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Carbene reactions of diazoesters with s-bonds as an effective method
for the alkoxycarbonylmethylenation of organic compounds
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Abstract. Data on the carbene reactions of diazoesters with
carbon-hydrogen, heteroatom—hydrogen, carbon-carbon,
carbon—heteroatom, and heteroatom—heteroatom o-bonds in
organic molecules, demonstrating the synthetic possibilities of
such reactions as an effective and universal method of the
alkoxycarbonylmethylenation of organic compounds, are
considered systematically. The bibliography includes 179
references.

1. Introduction

The reactions involving the carbene decomposition of the esters of
diazoacetic and other carboxylic diazoacids (diazoesters) are
widely used in organic synthesis for the preparation of the esters
of cyclopropanecarboxylic and cyclopropenecarboxylic acids
from unsaturated compounds.!~# The reactions of diazoesters
with saturated compounds, leading in the general case to the
insertion of the CRCO;R! fragment in the X-Y o-bonds as a
result of the dissociation of these bonds and formation of new
C-X and C-Y bonds, are much less well known. This reaction
can be achieved either as a concerted process via a three-centre
transition state with retention of the configuration of the
asymmetric atom (pathway a) or as the opposite stepwise process
involving racemisation, of the type of abstraction — recombination
with participation of radical species (pathway b), dipolar
intermediates (pathway c), or ylide structures (pathway d)
(Scheme 1).

Clearly the operation of a particular pathway is mainly
determined by the structure of the substrate and also by the
mode of generation of the carbene. The synthetic importance of
reactions of this type is due to the possibility of the introduction of
functional groups at carbon atoms of saturated compounds.
However, until recently, their use in organic synthesis was
restricted because of the lack of convenient methods for the
generation of alkoxycarbonylcarbenes (ACC) capable of
entering into selective reactions with o-bonds. The photolytic
and thermal dediazotisation of diazoesters leads to the formation
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of extremely active carbenes, which react nonselectively with an
acceptor to form a large number of products. Catalytic
dediazotisation on treatment with traditional catalysts based on
copper compounds leads to more selective carbenes but ensures
the necessary preparative selectivity of the reactions of diazoesters
with saturated compounds only in individual instances.

Scheme 1
X—Y + :CRCO:R!
b l ¢ d
X* + ~CRCO3R!
X' + CRCO;R! “CRCO;R!
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R  CO;R! I
\ 7
/C X—CRCO,R!
X \Y v

Only the latest advances in the catalysis of the carbene
decomposition of diazoesters and in first place the use of
rhodium(IT) compounds as catalysts of this process® led to the
possibility of the wide scale employment of the insertion reactions
for the alkoxycarbonylmethylenation of a wide variety of
saturated compounds. Since the discovery of rhodium catalysis,
extensive experimental data have accumulated, which, however,
have not been treated systematically, although individual
examples of reactions of this type have been included in virtually
all the reviews devoted to the chemistry of diazoesters.2~8.10

In the present review, an attempt is made for the first time to
consider systematically the literature data on the reactions of
diazoesters with saturated compounds. The review is not
exhaustive and its aim is to provide only a general idea about the
synthetic possibilities of reactions of this type. For convenience,
the entire data have been grouped in terms of the types of bonds
involved in the reaction: carbon-hydrogen, heteroatom—
hydrogen, carbon—carbon, carbon - heteroatom, and
heteroatom —heteroatom. Within the groups, the classification
is based on the type of compounds incorporating these bonds and
the kind of heteroatom.
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II. Carbon-hydrogen bonds

1. Aliphatic C—-H bonds

Reactions involving the insertion of ACC in the C—H bonds of
alkanes, alkenes, and alkynes are known. They can be represented
by the following equation in a general form:

N

hv, A, Cat \
C—H + NCRCOR! —— 2 ™~

C—CHRCO,R!.

—IN2

The reaction with alkanes is of limited synthetic applicability
because the low selectivity of the highly reactive ACC in relation
to primary, secondary, and tertiary C—H bonds and the ease of
the dimerisation of carbenes usually lead to mixtures of products,
although their overall yields reach 90% when rhodium(II)
carboxylates are used as catalysts.!! The rules governing the
catalytic action of the above catalysts as a function of the structure
of the substrate, diazoester, and the counterion and the catalyst
concentration have been examined.!>'? The formation of the
products of insertion in the C—H bonds of alkanes in high yields
(~90%) has been noted in the dediazotisation of diazoesters with
an unsaturated alcoholic component, for example, prenyl
diazoacetate in hexane in the presence of CuCl,.

The intermolecular C—H insertion reaction has found a
practical application in the modification of ethylenepropylene
rubber, which is achieved by treating the latter with ethyl diazo-
acetate (EDA) at 210 °C (degree of functionalisation 5% —10%).14

The intramolecular C—H insertion reactions are of much
greater synthetic importance. These reactions proceed with
preparative yields even under the conditions of the photolysis or
pyrolysis of diazoesters (Scheme 2).15-17

Scheme 2

CoEt /\:> CCI4/ N; Q—:LL (:Tj ’

H CO:Et H CO.Et

overall yield 80%; 1:2 ratio

Me Me
N2
« hv
ButCCO,Et e
- —N.
cyclo-CsHo/ — N2 CO,Et
35%
o _o
180-200 °C, 5 torr
N,CHCO,CH,CHRR! ———N——— R % ;
2 R]
20%

Preparative yields can be achieved also using copper
compounds as catalysts of the dediazotisation of the diazoesters
(Scheme 3).18

Scheme 3
Me H N> O
)( CuSO4
EtT CH>0,CCCO:Me Et"“
PhCl, refluxing Me CO:Me
N,
48%

The use of rhodium(II) carboxylates makes it possible to carry
out the reactions under milder conditions, which promotes an
increase in the yields of products and the process selectivity
(Scheme 4).19:20

Scheme 4
9 coMe o
CO;Me
H N, Rhy(0Ac)s, 20 °C R
R R2 CH:Cl2/— N2 R iWR2
R! R!

55%—-17%

R = Me, Pri, CgH,7, H,C=CH, Me;C=CHCH,,
R! = R? = H, Me.

The reactivity of the C—H bonds in this reaction diminishes in
the sequence Creri—H > C,ec—H > C,—H and all the bonds are
more reactive than the C—H bonds of the benzyl and allyl
types.2l: 22

When the molecule contains long unbranched hydrocarbon
chains, the bond subjected to attack by the carbene centre is
exclusively a C—H bond at the g-carbon atom with formation of
cyclopentane derivatives.”> The insertion reaction is then
complicated by the competing processes involving the
elimination of a B-hydrogen atom with formation of acrylic acid
derivatives, the relative contributions of these pathways
depending on the ligand at the rhodium atom (Scheme 5).

Scheme 5
COMe
LO:Me COzMe
>
_N2
1 2
L R=H,Rl = CyH;5 R=MC,Rl = C¢HsMe — 4
overall 1:2 ratio overall 1:2 ratio
yield (%) yield (%)
OCOBu*t 97 85:15 89 55:45
OCOCF; 93 52:48 99 26:74

The steric factor can exert an even greater influence on the
course of the process than the electronic factor, as a result of which
the carbene may cyclise with participation of not the tertiary but
the secondary carbon atom (Scheme 6).24 25

Scheme 6
H
Me H Me
Rb:(0Ac) COqEt ;
& N2 CH,Cly/ —N; )
H CO5Et 0
O
& ha(OAC)a %ik
0]

34% trans

These examples demonstrate in addition the ability of rhodium
compounds, in contrast to the copper catalysts, to effect the C—H
insertion reactions even in the presence of a double bond.
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The marked sensitivity of the intramolecular insertion
reactions to steric factors must be taken into account in choosing
a strategy for the synthesis of the target products. Thus the two
schemes proposed by Taber and Schuchardt?¢ and Cane and
Thomas?? for the synthesis of pentalenolactone are based on the
preferential attack by the carbene on the sterically most accessible
bonds, although in the second case this leads to the formation of a
six-membered and not a five-membered ring (Scheme 7).

Scheme 7

MeO,C o o
MeO,C

Rhy(OAc)s, 20 °C

i Me
Me  CH:CL/-N;

9%
(o g e) ~
o
Gl O
H
Me MeCH2
pentalenolactone
[ 1 N I I
o. .0 o__0
- N
g Rhy(OAC)s /10
H H ﬁH Freon TF/—N; H ; :
Me Me 2 Me Me
45%

The intramolecular insertion reaction with participation of
rhodium complexes of carbenes, generated by the dediazotisation
of PB-oxodiazoacetates, is distinguished by a high degree of
stereoselectivity and proceeds with retention of the configuration
of the attacked carbon atom, which enabled, for example, Taber
et al.,?2 to use this reaction for the synthesis of a-cuparenone
(Scheme 8).

Scheme 8

N> 0

CO:Me Rh,(OAC), é:cone
. N2 Me
“Me CeHaMe-4

52%
O Me
I: :‘LMe
- = —Me
CeHsMe-4 .

a-cuparenone

The same group of workers established that the substituents in
a-acetyldiazoacetates increase the trans-selectivity of the intra-
molecular C—H insertion (Scheme 9)?8 and the enantioselectivity
of the cyclisation to form the rhodium complex of a carbene from
the chiral oxodiazoester precursor 3 (Scheme 10).2° The bulky
a-naphthyl substituent in the above diazoester effectively shields
one of the sides of the acyl substituent and favours the insertion of
the carbene centre in the C—H” bond. The hydrolysis and
decarboxylation of the esters thus obtained permit the
enantioselective synthesis of cyclopentanones with an enantio-
selective excess (e.e.) up to 98%.

Scheme 9
(o}
CO,Me Rho(OAG)k CO:Me
o N CHxCly/—N; .
Me Ph Me
66%, trans
Scheme 10
JCH=CH,
Me.
\ Rhy(OAc)q
‘ . CH1Cla/-N3

The C—H insertion reactions involving the alcoholic part of
a-diazoacetates on treatment with rhodium(II) acetate and
acetamide proceeds with a selectivity which is just as high. Thus
it is possible to obtain y-lactones with high regio- and diastereo-
selectivities and a virtually complete conversion of the diazoester
(Scheme 11).%0

Scheme 11
0
A CsHi7 Rhy(OAc),
o
N, -N;
Pri N3
o)
ij-' \”/U\Ac Rhy(OAc),
: 0 PhMe/—N;
Me

Data have been published recently on the asymmetric synthesis
of lactones with a high enantioselectivity (enantiomeric excess up to
85%) via intramolecular C-—H insertion reactions of carbenes
generated from certain alkoxyethyl diazoacetates on treatment with
chiral rhodium(II) carboxamides, in particular tetrakis(5-methoxy-
carbonylpyrrolidin-2-one)dirhodium(Il) [Rho(MEPY)4).3!  The
configuration of the resulting lactone is then determined by that of
the catalyst ligand and the substituent R (Scheme 12).

Scheme 12
H o)
RJ\ 0L _CHN; Rhy(L*) o .
R/, \R‘ 4 CH,Ch/—N, R! X
R! R

42% —56%
ee. 77%—-85%

R = MeO, EtO, PhCH,0, Ph;
R! = H, Me; L* = (R)- or (S)-MEPY.

By ‘grafting’ this catalyst to the polyethylene, it is possible to
achieve the enantioselective synthesis of lactones in a
heterogencous version, which simplifies significantly processes
involving the recovery of the expensive rhodium catalysts.3?
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Unfortunately, the effectiveness of this catalyst is inferior to that
of the homogeneous catalyst and is reduced sharply after its
repeated use.

It is noteworthy that the intramolecular C—H insertion
reactions with participation of the alcoholic components of
diazoesters are extremely sensitive to the structure of the
diazoester and the catalyst counterion. Thus, under the
influence of rhodium(II) perfluorobutyrate, alkyl diazoacetates
(ADA) and alkyl a-acyldiazoacetates cyclise with the preferential
formation of the products of insertion in the C—H bonds formed
by the primary carbon atom, the process selectivity being
somewhat higher in the case of ADA (Table 1). On the other
hand, under the influence of rhodium(II) acetate, the insertion
takes place mainly, and in the presence of rhodium(II) acetamide,
exclusively in tertiary C—H bonds.3°

Table 1. The regioselectivity of the intramolecular C—H insertion
reactions with participation of the alcoholic component of diazoacetates.

O
O Me Pri R
N - L
6] —N> '-.,. .
Prt .
Nz H Me Pri r
4 5
L R=H R = Ac
overall 4:5 overall 4:5
yield (%) ratio yield (%) ratio
pfb 56 32:68 45 45:55
OAc 81 53:47 97 90:10
acam 96 >99:1 89 >99:1

Note. pfb = perfluorobutyrate and acam = acetamide.

The influence of the ligand on the selectivity of the
rhodium(Il)-catalysed C—H insertion processes has been
demonstrated in relation to the intramolecular reactions of
diazoamides. Thus in the case of substituted N-(tert-butyl)-
N-ethyldiazoamides, the attack by the carbene centre can be
directed to all the C—H bonds of the ethyl and tert-butyl
fragments. However, depending on the counterion, it is possible
to achieve the required specific cyclisation of the carbene with an
appreciable enantioselectivity (Table 2).33

The dediazotisation of diazoamides containing an aromatic
fragment proceeds either via insertion in the C—H bond at the
d-carbon atom or with participation of the muitiple bonds of the
aromatic substituent, depending on the ligand (Scheme 13).34

But Scheme 13
N.
Rh(ID)
(o] —-N2
[0)
Bu®
— + Z
N—But;

O

Rhy(pfb)a, 80% (95:5);
Rhy(caprylamide)s, 65% (3:97);

Z = H, MeO, O;N Rhy(acam)s 90% (0:100).

Table 2. The selectivity of the intramolecular C— H insertion reactions of

diazoamides.

Me
Me H
H N
2 _Rbp(L)
N
7z H ‘CHyCly/—N»

H [e]
Me Me
ZcH, B
N
+ +
0 (¢}
7 8

VA L Overall 6:7:8 Enantiomeric

yield molar excess (%)

(%) ratios 6 7
Et 4-(S)-MEOX 82 91:9:0 71 80
OEt 4-(S)-MEOX 97 100:0:0 78 —
COEt  5-(R)-MEPY 64 0:9:91 - 44
COEt  4-(S)-BNOX 60 0:100:0 - 20

Note. 4-(S)-MEOX = 2-oxazolidine-4-(S )-carboxylate and 4-(S )-BNOX
= 4-(S)-benzyloxazolidinone.

The substituents at the carbon atom of the diazo-group also
affect significantly the regioselectivity of the dediazotisation of
aromatic aryl-substituted diazoamides. Diazoamides with
electron-accepting substituents, for example, Ac, CO,R, or
SO,Ph, are dediazotised on treatment with Rhy(OAc)s usually
with the preferential formation of the products of insertion in
aliphatic C—~H bonds (Scheme 14), although the cyclisation of
certain a-acyldiazoamides is accompanied by the formation of
products of insertion in aromatic C—H bonds (Scheme 15).35

Scheme 14

Me

@;N_/l” (Me
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Scheme 15
: ; Et
0;\’:N2
Rh>(OAc)s R Rh(0OAc)s
—N» —-N,
N~ Et Et
R R.
R OH o
R = COMe 88% R = Ac 61%

An interesting instance of intramolecular reactions of
diazoesters with participation of C—H bonds is the [1,2]-hydride
shift of the hydrogen atom to a neighbouring carbene centre with
formation of acrylic acid derivatives.

H N H
L L . Y [1,2+H
R'—C—~C—CO,R2 —. R'—C—C—CO,R? ——
| o~
R R
R]
AN
— /C=CHC02R2<
R

In the absence of active carbene acceptors, this rearrangement
is the main pathway in the dediazotisation of diazoacetic acid
esters on heating (Scheme 16)3¢ and on treatment with catalysts
based on transition metals (Schemes 17 and 18)%7:3% and Lewis
acids (Scheme 19).3?

Scheme 16
. 280 °C, 0.25 torr Pr \ /H
PriCHCN,CO;Et c=—ct
flow reactor / \
OAc -N; AcO COzEt.
27%
Scheme 17
H CO,Et
H CN,COEt
[(3-C3H5)PACl,
[ ] — | ]
Bu* S Bu* Bu* S Bu®.
98%

R! Scheme 18
N Rhy(0AC)s, 20 °C
C—C—CO;Me —mMm8m
| CeHe/— Ny
H N;

1 1
l\ /H I\ CO;Me
- ST« *+ L=
R’ CO;Me R H
VA E
R R! Fraction of Overall
(Z)-isomer (%)  yield (%)
Pri H ~100 99
Ph H ~ 100 ~ 100
PhCH,O H ~100 90
Me Et 57 95
H,C=CH H ~ 100 392

2 Another product is methylbicyclo[1.1.0]butane-
carboxylate (yield 51%).

Scheme 19
BF;- OEt; 4-XC\§H4 /COZR
4-XC6H4CH2CN2C02R /C:C ;
DCC/CH,Cl, H “H
— N2

68% —80%
DCC = dicyclohexylcarbodiimide;
X = H, NO;, MeO; R = Mg, Et.

The yields of the acrylic acid derivatives thus obtained reach
98%, the (Z)-isomer predominating . Furthermore, in the case of
the H-shift of the hydrogen atom in the methylene fragment, the
reaction leads to the (Z)-isomer only. Similar reactions of
diazoesters can be initiated also by bases.?®-40 However, in this
case the reaction leads to the (E)-isomer (Scheme 20).

Scheme 20

RONa, L5equiv.  4XGsHa H
4-XCgH4CH,CN,CO,R 4 >y Se=c”

THF/-N, i

X = H, NOz, MeO; R = Me, Et E, 59% -72%

CO,Et
H CN,COzEt

NEt;

— 8
Me 0 Me Me o Me.

98%

The migration of a hydrogen atom in the rhodium(Il)-
catalysed dediazotisation of certain diazoesters with an active
methylene group proceeds to an appreciable extent even in the
presence of methanol (Scheme 21),37 which is an active carbene
acceptor under these conditions (Section III).
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CO;Me Scheme 21 Scheme 25
/ Rhy(OAc)s )

N2C m HC= CH CuO/pumice, 100 °C

CH,OCH,Ph /—N» = + NCHCO,Et Py—— HC = CCH,CO,Et.
-Nz 36% -50%

PhCHZO\ CO;Me + PhCH,OCH,CHCO;Me. .

— C=< 2. C-H bonds in aromatic compounds of the benzenoid

H H OMe series

80% (1:1)

A few examples of reactions involving the insertion of
carbenes in the vinyl C—H bonds of alkenes are known. Thus,
although the ACC generated by the photolysis or pyrolysis of
alkyl diazoacetates afford predominantly cyclopropane adducts
on reaction with olefins, the products of insertion in the vinyl
C-H bonds are also formed in a small amount (3% —5%).4! On
the other hand, the catalytic dediazotisation of alkyl diazoacetates
makes it possible to obtain the corresponding C—H insertion
products with a high selectivity. In particular, the formation of
vinyl insertion products has been observed in the reaction of
dimethyl diazomalonate (MDM) with vinyl ethers in the presence
of copper catalysts (Scheme 22).42

Scheme 22
CH(COzMe)z
C
)i\/lk + N,C(CO,Me), 202 |
—N,
RO 0 Me RO 0 Me

76% —-80%

The intramolecular reaction of 2-diazo-3-oxohept-6-enoates
on treatment with palladium(II), leading to methyl 3-alkylcyclo-
pent-2-enecarboxylates in 34% —73% yields (Scheme 23), belongs
formally to this type of reactions.?

Scheme 23
Q  CcoMe o
, PACl,- (PhCN), CO;Me
R H PhMe, refluxing
N R CHR!R?
R R2

The reaction with ethyl diazoacetate under these conditions
leads to the cyclopropane adduct only.** Instances of the insertion
of ACC in a C-H bond at an sp-hybridised carbon atom in
alkynes are also known. As in the case of alkenes, here the direct
insertion of carbenes in these bonds with formation of the esters of
alk-3-ynoic acids is scarcely possible, because the photolysis of
alkyl diazoacetates in the presence of terminal alkynes leads only
to products of C—H insertion in alkyl substituents together with
cyclopropenes. The formal products of insertion in an acetylenic
C-H bond in terminal acetylenes, observed*’ in the catalytic
dediazotisation of alkyl diazoacetates, are most probably formed
from the 1-pyrazoles produced initially (Scheme 24).46

Cu, 100°C Scheme 24

—Na

Bu'C=CH + N,CHCO,Et
—Bu'C=CCH;CO:Et + Bu'CH=C=CHCO:Et.

The only example of a preparative reaction of this type is the
copyrolysis of acetylene with ethyl diazoacetate over a copper
catalyst in a flow reactor, which leads to a butynoic acid ester in a
yield up to 50% (Scheme 25).47

The carbenes generated by the dediazotisation of diazoesters add
to the multiple bonds of aromatic compounds in the absence of
more active acceptors (Scheme 26). However, bicyclo[4.1.0]-
heptadienes are usually not identified in the reaction products
because they readily isomerise to 1-H-cyclohepta-2,4,6-triene-
carboxylates and the thermodynamically more stable 7-H-cyclo-
hepta-1,3,5-trienecarboxylates.

R Scheme 26
R
N2CHCO;R!
-N,
H CO;R!
— +
R R.
H CO;R! CO,R!

Much attention has been devoted in recent years to the study of
the intramolecular cyclisation reactions of ACC containing
aromatic substituents. However, these reactions result in the
formation not of cycloheptatriene derivatives but of the products
of the formal insertion of the carbene in aromatic C—H bonds.
Although it has still not been ultimately established whether this
entails the concerted insertion of the carbene in a C—H bond or
the isomerisation of the cyclopropane adduct formed initially, this
reaction constitutes a convenient method of synthesis of
polycyclic systems.

For example, the dediazotisation of phenyl a-acetyldiazo-
acetates (Scheme 27)*® or N-phenyldiazoamides (Schemes 28
and 29),35:4%:30 initiated by rhodium(II), is accompanied by the
intramolecular cyclisation of the corresponding metal carbene
complexes with formation of substituted enols of benzo[b]-fura-
none or oxindoles respectively in satisfactory yields.

Scheme 27

R, N c c
@\ Rhz(0Ac) |
—N.
0 : 0~ "OH;

R = H, 2-Me, 2-Br, 3,4-OCH,0;

92%—-98%.
Scheme 28
R4 R*

R N; RS
ha(OAc)4

RZ CsHe, R2 I I OH

e | refluxing/ — N, . |
R R

oL Q79
R = Alk, CH,Ph, R’ = H, Ac; 77%~-97%

R!-R* = Alk or R®2+R3 = CH=—CHCH=—CH.
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Scheme 29
R N, np2 R R?
RhyLs
o CH,Cly/— Ny mo :
I|{1 lLl
L = OAc, OCOCF;, R = R? = H,R! = Me (86%),

pfb, acam; R = MeO, R! = Bu, R? = SO,Ph (98%).

At the same time, the cyclisation of N-(2-arylethyl)diazo-
amides on treatment with rhodium(II) compounds proceeds via
two other competing pathways: with participation of the multiple
bonds of the aromatic ring to form &-lactams 9 containing a
cycloheptatriene fragment and also with participation of a-C—H
bonds of the alkyl chain to form y-lactams 10 (Scheme 30).5! The
selectivity of this reaction depends decisively on the catalyst
counterion. Thus the use of Rh(OAc)4 leads to a mixture of the
products indicated. The §-lactams are formed exclusively in the
presence of rhodium(II) perfluorobutyrate, while the y-lactams
are formed in the presence of rhodium(II) caprylamide.

Scheme 30
But 0
Bu*
\”)kl{ Rh2L4 +
_N,
R 10
N—But;

R = H, MeO, NO;

L = OAc, 85% (68:32);
pfb, 80% (95:5);
caprylamide, 65% (3:97).

Another example of the influence of the nature of the
dediazotisation catalyst on the chemoselectivity of the
intramolecular cyclisation reactions of aromatic diazoesters is
the cyclisation of a-(indolylacetyl)diazoacetates. In the presence
of Pd(OAc),, the reaction proceeds with participation of the
heterocyclic fragment (Scheme 31, pathway a), while on
treatment with Rhy(OAc)s it involves the benzene ring
(pathway b).52

Scheme 31
0
R2
RI CO,R3
N3
Pd(OAc), I Rh;(OAc)s
a _N,
R? Q
Rl CO,R3
~
N,
N

I
61%-89% R

51% -76%

R = H, Ts, CH,Ph;
R!, R? = H, Alk; R3 = Me, Et.

This course of the process is apparently determined by the
different mechanisms of the catalytic action of palladium and
rhodium compounds in the carbene reactions with participation
of diazoesters, although in the case of palladium compounds the
authors postulate the involvement not of carbene but of
carbonium ion intermediates.

The intramolecular C—H insertion in the aromatic ring is
preferable in certain cases even in the presence of a2 multiple bond
in the molecule, as has been observed in the case of ethyl a-(aryl-
vinylcarbonyl)diazoacetates, in which the double bond is
deactivated by conjugation with the carbonyl group.’®> The
reaction affords derivatives of B-naphthols in high yields
(Scheme 32).

COEt
ha(OAC)4
PhF reﬂuxmg

R = Ph,R' = H (90%);
R = C¢HiMe4, R! =
R = CeH.Cl-4, R!

Scheme 32
COzEt

On treatment with rhodium(II) compounds, intramolecular
cyclisation takes place also in the case of a-[aryl (or heteroaryl)-
methanesulfonyl] diazoacetates, which leads to the corresponding
benzo[c]thiophene 1,1-dioxides in moderate yields (24% —48%)
(Scheme 33).34

Me (76%);
= C1(97%).

Scheme 33
oA
: )/;S:z Rh(OCOCF;)4 | SO;
Len” N com cnzc;z,zo C -
—N» CO;Me ;
Br
A
i..B > O
46% 8% 47%
X
T —
N—SOPh* \ A
24% 30%

3. C-H bonds in heteroaromatic compounds

The nature of the multiple bonds in heteroaromatic compounds,
which occupy an intermediate position between aromatic bonds of
the benzenoid type and conjugated bonds of diene systems, as well
as the presence of a nucleophilic heteroatom are responsible for
the wide variety of reactions of compounds of this class with
carbenes or their transition metal complexes. However, selective
reactions of diazoesters with heteroaromatic compounds,
accompanied by the formation of products of insertion in C—-H
bonds, are known.

The commonest C—H insertion reactions occur in the pyrrole
series, which can be explained by the greater aromatic character of
the pyrrole ring.>> As a result, the insertion products are formed
as electrophilic substitution by the metal-carbene in the
heteroaromatic ring via a metastable o-complex (Scheme 34).
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Scheme 34
N,CR,

e l ML,

(4]

i M .
N. 1\|T+ CR,—ML,
= — [l D + RC=ML, —{~ -

Z—2
+

CR;—ML, J—ML
I—ML,.
I\I'Ie
Me N. _CHR,.
)
||
CHR,

The reactions of diazoesters with pyrrole itself and N-alkyl-
pyrroles lead only to the products of formal insertion in the C—H
bonds of the pyrrole ring, among which products of insertion in
the a-C—H bonds predominate; the formation of N—-H insertion
products was not observed at all under these conditions
(Scheme 35).56-58

R R Scheme 35
' |
N Cat N._ _CHRI!CO,R?
[l || + N, CR'CO;R? — [, II "
—N,

II‘ R = H, Me;
N. R! = H,CO;Me, Ac,

. [l ]I CH=CHCO,Et-(E);

HRICO,R?; R? = Me, Et;

Cat = Cu, Cu(OSO,CF3),,

40% —-92%, >5:1 Cu(hfacac),, Rha(OAc)s.

The regioselectivity of this reaction depends on the catalyst,
the diazo-compound and the substituent at the nitrogen atom.
The highest yields (up to 92%) and the highest reaction selectivity
(>90%) in relation to the product of insertion in a-C—H bonds
have been achieved in reactions involving dimethyl diazomalonate
and homogeneous catalysts based on copper(II} compounds or
Rhy(OAc)s. The reactions of ethyl diazoacetate and other
diazoesters with pyrroles proceed in general with lower yields of
the insertion products and a lower selectivity; rhodium
compounds rapidly lose their activity in the dediazotisation of
ethyl diazoacetate under these conditions and afford complex
mixtures of products with traces of C—H insertion products.

e R
N,CHCO,Me CO;Me
N 2 2 2
2 R! _CuCl,20°C
_N2

N;C(CO;R);, Rhy(OAc),, 40 °C
N,

TR ©
+ MeO,CCH;Z N PR + g
L MeO,CCH ||
2! 2
12

CH R!.

The influence of N-alkyl substituents reduces to an increase in
the fraction of the B-isomer with increase in the steric effect of this
substituent in the series H < Me < Pri < Bu'with the exclusive
formation of the B-isomer in the case of the terz-butyl group.

Substituents in other positions in the pyrrole ring do not
influence the regioselectivity of the reaction regardless of their
nature, with the exception of the case where they occupy the 2- and
5-positions in the ring. The reaction of ethyl diazoacetates with
such pyrroles leads to the product of insertion in the B-C—H
bonds (Scheme 36).59

Scheme 36
R R
Me I!I Me Me IL Me
| + Ncrcom < p°v§er 1
’ H,CO;Et
59%

The possibility of competition between the reactions involving
the attack by the carbene on the pyrrole ring and the alkenyl group
arises in reactions with participation of 2-alkenyl-1-methyl-
pyrroles, as a result of which cyclopropane adducts involving the
exocyclic double bond are formed together with the C-H
insertion products (Scheme 37).%° The relative contributions of
these reaction pathways are determined by the structure of the
diazoesters and to a lesser extent of the substituent at the double
bond. In reactions with participation of dimethyl diazomalonate,
the alkylation of the pyrrole ring in the a-position predominates in
all cases, while in the reaction involving methyl diazoacetate this
process becomes the main one only in the presence of substituents
at the double bond.

Certain other heteroaromatic nitrogen-containing com-
pounds also behave similarly to pyrroles in reactions with
diazoesters. Thus the esters of the corresponding heteroaryl-
acetic acids are the main products of the reactions of ethyl
diazoacetate with indoles®' (Scheme 38) and furazans®?
(Scheme 39). The B-isomer predominates in the products of the
reaction with indole under these conditions.

Scheme 38
1 i
N. N.
CuX
@j + NiCHCOEt ——- |
’ CH,CO,Et

X = Cl, Br,CN 30% ~45%

Scheme 37

Me

13

R R! Yield of products (%)

11 12 13 14 15
H H 43 14 35 60 16
H Me 29 38 6 74
Me Me 20 41 7 68 4
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O. Scheme 39
N|/ \|N + NaCHCOMe SHOCOCuHs)
R/L—‘l 60°C/-N,
N~ O\N
—_— n
R CHzCOzMe.
9% -12% R = H, Ph, 2-thienyl.

Several examples of the intramolecular C—H insertion with
participation of the pyrrole ring are known. Thus the carbenes
generated by the dediazotisation of a-(2-pyrrolylethyl)diazo-
acetate (Scheme 40)83 or a-(3-indolesulphonyl)diazoacetate® are
converted into the corresponding polyheterocycles albeit with low
yields (see Scheme 33).

(|3H2CH2CN2C02Et Scheme 40
N | Cu?* or Cu*
| 1] -
CH,CH=CHCO,Et
N.
— 1] +
CO,Et.

overall yield <35%

On the other hand, the complexes of carbenes formed from 2-
diazo-4-(4-indolyl)-3-oxobutanoates cyclise with participation of
the indole ring in yields up to 76% (Scheme 31, pathway a).

In the series of thiophene and furan derivatives, only isolated
instances of C—H insertion reactions are known. The reason for
this is the low aromaticity of thiophene and furan compared with
pyrrole and the presence of lone pairs at the O and S atoms, as a
result of which the main primary reaction products are the
corresponding S and O ylides. The subsequent reactions of these
ylides lead in certain cases to C—H insertion products.

Thus the C-H insertion products, namely 3-furylmalonates,
are formed in the reaction of 5-methyl-2-(2-methylprop-1-enyl)-
furan with dimethyl diazomalonate (Scheme 41).6°

Me o CH=—CMe, Scheme 41
Ll + Naccomme), REHOA
N
Me o CH=—=CMe;, Me o CH—CMe; .
— [ + [
CH(CO:Me), CH(COMe)
80% (1:1)

Several examples of the formation of C—-H insertion products
in the reactions of dimethyl diazomalonate with thiophene are
known. Thus the reaction of diazomalonates with thiophenes,
catalysed by Rhy(OAc)s at 20 °C, leads to the corresponding
stable ylides in yields up to 90%. The thermal rearrangement of
the ylides affords acceptable yields of 2-thienylmalonates, which
are convenient synthons for the preparation of semisynthetic
antibiotics of the B-lactam type, for example, cephalothin
(Scheme 42).96.67

Scheme 42
MeOZC\7 CO;Me
|
S R + R
[ ] + NccoMm R4 ) | 4
2((C0:Me), -N; | 3-36h
90%
MeO2C\ R
— R = H (82%);

CH ;
M€02C/ ‘ l

Other examples of the C—~H insertion in reactions with
thiophenes are examined in Section V devoted to reactions
involving C-S bonds.

R = Me (94%).

II1. Heteroatom —hydrogen bonds

On irradiation, heating, or under the influence of catalysts,
diazoesters react with compounds containing a heteroatom -
hydrogen bond with formation of products of the insertion of
the corresponding carbenes — esters of acetic acid derivatives.

Reactions involving insertion in the N-H, O-H, S-H,
Si-H, Ge-H, and P-H bonds, which as a rule proceed
selectively and with high yields of the insertion products, are
now known.

hv, A, Cat

R.QH + N>;CRCO;R! R.QCHRCO:R;

—N,

Q=N,0,8, 8ij, Ge.

1. N-H bonds

Regardless of the method of dediazotisation, both aliphatic
(Schemes 43 and 44)%® and aromatic primary and secondary
amines (Schemes 45 and 46)%- 70 react with alkyl diazoacetates,
affording high yields of N-alkylated glycine esters.

Scheme 43
Cat
EoNH + N,CHCOEt ; Et,NCH,CO,Et;
—IN2
Cat = CuCN (72%), CuCl (33%).
Scheme 44
CuCN, 5-10°C
Q + N,CHCO,Et Q
~N;
H CH,CO,Et
72%
Scheme 45
Rha(OAC), 40—50 °C
PhNH, + IN;CHCO:Me —20A%%k PhN(CH.CO:Me),
_N2
61%
Scheme 46
R R
=~ l CuSO, = I
+  NpCHCO,E :
X 2 2k CsHg/ — N3 AN ’
NH, NHCH.CO,E!

R = H, Me.
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The intermolecular N—H insertion proceeds so readily that
the catalytic dediazotisation of 2-alkylaminoethyl diazoacetates,
even in the presence of olefins, leads not to cyclopropane adducts
but exclusively to oligomers, which are formed as a result of the
insertion of the carbene centre in the N—H bond of another
molecule.”?

The use of rhodium(II) acetate as the catalyst makes it possible
to achieve the intermolecular N —H insertion reactions with labile
products such as azetidinones. In the case of 3-aminoazetidi-
nones, this reaction is exclusively selective, involving only the ring
nitrogen atom, and leads to N-alkylated azetidinones — synthons
for the preparation of B-lactam antibiotics (Scheme 47).7%73

NHB Scheme 47
Nz 0C
ﬂ Rha(OAC)
4-BnOC6H4 COan + N.
/ CeHg
H refluxing
—N,
NHBoc
— 4—Bn0C6H4('IH-—N \0 ;
CO,B
250 Boc = Bu'OCO;
67% Bn = PhCHa.
N TBDMSQ  NHCbz
2 Rhao(OAC)s
AcCCO,But + /N CeHe
H refluxing
_N2
TBDMS NHCbz
ButO,C, N
Me OH TBDMS = Bu'Me,Si;
54% Cbz = BnOCO.

Examples of the intramolecular N—-H insertion of carbenes,
generated from diazoesters under the conditions of their
dediazotisation by rhodium(II) compounds, are also known.
However, these reactions take place effectively only in the case of
compounds containing a N—H bond at a carbon atom in the
d-position. Thus the cyclisation of methyl 5-amino-2-diazo-
3-oxopentanoate leads to methyl 3-oxopyrrolidine-2-carboxylate
in 90% yield (Scheme 48).74

Scheme 48
O  COMe o
CO;Me
Rha(OAc)s, 80 °C
N, N
HCbz N \Cbz

The Rhy(OAc)s-catalysed intramolecular N-H insertion
reaction with participation of the corresponding metal-carbene
complexes derived from a-acyldiazoacetates containing an
azetidinone fragment is used widely for the synthesis of B-lactam
antibiotics (Scheme 49)75 (for the references to studies up to 1985,
see Maas”).

Scheme 49
R!
R— 0
N N ;
(o] CO,PNB

PNB = CgH4NO>-4.

50% - 100%

The number of examples of intramolecular cyclisation
involving a more or less remote amino-group is extremely small.
In particular, the cyclisation of PB-aminodiazoesters has been
described recently. The unstable aziridines formed initially in
this case readily isomerise under the reaction conditions with the
opening of the three-membered ring to give dihydroisoquinoline-
carboxylates (Scheme 50).76

Scheme 50
COzEt
CN2CO3Et
R! R! H
NH  Rhy(OAc) .
CsHs,
R refluxing R

56% —66%

Intramolecular N—H insertion reactions with participation of
a y-amino-group are also known. For example, the Rhy(OAc),-
catalysed dediazotisation of the N-protected methy! 4-amino-
2-diazo-3-oxobutanoate leads, admittedly with a low yield, to
3-oxoazetidine-2-carboxylate, which readily isomerises during
isolation to a glycine derivative (Scheme 51).74

Scheme 51
N2 HNCbz Cbz\N
Rhx(0Ac), MeOH/CHCl,
MeQ,C CesHs, o SiO,
o) refluxing MeO,C
~N,
MeQ,CCH,NCH,CO;Me.
Cbz 17%

The monocarbazides of diazomalonates cyclise significantly
more readily under these conditions, forming 1,2-diazetidinones
in high yields (Scheme 52).77

Scheme 52
1
Na HTC()zR RIO,C R?
NR? Rby(OAC)s NN
EtO,C CeHs,
(o) refluxing EtO,C
— N2

75% —100%
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The intramolecular N-H insertion reaction involving
diazoesters with an g-amino-group is frequently complicated by
the formation of side products of insertion in a C—H bond in the
v-position (Scheme 53)7* or it does not occur at all, as happens in
the reactions of 2-aminoethyl esters of diazoacetic acid
(Scheme 54).7

Scheme 53
0] CO:Me 0 o
Rhy(OAC),, 80°C CO:Me CO,Me
NHCbz —-N; N_ +
Cbz NHCbz
70% 10%
0 Scheme 54
Rh3(0Ac)s, 80° C J\

|
L % e

The available information about the possibility of the N-H
insertion with participation of more remote amino-groups is
contradictory. Thus the cyclisation of methyl 7-fert-butoxy-
carbonylamino-2-diazo-3-oxoheptanoate leads exclusively to the
products of insertion in a C—~H bond at the e-carbon atom
(Scheme 55).78

Scheme 55
0O  COMe o
COzMC
N, Rhy(OCOCF;),
NHCO,But N2 CH,NHCO,Bu'.
73%

On the other hand, in the absence of C—H bonds at the
e-atom, as happens, for example, in methyl 2-diazo-5-(3-oxo-
2H-1,2-diazetidinyl)-3-oxopentanoate, the products of insertion
in a ring C— N bond of the diazetidine are formed, apparently via
the intermediate formation of ylides (Scheme 56).7°

Scheme 56
R2 R20O
R! CO;Me
N ha(OAC)4
Wl
o refluxing
_NZ
R2 R? R2 R2
R!
N
— +
H CO:Me COMe
37% 24%

However, the intramolecular insertion of the carbene centre in
a N—H bond separated by a chain of five carbon atoms has been
recently observed (Scheme 57).80

Scheme 57
0
ROLC w PO g H
/..,;‘/ Rhy(OAG) %\
NH -
N o N2 0” do,R H.
Pri
50%
2. O-H bonds

The reactions of alkyl diazoacetates with hydroxyl-containing
compounds, leading to the formation of the products of the
insertion of the corresponding carbenes in the O—H bonds, are
fairly varied. Thus certain organic acids, for example, trifluoro-
methanesulfonic acid, are capable of reacting with ethyl diazo-
acetate in liquid SO, even at — 78 °C with formation of the corre-
sponding sulfonate of glycolic acid in 73% yield (Scheme 58).%!

Scheme 58
liquefied SO»

—78°C/—N;

CF3SO,0H + N.CHCO,Et CF3S0,0CH2COzEt.

However, other hydroxylated compounds (water, alcohols,
carboxylic acids) afford the O ~H insertion products only in the
photolytic, pyrolytic, or catalytic dediazotisation of alkyl
diazoacetates%® 82 or their a-metallated derivatives (Scheme 59).83

Scheme 59

A G ROCHRICO,R%

—N>

ROH + N,CR!CO;R?
R = H, Alk, Ac; R! = H, HgMe; R? = Alk.

This reaction acquired preparative importance only after the
discovery of catalysts based on rhodium compounds, which
ensure preparative yields (in excess of 80%) of the products in
the case of various diazoesters and a wide range of hydroxylated
compounds.’

The high efficiency of these catalysts makes it possible to carry
out reactions also with diazoacetic acid esters having a complex
structure (Scheme 60).84

Scheme 60
Rhx(0Ac)s, 20 °C

CH;Cly/— N,

H,0 + N,CHCO,CH,C=CH

— HOCH;CO;CH;C=CH + O(CH,CO,CH,C=CH),.
15% 20%

In the case of carbenes containing an allyl fragment, for
example, the metal-carbene complex formed on dediazotisation
of ethyl a-(2-ethoxycarbonylvinyl)diazoacetate on treatment with
Rh>(OAc)s, the insertion reaction is accompanied by a
[2,3]-sigmatropic rearrangement (Scheme 61).85
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N2 Scheme 61
H Rhy(OAc)s
ROH +
EtOy —N
H COEt
.
R(')H RO_  COEt
- H 2,3]~
© ! I/COzﬁt
EtO,C H
H COzEt 2% -91%

R = Me, Et, Pri, But.

Instances of intramolecular reactions of diazoesters with
participation of O—-H bonds are known. However, these have a
number of characteristic features compared with the analogous
N-H insertion reactions. Thus the dediazotisation of a-diazo-
B-hydroxyacetates, catalysed by rhodium(II) carboxylates, leads
not to three-membered heterocycles (oxirans in the given
instance), of the kind observed in the reactions involving
B-amino-a-diazoacetates (Scheme 50), but to acyl acetates as a
result of a [1,2]-H shift (Scheme 62).3686-89

Scheme 62
1) N.CMCO,Et H H
l\ )H* H Cat
=0 >< 1,2FH CO,E
2H~ t.
v o' “eNcosEt? I 2

M — metal; Cat = RhyL4; SnXo; 71% —-100%

R = H, Alk, Ph, H,C=CH, trans-PhCH=CH.

Furthermore, similar cyclisations involving hydroxylated
diazoesters lead readily to six-, seven-, and eight-membered cyclic
esters in satisfactory yields,%* ! whereas heterocycles containing
more than six atoms cannot be obtained as a rule with the aid of
similar N - H insertion reactions. However, the attempts to obtain
oxygen-containing heterocycles with more than eight atoms by this
procedure have led to the formation of cyclopentanones — the
products of the competing C—H insertion (Scheme 63).%

Scheme 63
(0] CO;Et
Rhy(OAC)s ), N,  RbOAc)
] -N; OH -N2
R? o
0 CO;Et
CO,Et
(Hzck(o
(CH2)sOH R
n=35R!=H. n=1-3,24%-78%.

The attempt to obtain 1,4-dioxanone by the cyclisation of
2-hydroxyethyl diazoacetate was also unsuccessful.  The
dediazotisation of this diazoacetate led to the formation of
oligomers, apparently as a result of intermolecular O-H
insertion (Scheme 64).92

R
CHN,
OH

Scheme 64
Rh>(OAc)s, 80 °C ?i/]\

—N2

Special mention should be made of the reactions of carbenes,
generated from diazoesters, with allyl and propargyl alcohols,
because in this case the ACC are capable both of being inserted
in the O—H bonds and of adding to the multiple bond
with formation of cyclopropane or cyclopropene adducts.?3 94
However, instances are known where the interaction with allyl
alcohol in accordance with the O—H insertion mechanism
proceeds with a high selectivity and high vyields of the
corresponding esters (Schemes 65 and 66).95-98

Scheme 65
CH,OH
H Rhy(OAc)s
+ NC(CO;Me),
., DME, 80 °C/—N,
o CO:R
CH,OCH(CO:Me);

s R = CH,;Cs¢H4,OMe-4;
DME = 1,2-dimethoxyethane.

Scheme 66
CO,Me
R]
Rh;(0A: 65-70°C
+ N CCOMe), — 0A65-70°C
R? oH CeHe/ —N:
RJ
COMe
Rl
R? OCH(CO;Me),.
R3
R! R? R} Yield (%)  Ref.
H H OCH,CH,OMe 75 9%
H H NHCO,But 94 97
H -0- 82 98

3. S-H, Si-H, Ge-H, and P -H bonds

Isolated examples of the reactions of diazoesters with the S—H
bond, leading to the formation of esters of thioglycolic acid, have
been described in the literature. In the reactions with thiols, both
CuCl¢7 and Rhy(OAc)4 are used as the catalysts of the dediazotisa-
tion of alky! diazoacetates (Scheme 67).%

Scheme 67
Cat

—N3

RSH + NzCHCOle RSCHzCOzR‘;

60% —-90%

Cat = CuCl, Rha(OAc)s.

However, rhodium(II) compounds are usually employed for

theintramolecular reactions of mercaptodiazoesters
(Scheme 68).73.77
Scheme 68
O
EtO,
__ - ha(OAC)4 .
HS—(CH,),——COCN,CO,Et N, S \/( Ha)n

n=3(73%),n = 4 (35%).
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The reactions of diazoesters with mono-, di-, and tri-
substituted hydrosilanes, leading to esters of acetic acids, are of
preparative importance. The reactions proceed with high yields
both under the conditions of the thermal decomposition of alkyl
diazoacetates (Scheme 69) and on treatment with catalysts —
copper compounds and Rhz(OAc)s (Scheme 70).100-102

Scheme 69
130-140°C i
PhMe,SiHs., + N,CHCO;Et ——— PhMe,SiH, ,CH;CO,Et;
—iN2
n = 0(59%), 1 (92%), 2 (94%).
Scheme 70
Cat

RRIRZSIH + NCHCO,R3 RR'R?*SiCH,CO:R3;

_N,

Cat = Cu, 94 °C (<90%);
Rh3(0Ac)4/CH2Cl> (30%-94%).

Under these conditions, the addition to the triple bond in
hydroxyacetylenes competes to only a slight extent with the Si—H
insertion reactions (Scheme 71).103

Scheme 71
BUCE=CSiMe;H + N,CHCOEt 0 C O (::CI’ e
Me H_ COEt
—  BuC==CSiCH,COEt +
Me Bu SiHMe;,

50% —60% 5%-15%

There are data indicating the possibility of the insertion of
carbenes, generated by the dediazotisation of a-triethylgermyl-
diazoacetates, in the Ge—H bond of triethylgermane and in the
Sn—H bond of trineopentylstannane (Scheme 72).1% In the case
of stannanes, this reaction proceeds in the absence of catalysts
(Scheme 73).

Scheme 72
Cu, 100 °C
Et3GeCNCOEt + Et;GeH (Et;Ge),CHCO,EL.
CsHe/ —N2
66%
Scheme 73
100 °C

(neo-CsH11)3:SnCN2CO-Et  +  (neo-CsHyy)3SnH YN

[(HEO-C5H1 1)3Sn]2CHC02Et.

—

It has been established recently that products of P—H inser-
tion may be formed in 16% —39% yields under the conditions of
the benzophenone-sensitised photolysis of certain diazoesters in
the presence of dimethyl phosphorothioite (Scheme 74),105.106

This reaction proceeds more selectively under the conditions
of catalytic dediazotisation of diazoesters by Cu(acac),; the yields
of the corresponding P—H insertion products reach 83%.107

Scheme 74

hv (Cat)

N>CRCO;R! + (R20).PH (R?0),PCHRCO;R;

—N,

S

R = H, Ph, Ac, CO:Me; R! and R?2 = Me, Et.

IV. Carbon —carbon bonds

The dediazotisation of certain a-diazocarboxylates may be
accompanied not only by a [1,2]-H-shift (Section II, 1) but also
by the [1,2]-shift of the carbon atom to the carbene centre
generated with formation of the products of the formal insertion
of the carbene in the C—C bond. Rearrangements of this type
usually occur in the catalytic and photolytic decomposition of
diazoacetates containing a cyclic substituent in the a-position.
The dediazotisation of such diazoesters leads to ring expansion by
one carbon atom and may serve as a convenient method for the
formation of higher homologues of alicyclic compounds. The
data concerning the [1,2}-carbon shift in a series of a-cyclyldiazo-
acetates are in Table 3.

The [1,2]-carbon shift reactions are frequently accompanied
by other reactions, for example, the [1,2]-hydride shift (Table 4,
example 1). Combination of the [1,2]-H and [1,2]-C shifts in the
transition metal-catalysed dediazotisation of certain a-diazo-
B-hydroxycarboxylates without a hydrogen atom in the «-posi-
tion leads to a mixture of a-acyl-a-alkylacetates (Table 4). In the
case of cyclic a-diazo-B-hydroxycarboxylates (Table 4,
examples 1-35), the analogous reactions are accompanied by the
unexpected migration of the less substituted carbon atom and lead
to the formation of 2-oxocyclocarboxylates.

High and in certain cases quantitative yields of target products
as well as the availability of the initial a-diazo-B-hydroxy-
carboxylates, obtained by the reaction of carbonyl compounds
with alkyl diazoacetates, make this reaction a convenient
preparative method for the formation of higher homologues of
carbonyl compounds.

V. Carbon-—heteroatom bonds

Under the conditions of their dediazotisation, diazoesters react
with various compounds containing carbon —heteroatom bonds.
A common feature of this large group of reactions is the
mechanism of the primary step, which consists in the attack by
the carbene on the lone pair of the heteroatom with formation of
an ylide. The subsequent reactions of these ylides, determined by
the structure of the substrate, are fairly varied. The [1,2]-shift of
the carbene fragment from the heteroatom to a neighbouring
carbon atom occurs most frequently (the Stevens rearrangement)
with formation of the product of the formal insertion of the
carbene in the C~X (Scheme 75, pathway a), which is sometimes
complicated by the elimination of a hydrogen atom attached to
the B-carbon atom with transfer of the HX fragment from the
substrate to the carbene (pathway b). In the case of allyl deriva-
tives, the [2,3]-sigmatropic rearrangement of the ylide takes place
effectively and leads to the insertion product (pathway c).
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Scheme 75  Table3. The formation of higher homologues of cyclic compounds via the
N,CRCO,R® ——. :CRCO,R! [1,2]-carbon shift in alkoxycarbonylcarbenes.
-N:. .. 1 3 e 1 3 3 2
| R COR? — S<R/C02R2 w. R>=<C02R
LR -N2 g b R! R .
N ~echidy N
- [ 7 ;
Diazoester Dediazo- Products Ref.
N N N vt tisation (yield (%))
—C | " —\C—/C | N C )|( conditions
“CRCO2R! ] “CRCO;R! “CRCO,R!
’ (3 ()
|a o le
O‘ Cu (acac),, OQ +
PhMe,
)l( \C/ )l( \C/ X a refluxing CO.R a
= —CRCO,R! \C// + CRCOR! & Cf RCO,R! N2CCOR 2
i 2 25)
| (R = Me, Et)
All these processes, which lead to significant changes in the
carbon skeleton of the initial molecule, take place selectively in many +
instances and constitute an effective pathway to the introduction of 120
functional groups into acyclic heteroatomic compounds and the
synthesis of carbofunctional heterocycles. Numerous studies H® 'CO;R
devoted to the mechanistic aspects of the insertion reactions of this
type have been described in detail in a number of reviews..7: 118120 10
We shall deal with the synthetic possibilities of these reactions.
It has now been established that diazoesters are able to R R
interact with C—Hal, C—N, C-0, and C-S bonds; individual
examples of reactions involving C—Se are known; in conformity Cu (acac),, 109,
with the logic adopted for the presentation of data, they are PhMe, 110
considered in the Section devoted to the C-S insertion N,CCO,R!  refluxing CO,R!
(Section V 4). R = Br,R! = Me,
But (70 86);
1. Carbon-halogen bonds R = CL R! = Me (64)
The interaction with monohaloalkanes leads to esters of mono-
chloroacetic and w-haloalkanoic acids as a result of B-elimination
and C—H insertion respectively and usually proceeds nonselec- CN,>CO,Et R, COzEt
tively, as a result of which the reaction has no preparative value. —
The reaction of ethyl diazoacetate with bromotrinitromethane, | | |
which }eads to the product of C—Br insertion in 67% yield,isan Byt S But [(n3-C5Hs)PdCl], But S But 129,
exception (Scheme 76).1%! CHCls, 0 °C 12
’ R = CO,Et;
Scheme 76 R = Me (99)
ether, 20 °C
(02N);CBr + N2CHCO»Et -, (02N);CCHBrCO:Et. M CN,CO,Et M CO,Et
| |
The reactions of diazoesters with allyl halides, which contain Rb\k R R
two reaction centres in the molecule (the double bond and the [(n*-CsHs)PACl]> 128,
C—Hal bond), have been investigated quite vigorously. It was CsHe, 0°C R = Bu'(92); 130
established that carbenes in the singlet state are equally involved in R = Me, Ph (97-98)
the addition to the double bond with formation of cyclopropane
adducts and in the reaction with the C—Hal bond with formgtion But Buis CN,CO,Et
of ylides, undergoing the [2,3]-rearrangement to the C—Hal inser- But
tion products; on the other hand, triplet carbenes add prefer- CN-CO.Et lz[ *
entially to the multiple bond.> This finding enabled Ando!''® to 2 . But/ But
propose allyl halides as test reagents for the spin state of carbenes But CeHia. 20 °C
. . . . 5K112,
generated by the dediazotisation of alkyl diazoacetates. But But
The reaction of alkyl diazoacetates with allyl halides has | ]
acquired preparative importance after the appearance of " ﬁ + ﬁ
catalysts based on rhodium(II) carboxylates, which make it C C
possible to increase significantly the selectivity of the processes |‘ | 98
involving the insertion of carbenes in the C— Hal bond. The use of Bu CO,Et
Rh;(OAc)4 for the dediazotisation of ethyl diazoacetate in the 54:23:23

reaction with allyl iodide makes is possible to obtain the ester of
2-iodobut-3-enoic acid in a virtually quantitative yield
(Scheme 77).122
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Table 4. The formation of higher homologues of ketones by the successive
[1,2]-H and [1,2)-C shifts in alkoxycarbonylcarbenes.

RYRl N;CLiCOEt RICOzEt Cat/—N;
HO’ [LZIH~ + [L,2FR~
O or
N, [1,2FH~ + [1,2]-R'~
H R H R
—_— + R!
CO,Et 'CO,Et
(@] (6]
16 17

| l
| |

R. R!
YR YR
O

0
R R! Catalyst*  Yield (%) Ref.
(16:17 ratio)
Et Me A 87 (6:5) 87
Bu Me B 86 (7:5) 87
But Me B 59 (1:0) 87
PhCH; Me c 73 (5:8) 87
Ph Ph C 70 (crmb) 87
—(CH3)«CHMe — B 82 (1:0) 87
—~(CHa)a~ A ~100 (cm®) 116
‘e OBu C ~100 (1:0) 87
H.
Me™" A 55 (cm®) 17
Scheme 77
Cat. 60°
H,C=CHCH,Hal + N,CHCO:Et ————-"1: se°¢
— N2
CH,Hal
—  HyC=CHCH;CHCOEt + O,Et.
18 Hal 19
Cat Hal Yield (%)
18 19
RhyOAc)s 1 98%  —
RhOAc)s Cl  <2%  95%
Rha(OAc)s Br  30%  46%
Cu bronze Br 50% 6%

However, in the case of allyl bromide and chloride, the
cyclopropane formation reaction is the main one; the decrease
in the fraction of the C—Hal insertion products under these
conditions in favour of cyclopropane adducts takes place in
parallel with the decrease in nucleophilicity in the sequence
I > Br > Cl, which confirms the ylide mechanism of the

reaction. Thus allyl chloride affords the ester of 2-chloromethyl-
cyclopropanecarboxylic acid in a yield exceeding 95% in the
reaction with ethyl diazoacetate in the presence of Rha(OAc)a.
Nevertheless, when the same catalyst is used in the reaction with
allyl bromide, the process proceeds nonselectively and leads to the
formation of almost equal amounts of cyclopropane adducts and
a-bromobutenoates, the use of copper bronze permitting some
increase in the process selectivity as regards the insertion product.
Metal —carbene complexes generated from dimethyl
diazomalonate on treatment with rhodium catalysts'>? and
carbenes formed on photolysis of ethyl a-trimethylsilyldiazo-
acetate'?? show an even greater tendency to form ylides with
allyl halides. In the first case (Scheme 78), the product of insertion
in the C—Br bond of allyl bromide predominates even when
Rhx(OAc)s is used, whilst in the second (Scheme 79) the
corresponding cyclopropane adduct is not formed at all.

Scheme 78
—_ Rhz(OAc)s
H,C=CHCH,Br + N,C(CO;Et), 60°C/ N,
CH2BI’
CO;Et
—  H;C=CHCH;CBrCO,Et + COzEt
CO,Et
92%, 88:12
Scheme 79

H,C=CHCH,Cl + Me3SiCN,CO,Et -LI:—*
N2

+
— linC=CHCHzC1—-(‘3—C02Et] —
SiMeg

— H2C=CHCH2C|(SiMe3)COzEt.
gy, U

The photolytic decomposition reactions of diazoesters in the
presence of polyhaloalkanes, which were investigated vigorously
in the 1950s,3 have not found preparative applications because of
their low selectivity. The synthetic possibilities of catalytic
processes have been scarcely studied, although examples of such
processes, described recently, yielded promising results. Thus, the
ability of propargyl diazoacetate to afford the product of insertion
in the C-Cl bond of methylene chloride in the presence of
Rhy(OAc)s has been established recently (Scheme 80).84

Scheme 80
ha(OAC)4

CH)Cl; + N,CHCO,CH,C=CH N
—Nz

— CICH,CHCICO,CH,C=CH.
15%

The analogous reaction does not take place with methyl diazo-
acetate.

2. C-N bonds

The number of examples of preparative syntheses based on the
reactions of alkyl diazoacetates with amines, leading to products
of the insertion of alkoxycarbonylcarbenes in the C—N bond, is
limited. The interaction of ethyl diazoacetate with tertiary allyl
amines on heating to 144175 °C or on treatment with catalysts
hased on rhodium(II), copper(Il), cobalt(Il), and nickel(IT), or
zirconium(I'V) compounds at 60 °C leads, as a result of the
[2,3])-rearrangement, to esters of unsaturated N,N-dialkylamino-
acids in high yields (Scheme 81).'24
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Scheme 81
R! R1
IlI R* A (Cat) L RK
a N,
R’ Y\\( + N:CHCO:Bt —=— o/ R2;
2 R3 CO;Et

30%-99%

R, R! = alkyl or R+R! = (CHy), (n = 5-6) or CHOCH,CH>;
R2 = alkyl; R? R# = alkyl or R*+R* = o,a-alkenyl.

The reaction is extremely sensitive to the catalyst concentration.
The highest yields have been achieved for a catalyst : amine molar
ratio of 1: 800; with increase in catalyst concentration, there is an
appreciable increase in the contribution of the competing addition
of the carbene to the double bond.'?’

3. C-0 bonds

The reactions of diazoesters with acyclic ethers, initiated by
irradiation (Scheme 82),!23 heating (Scheme 83),2¢ or treatment
with Rhy(OAc)4 (Scheme 84),'2# usually proceed nonselectively,
leading to esters of alkoxyacetic acids as a result of the B-elimina-
tion reaction of the O ylides formed initially. The formation of
C-0 insertion products is observed in exceptional instances.

Scheme 82

h -+
Et0,CCN; + MeOMe " [EtOzC(ll-—OMez] —
Me;Si Me;Si

— EtOZC(IIMeOMe + EtO;,C(llHOMe + EtOZC(lll-ICHzOMe.

Me;Si Me3Si Me;Si
17% 12% 8%

Scheme 83
N,CHCO,CH,CH,Cl + MeO(CH,CH;0);Me

~N3 | 140°C

l

+
MCOCH2CH20CH 2CH20MC

+ ~CHCO,CHCHClI
MeOCHzCHZOCHZCHzCI)CHg

~CHCO;CH2CHCl

[~CH,] {—H,C=CHOMe¢]

MeO(CHzCHzO)z(ITHz + MeOCH,CH,OCH>

CO,CH,CH,Cl
T 49,13

Scheme 84
Rhy(OAC)s

EtOCH;Me + N>CHCO,CH,C=CH ~;

. Et\(T),CHzMe
—CHCOzCH2C'-'_—'CH

[~H,C=—CH,]

— EtOCH;CO,CH,C=CH.
30%

CO,CH,CHCI.

Although the reaction of ethyl diazoacetate with allyl ethyl
ether in the presence of Rhy(OAc)s does lead to C—O insertion
products as a result of the [2,3]-rearrangement of the ylide, it too is
complicated by the competing formation of cyclopropane
adducts, the fraction of which may reach 30% (Scheme 85).127

Scheme 85
RCH=CHCH;,0Et + N;CHCO,Et

—N; | Rhy(OAc)

! l -

CH,0Et

H,C=CH COBt  H,C=CH OEt

H——CH + H——CH + O,Et.
R OEt R  CO:Et
22
20 21
R Configuration of Overall Product ratio
double bond yield (%)
20 21 22/(20+21)
Ph E 95 83 17 27
Ph z 95 6 94 26
Me E 86 79 21 8
Me; Si E 68 97 3 6

The [2,3]-rearrangement itself then proceeds with a high degree of
diastereoselectivity.

The Rhy(OAc)s-initiated intramolecular cyclisation of a-acyl-
diazoesters containing an allyloxy- or propargyloxy-fragment
takes place with a high selectivity (Scheme 86).128

Scheme 86
Q 0
CO;Me J\’<
A)kn/ CO,Me
Rh,(OA A
| N RbaOA% . 4 CH,CH=CH;
B _ N> B—O
\O/\/
A CH, T ?
1'; = ©05%), Lo, (01%), CGHa (53%), GHa (51%)
2
CH: CH,
0 o}
CO,Me Rho(OA. CO,Me
& __%_")‘_. )\ CH=C=CH;,
0—CH,C=CH
92%
Me
COzMC
0
Rhy(OA =0.
MMCOM RiOAdy
O —iN2
HOH
CH; N, H
67%

These reactions lead to five- and six-membered oxacyclanones as a
result of C— O insertion and the [2,3]-rearrangement.



Carbene reactions of diazoesters with o-bonds used for alkoxycarbonylmethylenation 463

The formation of products of the formal C-O insertion has
been noted also in the reactions of ethyl diazoacetate with acetals
and orthoesters. On treatment with BF; etherate, the reactions of
diazoesters with orthoesters lead under these conditions
exclusively to C—O insertion products. The metal-catalysed
processes are less selective and are accompanied by B-elimination
(Scheme 87).12°

Scheme 87
Cat

—_—
—AiN2

RC(ORY); + N,CRICO;R?

— (R‘O);CRCIR2C02R3 + R'OCH,CO:R’.

OR!
BF3- OEt,(Cat), 25 °C 45%-85% <5%
Rhy(OAc)4, 60 °C 3%-20% 11%-27%
Cu(OT),, 20°C 38%—46% 6% —20%

R = H, Me, Et; R! = Mg, Et;
R2 = H, CO,Me; R? = Me, Et.

In the presence of Rha(OAc)s, ethyl diazoacetate reacts with
acrolein dimethyl acetal to form the product of the [2,3]-rear-
rangement of the O ylide together with the cyclopropane adducts
(Scheme 88).13°

Scheme 88
. ha(OAC)4
N,CHCO,Et + H,C=CHCH(OMe): m"

CH(OMe
CO.Et (OMe),

— MeOCH=CHCH;CHOMe + O,Et

76 : 24, overall yield 47%.

However, when this reaction is initiated by BF; etherate, the
main and sometimes the only products are those of the formal
C-C insertion — the diacetals of derivatives of formylacetic acid
(together with small amounts of cyclopropane adducts)
(Scheme 89).13!

OMe Scheme 89
BF;3 OEt.
RCH + N:CHCO:Et %»
— N2
OMe
CH(OMe),
/CH(OMe)z R(’I(OMe)z
-~ RCH + CH.COEt + O,Et.
CO,Et
24
23 25
R T/°C Overall Product ratio
yield (%) 23 24 25
H,C=CH —15 70 75 10 15
(E)-PhCH =CH 0 70 ~ 100 <1 <1
Ph 25 85 ~97 3 -
PhC=C 25 22 ~ 100 <1 -

The B-elimination reaction of an endocyclic O ylide has been
used recently for the preparative synthesis of antibiotics of the
3-oxacepham series (Scheme 90).132

Scheme 90
Q. 0 Q. 0
N \Y4
. ):‘/S\n/coﬂ\de ha(O Ac)4 Si— COzMe
U N
ButO,C-" ButO,C O
o
o0 o 0
\7, N\ //
ﬁ/cone \sg_,. COsMe .
— . +
— @ N_©O 0;1(\/0
o : :
Bu‘O;C: Bu‘02C‘

The reaction of diazoesters with cyclic oxa-compounds has a
number of characteristic features, the decisive factor being the ring
size. Dimethyl diazomalonate and methyl a-trimethylsilyldiazo-
acetate induce the deoxygenation of oxirans in the presence of
Rhy(OAc)4, which proceeds with retention of the configuration of
the initial oxirans in the olefins formed and with high yields of the
latter (Scheme 91).133

Scheme 91
0O
/\ + N:CRCOMe Rha(0A0 |
_N2
R R!
/_\ /C02MC
— R R! + 0=C ;
\R2

60% —85%
Rz = COzMe, SiMe;.

The analogous reaction of a-phosphoryldiazoacetate with
methyloxiran has been used to synthesise oxophosphonates
(Scheme 92).134

A

Me

Scheme 92
+ NyCCO;Et —lOAck

OP(OEt),

— (Et0)P—CCOEL + H;C=CHMe.

On photolysis of ethyl diazoacetate in oxetan, the ylide formed
is converted into the ester of tetrahydrofuran-2-carboxylic acid as
the main product as a result of the Stevens rearrangement
(Scheme 93).13°  However, in methanol the main process
becomes the solvolysis of the ylide, which leads to ring opening
and the formation of the ester of alkoxyacetic acid.
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Scheme 93
—CHCO,Et

0
| | + N.CHCO:E: 'I': <‘>
—IN2

| l |
Pren Ly [
CH,CO,Et.
26

O
29
O> <C02Et
EtOC 28
27
Solvent Overall Product ratio
yield (%)
26 27 28 29
Oxetan 54 70.3 — 122 175
MeOH 54 23.6 51.9 63 182

The interaction of ethyl diazoacetate with 1,3-dioxolans leads
to 1,4-dioxanecarboxylates—the products of the formal C-O
insertion of ethoxycarbonylcarbene —apparently as a result of
the Stevens rearrangement of the corresponding O ylides
(Scheme 94).134

Scheme 94

0. _CO;Et

Cr-

150°C
5-6h/ —N,

0]
[ ; /I‘—Ph + NCHCO,Et
R

R = H (48.5%); Me (6.5%).

The low yields of the products formed (less than 50%) are due
to the fairly severe reaction conditions (150 °C), but there are no
literature data concerning the possibility of using milder
conditions, for example, dediazotisation in the presence of
ha(OAC)4.

4, C-S and C-Se bonds
The greater nucleophilicity of the sulphur atom compared with
nitrogen or oxygen atoms is responsible for the high reactivity of
sulphur-containing compounds and hence for the greater variety
of the synthetic possibilities of their reactions with carbenes. This
explains the special interest in the study of the reactions of
diazoesters with compounds containing C-S bonds, which has
been reflected in the large number of studies described in the
literature. Furthermore, in the reactions of diazoesters with
sulphur-containing compounds, it has been possible to isolate
stable S ylides and to investigate the reactions of the latter,
obtaining thereby direct evidence for their involvement in the
formation of the final products.

Diazoesters react with virtually any acyclic sulfides to form the
C-S insertion products as a result of the [1,2]-shift of the carbene
fragment in the S ylide formed initially (Scheme 95).137

Scheme 95
PhS, CO:Me
ROCH; o ROCH; .
COM
k 7 + N2C(CO:Me); ——————-Rh;(o"c)‘ O:Me
== IN2
RO OR RO OR
70%
ROCH, ROCH,
O SPh o
Rh(OA
OR + NaC(CO:Me); %— OR
RO N RO COM
OR ROL ¢
PhS CO;MC
84%

Allyl sulfides react under these conditions with a [2,3]-rearrange-
ment (Scheme 96).138.139

1 R2 Scheme 96
+ N;CRCO3Et %9_’.‘.‘25_.
CH,SPh ’
1 R2
— — 1R2 .
. comt H,C=CHCR'R?CRCO,Et;
CH,S—
| 60% —85%
Ph

R =~ CO;Et, P(O)(OEY),.

H_ CH:SPh
CuCl- P(OEt);
+ N,CHCOEtf —m8m————
But 2 2t -N2
CH=CH, PhSCHCO,Et
PhS\
/CH + H,C=CH
EtO.C But But.
59%,91:9

The attack on the sulfur atom in the carbenes generated from
diazoesters takes place preferentially even in the presence in the
substrate molecule of other heteroatoms, for example, oxygen or
nitrogen (Scheme 97).140

R. SR
J [ + N;CECO;Me

O/ _N\Rz

Scheme 97

Rh3(OAc)4, 110 °C
—N;

E_CO:Me

R “SRY

—N—R?

v/
0/

R, R! - Alk, Ph, CH,Ph;
R2 = H, CHzCOzRJ, SiMezBu‘;
E = CO;R*, P(O)(OE)..

Furthermore, the interaction of such polyheteroatomic
molecules with certain diazoesters, for example with ethyl
o-(2-ethoxycarbonylvinyl)diazoacetate (Scheme 98)'4' or with
4-nitrophenyl a-acetyldiazoacetate (Scheme 99),'%? gives rise to
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the possibility of the additional stabilisation of the cationic and
ionic centres in the resulting S ylide which promotes its [1,4]-rear-
rangement with formation of an O-alkylated product.

Scheme 98
N»
?N /\)L Rh3(0Ac)s
| ; N RédOA.
E
N/)\SMe CO,Et COZEt PhMe,
refluxing,
—N,
—(] L Wy
COEt OL
CO,Et
NN OEt
__’ Q CO;Et.
N o' YN
SMe
Scheme 99
Et, SPh
| + N COCHNO-4 gy 0Ac), 110°C
J—N—R? 2C\Ac -N;
O
T Ph ]

Et,

|
s+j:cozc6H4Noz-4
[ _| —

Jr——N 0" "Me
O/ R2

PhS COzC(,H4N02-4
Et

[ \O Me .

/~—N+
o

CO,CsHaNO2-4
Et

"-—ro\%\SPh
- /J Me
&

-—N\
R? 80%

The carbene decomposition of alkyl diazoacetate in the
presence of cyclic thioethers also leads to the formation of S
ylides, the subsequent reactions of which are usually accompanied
by a change in ring size. For example, as in the reactions with
oxirans, the interaction of ethyl diazoacetate with thiirans is
accompanied by selective desthiylation with formation of olefins
retaining the initial configuration of the three-membered
heterocycle (Scheme 100).143

Scheme 100
Cufacac),, 110 °C
p-cumene/ — N3

H
@
H
H
+
— (}s—cncoz)s: @ ;
H
70%

A ﬁ’i Pri

Me Pri Me

=\ N>CHCO,Et /=/

Mé Pri Me

+ N,CHCO,Et

2%

On the other hand, the Rhy(OAc)4-catalysed interaction of
ethyl diazoacetate with 2-phenyl-1,3-dithiane is accompanied by
the insertion of the ethoxycarbonylmethylene fragment into the
six-membered ring as a result of the Stevens rearrangement of the
S ylide formed initially and leads to the corresponding 1,4-dithi-
epan (Scheme 101).'%°

Scheme 101

ha(OAC)4
60°C/ —N, SW)S—EHCOZEt

(\l + NRCHCOEt
e

Ph Ph

[1 2~ <SIC02E1:

The interaction of alkyl diazoacetates with thiacyclanes
containing an unsaturated fragment involves either the substrate
ring expansion or ring contraction depending on whether the
double bond is in the side chain or in the ring. Thus the
Rhy(OAc)4-catalysed interaction of diazoesters with 2-vinyl-
1,3-dithiane (Scheme 102),'? 2-isopropenyl-2-methyl-1,3-dithi-
olan  (Scheme 103),'” and  2-vinyltetrahydrothiophene
(Scheme 104)14 leads, as a result of the [2,3]-sigmatropic
rearrangement of the S ylides, to nine- and eight-membered
thiacyclanes together with the acyclic B-elimination products.

Me_ _CH=CH, Scheme 102
><
TS + N,CHCO,Et Rb20A9
60 °C, —N,
M CH=CH;
e><+ -
—_— S—CHCO,Et
p-elimination
2.31~] 12,3~ ]
[/\/S H CH;
CH;.
$ H/ CO,Et E‘OZC/\S/\/\SJK?
22%
Me  67% H COEt

)
N

Me 8%
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Scheme 103
Me cH
M°>2*_‘ 2 Rhz(OAc)s
S S + N,CHCO,Et m‘
L]
MMe
e
?/—YH S /CHz
- S, S CO,Et + ~
N—r EtO,CCH,S” Me~ “CH.,.
34% 58%
0
Scheme 104
CH=CH,
S + NC(CO;Et), -cumene,
refluxing,
—NZ
CH=CH,
+ - 23~ 7 CO;Et
—_ S—C(CO;Et), _— § CO:Et.
50%

On the other hand, the reaction of ethyl diazoacetate with the
esters of cephalosporanic acid, containing a double bond in the
heterocycle, is accompanied by ring contraction with formation of
the esters of 3-isopropenylpenicillanic acid (Scheme 105).145

H H Scheme 105
BoCONH{ S ¢
OI( + N,CHCO;Et —=
N~ p-cumene,
Me refluxing,
COzR —N;

53%, trans: cis = 1.07:1

In contrast to alkyl diazoacetates, diazomalonates and
diazomalononitriles react with thiacyclanes to form fairly stable
S ylides, which can be isolated in a pure form as the main or even
the only reaction products, which makes it possible to investigate
their subsequent reactions. For example, the Rh(OAc)s-
catalysed decomposition of dimethyl diazomalonate in the
presence of thiachromones leads to stable S ylides, the
decomposition of which takes place only on treatment with
triethylamine and leads to homothiachromones or thiobenzo-
phenone as a result of the [1,2]-shift and P-elimination
respectively (Scheme 106).146

(0] Scheme 106
R Rhy(OAc)
1 + 2 Cls
< R2 N2C(CO;Me), e
R refluxing,
R = H,Me, Cl N2
(0]
R.
— 1
+ LR
? R
-C(C02Me)2
NEt;,
[1,2]~ B-elimination
IR1=R2=H R! = R2 = Me
Q o)
R R.
CH=CMe; .
s-{—CO:Me SCH(CO:Me),
CO;Me 86%

68% —92%

The S ylides formed are sometimes so stable that they do not

rearrange even on fusion at temperatures above 100 °C
(Schemes 107-109).147-149

Scheme 107
! CuS04
$ + N2C(C02Me)2 CsHs,
refluxing,
R —N2
_ O L
C(CO:Me); ; R = H (85%)
R R = Ph (90%).
Scheme 108
__CO,Et
Rh;(OA«
RS(CH)sC—C—CO,Et —(0Ack ;
TH] -N:
o} O N2

75% —80%

R = Et, PhCH;, Ho.C=CHCH3, trans-PhCH=CHCH..

Scheme 109

+
RIR2S + N>C(CN): RIR28—C(CN)z;

20-60 °C
N2
R!, R2 = alkyl or aryl or R+ R? = alkylene.

As already mentioned above, stable ylides are also formed in
yields up to 98% in Rhy(OAc)s-catalysed reactions of
diazomalonates with thiophenes at 20 °C (Table 5).
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Table 5. The formation of ylides in the reactions of diazoesters with

thiophenes.
R4~ CO,R3
: 2N
R R Rh3(0OAc)s R R3.
R R! R?2 R? R* R® Yield of  Ref.
ylide (%)

H H H H COMe Me 95 150
Cl H H Cl COMe Me ~100 151
HOCH, H H H COMe Me 92 151
Br Me H H COMe Me 86 151
Me H H H COMe Me 90 151
Br H H H CO;Me Me 95 151
Cl Cl Cl C1 SO.CH,Ph Et 53 151
Cl Cl CI CI CONHTs Et 88 72
CH=CHCH=CH H H CO:;Me Me 97 72
CH=CHCH=CH Br Br Ac Et 71 152
CH=CHCH=CH H H Ac Et 58 152
CH=CHCH=CH H H Ac But 88 152
CH=CHCH=CH Cl Cl Ac Et 84 152
CH=CHCH=CH Br Br Ac But 41 152
CH=CHCH=CH Br Br CO;Me Me 65 152
CH=CMe; H H H COMe Me 40 153

The thermal rearrangement of such ylides leads to acceptable
yields of C—S insertion products (2H-thiopyrans), which are
subsequently converted into the thermodynamically more stable
(2-thienyl)malonates (Section II. 2).'3% 155 The final composition
of the products of the thermal isomerisation of S ylides is
determined by the nature of the substituents, temperature, and
duration of heating (Scheme 110). Thus brief heating (for less
than 20 min) of thiophenium bis(tert-butoxycarbonyl)methylides
leads to the corresponding 2H-thiopyrans in yields up to 98%.
After more prolonged heating of the ylides, 2-substituted
thiophenes are formed.

Scheme 110
ROzC\(—:/CozR
+S| A R] S COZR
8
‘ I R 5-20 min UCOZR
2 R2
R
Al3-36h
l Y R? Yield (%)
e H H 30
RO,C
R02C>CH |‘ . Me Br H 89
i Be H H 84
R2 Bu! Me H 9
But I H 60
1 2 i
R R R Yield(%) p. ppocH, H 97
Mc H B &2 Bu'  Br oo
Me Me H 9% Bu' H Br 22

The ease with which ylides rearrange to 2H-thiopyrans
depends on the nature of the substituents. Thus the 2-phenoxy-
methyl-substituted ylide is converted into the corresponding
2H-thiopyran during crystallisation from methylcyclohexane,
while the 3-bromo-substituted ylide is converted in situ.

The formation of 2H-thiopyrans together with 2-substitution
products has been observed also in the isomerisation of cyclic S
ylides formed during the rhodium(1I)-catalysed dediazotisation of
the thienyl-substituted a-acyldiazoester (Scheme 111).156

CO.Me Scheme 111
O=CCN2
$ Rh3(0Ac)4, 20 °C,
—N,

MeO,C O

S.

—_ | +
L
68%

Similar intramolecular reactions of sulphur- and selenium-
containing diazoesters constitute an effective synthetic method for
the preparation of cyclic and condensed systems. For example,
the metal-carbene complexes generated by the dediazotisation of
6-phenylthiodiazoalkanoates in the presence of Rhy(OAc)
readily cyclise to five-membered rings (Scheme 112).157.158

Scheme 112
SPh

M
AT(EMC(CHz)sCNzCOﬁt %:w‘_. A&'COzEt 3
6

SPh refluxing,

—~N>
9 H CO,Et
NCH,CH,CN,CO3Et  Rhy(OAc)s : QPh;
CeHs,
refluxing,
— N2

QPh

Q = 5(55%), Se (36%).

Unfortunately, cyclic compounds containing six and more
atoms in the ring cannot be obtained in this way because of the
active competition by the C—H insertion reaction.'5?

The formation of heterocycles containing more than five
atorus in the ring is observed in the intramolecular reactions of
the carbenes generated from diazoesters containing an allyl
fragment. Thus the Rhy(OAc)s-catalysed dediazotisation of
7-allylthio-2-diazo-3-oxoheptanoates and 6-allylthio-2-diazo-
3-oxohexanoates results in the formation of 3-thiepanones and
3-thianones in high yields (Schemes 113 and 114);'%° the C-H
insertion products were not detected under these conditions.

Scheme 113
O
\ (\/( _Rha(OAc)s Cf 2,3}~
CeHo, + IC
refluxing, $ R
— NZ

R = COzEt, R! = Ph (29%).
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Scheme 114 N Scheme 117
1 2 0 0 S Me
Pj]i )/j:/ Rhy(OAS) (j\// 2.3~ [ T TMe  + Rsecmycu=CH, -
CsHs, + A p-cumene, 2Cl2
H S Nz/ CO;Et refluxing, S| CO,Et refluxing 0 COoR —N;
N, CH,CH=CR'R?
55-85% H,C=CHCH, M RSe S
0 RSe—] ® H,C=CHCH,y— €
— = R R?  Yield (%) — J Me + ° z Me .
S“[NCRIR2CH=CH,. @ Me Me 66 d "COR ¢ "COR
CO,Et H H R s
Ph H 78
Me H n

The presence of the allyl fragment in the alcoholic component
of the monoethyl diazomalonate molecule also makes it possible
to synthesise vinyl-substituted five- and six-membered cyclic
lactones as a result of the stereoselective [2,3]-rearrangement of
the S ylide arising on cyclisation of the carbenes stabilised on
rhodium(II) (Scheme 115).14%:160

Scheme 115
EtO:C, o
=
H Rb;(OAc)s o
PhSCH: AOCCN,COEt L O
’ 172002 reftuxing, e N
© e “¥h
o)
EtO,C
- phs\ P
." A
H,C=CH
52%-68%
A= ,CIH B (|:H ,?H , CH.CH.
Ak Bn CHOPh Alk

The diastereoselectivity of this reaction can be increased
significantly by using HBF,4- Et;O as the agent promoting the
heterocyclisation of diazaesters and subsequently treating the
resulting thiooxonium salt with 1,8-diazobicyclo[5.4.0}-undec-
7-ene (DBU). Thiooxanones were obtained in this way from
allylthioalkyl diazoacetates in satisfactory yields and with a high
diastereoselectivity (in excess of 93%) (Scheme 116).16!

Scheme 116
Pri Pri
\S(\O BFI\(S\))\
N0 HBF, OEt; o | DBU, -78°C
1\‘1 CH.CI CHCl.
R S 2 _;2 2 R S 2412

R! R!

CH»
64%

There are only isolated examples of reactions involving
insertion in the C—Se bond. Thus the reaction of a cyclic
diazoamide with allyl phenyl seclenide in the presence of
Cu(acac), leads to a mixture of equal amounts of the
corresponding isomeric C— Se insertion products with an overall
yield of 64% (Scheme 117).162

The analogous reaction of this diazoamide with allyl sulfides
proceeds more selectively with the (R)-isomer predominating. Its
fraction can reach 87%.

V1. Heteroatom —heteroatom bonds

The reactions of diazoesters involving the insertion of the carbene
fragment in a heteroatom—heteroatom bond are presented in
Table 6.

These reactions also take place with the intermediate
formation of ylides. In the carbene reactions of diazoesters with
organosilicon compounds (examples 5—7, Table 6), B-elimina-
tion and C—H insertion processes take place in the ylides formed
apart from the [1,2]-shift, which lowers the preparative value of
these reactions.

The reactions of ylides do not always lead to the products of
the insertion of the carbene in the bond being attacked. Thus the
intramolecular attack by the carbene centre on the N—O bond in
the diazolactam 30 (E = CO;Me) leads to an N ylide, the
rearrangement of which is accompanied by the dissociation of
the N-O bond and the formation of a N-C bond
(Scheme 118).178

No Scheme 118
0
E Rhy(OAc) );q
N. O —N; NT—
d  TOCH,Ph ¢l AE
30 O { T H
CH

]
Ph

O
- I +
N PhCHO.
o E

It is suggested that the formation of organoelement ketenes as
a result of the interaction of o-metallated diazoesters with bis-
(triethylsilyl)- or bis(triethylgermyl)-mercury (examples 20—22)
takes place owing to the decomposition of the unstable product 31
of the insertion of the carbene in the Hg—Si or Hg—Ge bond
formed initially (Scheme 119).

Scheme 119
0
Et;Ml Ethl
EtsMﬁé\“\\OEt — Hg + EGMOEt +  C=C=0.
Hg——MEt; Et:M
31

It is noteworthy that the formation of the formal insertion
products is not always associated with the reactions of diazoesters
via the carbene pathway. For example, although the interaction
of ethyl diazoacetate with tert-butyl hypochlorite does lead to the
product of the insertion of the carbene fragment CHCO,Et in the
O-Cl bond (examples 1 and 2, Table 6), the attempts to achieve
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Table 6. Reactions of diazoesters with element —element bonds.
No. Bond Substrate Diazoester Reaction conditions Products (yield (%)) Ref.
1 0-Cl ButOCl EDA —10 °C, CH,Cl, ButOCHCICO,Et (36) 163
2 0-Cl ButQCl EDA —10°C, CHCl;/ROH (RO)CHCO,Et? 163
R = Bu'(36), Et (57)
3 0-Cl ROR! + SO,Cl, EDA 0 °C, darkness, CH,Cl, ROCHCICO,Et 164
R = R! = Et(75),
R = Me, R! = CH(OMe); (64)
R = Me, R! = CH,CH,OMe (76)
4 0-Cl H,C—0O + SO,Cl, EDA 0 °C, darkness, CH,Cl, CI(CH_.),OCHCICO,Et 164
N n=1—4(67.5-73)
(CH2)»
5 Si—0O Me;SiOEt EDA hv, MeCN MesSiCHOEt (31) 165
CO,Et
EtOCH,CO.Et (14)
Me,SiOEt (14)
CH,CH,CO,Et
6 Si—S Me;SiSEt EDA hv, MeCN Me;SiCHSEt (28) 165
CO,Et
EtSCH,CO,Et (8)
7 Si—Cl Me;SiCl EDA Cu/NEts, 80 °C MesSiCHCL (20) 166
CO,Et
CICH,CO,Et (25)
0 O
Et
8 N-S \ —Et I‘IzCEEl ha(oAC)4, I E 167
/ ,
S CsHe, refluxing S E!
E = E! = CO,Et (70);
E = Ac, E! = COzEt (74);
E+E! = COCMe,0OC(0) (74)
o O SePh
N SePh N—CHCOEt
9 N~—Se EDA 20 °C, CH,Cl, 168
0 6]
(58)
10 S—Se PhSeSCN EDA 20 °C, CH,Cl, PhSeCHNCS (82) 169
CO3Et
PhSeCHSCN (18)
CO,Et
11 Se—Se PhSeSePh EDA Cu bronze, (PhSe);CHCO,Et (46) 169
p-cumene, 100 °C
12 Se—Se PhSeSePh MDM 100 °C (PhSe),C(CO-Me)a (32) 169
PhSeCH(CO;Me); (12)
13 Se—F PhSeF N.CR CH.Cl,, 20 °C PhSe(llRCOZR1 (58-85) 170
COR! F
R = Me, Pri, Pr, Ph;
R! = Me, Et
14 S-8S [R:P(S)S] EDA Cu, 80°C EtOzCCH(SII‘l‘Rz)z 171
R = OAIk, Ph (73-97)
15 S-S EDA Cu, 80°C (RO),P(S)SCHCO-FEt (86) 172

[(RO)Zﬁ]ZSn

(RO)P(S)S
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Table 6. (continued)

No. Bond Substrate Diazoester Reaction conditions Products (yield (%)) Ref.
16 S—8§ [(RO)le"S]z EDA Cu, 80 °C (RO):P(O)SCHCO:Et (67) 173
(0] (RO);P(0)S
[(RO)zP(O)C|HS]z (<7
COzEt
17 S—P [(RO)zﬁS]z EDA 80 °C, C¢Hs [(RO),P(O)CHS], 174
COzEt
R = Alk(11)
18 S—-P [(RO)zﬁS] 2 EDA 120 °C (RO)zﬁO(iJHSP(O)(OR)z b 174
O S CO.Et
19 S—P [(RO);ﬁ]zS,, EDA 70-100 °C (RO),P(O)SCHCO,Et ( > 80) 172
(RO)2P(O)S,
Et3Si
20 Hg—Si Hg(MEt3)2 N2CCOEt Cu, 100 °C, CsH )4 C=C=0 175
Hg—Ge SiEts Et;M”
M = Si(58), Ge (92)
Et;Sn\
21 Hg—Ge Hg(GeEt3)2 N2CCO,Et Cu, 100 °C, C¢H 14 C=C=0 (73) 175
EtgGe/
SnEt;
Et;Ge\
22 Hg--Ge Hg(GeEts)2 N,CCO,Et Cu, 100 °C, C¢H 4 C=C=0 (72) 176
GeEt BisGe”
3

2 Formed as a result of the solvolysis of the O—Cl insertion product.
b The yield is not indicated.

the capture of the carbene by the olefin under these conditions
were unsuccessful. The formation of the O—Cl insertion products
was observed also in the reaction of ethyl diazoacetate with ethers
in the presence of SO,Cl, (examples 3 and 4, Table 6). Yet
another example of reactions of this type is the BF;:Et,O-
catalysed interaction of the cyclic diazoamide 32 with diphenyl-
diselenium, which leads to 6,6-di(phenylselenyl)penicillanate in a
satisfactory yield (Scheme 120).178

Scheme 120
N § Me BF;-Et,0
3" B
N_ije + PhSe—SePh Ech L
o *COR N,
32
PhSe M
PhSejj/h( ¢
—_— N Me
g "CO:R .
* * %

The data presented in this review clearly demonstrate, in
relation to insertion reactions, the considerable potential
possibilities of the use of the chemistry of diazoesters in organic
synthesis. Quite recently, the principal application of diazoesters
was still the reaction involving the conversion of olefins into
cyclopropane derivatives. At the present time, progressin the field
of homogeneous catalysis has made it possible to include in
practical preparative organic synthesis also reactions which

seemed to be exotic in earlier studies, such as the insertion of
alkoxycarbonylcarbenes in a carbon—carbon or carbon-
heteroatom bond. Study of the literature shows that the
development of this branch of the chemistry of diazoesters has
proceeded in two directions, which are of key importance for the
expansion of the applications of these reagents in organic
synthesis.

The first of these is associated with the increase in the
selectivity of the reactions with participation of diazoesters. It
involves mainly studies on the enantioselective and stereoselective
synthesis of cyclic compounds by the catalytic dediazotisation of
diazoesters. The aim of the second aspect was to expand the
applications of insertion reactions with participation of
diazoesters in organic synthesis. It has developed, in its turn,
both in connection with the search for new reactions of diazoesters
and their involvement in reactions with compounds of new classes
such as the synthesis of new diazoesters for the construction of
specified structures, in particular natural products.

The successful development of these two types of studies will
depend, in our view, on the progress in the development of
synthetic methods for the introduction of the functional diazo-
group into the molecules of organic acid esters and also on the
search for new effective and selective catalysts of the
dediazotisation of diazoesters and the advances in the
elucidation of the mechanisms of catalytic reactions undertaken
to allow the regulation of such reactions.
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