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Abstract—We have observed product ee’s that begin at 20% at low reaction conversion and rise to 79% ee at the completion of the reaction
in the asymmetric addition of alkyl groups to benzaldehyde. This rare behavior is attributed to autoinduction, in which the catalyst evolves by
incorporation of the product. Based on this, we have been able to optimize the catalyst by variation of achiral, rather than enantiopure ligands.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Asymmetric catalysts can evolve over the course of
reactions to generate new catalysts that exhibit different
properties. This behavior can manifest itself in enantio-
selectivities that change as reactions progress. One cause of
catalyst evolution is the incorporation of the product of the
asymmetric reaction into the catalyst. This process is known
as autoinduction and was first described by Alberts and
Wynberg."? Since then, other researchers have reported this
behavior.>'°

The observation of autoinduction can provide insight into
the mechanisms of asymmetric reactions and, in some cases,
expedite the catalyst optimization process. Herein, we
report dramatic increases in the product ee’s as a function of
reaction conversion in the asymmetric addition of ethyl
groups to aldehydes. The increase in ee’s is attributed to an
autoinduction process in which catalyst evolution provides a
system that exhibits greatly improved enantioselectivity.
Based on a study of this process, we were able to develop a
catalyst that exhibited excellent enantioselectivity. The
catalyst optimization was performed by variation of achiral
ligands' "' rather than enantiopure ligands.
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2. Results and discussion

Several titanium catalysts have been found to be highly
enantioselective in the addition of Et,Zn to aldehydes.
Catalysts derived from TADDOL?** (1), BINOL*% (2),
and bis(sulfonamide) ligamds%*33 (3a, 3b, 4) are widely
employed in this reaction (Fig. 1). Studies have demon-
strated that most of these catalytic systems generate product
of constant ee over the course of the reaction. We recently
reported, however, that certain bis(sulfonamide)-based
catalysts derived from ligands 3¢-3d do show changes in
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Figure 1. Ligands employed in the asymmetric addition of alkyl groups to
aldehydes.
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Scheme 1. Diethylzinc addition to benzaldehyde in the presence of
bis(sulfonamide) ligands derived from stilbene diamine.

enantioselectivity of 8% over the course of the reaction
(Scheme 1). We postulated that this behavior was due to
autoinduction, which was supported by mechanistic studies
and the observation of nonlinear behavior.**

During our studies of the mechanism of the asymmetric
addition of alkyl groups to aldehydes promoted by
bis(sulfonamide)-based catalysts (Scheme 1) we found
that catalysts prepared from stilbene diamine (5a-c,
Fig. 1) exhibited large changes in product ee with
conversion. Employing 8 mol% of 5a in Scheme 1 and
following the reaction by removal of aliquots and analysis
we observed that the ee was 20% at around 10% conversion.
As the reaction proceeded, however, the ee rose rapidly to
a maximum 79% at 100% conversion. These results are
illustrated in Figure 2, curve A. In this reaction, the
enantioselectivities of the catalysts generated at higher
conversion must be greater than the final ee of 79%. The use
of catalyst Sc led to a similar, but smaller, increase in the ee
of the product over time. Interestingly, catalyst Sb initially
gave the (R)-enantiomer of the product with an enantio-
selectivity of 18%. As the reaction progressed, however,
the sense of the enantioselectivity switched and the
(S)-enantiomer predominated with an ee of 27% (Fig. 2,
curve B).
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Figure 2. Plot of ee (%) vs conversion (%) with ligands Sa—b (Scheme 1).

To explain the results in Figure 2, we propose a mechanism
involving catalyst evolution (Scheme 2). The initial catalyst
for this reaction is proposed to be L*Ti(O'Pr),, 6, [L*=
bis(sulfonamido)].?*>° We envision that the aldehyde is
first activated by coordination to the titanium center and the
ethyl group is delivered. It is not known which metal is
responsible for delivery of the ethyl group in this system, the
zinc or the titanium. In related systems, the organozinc has
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Scheme 2. Proposed mechanism of catalyst evolution.

been found to undergo transmetallation with titanium to
give MeTi(O'Pr); and it is titanium that is responsible for
delivery of the methyl to the aldehyde carbonyl.>>-°
Addition of the ethyl group to the aldehyde is proposed to
give an intermediate complex (7) containing three alkoxides
bonded to titanium. To regenerate the proposed catalyst, one
of the alkoxide groups must be removed from 7, where OR*
is the alkoxide formed by ethyl addition to benzaldehyde.
Removal of the chiral alkoxide (R*O ) regenerates the
initial catalyst, 6, while loss of (‘PrO™) affords two new
diastereomeric catalysts (8) where R*O~ has the (S)-
configuration (major) or the (R)-configuration. Likewise,
addition promoted by L*Ti(O'Pr)(OR*), 8, can generate
three diastereomeric L*Ti(OR*), catalysts (10). These new
catalysts will likely have different activities and enantio-
selectivities from the initial catalyst 6.

The issue of alkoxide exchange is of fundamental
importance in a number of enantioselective processes.>’ >’
The proposed mechanism in Scheme 2 requires that
alkoxide exchange between Ti(O'Pr), and catalysts bearing
chiral alkoxide groups be slow relative to the asymmetric
addition. If this exchange process were fast, the distribution
of alkoxide ligands would be under equilibrium control. The
concentrations of L*Ti(OR*), and L*Ti(OR*)(O'Pr) would,
therefore, be low due to the high ratio of isopropoxide
ligands to chiral alkoxide ligands (4.8:1 at the end of the
addition reaction). In the fast alkoxide exchange scenario, it
would be unlikely to observe the high degree of autoinduc-
tion necessary for the changes in product ee outlined in
Figure 2.
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The second tenant of the mechanistic proposal in Scheme 2
is that L*Ti(OR*), and/or L*Ti(OR*)(O'Pr) are consider-
ably more enantioselective than L*Ti(O'Pr),. The results of
the autoinduction study suggest that bulkier alkoxide
ligands, such as OR*, result in more enantioselective
catalysts. This proposal was examined by employing the
enantioenriched alkoxide complexes Ti(OR*); (R*=
CH(Et)Tol). The impact of the configuration of the chiral
alkoxide ligands in Ti(OR*),4 on the product ee was found to
be significant. The (R,R)-bis(sulfonamide) ligand Sa and
Ti(O'Pr)4 form a catalyst that generates the (S)-alkoxide
product in 79% ee at 100% conversion. When titanium
alkoxide (S)-Ti(OR*), was substituted for Ti(O'Pr), and
used with (R,R)-5a (Scheme 3), the (S)-alcohol was
generated with an initial ee of 84%, and a 5% drop in ee
over the course of the reaction. Use of mismatched alkoxide
complex (5)-Ti(OR*)4 with (S,S)-5a resulted in product ee
of 72%.

(R,R) or (S,S)-5a

, (8 mol%) OH
PhCHO + EtyZzn + Ti(OR)y —————
toluene/hexanes  pPh Et
(1.2eq) (1.2eq) -45 °C
R = (S)-CHEt(Tol)
R = CgH14
R=C7Hq3

Scheme 3. Diethylzinc addition to benzaldehyde in the presence of
bis(sulfonamide) ligand Sa and various titanium alkoxides.

These experiments indicate that bulkier alkoxides on
titanium generate more enantioselective catalysts and that
L*Ti(OR*), 1is significantly more enantioselective than
L*Ti(O'Pr),.

We then examined the influence of achiral titanium
alkoxides, Ti(OR),, on the enantioselectivity of the catalysts
(Scheme 3). Based on the results outlined above, we
anticipated that the use of a bulkier alkoxide would generate
a more enantioselective catalyst. We therefore began with
the cyclohexyl and the cycloheptyl derivatives [Ti(OR)g,
R=C¢H;; and R=C-;H;3]. With these titanium alkoxides, a
significant improvement in ee was observed: from the final
ee of 79% using Ti(O'Pr)4 to 90.9 and 92.7% ee with
Ti(OR); where R=C¢H;; and R=C;H;, respectively.
Catalysts formed with titanium(IV) tert-butoxide, however,
were very slow. Presumably, the ters-butoxide groups
are too bulky and prevent the catalyst from forming or
turning over.

We were also interested in examining the structure of the
L*Ti(OR¥*), species. Therefore, we prepared the titanium
complex 11 as shown in Scheme 4. A single crystal was
obtained by crystallization of compound 11 from dichloro-
methane/hexanes and an X-ray structure determination was

SO,Tol
OH b P N OR*
o /LEt Ti(NMey),(OR*), ———= N N/Ti\OR* + HNMe,
1
SOzTOl
R* = (S)-CHPh(EY) 1

Scheme 4. Reagents and conditions: (a) (i) BuLi, Et,O, rt; (i) Ti(NMe,),Cl,,
rt, 3 h, 99%. (b) Sc, pentane, rt, 36 h, 85%.

Figure 3. ORTEP drawing of 11 (the chiral CH(Et)Ph groups of the
alkoxide have been removed for clarity).

performed.*® An ORTEP drawing of 11 is illustrated in
Figure 3. In this structure the chiral CH(Et)Ph groups of
the alkoxides have been removed for clarity. The structure
of 11 is reminiscent of related bis(sulfonamido)Ti-based
complexes reported by us®*42 and Gagné.® Like the
bis(sulfonamido)Ti(O'Pr), complexes based on trans-1,2-
diaminocyclohexane,” compound 11 exhibits close
contacts between titanium and one of the diastereotopic
sulfonyl oxygens of each sulfonamido group. These
distances range from 2.235 to 2.408 A. The long Ti—O(sul-
fonyl) distances can be compared to the Ti-O distances of
the isopropoxide ligands (1.758 and 1.765 A). The Ti—-N
distances are also longer than titanium amides of the type
Ti—NMe,, which generally have Ti-N distances of 1.88 A.
The Ti-N distances in 11 of 2.039 and 2.042 A reflect
the electron withdrawing nature of the sulfonyl group.
These distances are similar to those observed with other
bis(sulfonamido)Ti-comple)<es.29’4H13

3. Conclusions

In conclusion, we have found that use of bis(sulfonamide)
ligands derived from stilbene diamine in the asymmetric
addition of diethylzinc to benzaldehyde (Scheme 1) resulted
in large changes in product ee over the course of the
reaction. With ligand 5a we observed a change in the ee of
the product by nearly 60%. This represents one of the largest
increases in ee attributed to autoinduction. During the
reaction the catalyst evolves by incorporation the product of
the asymmetric addition reaction. The resulting catalysts
exhibit enhanced enantioselectivity. Based on our study of
the autoinduction process, we were able to streamline the
catalyst optimization process. Rather than optimizing the
catalyst using traditional methods, which involve modifi-
cation and screening of enantioenriched chiral ligands, in
this system we have found that the catalyst enantioselec-
tivity could be increased by screening achiral ligands.'”'®
This is a powerful approach to asymmetric catalysis,
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because it does not revolve around the synthesis and
screening of chiral ligands, which is often an arduous task.

4. Experimental
4.1. General procedures

All manipulations involving titanium alkoxides and diethyl-
zinc were carried out under an inert atmosphere in a
Vacuum Atmospheres dry box with attached MO-40
Dritrain, or by using standard Schlenk or vacuum line
techniques. Solutions were degassed as follows: they were
cooled to —196 °C, evacuated under high vacuum, and
thawed. This sequence was repeated three times in each
case. "H NMR spectra were obtained on a Bruker 360-MHz
Fourier transform NMR spectrometer at the University of
Pennsylvania NMR facility. "H NMR spectra were recorded
relative to residual protiated solvent. Chemical shifts are
reported in units of parts per million relative to tetra-
methylsilane and all coupling constants are reported in Hz.
Unless otherwise specified, all reagents were purchased
from Aldrich Chemical Co. and used without further
purification. Titanium tetraisopropoxide, benzaldehyde,
4-methylbenzaldehyde, (S)-1-phenyl-1-propanol and (S)-1-
tolyl-1-propanol were distilled under vacuum and stored in
glass vessels sealed with Teflon stoppers. Et;Zn (1.0 M in
toluene) and titanium alkoxides (in hexanes) solutions were
prepared in the dry box and stored in Schlenk storage tubes
under nitrogen. The following compounds were prepared by
literature procedures: (1S5,25)-(—)-1 ,2-diphenylethglene-
diamine,44 2,4-dimethylbenzenesulfonyl chloride,2 bis-
(sulfonamide) ligands Sa—¢, ¥4 Ti[(S)—OCH(Tol)Et]4,2O
and Ti(NMez)ZClz.46 Tetrakis(cyclohexyloxy)titanium and
tetrakis(cycloheptyloxy)titanium were prepared by mixing
of titanium tetraisopropoxide and 4 equiv of cyclohexanol
or cycloheptanol, respectively, in toluene, and subsequent
azeotropic removal of 'PrOH with toluene. Hexanes (UV
grade, alkene free) was distilled from sodium benzophenone
ketyl/tetraglyme under nitrogen. Toluene, pentane and
diethylether were distilled from sodium benzophenone
ketyl under nitrogen. Deuterated solvents (purchased from
Cambridge Isotopes) for use in NMR experiments were
dried in the same manner as their protiated analogs, but were
vacuum transferred from the drying agent. CDCl; was dried
over calcium hydride and vacuum transferred.

Enantiomeric excesses were determined using GC methods.
GC-analyses were carried on a Hewlett—Packard gas
chromatograph with a 30-m Supelco B-DEX™ column.

4.2. General procedure for the asymmetric alkylation of
benzaldehyde using chiral bis(sulfonamide) ligands and
titanium tetraisopropoxide

The chiral bis(sulfonamide) 5 (0.11 mmol, 8 mol%) was
introduced in a dry Schlenk flask, and the system was
purged with nitrogen. Diethylzinc (1.7 mL, 1.0M in
toluene, 1.2 equiv) was added and the mixture cooled to
—45 °C. After 10 min, titanium tetraisopropoxide (1.2 mL,
1.4M in hexanes, 1.2 equiv) was slowly added to the
mixture. Stirring was continued for 10 min and benz-
aldehyde (0.14 mL, 1.38 mmol, 1.0 equiv) was added. The

reaction was sampled at different times by carefully
removing aliquots and quenching them with 2 N HCI. The
aqueous layer was extracted with pentane and the resulting
solutions were analyzed by GC (Supelco SPB-5, 30 m X
0.25 mm. 115°C, 1.3 mL/min. (S)-1-phenylpropanol:
16.0 min; (R)-1-phenylpropanol: 16.9 min).

The asymmetric alkylations of benzaldehyde mediated by
other titanium alkoxides were performed analogously. In the
case of tetrakis(cyclohexyloxy)titanium and tetrakis(cyclo-
heptyloxy)titanium the concentrations of the titanium
alkoxide solutions used were 0.7 and 1.0 M, respectively.

4.2.1. Preparation of Ti(NMe,),[O-((S)-CHPh(Et))],.
(8)-1-phenylpropanol (203 mg, 1.49 mmol) was dissolved
in Et;O (5 mL) in the dry box and BuLi (0.6 mL, 2.49 M in
hexanes, 1.49 mmol) was added. After 10 min at rt, a
solution of Ti(NMe;),Cl, (155 mg, 0.75 mmol) in Et,O
(1 mL) was added and the reaction mixture was stirred for
3 h. Ti(NMe,),[O-((S)-CHPh(Et))], (302 mg, 99%) was
obtained as a light brown oil and used without further
purification. The '"H NMR spectrum (CgDg) of this
compound showed it to be a mixture of different compounds
of formula Ti(NMe,),,(OR*),_,,.

4.2.2. Preparation of 11. Ti(NMe,),(O-((S)-CHPh(Et))),
(81 mg, 0.20 mmol) and bis(sulfonamide) ligand 5c¢
(101 mg, 0.19 mmol) were combined in pentane (3 mL),
resulting in an orange suspension. After stirring for 36 h at
rt, the undissolved ligand was filtered and the filtrate was
concentrated under vacuum to yield a white solid (138 mg,
85%). X-ray crystals were grown over several days by slow
diffusion of hexanes into a CH,Cl, solution of crude 11.
"H NMR (360 MHz, C¢D): 6 1.19 (t, J=7.3 Hz, 6H), 1.87
(s, 6H), 2.06 (m, 2H), 2.16 (m, 2H), 5.16 (s, 2H), 6.01 (t, J=
6.4 Hz, 2H), 6.50 (d, /J=7.4 Hz, 4H), 6.57 (t, J=8.3 Hz,
4H), 6.69 (t, J=17.1 Hz, 2H), 6.85 (d, /="7.8 Hz, 4H), 7.14
(t, J=6.9 Hz, 2H), 7.23 (t, J=7.2 Hz, 4H), 7.63 (d, J=
7.8 Hz, 4H), 7.71 (d, J=17.5 Hz, 4H).
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