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Abstract

The ability of various enantiopure zirconocenes to catalyze the asymmetric methylalumination of allylbenzene has been tested. The
enantioselectivity of an ethylene(Ind)2ZrCl2/MAO system is the same as that of authentic methyl cation generated with Ph3C+ from eth-
ylene(Ind)2ZrMe2, confirming that the methyl cation is the active catalyst from ethylene(Ind)2ZrCl2/MAO.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Carboalumination, generally catalyzed by Zr complexes,
leads to the synthesis of aliphatic primary alcohols from
a-olefins (Eq. (1)) [1]. A stoichiometric amount of an alu-
minum alkyl (AlMe3 or AlEt3) is used, along with a cata-
lytic amount of Cp2ZrCl2, Cp�2ZrCl2, or (NMIn)2ZrCl2
(bis(1-neomenthylindenyl)zirconium dichloride). While
early reactions were rather sluggish, one equivalent of
water has been shown to dramatically accelerate the rate
[2]. This effect has parallels in the well-established chemis-
try of olefin polymerization, where the reaction of a zircon-
ocene dichloride with methylaluminoxane (MAO) is
commonly used to generate the active catalyst. Since the
synthesis of MAO involves the partial hydrolysis of AlMe3,
it seems likely that carboalumination is catalyzed by 14-
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electron alkylzirconium cations like those that catalyze ole-
fin polymerization [3].

Carboalumination has been carried out asymmetri-
cally[4] with a catalyst (bis(1-neomenthylindenyl)zirco-
nium dichloride, (NMIn)2ZrCl2) introduced by Gerhard
Erker [5]. Racemic (EBTHI)ZrMe2 and [6,6 0-dimethyl-
2,2 0-bis(5,6,7,8-tetrahydro-2- indenyl)biphenyl]ZrMe2 have
been tested as catalysts because the same compounds are
readily available in enantiopure form; however, these
reactions have proven sluggish and have given oligomeri-
zation as well as carboalumination [4c]. Asymmetric car-
boalumination of a-olefins has not been reported with
an enantiopure metallocene other than (NMIn)ZrCl2,
although low ee’s have been obtained with Cp2ZrCl2
and organoaluminums bearing enantiopure alkoxide
ligands [6].
R'
HO

R

ð1Þ
We have, therefore, examined the ability of several enan-
tiopure zirconocenes S,S-1a–d (Fig. 1) to catalyze the
asymmetric carboalumination of allylbenzene and styrene.
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Fig. 1. Structures of S,S-1a–d.
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2. Results and discussion

2.1. Choice of catalysts

If we assume that carboalumination is catalyzed by
an alkylzirconium cation (Scheme 1), the use of S,S-1a

as a precatalyst will generate S,S-2a as the active cata-
lyst upon activation with MAO. Coordination and inser-
tion of the olefin substrate will then (as shown for
allylbenzene in Scheme 1) give another alkylzirconium
cation S,S-3a. However, the mechanism is complicated
by association (Eq. (2)) between the alkylzirconium cat-
ion S,S-2a and AlMe3 to form the heterobimetallic cat-
ion S,S-4a. A similar equilibrium binds AlMe3 to S,S-3a

and is responsible for exchange of the resulting alkyl
onto Al.
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We have already reported that koff, the rate constant for
dissociation of a Zr/Al heterobimetallic species, is a useful
predictor of effectiveness in catalyzing carboalumination
[7]. Presumably this is because the activity of the cations
is suppressed by equilibria like Eq. (2) and the equilibrium
constants of such equations reflect koff. Because 4a has a
relatively high koff, about 0.17 s�1 in benzene at 300 K, it
is an attractive carboalumination catalyst [7]. The same is
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+ Me
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mination catalyzed by S,S-2a.
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Fig. 2. ‘‘Side on’’ and ‘‘head on’’ coordination modes of propylene to an alkylzirconocene cation [8]. The enantioface selectivity is plainly greater when
coordination is ‘‘side on’’.
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true of its silicon-bridged indenyl analog 4b. New selective
population inversion experiments like the ones in our pre-
vious paper (involving inversion of the terminal methyl
peak of 4b, and analysis of the return of the magnetization
to equilibrium) [7] give a koff value of 0.16(1) s�1 for 4b in
benzene at 300 K.
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When we considered using enantiopure 1b as a catalyst
for asymmetric carboalumination, we thought that adding
bulk to the front of the catalyst would discourage ‘‘head
on’’ olefin coordination, encourage ‘‘side on’’ coordina-
tion, and increase enantioface selectivity (Fig. 2). Way-
mouth and Pino emphasized the importance of the site of
olefin coordination when they used zirconocene catalysts
for the enantioselective hydrogenation of a-olefins [8].
Accordingly, we decided to try enantiopure (S,S)-(3-
MeInd)2ZrCl2 (S,S-1c) and (S,S)-(4,7-Me2Ind)2ZrCl2
(S,S-1d) as catalysts. The ligand environment that they
should produce is compared in Fig. 3 with that expected
from S,S-1b.
2.2. Preparation of enantiopure zirconocenes

These reactions were carried out in the absence of light
to avoid photoracemization [9]. Enantiopure (S,S)-
(EBI)ZrCl2 (S,S-1a) [10] was first converted to its dimethyl
derivative [11], then treated with [Ph3C][B(C6F5)4] and
AlMe3 to form the heterobimetallic cation 4a (Eq.
(3));[12] 4a was assumed to be pure (S,S) because these
transformations had not involved the indenyl framework.
Enantiopure (S,S)-(SBI)ZrCl2 (S,S-1b), (S,S)-(3-MeInd)2-
ZrCl2 (S,S-1c), and (S,S)-(4,7-Me2Ind)2ZrCl2 (S,S-1d)
were prepared in collaboration with the Jordan group by
procedures that will be published separately [13].
2.3. Catalysis of asymmetric carboalumination

Enantiopure S,S-1a, S,S-1b, S,S-1c, S,S-1d, and S,S-4a
were then tested as catalysts for the methylalumination of
allylbenzene (Eq. (4)) and styrene (Eq. (5)). The reactions
were carried out in benzene with [Zr] from 0.9 to
1.1 mM, and [substrate] from 4 to 10 mM. Generation of
the active catalytic species was accomplished either by (1)
adding a stoichiometric amount of [Ph3C][B(C6F5)4] to a
solution of the zirconocene dimethyl, letting these reagents
react for 2 h, and adding AlMe3; or by (2) adding �40
equivalents of MAO to a solution of the zirconocene
dichloride, which resulted in its immediate conversion to
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Fig. 3. Top-down view of catalysts S,S-1b–d with bold lines representing the indenyl ligand on top and hashed ones the ligand on bottom. Zr and Cl have
been omitted for clarity.

Table 1
Asymmetric catalysis of the carboalumination of allylbenzene and styrene at 300 K by S,S-1a–d and [(S,S)-(EBI)Zr(l-Me)2AlMe2][B(C6F5)4] (4a)

Catalyst precursor Substrate Product % Conv % ee

(S,S)-(EBI)ZrCl2 (S,S-1a)a Allylbenzene 6a 88 29
(S,S)-(SBI)ZrCl2 (S,S-1b)a Allylbenzene 6a 83 25
(S,S)-Me2Si(3-Me-Ind)2ZrCl2 (S,S-1c)a Allylbenzene 6a 72 25
(S,S)-Me2Si(4,7-Me2-Ind)2ZrCl2 (S,S-1d)a Allylbenzene 6a 65 33
[(S,S)-(EBI)Zr(l-Me)2AlMe2][B(C6F5)4] (S,S-3a)b Styrene 6b 89 80
[(S,S)-(EBI)Zr(l-Me)2AlMe2][B(C6F5)4] (S,S-3a)c Allylbenzene 6a 80 29

a 1.2 · 10�6 mol Zr, 1.8 · 10�4 mol MAO, 1.2 · 10�5 mol allylbenzene in 1.17 mL C6D6; 3–6 h.
b 8 · 10�7 mol Zr, 8 · 10�7 mol [Ph3C][B(C6F5)4], 9 · 10�6 mol AlMe3, 3 · 10�6 mol styrene in 0.7 mL C6D6; 24 h.
c 1.6 · 10�6 mol Zr, 1.6 · 10�6 mol [Ph3C][B(C6F5)4], 1.7 · 10�5 mol AlMe3, 1.2 · 10�5 mol allylbenzene in 1.7 mL C6D6; 3 h.
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active catalyst. In method (2) enough MAO was added to
convert a significant fraction of the zirconocene dichloride
to the active catalyst 2 while keeping free [AlMe3] low
enough that its association with 2 was minimized (at much
higher [MAO] the reaction became exceedingly slow). The
reactions were allowed to proceed 4–16 h, until the conver-
sion was at least 50%. The results are shown in Table 1.
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Styrene gives much greater enantioselectivity than allylben-
zene, although the reaction is considerably slower with sty-
rene as substrate. Presumably the vinyl phenyl substituent
slows coordination of the olefin but increases the facial
selectivity with which it occurs due to increased interaction
with the ligand framework of the catalyst.

None of these catalysts show as much enantioselectivity
as the Erker catalyst (NMIn)2ZrCl2, which catalyzes the
methylalumination of allylbenzene with 70% ee [1a]. The
methyl substituents in S,S-1c and S,S-1d are presumably
not big enough to block ‘‘head on’’ coordination (although
S,S-1d is better than S,S-1b and S,S-1c). Furthermore,
methylalumination is probably difficult because the methyl
group is too small to orient the incoming olefin; Zambelli
found a similar lack of selectivity for the insertion of a pro-
pylene into an enantiopure methyltitanocene cation [14].

The results in Table 1 do, however, suggest one impor-
tant conclusion. The alkylzirconium cation S,S-2a, present
in equilibrium with the Zr/Al cation S,S-4a in the last
entry, gives the same ee as the catalyst generated from
the dichloride S,S-1a in the first entry – consistent with
our assumption that MAO and S,S-1a generate S,S-2a

and S,S-4a.

3. Experimental

Inert atmosphere techniques, including glove box
(<2 ppm O2) and Schlenk line methods, were used to han-
dle air and moisture sensitive compounds. Benzene and
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THF were distilled from sodium/benzophenone under N2

prior to use. Toluene, Et2O, CH2Cl2, and hexanes were
purified by passage through a column of alumina as
described by Grubbs [15]. Benzene-d6 was degassed, and
then stored over 4 Å molecular sieves under nitrogen.
(S,S)-(EBI)ZrCl2 (S,S-1a) was a gift from Prof. Richard
F. Jordan (University of Chicago, prepared by Matthew
LoCoco). Racemic (SBI)ZrMe2 was prepared by literature
methods [16], and converted to racemic 4b by known pro-
cedures [17].

NMR spectra were recorded on a Bruker DMX-500
(500 MHz for 1H), and were referenced by assigning the
residual solvent peak (C6D5H) to 7.15 d. Chiral HPLC
was performed on a Varian instrument (model 9012 solvent
delivery system) with variable wavelength detector (model
9050) using a Chiralcel OD-H column (Daicel Industries)
with flow rate = 1 mL/min, 95:5 n-hexanes:iPrOH,
k = 220 nm.

3.1. Measurement of koff for racemic 4b1

Selective population inversion experiments were per-
formed at 300 K with a 180

�

selective-s-90
�

nonselective – acquire
1H NMR pulse sequence [18]. Spectra were taken at each
of 20 different mixing times (s). The peak areas were
recorded and the data fit using CIFIT [19]. The entire
experiment was repeated six times, giving koff values that
averaged 0.16(1) s�1.

3.2. 2-Me-3-Ph-1-propanol (6a) [20]

Racemic 6a was synthesized for comparison with the
enantioenriched products of asymmetric carboalumination
reactions. trans-2-Me-3-Ph-2-propen-1-ol (1.5 g, 9.5 mmol)
in EtOH (20 mL) was hydrogenated in a Fisher–Porter bot-
tle under 50 psi H2 using Adams’s catalyst (70 mg). Both
enantiomers are known compounds: (S)-6a, CAS 22436-
06-2; (R)-6a, CAS 77943-96-5. 1H NMR (500 MHz,
C6D6): d 7.18 (m, Ph, 2H), 7.06 (m, Ph, 4H), 3.18 (m,
PhCH2CHMeCH2OH, 2H), 2.64 (m, PhCH2CHMe-
CH2OH, 1H), 2.23 (m, PhCH2CHMeCH2OH, 1H), 1.70
(m, PhCH2CHMeCH2OH, 1H), 0.90 (br s, PhCH2CHMe-
CH2OH, 1H), 0.79 (d, JH�H = 6.8 Hz, PhCH2CHMe-

CH2OH, 3H).

3.3. (S,S)-(EBI)ZrMe2 [11]

Me2Mg was prepared by mixing a solution of MeMgBr
(240 lL, 3 M in Et2O) with dioxane (70 lL, 0.77 mmol) in
Et2O (30 mL) and stirring overnight. This solution was
added by cannula filter to a solution of (S,S)-(EBI)ZrCl2
(S,S-1a) (100 mg, 0.24 mmol) dissolved in Et2O (20 mL).
The remaining solid was washed with Et2O (10 mL),
1 For complete details for selective population inversion experiments see
[7].
which was again added to the solution containing the zirc-
onocene dichloride. The mixture was stirred overnight.
The solvent was removed under vacuum leaving a yellow
solid, which was dissolved in benzene (20 mL) and fil-
tered. The remaining solid was washed with benzene
(7 mL). The filtrates were combined and brought to dry-
ness under vacuum. The remaining yellow solid was
washed with hexanes and dried under vacuum (56 mg,
62% yield). 1H NMR (500 MHz, C6D6): d 7.31 (d, C6H,
JH�H = 8.5 Hz, 2H), 7.06 (m, C6H, 4H), 6.89 (m, C6H,
2H), 6.41 (d, C5H, JH�H = 3.3 Hz, 2H), 5.65 (d, C5H,
JH�H = 3.3 Hz, 2H), 2.83–2.66 (m, CH2CH2, 4H), �0.97
(s, ZrMe2, 6H).

3.4. Methylalumination reactions

Reactions catalyzed by 4 were carried out as in the fol-
lowing example (with S,S-4a). An NMR tube was charged
with (S,S)-(EBI)ZrMe2 (1.6 lmol) and [Ph3C][B(C6F5)4]
(1.6 lmol), 900 lL C6D6, and wrapped in aluminum foil
to exclude light. After 2 h, AlMe3 (400 lL, 29.2 mM,
C6D6) was added. After an additional 1 h, allylbenzene
(400 lL, 18.1 mM, C6D6) was added and the reaction
was allowed to sit for 3 h. The reaction was approximately
80% complete (as judged by a decrease in the signal for
PhCH2CHCH2, d 4.97) with the expected aluminum alkyl
>90% (by 1H NMR) of the product (5a). 1H NMR
(500 MHz, C6D6): d 2.56 (d, PhCH2CHCH3CH2AlMe2,
J = 8.3 Hz, 1H), 1.93 (bs, PhCH2CHCH3CH2AlMe2,
2H), 1.12 (d, PhCH2CHCH3CH2AlMe2, J = 5.3 Hz, 3H),
and from �0.22 to �0.08 (m, PhCH2CHCH3CH2AlMe2,
2H); a peak for PhCH2CHCH3CH2AlMe2 was not
observed due to overlap with AlMe3. These chemical shifts
are in agreement with those reported previously for the
same compound in CD2Cl2 [20]. O2 was bubbled through
the sample for 20 min; addition of 0.1 mL of water com-
pleted the conversion of the aluminum alkyl to the corre-
sponding alcohol, 2-methyl-3-phenyl-1-propanol (6a). The
ee of the product (6a) was 29%, determined by a direct
comparison of its chiral HPLC trace with that of racemic
6a.

The methylalumination of styrene was carried out by
substituting styrene for allylbenzene in the procedure
above. The % ee for the methylalumination of styrene
was determined by comparing the chiral HPLC trace of
enantioenriched 6b (prepared with enatiopure S,S-4a as
the catalyst) with that of racemic 6b (prepared with racemic
4a as the catalyst). Both enantiomers of 6b are commer-
cially available.

Methylalumination reactions catalyzed by S,S-1 were
carried out as in the following example (with S,S-1b). In
a glovebox, an NMR tube was charged with (S,S)-
(SBI)ZrCl2 (S,S-1b) (600 lL, 3.3 mM, C6D6), MAO
(178 lL, 0.9 M, C6D6), and then allylbenzene (55 lL,
98 mM, C6D6). The tube was then wrapped in aluminum
foil to exclude light. The sample was monitored for 6 h
by 1H NMR, during which time the reaction reached
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75% completion (judged by the decrease in the signal for
PhCH2CHCH2, d 4.97). O2 was bubbled through the sam-
ple for 20 min; addition of 0.1 mL of water completed the
conversion of the aluminum alkyl to the corresponding
alcohol, 2-methyl-3-phenyl-1-propanol (6a). The ee of the
product alcohol (6a) was determined to be 25%, by chiral
HPLC as above.
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