
1. Introduction

Molecules containing a cyclopropane moiety constitute an

important class of organic compounds. Despite the high

strain energy of the three-carbon ring (27.5 kcal mol71),

these compounds are stable and have a high practical

value.1 Indeed, the cyclopropane moiety is a part of more

than 4000 natural compounds 2 ± 13 and more than 100

known pharmaceuticals.2, 3 Cyclopropane derivatives pos-

sess a broad spectrum of biological activities 14 ± 17 and

participate in important biochemical processes.18 ± 26 In

addition, molecules with three-carbon rings have now

become convenient building blocks for the synthesis of

various classes of organic molecules.1, 27 ± 30

Among methods for the construction of cyclopropane

ring, direct cyclopropanation of olefins ([2+1]-cycloaddi-

tion) is used most often.1, 28 ± 32 One of the methods is

cyclomethylenylation of unsaturated double bonds (includ-

ing unactivated ones) with diazomethane in the presence of

various catalysts (Scheme 1).33, 34

Diazomethane is a linear molecule, the ground state of

which is mainly described by two resonance structures: 1a

and 1b.34, 35

Under ambient conditions, diazomethane is a yellow gas

(b.p. 723 8C), possessing characteristic spectral proper-

ties.36 The electronic absorption spectrum of diazomethane

exhibits two peaks, one at 410 nm and the other (strong) at

270 nm. The IR spectrum of diazomethane also shows an
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intense characteristic absorption band at 2100 cm71, which

corresponds to N:N triple bond vibrations.

Due to high reactivity, diazomethane is one of the most

versatile and useful organic reagents. The only by-product

formed upon diazomethane decomposition is N2 . However,

extensive use of diazomethane is hampered by its toxicity,

high volatility and explosion hazard.37, 38

For a long period of time, diazomethane-based methods

for the synthesis of cyclopropane derivatives developed

slowly and the synthetic potential of this reaction was little

studied. In recent years, considerable attention has been

paid to the development of safe methods for generation of

diazomethane, in particular, using membrane technologies

and continuous-flow and in situ preparation techniques. On

the basis of these approaches, preparative methods for

producing gramme amounts of cyclopropanes have been

developed. It is especially important that these methods

open up prospects for more extensive industrial application

of diazomethane in organic synthesis. This is a benefit of

catalytic cyclopropanation with diazomethane in compar-

ison with alternative methods (such as Simmons ± Smith

reaction and the use of various zinc and aluminium carbe-

noids), which are widely used in organic synthesis, but have

little promise for industrial implementation for a number of

reasons. The appearance of safe methods for diazomethane

generation stimulated studies on the application of diazo-

methane for catalytic cyclomethylenation of double bonds

in olefins to prepare compounds with a cyclopropane ring

and on the search for new efficient catalysts for this

reaction.

The catalytic cyclomethylenation with diazomethane is

especially promising for the preparation of compounds that

contain no activating electron-donating or -withdrawing

substituents in the three-membered ring, e.g., terpenes,

steroids, lipids, antibiotics and other natural and practically

valuable compounds.9, 30, 39 Currently, the introduction of a

cyclopropane moiety for the synthesis of these molecules is

accomplished using either the Simmons ± Smith reaction

and related approaches involving aluminium carbenoids 40

or multistep routes including, in particular, the initial

introduction of activating substituents to the double bond

to be cyclopropanated, subsequent cyclopropanation

(Corey ± Chaykovsky reaction, etc.) and finally transforma-

tions of the activating groups. The use of direct catalytic

diazomethane cyclopropanation of unactivated double

bonds considerably simplifies some of these reactions and

increases the yields of products.

The application of catalytic methylenation of olefins

with diazomethane in the synthesis of cyclopropanes was

fully integrated in only one dedicated review 33 published in

1993. Over the last 15 years, diazomethane was considered

only in separate chapters of review publications devoted to

the synthesis of cyclopropanes 31, 32, 41 and to organometal-

lic catalysts, particularly those based on palladium 42 ± 44

and iron 45 ± 47 compounds. Mention should be made of a

number of reviews that address the use of diazomethane in

the synthesis of particular classes of cyclopropanes, includ-

ing donor-acceptor cyclopropanes 30 and spirocarbo-

cycles.43

The catalytic cyclopropanation with diazomethane has a

limited use in asymmetric synthesis since there are no

substituents in the CH2 group being added. Examples of

the application of diazomethane in the asymmetric synthesis

of cyclopropanes are considered in a monograph 48 and in

several reviews.2, 49, 50

Thus, there are actually no review publications on the

current state of studies and synthetic potential of the

catalytic decomposition of diazomethane for the prepara-

tion of cyclopropanes. Therefore, in this review, we system-

atically describe the data, published mainly over the last

10 ± 15 years, on diazomethane generation and use as the

cyclomethylenating agent in the synthesis of various classes

of organic compounds. Earlier references are included when

it is necessary to clarify the details of catalytic cyclopropa-

nation with diazomethane or to demonstrate the key

achievements of the preceding period.

2. Sources and generation methods
of diazomethane

Diazomethane was first obtained by Pechmann 51 in 1894

from N-methyl-N-nitrosocarbamate. At present, diazome-

thane is usually prepared by alkaline hydrolysis of

N-methyl-N-nitroso derivatives of urea, carbamates, sulfon-

amides and ketones. The most frequently used sources of

diazomethane are N-methyl-N-nitrosourea (2) (MNU),

N-methyl-N-nitroso-p-toluenesulfonamide (3) (diazald)

and N-methyl-N-nitro-N-nitrosoguanidine (4) (MNNG).34

Diazald is a commercially available (included in the Sigma-

Aldrich catalogue) diazomethane precursor; it is thermally

more stable and less toxic than MNU or MNNG.34, 36 Re-

cently, temozolomide (TMZ) 5 was proposed as one more

commercially available non-explosive and non-toxic precur-

sor of diazomethane.47 For the generation of isotope-

labelled (2H and 13C) diazomethane, efficient methods

have been developed for the synthesis of required diazald

derivatives,52 which are now commercially available

(Sigma-Aldrich).

The synthetic versatility of diazomethane is restricted by

considerable practical difficulties associated with its prepa-

ration and use. Diazomethane solutions are explosive in

concentrations of >0.6M.53, 54 Diazomethane gas is explo-

sive in the presence of oxygen even in a concentration of

3.9%, while in an oxygen-free nitrogen atmosphere, the

limiting safe concentration of diazomethane is 14.7%.55

Diazomethane tends to rapidly decompose and to explode

on contact with rough surfaces. The synthesis of diazo-

methane in a laboratory requires special equipment without

ground glass joints. One must not use glassware with signs

of cracks or other surface defects (e.g., scratches), while

sharp edges of glassware should be fire-polished.38, 51, 56, 57

The exposure to bright light can also induce the detonation

of diazomethane. Special laboratory ware kits for the

preparation and purification of diazomethane are commer-

cially available (e.g. a Sigma-Aldrich kit for the generation

from diazald and a Duran kit for the generation from

MNNG).
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Due to toxicity and explosion hazard, diazomethane is

rarely employed in laboratory practice, although it is a

highly valuable, highly potent and versatile reagent for the

synthesis of many practically useful products. Therefore, in

recent years, efforts of researchers have been directed

towards the development of safe methods for diazomethane

generation and use in organic synthesis.

The first safe method for catalytic cyclopropanation

with diazomethane generated in situ was developed in

1992.58 According to this method, N-methyl-N-nitrosourea

(source of diazomethane) was slowly added at 12 ± 18 8C to

a two-phase mixture of an olefin solution with a catalyst

(0.5 mol.%) in the CH2Cl2 ± Et2O solvent and a concen-

trated aqueous KOH solution at such a rate that the

resulting diazomethane migrated to the organic phase and

completely reacted, without being accumulated, so that the

current diazomethane concentration was relatively low. The

catalysts efficient for this reaction include (PhCN)2PdCl2 ,

[(PhO)3P]2PdCl2 , Pd(acac)2 and Pd(OAc)2 . This method

was successfully applied for cyclopropanation of various

unsaturated compounds.54, 59 ± 62

Later, an analogous method was developed for catalytic

cyclopropanation of unsaturated compounds with diazo-

methane generated in situ from a water-soluble analogue of

diazald 6 (source of diazomethane) on treatment with

6MKOH.45 The resulting diazomethane was also trans-

ferred to the organic phase of the two-phase system and

reacted there with alkenes 7 according to the [2+1]-cyclo-

addition pathway (Scheme 2). The highest yields of cyclo-

propanes 8 were attained when air-stable iron(III) porphyrin

9 (FeTPPCl) was used as the catalyst, whereas similar

rhodium, ruthenium, cobalt, palladium and copper com-

plexes were less active.

One more safe method for the generation of diazo-

methane suitable for cyclopropanation reactions is the

continuous process giving anhydrous diazomethane in a

tube-in-tube reactor.63 A specific feature of this reactor is

an inner tube made of a hydrophobic gas-permeable mem-

brane (Teflon AF-2400). Diazomethane is formed in this

inner membrane tube upon alkaline decomposition of

diazald and then diffuses across the membrane into the

outer tube in which it dissolves in an appropriate organic

solvent and undergoes reactions typical of diazomethane,

including cyclopropanation (Fig. 1).

This method allows safe reactions with a solution of dry

diazomethane to be performed on a laboratory scale. The

possibility of scaling up the process was demonstrated in

relation to the reaction of 4-phenylbut-3-en-2-one (10). In

the presence of Pd(OAc)2, the yield of 1-acetyl-2-phenyl-

cyclopropane 11 under non-optimized conditions was 59%

(Scheme 3).63

Subsequently, an identical reactor was successfully

applied for cyclopropanation of boronic acid esters 12.64

The efficiency of this method for the preparation of cyclo-

propanes 13 was demonstrated for 14 examples (for details,

see Section 3.2.3) (Scheme 4). The reactor used in that study

was also suitable for scaling-up the synthesis of the target

cyclopropane 13a (R=H) to a capacity of 190 mg per

hour.64

Thus, elaboration of the methods for safe generation of

diazomethane eliminates the severe limitations hampering

the broad use of diazomethane in laboratory practice and

industry.

Currently, safe methods for diazomethane generation in

a continuous liquid flow have also been developed. Accord-

ing to these methods, a diazomethane source is passed, at a

definite rate, through a special chamber, tube or micro-

reactor.65 ± 70 The generated diazomethane is then collected

and used for the subsequent reaction; alternatively, the

reaction with the substrate is conducted directly in the

flow. The process requires minor amounts of reactants at a

time, which makes this method safe. This approach made it

possible to implement diazomethane-based syntheses on an

industrial scale. The first continuous-flow industrial method

for the generation of diazomethane from N-methyl-N-nitro-

sourea was developed by the Aerojet company in 1998.71, 72

One more industrial system for continuous-flow generation

Figure 1. Diagram of the tube-in-tube reactor (aq waste stands for
aqueous waste).
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of diazomethane from diazald was devised by Phoenix

Chemicals Ltd (50 ± 60 tonnes per year).55 However, the

above-indicated processes using diazomethane do not

include cyclopropanation. The application of continuous-

flow generation of diazomethane for the preparation of

cyclopropane derivatives was described only in patents.73, 74

In view of the synthetic potential of continuous-flow gen-

eration of diazomethane, one may expect that in the future,

this method would be extended to the laboratory synthesis

of cyclopropanes.

3. Catalytic cyclopropanation of unsaturated
double bonds

The catalytic decomposition of diazomethane, unlike pho-

tochemical or thermal decomposition, is suitable for con-

ducting reactions under mild conditions and for selective

synthesis of the target products in high yields. The details of

conduction of these reactions and the key catalysts used

formerly are considered in a review 33 published in 1993.

3.1. Mechanism of catalytic cyclopropanation of olefins
The catalytic cyclopropanation of olefins with diazome-

thane is one of common methods for the preparation of

cyclopropane derivatives. These reactions can occur by two

alternative mechanisms, depending on the type of metal in

the catalyst (Scheme 5).

The mechanism of reactions catalyzed by Cu-, Fe-, Ru-,

Rh- or Co-based catalysts implies the attack by diazo-

methane on the coordinatively unsaturated site of the

catalyst (M) followed by the formation of a metal carbene

complex, after elimination of N2 (Scheme 5 a).49, 75 ± 80 Sub-

sequently, this carbene complex undergoes concerted [2+1]-

cycloaddition with olefin to give a cyclopropane product.

Reactions catalyzed by palladium compounds follow a

different mechanism. In this case, the reaction starts with

the formation of a complex between low-valent palladium

and olefin, which then reacts with a diazo compound to give

a metallacyclobutane intermediate, which is then converted

to the cyclopropane product (Scheme 5 b).33, 75, 81, 82 There-

fore, palladium compounds efficiently catalyze the cyclo-

propanation of only those olefins that are readily coordi-

nated to palladium. During the reaction, palladium(II)

catalysts, such as Pd(OAc)2 , (PhCN)2 .PdCl2 or Pd(acac)2 ,

are first reduced with diazomethane to catalytically active

low-valent palladium complexes.33 The participation of

Pd(0) ± olefin complexes was detected for the first time

back in 1984 in relation to the catalytic cyclopropanation

of norbornadiene and cyclooctene in the presence of their

p-complexes with PdCl2 .83 The addition of CH2N2 caused

discolouration of the initially yellow olefin complexes with

PdCl2 , while further addition of CH2N2 induced the usual

reaction pathway to give the corresponding cyclopropanes.

The zero-valent state of palladium in the reaction was

confirmed by utilizing the ability of Pd(0) to form more

stable complexes with other ligands, for example, triphenyl

phosphite. For this purpose, after PdCl2 was fully converted

to the soluble olefin complex and olefin cyclopropanation

started, the addition of CH2N2 was stopped, and (PhO)3P

was added to the reaction mixture. This resulted in the

isolation of the colourless crystalline complex

[(PhO)3P]4Pd.83

Later, the participation of Pd(0) complexes as catalyti-

cally active species in this reaction was demonstrated for the

catalytic cyclopropanation of alkynylsilanes with diazome-

thane in the presence of Pd(OAc)2 .81 The cyclopropanation

of divinyltetramethyldisiloxane resulted in the isolation of

the zero-valent palladium complex [Pd(0)2(DVTMS)3] (16,

DVTMS is divinyltetramethyldisiloxane), which proved to

be an exceptionally active catalyst for the cyclopropanation

of alkenylsilane 14, providing complete conversion of the

substrate at 735 8C within 1 min to give cyclopropane 15

in 96% yield (Scheme 6).81

In addition, catalytically active Pd(0) nanoparticles were

also shown to arise in the reaction of cyclohexenone with

diazomethane in the presence of Pd(OAc)2.84

Apart from palladium compounds, catalysts based on

iron complexes have also been actively studied in recent

years. These catalysts also proved to be efficient in the
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catalytic cyclopropanation of alkenes with diazome-

thane.45, 46 The catalysts containing no noble metals hold

good promise.

Thus, the nature of the metal in the catalyst determines

not only the mechanism of catalytic cyclopropanation of

olefins with diazomethane, but also the effect of electronic

and steric properties of the unsaturated compound on the

reaction pathway.

3.2. Palladium-based catalysts for the cyclopropanation
of double bonds
Palladium compounds are the most efficient catalysts for

diazomethane cyclopropanation of unsaturated double

bonds.33, 42, 54, 58 This gives only cyclopropane derivatives

as reaction products, while by-products are formed very

rarely.42, 54, 61 However by no means all types of bonds are

suitable for this reaction. Among alkenes, compounds with

terminal double bonds are more easily cyclopropanated,

whereas alkyl substituents on the double bond sharply

decrease or rule out the possibility of cyclopropanation of

these substrates.33 The cyclopropanation rate decreases

with decreasing capability of olefins for coordination to

palladium (Fig. 2).

A comparative study of the efficiency of cyclopropana-

tion of a number of alk-1-enes (17) with diazomethane

(1 equiv.) catalyzed by 1 mol.% Pd(acac)2 was reported.85

In the series from hex-1-ene to undec-1-ene, somewhat

lower yields of cyclopropanes 18 were obtained for oct-1-

ene and non-1-ene (Scheme 7).

Among unsubstituted C57C8 cycloalkenes, the lowest

activity in this reaction was found for cyclohexene. Accord-

ing to a study of competing reactions of cycloalkenes with

diazomethane in the presence of Pd(acac)2, the relative

reactivities of cyclopentene, cycloheptene and cyclooctene

proved to be two orders of magnitude higher than that of

cyclohexene (Fig. 3).86

The markedly lower reactivity of cyclohexene double

bond in the cyclopropanation catalyzed by (PhCN)2PdCl2
in comparison with cyclooctene and cycloheptene double

bonds has been known for long;83 however, the fact that

cyclopentene is two orders of magnitude more reactive than

cyclohexene was unexpected.86 Thus, over the series of

unsubstituted cycloalkenes, the reactivity of cyclohexene is

abnormally low.

A special place among polycyclic unsaturated com-

pounds is held by norbornene 19, which is an order of

magnitude more reactive towards catalytic diazomethane

cyclopropanation than alk-1-enes.87 The reactivity does not

depend significantly on the nature of the palladium catalyst

[Pd(OAc)2 , (PhCN)2 .PdCl2 , Pd(acac)2 or (PPh3)2 . PdCl2],

with tricyclooctane exo-20 being formed in high yield in all

cases. In the presence of palladium catalysts, norbornene is

converted exclusively to exo-20, whereas the formation of

endo-20 as a minor product was detected when Cu- and Rh-

based catalysts were used (Scheme 8).88

The high reactivity of the norbornene double bond is

also manifested in the non-catalytic reaction with diazo-

methane, which occurs as 1,3-dipolar cycloaddition; in this

case, norbornene is most reactive out of the series of

bicycloalkenes 19, 21 and 22 (Fig. 4).89 However, the rate

of 1,3-dipolar cycloaddition is much inferior to the rate of

catalytic cyclopropanation; therefore, in the presence of at

least 0.5 mol.% Pd catalyst, 1-pyrazolines are hardly

detected in the products of reaction with diazomethane.

The unusual electronic structure of norbornene and its

derivatives has attracted the attention of researchers for

many years. Many attempts have been made to account for

the abnormally high reactivity of norbornene. One of the

recent publications presents an analysis of localized wave

functions of norbornene in combination with calculations

of NMR parameters, which shows that the electron density

distribution in norbornene facilitates the retro-Diels ±Alder

reaction.90 Nevertheless, this does not account for all

unique properties of norbornene.

Apart from norbornene, interesting trends were revealed

for other polycyclic unsaturated compounds containing

various types of double bonds. In some cases, a 10- or

even 100-fold excess of diazomethane is needed even for the

partial cyclopropanation of a trisubstituted endocyclic dou-

ble bond.91 ± 95

The diazomethane cyclopropanation of endocyclic dou-

ble bonds of dicyclopentadiene 23 (for both endo and exo

isomers) in the presence of Pd(OAc)2 or (PhCN)2PdCl2 is

directed only to the norbornene double bond and affords

R
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the monoadduct, compound 24 (Refs 58, 62, 96 ± 98)

(Scheme 9). The cyclopentene moiety remains intact under

these conditions. However, when Pd(acac)2 is used as the

catalyst, the second double bond in endo-24 can also be

partly cyclopropanated to give pentacyclic hydrocarbon 25,

whereas in the case of exo-24, no products of cyclopropa-

nation of the cyclopentene double bond are detected under

the same conditions.86

Among other polycyclic hydrocarbons, worthy of note is

3a,4,7,7a-tetrahydro-1H-indene (26), in which the cyclo-

pentene moiety is fused with a cyclohexene one. Unlike

cyclopentadiene dimers 23, this compound contains no

methylene bridge, which accounts for the specific properties

of the norbornene double bond. Unexpectedly, it was found

that, depending on the amount of generated diazomethane,

the efficient cyclopropanation of either double bond and,

moreover, cyclopropanation of both double bonds is possi-

ble. As a result, both monoadducts 27 and 28 (as a 3 : 1

mixture) and bisadduct 29 can be obtained (Scheme 10).86

Thus, the geometric and electronic parameters of the

double bonds in tetrahydroindene 26, differing from those

of dicyclopentadiene 23, enable the efficient cyclopropana-

tion of both C=C bonds.

3.2.1. Cyclopropanation of monosubstituted ethenes

As noted above, the terminal double bond of alkenes is

usually readily cyclopropanated to give the corresponding

cyclopropane derivatives in high yields.

For example, the Pd(OAc)2-catalyzed cyclopropanation

of two bonds of unsaturated dicyclopropyldiethenylme-

thane (30) with a 10-fold excess of diazomethane affords

tetra(cyclopropyl)methane (31) (Scheme 11).99, 100

Another similar olefin 32 is also easily converted in the

same way to tetrakis(cyclopropylmethyl)methane (33)

(Scheme 12).101

The cyclopropanation of four double bonds of 1,3,5,7-

tetravinyladamantane (34) with a 10-fold excess of diazo-

methane afforded 1,3,5,7-tetracyclopropyladamantane (35)

(Scheme 13).102

Similarly to hydrocarbons, unsaturated compounds, in

which the terminal double bond is separated from donor or

acceptor substituents by two and more CH2 groups, are

easily converted to cyclopropanes in high yields.

This procedure was used to prepare analogues of

N-(3-oxododecanoyl)-L-homoserine lactone, which induces

apoptosis in macrophages. Compounds 36, in which the

terminal double bond is separated from the CO group by

five or seven CH2 groups, are converted to cyclopropane

derivatives 37 in 77% (n=2) and 69% (n=3) yields

(Scheme 14).103

(S)-4-Benzyl-3-(pent-4-enoyl)oxazolidin-2-one 38, in

which the terminal double bond is separated from the

functional group by two CH2 groups, reacts with diazo-

methane in a similar way. This gives cyclopropane 39 as a

synthon for the synthesis of a number of physiologically

active compounds (Scheme 15).104

The diazomethane cyclopropanation of 2-(but-3-

enyl)oxazolidine 40a and 2-(but-3-enyl)-1,3-oxathiolane

(40b) proceeds smoothly [40 : CH2N2 : Pd(acac)2=

1 : 3 : 0.02] to give cyclopropanes 41a and 41b in 97% and

53% yields, respectively (Scheme 16).105
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Halogenated compounds, in which the terminal double

bond is separated from the halogen atom by several CH2

groups, are also cyclopropanated with diazomethane.

Treatment of 6-bromo-5,5,6,6-tetrafluorohex-1-ene (42)

with a fivefold excess of diazomethane in the presence of

Pd(OAc)2 furnishes (4-bromo-3,3,4,4-tetrafluorobutyl)-

cyclopropane 43 (Scheme 17).106

Compound 44, which also contains a terminal double

bond, reacts with diazomethane to give cyclopropanation

product 45 in a moderate yield (Scheme 18).107 However, in

this case, an equivalent amount of diazomethane was used;

evidently, an excess of CH2N2 could increase the yield.

Compounds with an allyl group in which the double

bond is separated by one CH2 group from an aromatic

system also successfully react with diazomethane. The

reaction of allylbenzene 46 with one equivalent of diazo-

methane gives cyclopropane 47 in 43% yield;85 this

approximately corresponds to the efficiency of cyclopropa-

nation of styrene (46%). Expectedly, another allylbenzene

derivative, 1-allyl-2,3-dimethoxybenzene (48), reacts with a

twofold excess of CH2N2 to afford cyclopropanation

product 49 in 82% yield (Scheme 19).108

It is also possible to successfully cyclopropanate a more

complex functionally substituted allylbenzene 50 by treat-

ment with one equivalent of diazomethane; cyclopropane 51

is thus produced (Scheme 20).109

Unlike above examples, the reaction of macrocyclic

derivative 52 containing an allylbenzene moiety with diazo-

methane gives cyclopropane product 53 in only 9% yield

(Scheme 21).110

Along with allylbenzene derivatives, (allyloxy)benzenes

can also undergo these reactions. Indeed, on treatment with

three equivalents of diazomethane, substituted (allyloxy)-

benzenes 54a ± f are converted to cyclopropanes 55a ± f in

high yields. The cyclopropanation of N-allyl-N-methylani-

line 56 is much less efficient; under similar conditions,

N-(cyclopropylmethyl)-N-methylaniline 57 is obtained in

only 36% yield (Scheme 22).111

Using isotope-substituted diazald derivatives (D3C- and
13C-labelled) and (allyloxy)benzene (54a) in the presence of

Pd(OAc)2 (Et2O, 0 8C), doubly deuterated and 13C-labelled

derivatives of (cyclopropylmethyloxy)benzene 55a were pre-

pared in 84% and 72% yields, respectively.52
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Among other compounds with an allyl group subjected

to diazomethane cyclopropanation, mention should be

made of vinylacetic acid 58, which was allowed to react

with a sevenfold excess of diazomethane. In the first step,

methylation of acid 58 took place to give the methyl ester,

which was cyclopropanated to form methyl 2-cyclopropyl-

acetate (59) (Scheme 23).112

The cyclopropanation can also be carried out for allyl-

germatrane 60, which reacts with 10 equiv. of diazomethane

to give 1-(cyclopropylmethyl)germatrane 61 (Scheme 24).113

The cyclopropanation of an allyl group is used rather

often in the targeted syntheses of various practically val-

uable compounds. Lately, the catalytic cyclopropanation

with diazomethane has also been widely used for this

purpose. For example, the reaction of allyl-substituted

azepan-2-one 62 with a large (*10-fold) excess of diazo-

methane affords the corresponding cyclopropane derivative

63 in a quantitative yield (Scheme 25).114

A similar method of cyclopropanation of an allyl group

was utilized in the synthesis of hepatitis C virus protease

inhibitor; in this case, allylic derivative 64 was converted to

cyclopropane product 65 in 100% yield (Scheme 26).115

The same approach was employed in the synthesis of

another medication against hepatitis C virus, namely, a

polymerase inhibitor. Allylic derivative 66 was converted

to cyclopropane product 67; however, the product yield was

moderate, probably, because the reaction was carried out in

THF, which is coordinated to the Pd catalyst, thus compet-

ing for coordination with the double bond (Scheme 27).116

Finally, in the syntheses of some other antiviral agents

for the treatment of hepatitis C, allyl esters 68 and 70 were

allowed to react with three equivalents of CH2N2 to give

cyclopropane derivatives 69 and 71, respectively

(Scheme 28).117

The catalytic cyclopropanation was also successfully

used as a step in the synthesis of cyclopropane-containing

amino acids. For example, the cyclopropanation of the

terminal double bond of compound 72 with a threefold

excess of diazomethane gave the corresponding cyclopro-

pane 73 (Scheme 29).118

The reaction of compound 74 follows a similar route

and furnishes 2-amino-3-cyclopropylbutanoic acid deriva-

tive 75 (Scheme 30).119
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The cyclopropanation of 2-aminobut-3-enoic acid deriv-

atives 76 with an excess of diazomethane gives 2-amino-2-

cyclopropylacetates 77 (Scheme 31).120, 121

The reaction of more substituted vinyl acetate 78 with

an excess of diazomethane affords cyclopropane 79 in a low

yield (Scheme 32) 122 due probably to steric factors.

One more approach to the synthesis of cyclopropanated

amino acids is associated with transformations of oxazoli-

dine derivatives. For instance, allyloxazolidine 80 reacts

with a sixfold excess of diazomethane to afford cyclopro-

pane-containing heterocyclic compound 81 in a quantitative

yield (Scheme 33).123, 124

The bicyclopropane moiety required for the synthesis of

a number of practically valuable compounds is often con-

structed on the basis of vinylcyclopropane, which is cyclo-

propanated with diazomethane at the double bond; this

reaction usually proceeds smoothly and gives products in

high yields.

The reaction of vinylcyclopropanes 82 with an excess of

diazomethane provided the synthesis of bicyclopropanes 83

(Scheme 34).125, 126 Compounds 83 are synthons in the syn-

thesis of protease inhibitors meant for the therapy of

hepatitis C.125, 126

The cyclopropanation of 6-vinylbicyclo[3.1.0]hexan-2-

one (84), a bicyclic vinylcyclopropane derivative, resulted

in the preparation of 6-cyclopropylbicyclo[3.1.0]hexan-2-

one (85), which is an intermediate in the synthesis of

nicotinic acid receptor agonists (Scheme 35).127, 128

Apart from the transformations of vinylcyclopropane

derivatives, there are examples of diazomethane reactions

with vinylcyclobutanes, which proceed smoothly and give

the expected cyclopropylcyclobutanes in high yields.

For example, the treatment of 1,1,2,2-tetrafluoro-3-vinyl-

cyclobutane (86) with a twofold excess of diazomethane

yields 1,1,2,2-tetrafluoro-3-cyclopropylcyclobutane (87)

(Scheme 36).129

One more compound with a four-membered ring,

3-vinylthietane derivative 88, was used for the synthesis of

LpxC inhibitors, which serve for the treatment of cardio-

vascular diseases. The reaction of compound 88 with five

equivalents of diazomethane furnished methyl (S)-2-azido-

2-(3-cyclopropyl-1,1-dioxidothietan-3-yl)acetate (89)

(Scheme 37).130

The double bond of 3-vinyltetrahydro-2H-pyran deriv-

ative 90 is also cyclopropanated to give the corresponding

cyclopropane 91; however, the reactant ratio and the

product yield are not indicated in the publication

(Scheme 38).131

The cyclopropanation of the terminal vinyl group of

4-vinyl-2,3,4,5-tetrahydro-1H-pyrido[4,3-b]indole deriva-

tive 92 was utilized for the synthesis of indole alkaloids,

tetrahydro-g-carbolines; the reaction with a fivefold excess

of diazomethane yielded adduct 93 (Scheme 39).132

The cyclopropanation of compound 94 on treatment

with one equivalent of diazomethane was reported to give
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cyclopropyltetrahydrofuran 95 (Scheme 40).133 The low

yield of product 95 does not seem surprising, because of

the low amount of diazomethane used and the steric factors.

The absence (or no mention in the paper 133) of adducts

formed at the cyclohexenone moiety is more unexpected (see

Section 3.2.3). Apparently, this is due to the particular goal

of that study, since this reaction was conducted as a part of

the total synthesis of a polymerase inhibitor for the treat-

ment of diseases caused by the human respiratory syncytial

virus (RSV).

Thus, compounds with a monosubstituted double bond

separated from some electron-donating or -withdrawing

substituents by at least one sp3-hybridized carbon atom

can be catalytically cyclopropanated almost as efficiently as

terminal alkenes.

Assumptions about the electronic effects of substituents

present in the starting unsaturated compounds can be made

considering the mechanism of their reactions with diazo-

methane (see Section 3.1). In the presence of Pd catalysts,

olefins in which the double bond is readily coordinated to

low-valent palladium are efficiently cyclopropanated with

diazomethane.33

Electron-donating substituents, located directly on the

double bond and able to form complexes with palladium,

would deactivate the formation of catalytically active p-ole-
fin complexes. Indeed, the cyclopropanation of alkyl vinyl

ethers gives products in low yields.59, 134, 135 Furthermore,

the diazomethane cyclopropanation of vinylamine or

N-vinylaniline catalyzed by palladium compounds is not

described in the literature. Most likely, this reaction would

have low efficiency if proceeds at all.

Meanwhile, electron-donating substituents that cannot

be complexed with palladium would accelerate the reaction.

For example, vinylsilanes exhibit abnormally high reactivity

in the catalytic cyclopropanation with diazomethane.81 In

particular, it was shown by the method of competing

reactions that vinylsiloxane 97 is three times more reactive

than norbornadiene 96 (the reaction gives tricyclooctene 98

and cyclopropylsiloxane 99 in 1 : 3 ratio),81 with the reac-

tivity of norbornadiene being approximately equal to that

of norbornene, which usually serves as a reference standard

for high reactivity towards cyclopropanation

(Scheme 41).87

Many vinylsilanes 100 react with one equivalent of

diazomethane to give cyclopropanes 101 in up to 90%

yields, while the use of excess CH2N2 results in silyl-

substituted cyclopropanes 101 in quantitative yields

(Scheme 42).81

A vinylic boron compound, vinyl N-methyliminodiace-

tic acid boronate 102, is also readily cyclopropanated with

diazomethane (1.5 equiv.) to give cyclopropane 103 in a

high yield (Scheme 43).136

Unlike alkyl vinyl ethers, which do not form cyclo-

propane products, aryl vinyl ethers 104, containing an

acrylate moiety, react with an excess of diazomethane to

give products 105, resulting from cyclopropanation of both

unsaturated bonds (Scheme 44).137 It is noteworthy that the

cited study 137 presents no data on the relative reactivities of

these double bonds and does not indicate the yields of

products.

The cyclopropanation of compounds with a terminal

double bond bearing an electron-withdrawing substituent

with excess diazomethane has variable success, which

largely depends on the substituent nature and position.

Strong electron-withdrawing substituents sharply accelerate
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the competing 1,3-dipolar cycloaddition, giving rise to

pyrazolines. For example, direct double bond cyclopropa-

nation of a,b-unsaturated compounds 106 cannot be carried

out because of the easy formation of 1-pyrazolines 107,

which readily isomerize under the reaction conditions to

2-pyrazolines 108 (Scheme 45).85

However, in the case of a terminal double bond con-

jugated with a keto group, as, for example, in compound

109, direct cyclopropanation is possible and gives cyclo-

propane adduct 110 in a good yield (Scheme 46).138

The role of electronic effects in the cyclopropanation of

unsaturated compounds with various reagents (Simmons ±

Smith reaction, reaction with ethyl diazoacetate, etc.) is

investigated, most often, using styrene and styrene deriva-

tives with electron-donating or -withdrawing substituents

(a series of substituents with increasing Hammett ± Taft

constants). For olefin cyclopropanation with diazomethane

catalyzed by palladium compounds under identical condi-

tions (without excess diazomethane), no dependences of this

type were reported.

The reaction of diazomethane with styrene (111) is well

known and reported in several publications to give product

112 in different yields (depending on the amount of CH2N2)

(Scheme 47).85, 139, 140 A common result of these works is

that, when the amount of CH2N2 is sufficient, the yield of

cyclopropylbenzene 112 is relatively high in the presence of

any Pd catalyst.

In the reaction of p-methoxystyrene (113a) with diazo-

methane, the yield of p-methoxyphenylcyclopropane (114a)

depends on not only the amount of the diazomethane used,

but also the solvent; the yield of cyclopropane 114a is much

higher in THF 139 than in diethyl ether 45 (Scheme 48). With

excess diazomethane, 3-nitrostyrene (113b) and 3,4-dibro-

mostyrene (113c) were converted to cyclopropanes 114b and

114c in high yields (see Scheme 48).139 ± 141

Styrene derivative 115 with a steroid moiety in the para-

position is also cyclopropanated; the reaction with a large

excess of diazomethane results in the formation of cyclo-

propanation product 116 (Scheme 49).142

Finally, Yao et al.143 described an example of double

cyclopropanation of 2,6-divinylphenyl acetate 117 with an

excess of diazomethane (4 equiv.) to give 2,6-di(cyclopro-

pyl)phenyl acetate 118 (Scheme 50).143

Apart from styrenes, a number of 2-vinylpyridines used

in the synthesis of biologically active compounds for the

treatment of depression were also subjected to cyclopropa-

nation with diazomethane.144 4-(Trifluoromethyl)-6-vinyl-

pyridine derivative 119 was converted to compound 120,

which exhibited the highest activity (Scheme 51).144

Similarly, the diazomethane cyclopropanation of vinyl-

pyridine 121 afforded cyclopropyl derivative 122, with the

trans-disubstituted double bond remaining intact

(Scheme 52).145 However, neither reactant ratio nor the
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yield of product 122 were indicated in the paper; therefore,

it is impossible to evaluate the efficiency of the process.

3.2.2. Cyclopropanation of 1,1-disubstituted ethenes

Among 1,1-disubstituted ethenes, most studied are com-

pounds containing a methylenecyclopropane moiety. The

catalytic cyclopropanation of double bonds in this type of

compounds is widely used for the synthesis of various

spirans and triangulanes. Both unsaturated hydrocarbons

and unsaturated compounds containing an electron-with-

drawing substituent in the cyclopropane moiety were uti-

lized in these reactions. Although in some cases, the yields

of target products (even with excess CH2N2 used) were

insufficiently high, the reaction was not accompanied by

side reactions and the unreacted starting substrate could be

recovered.

Thus, 1-methylenedispiro[2.0.24.13]heptane 123 was

treated with a 12-fold excess of diazomethane, which

yielded [4]triangulane 124.94, 146 Methylenespiro[2.2]pen-

tane derivative 125 was converted to dispiro[2.0.2.1]heptane

126 in a higher yield when a fivefold excess of diazomethane

was used (Scheme 53).147

The cyclopropanation of 1-methylenecyclopropane-2,3-

dicarboxylate 127 with an excess of diazomethane resulted

in the synthesis of spiropentane 128 (Scheme 54).148 The

optically active (R,R)-(+)-isomer was converted to opti-

cally active (1R,2R)-(7)-bis(methoxycarbonyl)spiropen-

tane 128.

An interesting example of this type of reaction is the

cyclopropanation of all four exocyclic double bonds of

1,3,5,7-tetramethylenecyclooctane 129 with diazomethane

(10 equiv.) giving rise to tetraspirohexadecane 130

(Scheme 55).149

The cyclopropanation of 1,1-disubstituted double bonds

efficiently proceeds also for a number of aliphatic com-

pounds. For example, 4-methylene-L-glutamic acid deriva-

tive 131 containing an electron-withdrawing substituent

(CO2Me) on the double bond was converted to cyclopro-

pane derivative 132 upon the reaction with diazome-

thane.150 One more structurally similar compound, diethyl

2-hydroxy-4-methyleneglutarate 133, was converted to

cyclopropane product 134 in a considerably lower yield

even when a 30-fold excess of diazomethane was used

(Scheme 56).151 Most likely, in the last-mentioned case, the

destruction of the active species of the Pd catalyst could

take place even upon the addition of one equivalent of

diazomethane, and subsequently the large excess of diazo-

methane no longer participated in the cyclopropanation

reaction, but decomposed to give ethylene gas and cyclo-

propane.

Cyclopropane adducts 136 and 138 were obtained in

moderate yields upon the cyclopropanation of itaconic acid

135 and butyl acrylate 137 derivatives with an excess of

diazomethane (Scheme 57).152, 153 In this case, steric factors

could apparently have an adverse effect.

Quite successful cyclopropanation of 1,1-disubstituted

double bonds with diazomethane (2 eqiuv.) takes place for

substrates such as 5-methylenepiperidine-2,3-dicarboxylic

acid 139 and 3-(2-methylprop-2-enyl)-2-oxomorpholine-4-

carboxylic acid 141. The corresponding cyclopropane prod-

ucts 140 and 142 are formed in high yields

(Scheme 58).154, 155

The double bond of 3-methylenepyrrolidin-2-one deriv-

atives 143 and 145 can also be cyclopropanated with an
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excess of diazomethane to give derivatives 144 and 146 in

good yields (Scheme 59).153, 156, 157

(S)-3-Methylene-1,4-diphenylazetidin-2-one 147 reacts

with an excess of diazomethane in a similar way to give

azaspiro[2.3]hexan-4-one 148 (Scheme 60).158

Among other heterocycles, mention should be made of

2,2-dimethyl-5-methylene-1,3-dioxane derivative 149, which

is cyclopropanated with an excess of diazomethane to give

substituted 5,7-dioxaspiro[2.5]octane 150 (Scheme 61).159

The cyclopropanation was also performed for alkenyl-

boronic esters 151, which were allowed to react with a large

excess of diazomethane (10 ± 12 equiv.) to give 1,1-disubsti-

tuted cyclopropanes 152 in high yields (Scheme 62).160, 161

3.2.3. Cyclopropanation of 1,2-disubstituted ethenes

The reactivity difference between cis- and trans-olefins in

the Pd-catalyzed reactions is caused by their different

abilities to be coordinated to palladium. As indicated

above, most often, cis isomers form complexes with palla-

dium somewhat more easily than the corresponding trans

isomers. However, this difference is slight; therefore, cis and

trans isomers afford cyclopropanation products in nearly

equal yields

No examples of the successful cyclopropanation of cis-

or trans-alkenes are known among unsaturated acyclic

hydrocarbons with a 1,2-disubstituted double bond. For

compounds in which the double bond bears no activating

substituents, only a few examples of the successful cyclo-

propanation have been reported.

For example, ricinoleic acid derivatives 153 and 155, in

which the double bond is separated from functional groups

by several CH2 units, react with an excess of diazomethane

(*20 equiv.) giving rise to cis-cyclopropane adducts 154

and 156, respectively (Scheme 63).162

Similarly, diethyl phosphonates 157 and 159, in which

the double bond is also separated from oxygen- and

phosphorus-containing groups by CH2 units, react with
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diazomethane to afford cyclopropanes 158 and 160 in high

yields (Scheme 64).163

The successful cyclopropanation is mainly provided by

the presence of suitable substituents on the double bond Ð

either aromatic or electron-withdrawing ones.

E-b-Substituted acrylic acid ester 161, in which one

electron-withdrawing substituent is located on the double

bond, is easily converted to trans-cyclopropanecarboxylate

162 under usual conditions of catalytic cyclopropanation

(Scheme 65).164

(E )-3-(Oxazolidin-4-yl)acrylate derivatives 163 can also

be rather smoothly converted to trans-disubstituted cyclo-

propane products 164 (Scheme 66).165, 166

The reaction of erythromycin derivative 165 with a large

excess of diazomethane generates trans-cyclopropane com-

pound 166 (Scheme 67).167

Among 1,2-disubstituted unsaturated compounds,

trans-cinnamic acid esters 167 containing electron-donating

and -withdrawing substituents are most abundant. The

catalytic diazomethane cyclopropanation of these com-

pounds can provide the synthesis of phenylcyclopropane-

carboxylates 168 in 65%± 99% yields.30, 137, 168 ± 185

Products 168 are formed exclusively as trans isomers

(Scheme 68). This is, in particular, one of general methods

for the synthesis of donor-acceptor cyclopropanes.30

This reaction was also performed for (E)- and (Z)-3-(2-

naphthyl)acrylates 169 and 171, which were treated with a

large excess of diazomethane to be converted to cyclo-

propanes 170 and 172, respectively (Scheme 69).186

The cyclopropanation of acrylic acid derivatives effi-

ciently proceeds when hetaryl substituents are present on

the double bond. The trans isomer of methyl 3-(1H-imida-

zol-4-yl)acrylate 173 reacts with diazomethane to give

cyclopropane 174 in a high yield (Scheme 70).187
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Derivatives 176, new biologically active compounds

with a cyclopropane moiety, were prepared by the reaction

of diazomethane (3 ± 4 equiv.) with trans-indolylacrylates

175 (Scheme 71).188

Subsequently, this approach was extended to other

hetarylethenes. Using an excess of diazomethane, a number

of b-hetarylacrylamides 177a7f were converted to cyclo-

propane adducts 178a ± f in 84%± 100% yields

(Scheme 72).189

One more study 190 of this series was directed towards

the synthesis of analogous cyclopropanes with a substituted

indole moiety in the molecule. In this case, too, the selective

formation of isomers 180 and 182 takes place upon the

cyclopropanation of cis- and trans-ethenes 179 and 181 with

a fivefold excess of diazomethane (Scheme 73).

Other 1,2-disubstituted ethenes, e.g., compound 183,

react with diazomethane similarly to unsaturated esters

and their derivatives. These reactions may be directed

towards the synthesis of optically active cyclopropanes in

the presence of chiral palladium(II) bis(oxazoline) com-

plexes. However, it was found that substrates 167a and

183 actually give high yields of cyclopropanes 168a and 184

upon the reaction with diazomethane (2.8 equiv.), but the

enantiomeric excess does not exceed 2% (Scheme 74).185

The formation of racemic products 168a and 184 is a direct

consequence of the cyclopropanation mechanism involving

palladium catalysts (see Scheme 5).

Like cinnamic acid derivatives and other 1,2-disubsti-

tuted ethenes containing simultaneously electron-donating

and -withdrawing substituents, unsaturated compounds

with electron-donating substituents such as silyl groups

and boronic esters are successfully cyclopropanated with

diazomethane.

For instance, alkenylsilanes 185 react with diazome-

thane to give cyclopropanes 186 in high or even quantitative

yields (Scheme 75).81

Alkenylboronic esters and styrylboronates containing a

1,2-disubstituted double bond are also efficiently cyclo-

propanated with diazomethane.

Thus, 1,3,2-dioxaborinanes 187 with a trans-double

bond are selectively converted to trans-cyclopropanes 188

(Scheme 76).191 ± 194

1,3,2-Dioxaborolanes are most widely used in organic

synthesis. For example, cyclopropanes 190 and 192 were

prepared from esters 189 and 191 in more than 95% yields

(Scheme 77).195

The cyclopropanation of 4,5-bis(methoxydiphenyl-

methyl)-1,3,2-dioxaborolane derivatives 193 furnishes

cyclopropanes 194 in high yields (95%± 98%)

(Scheme 78).161, 193, 195, 196

Pd(OAc)2,
Et2O, CH2Cl2,
7570 8C

CH2N2

175 176

N

CO2Me

Ts

R R

N

Ts

CO2Me

R= H (70%), 4-OMe (65%), 5-OMe (60%), 5-F (79%)

Scheme 71

Pd(OAc)2

CH2N2

Ar

O

N Me

OMe177a ± f 178a ± f

O

N Me

OMe

Ar

N

R1

R2

R3

N

NSN

Ts

Ar = (b),(a), (c),

(e), (f)

N

(d),

Scheme 72

R

NMe

OMe

O

179a ±h

a

(a) CH2N2, Pd(OAc)2, CH2Cl2, 0 8C;
R = 5-CN (a, 54%), 7-CN (b, 71%), 6-CN (c, 64%), 4-CN (d, 78%),

5-F (e, 99%), 7-F (f, 87%), 6-F (g, 95%), 4-F (h, 98%)

N

Ts

NMe

OMe

O

180a ±h

R

N

Ts

(a) CH2N2, Pd(OAc)2, CH2Cl2, 0 8C; R=5-CN (a, 82%), 5-F (b, 73%)

CO2Me

181a,b 182a,b

R
a

R
CO2Me

N

Ts

N

Ts

Scheme 73

R=Me (183, 184), OMe (167a, 168a); R0 =Bn, Pri

Ph

C(O)R

167a, 183

CH2N2

168a, 184
N N

OO

R0 R0Pd
ClCl

Ph

C(O)R
Scheme 74

Pd(OAc)2,

Et2O, 0 8C

CH2N2R
SiMe(OSiMe3)2

185 186

R= C6H13, Ph, Me3Si

R
SiMe(OSiMe3)2

Scheme 75

Pd(OAc)2, Et2O

CH2N2

187 188

R= Bun (75%), n-C5H11 (65%), n-C6H13 (79%), Ph (70%±96%)

O

O
B

R

O

O
B

R

Scheme 76

L.G.Menchikov, E.V.Shulishov, Yu.V.Tomilov

Russ. Chem. Rev., 2021, 90 (2) 199 ± 230 213



Under similar conditions, cis-cyclopropylboronic esters

196 were obtained in high yields and with high enantiomeric

purity by the reaction of cis-substituted chiral boronic esters

195 with an excess of diazomethane (Scheme 79).160, 161, 197

The cyclopropanation of chiral (E)-2-styryl-1,3,2-dioxa-

borolanes 197 afforded 2-phenylcyclopropylboronic esters

198 (Scheme 80).198

A series of E- and Z-2-alkenyl(styryl)-substituted pina-

col boronic esters (4,4,5,5-tetramethyl-1,3,2-dioxaboro-

lanes) 199 were allowed to react with diazomethane, which

resulted in the synthesis of E- and Z-disubstituted cyclo-

propanes 200 in high yields (Scheme 81).194, 199, 200

Similarly, 2-alkenyl-substituted (E)-4,4,5,5-tetraphenyl-

1,3,2-dioxaborolanes 201 were converted to cyclopropanes

202 (Scheme 82).201

Styrylboronate 203 with a polyfluorinated substituent

reacts with an excess of diazomethane to give cyclopropane

204 in a quantitative yield (Scheme 83).202

Finally, E-styrylboronic ester derivatives 205 react with

diazomethane (2.5 equiv.) yielding the corresponding trans

isomers of cyclopropanes 206 (Scheme 84).203

Among other styryl-substituted heterocycles, 2-styrylox-

azolidine 207 reacts with diazomethane to be converted to

cyclopropane 208 (Scheme 85).105

Yet another group of 1,2-disubstituted ethenes that can

be catalytically cyclopropanated with diazomethane are cis-

and trans-stilbenes. Thus, cis-stilbenes 209 were used to
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prepare cyclopropanes 210 in satisfactory yields.204 In the

reaction with a large excess of diazomethane, trans-stilbenes

211 with various aryl substituents, including structurally

complex ones, were converted to trans-diarylcyclopropanes

212, usually in high yields (up to 95%) (Scheme 86).205 ± 210

Most diarylcyclopropanes 212 exhibit biological activ-

ities. For example, the reaction of stilbene 213 with a

12-fold excess of diazomethane resulted in the synthesis of

cyclopropane 214, which was proposed for the treatment of

viral hepatitis C (Scheme 87).205

Among chemical transformations of acyclic1,2-disubsti-

tuted ethenes, reactions of diazomethane with acrylic acid

derivatives 215 have been reported. The cyclopropanes 216

thus formed were used as intermediates in the synthesis

of natural lactones Ð solandelactones A and B

(Scheme 88).211

Before passing to a consideration of cycloalkenes, note

that the reactivity of their double bond follows approxi-

mately the same trends as that of the double bond of similar

acyclic derivatives.

In the series of simple cycloalkenes from cyclopentene to

cyclooctene, an abnormally low reactivity is inherent in

cyclohexene.83, 86 Among polycyclic derivatives, the highest

reactivity is characteristic of molecules with a norbornene

type double bond 33 (see Section 3.2).

Examples of the successful cyclopropanation of endocy-

clic double bonds bearing no activating substituents are

scanty. The cyclopropanation of 5,10-dibromotricy-

clo[7.1.0.04,6]deca-2,7-diene 217 with a large excess of diazo-

methane furnishes cyclooctane 218 with four annulated

cyclopropane moieties in the eight-membered ring

(Scheme 89).212

One more example is the successful cyclopropanation of

the endocyclic trans-double bond of substituted

(E)-1,3,4,7,8,9-hexahydro-2H-azonin-2-one 219, which

reacts with diazomethane to give cyclopropane product

220 in a high yield (Scheme 90).213

The cyclopropanation of compounds with endocyclic

double bonds is facilitated by the presence of heteroatoms

in the ring or functional substituents.

On treatment with an excess of diazomethane, unsatu-

rated cyclic ketones 221 are converted to bicyclic derivatives

222 (Scheme 91).214 It is noteworthy that in these com-

pounds, like in simple cycloalkenes (cyclopentene and cyclo-

hexene), the double bond in the six-membered ring (n=2) is

considerably less reactive than that in the five-membered

ring (n=1).

Cyclohexenone 223 reacts with a large excess of diazo-

methane in the presence of various palladium catalysts to

give bicyclo[4.1.0]heptan-2-one (224) in a yield of up to 96%

(Scheme 92).185, 215, 216
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The reaction of trisubstituted cyclohexenone 225 with an

excess of diazomethane also affords cyclopropane product

226 (Scheme 93).215

When electron-withdrawing groups are located in the

allylic position relative to the double bond, as, for example,

in compound 227, the target cyclopropane 228 is formed in

a yield of only 8%, while the major product is compound

229 (Scheme 94).215

Another cyclohexenone derivative 230, in which the

methoxycarbonyl group is also located in the allylic position

to the double bond, shows low reactivity, similarly to

compound 227. The reaction of 230 with an excess of

diazomethane gives cyclopropane derivative 231 in a low

yield (Scheme 95).215

Compound 232, containing an electron-donating sub-

stituent in the vicinity of the cyclohexene double bond, also

reacts with diazomethane to give cyclopropane product 233

(the yield is not indicated) (Scheme 96).217

Heterocycles with an endocyclic double bond are also

able to react with diazomethane in the presence of palla-

dium compounds. The cyclopropanation of 1,5-dihydro-

2H-pyrrol-2-one derivatives 234 with a tenfold excess of

diazomethane results in the formation of 3-azabi-

cyclo[3.1.0]hexan-2-ones 235,218, 219 while similar cyclopro-

panation of 2,3-dihydro-1H-pyrrole 236 gives

2-azabicyclo[3.1.0]hexane derivative 237 (Scheme 97).220

The cyclopropanation of the double bond of 5-amino-

substituted 5,6-dihydro-2H-pyran-2-ones 238 with diazo-

methane (5 equiv.) affords cyclopropane products 239

(Scheme 98).221

The addition of diazomethane to the sterically unhin-

dered double bond of one more heterocyclic compound,

hexahydro-1,2-diazocine 240, easily gives cyclopropane 241

(Scheme 99).222

Along with the cyclopropanation of cis-double bonds,

the cyclopropanation of trans-double bonds of macrocyclic

compounds has been reported. For instance, 14-membered

bis-lactone 242 with two trans-double bonds forms double
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cyclopropanation product 243 upon the reaction with five

equivalents of CH2N2 (Scheme 100).223

Levoglucosenone derivatives 244 react with two equiv-

alents of CH2N2 to furnish cyclopropane adducts 245 in up

to 95% yields (Scheme 101).224 Meanwhile, direct cyclo-

propanation of the endocyclic double bond of pristine

levoglucosenone 246 cannot be carried out under similar

conditions because of the easy formation of 1-pyrazoline

247.224

Among unsaturated polycyclic compounds, a special

position is occupied by derivatives containing the norbor-

nene moiety or its heteroanalogue. Like the pristine nor-

bornene, these compounds have high reactivity towards

palladium-catalyzed diazomethane cyclopropanation. For

example, polycyclic imide 248 readily reacts with an excess

of diazomethane to give compound 249, resulting from

cyclopropanation of both norbornene double bonds

(Scheme 102).225, 226

In addition to norbornene, high activity in these reac-

tions was found for its heteroanalogues. Thus, compounds

250 containing the 7-azabicyclo[2.2.1]hept-2-ene moiety

react with a 2.5 ± 3-fold excess of diazomethane giving

cyclopropanes 251 in 75%± 98% yields (Scheme 103).227

2-Azabicyclo[2.2.1]hept-5-ene derivatives, in particular,

amides 252 or ethyl carboxylate 254 also react with an

excess of diazomethane in the presence of palladium-based

catalysts giving rise to cyclopropanes 253 and 255

(Scheme 104).228 ± 232

Apart from aza derivatives, a reasonably high reactivity

is also inherent in oxa derivatives of polycyclic compounds.

Compounds 256 with a 7-oxabicyclo[2.2.1]hept-2-ene moi-

ety react with an excess of diazomethane (2.6 ± 8 equiv.) to

be converted to cyclopropane adducts 257 in 64%± 96%

yields (Scheme 105).233 ± 236

Yet another class of original bicyclic compounds, unsa-

turated endoperoxides 258, also give cyclopropanes 259 in

58%± 82% yields when react with diazomethane (up to

20 equiv.) (Scheme 106).237

Related molecules 260, which are obtained by the

Diels ± Alder reaction from cyclopentadiene and nitroso

compounds, rather efficiently react with diazomethane in

the presence of Pd(OAc)2 producing annulated cyclopro-

pane products 261 in 73%± 96% yields (Scheme 107).238

Among the reactions of other bicyclic compounds, the

successful cyclopropanation of 8-azabicyclo[3.2.1]oct-6-ene
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262 to form cyclopropane derivative 263 has been reported

(Scheme 108).239 In all cases, the annulated three-membered

ring (as in the pristine norbornene) points towards the

single-atom bridge.

Polycyclic compound 264 containing an oxabicy-

clo[2.2.2]octene moiety is also cyclopropanated with diazo-

methane (*10 equiv.), which affords cyclopropane product

265 in a high yield (Scheme 109).240

As noted above (see Section 3.1), palladium catalysts

with chiral ligands, unlike copper, iron, ruthenium, rho-

dium and other metal compounds, are barely used for the

synthesis of optically active cyclopropanes, because the

resulting cyclopropane derivatives turn out to be race-

mic.185 Nevertheless, this limitation can be circumvented if

a chiral ligand is first incorporated into the unsaturated

substrate, then cyclopropanation is carried out in the

presence of usual palladium compounds (without chiral

ligands), and finally the protecting chiral ligand is removed.

This synthetic route based on natural chiral bicyclic ligands

was utilized to prepare several optically active cyclopro-

panes.

A chiral ligand, (1S)-(7)-camphor-2,10-sultam 266, was

incorporated into cinnamic acid derivatives, which resulted

in the formation of chiral unsaturated compounds 267. The

diazomethane cyclopropanation of compounds 267 in the

presence of Pd(OAc)2 afforded optically active cyclopro-

panes 268. Cyclopropane derivatives 269 with the (1R,2S)-

configuration were obtained in this way in preparative

yields (Scheme 110).241

This strategy was also successfully used in the synthesis

of some other optically active cyclopropanes from cinnamic

acid derivatives.190, 242 ± 244

3.2.4. Cyclopropanation of polysubstituted ethenes

The currently known examples of the catalytic diazome-

thane cyclopropanation of trisubstituted double bonds are

limited to compounds containing adjacent electron-donat-

ing and -withdrawing groups, norbornene derivatives and

highly strained molecules with methylenecyclopropane

groups. Most often, the cyclopropanation of compounds

with a trisubstituted double bond requires even a greater

excess of diazomethane than that of disubstituted ethenes,

and even in this case, the yields of the cyclopropane

products are moderate.

For example, using a large excess of diazomethane, a

series of substituted 5,6-dihydro-2H-pyran-2-ones 270 were

converted to cyclopropanes 271, the yields of which were

not higher than 46% (Scheme 111).221

In the reaction with a large excess of diazomethane,

2,2,5-trimethylbenzo[b]oxepin-3(2H)-one derivatives (272)

are converted to annulated cyclopropanes 273, the yields

of which are 72%± 90% (Scheme 112).92, 245, 246

The double bond activation with a silyl group enabled

conduction of cyclopropanation for alkenylsilane 274,

which was allowed to react with a fourfold excess of diazo-

methane, being thus converted to cyclopropane 275

(Scheme 113).81

The catalytic reactions of 4-benzylidene-2-phenyloxazol-

5(4H)-one 276 and substituted 4-benzylidenepiperidine 278

with diazomethane are examples of the successful cyclo-

propanation of a substituted exocyclic double bond. These
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reactions afforded spiro compounds 277 and 279

(Scheme 114).247, 248

The cyclopropanation has also been reported for a,b-un-
saturated aldimine 280, which was prepared from O-sily-

lated steroidal cis-amino alcohol and used as a chiral

auxiliary for the highly diastereoselective preparation of

substituted cyclopropylmethanimine 281 (Scheme 115).249

Among analogous reactions of bicyclic compounds, the

cyclopropanation of 7-oxabicyclo[2.2.1]heptenes 282 with a

trisubstituted double bond using an excess of diazomethane

(2.6 ± 8 equiv.) was reported to give adducts 283 in good

yields (Scheme 116).235

The final example of cyclopropanation of trisubstituted

ethenes is the reaction involving the methylenecyclopropane

moiety of cyclic compounds 284 and 286, which makes it

possible to prepare, although in a low yield, cyclopropanes

annulated to an eight-membered ring (285 and 287)

(Scheme 117).250, 251

Similarly, derivatives containing a cyclopropane moiety

annulated to a six-membered ring (289) were obtained in

moderate yields by the treatment of lysergic acid derivatives

288 with diazomethane (3 equiv.) (Scheme 118).93

Compounds with a tetrasubstituted double bond were

mentioned in the publications 252, 253 dealing with the cyclo-

propanation of bicyclopropylidene 290 and its derivative

292. The reaction of these substrates with an excess of

diazomethane gives cyclopropanes 291 and 293

(Scheme 119). The former reaction yields up to ten by-

products along with dispiroheptane 291, which is a rare

case for Pd-catalyzed cyclopropanation of unsaturated

compounds.

It was shown that the endocyclic tetrasubstituted double

bond of 1,4-naphthoquinone derivative 294 can be cyclo-

propanated with an excess of diazomethane; this gives

adduct 295, although in a low yield (Scheme 120).254

A tetrasubstituted double bond was successfully cyclo-

propanated with the goal to introduce an annulated cyclo-

propane moiety into some ergot alkaloids.255 For example,

using a tenfold excess of diazomethane, 8-methyl-D-norer-
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golene 296 was converted to the alkaloid cycloclavine 297

(Scheme 121).

Finally, among tetrasubstituted unsaturated compounds

containing no activating substituents on the double bond, a

highly strained cage structure 298 has been described. The

cyclopropanation of 298 with an excess of diazomethane

(6 equiv.) provided the synthesis of both mono- and bis-

adducts (compounds 299 and 300, respectively)

(Scheme 122).91, 256

3.2.5. Cyclopropanation of dienes

The relationship, according to which the palladium-cata-

lyzed addition of diazomethane to substituted double

bonds, is more difficult than the addition to unsubstituted

double bonds is preserved for the cyclopropanation of

substituted dienes.33

When conjugated dienes have a terminal double bond,

exactly this bond is cyclopropanated. Thus, diene ethers 301

react with an excess of diazomethane (5 equiv.) to give

vinylcyclopropanes 302 in good yields (Scheme 123).257

On treatment with a 2 ± 3-fold excess of diazomethane,

1-vinylcyclobutenes 303 are also converted exclusively to

the products of cyclopropanation of the vinyl group,

1-cyclopropylcyclobutenes 304 (Scheme 124).129, 258

Despite the presence of the activating carbonyl group

and the use of an excess of diazomethane (5 equiv.), the

cyclopropanation of conjugated diene 305 involves exclu-

sively the less substituted double bond and affords com-

pound 306 (Scheme 125).221

When the starting 1,3-diene molecule contains only

disubstituted double bonds, the rate and the site of its

reaction with diazomethane are determined by the nature

of substituents. For example, 2-fluoro-3-methylbuta-1,3-

diene 307, in which both double bonds are 1,1-disubstituted,

is converted to a mixture of cyclopropane adducts, with

monoadduct 308 being formed predominantly. In this case,

the reaction mixture contains also the products of cyclo-

propanation of the fluorinated double bond: monoadduct

309 and bisadduct 310; the conversion of the starting diene

307 is 78% (Scheme 126).258

The regioselectivity of cyclopropanation of double

bonds in conjugated dienes containing functional groups

(FG) (for example, as in compounds 311) depends on the

nature of these groups (Scheme 127).259

The reactions of ketones and carboxylic acid derivatives

usually give mixtures of cyclopropanation products at both

double bonds, that is, compounds 312 and 313, the former

being obtained in predominant amounts; the highest regio-

selectivity is observed for ketones. When 1 equiv. of diazo-

methane is used, the conversion of diene 315 reaches 90%

and the ratio of monoadducts 316 and 317 is *2 : 1. Under

the same conditions, ester 319a is converted to a mixture of

monoadducts 320a and 321a in *4 : 1 ratio. In the case of

ketone 319b, the ratio of monoadducts 320b and 321b is

18 : 1; however, the substrate conversion is only 50%. In all

cases, bisadducts 318 and 322, respectively, are also formed

(Scheme 128).259

The reaction of 1,3-diene derivatives of boronic esters

323 with diazomethane proceeds regioselectively at the

activated double bond adjacent to the boron atom and

gives vinylcyclopropyl derivatives 324 in 60%± 70% yields

(Scheme 129).259
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The high regioselectivity of cyclopropanation stimulated

the active use of boronates in organic synthesis in recent

years.

Conjugated dienes containing one 1,2-disubstituted

bond and one tri- or tetrasubstituted bond usually react

with diazomethane to give only products of cyclopropana-

tion of the 1,2-disubstituted double bond, no matter where

it is located.

Thus, the reaction of diene 325 with diazomethane

(3 equiv.) is directed only at the 1,2-disubstituted endocyclic

double bond and results in cyclopropanation product 326 in

a quantitative yield (Scheme 130).260

In a similar way, cyclohexadiene 327 reacts only at the

less substituted double bond, being converted exclusively to

cyclopropane adduct 328, even when a large excess of

diazomethane (22 equiv.) is used (Scheme 131).261

Cyclohexa-1,3-diene-1-carboxylate derivatives 329 also

react with an excess of diazomethane (4 equiv.) to give

cyclopropanation products exclusively at the 1,2-disubsti-

tuted double bond, cyclopropanes 330, in high yields

(Scheme 132).262

In macrocyclic diene 331, cyclopropanation is also

directed only to the 1,2-disubstituted trans-double bond

and affords product 332 (Scheme 133).263

Despite the activating silyl substituent located at the

trisubstituted double bond, acyclic dienes 333 react with an

excess of diazomethane (5 equiv.) to give only compounds

334, resulting from cyclopropanation of the less substituted

double bond (Scheme 134).264

The reaction of lactone 335 with diazomethane also

includes the cyclopropanation of only the less substituted

double bond, which is furthermore activated by the ester

group. When three equivalents of diazomethane are used,

only cyclopropane product 336 is obtained (Scheme 135).265
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Among cyclic 1,3-dienes, spiro[2.4]hepta-4,6-diene

derivatives (337) possess a number of unusual proper-

ties.266 ± 268 The catalytic cyclopropanation of spirohepta-

diene makes it possible to obtain either monoadduct 338 or

bisadduct 339, depending on the excess of diazomethane

used. In the case of exhaustive cyclopropanation with a

fourfold excess of diazomethane, the cis isomer of 339 was

isolated (2%± 5%) in addition to the major trans isomer.

Moreover, the reaction was accompanied by the side for-

mation of bishomofulvene 340 (1% ± 3%). This fact is

surprising, as the catalytic cyclopropanation of olefins

usually gives no by-products (Scheme 136).54, 61

The use of 1,1,2,2-tetradeuterospiroheptadiene (d4-337)

in this reaction demonstrated that, unlike mono- and

bisadducts 338 and 339 containing each four deuterium

atoms in the molecule, the formed bishomofulvene 340 has

only two deuterium atoms, which attests to elimination of

one CD2 group from the initial d4-337.61

1-Methyl- and 1,1-dimethylspiro[2.4]hepta-4,6-dienes

(341) react with diazomethane in a similar way; the double

bonds in these hydrocarbons are cyclopropanated less

smoothly than the bonds of spiroheptadiene 337. A high

conversion of the substrate is attained when a 8 ± 11-fold

excess of diazomethane is used; apart from mono- (342) and

dicyclopropanation (343) products, the formation of bisho-

mofulvenes 344 was also detected (3% ± 4%). Compounds

344 are formed upon elimination of an unsubstituted

methylene group from the spiro cyclopropane ring in the

starting compound (Scheme 137).61

The cyclopropanation of 6,6-dimethylfulvene (345) with

diazomethane affects only the endocyclic double bonds and

gives predominantly, first, monoadduct 346, which further

reacts with diazomethane to be converted to bisadduct 347

as the trans isomer. The remaining exocyclic double bond

does not react with diazomethane in the presence of the

palladium catalyst (Scheme 138).61

In the case of non-conjugated dienes with different

double bonds, the less substituted double bond is also the

first to be cyclopropanated. For example, 1,2-difluorocy-

clohexa-1,4-diene 348 is cyclopropanated with an excess of

diazomethane (10 equiv.) only at the unsubstituted double

bond; however, the reactivity of this bond is moderate, and

3,4-difluorobicyclo[4.1.0]hept-3-ene 349 is formed in a low

yield (Scheme 139).258

An interesting result was noted for the cyclopropanation

of substituted o-divinylbenzene 350 containing a benzyl

substituent on one double bond and an ester group on the

other double bond. In this case, unlike cinnamic acid esters,

the catalytic cyclopropanation was directed towards the

benzyl-substituted double bond and gave cyclopropane

351, whereas the double bond with the electron-withdraw-

ing CO2Me group remained intact (Scheme 140).269

3.3. Other types of catalysts
3.3.1. Iron-based catalysts

In 2012, the iron 5,10,15,20-tetraphenylporphyrin complex

FeTPPCl (9) was proposed for the first time as an efficient

catalyst for diazomethane cyclopropanation.45 This com-

plex proved to be stable under strongly alkaline conditions

used to generate diazomethane in situ both from water-

soluble diazald derivative 6 45 and from temozolomide (5) 47

under the action of an aqueous 6M KOH solution. Under

these conditions, the cyclopropanation of substituted styr-

enes 352 (3 equiv. of the source of diazomethane per equiv.

of the unsaturated compound) gives high yields of arylcy-

clopropanes 353 (Scheme 141).45, 47

Good product yields were also observed for styrene

derivatives with electron-withdrawing and electron-donat-

ing substituents.45, 47 However, substrates with electron-

donating substituents reacted faster and gave products in

better yields.47

Pd(OAc)2,
Et2O,
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Good yields of cyclopropane adducts 355 were also

obtained from aryl-substituted 1,3-dienes and enynes 354

with a terminal double bond under the same conditions with

FeTPPCl as the catalyst (Scheme 142).45

Apart from styrene derivatives, the cyclopropanation

was successfully carried out for 1,1-diphenylethylene 356,

vinylnaphthalene 358 and alkaloid 360, which were con-

verted to cyclopropane derivatives 357, 359 and 361,

respectively (Scheme 143).1, 47

Dendrimers 364 containing an iron porphyrin complex

as the catalytically active site and polyether dendrite

branches as substituents have been synthesized. The high

efficiency of the synthesized catalysts was demonstrated in

relation to the model cyclopropanation reaction of

1-chloro-4-(prop-1-en-2-yl)benzene (362) giving cyclopro-

pane 363 (Scheme 144 shows only the second generation

D2 branch for compound 364) (Scheme 144).270

Studies of iron complex-based catalysts for the diazo-

methane cyclopropanation have been started only recently

and, in the future, one should expect new catalysts of this

type and data on the cyclopropanation of unsaturated

compounds of other classes.

3.3.2. Copper-based catalysts

Copper-based catalysts were among the first to be used for

the diazomethane cyclopropanation of unsaturated com-

pounds; therefore, these catalysts have been best

studied.271 ± 273 However, due to the very high decomposi-

tion rate of diazomethane, low reaction selectivity, usually

low yields of cyclopropane products, the need for a large

excess of diazomethane and, as a consequence, a large

amount of polymethylene by-products, these catalysts are

used relatively rarely.

Among copper catalysts, copper complexes with chiral

ligands have a limited use for the preparation of optically

active compounds.2, 48, 49, 175 For example, unlike Pd com-

pounds, copper(I) complexes with chiral bis(oxazoline)

ligands (367) allow enantioselective cyclopropanation of

derivatives of cinnamic acid esters 365 with diazomethane.

The highest yields of cyclopropanes (up to 80%) are

attained for methyl esters 366 (Scheme 145).175 Sterically

hindered esters are formed in lower yields with lower

enantioselectivities.

One more current application area of copper catalysts is

the cyclopropanation of double bonds that cannot be cyclo-

propanated in the presence of palladium catalysts such as

tri- and tetrasubstituted double bonds.274 ± 278

Copper(I) chloride (CuCl) was used to catalyze the

synthesis of triangulanes.274 In particular, the cyclopropa-

nation of the tetrasubstituted double bond of diol 368

catalyzed by CuCl (2.67 equiv.) results in the formation of

[7]triangulanedimethanol 369 in a low yield despite the large

excess of diazomethane (134 equiv.) (Scheme 146).274

The cyclopropanation of tetrasubstituted double bonds

of a different type can be exemplified by the reaction of 1,3-

dialkyl-1,3-dihydroimidazol-2-ones 370 and 372 with a

large excess of diazomethane (10 equiv.), which gives the

expected cyclopropane products 371 and 373 in moderate

yields (Scheme 147).275

Copper chloride is sometimes used to demonstrate the

conceptual possibility of cyclopropanation of also aromatic

352

R

R= 2-OMe (80%,45 87%47), 4-OMe (89%,45 91%47),

4-But (78%),45 3-Br (81%),45 4-ClCH2 (76%),45 3-NO2 (64%),45

4-Me (55%),47 4-Ph (38%) 47
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double bonds, as for example, in the case of tetrame-

thyl[2.2]paracyclophane 374. Large excess of diazomethane

(21 equiv.) made it possible to obtain the product of cyclo-

propanation of four double bonds (375), although the yield

of the product was low (Scheme 148).279 Compound 375 is

the first stable cis-bis(s-homobenzene).

Finally, mention should be made of the use of Cu(acac)2
as the catalyst of the cyclopropanation of the exocyclic

double bond of bishomofulvenes 376, which cannot be

cyclopropanated in the presence of traditional palladium

catalysts. The reaction with diazomethane afforded cyclo-

propane adducts 377 (Scheme 149).61

Thus, copper-based catalysts are now used rarely,

mainly in those cases where palladium catalysts are inappli-

cable.

3.3.3. Catalysts based on miscellaneous metals

Attempts to find effective catalysts for the diazomethane

cyclopropanation have been made for a long time. Partic-

ular attention was attracted by compounds of metals other

than copper or palladium, which are traditionally used in

this reaction. In an early systematic study,85 a number of

metals (Co, Ni, Zr, Cr, Rh, Dy, etc.) were tested as

catalysts, with norbornene 378 being chosen as the model

unsaturated compound (norbornene : CH2N2=1 : 1)

(Scheme 150).

Considering that study 85 from the modern standpoint,

based on the accumulated knowledge of the mechanism of

diazomethane cyclopropanation catalyzed by various com-

pounds (see Section 3.1), it can be noted that the conclu-

sions drawn in that study are quite reasonable (the highest

yield of product 20 was obtained in the presence of

palladium catalysts, because norbornene is a very good

complexing agent for palladium). Among palladium com-

pounds, the best results were obtained for Pd(acac)2 , which

is still one of the best catalysts for the cyclopropanation of

certain classes of unsaturated compounds with diazome-

thane.

Compounds of other metals exhibited much lower effi-

ciency.85 However, the mechanism of cyclopropanation

catalyzed by other metals, most likely, differs considerably

from the mechanism of action of palladium catalysts. For

example, the mechanism may include the intermediate

formation of carbene complexes and may be almost unaf-

fected by the degree of complex formation with the double

bond of the starting unsaturated compound (see Section

3.1). Therefore, to study the comparative efficiency of the

catalysts based on various metals, it is necessary to consider

the possible mechanism of action of the chosen catalyst and

to take chemically different starting unsaturated com-

pounds for the reaction. For another diazo compound,

ethyl diazoacetate, and palladium-based catalysts, the best

results were also attained for norbornene (80%± 95%

yields), whereas in the presence of platinum compounds,

the yield of the cyclopropane product obtained from nor-

bornene was 0%± 20%, while styrene gave the product in

60%± 90% yield.280, 281 Hence, if only one substrate is taken

as the model unsaturated compound, the really efficient

catalysts can be overlooked.

In a later study,45 the search for the best catalysts for the

diazomethane cyclopropanation was performed using

4-methoxystyrene (378), which was converted to cyclopro-

pane 379. Diazomethane (3 equiv.) was generated in situ by

the treatment of diazald analogue 6 with 6M KOH aqueous

solution (Scheme 151).

The following compounds were tested (the value in

parentheses is the yield of product 379): Cu(OTf)2 (0%),

Pd(OAc)2 (9%), Rh2(OAc)4 (0%), Rh2C17H35COO)4

CuCl, 20 8C, 3 h
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(45%), 380 (53%), 381 (23%) and 382 [M=RuCO (93%),

Co (33%), FeCl (100%)].45 A surprising fact is the low yield

of cyclopropane 379 with the use of Pd(OAc)2 , which may

be due to the presence of a two-phase system. Indeed, the

efficiency was markedly lower for water-soluble catalysts

than for catalysts insoluble in water, but readily soluble in

organic solvents. This can be understood by taking into

account the details of in situ generation of diazomethane

from the diazald analogue under the action of concentrated

aqueous alkali. In this case, water-soluble metal compounds

either pass to the aqueous phase or precipitate. The results

obtained by Morandi and Carreira 45 indicate that these

studies need to be continued and it is necessary to more

thoroughly study the potential of other catalysts, in partic-

ular, those based on ruthenium and cobalt, for reactions of

chemically diverse unsaturated compounds with a diazo-

methane solution in diethyl ether or CH2Cl2 .

4. Conclusion

Analysis of the published data on the cyclopropanation of

olefins attests to a considerable progress in the title area of

research over the last 10 ± 15 years. During this period, new

methods for safe generation of diazomethane have been

developed, including the use of membrane technologies and

continuous-flow and in situ generation methods, which

eliminate severe limitations on the wide use of diazome-

thane both in laboratory and in industry and can revive the

interest in the diazomethane chemistry.

This review demonstrates the potential of using diazo-

methane for the synthesis of cyclopropanes by the direct

catalytic cyclopropanation of unsaturated compounds.

These processes are catalyzed most efficiently by palladium

compounds, which ensure high yields of products with a

minimized consumption of diazomethane. In recent years,

catalysts based on iron compounds have also been actively

developed.

The systematic studies of these reactions over this period

revealed the regular patterns of cyclopropanation of various

double bonds and made it possible to evaluate the efficiency

of various catalysts and to propose the mechanisms of their

action.

The successful development of this research area would

be determined by further search for active and highly

selective catalysts for the diazomethane cyclopropanation

and further progress in the understanding of the reaction

mechanism.

The following acronyms are used in the review:

acac Ð acetylacetonate,

Boc Ð tert-butyloxycarbonyl protecting group,

Bz Ð benzoyl,

Bn Ð benzyl,

Cbz Ð benzyloxycarbonyl,

cod Ð cycloocta-1,5-diene,

Diazald Ð N-methyl-N-nitroso-p-toluenesulfonamide,

DMSO Ð dimethyl sulfoxide,

DVTMS Ð divinyltetramethyldisiloxane,

EWG Ð electron-withdrawing group,

LA Ð Lewis acid,

MNNG Ð N-methyl-N 0-nitro-N-nitrosoguanidine,

MNU Ð N-methyl-N-nitrosourea,

MOM Ð methoxymethyl,

Naph Ð naphthyl,

NMR Ð nuclear magnetic resonance,

Rf Ð retention factor,

TBS Ð tert-butyldimethylsilyl,

THF Ð tetrahydrofuran,

THP Ð tetrahydropyran,

TMZ Ð temozolomide,

TPS Ð tert-butyldiphenylsilyl.
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