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Introduction

Organic compounds of low�valent titanium have found
wide application in industrial and laboratory chemical
syntheses. A large�scale industrial process based on the
use of such compounds is exemplified in the olefin poly�
merization on the Ziegler—Natta catalysts.1,2 The forma�
tion of carbon—carbon bonds in complexes of tri� or
divalent titanium derivatives with olefins plays a key role
in the mechanism of action of these catalysts.3—5 Com�
plexes of divalent titanium derivatives with olefins or other
unsaturated compounds are predominantly used as re�
agents or catalysts for the formation of carbon—carbon
bonds in preparative organic synthesis (see the re�
views6—17). In 1963, it was hypothesized18 that divalent
titanium compounds exhibit carbenoid properties in re�
actions with alkenes and acetylenes and form three�mem�
bered metallacycles. However, these compounds could
be synthesized and characterized many years later. For
instance, substituted titanacyclopropene 1 was synthe�
sized for the first time in the early 1980s by reduction of
titanocene dichloride with magnesium in the presence of
tolan apparently through cycloaddition of titanocene at
the C≡C bond (Scheme 1).19

In the same year, a crystalline adduct of ethylene with
bis(pentamethylcyclopentadienyl)titanium (2) was syn�
thesized20 by reduction of the corresponding dichloride
(η�Cp*)2TiCl2 with sodium amalgam in an atmosphere of
ethylene (Scheme 2). Adduct 2 was also prepared in quan�

titative yield by the replacement of nitrogen in the
[(η�Cp*)2Ti]2(η�N2)2 complex by ethylene.20

Scheme 2

An X�ray diffraction study has demonstrated20 that
the distance between the C atoms of the methylene groups
in compound 2 is 0.1 Å longer than the carbon—carbon
bond in ethylene and the mutual arrangement of these
groups is substantially nonplanar. Comparison of these
data with the geometric parameters of other three�mem�
bered cyclic compounds and transition metal olefin com�
plexes led to the conclusion that the structure of com�
plex 2 corresponds to the resonance hybrid with compa�

* Materials were presented at the VII International Conference
on the Chemistry of Carbenes and Related Intermediates
(Kazan, 2003).

Scheme 1
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rable contributions of the TiIV�metallacyclopropane (A)
and TiII�ethylene (B) limiting structures20 (see Scheme 2)
and a substantial back electron transfer from the metal
atoms to the π* orbital of the ethylene ligand takes
place.21—23 Theoretical study of the electronic structure
of the adduct of titanium(II) chloride with ethylene dem�
onstrated that it better corresponds to the titanacyclo�
propane limiting structure although it was assumed that
this species can also exhibit properties of a metal olefin
complex.24

In the next two decades, practically valuable chemical
reactions were discovered in which cyclopentadienyl de�
rivatives of titanacyclopropane (titanocene olefin com�
plexes) served as reagents or catalysts.8,10—17 However,
the introduction of these compounds into the practice of
organic synthesis was impeded by difficulties in preparing
these reagents and separating titanocene derivatives from
the target reaction products.

About 15 years ago, when studying model reactions in
the presence of the Ziegler—Natta�type catalytic sys�
tems, our research group found25 that the reaction of
ethylmagnesium bromide with triisopropoxytitanium bu�
tyrate (3) afforded 1�propylcyclopropanol in low yield
(Scheme 3). This unusual transformation have attracted
our attention not only as a new procedure for the synthe�
sis of cyclopropane compounds but also due to the pros�
pects for substantially extending the field of application of
organomagnesium reagents in organic synthesis because
ethylmagnesium bromide acts in these reactions as a
1,2�dicarbanionic equivalent.25,26

Scheme 3

i. 1) EtMgBr (3 equiv.), 2) H3O+.

By analogy with a known ability of dialkyl derivatives
of metallocenes to undergo disproportionation giving rise
to alkanes and metallocene olefin complexes,8,11,27 we
hypothesized that diisopropoxytitanacyclopropane (4),
which is generated upon elimination of ethane from
a thermally unstable diethyltitanium precursor 5
(Scheme 4), serves as an alkylating agent in the process
under consideration.25,26

Scheme 4

Shortly thereafter, studies with the use of this rela�
tively inexpensive and handy combination of the reagents
were performed in several laboratories, which provided
abundant data on the useful chemical properties of
dialkoxytitanacyclopropanes, including their ability to
promote the intermolecular and intramolecular forma�
tion of covalent bonds between sp2� or sp�hybridized
C atoms. Various aspects of these investigations were gen�
eralized in several reviews.14—17,28—30 The present review
covers the state�of�the�art studies of reactions of dialkoxy�
titanacyclopropanes with carboxylic acid derivatives which
have been initiated by our research group31,32 and then
served as the basis for the development of new efficient
procedures for the synthesis of important classes of func�
tional organic compounds.

Reactions with carboxylic esters

Our attempts to increase the yields of 1�substituted
cyclopropanols by varying the conditions of reactions of
ethylmagnesium bromide with titanium acylates, for ex�
ample, with compound 3, have met with only limited
success. Nevertheless, we found that the addition of carb�
oxylic esters to a solution of 3 equiv. of ethylmagnesium
bromide and 1 equiv. of Ti(OPri)4 in Et2O at –78 °C
afforded the target products in high or even quantitative
yields.25,26,31 We succeeded in developing a catalytic ver�
sion of this transformation by changing the order of addi�
tion of the reagents, e.g., by adding ethylmagnesium bro�
mide to a solution of the ester and catalytic amounts of
Ti(OPri)4 in the same solvent.32,33 This procedure al�
lowed us to prepare the corresponding cyclopropanols in
high yields by the reactions at room temperature, no ex�
cess of the Grignard reagent (with respect to the stoichio�
metric amount) was needed (Scheme 5).

Scheme 5

Reagents and conditions: i. 1) EtMgBr (3 equiv.), Ti(OPri)4
(1 equiv.), –78 °C → 0 °C, 2) H3O+, 90% yield; ii. 1) EtMgBr
(2 equiv.), Ti(OPri)4 (0.1 equiv.), ~20 °C, 2) H3O+, 91% yield.

The mechanism of this reaction was initially as�
sumed25,26,33 to involve the formation of the car�
bon—carbon bond in the diisopropoxytitanacyclopro�
pane—ester complex (6) (Scheme 6) followed by the mi�
gration of the alkoxide group in oxatitanacyclopentane
intermediate 7 to the oxophilic Ti atom with the simulta�
neous closure of the three�carbon ring to form titanium
cyclopropanolate 8. In the absence of a catalyst, hydroly�
sis of the latter gave the corresponding 1�substituted



Alkylation with titanacyclopropanes Russ.Chem.Bull., Int.Ed., Vol. 53, No. 5, May, 2004 1067

cyclopropanol. Under catalytic conditions, titanium
cyclopropanolate 8 is transformed into magnesium cyclo�
propanolate 9, which is accompanied by regeneration of
diethyltitanium intermediate 10 serving as a precursor for
the key dialkoxytitanacyclopropane 11. If R″ = Pri, com�
pounds 10 and 11 are identical to compounds 4 and 5,
respectively (see Scheme 4).

Taking into account that it is necessary to use an addi�
tional equivalent of the Grignard reagent to achieve high
yields of the cyclopropanation products of esters in the
absence of catalysts as well as of ethylation products of
allylic alcohols with dialkoxytitanacyclopropane 4 dis�
covered later,34 it was hypothesized28 that the additional
equivalent of the Grignard reagent initiates the key step of
formation of the covalent bond between the C atom of the
titanacyclopropane fragment and the C atom of the car�
bonyl group in complex 6. Actually, if the alkoxide groups
are considered as the 6e ligands, the addition of ethyl�
magnesium bromide to the 18e titanacyclopropane com�
plex with ester (6) can give 18e�ate complex 12, while
oxatitanacyclopentane 7 is an organometallic species with
the unfilled 16e shell (see Scheme 6). This hypothesis
provides an explanation for a substantial increase in the
yield of the product when the reactions of equimolar
amounts of titanium alkoxide and an ester are carried out
with the use of an additional equivalent of an organo�

magnesium compound. Under catalytic conditions, an
organomagnesium compound is present in an excess with
respect to titanium alkoxide and, hence, there is no need
to consume its additional equivalent for the formation of
oxatitanacyclopentane ate complex 12. Apparently, alky�
lation of the Ti atom in complex 6 increases nucleophilic�
ity of the C atoms in the titanacyclopropane fragment and
favors its involvement in the formation of the car�
bon—carbon bond with the ester group, which is inert
with respect to organotitanium compounds under stan�
dard conditions.7 Elimination of alkoxymagnesium bro�
mide from oxatitanacyclopentane ate complex 12 gives
rise to β�titanio ketone 13, which undergoes isomeriza�
tion to cyclopropanolate 14. As in the initially proposed
mechanism, alkylation of the latter is accompanied by
regeneration of diethyltitanium derivative 10 and libera�
tion of magnesium cyclopropanolate 9 (see Scheme 6).28

Recently,35 a detailed theoretical study of the mecha�
nism of a model reaction of 1,1�dimethoxytitanacyclo�
propane with methyl formate has been carried out. Ac�
cording to the results of geometry optimization of this
titanacyclopropane reagent, the distance between the
C atoms of the methylene groups is 1.482 Å, which is
more consistent with the carbon—carbon single bond
length rather than with the double bond length. In addi�
tion, according to the results of calculations, the oxatitana�

Scheme 6
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cyclopentane intermediate is formed from the complex of
methyl formate with dimethoxytitanacyclopropane (com�
pounds corresponding to structures 6 and 7 in Scheme 6;
R = H, R´ = R″ = Me) in an exothermic process with low
activation energy, whereas the subsequent migration of
the alkoxide group to the Ti atom and the formation of
the three�carbon ring are energetically much less favor�
able and their rates are comparable.35

Cyclopropanation of esters of aliphatic, cycloaliphatic,
and aromatic carboxylic acids with ethylmagnesium bro�
mide in the presence of titanium alkoxides usually occurs
smoothly to give the corresponding 1�substituted cyclo�
propanols (see the reviews14,36,37). For instance, cyclo�
propanation of methyl cyclopropanecarboxylate with this
system of reagents afforded 1�cyclopropylcyclopropanol
in quantitative yield.38 The latter is a key intermediate in
the synthesis of bicyclopropylidene, which is a highly
strained unsaturated hydrocarbon possessing unusual
chemical properties39—41 (Scheme 7).

Scheme 7

The reactions of α,β�unsaturated acyclic carboxylic
esters with titanacyclopropane 4 afford the corresponding
1�alkenylcyclopropanols in low yields,14,42,43 whereas
cyclopropanation of the ester group in methyl cyclopent�
1�ene� and cyclohex�1�enecarboxylates occurs rather
smoothly.44—46 The reactions of β,γ�unsaturated acid es�
ters with titanacyclopropane 4 are complicated by reduc�
tive ethylation of the double bond. For example, the reac�
tion of ethyl pent�3�enoate with an excess of ethyl�
magnesium bromide and Ti(OPri)4 gave 1�(3�methyl�
pentyl)cyclopropanol 15 in high yield (Scheme 8).47 In

this process, ethylation proceeds more slowly than cyclo�
propanation and involves the formation of bicyclic oxa�
titanacyclopentane 16 as an intermediate.

The coordination effect of the O atom of the func�
tional group on the formation of compound 15 plays a
decisive role because cyclopropanation of unsaturated acid
esters in which the double bond is remote from the ester
group with reagent 4 occurs without complications. Un�
der standard conditions, catalytic cyclopropanation of
methyl undec�10�enoate affords 1�(dec�9�enyl)cyclo�
propanol in high yield (Scheme 9).48

Scheme 9

The reaction of butylmagnesium bromide with ethyl
propiolate in the presence of Ti(OPri)4 proceeds much
less smoothly and produces the corresponding ethynyl�
cyclopropanol in low yield.43 Alkynoic and alkenoic acid
esters containing the carbon—carbon multiple bond in a
favorable position undergo intramolecular alkylation un�
der the action of dialkoxytitanacyclopropanes. Examples
of such transformations are considered below.

Although chloro� and bromocyclopropanes undergo
hydrodehalogenation with ethylmagnesium bromide in
the presence of Ti(OPri)4,49,50 the alkoxycarbonyl group
in halocarboxylic esters is generally more reactive with
respect to this combination of reagents. Under these con�
ditions, esters of β�chloro� and β�bromo�substituted car�
boxylic acids and halocarboxylic esters in which the halo�
gen atom is more spatially remote from the ester group are
smoothly transformed into the corresponding haloalkyl�
substituted cyclopropanols.14,36 Generally, esters contain�
ing other functional groups resistant against organo�
magnesium compounds can also be subjected to cyclo�
propanation with diisopropoxytitanacyclopropane.14,36

However, the presence of additional complex�forming
substituents in the substrate can cause complications as�
sociated with the formation of precipitates insoluble in
ethers. Sometimes, this problem can be overcome by us�
ing solvents possessing better solvation characteris�
tics.51—53 For example, N,N�dibenzyl�α�amino acid ethyl
esters smoothly react with ethylmagnesium bromide in
the presence of Ti(OPri)4 in diethyl ether to give the cor�
responding 1�(1�dibenzylaminoalkyl)cyclopropanols in
good yields. Under analogous conditions, cyclopropa�
nation of ethyl esters of N�benzylproline and N�benzyl�
pipecolinic acid is accompanied by the formation of a
copious precipitate and gives a complex mixture of prod�
ucts, whereas the reaction in refluxing THF proceeds un�

Scheme 8
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der homogeneous conditions to give the target products
in relatively high yields (Scheme 10).52

Scheme 10

In the reaction of titanacyclopropane 4 with
erythro/threo diastereomeric ethyl 2�trimethylsilyl�3�
(trimethylsilyloxy)�3�phenylpropionates 17, only the
threo isomer is subjected to cyclopropanation, whereas
the erythro isomer remains intact (Scheme 11).54 The
difference in the reactivity of these compounds was ac�
counted for54 by the difference in the energies of the
corresponding oxatitanacyclopentane intermediates esti�
mated theoretically.

Scheme 11

The reactions of lactones with titanacyclopropane 4
produce the corresponding hydroxyalkyl�substituted
cyclopropanols.53,55 It should be noted that the reactions
with α� and β�aminobutyrolactones containing the pro�
tecting alkoxycarbonyl groups also afford products in
rather high yields. For example, cyclopropanation of chiral
lactone 19 gives the corresponding cyclopropanol 20
(Scheme 12).53

Scheme 12

The reactions of alkyl� and aralkylmagnesium halides
with esters in the presence of Ti(OPri)4 yield the corre�
sponding 1,2�disubstituted cyclopropanols.14,25,36 The
stereochemical characteristic feature of these reactions
is that they afford predominantly products containing
the cis�arranged hydrocarbon substituents in the cyclo�
propane ring. For instance, ethyl acetate (21) reacts
with phenethylmagnesium bromide in the presence of
Ti(OPri)4 to form cis�1�methyl�2�phenylcyclopropanol
(22) (Scheme 13).25

Scheme 13

i. 1) Ph(CH2)2MgBr (3 equiv.), 2) H3O+.

Under catalytic conditions, the same transformation
occurs in the presence of ClTi(OPri)3 instead of Ti(OPri)4,
the product being prepared in somewhat higher yield.56

The cis�diastereoselectivity of this reaction was unam�
biguously established by chromatograpy, X�ray diffrac�
tion study, and 1H NMR spectroscopy. Cyclopropanation
of ethyl acetate (21) with phenethylmagnesium bromide
in the presence of 0.3—1 equiv. of chiral titanium alkoxide
23 gave (1S,2R)�cyclopropanol 22 in 65—72% yields with
an enantiomeric excess of 85—89% (Scheme 14).56

Scheme 14

Ar is 3,5�bis(trifluoromethyl)phenyl

The observed stereoselectivity of the formation of
(1S,2R)�22 was explained by the fact that titanium
alkoxide 23 is transformed into sterically less hindered
titanacyclopropane 24, which undergoes ring expansion
due to insertion of the ester carbonyl group of ethyl ac�
etate (21) between the Ti atom and the more substituted
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C atom of the titanacyclopropane ring to give oxatitana�
cyclopentane 25 in which the bulky Ph and Me groups are
in trans positions with respect to each other. Compound
25 is stereoselectively transformed into titanium cyclo�
propanolate 26 through β�organotitanium compound 27
(Scheme 15).56

In the above�considered model, stereoselectivity of
cyclopropanation is determined by all steps of formation
of carbon—carbon bonds. An alternative stereochemical
model of cyclopropanation of esters with dialkoxytitana�
cyclopropanes was proposed35 based on the results of
quantum�chemical calculations for the model reaction of
methyl�substituted titanacyclopropane 28 with methyl
acetate. According to the results of this study, the forma�
tion of the bond between the least substituted C atom of
the titanacyclopropane ring and the carbonyl C atom of
the ester group is kinetically more favorable, and the se�
lective formation of cis�isomeric cyclopropanols is asso�
ciated with an agostic interaction between the Ti atom
and the H atom in the α position with respect to Ti in the
corresponding transition state (Scheme 16). This stabiliz�
ing agostic interaction is absent in the transition state of

the cyclization step giving rise to trans�isomeric cyclo�
propanolate.35

The distribution of deuterium labels in 1,2�disubsti�
tuted cyclopropanol 29 (Scheme 17), which was prepared
by the titanium�catalyzed reaction of ethyl 3�chloro�
propionate with 1,1,1,3,3,3�hexadeuterioisopropylmagne�
sium bromide in the presence of Ti(OPri)4, confirms the
mechanism of disproportionation of dialkyltitanium in�
termediate 30 through β�elimination of the D atom.57

These data argue against the mechanism of formation of
titanacyclopropane reagents involving successive α�elimi�
nation of the H atom of the alkyl fragment and the
carbene�olefin rearrangement of alkylidenetitanium com�
plex 31, because this pathway should afford hexadeute�
rated cyclopropanol 32.57

Many studies were devoted to the synthesis of 1�sub�
stituted and 1,2�disubstituted cyclopropanols by alkyla�
tion of esters with dialkoxytitanacyclopropanes. However,
data on the formation of compounds containing a larger
number of substituents in the three�carbon ring are scarce.
Cyclopropanation of ethyl acetate with cyclohexyl�
magnesium bromide and Ti(OPri)4 was described for
the first time by de Meijere and coworkers.58 However,
the corresponding bicyclanol was isolated in low yield.
Recently, the reactions of ethyl 2�chloropropionate
with cycloalkylmagnesium bromides in the presence of
Ti(OPri)4 have been systematically investigated.59 It ap�
peared that cyclobutyl�, cyclopentyl�, and cycloheptyl�
magnesium bromides gave annelated cyclopropanols in
moderate yields, the reaction with cyclohexylmagnesium
bromide afforded the product in 17% yield, whereas
cyclopropylmagnesium bromide remained inert. Cyclo�
propanation occurred most smoothly with the use of
cyclopentylmagnesium bromide, and bicyclic cyclo�
propanol 33 was isolated as a mixture of exo and
endo isomers (Scheme 18). Other reactions afforded ex�

Scheme 15

Scheme 16
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clusively bicyclic cyclopropanols containing the hydroxy
group in the exo position.59

Scheme 18

i. cyclo�C5H9MgBr (4 equiv.), Ti(OPri)4 (1 equiv.).

When studying the Ti(OPri)4�catalyzed reaction of es�
ters with 1,4�di(bromomagnesium)butane, we found an
alternative method for the generation of dialkoxytitana�
cyclopropanes.60 In this reaction, titanacyclopentane 34
(Scheme 19) that formed upon alkylation with the

Grignard reagent is rearranged into bis�ethylene com�
plex 35. The replacement of the ethylene molecule in
this complex by ester affords titanacyclopropane ester
complex 6, which is transformed into the correspond�
ing 1�substituted cyclopropanol according to the usual
scheme.

The exchange of olefinic ligands at the Ti atom pro�
vides an alternative procedure for the generation of a
broad spectrum of dialkoxytitanacyclopropanes contain�
ing substituents in the three�membered ring. In these
transformations, dialkoxytitanacyclopropanes exhibit
properties of titanium(II) olefin complexes. That this ex�
change was possible was exemplified for the first time by
the synthesis of cis�1�methyl�2�phenylcyclopropanol (22)
using the reaction of ethylmagnesium bromide with a mix�
ture of ethyl acetate and styrene in the presence of cata�
lytic amounts of Ti(OPri)4 (Scheme 20).61

Scheme 20

i. EtMgBr (2.5 equiv.), Ti(OPri)4 (0.1 equiv.), Et2O, refluxing.

We believed that this reaction gives phenyl�substi�
tuted titanacyclopropane 36 due to the replacement of
ethylene in the coordination sphere of the metal atom
in titanacyclopropane (titanium ethylene complex) 4
with styrene (Scheme 21). Actually, ethylene was de�
tected among gaseous reaction products, whereas cyclo�
propanation of ethyl acetate with reagent 4 in the ab�
sence of styrene was accompanied by elimination of
ethane as the major gaseous product, which is indirect
evidence for the proposed mechanism of olefin ligand
exchange.61

Scheme 17

i. β�Elimination; ii. α�Elimination.

Scheme 19

R = Pr, Bu, C5H11
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Scheme 21

It should be noted that disproportionation of di�
ethyltitanium derivative 5 can also proceed via intermedi�
ate titanium hydride 37, which assumes an alternative
mechanism of formation of titanacyclopropane 36 in�
volving the addition of hydride 37 to styrene followed by
elimination of ethane from intermediate 38 (Scheme 22).
However, this mechanism is inconsistent with the forma�
tion of nondeuterated cyclopropanol 22 in the reaction
of (CD3)2CHMgBr with ethyl acetate, styrene, and
Ti(OPri)4.62

Scheme 22

It was proposed55,63 to employ sterically more hin�
dered titanacyclopropane substrates generated by the re�
actions of Ti(OPri)4 with cyclohexyl�,55,64 n�butyl�,55 or

isopropylmagnesium halide63 in the olefin ligand exchange
(Scheme 23). In some cases, the reactions of equivalent
or excess amounts of these reagents with a mixture of an
ester and an olefin give the corresponding cyclopropanols
in high yields. This procedure for the preparation of the
latter compounds is also referred to as hydroxycyclo�
propanation of olefins.55

Intermolecular hydroxycyclopropanation occurs, as a
rule, smoothly only with terminal olefins, which allows
one to transform exclusively the vinyl group in the case of
olefins containing several nonconjugated double bonds
with different degrees of substitution14,36 or to use unsat�
urated carboxylic esters containing di� and tri�substituted
double bonds as a hydroxycyclopropanating agent, as ex�
emplified by Scheme 24.55,65

Scheme 24

i. cyclo�C6H11MgCl (4.5 equiv.), Ti(OPri)4 (1 equiv.).

Comparison of the efficiency of various Grignard re�
agents in hydroxycyclopropanation of styrene with ethyl
acetate in the presence of Ti(OPri)4 demonstrated that the
yield of compound 22 decreases in the series BunMgBr >
> PriMgBr ≈ PrnMgBr > cyclo�C6H11MgBr ≈ EtMgBr.62

However, it is difficult to give unambiguous recommen�
dations for choosing a particular Grignard reagent for
hydroxycyclopropanation of olefins catalyzed by titanium
alkoxides or involving the latter. For example, the di�
alkoxytitanacyclopropane�induced reaction of unsaturated
alcohol 39 with ethyl isopentanoate affords the target prod�
ucts in better yields when titanacyclopropane precursors
are generated by the reaction of Ti(OPri)4 with ethyl�
magnesium bromide (Scheme 25).66 It was also reported

Scheme 23

R1, R2, R5, R6 = Alk, Ar; R3+R4 = (CH2)4; R3 = Me, R4 = H;
R3 = Et; R4 = H

Scheme 25

i. 1) RMgBr (5 equiv.), Ti(OPri)4 (1 equiv.), 2) H3O+.

R Et Pri Bu cyclo�C6H11
Yield (%) 72 63 62 33
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that the titanacyclopropane reagent prepared by the reac�
tion of Ti(OPri)4 with cyclopentylmagnesium chloride67

is more efficient in hydroxycyclopropanation of homo�
allylic alcohols than an analogous intermediate gener�
ated by the reaction of ethylmagnesium bromide with
Ti(OPri)4.68

The yields of the cyclopropanation products of methyl
cyclohexanecarboxylate in the reaction with ethylmagne�
sium bromide in the presence of various titanium alkoxides
and aryloxides were demonstrated to be independent of
the structure of the latter reagents, whereas the reaction
of 1�triisopropylsilyloxybut�3�ene with ethyl acetate pro�
ceeds most smoothly with the use of the cyclopentyl�
magnesium chloride—Ti(OPri)3Cl and(or) cyclopentyl�
magnesium chloride—MeTi(OPri)3 system (Scheme 26).55

Scheme 26

i. cyclo�C5H9MgCl, XTi(OPri)3, THF, ~20 °C.

X PriO Cl Me
Yield (%) 71 78 84

The 1,3�diastereoselectivity of hydroxycyclopropana�
tion of titanates of homoallylic alcohols with esters in the
presence of cyclopentylmagnesium chloride and Ti(OPri)4
(15 reactions were examined) varies from 3.3 : 1 to 12.2 : 1
and is maximum for titanate of 1�phenylbut�3�en�1�ol
(Scheme 27).67 In the authors' opinion, diastereomeric
1,3�bicyclic titanacyclopropane intermediate 41 is more
reactive than diastereomer 40 existing in equilibrium
with 41, which is responsible for the predominant for�

mation of cyclopropanol 42. It should be noted that,
although intramolecular hydroxycyclopropanation (see
below) of 1�phenylbut�3�en�1�yl acetate affords almost
exclusively trans�isomeric cyclopropanols, the forma�
tion of compound 42 proceeds with low 1,3�stereo�
selectivity.67

Besides, dialkoxytitanacyclopropanes successfully in�
duce intermolecular hydroxycyclopropanation of trialkyl�
vinylsilanes,69,70 trialkylvinylstannanes,71 and terminal
olefins containing acetal72—74 and diethylphosphine func�
tional groups.75

Carbonates and ethyl chloroformate react with bicy�
clic dialkoxytitanacyclopropanes in the presence of alk�
enes to form the corresponding 2�substituted cyclo�
propanone hemiacetals in low or moderate yields. The
best results were obtained for cyclic carbonates, for ex�
ample, in the reaction of hex�1�ene with ethylene car�
bonate (Scheme 28).64

Intramolecular cyclization of alk�4�enoic and alk�5�
enoic acid esters with dialkoxytitanacyclopropanes af�
fords the corresponding bicyclic cyclopropanols in mod�
erate or high yields.76—80 For example, the reaction of
titanabicycloheptane 43 generated from cyclohexyl�
magnesium chloride and ClTi(OPri)3 with methylhept�6�
enoate gave bicyclo[4.1.0]heptan�1�ol in moderate yield
(Scheme 29).76,77

In the reactions of dialkoxytitanacyclopropanes with
unsaturated acid esters in which the vinyl group is more
remote from the ester group, the yields of bicyclanols are
substantially lower or intramolecular cyclopropanation
products are not formed at all. Attempts to perform in�
tramolecular hydroxycyclopropanation of trisubstituted
double bonds and the vinyl group bound to the quaternary
C atom also failed.76 In contrast, analogous reactions of
esters of unsaturated oxacarboxylic acids produce cyclo�
propanols fused to seven� and eight�membered rings in
satisfactory yields. For example, oxabicyclononanol 44
was synthesized by the reaction of unsubstituted diiso�

Scheme 27

Reagents and conditions: i. 1) Ti(OPri)4, toluene, 1 h, 2) 40 °C, in vacuo; ii. MeCO2Et, cyclo�C5H9MgCl, THF.
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propoxytitanacyclopropane 4 with ethyl 4�oxanon�8�
enoate (Scheme 30).80

Scheme 30

Attempts to prepare bicyclic cyclopropanols by the
reactions of γ,δ�unsaturated acid esters with titana�

cyclopropane 45 generated by the reaction of isopropyl�
magnesium chloride with Ti(OPri)4 were also unsuccess�
ful. These reactions afforded the corresponding α�methyl�
cyclobutanones (for example, 46) and γ,δ�unsaturated al�
dehydes (for example, 47) (Scheme 31) as the major prod�
ucts.81 Apparently, the role of functionalized titana�
cyclopropane intermediate 48 generated as a result of
ligand exchange is reduced exclusively to intramolecular
monoalkylation of the ester group giving rise to β�titanio
ketone 49, which exists in equilibrium with acyltitanium
derivative 50. Their hydrolysis affords cyclobutanone
46 and γ,δ�unsaturated aldehyde 47, respectively (see
Scheme 31). Deuterolysis gives compound 47 containing
the deuterated aldehyde group (the deuterium content
was >95%), which is consistent with the proposed mecha�
nism. The reaction of dialkoxytitanacyclopropane 45 with
γ,δ�alkenoic acid esters proceeds predominantly as re�
duction of the ester group to the aldehyde group.81

Presumably, hydroxycyclopropanation of homoallyl
carboxylates also occurs intramolecularly, which accounts
for the fact that this reaction produces the corresponding
trans�1,2�disubstituted cyclopropanols with moderate
or high selectivity.43,63 For example, the reaction of
homoallyl crotonate with titanacyclopropane 45 affords
trans�1,2�disubstituted cyclopropanol 51 via bicyclic ti�
tanate 52 (Scheme 32).42,43

It should be noted that the stereochemistry of 1,2�di�
substituted cyclopropanols depends substantially on the
reaction conditions. At low temperature, the reaction of
alkenyl acetate 53 with titanacyclopropane 45 produces
stereoisomeric cyclopropanols 54 and 55 with low stereo�
selectivity. However, exposure of the reaction mixture
at room temperature affords almost exclusively cyclo�
propanol 54 (Scheme 33).63 Presumably, the formation of
the latter occurs due to thermodynamic control, and the
step of the formation of the three�membered ring is re�
versible.

Intramolecular hydroxycyclopropanation of the vinyl
group in N�allyl�substituted amino acid esters smoothly
results in the corresponding bicyclic cyclopropanols,
which are valuable intermediates in the synthesis of nitro�

Scheme 28

i. cyclo�C5H9MgCl (5 equiv.), ClTi(OPri)3 (1 equiv.), THF, 0 °C.

Scheme 29

Scheme 31
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gen�containing heterocyclic compounds.79,82 For ex�
ample, the reaction of D�serine derivative 56 with di�
alkoxytitanacyclopropane 45 gives bicyclic amino alcohol
57 in high yield (Scheme 34).79

In the reactions with dialkoxytitanacyclopropanes,
ω�1,3�diene esters of carboxylic acids undergo mono�
alkylation of the C atom of the ester group. The ligand
exchange between titanacyclopropane 45 and dienyl car�
bonate 58 (Scheme 35) affords vinyltitanacyclopropane
intermediate 59 existing in equilibrium with titana�
cyclopentene 60. The intramolecular electrophilic substi�
tution of the Ti atom in the latter gives allyltitanium de�
rivatives of lactones 61 and 62, which react with alde�
hydes to form (Z )�alk�2�enyllactones 63 with high regio�
and stereoselectivity.83 The reactions of dialkoxytitana�
cyclopropanes with ω�1,3�dienoic acid esters proceed
analogously.84

The ligand exchange of dialkoxytitanacyclopropanes
with alkynes also occurs readily to form the correspond�
ing titanacyclopropenes.85—87 The chemistry of dialkoxy�
titanacyclopropenes thus formed was covered in detail in

the reviews.15,17,29,30 The reactions of dialkoxytitanacyclo�
propanes with alkynoates in which the C≡C bond is re�
mote from the ester group generally begin with the alk�
ene�alkyne ligand exchange to form the corresponding
dialkoxytitanacyclopropenes, their intramolecular addi�
tion to the ester group is stopped in the step of the forma�
tion of only one carbon—carbon bond. The resulting bi�
cyclic oxatitanacyclopentene intermediates smoothly re�
act with electrophilic reagents to form the corresponding
α�alkylidenecycloalkanones.79,81 For example, the reac�
tion of γ,δ�acetylenic ester 64 with dialkoxytitanacyclo�
propane 45 followed by deuterolysis of the reaction mix�
ture affords deuterated α�heptylidenecyclobutanone 65
(Scheme 36).81

Scheme 32 Scheme 33

Conditions: a. –40 °C → 20 °C, 33% yield, 54 : 55 = 41 : 59;
b. –40 °C, 70% yield, 54 : 55 > 97 : 3.

Scheme 34

Scheme 35
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Unlike but�3�enyl acetate, which undergoes hydroxy�
cyclopropanation in the reactions with dialkoxytitana�
cyclopropanes,63 ethyl but�3�enyl carbonate reacts with
titanabicyclohexane 66, which is generated from cyclo�
pentylmagnesium chloride and Ti(OPri)4, to give ethyl
4�hydroxy�2�methylbutanoate through the rearrangement
of bicyclic derivative 67 into oxatitanacyclohexane de�
rivative 68 (Scheme 37).64

The reactions of dialkoxytitanacyclopropanes with
ethyl carbonates of homopropargylic alcohols proceed
analogously,88—90 the ethoxy group migrating to the metal
atom in bicyclic intermediate 69 (Scheme 38).88,89 From
the viewpoint of the final result, viz., hydroalkoxy�
carbonylation of the multiple bond in the starting com�
pound, the above�mentioned differences in the proposed
mechanisms of these two reactions are not significant.

In the reactions with dialkoxytitanacyclopropane 45,
carbonates of homoallenic alcohols behave analogously
to esters of homoallylic and homopropargylic alcohols.
The formation of the corresponding alkylidenetitanacyclo�
propane intermediates and electrophilic substitution with
the replacement of the Ti atom by the C atom of the
carbonyl group lead to the stereoselective formation of
(Z )�β,γ�unsaturated carboxylic esters. For instance, in�
tramolecular ethoxycarbonylation of optically active allene
70 (Scheme 39) initiated by titanacyclopropane 45 af�
fords α�substituted (Z )�β,γ�unsaturated acid ester 72 with
high optical purity. It was hypothesized91 that the reac�
tion proceeds via sterically less hindered alkylidene�
titanacyclopropane intermediate 71, in which the elec�
trophilic substitution of the metal atom occurs with re�
tention of the configuration of the carbanionic center.

Interesting results were obtained92,93 in the studies of
the reactions of diisopropoxytitanacyclopropane interme�
diates with esters of carboxylic acids containing double
and triple bonds in positions favorable for intramolecular
cyclization. It appeared that essentially different products
are formed depending on whether the double or triple
bond is conjugated with the ester group. The reaction of
titanacyclopropane 45 with ethyl alkynylacrylate 73
(Scheme 40) followed by treatment of the reaction mix�

Scheme 36

Scheme 37

Scheme 38

i. PriMgBr (2 equiv.), ClTi(OPri)3.



Alkylation with titanacyclopropanes Russ.Chem.Bull., Int.Ed., Vol. 53, No. 5, May, 2004 1077

ture with sec�butyl alcohol gives bicyclic ketone 76. It was
assumed that the regioselective protonation of titana�
bicyclooctene 74 followed by the intramolecular replace�
ment of the ethoxy group with the vinyl carbanion are the
key steps of this reaction. Bicyclo[3.3.0]octane deriva�
tives are formed also by dialkoxytitanacyclopropane�in�
duced cyclization of alkynyl�substituted vinyl esters with
the same mutual arrangement of the multiple bonds.94

Scheme 40

The reaction of ethyl alkenylpropargylate 77 character�
ized by the opposite arrangement of the double and triple
bonds affords α,β�unsaturated acid ester 78 (Scheme 41),
the ethoxycarbonyl group remaining intact. A compara�
tively small variation in the reaction conditions, viz., an
increase in the temperature of the reaction mixture to 0 °C
before its acid treatment, results in the formation of ethyl
bicyclohexylacetate 81. The authors hypothesized that

protonation of bicyclic titanacyclopentene intermediate
79 at low temperatures affords ester 78. An increase in the
temperature causes the rearrangement of compound 79 to
bicyclic titanium carbene complex 80, which is a precur�
sor of derivative 81.92,93

Scheme 41

Alkylation of carbon dioxide

Carbon dioxide reacts with titanabicyclohexane 66 in
diethyl ether to give titanium acylate 82, whose deutero�
lysis affords cis�2�deuteriocyclopentanecarboxylic acid 83
(Scheme 42) in moderate yield, whereas oxidation of com�
pound 82 with oxygen produces an equimolar mixture of
diastereomeric 2�hydroxycyclopentanecarboxylic acids.95

Scheme 42

Reactions with N,N�dialkylcarboxamides

Intermolecular cyclopropanation of N,N�dialkylcarbox�
amides with dialkoxytitanacyclopropanes was investi�

Scheme 39
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gated.96,97 Unlike the analogous transformation of esters,
cyclopropanation of tertiary amides requires, as a rule,
longer time or higher temperature.14 Attempts to perform
cyclopropanation of tertiary amides with dialkoxytitana�
cyclopropanes in the presence of catalysts failed due ap�
parently to the transformation of Ti(OPri)4 into poly�
meric titanium oxide 84 (Scheme 43), which cannot be
again transformed into the corresponding titanacyclo�
propane reagents under the action of Grignard reagents.
The reactions of titanacyclopropane 4 with N,N�dialkyl�
formamides usually give N,N�dialkylcyclopropylamines
in higher yields.96 In these reactions, oxatitanacyclo�
pentane intermediates (for example, 85) are apparently
transformed into nitrogen analogs of β�oxoalkyl anions
(for example, 86), which then close the three�carbon ring
with elimination of titanium oxide 84.

Scheme 43

A comparative study of the reactions of dialkoxy�
titanacyclopropanes with various carboxylic acid deriva�
tives was carried out.98 Tertiary amides are less reactive
than esters. The opposite chemoselectivity is observed
only for sterically hindered tert�butyl carboxylates, whereas
the reactivity of ethylene carbonate is intermediate be�
tween those of N,N�dialkylcarboxamides and esters. The
reactions of dialkoxytitanacyclopropanes with anhydrides,
carboxylic acid chlorides, and thiocarboxylic esters were
studied.98 In all cases, the corresponding cyclopropanols
were prepared as the major products. However, the con�
clusions about the relative reactivities of these carboxylic
acid derivatives should be treated with caution because
they can be transformed into the corresponding esters
under the reaction conditions.

The reactions of N,N�dialkylcarboxamides with alkyl�
substituted dialkoxytitanacyclopropanes give the cor�
responding 1,2�disubstituted N,N�dialkylcyclopropyl�
amines, which are, as a rule, formed with low cis/trans
stereoselectivity.14 The generation of dialkoxytitana�

cyclopropanes containing substituents in the three�mem�
bered ring by the reactions of alkylmagnesium halides
with MeTi(OPri)3 instead of Ti(OPri)4 allows one to per�
form cyclopropanation of N,N�dialkylcarboxamides in
higher yields.58 Besides, these reactions require only one
equivalent of alkylmagnesium halide, which is a consid�
erable advantage in the case of reactions with difficultly
accessible Grignard reagents (Scheme 44).

Scheme 44

The generation of dialkoxytitanacyclopropanes by
the reactions of organozinc compounds with titanium
alkoxides is also of interest. First attempts to use these
reagents led to the formation of the target products in low
yields. However, the yields were substantially increased
by performing the reactions in the presence of alkali
metal alkoxides, whose complexes with organozinc
reagents exhibit higher nucleophilic activity. For ex�
ample, the cyclopropanation product of N,N�dibenzyl�
formamide was prepared in high yield using a two�
fold excess of the diethyzinc complex with sodium iso�
propoxide in the presence of an equimolar amount of
MeTi(OPri)3 (Scheme 45).99

Scheme 45

i. MeTi(OPri)3 (1 equiv.), Et2Zn (2 equiv.), NaOPri (2 equiv.).

Dialkoxytitanacyclopropanes are less reactive with re�
spect to sterically hindered tert�butyl carboxylates98 due
to which tert�butoxycarbonyl�substituted dialkoxytitana�
cyclopropanes prepared from the corresponding organo�
zinc compounds were successfully used for cyclopropa�
nation of N,N�dialkylcarboxamides (Scheme 46).100 Since
these reactions proceed with low stereoselectivity, give
products in moderate yields, and require organometallic
compounds of three different metals, this approach is of
limited usefulness.

N�Substituted carboximides give no cyclopropanation
products in the reactions with dialkoxytitanacyclopropanes
due apparently to weak electron�donating character of
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the N atom, which does not favor heterolysis of the C—O
bond in the corresponding oxatitanacyclopentane inter�
mediates.101,102 For example, alkylation of methyl�sub�
stituted succinimide 88 with titanacyclopropane 4 affords
hydroxy lactams 89 and 90 in moderate yields with low
regio� and stereoselectivity (Scheme 47). The latter are
readily dehydrated to form the corresponding enamides.
It should be noted that the regioselectivity of this reaction
is opposite to that observed in the case of addition of
Grignard reagents to compound 88.102

Scheme 47

The ligand exchange of dialkoxytitanacyclopropanes
with olefins can also be efficiently used for the transfor�
mation of N,N�dialkylcarboxamides into the corre�
sponding cyclopropylamines.103,104 Synthesis of substi�
tuted spirocyclic amine 91 from silylated but�3�enol
and N�methylpiperidone 92 represents an example
(Scheme 48).103

Aminocyclopropanation of monosubstituted aryl�,
hetaryl�, silyloxyalkyl�, dibenzylaminomethyl�, trimethyl�
silyl�, trimethylsilylmethyl�, diethylphosphinyl�, and
tributylstannylethenes with dialkoxytitanacyclopropanes
gives rise to the corresponding cyclopropylamines in mod�
erate yields.14 It was noted104 that the use of titana�
bicycloheptane 43 in ligand exchange increases the yields

of aminocyclopropanation products of terminal olefins
compared to other dialkoxytitanacyclopropanes.

Generally, aminocyclopropanation of the majority of
nonterminal olefins and nonconjugated dienes studied
afforded products in moderate or low yields.104 However,
the reaction of titanabicycloheptane 43 prepared from
cyclohexylmagnesium chloride and MeTi(OPri)3, with
N�benzyl� and N�tert�butoxycarbonyl�2,5�dihydropyrrols
gives the corresponding exo�6�dibenzylamino�3�aza�
bicyclo[3.1.0]hexanes in high yields (Scheme 49).104

Titanacyclopropanes 4 and 45 or titanabicyclohexane 66
are less efficient as promoters of this reaction.

Scheme 49

R Bn C(O)OBut

Yield (%) 87 90

It should be noted that conjugated dienes contain�
ing multiple bonds with different degrees of substitu�
tion (for example, of isoprene) give products amino�
cyclopropanated at a more substituted double bond
(Scheme 50).104—106 Under analogous conditions, 2,3�di�
methylbutadiene and 2,5�dimethylhexa�2,4�diene do not
undergo aminocyclopropanation. Apparently, the steri�
cally less hindered multiple bond in isoprene is involved
in the ligand exchange to give isopropenyltitanacyclo�
propane intermediate 93, which undergoes the allylic re�
arrangement under the action of dibenzylformamide to
form oxatitanacycloheptene 94.104—106 Heterolysis of the
C—O bond in the latter and the intramolecular addition
of the allyltitanium fragment to the iminium group of the
resulting zwitterion 95 affords 2,2�disubstituted N,N�di�
benzylcyclopropylamine 96 (see Scheme 50).104

Scheme 46

cis : trans = 1 : 1.3

i. Zn[(CH2)3CO2But]2, Me2Ti(OPri)2, MeMgCl.

Scheme 48
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Scheme 50

Cyclopropanation of conjugated triene 97 with
N,N�dibenzylformamide induced by titanabicycloheptane
43 occurs across the central double bond, its stereochemi�
cal configuration being not transferred to the three�mem�
bered ring. The reaction produces three diastereomeric
dibenzylcyclopropylamines 98 in comparable amounts
(Scheme 51).104

Scheme 51

Intramolecular alkylation of tertiary amide in unsat�
urated N,N�dialkylcarboxamides is a convenient pro�
cedure for the synthesis of annelated cyclopropyl�
amines.103,107—111 Typical examples of the use of this pro�
cedure for the preparation of carbocyclic and hetero�
cyclic amines from hept�6�enoic acid diethylamide and
N�homoallyl�N�phenylacetamide, respectively, are pre�
sented in Scheme 52.103,111

This approach was successfully extended to the syn�
thesis of annelated cyclopropylamines from N,N�dialkyl�
amides of N�allylated aliphatic108 and arylaliphatic112

amino acids. The yields of 3�azabicyclo[3.1.0]hexanes and
3�azabicyclo[4.1.0]heptanes, which were prepared by re�
actions of titanabicycloheptane 43 with the correspond�

ing tertiary amides of N�allylated α�amino carboxylic acids
(for example, with compound 99), varied from moderate
to high. In these transformations, the dialkoxytitana�
cyclopropane reagent was generated from cyclohexyl�
magnesium chloride and MeTi(OPri)3 (Scheme 53).108

The stereoselectivity of this reaction, like that of cyclo�
propanation of arylaliphatic α�amino acids N,N�dialkyl�
amides,112 is low.

Scheme 53

endo : exo = (2—2.5) : 1

1,2�Disubstituted ethenes were also subjected to in�
tramolecular aminocyclopropanation.110 Unlike intermo�
lecular reactions proceeding nonstereoselectively to
give 2,3�disubstituted dialkylcyclopropylamines in low
yields,14 intramolecular aminocyclopropanation of ter�
tiary N�homoallylacetamides is almost completely dia�
stereoselective. For example, unsaturated acetanilide 100
is transformed into 2�azabicyclohexane containing trans
substituents in the three�membered ring (101) via inter�
mediate disubstituted dialkoxytitanacyclopropane 102,
which suggests the inversion of the configuration of the
carbanionic center upon closure of the three�membered
ring in zwitterionic intermediate 103 (Scheme 54).110

The reaction of dialkoxytitanabicyclohexane 66
with lactam 104 affords tricyclic products 105 and 106

Scheme 52
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(Scheme 55), which indicates that each carbanionic cen�
ter of metallacycle 107 can be involved in the intramo�
lecular formation of the carbon—carbon bond.101 Closure
of three�membered rings is apparently hindered due to
steric strain in the transition states of the corresponding
reactions. In the cited study,101 reduction of the precursor
of compound 106 was not discussed.

Scheme 55

The reactions of dialkoxytitanacyclopropanes with
N�acylcamphorsultam derivatives are accompanied by the
cleavage of the C—N bond to form the corresponding
annelated cyclopropanols. The reaction is characterized
by high diastereoselectivity and allows one to transform
chiral sultams (for example, 108) into optically pure tar�
get products (Scheme 56).113

Scheme 56

Intramolecular cyclization of N�alkenylimides initi�
ated by diisopropoxytitanacyclopropanes is of consider�

able synthetic value because it provides a convenient ap�
proach to the construction of skeletons of important alka�
loids.101,114—116 In particular, dialkoxytitanacyclopropanes
efficiently induce cyclization of N�but�3�enylsuccinimide
109 (Scheme 57) and N�but�3�enylglutarimide. Oxida�
tion of the intermediate oxazatitanatricycles was efficiently
employed for the introduction of a hydroxy group into the
alkyl substituent, which is present in many natural
pyrrolizidine and indolizidine alkaloids.101

Scheme 57

Reactions with carbonitriles

Intermolecular cyclopropanation of carbonitriles is of
practical interest because this reaction opens a direct route
to primary cyclopropylamines, some of which exhibit im�
portant biological activities.117 Aliphatic carbonitriles were
subjected to cyclopropanation118 with dialkoxytitana�
cyclopropanes to afford products in high or moderate
yields. It was found that the formation of the three�mem�
bered ring in this reaction is promoted by Lewis acids. For
example, 1�benzylcyclopropylamine was synthesized in
31% yield by slowly adding an ethereal solution of
ethylmagnesium bromide (2 equiv.) to a mixture of
equimolar amounts of phenylacetonitrile and Ti(OPri)4.
Treatment of the reaction mixture with 2 equiv. of
BF3•Et2O prior to hydrolysis led to an increase in the
yield of the target product to 70%, which is apparently

Scheme 54
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due to the fact that the Lewis acid activates closure of the
three�membered carbocycle in azatitanacyclopentene in�
termediate 110 (Scheme 58). The reactions of phenyl�
acetonitrile with titanacyclopropanes generated by the re�
actions of Ti(OPri)4 with n�butyl�, sec�butyl�, and phen�
ethylmagnesium bromide produce mixtures of the corre�
sponding cis� and trans�1,2�disubstituted cyclopropyl�
amines in moderate yields. Under these conditions,
cyclopentylmagnesium chloride gives mixtures of bi�
cyclohexylamines with the isomers having the exo con�
figuration of the amino group substantially predominat�
ing.118 A slight modification of this procedure, viz., mix�
ing of the reagents at low temperature, made it possible to
perform cyclopropanation of aromatic and α,β�unsatur�
ated carbonitriles.119

Scheme 58

The reactions of dialkoxytitanacyclopropanes with ni�
triles containing the alkoxy, phenoxy, or dialkylamino
groups in the α position give cyclopropylamines in high
yields, no additional treatment of the reaction mixture
with Lewis acid being required.120 High susceptibility of
the nitrile group in these compounds to cyclopropanation
was attributed to activation of the imine group in the
corresponding azatitanacyclopentene intermediates due
to the formation of chelate magnesium or titanium com�
plexes, as exemplified by cyclopropanation of benzyloxy�
acetonitrile in Scheme 59.

Scheme 59

M = Mg, Ti

The reactions of nitriles with dialkoxytitanacyclo�
propanes are most often accompanied by the addition of

an additional equivalent of the organometallic compound
across the C=N bond of azatitanacyclopentene interme�
diates as a side process.99,118,121 To overcome this prob�
lem, it was suggested that the reaction should be carried
out in the presence of lithium iodide.99 Actually, the re�
actions of benzonitrile with diethylzinc, MeTi(OPri)3, and
lithium isopropoxide afforded 1�phenylcyclopropylamine
111 in 25% yield, whereas the yield of compound 111
in the presence of lithium iodide increased to 62%
(Scheme 60).99 Apparently, lithium iodide adds at the
C=N bond of azatitanacyclopentene intermediate 112
thus preventing its further alkylation. Under these condi�
tions, aromatic carbonitriles containing electron�donat�
ing and electron�withdrawing substituents are transformed
into the corresponding cyclopropylamines in 40—82%
yields. However, cyclopropanation of aliphatic carbo�
nitriles using this procedure gives unsatisfactory results.

Scheme 60

i. MeTi(OPri)3 (1—2 equiv.), Et2Zn (1.2 equiv.), LiOPri

(2.5 equiv.), LiI (2.5 equiv.).

Compared to ethyl phenylacetate and N,N�dibenzyl�
formamide, phenylacetonitrile is substantially more reac�
tive in the reaction with ethylmagnesium bromide in the
presence of Ti(OPri)4, which made it possible to perform
chemoselective cyclopropanation of the nitrile group in
esters and tertiary amides of a series of cyanocarboxylic
acids. For example, the reaction of ethyl β�cyano�
propionate with titanacyclopropane 4 afforded spirocyclic
lactam 113 in good yield (Scheme 61). This reaction also
does not require activation of the the three�carbon ring
clousure with Lewis acids.122

Scheme 61
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Intramolecular aminocyclopropanation of N�allylated
α�amino nitrile 114, its N�tert�butoxycarbonyl derivative,
and certain of the nearest homologs of these compounds,
which contain the double bond more remote from the
functional group, with dialkoxytitanacyclopropanes was
performed by promoting the closure of the three�car�
bon ring with BF3•Et2O or LiI.108,121 In the study,121

the authors compared the efficiency of titanacyclo�
propanes, which have been generated by the reactions
of EtMgBr, BuMgBr, PriMgBr, cyclo�C5H9MgCl, or
cyclo�C6H11MgCl with Ti(OPri)4, in ligand exchange with
unsaturated aminonitrile 114. It appeared that only the
reaction of dialkoxytitanabicycloheptane 43, which was
prepared by the reaction of cyclohexylmagnesium chlo�
ride with Ti(OPri)4, led exclusively to intramolecular
aminocyclopropanation of the double bond of compound
114 giving rise to azabicyclohexylamine 115 in 69% yield.
The use of this procedure also made it possible to perform
for the first time intramolecular aminocyclopropanation
of an analog of compound 114 containing the gem�disub�
stituted double bond.121 It should be noted that di�
alkoxytitanacyclopropane 4 containing the unsubstituted
three�membered ring is not involved in ligand exchange
under these reaction conditions; instead, it acts as a
cyclopropanating agent to form 1�substituted cyclo�
propylamine 116 (Scheme 62).121 The reactions with other
Grignard reagents involved intramolecular aminocyclo�
propanation of the double bond and intermolecular
cyclopropanation of the nitrile group with the latter pro�
cess predominating.

Monoalkylation of benzonitrile with low�valent tita�
nium alkoxides has been carried out recently.123,124

Diisopropoxytitanium (117) was prepared by the reaction
of n�butyllithium with Ti(OPri)4 in THF at –78 °C fol�
lowed by removal of the solvent under reduced pressure.
It was demonstrated that reagent 117 can promote reac�
tions of alkenes and alkynes as equivalents of 1,2�di�

carbanions. For example, ethylene was passed through a
solution of titanium alkoxide 117 in THF followed by the
addition of benzonitrile, carbon dioxide, and water to
give 3�benzoylpropionic acid in a total yield of 30%
(Scheme 63). It was hypothesized that diisopropoxytitana�
cyclopropane 4, which is generated in the reaction of
ethylene with titanium alkoxide 117, serves as the key
organometallic reagent in these transformations. By anal�
ogy with the Prilezhaev epoxidation of olefins with peroxy
acids, this reaction was classified as epimetallation. It was
hypothesized that the addition of diisopropoxytitana�
cyclopropane 4 to benzonitrile should afford the corre�
sponding azatitanacyclopentene 118, which is transformed
into 3�benzoylpropionic acid after scavenging with car�
bon dioxide and protonation.123,124

Scheme 63

Reagents and conditions: i. BuLi (2 equiv.), THF,
–78 °C → 25 °C; ii. 1) H2C=CH2, 2) PhCN, 3) CO2, 4) H2O.

Although the scheme proposed in the study123 is simple
and seemingly realistic, such an interpretation of the re�
sults is doubtful. For instance, it is not inconceivable that

Scheme 62

Reagents and conditions: a. LiI (2 equiv.), 70 °C, 43—48% yield;108 b. BF3•Et2O (2 equiv.), 20 °C, 69% yield; 121 c. BF3•Et2O
(2 equiv.), ~20 °C, 60% yield.
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this process involves species which can be formed due to
electron transfer from low�valent titanium alkoxide to the
nitrile group or the addition of diisopropoxytitanium (117)
in the singlet or triplet electronic state to the nitrile group.
In the recent study,125 the same authors adduced argu�
ments in favor of the mechanism of epimetallation through
transfer of titanium diisopropoxide (117) to the unsatur�
ated substrate directly from the corresponding dialkyl de�
rivative. This hypothetical mechanism, which is classified
as the coordination�induced carbenoid transfer, is a modi�
fication of the mechanism of direct alkene ligand ex�
change in dialkoxytitanacyclopropane intermediates.61,62

Conclusion

The development of convenient procedures for the
generation of highly reactive dialkoxytitanacyclopropane
intermediate species (titanium(II) olefin complexes) by
the reactions of organomagnesium compounds with inex�
pensive and low�toxic titanium tetraisopropoxide in com�
bination with their ability to act as equivalents of 1,2�di�
carbanions25,26 made it possible to devise new useful meth�
ods for preparative organic synthesis. Alkylation of carb�
oxylic acid derivatives with dialkoxytitanacyclopropanes
giving rise to intermediate β�titanio ketones or other prod�
ucts promising in organic synthesis were, in particular,
successfully used for the preparation of natural cyclo�
propane�containing amino acids,43,72,97,120,126,127 alka�
loids,79,101,114—116,128—131 antibiotics,101,115,132 phero�
mones,66,73,133,134 and other natural compounds or their
analogs.42,93,100,104,108,135—140 Considerable study has been
directed to the use of dialkoxytitanacyclopropanes for ini�
tiation of other types of chemical transformations, in par�
ticular, intra� and intermolecular cyclizations of alkenes
and alkynes,14—17,30,141 as well as their intermolecular
alkylation28,34,142 or coupling.143,144 In spite of certain
progress, the possibilities of the use of dialkoxytitana�
cyclopropanes in the synthesis of chiral compounds are
far from being exhausted. Transformation of dialkoxy�
titanacyclopropanes into organotitanium and other orga�
nometallic reagents containing metals in different oxida�
tion states145,146 is a promising field of application of these
compounds in organic synthesis. Undoubtedly, such in�
vestigations will give interesting results and can be of prac�
tical importance.
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