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Catalysts for asymmetric additions of nucleophiles to electro-

phlle_s ha_lve tr_adlt!onally been deS|gq9d arou_nd the prlnmple of g’g;'; ~ \‘L - COT)‘[’)':aﬁve ’1, <
Lewis acid activation of the electrophilic reacting partner (Figure Lewis E. Intramolecular  _E
1, type 1)1 By comparison, cooperative activation of both reacting Acid ) Heterobimetallic | My
L - Catalysis Catalysis S NU

partners can lead to enhanced reactivity and more specific control Nu -
of the transition structure with respect to the catalyst’'s asymmetric . —
environment, and this may serve to explain why two-metal ion M oM
catalysis is a common feature in enzyme-catalyzed reactibnsl Type 3 I Type 4 L

. . . . . . Cooperative E > COOpefatiVe E »
activation with bimetallic systems has been established only recently Homobimetallic } Dual Metal )
in small-molecule-catalyzed asymmetric reactions, with the iden- Catalysis Nu Catalysis Nu ’
tification of two important classes of cooperative catalysts. Com- P WA
plexes of a single chiral ligand bearing two different metal ions M ) \ Y/
have been developed and exploited extensively by Shibasaki and V

co-workers®# In these catalysts, one ion (usually a lanthanide or Figure 1. Different approaches to the catalysis of nucleophile (Nu)
main group metal) serves as a Lewis acid activator of the electrophile (E) reactions. Geometric shapes (ovals, triangle) symbolize

electrophile, and the other (often an alkali metal) acts as a counteriond'screte chiral ligands.

to the nucleophile (type 2). Alternatively, several catalyst systems R R

have been identified that promote addition reactions through dual ~1: (salemAX =, Ta: (salemAICI:

activation of both substrates in nucleophileectrophile additions - =N Al N=\ - 1b: EZ;;%%);S-X:CI)

by the same metalligand framework (type 3j.While catalyst Bu— —0x 0~  —Bu  (R=-(CHp)s: X=OAl(salen))
oligomerizatiof strategies have provided a means to achieve type 4 = 1c: achiral [(salen)Al],0:

3 systems with heightened reactivity, homobimetallic catalysis is Bu Bu (R=H; X=0Al(salen))
intrinsically limited to systems in which the same metédand Figure 2. (Salen)Al complexes.

complex is capable of activating both the electrophile and the
nucleophile. We have been interested in developing a potentially 4: (pybox)M = ‘

1 (8,S)-4a: R=H; R'="Pr; M=YbCl,

more general design principle for cooperative catalysis, by engaging o) —;Hf" N \\\T'O‘ (S,5)-4b: R=H; R'=Pr; M=ErCl,

. . . . e . { | ) - L - s VI
two different _chlr_al catalysts tailored fpr their specific roles in );’N"""M"""N 7,,1 4c: R, R'=Me; M=ErCly
substrate activation (type 4)We describe here the successful R’ R R R

illustration of this approach, wherein two distinct chiral metal rg e 3 (Pybox)lanthanide complexes.
complexes operate cooperatively in the highly enantioselective

conjugate addition of cyanide to unsaturated imides. the possibility of promoting a type 4 system by incorporating a
second chiral catalyst capable of activating cyanide more effectively.
0O O 0o o Chiral lanthanide complexes such as (pybox)Yh@a) have
Ph)J\NJ\L Till\j/lrséclz_lN Ph)J\NJj\ 87-08% o6 been shown to promote the enantioselective addition of cyanide to
H | — H 70-96% yield Q) meso epoxides with a second-order kinetic dependence on cata-
R (S.S)11a NC” "R lyst1011A cooperative (type 3) mechanism was proposed wherein
2 toluene 3 one role of the catalyst is that of a cyanide activator. Similar

lanthanide complexes displayed poor reactivity in the conjugate

We reported recently that (salen)AICI complexcatalyzes the  addition of cyanide t@ (Table 1, entry 2), presumably as a result
conjugate addition of hydrogen cyanide to unsaturated imies of inefficient activation of the imide. In contrast to the (salen)AICI
(eq 1)8 Highly enantioenriched cyanide adduétsvere obtained, complexla, the analogoug-oxo dimerlb proved to be completely
but high catalyst loadings, long reaction times, and in some casesunreactive in the model reaction (entry 1), consistent with a
elevated temperatures were required to induce acceptable substrateomplete absence of activation of the cyanide component. Remark-
conversions. Mechanistic studies indicated that the reaction proceedsably, the combination of the two catalysts led to a highly reactive
through a homobimetallic pathway, in which the catalyst activates and enantioselective system (entry 3).
both cyanide and the imide (i.e., type 3). Given that (salen)Al Under optimized condition®, the dual-catalyst system afforded
complexes have been shown to activate unsaturated im@jes ( distinctly superior results relative to the (salen)AICI complex
toward a variety of other nucleophilic addition reacti@nae reported previously (Table 2). Reaction times were reduced from
hypothesized that the low reactivity in the cyanide additions may 26—48 h to 8-14 h; the amount of TMSCN needed to achieve
be due to inefficient activation of the nucleophile by the aluminum high conversions of imide could be lowered from 2.5 to 4.0 equiv
complex. To improve the rate and scope of the reaction, we exploredto 2 equiv, while total catalyst loadings were decreased from 10
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Table 1. Cyanide Conjugate Addition with Individual Catalysts vs
the Dual-Catalyst System

o o TMSCN(2 equiv), ProH (2 equiv) (E ﬁ
Ph N Phn N
H | catalyst(s) H )
2 "pr toluene, 23 °C 3c NC” "Pr
entry Al complex Er complex conversion (%)? ee (%)°
1 (8S9-1b <3
2 (§9-4b <3
3* (89-1b (59-4b 99 96

apDetermined by!H NMR. ? Determined by HPLC using a Pirkle
L-Leucine column¢ (S,S)4b (2 mol %), (S,S)¥b (3 mol %).

Table 2. Conjugate Addition of TMSCN to o,(-Unsaturated Imides
Promoted by the Dual-Catalyst System 1b/4b

i i TMSCN (2 iv)/PrOH (2 i 29
equiv)/Pr equiv
on )LH )KL (2 equiv) (2 equiv) on AH/\
R(S.S)F1b (2 mol%), (S,5)-4b (3 mol%) NC” R
toluene, 23 °C
2a-h 3a-h
Product R Time (h)  Isolated Yield (%) ee (%)°
3a Me 14 85 96
3b Et 8 87 94
3c "Pr 8 93 96
3d Pr 8 84 94
3e ‘Bu 8 88 97
3f b 14 94 93
3g ‘Bu 14 87 94
3h CH,0Bn 48 80 93

aDetermined by HPLC using a PirkleLeucine column.

Table 3. Effect of Ligand Stereochemistry on the Asymmetric
Conjugate Addition of TMSCN/PrOH to 2c?

entry Al complex Er complex conversion (%)° ee (%)
1 (S9-1b (S9-4b 99 (87) 96
2 (SS-1b (RR)-4b 99 (20) 72
3 (S9-1b 4c 45 84
4 (§9-4b <3 16
5 1c (S9-4b 98 78

aReactions were carried out for 24 h at room temperature under the
conditions shown in Table 2.Determined by!H NMR. Numbers in
parentheses correspond to conversions after 3B®bktermined on product
obtained after 17 days of reaction time.

15 mol % to 7 mol %43 All reactions were carried out successfully

at room temperature, even in the case of less reactive imides. With

certain substrates such as the functionalized in2idethe dual-

catalyst system also afforded increased enantioselectivity relative

to catalystla alone (93 vs 89% ee).

Mechanistic studies of the dual-catalyst system were undertaken

in order to glean insight into the nature of the cooperative effect

and to assess the relative role of the two chiral complexes in the

asymmetric induction. Kinetic analyses based on initial rates

complex4c was combined with§S)-1b (entry 3), the conjugate
addition proceeded with an intermediate level of enantioselectivity.
Significantly, the combination of achiral (salen)Al complexand
(pybox)erbium complex9-4b led to substantially higher enan-
tioselectivity than that obtained witl$,§)-4b alone (entry 4 vs entry
5). Taken together, these results point to a mechanism of catalysis
where both complexes not only are engaged in the rate-determining
step but also function cooperatively in the asymmetric induction.
To our knowledge, this represents the first example of a system
in which two distinct chiral metal complexes operate cooperatively
to catalyze a highly enantioselective reaction. The dual-catalyst
protocol also represents a significant practical improvement over
the homobimetallic system for the conjugate addition of hydrogen
cyanide too,-unsaturated imides, affording substantially increased
rates and similar or better enantioselectivites. We are currently
exploring the general applicability of the dual-chiral catalyst design
concept.
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state. The relative role of the two chiral ligand environments was

assessed by comparing diastereomeric ligand combinations as wel
as achiral ligand variants. Whereas one combination of catalyst

enantiomers [e.g.,.59)-1b + (S9-4b] afforded high enantiose-
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