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The influence of the organoaluminium compound nature, Zr m-ligand environment, solvent type and
reagent ratio on the chemoselectivity of reactions of trialkylalanes (AlMes, AlEt;) with alkenes, catalyzed
with L,ZrCl, [L = Cp, Cp’ (Cp’-n°-CsH4CH3), Cp” (Cp'-1°-C5(CHs)s), Ind (indenyl), Flu (fluorenyl)] has been
studied. It is shown that in the case of AlMej3, the hydro- and carboalumination products, and alkene dimers
are formed. The catalytic reaction of AlEt; with the olefins yields aluminacyclopentanes altogether with the
hydro- and carboalumination products, and the dimers. A probable reaction mechanism has been proposed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The reactions of trialkylalanes with olefins and acetylenes, cata-
lyzed with Zr complexes, are widely applied in organic and organo-
metallic chemistry. It was shown that the process chemoselectivity
significantly depends on the type of organoaluminium compounds
(OACs). For example, in several works by Negishi [1], the reaction of
AlMe3 with acetylenes, in the presence of Cp,ZrCl; catalyst, follows
predominantly the carbometallation pathway. The authors pro-
posed the Zr,Al-complexes as being the key reaction intermediates,
which are formed as a result of a ligand exchange between AlMe3
and Cp,ZrCl; (Scheme 1) [1b-e].

Later, the authors showed that a similar reaction of AlMes; with
olefin (octene-1), in the presence of 8 mol% Cp,ZrCl,, provides both
2-methylalkene (2) and dimerization product (3), instead of ex-
pected 2-methylalkylalane (1) (Scheme 2) [2a].

It was shown that the application of Zr complexes with the ste-
rically hindered m-ligands, for example, Erker’s catalyst - bis(1-
neomenthylindenyl)zirconium dichloride (Ind;ZrCl;), is the only
way which allows carbometallation of olefins at high chemo- and
stereoselectivity [2a,b].

It should be also mentioned that asymmetric methylalumina-
tion of monosubstituted alkenes, catalyzed with Ind;ZrCl,, can be
significantly accelerated by the action of either water or MAO |[3].

Earlier in Dzhemilev’s works [4a—c], it was shown that the use
of AlEt; in the reactions with alkenes and acetylenes, in the pres-
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ence of Cp,ZrCl, catalyst, in hexane, provides cyclic OACs (4 and
5) (Scheme 3).

A mechanistic study of these reactions pointed out the fact of
key Zr,Al-complex 14 generation; this complex readily interacts
with olefins [1d,4d,e]. The complex was first described by Kamin-
sky during his NMR study of AlEt3-Cp,ZrCl, system [5].

AlBu; in these reactions exclusively yields the alkene hydroalu-
mination products [6]. In this case a fast process of B-C-H activa-
tion in [Cp,ZrBu'] species occurs and results in the formation of
Zr,Al-hydride complexes, which hydrometallates olefins [7].

In summary, the information in literature which concerns che-
moselectivity of reactions of trialkylalanes (AlMes; and AlEt3) with
olefins, in the presence of zirconocene catalysts, appears to be frag-
mentary and inconsistent, despite the fact of being important in
mechanistic research. Therefore, the purpose of this work is a sys-
tematic study of the influence of various factors on the chemose-
lectivity of the reactions. Among the major factors we have
considered the following: the type of the OAC, Zr mt-ligand environ-
ment, initial reagent ratios and the solvent nature.

2. Results and discussion

2.1. Chemoselectivity of the reaction of hexene-1 with AlMes, catalyzed
with Lzzrclz

The reaction of hexene-1 with AlMejs, in the presence of 2 mol%
of L,ZrCl, (L=Cp, Cp/, Cp’, Ind, Flu), at mole ratio MesAl:alke-
ne:L,ZrCl, = 60:50:1, and room temperature, proceeds with the


http://dx.doi.org/10.1016/j.jorganchem.2009.07.037
mailto:luda_parfenova@yahoo.com
mailto:ink@anrb.ru
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem

3726 L.V. Parfenova et al./Journal of Organometallic Chemistry 694 (2009) 3725-3731
R——H
M
(‘:' Me_ ' ci R—H G
Cp,ZiCl,  *+ 1/2 (AlMey), CpZr_ A, Cp,zil _AMe, | ———=| Me—ZiCp;—Cl——AlMe, | ———>
16e- Cl Cl B
R H Me. R Met‘ R _
—< B SG
Me “ D ,.-""\*H‘NM = 12 MezAIi:/ \\_'AIMez + CpyZrCly
CPzZ"\ /AIMe2 CpQZr\ € Hose
cl | \ i
cl
R Me
Scheme 1.
Me AlEt; + CpyZrCl,
7&/ Me
H
n-Hex MLn /&
MeML, I0) n-Hex R
/ @ \ ZOR / N\ R——R R
Al CpZra_ . AE NIV
n-OctML,, hexane cr hexane
n-Hex/\ R
4 (14) ®)
n-Oct n-Oct Scheme 3.
H
n-Hex ML n-Hex
3)

ML, = Zr and/or Al group

Scheme 2.

formation of carbo- (1a, 2a), hydroalumination (6a) products and
dimers (3) with the total yield of up to 92% (Scheme 4).

According to the data presented in Table 1, the conversion of
hexene-1 and chemoselectivity of the reaction significantly depend
on the structure of m-ligand in the zirconium complex and on the
solvent nature. Thus, the reaction, which runs in the presence of
Zr complexes with Cp and Cp’ ligands, yields mainly dimers (3);
an essential part of those consists of “head-to-tail” dimerization
product (mole ratio ht:tt ~ 7:1). Formation of a-olefin dimers in
the systems OAC - transition metal complex was repeatedly dis-
cussed in literature (see, for example, [8]). In the case of Cp,ZrCl,
and Cp,ZrCl, the aromatic solvent replacement with CH,Cl, does
not change the ratio between products 1a, 2a, and 6a, but substan-
tially increases the yield of dimerization products 3.

In the reaction of AlMes; with hexene-1, in the presence of Zr m-
complexes with sterically hindered ligands (L= Cp’, Ind or Flu), a
predominance of the carboalumination process (products 1a + 2a)
was observed. Application of CH,Cl, as the solvent, and Cp;ZrCl,
or Flu,ZrCl, as the catalysts, selectively gives 1a with the yield of
over 50%; in this case the yield of dimers 3 decreases with the
growth of Zr m-ligand size.

The NMR !3C spectrum of 1a exhibits characteristic broadened
signal of ai-carbon atom attached to Al [9a] at 20.9 ppm; this signal
correlates with proton resonance lines of AB system in 'H spectra

2 mol% L,ZrCl,

7
Bu)z\fAlMez

(1a)

e N

AlMe,
220C, CgHgCH, (CH,Cl,)

Bu

(L= Cp, Cp', Cp", Ind, Flu)

i D,0*

BUJVD 72)

at high field in the range of 0-0.2 ppm. These protons are diaste-
reotopic due to the neighboring chiral center at B-carbon atom.
The chemical shift of 155.9 ppm in 2’Al NMR spectrum confirms
the dimeric structure of 1a [9b].

Further, we studied OAC, Cp;ZrCl,, and alkene concentration
influence on the reaction product yields. As shown in Table 2, the
increase in the catalyst concentration accelerates the carboalumi-
nation process (products 1a+ 2a). At stoichiometric conditions,
when the mole ratio MesAl: alkene:Cp3ZrCl, is 2:2:1, almost selec-
tive formation of 1a with yield of 65% was observed.

Taking into account reaction mechanisms proposed in Refs.
[2a,8b,c], and also considering the experimental data concerning
interligand change between AlR3 and zirconocenes [5,10], we sug-
gested Scheme 5.

In the first stage of the process, AlMes alkylates the zirconocene,
thus, providing complex 9, which then carbometallates alkenes
with the formation of intermediate 10. Further, the transmetalla-
tion of 10 by trialkylalane gives carboalumination product 1 and,
thus, finishes the small catalytic cycle A. In parallel to the trans-
metallation, intermediate 10 can undergo B-C-H-activation that
results in disubstituted alkene 2 and hydride complex 11, which
initiates subsequent catalytic cycle B. This cycle runs via interme-
diate 12, which appears to be the source of dimers 3 and hydroa-
lumination products 6. The observation of alkylalanes 6 indicates
the contribution of the large catalytic cycle C into the whole pro-
cess. Therefore, we can suggest that complex 9 is the key interme-
diate of reaction of AlMes with alkenes, and this is the complex
which drives the process through catalytic cycles A-C.

Bu Bu
¥ /K * Bu/\/AIMez + + l
Bu Bu Bu

(2a) (6a)

(©)

Scheme 4.
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Table 1
The product yields of the reaction of hexene-1 with AlMes, catalyzed with L,ZrCl, (mole ratio AlMes:alkene:L,ZrCl, = 60:50:1, reaction time 24 h, 22 °C).
L,ZrCl, Solvent Hexene-1 conversion, % Yield, %
1a (7a) 2a 6a (8) 3
CpoZrCl, CH,(Cl, 92 3 14 7 68
CeHsCHs3 69 3 21 7 38
Cp,ZrCl, CH,Cl, 84 11 14 7 52
CsHsCH; 39 9 9 9 12
Cp,ZrCl, CH,Cl, 68 53 8 7 -
CsHsCH; 44 15 14 14 1
Ind,ZrCl, CH,(Cl, 87 28 18 8 33
CgHsCH3 70 38 14 10 8
Flu,ZrCl, CH,(Cl, 64 51 4 3 6
CeHsCH; 22 16 3 <1 3
Table 2

Influence of mole ratio AIMes:hexane-1:Cp;ZrCl, on the product yields (reaction time
24 h, 22 °C, CH,Cl,).

Mole ratio Hexene-1 conversion, %  Yield, %

AlMes:alkene:Cp;ZrCl, la(7a) 2a 6a(8) 3
60:50:1 68 53 8 7 -
60:50:2 71 59 5 6 1
2:2:1 67 65 2 - 1

It should be noted that the long reaction time of 24 h, during
which we observed only 70% of the alkene conversion (e.g. in sys-
tem MesAl-alkene-Cp;ZrCly), testifies a slow rate of the alkene
introduction into complex 9, which is the result of electronic and
steric ligand effects [10]. The decrease in dimer 3 yield altogether
with the growth of n-ligand size can also be affected by the same
electronic and steric factors, which disturb the introduction of the
second alkene molecule into intermediate 12. Moreover, the influ-
ence of a solvent on the yield of carboalumination products and di-
mers probably is connected with the stability of the complexes 9
and 12 and also with the ratio of the reaction rates, which run
through the cycles A, B and C.

Thus, the proposed scheme adequately describes the experi-
mental data obtained; however, the mechanism is still question-
able, since both the structure of the catalytically active centers
and the mechanism of alkenes introduction into bimetallic systems
are unclear. These problems have been discussed in numerous
works, e.g. [11, and ref. cited herein], and, of course, the scheme
proposed by us requires additional experimental and theoretical
verification.

According to Scheme 5, one can assume that zirconocene hy-
drides of type 11 should be capable to catalyze not only the hydro-
metalation reactions, but also the alkene carbometallion and
dimerization reactions. Indeed we found that reaction of hexene-
1 with AlMejs in the presence of either L,ZrH, or L,ZrHCI (L = Cp,
Cp’) both under the catalytic and stoichiometric conditions results
in the same products as in the case of L,ZrCl, (Table 3).

2.2. Chemoselectivity of the reaction of hexene-1 with AlEts, catalyzed
with L;ZrCI;

The reaction of hexene-1 with AlEts, in the presence of 2 mol%
of L,ZrCl, (Scheme 6), at room temperature, yields the products
of cyclo- (4), carbo- (1b, 2b) and hydroalumination (6a). Moreover,
in some reactions we identified dimers 3.

As follows from Table 4, alkene conversion in the reaction with
AlEt; mainly does not depend on the catalyst type and the solvent

nature, and the total yield of products is more than 90%. The con-
version decreased to 71-88% only in the case of Flu,ZrCl,.

We observed the maximal yields of aluminacyclopentane 4
(>63%) in the reaction that run in benzene and in the presence of
Zr complexes substituted with Cp, Cp, Cp~ and Ind ligands. The
use of CH,Cl, as the solvent altogether with Zr catalysts, which
contain bulky ligands (Cp, Ind), increases the yield of carbometal-
lation product 1b to 48%. The formation of dimers 3 was found in
the reaction of hexene-1 with AlEts, catalyzed with Flu,ZrCl,. Note-
worthy, the maximal yield of 3 of up to 49% was achieved in
CH,Cl,, as in the case of AIMes. The unusual behavior of fluorenyl
complex can be caused by the tendency of n-ligands toward m3-
coordination [12].

Further we studied the influence of initial reagents mole ratio
on the product yields (Table 5).

As shown in Table 5, the raising of OAC, alkene or catalyst con-
centration under the catalytic conditions reduces both the hexene-
1 conversion and the yield of ethylalumination products (1b and
2b), and increases the yield of hydroalumination product (6b)
and aluminacyclopentane (4). At stoichiometric conditions we ob-
served the high alkene conversion, while the ratio 1b:4 remained
the same ~2:1.

The 1-diethylalumina-2-butylhexane (1b) was identified by
both the analysis of deuterolysis product and the means of 'H,
13C, 27Al NMR spectroscopy using one- and two-dimensional pro-
cedures. Thus, the NMR '3C spectrum of 1b, also as spectrum of
1a, exhibits broadened signal of o-carbon atom bonded with Al
at 18.5 ppm. The signal corresponds to the multiplet at 0.48 ppm
in 'H spectra, which shape is not change in the temperature range
of 220-300 K. This fact and also the 27Al chemical shift of 1b at
166.9 ppm prove the dimeric structure of 1b. In contrast to 1a
the protons of AICH, group at 0.48 ppm of 1b are not diastereotop-
ic, probably, due to the reducing of chirality degree at B-carbon
atom, which occurs as a result of replacement of methyl in 1a with
ethyl group in 1b [13, p. 65].

Thus, summarizing experimental results we suppose that reac-
tions in catalytic system L,ZrCl,-AlEt;-alkene run by the same
pathways, which are shown in Scheme 5, however, one additional
catalytic cycle D, which provides cyclometallation products, is
added.

The increasing of carbometallation product (1 and 2) yield with
the use of chlorine-containing solvent (CH,Cl,) and Zr complexes
substituted with bulky ligands (Cp’, Ind) could be caused by the
raising of complex 9 living time due to the decreasing of rates of
both interligand exchange and B-C-H activation processes. The
lower yield of dimers 3 in the case of AlEt; comparably with AlMe3
could be caused by rapid transmetallation of complex 12 into com-
plex 6.
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Table 3
Influence of mole ratio and Zr m-ligand environment on the product yields in the reaction of hexene-1 with AlMe; in the presence of zirconocene hydrides L,ZrH, or L,ZrHCI
[L =Cp, Cp'] (reaction time 24 h, 22°C, toluene).

L,ZrH, Mole ratio Hexene-1 conversion, % Yield, %
AlMes:alkene:[Zr] 1a (7a) 2a 6a (8) 3
Cp,ZrHCl 60:50:1 69 2 10 11 46
2:1:1 88 4 13 38 33
2:2:1 97 14 4 37 42
CpoZrH, 60:50:1 40 8 - 3 29
2:1:1 62 11 - 5 46
2:2:1 58 13 7 9 38
Cp,ZrH, 60:50:1 70 29 21 7 13
2:1:1 54 40 - 11 3
2:2:1 72 37 4 6 25

8
2mol% L,ZrCl, 7 AlEt
AN\ + AE /CAEt * AEt, * * g AEL + 3
Bu” N 3 220G, CgHg (CHCI) Bu” 2™ t Bu Bu
(1b)

Bu
(6b)

(L= Cp, Cp', Cp, Ind, Flu) (2b)
l D,0" i D,0" i D,0"
= G w0
D
Bu Bu ®
(16) (7b)

Scheme 6.
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Table 4
The product yields of the reaction of hexene-1 with AlEts, catalyzed with L,ZrCl, (mole ratio AlEts:alkene:L,ZrCl, = 60:50:1, reaction time 24 h, 22 °C).
L,ZrCl, Solvent Hexene-1 conversion, % Yield, %
1b (7b) 2b 4 (16) 6b (8) 3
CpZrCl, CH,Cl, 96 16 16 51 13 <1
CsHe 91 24 2 63 2 -
Cp,ZrCl, CH,Cl, 98 16 9 62 10 -
CeHs 97 6 10 69 12 -
Cp,ZrCl, CH,Cl, 99 48 13 21 10 7
CeHs 96 15 2 74 5 -
Ind,ZrCl, CH,Cl, 93 36 3 45 7 2
CeHs 99 25 = 74 <1 <1
Flu,ZrCl, CH,Cl, 88 6 19 6 14 49
CsHe 71 8 13 31 12 10
Table 5

Influence of mole ratio AlEt;:hexene-1:Cp3ZrCl, on the product yields (reaction time
24 h, 22 °C, CH,Cly).

Mole ratio Hexene-1 Yield, %
AlEts:alkene:Cp5ZrCl, CODVEISICTLES 1b 2b 4 6b 3
(7b) (16) (8)

60:50:1 ~99 48 13 21 10 7
60:50:2 76 43 4 20 7 2
120:50:1 74 16 9 36 12 1
60:100:1 80 19 9 35 14 3
2:2:1 98 60 1 33 4 1

We found that as in the case of AlMes zirconocene hydrides
(LZrH, or LZrHCI [L = Cp, Cp’]) catalyze the reaction of AlEt; with
hexene-1, which provides the same hydro-, carbo-, cyclometalla-
tion products and dimers (Table 6). Therefore, the zirconocene hy-

Table 6

drides of type 11 (Scheme 5) could be the possible intermediates of
the reaction.

Interestingly that the reaction of AlEt; with hexene-1 in the
presence of 2 mol% of L,ZrH, (L = Cp, Cp’) gave aluminacyclopen-
tane 4 with high yield of 75-83%. According to Scheme 5,
formation of aluminacylopentane is possible through the five-
membered intermediate 14, which contains Zr-CI-Al bridge. Prob-
ably, zirconocene dihydrides generate the intermediate 14’ similar
to 14, which also cyclometallate alkenes (Scheme 7). The NMR
study of Cp,ZrH, and AlEt; interaction (1:2) confirmed the gener-
ation of complex 14’ through the known hydride complex 16
[7a]. Complex 14/ is formed altogether with intermediate of preli-
minary structure 17, which contains [Cp,ZrHs] fragment with
three different hydrides. The fast interaction of 17 with hexene-1
gave the hydrometallation product 6b, whereas complex 14/
slowly reacted with alkene providing aluminacyclopentane 4.

Influence of mole ratio and Zr m-ligand environment on the product yields in the reaction of hexene-1 with AlEt; in the presence of zirconocene hydrides L,ZrH, or L,ZrHCI

[L =Cp, Cp'] (reaction time 24 h, 22 °C, benzene).

L,ZrH, Mole ratio Hexene-1 conversion,% Yield, %
AlEt;:alkene:[Zr] 1b (7b) 2b 4 (16) 6b (8) 3
Cp,ZrHCl 60:50:1 96 5 6 62 22 <1
2:1:1 94 - - 38 56 =
2:2:1 96 9 1 42 43 <1
Cp,ZrH, 60:50:1 99 6 1 75 17 -
2:1:1 85 24 2 54 5 -
2:2:1 66 32 3 30 <1 -
Cp,ZrH, 60:50:1 99 3 <1 83 12 <1
2:1:1 98 38 5 - 47 8
2:2:1 98 16 8 29 38 7
_—AlEt
% G (AIEL,) & \Ezt
(AIEt,) LN ts), Cp,Z
e AR H—Zr SZt—H AR, ———— 2 v opzi I/
[Cp,ZrH,], 3 TN, T 3 2
oW -HAIE H----AlEt, \ AlEt,
cp cp -CH ’ H--. AIEt
2’6 14 17 3
(16) (14) (17)
/\R.
R
/\R.
EtAI<:J\ Co.21,
R' - [Cp,ZrEtH] H----AlEL 6b
(4) (15')

Scheme 7.
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3. Conclusion

The influence of the organoaluminium compound nature, Zr 1t-
ligand environment, solvent type and reagent ratio on the che-
moselectivity of reactions of trialkylalanes (AlMes, AlEt;) with al-
kenes, catalyzed with L,ZrCl, has been studied. In the case of
AlMes, the hydro- and carboalumination products, and alkene di-
mers are formed. The catalytic reaction of AlEt; with the olefins
yields aluminacyclopentanes altogether with the hydro- and car-
boalumination products, and the dimers. It was shown that the
OAC nature and Zr m-complex structure exhibit the most effect
on the reactions pathway.

The reaction of alkenes with AlMes, which runs in chlorinated sol-
vents (CH,Cl,) in the presence of Zr complexes with small rt-ligands
(Cp and Cp’), yields mainly dimers. The use of Zr complexes substi-
tuted with more bulky n-ligands (Cp’, Ind) and chlorine-containing
solvents (CH,Cl,) increases the carboalumination products yield.
The chlorinated solvent replacement with hydrocarbons in reaction
with AlEt; substantially increases the yield of aluminacyclopentanes.

We found that reaction of hexene-1 with AlMes in the presence
of either L,ZrH; or L,ZrHCI (L = Cp, Cp) both under the catalytic and
stoichiometric conditions results in the same products as in the
case of LyZrCl,. This fact implies participation of zirconcene hy-
drides as intermediates in the reaction of alkenes with AlRs, cata-
lyzed with L,ZrCl,.

The probable reaction mechanism is proposed. The mechanism
includes four catalytic cycles A-D, where the complex
[LoZrRCI-AIRs] is the key intermediate of the whole process.

4. Experimental
4.1. General

All operations with organometallic compounds were carried out
under argon using Schlenk techniques. Solvents (benzene and tol-
uene) were dried by refluxing over i-Bu,AlH and freshly distilled
prior to use. Methylene chloride was dried over P,Os. Commer-
cially available 98% AlEt; and 97% AlMes (Aldrich) were involved
into the reactions. The catalysts L,ZrCl, were prepared using the
standard techniques from ZrCl, (99.5%, Aldrich) (L= Cp [14a], Cp’
[14b], Ind [14c], Flu [14d]). Cp5ZrCl, (97%) was purchased from Al-
drich. The Schwartz reagents Cp,ZrHCI and Cp,ZrH, were prepared
as described previously in Refs. [15,7a].

The NMR spectra 'H, '3C and 2’Al were recorded on spectrome-
ter Bruker AVANCE-400 (400.13 MHz ('H), 100.62 MHz ('3C) and
104.23 MHz (?’Al)). dg-Benzene, ds-toluene and d-chloroform were
used as solvents and internal standards. The samples were pre-
pared in standard tubes of 5 mm diameter. Chemical shifts are
internally referenced to the TMS signal. 2’Al chemical shifts are ref-
erenced to the Al(H,0)sCl3 signal. One- and two-dimensional NMR
spectra (COSY HH, HSQC, HMBC) were measured with standard
pulse sequences.

The yields of hydro-, carbo- and cycloalumination products
were determined from the yields of hydrolysis products, which
were calculated relative to amount of the initial olefin. The hydro-
lysis products of reaction mixture were analyzed on chromato-
graph Carlo Erba (He, column 50,000 x 0.32 mm, fixed phase
“Ultra-1”, flame-ionizating detector). Mass spectra were obtained
on spectrometer MD 800, TRIO 1000 VG Masslab (Great Britain).

4.2. Reaction of hexene-1 with AIR3 (R = Me, Et) in the presence of
L,ZrCl, (L=Cp, Cp/, Cp’, Ind, Flu)

A 10 ml flask equipped with a magnetic stirrer and filled with
argon was loaded with 1-2 mmol of L,ZrCl,, 1.0 ml of methylene

chloride or toluene (benzene), 2-100 mmol of hexene-1 and 2-
120 mmol of AIRs. The reaction mixture was stirred for 24 h at
22 °C. Then the mixture was decomposed with 10% HCl or DCI at
0 °C. The products were extracted with benzene; further, the or-
ganic layer was dried over Na,SO4 and analyzed by GC or GC-MS.

4.2.1. 1-Dimethylalumina-2-methylhexane (2a)

'H NMR (C;Dg) 6 0.09, 0.11 (AB, dd, )y = 14.2 Hz, 2H, AICH,);
1.60-1.72 (m, 1H, CH); 0.96 (d, 3y = 6.8 Hz, 3H, CH3); 1.18-1.41
(m, 6H, CH,); 0.92 (t, *Juy = 6.9 Hz, 3H, CHs); —0.27 (s, 6H, MeAl).
13C NMR (CgDg) & 20.89 (br, C1), 30.54 (C5), 41.79 (Cs), 29.88 (Cy),
23.02 (Cs), 14.02 (Cg), 24.52 (C7), —7.40 (MeAl). 27Al NMR (CgDg)
5 155.9.

4.2.2. 1-Diethylalumina-2-ethylhexane (3a)

TH NMR (C,Dg) 5 0.48 (m, 2H, AICH,CH), 1.59-1.62 (m, 1H, CH),
1.21-1.49 (m, 8H, CH,), 0.90-0.95 (m, 6H, CHs), 0.24-0.31 (m, 4H,
AICH,CH3), 1.14 (t, *Juy = 8.0 Hz, 6H, AICH,CH3). 13C NMR (CgDg) 6
18.56 (br, C;), 36.58 (C,), 38.51 (C3), 31.21 (Cy), 23.09 (Cs), 13.95
(Cs), 29.52 (C5), 11.23 (Cg), 7.59 (CH5CH,Al), 2.40 (br., CH>Al).
27A1 NMR (CgDg) 5 166.9.

4.2.3. 1-Deuterio-2-methylhexane (7a)

'H NMR (CDCl;) & 0.90-0.93 (m, 2H, CH,D), 0.94 (d,
3Jun = 6.8 Hz, 3H, CH5CH), 0.96 (t, 3Juy = 6.0 Hz, 3H, CHs), 1.48-
1.52 (m, 1H, CH), 1.18-1.21 (m, 4H, CH,), 1.32-1.36 (m, 2H,
CH,CHs). 13C NMR (CDCls) 8 22.53 (t, Ci, Je_p = 18.9 Hz), 29.90
(C,), 38.95 (C3), 31.46 (C4), 23.19 (Cs), 14.35 (Cs), 22.83 (C;). MS
m/z: 101 [M"].

4.2.4. Deuterio-2-ethylhexane (7b)

'H NMR (CDCl3) 6 0.82-0.95 (m, 8H, CHs, CH,D); 1.22-1.39 (m,
5H, CH, CH,); 1.04-1.15, 1.26-1.35 (AB, m, 1H, CHCH,); 1.10-1.18,
1.24-1.35 (AB, m, 1H, CHCH,). '3C NMR (CDCl5) 5 18.88 (t, Cy, Jep =
19.0 Hz), 34.30 (C,), 36.46 (C3), 29.50 (Cy4), 23.03 (Cs), 14.22 (Cq),
29.47 (C5), 11.36 (Cg). MS m/z: 115 [M"].

Spectral data of products were identical to those of authentic
sample 2a [17], 2b [16], 3 [8], and 16 [4a].

4.3. Reaction of hexene-1 with AIR3 in the presence of L,ZrH, (L = Cp,
')

A 10 ml flask equipped with a magnetic stirrer and filled with
argon was loaded with 1 mmol of L,ZrH,, 1.0 ml of toluene (ben-
zene), 2-60 mmol of AIR; and 1-50 mmol of hexene-1. The reac-
tion mixture was stirred for 24 h at 22 °C. Then the mixture was
decomposed with 10% HCl or DCI at 0 °C. The products were ex-
tracted with benzene; further, the organic layer was dried over
Na,SO4 and analyzed by GC-MS.

4.4. Reaction of hexene-1 with AIR3 in the presence of Cp,ZrHCI

A 10 ml flask equipped with a magnetic stirrer and filled with
argon was loaded with 1 mmol of Cp,ZrHCl, 1.0 ml of toluene (ben-
zene), 2-60 mmol AIR; and 2-50 mmol of hexene-1. The mixture
was stirred for 24 h at 22 °C. The mixture was decomposed with
10% HCl or DCl at 0 °C. The products were extracted with benzene;
further, the organic layer was dried over Na,SO4 and analyzed by
GC-MS.

4.5. NMR study of the interaction of [Cp>ZrH>], with AlEts

An NMR tube filled with argon was loaded with 0.6 mmol
(134 mg) of Cp,ZrH, and 0.4 ml of dg-toluene. AlEt; (0.6 mmol,
0.11 ml) was added dropwise until the precipitate was dissolved.
Finally the formation of complex 16 was observed [7a]. The mix-
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ture was cooled to 0 °C, then 0.6 mmol of AlEt; were added. The
formation of complexes 14’ and 17 was observed after 20 min by
NMR.

Complex 14 (300 K). '"HNMR (C;Dg) 8 —3.33 (s, 1H, ZrHAI), —0.81
(dd, AB,?Jyy = 10.0 Hz, 2H, AICH,), 1.30 (m, 2H, ZrCH,), 0.25-0.29 (m,
4H, AICH,CH3),1.26 (t, *Juy = 8.0 Hz, 6H, AICH,CHs), 5.19 (s, 10H, Cp).
13C NMR (CgDg) & —8.94 (t, Jc_y = 126 Hz, AICH,), 31.46 (t, Jc_u =
147 Hz, ZrCH,), 2.44 (AlCH,CHs), 9.41 (AICH,CH3), 102.28 (Cp).
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