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A novel reaction of cycloalumination of olefins and acetylenes
mediated by metallocomplex catalysts

U. M. Dzhemilev* and A. G. Ibragimov
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Results obtained in the discovered by the authors catalytic cycloalumination reaction of
unsaturated compounds in the presence of complex Ti- and Zr-containing catalysts are
generalized. Cycloalumination of olefins and acetylenes proceeds under the action of Ti and
Zr complexes in one stage to give novel classes of organoaluminum compounds (OAC):
alumacyclopentanes, alumacyclopropanes, alumacyclopropenes, 1,4-dialumabutanes, and
1,2-dialumaethylenes. Based on these cyclic and acyclic OAC, essentially new preparative
synthetic methods were elaborated. Novel reactions {f-ethylation, B-vinylation, reductive
B-ethylation, and reductive B-vinylation) allow transforming olefins and acetylenes into five-
membered heterocycles, cyclopropanes, cyclobutanes, conjugated 1,3-dienes, primary alkyl
iodides, 3-substituted alk-1-enes, and threo-2,3-disubstituted butane-1,4-diols under mild
conditions in high yields. The mechanisms of the presented reactions are discussed.

Key words: organoaluminum compounds, alumacyclopentane, alumacyclopentene,
alumacyclopentadienes, alumacyclopropane, alumacyclopropene; cycloalumination,
metallocomplex catalysts, titanium and zirconium complexes; olefins; p-ethylation,
p-vinylation; pheromones; E-isoprenoids; five-membered heterocycles.

In 1954, Ziegler and coworkers discovered the reac-
tion of olefins with aluminum metal and hydrogen,!
which results in triatkyl alanes. This reaction as well as a
method for thermal hydroalumination of unsaturated
compounds with aluminum hydrides (alanes)? or AlBu',
(see Ref. 3), which was developed later, marked the
beginning of work on the synthesis of a large number of
organoaluminum compounds (OAC) simple enough in
structure.

Application of metallocomplex catalysts allowed one
not only to change fundamentally the strategy of
organoaluminum synthesis but also develop chemo-,
regio-, and stercoselective methods for preparation of
novel classes of OAC under mild conditions, unlike
traditional methods requiring higher pressure and tem-
perature. Among the most effective and widely used
catalysts designed for carrying out these reactions are Ti
and Zr complexes and, to a lesser degree, compounds of
Hf, Cu, Ni, Pd, and rare-earth elements.

Earlier,%5 we already systematized literature data
concerning application of metallocomplex catalysts based
on Ti and Zr compounds in syathesis and transforma-
tions of OAC, but they were published more than 8
years ago, and a large number of new studies dealing
with unconventional catalytic methods of synthesis of
OAC have appeared since then. Data published in this
period have not been generalized up to now. [n the
present review, we consider results of studies on
cycloalumination of alkenes and alkynes, which were

obtained in recent years and laid the foundation for a
new line of synthesis of OAC.

Cycloalumination of olefins catalyzed
by Ti and Zr complexes

In recent years, application of methods of metallo-
complex catalysis to the chemistry of OAC allowed one to
significantly extend the range of preparative methods, new
reactions, and specific reagents used in organic and orga-
nometallic synthesis, which are of constantly increasing
interest for organic chemists. Hydro-$—'¢ and carb-
alumination!’~2% of unsaturated compounds, catalyzed
by transition metal complexes, remained the basic ap-
proaches to the synthesis of not easily available acyclic
OAC almost until late 1980s. In 1989, we published our
first report?’ conceming the synthesis of previously un-
known cyclic five-membered OAC by cycloalumination
of a-olefins in the presence of catalytic amounts of
Cp,ZrCl,. This report marked the beginning of the syn-
thesis of cyclic OAC, a new line in organoaluminum
synthesis, and was developed in further publications 2830
The key stage of the cycloalumination reaction discovered
by us is catalytic generation of zirconacyclopentane inter-
mediates, whase stoichiometric synthesis and transforma-
tions were discussed in a series of publications 3t~-33

The method makes it possible to synthesize aluma-
cvclopemtanes with atkyl, alkenyl, and aryl substituents
as well as with N-, O-, and S-containing ones exclu-
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sively in the B-position relative to the Al atom.?736 It Scheme 2
was shown experimentally (by incomplete oxidation and
alcoholysis) that the Al—C bonds in the five-membered
ring are of about equal reactivity but are more active Y R R
than the Al—Et bond36 (Scheme 1). R T |
A
|
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. Along with a-olefins, norbornene compounds were
THSO also involved in the cycloalumination catalyzed by
~ Cp,ZrCl,.38 This reaction results in tri- and tetracyclic
A R OAC, cyclometallation occurring at the exo-position. In
the case of norbornadiene, both double bonds are in-
+ volved in the interaction with EtjAl, which leads to
O‘II*l ?1"0 polycyclic OAC constructed only from carbon and
Et Et organometalllic rings.3® The positions of the substituents
and the configurations of the metal-containing cycles
IOZ synthesized were determined by 13C NMR spectroscopy
(see Refs. 38—43). In addition, it was demonstrated that
R R heteroatomic substituents in the molecules of the initiat
(_(' D,0° (_( olefins owing to an unshared
Al DO electron pair at the O, N, or S
& atoms form intramolecular do-
nor-acceptor bonds with the Al
JMeOH atom to give type 1 complexes.
It cannot be excluded that the
R ] aliyl double bond is also involved 1
/j‘ . ({ in t_h:: fo;matio? (l)f t}}c cog;di— X =0, S, NR
. nation sphere of aluminum.
. MeO—AIEL MeO—Al—Et Replacing Et;Al by higher trialkyl alanes in the
cycloalumination of alkenes catalyzed by Cp,ZrCl, can
1030» yield 1-alkyl-trans-3,4-dialkylalumacyciopentanes,4
which attests to a possible analogy between the mecha-
po R nism of cycloalumination and that of formation of
/—{ ({‘ zirconacyclopentane intermediates 2 under the reaction
+ conditions.
D 0

~1:1

Further intense investigations were carried out in our
laboratory with the aim of extending applications of the
discovered reaction of catalytic cycloalumination. They
allowed us to elaborate unconventional methods for the
synthesis of macrocyclic and acyclic OAC of various
structures. For example, the cycloalumination of
a-olefins with triethylaluminum, catalyzed by Cp,ZrCl,
and resulting in 3-substituted alumacyclopentanes with
subsequent introduction of another olefin molecule at
the active Al—C bond of the metal-containing cycle
under the action of Ti-containing catalysts, appeared to
be a quite simple and effective method for the synthesis
of substituted alumacycloheptanes,3” while the presence
of Ni-containing catalysts favors the formation of the
corresponding unsaturated OQAC (Scheme 2).
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In almost every experiment, unsaturated hydrocar-
bons 3 (5—12%) that contain the £-disubstituted double
bond were found among products of hydrolysis or
deuterolysis of alumacyclopentanes.4 These results sug-
gested that 2,4-dialkylsubstituted isomers 4 resuited,
along with 3,4-dialkylsubstituted alumacyclopentanes,
from the cyclometallation of a-olefins with trialkylalanes.
p-Hydride transfer initiated by zirconium complexes
and subsequent hydrolysis transform 2,4-dialkyl-
substituted isomers 4 into E-alkenes according to the
scheme

Taking into account that zirconacene "Cp,Zr" is the
key intermediate in the synthesis of alumacyclo-
pentanes,27-36.38 we elaborated?5—4 a new approach for
generating zirconacene in situ, which differs from the
known ones3! by its simplicity and consists in reduction
of Cp,ZrCly in THF with magnesium activated with
OAC. This allowed us to find a new preparative method
for the synthesis of substituted alumacyclopentanes from
alkyldihaloaluminum, a-olefins, and magnesium metal.
As a resuit, l-alky!~, t-alkoxy-, {-amino-, and l-halo-
trans-3,4-dialkyl-substituted alumacyclopentanes were
synthesized in the presence of catalytic amounts of
Cp,Z1Cl; or ZrCly with high regio- and stereoselectivity
in 70—90% yields.45.48,49
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Study of the chemical and physicochemical proper-
ties of alumacyclopentanes resulted in the discovery of
novel lines of their application in both organic and
organometallic synthesis. Of synthetic interest are un-
conventional "one-pot” methods for transformation of
a-olefins into threo- and 2,3-disubstituted butane-1,4-di-
ols, thiolane-]-oxides,3® compounds of the cyclo-
butane, 5152 cyclopropane,3 thiophane, selenophane,54-55
and phospholane® series as well as optically active
hydrocarbons’? with the participation of alumacyclo-
pentanes obtained in situ (Scheme 3).

A novel series of reactions such as -vinylation, 5439
reductive B-vinylation, 98! reductive f-ethylation, and

Scheme 3

R/\ + AlEty
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Reagents: a. [Zr]; b. (1) O,, (2) H,0; ¢. CH,=CHCH;Hal,
[Pd]; d. Sg; e. CH,=CHCH,Hal, [Ni}.

reductive B-iodoethylation? of w-olefins was elaborated
based on cycloalumination of unsaturated compounds,
catalyzed by Zr complexes (Scheme 4).

Scheme 4
R/\ + AlEL
13
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Reagents: a. {Zt]; 6. CH,;=CHCH,0Ac, [Ni};
¢. CH,=CHCH,Hal, [Ni}; 4. H*; e. (CH,1),.

The B-vinylation of a-olefins allows one to obtain
2-substituted 1,3-dienes from comparatively readily avail-
able monomers and opens a simple way to the synthesis
of linear isoprenoids.83-64

/\/\)\ + AlEty —[—zi—
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>\/\)\
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The reductive pB-vinylation of «-olefins was used for
preparing key inmtermediates in the synthesis of biolo-

gically active compounds, e.g., the pheromone of pine
saw fly 83
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B-Hydrovinylation allows one to synthesize the phero-
mone of brown cockroach in two steps.®6 Thus, alkene
CyHyp interacts with EtjAl in the presence of catalytic
amounts of Cp,ZrCl, to give alumacyclopentane 5,
which is involved in the reductive B-vinylation without
preliminary isolation. The oxidation of obtained #-vinyl-
alkane 6 with oxygen in the presence of a palladium-
copper catalyst according to a known procedure yields
pheromone 7.
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5
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The cyclometallation of a-olefins with the subse-
quent hydrolysis of OAC formed is a general method for
selective introduction of the ethyl substituent into the
B-position of a-olefins (reductive B-ethylation). This

{Zr]
MAOH + AlEt,—

D PR
g
WO

reaction found use in the synthesis of a series of phero-
mones. For example, the cycloalumination of 3-methyl-
oct-7-en-1-ol with EGAI in the presence of Cp,ZrCly
with the subsequent hydrolysis of alumacyclopentane 8
gives the key synthon 9, which is used in the synthesis of
the aggregation pheromonc of little and pin meal
worms.67—69

Based on the reactions mentioned above,3862 we
elaborated a versatile method for constructing linear
E-isoprenoids from available monomers and reagents
(Scheme 35).

Scheme 5
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n
— AAAAA
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The generation of zirconacyclopentane intermediates
and their subsequent transmetallation in situ with halo-
gen-containing OAC formed the basis for a new ap-
proach to the synthesis of I,4-dialumacompounds. This
reaction allows one to obtain threo-2,3-dialkyl-substi-
tuted 1,4-dialumabutanes 10 in high yiclds and selectiv-
ity from available a-alkenes, dialkylaluminum chlorides
(as well as aluminum amides or aluminum mercaptides),
and Mg (Ca, Na) metal acting as an acceptor of halide
jons in the presence of catalytic amounts of Cp,ZrCl, or
ZrCl, in ethereal solvents.”®

R R
R'zAl—/——<—AlR'2

10

0"\ + Mg + 2 RAICH — 2

~MgCl,

It is interesting to note that most of the reactions
characteristic of frans-3,4-diatkyl-substituted alumacyclo-
pentanes are also characteristic of 1,4-dialumacom-
pounds, e.g , the reactions with elemental sulfur or atlyl
chloride, which result in compounds of the thiophave or
cyclobutane series, respectively.’®
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In 1963, M. E. Vol pin with coworkers first synthe-
sized”! and later studied systematically’>—26 three-mem-
bered organotitanium compounds. These results moti-
vated us to carry out studies on elaborating a method for
the synthesis of alumacyclopropanes, which were not
described earlier.8” The method should be based on
catalytic generation of titanacyclopropane intermediates
11 with their subsequent transmetallation with alkyl-,
alkoxy-, and dialkylaminaluminum dichlorides accord-
ing to the scheme

S

Mo LT RN L Té
‘MQCIZ n n

I J/R‘AICIZ ‘ 11
R'Al<L

R
12: R" = Alk, OR", NRY,

L,TiCl,

R

As a result, alumacyclopropanes 12 were first ob-
tained, and their properties were studied. The direction
of the reaction of cycloalumination depends on the
nature of the catalyst and the structures of OAC and
a-olefin. Thus, when the cycloalumination of a-olefins
occurs under the action of RAICI, in the presence of
catalytic amounts of Cp,ZrCl,, the formation of trans-
3,4-disubstituted alumacyclopentanes is observed, % while
substituted alumacyclopropanes are formed when the
reaction is catalyzed by Cp,TiCl,.37 At the same time,
the cycloalumination of «-olefins with dihaloalanes
containing bulky alkoxy or amide substituents in the
presence of zirconium catalysts (Cp,ZrCl. or ZrCly)
results in a mixture of both alumacyclopentanes and
alumacyclopropanes, whose ratio depends on the reac-
tion conditions.

RAICI, + RN Mg R

The examples cited indicate that the cycloalumination
of a-olefins with aluminum halides, which is catalyzed
by Ti and Zr complexes, makes it possible to obtain not
only cyclic OAC but also substituted 1,2- and 1,4-di-
alumacompounds in high yields and selectivity.

Cycloalumination of acetylenes catalyzed
by Ti and Zr complexes

In continuation of the studies on the cycloaiumination
of olefins under the action of alkyl alanes, we carried out
the cyclometallation of mono- and disubstituted acety-
lene derivatives with trialkyl- and dihaloalanes in the
presence of Ti- and Zr-containing catalysts. The
cycloalumination of disubstituted acetylene derivatives
with triethylaluminum in the presence of Cp,ZrCl, led
to the formation of cis-2,3-dialkyl(aryl)-substituted
alumacyclopent-2-enes, which were thus first synthe-
sized with high regio- and stereoselectivity.38:89 The
reaction occurs in both aromatic and aliphatic solvents
and even in their absence.

: R
B
ey e P o
E T ~CaHg
13

In halogen-containing solvents, acetylenes undergo
carbalumination to give alkenylalanes. We assumed3®
that alumacyclopentenes 13 can be obtained vig the
stage of formation of zirconacyclopentene intermediates
with their subsequent transmetallation with the initial
OAC. The mechanism of the above reaction®® can be
explained!$ by the formation of bimetallic complex 14
obtained by the reaction of Cp,ZrCl, with two molar
equivalents of Et;Al.%—92 In this case, the catalytic
cycle of the reaction can be represented by Scheme 6.1

Scheme 6
R R
rozcr_ P22 ¢ MIEL i
Cl Et 13
2 ELA! [\
fS —= Cp,Zr\ JAIE, . Zr/Et
Cl 27
Cp,ZcCl Cl
bt 14
CH
Vd 2
H,C 7!
i e e

Cp,Zr_+ _AIEL
2 \c{/ 2

By analogy with alumacyclopentanes, we studied
transformations of alumacyclopentenes. Thus, the
dealumination of alumacyclopentenes 13 with allyi chlo-
ride in the presence of phosphine complexes of palla-
dium allows one 1o obtain disubstituted cyclobutenes.??
At the same time, the action of copper halides initiates
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the reaction of cross-linking giving cis-4,5-disubstituted
deca-1.4.9-trienes.®
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R
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e

g R R
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The generation of titanacyclopropene intermedi-
ates’1—36 under the action of activated magnesium pow-
der with the subsequent transmetaliation of titana-
cyclopropenes formed in situ with aluminum dihalides
gave birth to methods for the synthesis of trisubstituted
alumacyclopropenes, a novel class of metal-containing
cycles?5 The reaction is of general character. Along
with alkyldihaloalanes, alkoxy- and dialkylaminodihalo-
alanes can also be involved in the cyclometaliation of
acetylenes.

{Cu]

R R + RAICI,
Cp,TiC, | M
R
R
R R R R
—
R *A(]I R'—Al
R { R R R
15 R
16 17
R = Alk, Ph; R* = Alk, OR", NR’,

Depending on the reaction conditions, aluma-
cyclopentadienes 16 and hexasubstituted benzene de-
rivatives 17 (5—30%) were identified by us among by-
products in the above cycloalumination of acetylenes
into alumacyclopropenes 15. Their formation may be
represented by Scheme 7, which includes successive
generation of titanacyclopropene (18) and titanacyclo-
pentadiene (19} intermediates.

The transmetallation of titanacyclopropene interme-
diates 18 formed in situ with dialkylaluminum halides
and halogen-containing aluminum alkoxides or amides
allowed one to obtain 1,2-dialumaethylenes 20, whose
chemical and physicochemical properties are being stud-
ied intensively at present.

[7i] R R
-MgCl,

R + 2 RLAICI + Mg
: R%Al AR

20

The most significant progress of the last recent years
in the field of the synthesis and transformations of OAC
is related to the introduction of metallocomplex cataly-
sis in the chemistry of organoaluminum compounds.
Regio- and stereoselective reactions of the catalytic
hydro- and carbometallation of unsaturated compounds
as well as effective synthetic methods and reagents for
the construction of new carbon-carbon and metal-car-
bon bonds were developed. They are widely used for
constructing both simple and structurally complex com-
pounds, including natural ones.

Among these achievements, the catalytic cyclo-
alumination of olefins, dienes, and acetylenes seems to
be one of the most promising lines appearing in the
chemistry of OAC in the recent 5—8 years. The discov-
ery of this reaction contributed to elaborating a novel
methodology of organic and organometallic synthesis,

Scheme 7

Cp,TiCl, Mg

«Cp,Ti»
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developing known reactions, methods, and highly effec-
tive reagents, and creating new ones promising for or-
ganic and organometallic synthesis.

In connection with this, the most amazing results
that will lead to the elaboration of unconventional chemi-
cal technology, unique metallic coatings, new poly-
functional catalysts for oligo- and polymerization pro-
cesses, highly selective complex organometallic reagents
for synthetic organic chemistry, and the development of
new trends in investigations should be expected in this
field of chemistry within a period of 5—10 years.
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