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Figure 3. Stereoview of a TEM micrograph of ruthenium particles in a frozen solution of methanol/
THF (10/90; cryomicroscopy technique).

the solvent composition, and 3) the influence of concentra-
tion, temperature, and excess cyclooctane—can be under-
stood if one imagines the formation of a nanosized emulsion
whose droplets act as nanoreactors. Methanol could be
ordered around the particles by forming hydrogen-bonded
networks with THF. These structures would be more stable
when both solvents are present, since methanol is a good
hydrogen-bond donor, and THF a good hydrogen-bond
acceptor. The core of the droplets would be lipophilic, as
can be deduced from the influence of as little as two
equivalents of cyclooctane relative to ruthenium.

In conclusion, we have prepared novel ruthenium nano-
particles that are free of protective oxide or polymer layers,
uncontaminated by ligands or impurities from the synthesis
other than the solvent mixture, soluble in organic solvents,
and controllable in size by means of the solvent composition.
These highly porous particles are catalytically active and
remain unchanged by the catalytic process.
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Broadening the Aldolase Catalytic Antibody
Repertoire by Combining Reactive
Immunization and Transition State Theory:
New Enantio- and Diastereoselectivities™*

Guofu Zhong, Richard A. Lerner,* and
Carlos F. Barbas IIT*

The aldol reaction is a C—C bond forming reaction that is
key to the practice of synthetic organic chemistry.l'! As a result
of its utility intensive effort has been applied to the develop-
ment of catalytic enantioselective variants of this reaction.
Catalytic enantioselective aldol reactions are typically accom-
plished with preformed enolates and chiral transition metal
catalysts®*! or with natural aldolase enzymes.?™ The
enantioselectivity of transition metal catalyzed aldol reactions
is readily reversed by exchange of the chiral ligand that directs
the stereochemical course of the reaction. However, a general
approach to the reversal of enantioselectivity is not available
with enzymes. To address the problem of the de novo
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generation of aldolase enzymes, we developed the strategy of
reactive immunization using (-diketone haptens to program
into antibodies a chemical mechanism analogous to that used
by nature’s Class I aldolase enzymes.?!l The chemistry of this
class of enzymes is based on a unique chemically reactive
lysine residue that is essential to the covalent mechanism of
these catalysts.

In our original design the f-diketone functionality of
hapten 1 was used as a reactive immunogen to trap a
chemically reactive lysine residue in the active site of an
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antibody. Covalent trapping was facilitated by intramolecular
hydrogen bonding that stabilizes an enaminone in the active
site of the antibody. The chemical mechanism leading up to
the stabilized enaminone should match that of ClassI
aldolases over this portion of the reaction coordinate. Given
the mechanistic symmetry around the transition state in which
the C—C bond is formed, this approach allowed for the
programming of this multi-step reaction mechanism into
antibodies.»d The resulting efficient antibody catalysts
ab38C2 (Aldrich) and ab33F12 have been shown to catalyze
a broad array of enantioselective aldol and retro-aldol
reactions.”! Herein we present our efforts to increase the
repertoire of catalysts for this reaction, in particular to search
for antibodies with antipodal reactivity. In this search we
tested the potential of a new hapten design concept to provide
more efficient reaction programming.

Towards these goals, the (-diketo sulfone hapten 2 was
designed and synthesized. A perceived limitation of our
original hapten design (1) is that it does not address the
tetrahedral geometry of the rate-determining transition state
of the C—C bond forming step.’ 4 Hapten 2 addresses this
limitation and contains features common to the transition
state analogue approach that has been successful for so many
reactionsP! and the p-diketone functionality key to the
reactive immunization strategy. The tetrahedral geometry of
the sulfone moiety in hapten 2 mimics the tetrahedral
transition state of the C—C bond forming step and therefore
should facilitate nucleophilic attack of the enaminone inter-
mediate on the acceptor aldehyde (Scheme 1).

Mice were immunized with hapten 2 coupled to the carrier
protein keyhole limpet hemocyanin (KLH) and 17 monoclo-
nal antibodies were prepared and purified.??) All antibodies
were first screened for their ability to covalently react with
2 4-pentanedione to form a stable enaminone.*! Nine anti-
bodies, 85A2, 85C7, 92F9, 93F3, 84G3, 84G11, 84H9, 85H6,
and 90G8, showed the characteristic enaminone absorption
maximum at 316 nm after incubation with 2.4-pentanedione.
All antibodies were then assayed with fluorescent and UV-
active retro-aldol substrates (£)-3[ and (+)-4, B respective-

Angew. Chem. Int. Ed. 1999, 38, No. 24

§ R
' o H
)J\ . H}\ antibody R>{~ {k E‘./\/\/ Ab
R H R—— —_— *
R

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

k3

R' R
transition state

transition state O\\SP |
analogue R” \%k N/\/\/Ab reactive
/J%O,Jli immunization

+ HzN/\/\/Ab
2

Scheme 1. Mechanism of the antibody-catalyzed aldol reaction and
reactive immunization with 2 for the generation of new aldolase antibodies.

ly. Catalysis was observed only with antibodies that had
demonstrated enaminone formation with 2,4-pentanedione.
A study of the ability of the antibodies to catalyze the aldol
addition of acetone to 3-(4-acetamidophenyl)propanal (12)
and 4-isobutyramidobenzaldehyde (13) identified the same
catalysts. All antibody-catalyzed aldol and retro-aldol reac-
tions followed Michaelis - Menten kinetics and were inhibited
by the addition of a stoichiometric amount of 2,4-pentane-
dione. These results are consistent with a covalent catalytic
mechanism in which a reactive amine is programmed in these
antibodies.”l The number of catalysts prepared using this
hapten, 9 of 17, is significantly greater than our previous
studies with hapten 1, where only 2 of 20 antibodies were
catalysts.[%

In order to compare these antibodies with the commercially
available aldolase antibody 38C2, several aldol and retro-
aldol reactions were chosen for study. Antibodies 93F3 and
84G3 were characterized in detail in these studies.

Scope and synthetic utility: To begin to probe the synthetic
scope and enantioselectivity of these antibodies, we studied
their utility in the kinetic resolutions of S-hydroxyketones.
Racemic aldols 3—-7 were treated with ab93F3 or ab84G3
(0.2-0.4 mol % ) in aqueous buffer as previously described for
ab38C2.B1 Analysis by high-performance liquid chromatog-
raphy (HPLC) indicated that in each case the retro-aldoliza-
tion reactions halted at approximately 50 % conversion, which
showed that the antibody was highly enantioselective. The
unconverted aldols were recovered and studied using chiral-
phase HPLC. Comparison of the results with those of
enantiomerically enriched standards’! indicated that the
catalyst was highly enantioselective and provided the recov-
ered S aldols with ee values typically greater than 96 %
(Table 1). Antibody 38C2 provides the corresponding R aldols
by kinetic resolution, thus ab93F3 is its antipodal comple-
ment. The study with ab84G3 revealed an enantioselectivity
similar to ab93F3.18l

We then studied the catalysis of the synthetic reaction of
acetone with four different aldehydes, 12, 13, 4-nitrobenz-
aldehyde (14), and 4-nitrocinnamaldehyde (15), to aldols 5
and 8-10 (Table 2). Chiral-phase HPLC analysis demon-
strated that the enantioselectivities of ab93F3- and ab84G3-
catalyzed aldol addition reactions are substrate dependant.
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Table 1. Antibody-catalyzed kinetic resolutions by retro-aldolization. with 90% de (syn-a-isomer) and 90% ee, while ab38C2
Product?! Conversion  ee [%] provides 11 with 62 % de (anti-isomer) and 59 % ee.

[%] To further characterize the scope of reactions catalyzed by

OH O these antibodies, we have studied a variety of ketones as aldol

(5)3 s0 99l donor substrates in the reaction with aldehyde 14. Preliminary

MeO results indicate that in addition to acetone and 3-pentanone,

OH O seven ketones: 2-butanone, 3-methyl-2-butanone, 2-penta-

none, cyclopentanone, cyclohexanone, hydroxyacetone, and

fluoroacetone, are substrates. Thus these antibodies share the
oH © characteristic broad scope we observed previously with

ab38C2.
)Q)\)l\ (9)-5 52 > 99lab] Kinetic studies: The results of kinetic studies of three retro-

aldol reactions and one aldol addition reaction are provided

oH O (Table 3). The catalytic proficiency™ of ab93F3 and ab84G3
exceeds that of ab38C2 in most of the cases studied (see
Supporting Information for more examples). A threefold
increase in the catalytic proficiency is observed in the aldol
reaction of 3-pentanone with 12 that provides (S,R)-11. The
OO ®)7 30 > 990 overall trend towards increased efficiency is consistent with

MeO the notion that the inclusion of transition state analogy into

o (5)-4 50 g7l
(HC)N

e}
N
\KLH

H;CO

~ (5)-6 50 96lal

OH O

[a] Antibody 93F3 was used. Absolute configurations were assigned by
comparing aldol products with those obtained from ab38C2 catalyzed

reactions. [b] Antibody 84G3. Eable 3. Kinetic parameters for antibody-catalyzed aldol and retro-aldol reac-
10ns.
Aldols (R)-5, (R)-9, and (R)-10 are provided in essentially "> Antibody f;j‘i[;blll ﬁ";ﬂg"'b] Kealloweal™ (el Ko ) e
enantiomerically pure form with either catalyst, while a
moderate enantioselectivity is obtained in the synthesis of ()3 93F3 265 15 2710 1.8 10°
R . 84G3 3.5 23 3.6x10° 1.6 x 10"
()-8 (69 % ee with ab93F3 (Table 2) or 54 % with ab84G3). 38C216) 1.0 14 1L0x10° 7.1 x 101
The ee values obtained with these catalysts are quite similar to  (+)-7 93F3 433 6.5 49x107  74x10"
those obtained with ab38C2, however, the enantioselectivity 84G3 46.8 10.3 5.2 % 101 5.0 x 10;2
P
To examine the diastereoselectivity of ab93F3, we studied 84G3 314 4 235 10° 54 %108
the reaction of 3-pentanone to give aldol 11. In this case 12 & acetone  93F3 33x103 34 15%10° 4.4 x10°
ab93F3 provided syn-11 as the major product. The antibody 84G3 27x 107 29 12x105  41x10°
93F3 exhibited diastereo- and enantioselectivities that differ 38C2 67107 17 29100 1.7x10°

from that obtained with ab38C2. Antibody 93F3 provides 11 [a] Conditions: The data for (£)-7 and (R)-16 were collected using phosphate

buffer at pH 7.7, others were studied in phosphate buffered saline (PBS) at pH 7.4.
[b] Per antibody active site. k., and K, were obtained by fitting experimental
data to nonlinear regression analysis using Grafit software. [c] Aldol reaction rate
Productl®! ee [%] constants in units of M. [d] Retro-aldol reaction rate constants in units of Mm%

OH O

o O/\)‘\ (R)-5 ~999% the hapten design results in increased catalytic efficiency. This
\’/ILN
H

effect is particularly evident with substrate 7 where a 103-fold
increase in proficiency over ab38C2 is observed. On the basis

P of the success of this substrate we
/RNO/M (5)-8 69% synthesized analogue 16. OH O
H Since in antibody-based resolu-
tions of aldols the unprocessed — ~ s
(R)-9 95% enantiomer can be inhibitory to 16

the processing of the enantiomer
that is the substrate for the antibodyP", we isolated (R)-16

QH 0O
o /@/\)J\
QH o}
O/\/\)K (R)-10 98% using chiral-phase HPLC. A study of the kinetics of retro-
O,N

Table 2. Antibody 93F3 catalyzed aldol reactions.

aldolization of (R)-16 by ab84G3 revealed that it was

OH O processed by the antibody extremely rapidly with a k. =

o N SR 90% 1.4s7'. A study of the uncatalyzed reaction revealed that
My : (SR)- (syn:anti=95:5) (R)-16 was not more chemically reactive than the correspond-
H ing methoxy derivative 7, and that the antibody provides a rate

[a] Absolute configurations assigned by asymmetric synthesis of the enhancement K, /kynca Of 2.3 x 10%. The catalytic proficiency®l
aldols.” of ab84G3 for the retro-aldolization of aldol (R)-16 is
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approximately 1000-fold higher than that reported for any
other catalytic antibody.’! The -catalytic efficiency of
the antibody for this substrate, 3.3 x 10°s~'M~!, compares
favorably with the efficiency of natural muscle aldolase,
49 x10*s'M!, in the retro-aldolization of its substrate
fructose-1,6-bisphosphate.!'l]

In conclusion, we have demonstrated that combining
transition state analogy and reactive immunization design
into a single hapten can result in increases both in the output
of catalysts from the immune system as well as their efficiency.
This strategy resulted in the characterization of the most
proficient antibody catalysts prepared to date. Antibodies
93F3 and 84G3 catalyze a wide array of aldol reactions with ee
values exceeding 95 % in most of the cases studied. A new
stereogenic center is formed when acetone is the aldol donor
substrate by attack on the re-face of the aldehyde, which
provides the antipodal complement of ab38C2 in aldol
reactions. Both aldol enantiomers may be accessed through
aldol and retro-aldol reactions. These catalysts should provide
access to a wide variety of enantiomerically enriched synthons
with application to natural product syntheses.

Received: April 29, 1999
Revised version: August 4, 1999 [Z133391E]
German version: Angew. Chem. 1999, 111, 3957 -3960

Keywords: aldol reactions - asymmetric synthesis - catalytic
antibodies - enantiomeric resolution - retro reactions

[1] For reviews of the aldol reaction, see a) S. Masamune, W. Choy, J. S.
Peterson, L. R. Sita, Angew. Chem. 1985, 97, 1-31; Angew. Chem. Int.
Ed. Engl. 1985, 24, 1-30; b) C. H. Heathcock, Aldrichim. Acta 1990,
23, 99-111; c¢) D. A. Evans, Science 1988, 240, 420-426; d) C.J.
Cowden, 1. Paterson, Org. React. 1997, 51, 1; e) A.S. Franklin, L.
Paterson, Contemp. Org. Synth. 1994, 1, 317.

a) S. G. Nelson, Tetrahedron: Asymmetry 1998, 9, 357-389; b) A.

Yanagisawa, Y. Matsumoto, H. Nakashima, K. Asakawa, H. Yama-

moto, J. Am. Chem. Soc. 1997, 119, 9319-9320; c) E. M. Carreira, W.

Lee, R. A. Singer, J. Am. Chem. Soc. 1995, 117, 3649-3650; d) D. A.

Evans, D. W. C. MacMillan, K. R. Campos, J. Am. Chem. Soc. 1997,

119, 10859-10860; e) D.J. Ager, M. B. East, Asymmetric Synthetic

Methodology, CRC Press, Boca Raton, 1996; f) C. H. Wong, G. M.

Whitesides, Enzymes in Synthetic Organic Chemistry, Pergamon,

Oxford, 1994; g) C.H. Wong, R.L. Halcomb, Y. Ichikawa, T.

Kajimoto, Angew. Chem. 1995, 107, 453-474; Angew. Chem. Int.

Ed. Engl. 1995, 34, 412-432; h) W. D. Fessner, Curr. Opin. Chem.

Biol. 1998, 2, 85-89.

[3] a) J. Wagner, R. A. Lerner, C. F. Barbas III, Science 1995, 270, 1797 -
1880; b) R. Bjornestedt, G. Zhong, R. A. Lerner, C. F. Barbas III, J.
Am. Chem. Soc. 1996, 118, 11720-11724; ¢) G. Zhong, T. Hoffmann,
R. A. Lerner, S. Danishefsky, C. F. Barbas II1, J. Am. Chem. Soc. 1997,
119, 8131-8132; d) C.F. BarbasIll, A. Heine, G. Zhong, T.
Hoffmann, S. Gramatikova, R. Bjornestedt, B. List, J. Anderson,
E. A. Stura, E. A. Wilson, R. A. Lerner, Science 1997, 278, 2085 -
2092; e) T. Hoffmann, G. Zhong, B. List, D. Shabat, J. Anderson, S.
Gramatikova, R. A. Lerner, C. F. Barbas I11, J. Am. Chem. Soc. 1998,
120, 2768 -2779; f) G. Zhong, D. Shabat, B. List, J. Anderson, S. C.
Sinha, R. A. Lerner, C. F. Barbas 111, Angew. Chem. 1998, 110, 2609 —
2612; Angew. Chem. Int. Ed. 1998, 37, 2481 -2484; ¢) S. C. Sinha, J.
Sun, G. Miller, C. F. Barbas III, R. A. Lerner, Org. Lett. 1999, in press;
h) B. List, D. Shabat, G. Zhong, J. M. Turner, A. Li, T. Bui, J.
Anderson, R. A. Lerner, C. F. Barbas 111, J. Am. Chem. Soc. 1999, 121,
7283-7291; 1) For an alternative aldolase antibody strategy see J. L.
Reymond, Angew. Chem. 1995, 107, 2471 -2473; Angew. Chem. Int.
Ed. Engl. 1995, 34,2285-2287; J. L. Reymond, Y. Chen, J. Org. Chem.
1995, 60, 6970-6979.

2

[l

Angew. Chem. Int. Ed. 1999, 38, No. 24

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

[4] For discussions of the transition state geometry of the aldol reaction,
see a) H. E. Zimmerman, M. D. Traxler, J. Am. Chem. Soc. 1957, 79,
1920-; b) S. E. Denmark, B. R. Henke, J. Am. Chem. Soc. 1991, 113,
2177-2194, and references therein; ¢) C. Gennari, S. Vieth, A.
Comotti, A. Vulpetti, J. M. Goodman, I. Paterson, Tetrahedron 1992,
48, 4439 —4458.

[5] a) P. G. Schultz, R. A. Lerner, Science 1995, 269, 1835-1842; b) N. R.
Thomas, Nat. Prod. Rep. 1996, 13, 479-511.

[6] B. List, C. F. Barbas III, R. A. Lerner, Proc. Natl. Acad. Sci. USA
1998, 95, 15351 -15355.

[7] L. Paterson, J. M. Goodman, M. A. Lister, R. C. Schumann, C. K.
McClure, R. D. Norcross, Tetrahedron 1990, 46, 4663 —4684.

[8] We have identified two catalysts with enantioselectivities similar to
ab38C2.

[9] A.R. Radzicka, R. A. Wolfenden, Science 1995, 267, 90—93.

[10] N. R. Thomas, Appl. Biochem. Biotechnol. 1994, 47, 345-372.
[11] Data for muscle aldolase was reported at 4°C: A.J. Morris, D. R.
Tolan, Biochemistry 1994, 33, 12291 -12297.

Enantioselective [1,2] Wittig Rearrangement
Using an External Chiral Ligand**

Katsuhiko Tomooka,* Kyoko Yamamoto, and
Takeshi Nakai*

Since its discovery by Wittig and Léhmann in 1942, the
reaction of a-lithiated ethers, now known as the [1,2] Wittig
rearrangement, has attracted much interest from both mech-
anistic and synthetic points of view.?! This type of carbanion
rearrangement is recognized to proceed by means of the
radical dissociation —recombination mechanism [Eq. (1)].>

Li R's R’

)\R2 Q)

Li
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D R W
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Despite its long history, however, no enantioselective
versions of the Wittig rearrangement have been developed
yet. Clearly, the radical character provides a great challenge.
We now disclose the first enantioselective Wittig rearrange-
ment which relies upon an asymmetric lithiation protocol™ in
which (8,S5)-bis(dihydrooxazol) 3 serves as an external chiral
ligand® ° [Eq. (2)]. The most striking feature is that the
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