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Catalytic olefination of carbonyl compounds.
A new versatile method for the synthesis of alkenes*
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The review is devoted to a new catalytic olefination reaction (COR) discovered by the
authors. This is the reaction between N-unsubstituted hydrazones of carbonyl compounds with
dihalides CHal,XY in the presence of copper(1) chloride to give substituted alkenes. Catalytic
olefination is versatile. Variation of the carbonyl and olefinating components opens up the way
for the synthesis of various classes of unsaturated compounds including those containing
functional groups. The reaction mechanism is discussed and a catalytic cycle describing the
process is proposed. A model for estimating and predicting the reactivity of halogen-containing
compounds in the COR is developed. The relationship between the structure of the carbonyl
substrates and their behavior in the title reaction is elucidated.

Key words: catalysis, transition metals, copper salts, carbonyl compounds, hydrazones,

polyhaloalkanes, olefination, alkenes, electrophilicity, metal carbene complexes.

Introduction

The formation of new carbon—carbon bonds is among
the most important reactions in organic synthesis. The
vigorous development of catalysis by metal complexes has
given rise to a large number of reagents and catalysts
based on transition metals that allow the formation of
carbon—carbon bonds.1:2

Olefination of carbonyl compounds, i.e., the transfor-
mation of the carbonyl group into a double carbon—car-
bon bond (Scheme 1), represents a versatile approach to
the synthesis of substituted alkenes.3 Variation of the car-
bonyl component and the olefinating reagent provides the
route to a broad range of unsaturated compounds with
specified structures.

Scheme 1
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* Materials were presented at the VII International Conference
on the Chemistry of Carbenes and Related Intermediates (Kazan,
2003).

Numerous methods of olefination using various re-
agents have been developed to date.l3 Methods based on
the addition of heteroatom-stabilized carbanions to car-
bonyl compounds have found the most extensive use in
synthetic practice. The heteroatoms include phosphorus
(Wittig reaction®> and its versions®7), sulfur (Julia
olefination,® Johnson methylenation®1%), silicon
(Peterson reaction!1—16) and some other. A number of
olefination methods based on reductive coupling of car-
bonyl compounds with various reagents in the presence of
transition metals in low oxidation states have been pro-
posed.l:3 The reducing agents used include zinc,17—19
chromium,??=22 and titanium23—2% compounds. The
McMurry reaction is often used for the synthesis of sym-
metrical alkenes from carbonyl compounds.2’—32 How-
ever, all these methods require an equimolar amount or
an excess of organoelement compounds or reducing met-
als. As a rule, the reactions must be carried out under
inert atmosphere in anhydrous solvents. Therefore, de-
velopment of new methods for olefination of carbonyl
compounds, especially catalytic ones, alternative to the
classical routes remains topical.

In 1999, we discovered the catalytic olefination reac-
tion (COR).33 We found that hydrazones of carbonyl com-
pounds can be transformed into substituted alkenes
R!RZC=CXY upon the reaction with gem-dihalo-con-
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taining reagents CHal,XY in the presence of catalytic
amounts of copper(1) chloride (Scheme 2). Thus, the car-
bon—nitrogen bond of the hydrazone is converted into
the olefin carbon—carbon bond. The reaction of hydr-
azones with the CHal,XY reagents is accompanied by
nitrogen evolution, symmetrical azines of carbonyl com-
pounds being formed as the only by-products of hydr-
azine transformation (see Scheme 2). Subsequently, we
used the term "olefination products” in relation to both
alkenes and azines, as both products are formed via the
same intermediates within the same catalytic process. The
catalytic olefination we discovered is an absolutely atypi-
cal reaction of both hydrazones of carbonyl compounds
and polyhaloalkanes.

Scheme 2
1 1
R R CHal,XY
R2 R2 CuCl
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Development of new general methods for the synthe-
sis of unsaturated compounds from aldehydes and ke-
tones is important; therefore, a new catalytic olefination
reaction is of theoretical and practical interest. This reac-
tion does not require an inert atmosphere or anhydrous
solvents; it smoothly proceeds at room temperature. The
COR is the first example of catalytic olefination that does
not require the use of equimolar amounts of exterior re-
ducing agents or organoelement compounds. On the basis
of this reaction, we developed convenient methods for
the synthesis of substituted alkenes of various types.

This review summarizes the results of our studies
(1999—2003) dealing with the regularities, the mecha-
nism, and the synthetic potential of COR, which were
carried out in the trends as follows: (i) investigation of the
factors influencing the reaction route between hydrazones
and polyhaloalkanes; (ii) study of the reaction mecha-
nism; (iii) analysis of the effect of the structure of carbo-
nyl compounds on the reaction route; (iv) determination
of the reactivity of halogen-containing reagents in the
COR; (v) study of the synthetic potential of this reaction
and its use for the synthesis of various types of unsaturated
compounds.

R2

The factors influencing the route of reaction
of hydrazones with polyhaloalkanes

The reaction of hydrazones with aromatic carbonyl
compounds with CCly, resulting in dichloroalkenes, was

studied as the model reaction (Scheme 3). 4-Chloro-
benzaldehyde hydrazone (1a) was taken as the model sub-
strate. Without a catalyst, hydrazone 1a is slowly oxidized
by CCl, to 4-chlorobenzaldehyde azine 3a (the degree of
conversion of 1a over 3 days is 10%), whereas the ex-
pected olefination product, gem-dichloroalkene 2a, is not
formed.

Scheme 3
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Cat is catalyst

We studied the catalytic activity of Group IB—VIII
transition metal chlorides in the reaction of hydrazone 1a
with CCl, in DMSO in the presence of ammonia. Chlo-
rides of metals (in lower oxidation states, whenever pos-
sible), except for the cases when these chlorides are un-
stable, were used as catalysts (Table 1).*

It was found that all transition metal compounds we
studied do catalyze the reaction of hydrazone la with
CCly. In all cases, the starting model hydrazone 1a is
completely converted to give only alkene 2a and azine 3a,
i.e., the COR products (see Scheme 3). In most cases, the
total yield of these compounds is nearly quantitative. As a
rule, on passing from lighter to heavier elements within
the same Group, the yield of dichloroalkene 2a decreases,
while the yield of azine 3a increases. In some cases,
namely, when zinc, titanium, and ruthenium compounds
are used as catalysts, the total yield of COR products was
less than 70%, due to the side resinification processes
taking place in the system.

Copper(1) chloride proved to be the catalyst of choice
for the synthesis of dichloroalkenes by this reaction. The
results obtained stipulated the necessity for additional in-
vestigation of the dependence of the yield of dichloro-
alkene 2a and azine 3a on the copper oxidation state and
the nature of the counter-ion. To this end, we carried out
the reaction of hydrazone 1a with CCl, under standard
conditions using a number of copper(i1) and copper(i)
salts (Table 2).34 In all cases, olefination gave the same
products 2a and 3a in a nearly quantitative total yield.

*V. G. Nenaidenko, V. N. Korotchenko, A. V. Shastin, and
E. S. Balenkova, the paper is being prepared for publication.
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Table 1. Effect of the catalyst nature on the yields of the prod-
ucts of reaction of hydrazone 1a with CCl,

Catalyst Group of the Product yield (%)
Periodic Table 22 3a 2a + 3a

CuCl IB 82 18 100
AgCl IB 20 76 96
HAuCly IB 11 86 97
ZnCl, 11B 20 47 67
Cdcl, 1IB 13 80 93
HgCl, 1IB 5 87 92
LaCl, I11B 22 69 91
Ce(NO;);3-6H,0 I11B 15 73 88
TiCl; - 3THF IVB 17 37 54
ZrCly IVB 6 84 90
NbCly VB 8 87 95
TaCls VB 10 90 100
CrCl, VIB Traces 73 73
MoCl; VIB Traces 76 76
WClg VIB Traces 92 92
MnCl,-4H,0 VIIB 20 73 93
FeCl; VIII 25 58 83
CoCl,+6H,0 VIII 22 62 84
NiCl, - 6H,0 VIII 10 62 72
RuCl;-3H,0 VIII 15 80 95
RhCl;-3H,0 VIII 5 29 34
PdCl, VIII 17 66 83
HiIrClg VIII Traces 95 95
K,PtCly VIII 25 73 98

Table 2. Effect of the copper oxidation state and the counter-ion
of the copper salt on the product yield in the reaction of hydr-
azone la with CCly

Catalyst Product yield (%)
2a 3a 2a + 3a

CuCl 82 18 100
CuCl, 73 27 100
CuSO,+5H,0 68 19 87
Cu(OAc),+2H,0 75 20 95
Cu(0TH), 74 22 96
CuCN 20 65 85

Thus, both Cu! and Cu!! compounds are suitable as cata-
lysts of the COR. In the reaction with CuCN, the yield of
alkene 2a decreases to 20%, azine 3a being the major
product. Probably, this is due to the fact that the cyanide
ion is a strong complexing species firmly associated to the
Cu atom. In addition, the complexation with the cyanide
ion increases the stability of Cul ions against oxidation.35
With counter-ions weakly bound to Cu (halide, sulfate,
acetate, and triflate ions), the reaction direction depends
little on the counter-ion used. Subsequently, we used
CuCl as the catalyst; the low cost and ready availability of
this catalyst are its essential advantages.

The effect of the amount of the catalyst on the yield of
alkenes in the olefination has been studied3® for the reac-
tion of 4-nitrobenzaldehyde hydrazone 1b with CCly
(Scheme 4).

Scheme 4
Cl
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It was found that dichloroalkene 2b is formed even
when the amount of the catalyst is 0.1 mol.% (the yield of
2b is 68%). The highest yield of the alkene is attained in
the presence of 5—10 mol.% of the catalyst. When the
catalyst concentration is higher, the yield starts to de-
crease, apparently, due to the more vigorous reaction be-
havior accompanied by heat evolution (Fig. 1). In subse-
quent experiments, we used the catalyst in a concentra-
tion of 10 mol.% with respect to the substrate.

The formation of dichlorostyrene requires one mole
of CCl, per mole of the hydrazone. However, on treat-
ment of hydrazone 1b with an equimolar amount of CCly,
the yield of dichlorostyrene 2b was only 44%. An increase
in the amount of CCl, with the amount of the catalyst
remaining constant (10 mol.%) results in a higher yield of
the target product.3® By using a fivefold excess of CCly,
with respect to 1b, we were able to increase the yield of
alkene 2b to 79% (Fig. 2).

The nature of the solvent used in the reaction has also
a pronounced influence on the product yields (Table 3).36
We studied systematically the reaction of hydrazone 1b
with CCly using protic, dipolar aprotic, low-polarity and
nonpolar solvents.37

It can be seen from Table 3 that almost in all polar
solvents including alcohols, amides, acetonitrile, DMSO,
HMPA, nitromethane, and sulfolane, complete conver-
sion of hydrazone is observed and the target dichloro-

Yield of 2b (%)

4 8 12 16 20
Content of CuCl (mol.%)

Fig. 1. Effect of the amount of CuCl on the yield of alkene 2b.
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Fig. 2. Effect of the amount of CCl, on the yield of alkene 2b.

Table 3. Effect of the nature of the solvent on the product yield
in the reaction of hydrazone 1a with CCl,

Solvent g4 pb-10%° Conver-  Yield
/Cm sionof1b of2b
(%)
Formamide 111.0 11.2 100 48
Water 78.3 5.9 0 0
Ethylene glycol 37.7 7.7 100 59
Methanol 32.66 5.7 100 61
N-Methylformamide 182.4 12.9 100 63
Ethanol 24.55 5.8 100 59
Isopropyl alcohol 19.92 5.5 100 53
Nitromethane 35.94 11.9 100 58
Acetonitrile 35.94 11.8 100 57
DMSO 46.45 13.5 100 79
Sulfolane 43.3 16.0 100 57
DMF 36.71 10.8 100 57
N-Methylpyrrolidone 32.2 13.6 100 12
Tetramethylurea 23.6 11.7 100 64
HMPA 29.6 18.5 100 47
THF 7.58 5.8 100 27
Dimethoxyethane 7.20 5.7 75 10
CH,Cl, 8.93 5.2 0 0
CCl, 2.23 0.0 0 0
Benzene 2.27 0.0 81 12
Hexane 1.88 0.0 77 8

@ Relative dielectric constant.
b Dipole moment.

styrene 2b is formed in a high yield. In water, the reaction
does not take place, probably, because the reactants and
the catalyst are water-insoluble. In low-polarity and non-
polar solvents such as benzene, THF, and hexane, the
target product is formed in a low yield, and in some cases,
the starting hydrazone has also been isolated. The reac-
tion does not take place in polyhalomethanes (CH,Cl,,
CCly). Apparently, these results are due to inefficient
solvation of the catalyst and the polar hydrazone by sol-
vents with low polar. The dipolar aprotic DMSO solvent,
which efficiently solvates cations, proved to be the me-
dium of choice for this reaction.

Table 4. Yields of the products in the reactions of hydrazones
la—c with CCl,

Hydrazone The yield of COR product (%)

Dichloroalkene Azine The sum of
products

NNH

c1—©—<H ? (1a) 82 17 99
NNH

ozN—Q—(H ? (1b) 79 17 96
NNH

MeO—@—(H ® (e) 49 44 93

It should be noted that the reaction occurs only in the
presence of aqueous ammonia. Probably, its role is both
to be complexed with the catalyst and to trap two acid
molecules formed.

Thus, the course of the reaction of hydrazones of car-
bonyl compounds with CCly is influenced by the nature
of the catalyst (transition metal compounds), the catalyst
and reactant concentrations, and the nature of the solvent.

The mechanism of catalytic olefination

The formation of dichloroalkenes 2a,b and azines 3a,b
on treatment of 4-chlorobenzaldehyde (1a) and 4-nitro-
benzaldehyde (1b) hydrazones with CCl, in the presence
of CuCl has been previously unknown for hydrazones.
The reaction of 4-methoxybenzaldehyde hydrazone 1c
with CCly occurs in a similar way to give dichlorostyrene
2c¢ and azine 3c as the only products (Table 4)38.

For any of the studied substrates, the total yield of the
COR products is nearly quantitative. No other transfor-
mation products of hydrazones, nor even in trace amounts
have been found in the reaction mixture by GC/MS analy-

N, (%)
3
80
60 F
2
40 b
20 1 ‘
0 100 200 300 t/s

Fig. 3. Gas evolution rate in the reaction of hydrazones la—c
with CCl,: 4-nitrobenzaldehyde hydrazone ([/), 4-chloro-
benzaldehyde hydrazone (2), and 4-methoxybenzaldehyde hydr-
azone (3). The nitrogen volume is indicated in percent of the
theoretical volume.
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Scheme 5
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sis. These data attest to an exceptionally high chemo-
selectivity of hydrazone transformation under the reac-
tion conditions.

Since the reaction of hydrazones with CCl, is accom-
panied by nitrogen evolution, the rate of gas evolution
can be used to estimate the relative reactivities of sub-
strates. It was found that the rate of nitrogen evolution
and the yield of reaction products depend appreciably on
the nature of the substituent in the aromatic ring of
hydrazones 1la—c (Fig. 3). An electron-withdrawing sub-
stituent, e.g., the nitro group in substrate 1b, results in a
lower rate of nitrogen evolution. The highest gas evolu-
tion rate was found for hydrazone 1c, which contains the
strong electron-releasing methoxy group; however, the
yield of dichloroalkene 2¢ (49%) was much lower than
those with hydrazones 1a,b. The highest yield of azine 3¢
(44%) was observed for hydrazone 1c.

On treatment with oxidants, N-unsubstituted hydr-
azones of carbonyl compounds are known3’ to be con-
verted, most often, into the corresponding diazoalkanes
and then into products of their transformations and in
symmetrical azines. Compounds of transition metals in
higher oxidation states, halogens, N-bromosuccinimide,
or peroxo acids can be used as oxidants. Depending on
the nature of the oxidant, azine can be produced by two
routes, via the intermediate diazo compound or via the
hydrazonyl radical; if metal compounds in higher oxida-
tion states are used as oxidants, the reaction normally
proceeds through diazoalkanes.3? Azines are formed from
diazo compounds upon ejection of a nitrogen mol-
ecule3%4? or upon the reaction of carbenes with diazo
compounds3® (Scheme 5).

The formation of azines may imply that diazoalkanes
participate in the catalytic olefination. To confirm this
assumption, 4-nitrophenyldiazomethane prepared before-
hand3® was introduced in the reaction. The reaction of
4-nitrophenyldiazomethane with CCl, (5 equiv.) under
standard olefination conditions (in a DMSO solution in
the presence of an aqueous solution of ammonia and

10 mol % CuCl) was found to give the same products
(alkene 2b and azine 3b) as obtained with 4-nitro-
benzaldehyde hydrazone 1b. However, the yield of alkene
2b has markedly decreased and the yield of azine 3b has
increased (Scheme 6).

Scheme 6
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A by-product resulting from noncatalytic transforma-
tions of diazoalkane, 4-nitrobenzaldehyde, which is not
produced from hydrazone 1b under the COR conditions,
has also been isolated (it is known#1—43 that carbonyl
compounds are formed from diazoalkanes when they re-
act with the oxidants present in the system, viz., DMSO,
oxygen).

The rate of nitrogen evolution during the reaction of
4-nitrophenyldiazomethane with CCly is higher than in
the reaction of hydrazone 1b. Thus, the oxidation of hydr-
azone to diazoalkane proceeds more slowly than decom-
position of diazoalkane during the COR. This ensures a
low concentration of diazoalkane compared to CCl, when
using hydrazones. An increase in the diazoalkane con-
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centration promotes dimerization (the formation of azine)
and oxidation (the formation of aldehyde). Apparently,
hydrazones are oxidized in the first step to diazoalkanes
with copper(i1), resulting from oxidation of CuCl with
carbon tetrachloride. According to the reaction pattern,
the formation of azine requires two diazoalkane molecules,
whereas the formation of dichloroalkene requires one
molecule of the diazo compound and one CCl, molecule.
Therefore, an increase in the amount of CCly entails an
increase in the content of dichloroalkene in the reaction
products. The factors that enhance the susceptibility of
hydrazones for oxidation are favorable for the increase in
diazoalkane concentration and, hence, gas evolution rate;
this should increase the yield of azines, which is really the
case for electron-releasing hydrazone 1c¢. Thus, on the
basis of analysis of published and experimental data, we
demonstrated that azines 3a—c are formed upon oxida-
tion of hydrazones la—c with Cu!! compounds to the
corresponding diazoalkanes, which then react with each
other with nitrogen ejection.

When an equimolar amount of Cul! is used for oxida-
tion (the reaction is carried out in DMSO in the presence
of an aqueous solution of ammonia without CCly), azine
3a is formed in 94% yield as the only transformation
product of hydrazone la (Scheme 7). Apparently, the
intermediate diazo compound cannot be isolated, as it
rapidly decomposes in the presence of copper compounds.

Scheme 7

Cl{ >_<:“H2
|_’ : NN :

(94%)
i. CuCl, (2 equiv.).

Thus, the synthesis of dichloroalkenes and azines dur-
ing olefination can involve the intermediate formation of
diazoalkanes.3¢ Diazoalkanes are widely used in synthetic
organic chemistry; their properties have been the subjects
of fundamental reviews and monographs.41—43 They are
able to undergo diverse transformations both with nitro-
gen evolution and with nitrogen retention in the mol-
ecule. For example, diazo compounds decompose under
the action of some transition metals, first of all, copper
and rhodium to give metal carbene complexes. The
carbene complexes of copper, rhodium, and other metals
are generally recognized intermediates of carbene transfer
reactions such as cyclopropanation of alkenes# and the
synthesis of oxiranes (Scheme 8).45

Scheme 8
R! R!
[Ox]
>=NNH2 — >=N2 —
R2 R2
R! R!
M ©
—_— >=|\/| - ® M
R? R?
R! R!
S
R2 R2

M = Cu, Rh; S is substrate

We assumed that the synthesis of dichloroalkenes in
the reaction of hydrazones with CCl, also involves a cop-
per carbene complex as an intermediate.38:46:47 The oxi-
dation of hydrazone 1a affords aryldiazomethane, which
further undergoes copper-catalyzed decomposition to give
copper carbene complex I (Scheme 9). We have postu-
lated complex I to be the key intermediate of the COR.
The subsequent addition of CCl, to carbene complex I

Scheme 9

@ o~
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i. Single-electron transfer.
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gives rise to organocopper compound II. This reaction
proceeds presumably as the insertion of the Cu atom into
the C—Cl bond, although a mechanism including pre-
liminary single-electron transfer from the copper carbene
complex to CCly is also possible. This yields a radical
anion/radical cation pair, which is subsequently converted
into intermediate II. Elimination of CuCl, from interme-
diate II gives dichlorostyrene 2a.

A number of reactions including the oxidative addi-
tion of copper to the C—Hal bond have been reported.
Thus the addition of CCl, and other polyhaloalkanes to
the C=C bonds in the presence of CuCl to give 1 : 1
adducts has been studied in detail (Scheme 10).48—50 The
reaction is assumed to follow a radical mechanism5! or to
involve the intermediate formation of Cu compounds.3?

Scheme 10

cucl+cc,, — — ccieu'cl, ——
— Cl&%—éCu'”Clz e cgc%—ém

The synthesis of carbenoid complexes of copper in the
oxidative addition of isonitrile copper complexes to
trichloromethyl-containing compounds has been docu-
mented (Scheme 11). The carbenoid complexes add to
alkenes to furnish cyclopropanes.32:53 We believe that the

reaction of copper carbene complex I with CCl, under
the COR conditions proceeds as described in the litera-
ture and includes the oxidative addition of copper to the
C—Hal bond to give the C—Cu—Hal fragment.

Scheme 11
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The results obtained in a study of the model reaction
of hydrazones with CCly, together with the published data
allow one to construct a unified catalytic cycle of the
COR which would describe the transformations taking
place in the system and account for the formation of
unsaturated compounds and azines under these condi-
tions (Scheme 12). The reaction is initiated by the oxida-
tion of CuCl with halogen compounds CHal,XY to give
Cu'l, which then oxidizes hydrazones to diazoalkanes,
the acid formed being trapped with ammonia. The subse-
quent copper-catalyzed decomposition of diazoalkanes
with nitrogen evolution results in copper carbene com-

Scheme 12
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plex I, which is the key intermediate of the COR. The
subsequent transformation of the copper carbene com-
plex follows two routes. The reaction of the complex with
CHal,XY results in substituted alkenes and regeneration
of the catalyst, Cull (external cycle). The side reaction
giving rise to azines proceeds via dimerization of diazo-
alkanes with Cu catalysis or through the reaction of the
copper carbene complex with another diazoalkane mol-
ecule (internal cycle). The low-valence copper compounds
thus formed should be oxidized by polyhaloalkanes to
give partial reduction products.

Both catalytic cycles (the external and internal ones)
include the same states of the Cu catalyst. The ratio of the
hydrazone transformation products, alkenes and azines,
is determined by the competing transformations of the
copper carbene complex 1.

Effect of the structure of carbonyl substrates

In order to determine the scope of synthetic applica-
tion of COR in the series of carbonyl substrates and to
compare the reactivities of different hydrazones, we stud-
ied the reactions of hydrazones derived from aromatic
aldehydes, alkyl aryl ketones, and diaryl ketones with CCl,
in the presence of CuCl (Table 5).3% Detailed analysis of
the transformation products has shown that in all cases,
except for the hydrazones of diaryl ketones (fluorenone
and benzophenone), the two expected COR products
(dichloroalkenes and symm-azines) are formed in a nearly
quantitative total yield. Thus, catalytic olefination is a
general reaction, which can involve both aromatic alde-
hydes and ketones. This opens up the way for the synthe-
sis of a broad range of alkenes from carbonyl precursors.

Table 5. Yields of the products in the reactions of hydrazones
with CCly

Yield (%)
Ar(R)C=CCl, Ar(R)C=N—N=C(R)Ar x=*

Hydrazone

A 19 93
O, e g 17 96
—@—Q M 44 93

—@—Q e 82 14 96
—@—Q e g 7 95
on—{ )~ o 58 3 90

* The sum of products.

In the case of fluorenone hydrazone, "abnormal” prod-
ucts, bis-fluorenylidene and 9-chlorofluorene, have been
obtained together with the expected 9-dichloromethylene-
fluorene (Scheme 13). The corresponding fluorenone
azine could not be isolated.

Scheme 13
Cl Cl
NNH, |
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—_— +
CuCl
37%

U
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When benzophenone hydrazone is used in the reac-
tion, benzophenone is isolated as the only product
(yield 37%); this product results from oxidative cleavage
of the C=N bond of diazoalkane under reaction condi-
tions (Scheme 14).

Scheme 14

37%

Thus, the behavior of hydrazones of aromatic alde-
hydes and alkyl aryl ketones is fully consistent with the
proposed COR scheme, whereas diaryl ketone hydrazones
show an abnormal behavior. It was found38 that the in-
crease in the amount of abnormal products is corre-
lated with enhancement of the stability of the diazoalkanes
involved and with the increase in the steric hindrance of
the hydrazone group in the case of diaryl ketone de-
rivatives. The enhancement of the stability of the inter-
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mediate diazoalkanes and, as a consequence, a decrease
in the formation rate of the copper carbene complex
lead the diazoalkane out of the COR catalytic cycle;
hence, it participates in side reactions (both those cata-
lyzed by copper salts and those proceeding without
catalysts).

The identification of the general scope of the reac-
tion and the relationship between the structure and the
COR behavior of the carbonyl compound suggest that
olefination can occur for a broad range of various carbo-
nyl compounds. Therefore, the COR can be used to syn-
thesize alkenes of different structural types.

Determination of the reactivities of
halogen-containing reagents under the COR conditions

According to the general COR pattern (see Scheme 2),
apart from CCly, other CHal,XY compounds containing
a gem-dihalomethylene fragment or a trihalomethyl group
as well as tetrahalomethanes can also act as olerfinating
reagents.

We have studied the influence of the nature of
the halogen-containing reagents on the route of their
reaction with hydrazones. According to the proposed
COR mechanism (see Scheme 12), the olefinating
reactivity of a polyhaloalkane should be determined
by the step where this compound reacts with copper
carbene complex I to give organocopper compound II
(see Scheme 9), i.e., by its ability to function as an elec-
tron acceptor and by the strength of the C—Hal bond,
which is going to be cleaved upon the oxidative addition
of the copper carbene complex to the halogen-containing
reagent. An increase in the olefination reactivity of
polyhaloalkanes should result in higher yields of the tar-
get products, i.e., alkenes, and lower yields of the by-
products, i.e., azines, because these reaction routes com-
pete with each other.

Polyhaloalkanes behave as typical electrophiles with
respect to electron donors.34 Previous studies3%:56 revealed
correlations between the reactivity and some characteris-
tics of polyhaloalkanes, namely, the half-wave electro-
reduction potential, electron affinity, bond energy, and
the energy of the lower unoccupied molecular orbital
(LUMO). As arule, the electron affinity increases with an
increase in the number of halogen atoms (except for
polyfluoroalkanes).57 In recent years, the global reactivity
index o has been often used to estimate the reactivity of
chemical compounds. This is a semiempirical parameter
reflecting the energy of electron transfer to the LUMO of
the given molecule.58:5% The global electrophilicity in-
dex of the molecule is determined from the formula
® = p2/2n, where u is the electron chemical potential
(L= 0.5(Egomo T ELumo)s Eromo is the energy of the
higher occupied molecular orbital), n is the chemical ri-

Table 6. Global electrophilicity indices (o) and LUMO (E1 yym0)
and HOMO (Eyomo) energies for a number of halogen-con-
taining compounds

Reagent —Exomo —E umo ®
eV

CBr;NO, 7.24 3.93 4.70
CCI1;COCF;, 7.48 3.94 4.60
CBry 7.02 3.73 4.38
CCI3NO, 7.61 3.86 4.38
CBr;Cl1 7.02 3.59 4.10
CBr,Cl, 7.13 3.43 3.76
CCI,CHO 7.06 3.27 3.52
CHBr,CN 7.50 3.26 3.42
CBrCl, 7.34 3.22 3.39
CBr;COMe 6.63 3.12 3.38
CHBr,COMe 6.46 3.03 3.29
CHBr; 6.91 3.03 3.19
CBr,F, 7.35 2.98 3.06
CCl, 7.73 2.99 3.03
CCI;CN 8.09 2.96 2.98
CHBr,CO,Me 6.87 2.88 2.97
CHC1,COMe 6.47 2.80 2.93
CHBr,Cl1 7.03 2.85 2.92
CH,BrCN 7.44 2.74 2.76
CHCI,CN 8.12 2.69 2.69
CHBr,SO,Me 7.13 2.66 2.68
CHBrCl, 7.21 2.62 2.64
CCl3,CO,Me 7.03 2.61 2.63
CCLLF 7.76 2.62 2.62
CH,BrCO,Me 6.57 2.58 2.62
CC13SO,Me 7.41 2.57 2.57
CHC1,COOMe 6.92 2,51 2.52
CCl;—CF; 7.84 2.52 2.52
CH,BrCOMe 6.15 2.46 2.51
CF;—CHBrClI 7.49 2.43 2.43
CCl3,—CCl,4 7.46 2.43 2.43
CCl,—CCLH 7.42 2.38 2.39
CCl;,0Me 7.30 2.35 2.35
CCI;CONH, 6.70 2.34 2.34
PhCHBTr, 6.38 2.30 2.31
CCl;—CH,0H 7.19 2.25 2.26
CHCl,4 7.53 2.25 2.26
CH,Br, 6.97 2.24 2.24
CCLF, 8.04 2.18 2.23
CCI;CONMe, 6.34 2.21 2.21
CCILF—CCIF, 8.08 2.15 2.21
PhCH,Br 6.31 2.13 2.13
CCIF; 8.55 1.50 1.79
CH,Cl1, 7.37 1.52 1.69
CH;Br 6.68 1.33 1.50
CH, 9.42 0.36 1.32
CH;CI 7.09 0.84 1.26

gidity (M = EL ymo — Exomo)- This parameter takes into
account both the acceptor and donor properties of the
molecule and is well correlated with experimental data on
the electrophilicity of various compounds.58:59
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Fig. 4. Variation of the global electrophilicity index (o) in the series of reagents CBr;NO, (/), CBry (2), CCI3NO, (3), CBr;Cl (4),
CBr,Cl, (5), CCI3CHO (6), CBrCl; (7), CHBr3 (8), CBr,F, (9), CCl, (10), CCI;CN (/1), CHBr,CO,Me (12), CHCI,COMe (13),
CHBr,Cl1 (14), CHBr,SO,Me (15), CHBrCl, (16), CCl;CO,Me (17), CCI1F (18), CCI3SO,Me (19), CCl;—CF; (20),
CCI;CONH, (21), PhCHBr, (22), CCl3—CH,0H (23), CHCI; (24), CH,Br, (25), CCl,F, (26), CCI3CONMe, (27), and
CCLF—CCIF, (28).

Table 7. Bond energies (£;,) for a number of halogen-containing compounds

Reagent E/kcal mol~! Reagent E/kcal mol~! Reagent Ey/kcal mol~!

C—Br C—Cl C—Br C—Cl C—Br C—-Cl
CCL,COCCl, - 5428  CBr,CONH,  50.76 - CCLF _ 74.32
CCI,COCF, - 5545  CBryCONMe,  50.86 - CCLF, - 80.74
CCLCN - 58.38  CBr;NO, 49.56 - CBr,F, 66.93 —
CCL,CO,Me — 6173  CBr, 53.67 - CHBr, 63.19 -
CCL,CONH, — 62.85 CBr;Cl 54.09 65.89 CHBr,Cl 63.28 75.18
CCI;NO, - 63.00  CBr,Cl, 54.49 6631  CHBCl, 63.31 75.30
CCIl3;CONMe, — 63.48 CBrCl, 54.87 66.71 CHCl, — 75.35
CH,CICN - 7261  PhCHBr, 56.30 - CH,Br, 71.15 _
CCLOMe - 7274 CBr;OMe 59.44 - CH,Cl, - 82.51
CH,CICOMe — 76.96 PhCH,Br 63.14 — CCL,—CCly — 65.82
CH,CICO,Me  — 7710 CH,BICN 62.28 — CCl—CCLH  — 66.47 (CCly)
CH,CINO, — 80.64 CH,BrCOMe 65.83 — 73.49 (CCLH)
CBr,CN 46.91 - CH,BrCO,Me  65.93 - CCl,—CF, - 68.86
CBr,CO,Me  49.35 - CH,BrNO, 68.78 - CCLF—CCIF, — 76.33 (CCL,F)
CBr,COCF;  44.13 - ccl, _ 67.07 82.95 (CCIF,)

By DFT calculations* with the PBE 96 functional®?
using the PRIRODA program,®! we determined the
LUMO and HOMO energies, the global electrophilicity
indices (Table 6, Fig. 4), and the C—Hal bond ener-
gies for a number of halogen-containing compounds

* The PBE calculation was carried out using a large orbital basis
set of compressed Gaussian type basis functions with the con-
traction scheme (5,3x1/3x1/2x1) for H, (7,7x1/5,3x1/3x
x1/2x1) for C, (7,7x1/5,3x1/3x1/2x1) for F, (8,12x1/7,8x
x1/3x1/2x1) for Cl, and (8,17x1/6,13x1/6,8x1/3x1) for Br.

(Table 7).34 The resulting values were used for qualitative
estimation and prediction of the reactivity of various
polyhalogen-containing compounds potentially able to
act as olefinating reagents.

The calculation results allow one to determine the
regular features of the variation of global electrophilic-
ity indices and the bond energies as functions of re-
agent nature. The C—Hal bond energy in halomethanes
CH,Hal,_, varies over a broad range depending on the
number of halogen atoms (see Table 7).34:62 It can be seen
that the bond energy decreases and, hence, the bond be-
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comes more prone to rupture with an increase in the
degree of methane halogenation. On passing from trihalo-
methanes CHBr,Cl;_, to tetrahalomethanes CBr,Cl,_,,
the C—Br and C—CIl bond energies decrease by
8—10 kcal mol~!. The calculated data suggest that the
behaviors of bromine-containing tetrahalomethanes CBry,
CBr;Cl, CBr,Cl,, and CBrClj; in this reaction would be
virtually the same, because the reactivity of polyhalo-
alkanes is dictated by the strength of the weakest C—Br
bond, which is the first to be cleaved in the oxidative
addition of the copper carbene complex (Fig. 5), while
the reactivity of CCly in the COR should be much
lower. The relative reactivities of CHBr;, CHBr,Cl, and
CHBrCl, should be similar for the same reasons, while
the reactivities of chloroform (E¢_¢; = 75.35 kcal mol~!)
and dihalomethanes are expected to be substantially lower

E¢_p,/kcal mol~!

70 |
65
60
55

50

45

than those of bromine-containing trihalomethanes or
CCl, (Figs. 5 and 6).

In the case of other halogen-containing compounds
CH,Hal;_,G (G is a functional group), the bond energy
depends appreciably both on the degree of halogena-
tion of the reaction centers and on the nature of the
functional group. The introduction of electron-withdraw-
ing substituents ensures a substantial decrease in the C—Cl
and C—Br bond energy. The replacement of Cl or Br
atoms by F results in a higher strength of the C—Hal
bond. In all cases, the C—Cl bond energy in compounds
with analogous structures is several kcal mol~! higher than
the C—Br bond energy. The global electrophilicity indi-
ces of the corresponding halogen-containing reagents in-
crease in parallel with the decrease in the C—Hal bond

energy.

12 3 4 5 6 7 & 9

10 11 12 13 14 15 16 17 Reagent

Fig. 5. Variation of the C—Br bond energy in the series CBr;COCF; (1), CBr;CN (2), CBryCO,Me (3), CBr;NO, (4), CBr;CONH, (5),
CBr;CONMe, (6), CBr, (7), CBrsCl (8), CBr,Cl, (9), CBrCl, (10), PhCHBr, (11), CHBr3 (12), CHBr,Cl (13), CHBICl, (14),

PhCH,Br (15), CBr,F, (16), and CH,Br, (17).

Ec_cy/keal mol~!

1 2 3 4 5 6 7 & 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 Reagent

Fig. 6. Variation of the C—Cl bond energy in the series CCl;COCCl; (1), CClLCOCF; (2), CCLLCN (3), CCl,CO,Me (4),
CCI;CONH, (5), CCI;NO, (6), CC1;CONMe, (7), CCli—CCl; (8), CBr;yCl (9), CBr,Cl, (10), CCl;—CCl,H (11), CBrCl; (12),
CCl, (13), CCl;—CF; (14), CH,CICN (15), CCl;,0Me (16), CCI,F (17), CHBr,Cl (18), CHBCl, (19), CHCl; (20),
CCl,F—CCIF, (21), CH,CICOMe (22), CH,CICO,Me (23), CH,CINO, (24), CCI,F, (25), and CH,Cl, (26).
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Table 8. Olefinating ability of polyhaloalkanes

Reagent Prepared alkene Yield (%)
Alkene Azine3a  I*
Br,
CBr, CI—Q—/?_ B g9 7 96
H
Cl
CBrCl, CI—Q—/Q_ g 20 91
H
Cl ,
ccl, CI_Q_/Z_ e 17 99
H
H
CHBr, o~ >_Z/ Br 67 26 93
H
H
CHBICl, CI_Q_/Z” o 52 9%
H
H
CHCI, CI_Q_/Z" ¢ 52 52
H
CH,Br, — — 78 78
CH,Cl, — — 63 63
Cl
CCl,—CF, C]_Q_/Z“ RER 21 84
H
F
CCl,F—CCIF, m@—’k CCIF2 99 21 41
H

* The sum of products.

To confirm the hypothesis stating that the global
electrophilicity index and the C—Hal bond energy allow
one to predict the behavior of polyhaloalkanes in the
catalytic olefination and to estimate their olefinating re-
activity, we studied the reactions of a number of polyhalo-
alkanes with model 4-chlorobenzaldehyde hydrazone 1a.
It was found that with any of the above reagents, the
transformation of hydrazone 1a gives the corresponding
alkenes and azine 3a as the only products (Table 8).34

The tetrahalomethanes CBr,Cl,_, serve as excellent
olefinating reagents, the corresponding B,B-dihalostyrenes
being isolated in high yields (71—89%). Azine is the mi-
nor product, the total yield of dihaloalkenes and azine
being nearly quantitative. When CBry is used, hydrazone
1ais converted into the corresponding dibromostyrene 4a
(Scheme 15). In the case of bromotrichloromethane or
CCly, dichlorostyrene 2a is formed.

The reaction of haloforms with hydrazone 1a in the
presence of CuCl proceeds in a similar way to give vinyl
halides 5a and 6a, together with azine 3a. No B-chloro-
styrene was detected upon the reaction with chloroform,
which is due to its low global electrophilicity index and

Scheme 15

Br,
NNH, CBr, / Br
_—
Cl CuCl Cl
H H
1a 4a

markedly higher C—Cl bond energy compared to those of
tetrahalomethanes. Azine 3a was the only reaction prod-
uct in this case (Scheme 16).

Scheme 16
NN
CHCI,
/ N
H H
3a (52%)

However, the replacement of one Cl atom by Br (the
use of CHBrCl,) results in the stereoselective formation of
the target B-chlorostyrene 5a in a high yield (Scheme 17).
The E-isomer of the alkene is formed as the major prod-
uct. Thus, the use of bromodichloromethane CHBrCl, as
the olefinating reagent opens up a convenient preparative
route to B-chlorostyrenes. These results serve as a con-
vincing proof of the fact that the strength of the C—Hal
bond is an important factor determining the reactivity of
polyhaloalkanes under COR conditions.

Scheme 17

H
NNH, cueral, Ve
B ———
Cl cucl Cl
H H
1a 5a

Bromoform can be used in the COR as a C;-building
block. This gives the corresponding vinyl bromide 6a
(Scheme 18).

Scheme 18
H
NNH, CHBr, / Br
—_—
Cl oucl Cl
H H
1a 6a

Dihalomethanes, viz., diiodomethane, dibromo-
methane, and dichloromethane, are insufficiently active
in the COR (Scheme 19). No expected unsubstituted sty-
rene 4-CICcH4,CH=CH, is formed, azine 3a being the
only product.
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Scheme 19

L e

3a (57—78%)

@

Hal =Cl, Br, 1

Freon isomers C,Cl;F; react with hydrazones to give
fluorine-containing alkenes 7a and 8a (Scheme 20). The
olefinating reactivity of CCl;—CF; (Freon 113a) proved
to be much higher than that of isomeric CCl,F—CCIF,.
Alkene 7a was obtained in 63% yield, whereas the yield of
alkene 8a was only 20%. This is due to the fact that the
reactivity of the trichloromethyl reaction center at the key
step of the olefination, i.e., insertion of the copper carbene
complex at the C—Hal bond, is much higher than that of
the dichlorofluoromethyl group, as the C—Cl bond en-
ergy is much lower and the global electrophilicity index is

higher for CCl;—CFj than for CCl,F—CCIF,.
Scheme 20
Cl
CCI,CF, /" CF3
CuCl cl
H
7a
NNH,
Cl
H
1a F
CCLF—CCIF, /)~ CCIF,
CuCl cl
H

8a

Thus, we demonstrated the possibility of using cata-
Iytic olefination of hydrazones for the synthesis of substi-
tuted alkenes of various types. These data indicate that
the general scheme of the formation of olefins and azines
describes adequately the reactions of diverse polyhalo-
alkanes with hydrazones. The predicted dependence of
the reactivity on the global electrophilicity indices and
the C—Hal bond energies fully correspond to the ob-
served results. This allows the use of calculated data for
predicting the olefinating reactivity of various halogen-
containing compounds. The reagents whose global elec-

Table 9. Olefination of 4-chlorobenzaldehyde hydrazone (1a)
with reagent mixtures

Reagents Composition of Total yield
the products* of alkenes (%)
CBr,/CCly 4a 65
CBry/CHBr; 4a+6a(50:1) 98
CCly/CHBr; 2a+6a(6:1) 72
CCl,/CCI;CF; 2a+7a(33:1) 63
CHBr;/CHBrCl, 6a+5a(3:2) 74
CBr,/CBrCl; 2a+4a(2:3) 84

* Determined by 'H NMR.

trophilicity indices are higher than that of chloroform (for
chlorine-containing reagents) or dibromomethane (for
bromine-containing reagents) are expected to enter into
the COR to give substituted alkenes.

To verify once again the hypothesis stating that the
global electrophilicity indices and the C—Hal bond ener-
gies allow one to predict the behavior of polyhaloalkanes
in the catalytic olefination, we studied the relative
olefinating reactivities of a series of polyhaloalkanes to-
ward the model hydrazone 1a by the competing reaction
technique (Scheme 21, Table 9).

Scheme 21

CHal,X'Y" + CHal,X2Y?

Ar,
>=NNH2
H

Ar = 4-CICgH,

When a mixture of CBr, and CCly is used, B,B-di-
bromostyrene 4a is formed as the only olefination prod-
uct, i.e., the reactivity of CBr, is much higher, which is in
good agreement with the relative stabilities of the C—Cl
and C—Br bonds. Comparison of the activities of the
CCl,/CCI;CF; and CBr,/CHBr; pairs can serve as con-
vincing evidence for higher reactivity of tetrahaloalkanes
with respect to trihaloalkanes.

The reactivities of bromoform and bromodichloro-
methane are similar. -Bromostyrene 6a and B-chloro-
styrene 5a were obtained in 3 : 2 ratio, which is in line
with the similarity of the C—Br bond energies in bromo-
form and bromodichloromethane. Analogous results have
been obtained in the reaction with a CBr,/CBrCl; mix-
ture. This confirms our assumption that polyhalomethanes
characterized by close energies of the weakest C—Hal
bond should also have similar reactivities.
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On the basis of the results obtained, we composed the
following reactivity sequence for polyhaloalkanes with re-
spect to hydrazone 1a in the DMSO—aqueous ammonia
reaction system: CBry = CBrCl; > CCl; > CHBr; =
~ CHBrCl, > CCI;CF;.

The regularities we discovered are consistent with those
predicted on the basis of calculated global electrophilicity
indices (see Table 6) and bond energies (see Table 7).
These results serve as additional evidence for the catalytic
cycle of the COR.

Analysis of the compositions of reaction mixtures by
GC/MS and NMR showed the presence of the products
of partial reduction of polyhaloalkanes under the COR
conditions (Scheme 22). The formation of such products
during the oxidation of hydrazones to azines was pre-
dicted on the basis of analysis of the catalytic cycle (see
Scheme 12, internal cycle). It was shown that the reduc-
tion of tetrahalomethanes results in haloforms, while the
reduction of haloforms gives diahalomethanes. Presum-
ably, this process is a sequence of two single-electron
transfer steps. The transfer of one electron to a polyhalo-
alkane results in the formation of a radical anion, which
then decomposes with the ejection of a halide ion. The
subsequent single-electron transfer to the generated radi-
cal gives an anion, which adds a proton from the medium
to give the final reduced product.

Scheme 22
CHal,XY R CHal, XY™ ——=  CHalXY" —
—Hal
i +
—>  HCHalXY~™ — HCHalXY
CCl, — CHCly

CBr, — CHBr3
CHBrg — CH,Br,
CHI; — CH,l,
CF3—CCl; — CF;—CCI,H
i. Single-electron transition.

Olefination with Freon-113 may give two iso-
meric dichlorotrifluoroethanes, CHCIF—CCIF, and
CHF,—CCL,F, corresponding to elimination of differ-
ent Cl atoms during decomposition of the radical
anion, formed upon single-electron transition to the
CCl,F—CCIF, molecule (Scheme 23). Indeed, both
products were detected in the reaction system by GC/MS.

The detection of partial reduction products of poly-
haloalkanes predicted on the basis of the catalytic cycle
serves as additional evidence for the proposed reaction
mechanism.
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Scheme 23
cl cl
cl F
F F
1
l cl cl cl cl
0 ol —F 5 F
~7 F F FF
cl F
F Pl cl F cl F
CIH == cl H
F F F F

i. Single-electron transfer.

Synthetic potential of the COR.
Synthesis of various halo-substituted
unsaturated compounds

Relying on the calculations predicting the applicabil-
ity of a broad range of halo-containing compounds as
olefinating reagents, we proceeded to investigating the
synthetic potential of the COR and developed new meth-
ods for the synthesis of various types of halo-substituted
unsaturated compounds.

Synthesis of dichloroalkenes. On the basis of catalytic
olefination, we developed a new method for the synthesis
of B,B-dichlorostyrenes from hydrazones of aromatic al-
dehydes.33:36 To elucidate the role of substrates, the reac-
tion was performed with hydrazones of substituted benz-
aldehydes containing diverse substituents in the aromatic
ring, namely, chloro, bromo, nitro, cyano, and dimethyl-
amino groups (Scheme 24). All these substrates react with
CCl, to be converted into the corresponding dichloro-
styrenes.

Substrates containing electron-withdrawing substitu-
ents in the aromatic nucleus are converted into the target
B,B-dichlorostyrenes in high yields. In the case of hydr-
azones with electron-releasing substituents and benzalde-
hyde hydrazone, the yields of dichloroalkenes are much
lower. The behavior of hydrazones of substituted benz-
aldehydes depends little on the position of substituents in
the nucleus or steric restrictions. In the reaction with
2,6-dichlorobenzaldehyde hydrazone, the corresponding
alkene was obtained in 79% yield.

N-Unsubstituted hydrazones of many aldehydes are
known3? to be rather unstable compounds, being prone to
oxidative dimerization. The tendency of hydrazones con-
taining electron-releasing substituents for oxidation, and,
hence, the formation of pronounced amounts of azine is
mainly responsible for the low yield of dichlorostyrenes in
these cases. For avoiding rather laborious isolation and
purification of hydrazones and increasing the yield of
dichloroalkenes, we have developed4® a new procedure
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Scheme 24
Ar ccl, Ar Cl
—_—
) NNH; CuCl > <
H H Cl
Cl Cl Cl Cl Cl
i - Cl Cl Cl Cl Cl
H H H H H
Yield (%) 82 79 49 78 57
Cl Cl Cl O,N Cl NC Cl Br, Cl
alkene . . \ \ \
Yield (%) 27 65 67 70 66
Cl Cl Cl O,N Cl Cl Cl
Dichloro- )cl )c )=C o My a /?—Cl
alkene H H . cl . /
Mé H
Cl Cl OH Cl
Yield (%) 64 79 14 62 26

for the preparation of dichloroalkenes without intermedi-
ate isolation of the hydrazone (Scheme 25). This is a
general procedure that allows the synthesis of dichloro-
styrenes both with electron-releasing and electron-with-
drawing substituents.46

Comparison of the two versions of dichlorostyrene
synthesis we developed, one using hydrazones of aro-
matic aldehydes prepared beforehand and one using those

prepared in situ, shows that the latter route is preferred for
most of aromatic substrates; in the case of substrates with
electron-releasing substituents and benzaldehyde, the
yields of the target alkenes substantially increased. Along
with aromatic aldehydes, heteroaromatic aldehydes of the
thiophene and pyridine series were used in the reaction.
The scope of synthetic application of the catalytic
olefination is not limited to aromatic aldehydes. The re-

Scheme 25
(Het)Ar N,H, - H,0 (1 equiv.) (Het)Ar cal, (Het)Ar Cl
D=NNH,|  —=
CuCl
H H H cl
cl ol cl cl cl cl
Dichloro- cl cl cl cl cl cl
H H H H H H
Yield (%) 69 79 77 72 59 36
cl Gl cl ON I c. ON I NG ClI Br. Cl
alkene H H H H H H H
Cl OH
Yield (%) 68 74 40 58 74 60 75
cl gl clal cl MeO  Cl cl F
Dichloro- /) Cl ) Cl ) Cl /) Cl y—Cl ) Cl
alkenc cl Me,N F
H o M H H H H
|
Yield (%) 57 65 58 37 52 57
F Cl cl cl O H H H cl H
/4 =
Dichloro- 7C Oy s Nl m/ “ N/;\>_\$_ WCI S‘:/>_\$_
alkene J Cl Cl Cl
H H H Cl N Cl H Cl
Yield (%) 36 26 48 41 44 34 45
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actions of alkyl aryl ketone hydrazones with CCl, af-
fords®2 the corresponding tetrasubstituted dichloroalkenes,
which are presented below.

Polycyclic and heterocyclic hydrazones can also be
introduced into the olefination.

Thus, we developed a new, in principle, approach to
the preparation of tri- and tetrasubstituted alkenes con-
taining a gem-dichlorovinyl group based on olefination of
hydrazones of aromatic aldehydes and ketones with CCly.
By varying the structure of the starting carbonyl com-
pounds, it is possible to obtain diverse dichloroalkenes
containing alkyl, aryl, and hetaryl substituents at the
double bond. The olefination is compatible with a large
number of functional groups such as the sulfonyl, nitro,
cyano, alkoxy, and hydroxy groups. The modified one-
pot procedure is suitable for the synthesis of dichloro-
alkenes from both electron-releasing and electron-with-
drawing substrates.

Dichloroalkenes have found extensive application
in organic chemistry as precursors of acetylenes and
chloroacetylenes and some other classes of com-
pounds.%3:%4 The key methods for the synthesis of

Alkene
Yield (%)

Me

X Cl ]\ ¢
Alkene O S” Y~ Cl

Cl

Me

Yield (%) 31 42

gem-dichloroalkenes include (i) reduction of a-trichloro-
methylarylcarbinols or their acetates, 5567 (ii) the Wittig64
and the Horner—Emmons—Wadsworth reactions,®8
(iii) [2+2]-cycloaddition of dichloroketene to aldehydes
followed by thermal decarboxylation of the resulting lac-
tone,% (iv) reductive addition of CCl, to aldehydes in the
presence of the lead—aluminum bimetallic system’? or
low-valence titanium compounds.?3 The necessity of us-
ing equimolar amounts or large excesses of phosphorus
compounds or reducing metals is an essential drawback of
these methods. As a rule, these reactions are to be carried
out in an inert atmosphere using anhydrous solvents. The
method of synthesis of dichloroalkanes we proposed
is free from these drawbacks, which makes it rather
promising.

The synthesis of dibromoalkenes. Calculations of the
bond energies and global electrophilicity indices show
that not only CCl, but also other polyhalogen-containing
compounds can be used as olefinating reagents. By vary-
ing polyhaloalkanes, one can synthesize a broad spectrum
of alkenes containing various substituents at the double
bond. In particular, when CBry is used as the olefinating

Cl Cl Cl Cl o Cl
Cl Cl Cl Cl Cl
Me Me Me Me ('5 Me
65 82 88 58 33
Cl Cl
cl )€l ,)—Cl
ol o
Me
57 45 32

Scheme 26

CBr, (3 equiv.)
_—

NNH,
é > ( cucl
R R’ !

R’ = H, Alk
Yield (%)

Yield (%)

F Br

Dibromo- @_?—Br

alkene H
92

Br
Et
75

Yield (%)

Br
/ Br

Br, Br, Br, Br, Br, Br,
Dibromo- Br Br Br Br Br Br
alkone, C14©—/27 MeO—@—%ﬁ Br—@j F £ Me £ 7 Meo,s £
H H H H H Me
89 79 92 71 87 45
Br, Br, Br, Br. Br. Me
Di , Br Br Br Br Br Br
opone 4L oL on L oL w4 OO,
Me Me Me H Me
75 92 74 57 52 a1
Br_Br Br.
Br. Br. Br / Br
/ Br / Br /B P
H H S Br
cl CF, Me
77 81 62 23 51
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Scheme 27
R . R . R Br
N,H, - H,0 (1 equiv.) CBr, (2 equiv.)
_—
> © 1.5—24 h > NNH, CuCl > (
R’ R’ R’ Br

R = Alk, R" = H, Alk

Dibromo-

alkene

Yield (%) 83
Dibromo- Br
alkene O=(Br
Yield (%) 52

reagent, hydrazones of carbonyl compounds are converted
into dibromoalkenes in high yields (Scheme 26).71

Unlike olefination of hydrazones of aromatic alde-
hydes with CCly, the reaction with CBr,4 proceeds in high
yields even with donor substrates. Hydrazones of the se-
ries of alkyl aryl ketones behave in a similar way; the
reaction gives the corresponding tetrasubstituted di-
bromoalkenes. %2

The catalytic olefination reaction is very general; ali-
phatic aldehydes and ketones can also be used as the
substrates of COR.”> We have developed a procedure for
direct transformation of aliphatic substrates into the cor-
responding 1,1-dibromoalkenes without intermediate iso-
lation of hydrazones (Scheme 27).72

This reaction can be carried out for open-chain alde-
hydes and ketones and cyclic carbonyl compounds, which
allows one to prepare both trisubstituted and tetrasub-
stituted gem-dibromoalkenes of various structures. The
yields of dibromoalkenes are markedly affected by steric
and electronic factors. Thus olefination of nonan-2-one
gave the alkene in 97% yield, while isomeric nonan-5-one
is converted into dibromoalkene in 54% yield. With even
more sterically hindered ketones, diisopropyl ketone,
pinacoline, and dicyclohexyl ketone, the expected di-
bromoalkenes have not been isolated at all (Scheme 28).

Scheme 28
(0]
Me Me N,H, - H,O

Me Me
Br Br

NNH,
— Me Me X— Me Me
Me Me Me Me

Br
Br, n-C;H,5 — Br.
~ o O Do
Br H Br Br
43 70

Br Br Br
o< X w’ S
Br Br Br Br Br
68 73 78 53

CMis \/B\rIB/r\/ Br. Me
Me Br>=ﬁ>

97 54 71
Br
43

Apparently, the presence of bulky substituents near the
reaction center prevents the reaction of the key interme-
diate, copper carbene complex with CBry.

It should be noted that in the reaction involving me-
thyl cyclopropyl ketone, the cyclopropyl group is retained
and the reaction gives dibromovinylcyclopropane. The
possibility of using olefination for the synthesis of halo-
vinylcyclopropanes is of particular interest, because this
fragment is a part of many pyrethroids, which are widely
used insecticides.”® We also studied olefination of a num-
ber of cyloalkanones with five- to eight-membered rings.
In all cases, dibromomethylene derivatives of cycloalkanes
were obtained, the product yield increasing monotoni-
cally with an increase in the ring size.

The introduction in the reaction of adamantanone
and camphor hydrazone furnished the corresponding alk-
enes, in which the alkene fragment is attached to a cage
structure, in good yields (Scheme 29).

Me

Scheme 29
‘ H, NN M;e
Me Me
CBr,
—_—
CuCl
Br
Z Me
Br
60%

i. N,H4+H,0 (2 equiv.), Bu"OH, refluxing for 24 h.

Thus, catalytic olefination is a versatile reaction in
which any carbonyl compounds — aliphatic, aromatic,



Catalytic olefination of carbonyl compounds

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 5, May, 2004 1051

and heteroaromatic aldehydes and ketones — can be used
as COR substrates and converted into the target alkenes
in high yields. The general method for the synthesis of
dibromoalkenes from carbonyl compounds we developed
represents a convenient alternative to the methods for the
synthesis of dibromoalkenes reported in the literature.
A modified Wittig reaction, i.e., treatment of carbonyl
compounds with CBr, in the presence of excess tri-
phenylphosphine, has now remained the most general
method for the synthesis of gem-dibromoalkenes.”475.

In some cases, olefination of hydrazones of aromatic
aldehydes with CBry is accompanied by partial dehydro-
bromination of the resulting gem-dibromoalkenes with
the base present in the reaction mixture, i.e., an aqueous
solution of ammonia.”! Therefore, we developed the pro-
cedure for direct transformation of the hydrazones of
ortho-substituted benzaldehydes into terminal bromo-
acetylenes.”! The reactions of dibromoalkenes obtained
in situ with DBU results in HBr elimination to yield ter-
minal bromoakynes (Scheme 30).

Scheme 30
Ar CBr,, CuCl A Br
_— _—
NN H2 ah —
H H Br
DBU A — 5
DMSO =
Bromoacetylene Yield Bromoacetylene Yield
(%) (%)
Q%Br 66 Cl
NO, Q%Br 43
=Br 71 Cl

Synthesis of bromoalkenes. The use of trihalomethanes
(haloforms) as olefinating reagents in the COR should
afford monohaloalkenes. The reactions of hydrazones of
aromatic aldehydes with CHBr; in the presence of CuCl
give B-bromostyrenes.”’® The reaction is stereoselective,
the sterically less shielded E-alkene being formed pre-
dominantly (Scheme 31). The E-/Z-isomer ratio for
bromoalkenes is at least 5 : 1; the dependence of the

Scheme 31
H
NNH,  orar, @_%.Br
B
i; > ( cucl
R R’ ! R R’

R"=H, Me

isomer ratio on the nature and positions of substituents in
the aromatic nucleus is ambiguous (Table 10). In the case
of sterically most shielded substrate, 2,6-dichlorobenz-
aldehyde hydrazone, only the E-isomer of the vinyl bro-
mide derivative is formed.

This reaction provides a route to bromostyrenes con-
taining either electron-donating (methoxy group) or elec-
tron-withdrawing substituents (trifluoromethyl or nitro
group). The yield of vinyl bromides is usually high. The
reactions of alkyl aryl ketone hydrazones with bromoform
proceed in a similar way; however, the stereoselectivity of
alkene formation is lower, which is due to the smaller
difference between the steric volumes of substituents at
the carbonyl group in ketones compared to that in alde-
hydes (see Table. 10).76

Bromoalkenes have found wide use in the stereospe-
cific synthesis of substituted alkenes’’—3! and in the total
synthesis of natural products and antibiotics.””:32 The clas-
sical methods for the preparation of bromostyrenes in-
clude debromodecarboxylation of dibromocinnamic ac-
ids,83 various modifications of the Hunsdiecker—Borodin
reaction,34:35 and the Wittig reaction.3¢

Synthesis of vinyl iodides. The use of iodoform as an
olefinating reagent opens up a new way for the transfor-
mation of carbonyl compounds into iodoalkenes,8” which
are important reagents in the palladium-catalyzed cross-
coupling.88 We studied the reactions of a number of
hydrazones of aromatic aldehydes and ketones with iodo-
form and showed that they are converted into iodoalkenes
(Scheme 32). The reaction proceeds stereoselectively to
give sterically less hindered E-iodoalkene as the major
product (Table 11).87

Scheme 32

CHI, (1.5 equiv.)

NNH,
4 : ,( CuCl
R R’

H Ar
I />—R’
R & G
R R’

Ar—</
R’
R =H, Me

The yield of iodoalkenes is usually relatively low, azines
being the major reaction products. The total yield of alk-
enes and azines is, most often, nearly quantitative. The
yield of alkenes and the stereoselectivity of the reaction
are markedly influenced by the nature of substituents in
the aromatic ring and steric factors. For example, the
presence of ortho-substituents relative to the hydrazone
group favors the predominant formation of E-isomers.
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Table 10. Synthesis of bromoalkenes

Bromostyrene E:Z* Yield (%) Bromostyrene E:7Z* Yield (%) Bromostyrene E:7Z* Yield (%)
H FH H
CI_Q_/Z”BV 6:1 67 7e 5:1 84 Cl_@_/Z”Br 14:1 73
H H Me
H H H
ozN_O_/Z"Br 20: 1 56 Me_Q_/Z“B' 501 64 M@—@—’?Mm 2:1 54
H H Me
H H H
MGO_Q_/Z”B' 5:1 60 F3c_©_/2“8r 9:1 29 02N—©—/2“Br 13:1 47
H H Me
H " H
Br Vet /o Br
Br Y 10:1 73 \ 6:1 84 MeSO, 1:1 21
H CF, Me
ClH H
E 31 Y 5:1 19 “& 3:1 39
o " No! T
ClH Br H o
G_/Z"Br 8:1 53 Q_/Z“Br 13:1 57 Q(/L‘Br 2:1 60
H H Me
H H
F_Q_/?“Br 10:1 52 Me_Q_%“Br 13:1 55
H Me

* The isomer ratio was determined from 'H NMR data.

Table 11. Synthesis of iodostyrenes from hydrazones of aromatic
aldehydes

Todostyrene E:Z* Yield (%)
iodostyrene azine
H
C‘N : 42:1 40 55
H
H
OzN_Q_/ZM ! 2:1 28 45
H
H
MGO_Q_/?“ : 37:1 15 77
H
ClH
Vad!
Y 28:1 21 69
cl
H
MQ_Q_/?” ! 301 28 58
H
H
V!
Y 52:1 23 -

* The isomer ratio was determined from 'H NMR data.

Thus, this reaction also obeys the general COR pattern.
Analysis of the catalytic cycle suggests a reason for the
relatively low yield of the target iodoalkenes. The oxida-
tion of hydrazones in the catalytic cycle is induced by
copper(i1), which is able to oxidize iodide ions present in
the reaction system to elemental iodine.3* This results in
lower yields of the catalytic reaction products, namely,
iodoalkenes and azines, due to the side oxidation and
iodination of hydrazones.3 Despite the relatively low
yields of the target products, this reaction can serve as a
convenient alternative to the methods described in the
literature.

The classical methods for the preparation of iodo-
alkenes from carbonyl compounds are represented by the
Wittig reaction®® and the reductive coupling of aldehydes
and ketones with iodoform in the presence of CrCl, as the
reducing agent.20%91 Most often, this yields mixtures of
E- and Z-iodoalkenes. Stereochemically pure E- or
Z-iodoalkenes can be prepared from acetylenes by multi-
stage procedures via intermediate vinylsilanes?2—%4 or
vinylboronic acids.?3

Synthesis of fluoro-substituted alkenes. Further re-
search into the synthetic applications of the COR resulted
in the development of methods for the preparation of
fluorine-containing alkenes. The development of meth-
ods for the selective introduction of F atoms or fluorine-
containing groups is an important task of organic chemis-



Catalytic olefination of carbonyl compounds

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 5, May, 2004

1053

try.%¢ This is due to the high physiological activities of
many fluorine-containing compounds.?’” The use of
chlorofluoroalkanes (Freons) and bromofluoroalkanes as
olefinating reagents in the COR underlies a pathway to
fluorine-containing alkenes. In addition, utilization of
toxic and environmentally hazardous Freons and their
transformation into valuable synthetic products remains a
topical task. It should be noted that the presence of
F atoms in the molecule of the polyhalogen-containing
reagent results in pronounced strengthening of all of the
C—Hal bonds (see Table 7) and in a noticeable decrease
in the global electrophilicity index (see Table 6), which
makes fluorine-containing compounds chemically inert.
It was found that activation of Freons as olefinating re-
agents implies modification of the reaction conditions, in
particular, ethanol is used as the solvent and 1,2-ethylene-
diamine is used as the base. Probably, this pronounced
effect of the solvent and the base is related to the higher
solubility of Freons in alcohol than in DMSO and
to stronger complexation of the copper catalyst with
ethylenediamine, resulting in a higher catalytic activity
and a change in the redox potential.

A series of substituted aromatic aldehydes have been
converted into (3-chloro-2,3,3-trifluoroprop-1-enyl)are-
nes by the reaction with 1,1,2-trichloro-1,2,2-trifluoro-
ethane CCl,F—CCIF, (Scheme 33).98 The alkenes ob-
tained in this way have both a F atom and a CCIF, group
at the double bond. Compounds of this type have been
unknown before. The active Cl atom in the allylic posi-
tion in these molecules provides a pathway to further
functionalization of the products. The yields of fluorine-
containing alkenes vary over a broad range, from 19 to

Table 12. Synthesis of (3-chloro-2,3,3-trifluoroprop-1-enyl)arenes

66% (Table 12).98 Using this approach, substrates con-
taining electron-releasing groups, those containing elec-
tron-withdrawing groups, and 1-naphthaldehyde have
been introduced in the reaction.

Scheme 33

N,H, - H,0
e

EtOH

<
R H
F
£>_/2“CCIF2
R H

enis 1,2-ethylenediaine

2 NNH,
R H
CCLF—CCIF,

CuCl, en

The synthesis of fluoroalkenes proceeds stereoselec-
tively to give mainly the sterically less shielded Z-alkene,
the ratio of alkene isomers being directly related to the
nature of the aromatic system. The highest stereoselectivity
is observed for 1-naphthaldehyde (only Z-isomer is
formed) and 4-methoxybenzaldehyde (the Z-/FE-isomer
ratio is 19 : 1). In the case of substrates containing elec-
tron-withdrawing groups, the selectivity of alkene forma-
tion decreases.

In addition to Freon-113, CCl,F—CCIF,, we at-
tempted to use the isomeric 1,1,1-trichloro-2,2,2-tri-
fluoroethane, CCl;—CFj, as a C,-building block provid-
ing a carbonyl substrate molecule with a trifluoromethyl

Alkene E:Z¥  Yield Alkene E:Z¥  Yield Alkene E:Z¥  Yield
(%) (%) (%)
g K FE
01@_/}“0015 10:1 46 @JZ”CC‘% 13:1 39 @J“CC@ 4:1 33
H H H
E al K F K
OzN‘O—/}M COF 6.1 63 @J?“ COF  q1:1 48 F2C‘CWCC‘F2 7o 19
H H H H
F ON F O H
Meo@_/?“ CClF2 19:1 49 @J}“ CClF 41 63 O CCIF, z 48
H H F
F Cl K F
NC@_/?” CClF;  6:1 35 @J?“ CCIF, 7:1 24 Me@_’?“ COtR2 16:1 66
H H H
F F
Br@_%”ccwz 6:1 55 F@_/}“CC% 31 36
H H

* The isomer ratio was determined from 'H NMR data.
**(Z,Z)- and (Z,E)-isomer mixture.
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group (Scheme 34).98 Development of new methods for
the synthesis of trifluoromethyl-containing alkenes is very
important. Indeed, many synthetic pyrethroids, highly
active and widely used insecticides, contain a trifluoro-
methylchlorovinyl fragment.” Previously, these alkenes
have been synthesized most often by reductive coupling
of aldehydes with CCl;—CF; or CHCIBrCFj in the pres-
ence of zinc or triphenylphosphine.?—101

Scheme 34

N,H, - H,0

EtOH

4
R H
Cl
R H

enis 1,2-ethylenediaine

2 NNH,
R H
CCl,—CF,

CuCl, en

As a rule, the reactions proceed in high yields for both
electron-releasing and electron-withdrawing substrates
(Table 13).98 However, the proposed method for the syn-
thesis of trifluoromethylstyrenes is sensitive to steric re-
strictions in the substrate. The presence of ortho-substitu-
ents relative to the carbonyl group in the ring results in a

Table 13. Synthesis of trifluoromethyl-containing alkenes

pronounced decrease in the yields of target alkenes. Prob-
ably, this is due to the large bulk of the reagent, Freon
CCl;—CF;, which entails enhanced steric requirements
to the substrate.

The formation of trifluoromethyl-containing alkenes
is stereoselective, giving predominantly the Z-isomer with
a trans-arrangement of the aromatic system and the CF;
group. The Z- to F-isomer ratio of the alkenes obeys the
same regularities as those found previously for the reac-
tions of hydrazones with the Freon CCl,F—CCIF,. The
presence of electron-releasing substituents promotes the
predominant formation of Z-olefin. The best stereo-
selectivity (a Z-/E-isomer ratio of 10 : 1) is attained for
substrates containing a methoxy group or a naphthalene
system, and in the case of dimethylaminobenzaldehyde,
only the Z-isomer of alkene is produced.

Most often, the yields of the target alkenes for the
same substrates are higher with CCl;—CFj; than with iso-
meric CCl,F—CCIF,. However, the stereoselectivity of
formation of alkenes CH=C(CI)—CF; from CCl;—CF;
is normally somewhat lower than that for the formation of
isomeric alkenes CH=C(F)—CCIF, from CCl,F—CCIF,.
This can be easily understood, because the steric require-
ments of the substituents at the double bond (the Cl atom
and the trifluoromethyl group) are less different than those
of the F atom and the chlorodifluoromethyl group.

We also used the trichlorofluoromethane CCI;F
(Freon-11) as a fluorine-containing C,-building block.102
The reactions give the corresponding chlorofluorostyrenes

Alkene E: 7% Yield (%) Alkene

E:Z* Yield (%) Alkene E:Z* Yield (%)

Cl1 Cl
H
ON CI
H

Cl,
CI_Q_/Z‘ CFs 7:1 73
H
Cl
OZN—Q—/?N ER P 67
H
Cl
Meo_©_/2“ s 1011 56
H
Cl
NC_Q_/Z”CFS 31 61 F_Q_/Z”C%
H H
Cl
Br_@_,2~0F3 6:1 63 7~CFs
H H
Cl
Q_/?“CFS 6:1 27
H H H

Cl
CF.
H
Cl,

4:1 57 CFq 10:1 47

e

Chs 6.1 72

w
w
3
<
©
Q
i\Q
T

/"~ CF3

5

z 31 1 Py
OMe
Cl Cl

4:1 34 N CFs 4:1 40
H

21 24

* The isomer ratio was determined from 'H NMR data.
**(Z,Z)- and (Z,E)-isomer mixture.
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Table 14. Synthesis of fluorochloroalkenes

Alkene E:Z*¥ Yield (%) Alkene E:7Z* Yield (%) Alkene E:7Z* Yield (%)
F F 'j o
ol e 261 78 1_<3y%"m 25:1 55 <Q*{r 2711 81
H H o
K K '; cl
Br /~C 24:1 68 <3%%”m 28:1 62 Y 32:1 61
H H OMe
F F H
Me@J”CI 33:1 65 HoNu 35:1 54 % YO o5 57
H H F
F E
Mw_<3%%~m 4:1 50 ow—<3%%~m 2:1 52
H H
CIE
F
Me\ /~Cl /) Cl
N 4.2:1 35 \ 10:1 68
mé H Cl
* The isomer ratio was determined from 'H NMR data.
(Scheme 35). The product yields are usually high, ther- Scheme 36

modynamically more stable E-isomers being formed pre-
dominantly (Table 14)102,

Scheme 35

N,H, - H,0

0 NNH,
LY« e | L3
R H EtOH R H
F
R H

CuCl

Bromofluoroalkenes and chlorofluoroalkenes are used
in palladium-catalyzed cross-coupling reactions.193 Pre-
viously,104=107 these chlorofluoroalkenes were obtained
by the Wittig reaction using chlorofluoromethylene-
phosphorane CCIF=PPhs.

By using dibromodifluoromethane CBr,F, as the
olefinating reagent, one can transform hydrazones of car-
bonyl compounds into valuable gem-difluorostyrenes
(Scheme 36).198 The relatively low yields of the olefination
products!®8 can be attributed to rather high energy of the
C—Br bond in dibromodifluoromethane and to the low
global electrophilicity index of this compound caused by
the presence of two F atoms in the reagent molecule.
Nevertheless, owing to mild reaction conditions, this
method is a convenient alternative to the classical synthe-
ses of difluoroalkenes.

= < >
R H EtOH R H
CBr2F2

F
/ F
CuCl
R H
Difluorostyrene Yield Difluorostyrene Yield
(%) (%)
F F
F F
Cl—@—/?_ 36 Br—@—/?_ 31
H H
F F
F F
Me—@—%_ 26 1—@—/2_ 33
H H
F F
F F
T W P W
H H
O,N F

2
LT
\
gem-Difluoroalkenes have found extensive use in the
synthesis of various fluorine-containing compounds.10?
They are usually prepared by the Wittig reaction with the
difluoromethylenephosphorane CF,=PPh,.110:1113 5_Dj-

fluorostyrenes have also been prepared by the palladium-
catalyzed cross-coupling of aryl halides with 2,2-difluoro-
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vinylzinc!12 or by thermal decarboxylation of o,o.-di-
fluoro-B-lactones.113

The reactions of hydrazones of aromatic alde-
hydes with CBrF,—CBrF, follow an abnormal route
(Scheme 37). They give no unsaturated compounds, but
afford instead arylbromotetrafluoropropanes.

Scheme 37
Ar N,H, - H,0 Ar
H H
CF,BrCF,Br H o CFBr
cucl Ar7—F
H F

This unusual reaction route is nevertheless quite con-
sistent with the proposed general mechanism of the COR
(see Scheme 12). Copper carbene complex I reacts with
CBrF,—CBrF, to give the organocopper intermediate II,
which can hardly be expected to split off CuBrF due to
the high strength of the C—F bond (Scheme 38). The
formal hydrolysis of intermediate II appears to be more
likely; therefore, only a saturated compound is produced.
On the basis of this reaction, we developed a method for
the synthesis of arylbromotetrafluoropropanes, represent-
ing a previously unknown type of organic compounds (see
Scheme 38).*

*V. G. Nenaidenko, G. N. Varseev, V. N. Korotchenko, A. V.
Shastin, and E. S. Balenkova, J. Fluorine Chem., the paper is
being prepared for publication.

These compounds can be used to prepare a broad
range of other fluorine-containing products. Thus treat-
ment of arylbromotetrafluoropropanes with an alcohol
solution of alkali results in stereospecific elimination of
one HF molecule to give previously unknown (3-bromo-
2,3,3-trifluoroprop-1-en-1-yl)arenes in almost quantita-
tive yields (Scheme 39).*

Treatment with a stronger base, potassium ferf-but-
oxide, induces elimination of two HF molecules giving
rise to arylacetylenes containing a bromodifluoromethyl
group (Scheme 40).* This reaction also gives high prod-
uct yields.

It is noteworthy that both types of previously unknown
fluoro-containing compounds contain a highly active Br
atom in allylic or propargylic positions, respectively; there-
fore, it appears quite pertinent to study the synthetic po-
tential of these products.

The reactions of arylbromotetrafluoropropanes with
butyllithium lead to the synthesis of a new type of fluo-
rine-substituted unsaturated compounds containing a
trifluoroallyl system (Scheme 41).* The putative mecha-
nism of this reaction includes the replacement of Br by Li
followed by B-elimination of LiF.

Thus, new approaches to the synthesis of various classes
of fluoro-containing alkanes, alkenes, and alkynes using
various Freons as the C; and C, building blocks have been
developed on the basis of the COR.

Synthesis of functionally substituted unsaturated com-
pounds. As shown by calculations of the bond energies
(see Table 7) and global electrophilicity indices (see

*V. G. Nenaidenko, G. N. Varseev, V. N. Korotchenko, A. V.
Shastin, and E. S. Balenkova, J. Fluorine Chem., the paper is
being prepared for publication.

Scheme 38
Ar,
>=Cu L,
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|

l CBrF,—CBrF,

Ar CF,Br BrCu CF,Br H CF,Br
X Ar———F nr Ar———F
H o —CuBIF H/ \F —CuBrNu H/ \F

CF,CF,Br

Product
Yield (%) 43
Cl
CF,CF,Br
Product
Yield (%) 31

CF,CF,Br CF,CF,Br CF,CF,Br
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cl O,N
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Scheme 39
H CF,Br NaOH H CF,Br
_
H ; E F EtOH
Ar F Ar F
Alkene Yield Alkene Yield
(%) (%)
F ClF
CF,Br CF,Br
m—@—/?_ 2 97 { 2 85
H H
F Cl F
CF,Br CF,Br
MeO—@—/?_ z 95 m—@—/?_ 2 88
H H
F F
CF,Br [e) CF,Br
H EtO H
Scheme 40
H CF,Br KOBU!
H?—QF ———  Ar—=—CF,Br
THF
Ar F
Arylacetylene Yield Arylacetylene Yield

(%) (%)

=crar 8 Meo—_y—=-crar 74
cl
C=—crar o

?

=-CF,Br 77
cl

7

c =-CFBr 79

Table 6), the introduction of electron-withdrawing func-
tional groups (NO,, CN, COOR, CONR,) into the mol-
ecule of an olefinating reagent is expected to increase

Table 15. Synthesis of alkyl a-chlorocinnamates

Scheme 41

F Br

F Li
F F
F BunLi F
F —_ F
R THF R
@_H —LiF

their reactivity toward the COR. The use of polyhalogen-
containing compounds with functional groups as ole-
finating reagents appears especially promising, as it allows
one to prepare alkenes with diverse functional groups.

The reactions of aromatic aldehyde hydrazones with
ethyl trichloroacetate in the presence of catalytic amounts
of CuCl, afford ethyl a-chlorocinnamates (Scheme 42).
These unsaturated compounds are widely used as building
blocks in the synthesis of amino acids, aziridines, and
some other heterocyclic systems.!14—118 Previously, these
o,B-unsaturated esters have been prepared by the Wittig
and Horner—Emmons—Wadsworth reactions,1® the
Knoevanagel condensation of aldehydes with halo-sub-
stituted CH acids, 120 carbonylation of vinyl halides in the
presence of transition metals,1?! chlorination of alkyl
cinnamates, 1?2 and reductive coupling of ethyl trichloro-
acetate with carbonyl compound in the presence of zinc.123

The product yields are high with both electron-releas-
ing and electron-withdrawing substrates (Table 15).124 The
stereoselectivity of formation of o,B-unsaturared esters is
also rather high. This makes this method a convenient
alternative to conventional methods for the synthesis of
such compounds.

Product E: 7% Yield Product E: 7  Yield Product E:Z7Z* Yield
(%) (%) (%)
cl cl H
@_/Z»COOEt 61 sg o C /?'vCOOEt 61 49 COOEt 6: 1 41
H H o]
cl R
oN Cl
/#~COOEt 2 p~Cl
Q_Z,: 501 41 @J”COOB 51 60 Y 501 40
cl H OMe
cl cl cl
@_,Z»cooa 501 57 o C /?AfCOOEt 6: 1 60 Vo JvCO0Et 53
= H H H

cl
N’C\>_/2" COOEt 9.1 36
=/ 4

* E- . Z-isomer ratio.
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Table 16. Synthesis of a-chlorocinnamonitriles

Product E:7Z* Yield (%) Product E: 7% Yield (%) Product E:7Z* Yield (%)
NG NG NG
cl Vs cl
C,_O_/Z” 4:1 51 Me ' 23:1 57 Meo_©_/?” 1.3:1 78
H Me Me
NG ON NG NG
MeO—@—/Z~Cl 1.6:1 66 @JZ”C' 1.5:1 37 Br_©_/2“01 1.8:1 63
H H Me
NC NC Me NC
Me, /~Cl Cl MeO 77
N 12:1 40 CI_Q_/Z“ 1.6:1 74 Mo 15:1 61
me H Me Me
NC NC R NC
OZN_Q_/Z“C‘ 22:1 29 OZN_Q_/Z”C' 38:1 52 NP 2:1 44
H Me Me

* E- . Z-isomer ratio.

Scheme 42
Ar: NNH CCI,COOEt Ar Cl
—_—
2 CuCl
H W H  COOEt

When trichloroacetonitrile is used as the olefinating
reagent, the reaction gives o,B-unsaturated chlorocin-
namonitriles (Scheme 43, Table 16),125 which are also
widely used to prepare N-, S-, and O-containing hetero-
cycles.117 Previously, such nitriles have been prepared by
the Wittig reaction,!26:127 chlorine addition to cinnamo-
nitriles followed by elimination of HCI,128 the reactions
of alkyl a-cyanocinnamates with chlorine followed by
decarboxylation,1?? and the reaction of carbonyl com-
pounds with 1-chloro-1-cyanoketene.130

Scheme 43
Ar CCI,CN Ar CN
_
> NNH, CuCl > i
H H Cl

This reaction also gives products in acceptable yields;
however, the reaction stereoselectivity is relatively low,
which is related to similar steric requirements of the CI
atom and the nitrile group. The E-alkene in which the
Cl atom and the aromatic system are located in the
trans-positions relative to each other is formed as the
major product, which is due to the smaller volume of the
cyano group with respect to the Cl atom (the conforma-
tional energies are 0.17 and 0.43 kcal mol~!, respec-
tively).131

The use of other olefinating reagents containing func-
tional groups is also of considerable interest. The reaction

of hydrazone 1a with trichloroacetamide or with substi-
tuted amides furnishes the corresponding o,B-unsatur-
ated amides (Scheme 44).* The reaction is highly stereo-
selective; the products formed can also serve as promising
precursors of various heterocyclic systems.

Scheme 44
0
Cl
NNH, o NH,
H ClaCJ\NHQ H
_—
CuCl
Cl Cl
1a Z.:E=10:1,57%
0 Cl (¢}
] ClsCJLNHEt /
_—
a cuct, Cl NHEt
H
Z:E=7:1,40%
0 Cl (o]
] Cl3CJ\NHPh /
_—
a cucl, Cl NHPh

H
Z:E=6:1,60%

The use of trichloroethanol and 2-(trichloromethyl)-
1,3-dioxolane also results in the synthesis of unsaturated
compounds, allyl alcohol and chlorocinnamic aldehyde
acetal, respectively (Scheme 45).*

*V. G. Nenaidenko, A. V. Shastin, O. N. Lenkova, and E. S.
Balenkova, unpublished data.
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Scheme 45 Scheme 46
CH,OH Ar, 1 ya12 Ar X
NNH >=Cu CHal'Hal*XY H v
1 2
H CCl LCH,OH H | Hal'Cu : Hal
CuCl
cl Ar X
Z:E=7:1,53% - >=<
—CuHal'Hal?
H Y
Ar = 4-CICgH,

[)—0013 : \}-< ]
1a
CuCl
Z.E=5:1,67T%

The use of functionally substituted reagents in the
COR provides the routes to a broad range of unsaturated
compounds with various functions, both electron-with-
drawing and electron-releasing ones. The products thus
formed are exceptionally promising building blocks for
further transformations, especially in the synthesis of
heterocycles.

Chemo- and stereoselectivity of alkene formation

When the polyhaloalkane molecule contains simulta-
neously different halogen atoms, they may split off com-
petitively under the reaction conditions, which may give
rise to different types of alkenes. However, practically,
reactions with these "mixed" reagents give predominantly
or exclusively only one of the possible types of alkene

Ec_yart < Ec_par

(Scheme 46). In the discussion of the reaction mecha-
nism (see Scheme 12), we demonstrated that oxidative
addition of the copper carbene complex I to polyhalo-
alkanes to give intermediates of type II is the key reaction
step. The subsequent elimination of the Cu!! salt from
these intermediates yields alkenes. If the polyhaloalkane
contains different halogen atoms, the first step should be
insertion of the Cu atom into the least strong C—Hal
bond (see Scheme 46).132 Thus, the oxidative addition
step should proceed with high chemoselectivity, thus de-
termining the chemoselectivity of the whole transfor-
mation.

However, detailed analysis of the composition of the
resulting products formed from reagents containing both
Cl and Br atoms demonstrated that mono- and poly-
bromine-containing reagents react with different chemo-
selectivities. The studies were carried out in relation to a
model substrate, 4-chlorobenzaldehyde hydrazone 1a.

Scheme 47
Ar Cl Ar Cl
H ; E cl —CuBrCl : i
BrCu Cl H Cl
1 2a (98%)
Ar>=C CBrCl, N
H . E 5, = 54.87 kcal mol™'
E._c, = 66.71 keal mol™' Ar, Cl Ar, Cl
' Hy—Br  ——
—-CuCl,
CICu Cl H Br
¢ 2%
Ar, Cl Ar, H
H ; E H —CuBrCl
BrCu Cl H Cl
] a (98%)
Ar>'=C CHBrCl, N
H ! E._, = 63.31 keal mol™
E,_¢ = 7530 keal mol”! Ar Cl Ar H
—-CuCl,
CICu Br H Br

2%
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Scheme 48
Ar CBr,Cl, Ar Br
=cu —= >y

H BrCu Cl

| ]

—CuBrCl
/ l ~CuBr,
Ar Cl Ar Cl
H Br H Cl
5% 95%

The reagents containing only one Br atom (CBrCl;,
CHBrCl,) react with copper carbene complex I to give
predominantly intermediate II, the subsequent B-elimi-
nation of CuBrCl from which gives alkenes 2a and 4a
containing no Br (Scheme 47).

Analysis of the composition of the reaction products
by GC/MS showed the presence of trace amounts of bro-
mine-substituted alkenes formed from intermediate I1°,
resulting from copper insertion into the C—Cl bond of
the starting reagent.

If the starting reagent contains more than one Br atom
(CBr,Cl,, CHBr,Cl), the subsequent elimination of the
Cull salt can occur in two ways to give two different
alkenes, the proportion of bromine-containing products
being higher (Scheme 48).

The exceptional chemoselectivity of the olefina-
tion with Freons CCL1F and CCLI;,CF; (no even traces
of anomalous alkenes resulting from elimination of
the F atoms were detected) is also due to the much
higher strength of the C—F bond compared to the
C—CI bond (see Table 7). However, nonsymmetri-
cal Freon CCl,F—CCIF, can react with the copper
carbene complex I at either of the two ends of the mol-
ecule to give two different intermediates II and I1”
(Scheme 49).

The subsequent elimination of CuHal, from interme-
diates IT and I1"” yields two different alkenes, although the
expected alkene 7a is formed predominantly. This is con-
sistent with the assumption of the preferred cleavage of
the weaker C—Cl bond, resulting in the organocopper
intermediate II.

Thus, in the olefination of hydrazones with polyhalo-
alkanes containing different halogen atoms, the tendency
of halogen atoms for elimination varies in the sequence
Br > CI >> F, which is consistent with the variation of the
C—Hal bond energy in polyhaloalkanes.

The formation of alkenes RIR2C=CXY in the olefina-
tion is stereoselective if X and Y are different substituents.
We studied the factors that determine the stereochemistry
of the formation of alkenes. For predicting the stereo-
selectivity, the conformational energy of intermediate 1I,
resulting from the addition of polyhaloalkanes to the cop-
per carbene complex I, was calculated for the model sub-

Scheme 49

- -1
E._, = 76.33 kcal mol

Cl Ar F
—_—
CCIF, oo,
F H CCIF,
Il >98%
F Ar F
CClF —-CuCIF
F H CCL,F
Ir <2%
50

A H Af: :H
H\/gCI —CuBrCl H

—>
cl CICu
Ar Cl F
>=Cu + —
H Cl F
[ F Ar
e— H
Ee_o = 82.95 keal mol ™ CICu
Scheme
Ar CHBrCI, Ar H
>=Cu — H ca =
H BrCu Cl

Ar = 4-CICgH,

CuBr cl
5a
Ar Cl H Ar Cl
g CuBrCl : :
Cl H —CuBr
CuBr H H
5a



Catalytic olefination of carbonyl compounds

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 5, May, 2004 1061

E/kcal mol~!

—140 —100 —60 -20 20

60 100 140 Ar—C—C—Cl angle/deg

Fig. 7. Conformational energy of the intermediate II resulting from the addition of bromodichloromethane to the copper carbene

complex I.

strate, 4-chlorobenzaldehyde hydrazone 1a.133 In the
case of addition of CHBrCl,, the organocopper inter-
mediate II can exist as two conformers (Fig. 7), the
anti-elimination of CuBrCl from each conformer giv-
ing rise to two geometric isomers of chlorostyrene 5a
(Scheme 50). The energy difference between two anti-
periplanar conformers corresponding to minima in the
conformation curves, which give two alkene isomers,
should determine the ratio of the alkene isomers and the
stereoselectivity of the reaction. A similar calculation was
carried out for the conformational energies of the inter-
mediates formed upon the addition of bromoform and
Freons CCl,F—CCIF, and CCl;—CF; to the copper
carbene complex.

The energy differences between the conformers were
used to calculate the theoretical isomer ratios for the alk-
enes with the assumption that conformers II occur in a
thermodynamic equilibrium. The calculation was carried
out using the formula K = exp[—AE/(RT)], where AE is
the energy difference between the corresponding minima
in the conformational curves, K is the conformer ratio.
Comparison of the calculated and experimental isomer
ratios has shown that the results of calculations are in
good agreement with experimental data. The calcula-
tions allow one to predict properly, on a qualitative level,
the predominant formation of the thermodynamically
more stable isomers of alkenes and the isomer ratio
(Table 17).133

Table 17. Stereochemistry of formation of alkenes in the olefination

Reagent Alkene AE E-/Z-isomer ratio
-1
/keal mol Calculation Experiment

H

CHBrCl, CI_Q_/Z“ c 0.71 77:23 93:7
H
H

CHBr; CI_Q_/Z" Br 0.67 71:29 86 14
H
F

CCLF—CCIF, 01@—’2“ CCIF, 121 11:89 14 86
H
cl

CCl;—CF, C]_Q_/Z“ CFs 1.89 4:96 12:88
H
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Scheme 51
1
R F R Cl R Br . o
RO CN = R2 Gl
R2 F R2  Br
R2 cl R2 CH2OH R1 H
R! Cl R? Cl
>={ / R? H
RZ COOR — -
R2 Br
R1 \ R1 H
R2 CONR / \ R2 1
R—=—=—CBrF, R'" CI
R! R1 F R>2=E\J>—O
F R F 1 RO F —4 o)
R2  CBrF RS = m T
R? CBrF R2  CCIF,
CF,4
R" = Alk, Ar, HetAr; R2 = H, Alk
Conclusion conditions, and compatibility with a broad range of func-

Thus, we found a new highly selective catalytic
olefination reaction (COR) of carbonyl compounds con-
sisting of the reaction of N-unsubstituted hydrazones of
aldehydes or ketones with polyhalogen-containing com-
pounds in the presence of catalytic amounts of copper
salts. The mechanism of catalytic olefination has been
studied and the catalytic cycle describing the transforma-
tions that take place in the reaction system is proposed.
The key intermediate of the reaction is a copper carbene
complex. A model describing the reaction of polyhalo-
alkanes with the copper carbene complex and providing
explanation for the observed chemo- and stereoselectivity
has been proposed.

The relationship between the polyhaloalkane nature
and behavior in the catalytic olefination has been identi-
fied. It was shown that the behavior of polyhaloalkanes as
olefinating reagents can be predicted using a number of
parameters, namely, the global electrophilicity index and
the C—Hal bond energy.

The scope of synthetic application of the catalytic
olefination was studied. It was shown that aliphatic, aro-
matic, and heteroaromatic aldehydes and ketones can be
used as the carbonyl substrates and fluoro-, chloro-,
bromo-, and iodoalkanes and some functionally substi-
tuted compounds are suitable as olefinating reagents. New
convenient methods for the synthesis of a broad range of
di-, tri-, and tetrasubstituted olefins have been developed
on the basis of this reaction (Scheme 51). The simple
procedures for the reaction and product isolation, mild

tional groups are obvious advantages of this approach to
the synthesis of olefins from carbonyl compounds, which
makes it a convenient tool of organic synthesis.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 03-03-
32052a).
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