, % 71, %
0 33
45 7
53 6
52 7

metal carbene (Scheme VI) prior to metal dissociation
of the reactive ylide.

Allyl ethers are like allyl chlorides in their preference
for cyclopropanation. However, allyl acetals undergo
ylide generation in Rhy(OAc)-catalyzed reactions with
diazo esters, and subsequent production of 2,5-dialk-
oxy-4-alkenoates by the [2,3]-sigmatropic rearrange-
ment occurs in moderate to good yields (e.g., eq 62).1%°

—\ + N,CHCOOEt .2hafQficky
H{OMe), ! 0%

T8%

M.o—-=\_<oost . H )
Me Etooc> “CH(OMe),

% 23%

Like those with allyl halides, reactions with acetals are
dependent on the catalyst, diazo compound, acetal, and
temperature. Stevens rearrangement products are ob-
served in certain cases, even with Rhy(OAc), catalysis.
That ylides derived from allyl acetals undergo prefer-
ential rearrangement in competition with cyclo-
propanation, whereas those from the corresponding allyl
ethers are relatively unresponsive to ylide rearrange-
ment, demonstrates that heteroatom substitution at the
allylic carbon accelerates the [2,3] sigmatropic rear-
rangement. However, the ylide rearrangement in in-
tramolecular reactions of diazo allyl ethers appears to
be highly favored (e.g., eq 63).1% Lewis acid catalyzed
reactions of allyl acetals with diazo compounds take a
completely different pathway to form 3,y-unsaturated
acetals (e.g., eq 64).1%*

/
x Rhyt OOCCF,),
Rl AAALAR L
CHN, Erg0 " 63)
o]

o
N\ . BF;-Et,0 B

cHome), * MEHCOOR T4 CHeHloMd, - N, 69
£t00C

B. Ylide Intermediates in Carbon-Heteroatom
Insertion and Miscellaneous Transformation

Effective ylide generation in transition-metal-cata-
lyzed reactions of diazo compounds depends on the
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SCHEME VI. Competition between [2,3] and [1,2]
Rearrangements
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catalyst, diazo compound, heteroatom, and competition
with such transformations as cyclopropanation. With
sulfides and amines, ylide formation occurs exclusively
and, in the absence of an allylic double bond to direct
bond migration, 1,2-carbon shifts (Stevens rearrange-
ments) occur (e.g., eq 65 and 66). The potential com-

H H
R,N S H, Culacac), (65)154
-+~ H THF, 809C
[o] ™ ? 70%
0=
CHN,
72 3
(\\\‘
Ah,(OAS)
+ N,CHCOOEt —2i 4y q
S<® 2 so%e S (66"
73%
PR "H PH H COOEt

plexity of these transformations is suggested by the
conversion of 72 to 73, which must have occurred by
elimination—addition from the intermediate ylide in
order to produce the observed stereochemical result.!%®
As suggested by the formation of 68 from 66 in eq 59,
elimination can also compete with 1,2-bond migra-
tion.!® Kirmse and co-workers have recently confirmed
the relative unreactivity of ethers towards ylide gen-
eration in Rhy(OAc)-catalyzed reactions,'% but they did
observe that insertion of methylene into the carbon-
oxygen bond occurs selectively and in preference to
carbon-hydrogen insertion.

Hudlicky and Short have apparently successfully
employed ylide intermediates for intramolecular cy-

clopropanation of an «,8-unsaturated ester (eq 67).1%’
E‘lz
COCCH; (:u(;::;!:)2 o (67)
\ COOMe PhH, ?ollux CH3
COOMe
=
” 75

In the absence of either dimethyl sulfide or diphenyl
sulfide, the yield of 75 was very low; in their presence,
the yield was improved. A combination of Cuf{acac),

Doyle

and CuSO, effected smooth conversion of 74 to 75.

In a novel application of carbenoid methodologies,
Beak and Chen have used o-diazobenzamides to form
2-azaisobenzofurans which can be trapped in situ by
dienophiles to form 3,4-dihydronaphthalenes (eq 68).1%
This approach to annelation of tertiary aromatic amides
allows addition of a formyl carbon and a dienophile to
complete a six-membered ring.

(e PN PPN
=\
CHN, Culacac), MeO,C CO:Me
Sulacaclyy o L LY

(68)

ViI. Summary

What began as a convenient entry to vaguely defined
carbenoid species in addition reactions with alkenes has
become a highly versatile methodology for organic
synthesis. Effective transition-metal catalysts are now
available for transformations ranging from cyclo-
propanation and dipolar addition to insertion reactions
and ylide generation/rearrangement. For most of these
processes rhodium(II) carboxylates offer considerable
advantages in reaction conditions and conversion yields
over alternative copper or palladium catalysts. Elec-
trophilic metal carbene intermediates are implicated in
these reactions, and their reactivities are principle de-
terminants of selectivity.

Although breakthroughs have recently been made in
the design of rhodium catalysts and diazo compounds
for control of regioselectivity and stereoselectivity,'?®
there is room for improvement, and the same statement
can be made about cobalt or copper catalysts in enan-
tioselective cyclopropanation reactions. The architec-
ture of the metal carbene complex in its interaction with
the reacting substrate will be a major consideration in
future designs, and both electronic and steric factors
can be employed to influence selectivity. With certain
diazo compounds and alkenes, dipolar addition and/or
apparent allylic carbon—hydrogen insertion occur in lieu
of cyclopropanation, but effective catalytic control of
these alternative transformations has not yet been re-
alized.

Ylide generation is one of the newest successful ap-
plications of catalytic methods. In addition to ylides
derived from sulfides and tertiary amines, which are
accessible in base-promoted methodologies, those from
bromides, iodides, and even acetals can be generated
from diazo compounds with rhodium(II) carboxylates.
Both the [2,3]-sigmatropic rearrangement and the
[1,2]-Stevens rearrangement are viable transformations
with apparent synthetic advantages.
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