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Over the last three decades, much effort has been focused on O  catalyst OH OH
the development of chiral catalysts as means to synthesize molecules Bh E’ o N + on /7\Et
with defined handedneds<Computational chemistry methddare 2 (S) A)
increasingly practical for the selection of chiral ligands used in
asymmetric transformatiofglue to improvements in their theoreti- _R® _R® * R? *
cal foundations coupled with increased computing speeds. In this  R2,, N~ _ Et R%., N~ Et R? '}‘\Zn/Et
report, we describe a quantitative structure selectivity relationship R‘%’m‘gxzn R‘%&*S Zn H R'«mao/
(QSSR) study of the asymmetric addition ofFt to benzaldehyde H H /05,< HHH O
catalyzed by chiraj3-amino alcohols (Figure 1). Related QSAR catalysts zi—Et Ph Ph~ ZF;\Et
methods have received a great deal of attention with respect to the Et t”
design of pharmaceutical agefsbut not with respect to small- anti S synR
molecule catalyst&’ Figure 1. B-Aminoalkoxide-catalyzed BZn addition to PhCHO.

To generate a valid QSSR model, we required experimental
selectivities for a set of catalysts with similar characteristics. Since NMe? NMe NMe, NMez  Ra( ~NMe;
the report of DAIB Q) as a highly enantioselective catal§jstlarge Ji Ji

number of related compounds have been exanmfinge. selected F:\ nf: 3 o  a—on
18 -amino alcohols (Figure 2) with similar reactivities and that 2 r-wme 4 R=tBU  NMe 8 R= Me
. . P . . 2
encompass a wide enantioselectivity range. The mechanism of this Me OH
reaction has also been studied extensivelndu-oxo transition an
structures have been proposed. Our goal was to correlate the NMe :[
structures of the aminoalkoxide zinc catalysts (Figure 1) with their R"" " 10 oo M : Ph OH
C . . - = Me e
selectlv!tles in the addition of EZn to PhCHO. Unfortunately, 1R, = (CHQCHQ)QO 13 R=H
calculations of the catalyst ground states afforded planar Zn Ph
; : ; Pho NMe, Ph N
geometries, which do not reflect the geometry in the catalysts as N oH d
the reaction proceeds. Thus, several transition structures (two are \—/ I
Ph Ph” “OH

shown in Figure 1) were located using PM3 metH8&$to obtain
an accurate picture of the chiral catalyst structures. While the PM3
transition-structure energies do not always correlate to product Figure 2. -Amino aicohol catalysts
selectivity;” the geometries are similar to those from much more 5 |east-squares regression, with variables selected to optimize
time-consuming analyses (DFT, MP2). internal model fitness via simulated annealing. Results are reported
For the subsequent analysis, catalyst geometries found in thefor the best indvidual two-variable model with the lowest standard
anti Sstructures were used. The structures were aligned using thedeviation of regression and for anerage model comprising a
0O, Zn, and O atoms (Figure 1, bold) and were divided into appro- weighted combination of all accepted two-variable regressions.
priate training and prediction sets (Table 1). To define a suitable A model obtained from QSSR calculations using fhami-
dependent variable for the QSSR, the enantioselectivities obtainednpalkoxide catalysts is shown in Table 1. For thest indiidual
with the different catalysts for the reaction in Figure 1 were model the calculated selectivity is expressedA&; = a + cy-
translated intd\G values. The QSSR models were then constructed (pP|E,) + c,(PIE,). The two sets of PIE values appear to provide
based on quantum mechanical modélBhe aligned structures were  statistically independent information £ 0.18). Most importantly,
placed on a grid and a set of PMdrobe interaction energies  there is a strong relationship between the observ&@)(and
(PIEs) was computed separately for each structure using a carborcalculated AGy;) selectivity for the trainingand prediction sets in
2s electron probe at various grid points near the catalyst. Only the Taple 1. The model easily distinguishes among catalysts of low,
contributions from the catalyst portion to the PIEs were used; those moderate, and high selectivity.
from the MeZn and PhCHO substrates were masked. The robustness of this method were established by a series of
The PIE data are the pool of independent variables from which experiments (Table 2). As the grid spacing (2.0, 1.3, and 0.7 A)
linear regression equations AG were generated. To prevent over-  was reduced, the calculated valuesGg) converged onto the
fitting of the training set, regressions were constructed using only experimental values. When the orientation of the grid was changed
two grid points at a time. The two-variable fits were obtained using with respect to the aligned set of structures, #eragemodels
* University of Pennsylvania. (grid1 vs grid2) were remarkably similar, also indicating that the
* Pharmacopeia, Inc. calculations have converged.

6614 = J. AM. CHEM. SOC. 2003, 125, 6614—6615 10.1021/ja0293195 CCC: $25.00 © 2003 American Chemical Society



COMMUNICATIONS

Table 1. QSSR Calculations Using Catalysts from 1—182
expt. anti S1 best anti S1 avg
cmpd % ee® AG® %eey  AGy! PIE® PIE,® % eej AGj
Training Set
1 0 0.00 8 032 2592 476 26 0.30
3 59 0.76 70 097 21.79 354 68 0.92
4 93 1.85 89 1.61 20.62 4.44 90 1.63
5 49 0.60 24 0.27 26.25 4.87 34 0.39
6 66 0.88 72 1.00 2192 3.72 70 0.96
7 73 1.04 72 1.00 2428 5.44 76 1.10
8 81 1.26 79 1.18 2315 5.10 81 1.26
9 98 2.56 98 244 1839 511 98 2.47
10 95 2.04 97 235 1853 495 97 2.38
11 98 2.56 97 235 19.14 539 97 2.37
12 96 2.17 97 226 2155 6.94 96 2.18
13 94 1.94 91 1.69 20.92 4.88 93 1.83
17 94 1.94 95 202 2135 6.12 93 1.89
18 97 2.33 97 243 2097 6.97 96 2.23
Prediction Set

2 3 0.03 11 0.12 2791 5.67 5 0.06
14 86 1.43 81 125 2145 4.05 76 1.10
15 98 2.56 99 336 1529 5.36 99 2.82
16 63 0.83 83 131 2366 585 75 1.09

aCatalyst geometries taken fromnti S transition structures. Gridl
orientation, 0.7 A grid spacind.(S)-product.c The % ee is converted to
AG (kcal/mol) usingAG = RT In K, K is ratio of the R) and ©
enantiomersd AGsy = a + ¢1(PIE;) + c»(PIE); a = 5.48 kcal/mol,c; =
—0.27,c, = 0.36.2 Probe interaction energies (kcal/mol) at the two grid
points identified in the QSSR analysidest,avg: SD= 0.23, 0.17 kcal/
mol; RZ2=0.93, 0.959 best,avg: RMSE= 0.49, 0.29 kcal/molR? = 0.72,
0.90; CC= 0.95, 0.96.

Table 2. Statistical Summary of the QSSR Models

TS¥grid spacing ~ model ~ RMSE® R2¢ ccd predicted R2¢ Nf
grid2/2.0 A best 0.81 0.23 0.50 0.32 54
avg 1.27 -0.87  -0.29 -0.66 54
grid2/ 1.3 A best 0.29 0.90 0.99 0.92 174
avg 0.34 0.86 0.98 0.88 174
grid2/ 0.7 A best 0.34 0.86 0.93 0.88 1077
avg 0.30 0.90 0.95 0.91 1077
grid1/0.7 A best 0.49 0.72 0.95 0.75 1036
avg 0.29 0.90 0.96 0.92 1036

aGridl and grid2 refer to the two different grid orientatioh&MS error
between prediction se&tG andAGsy;. ¢ Coefficient of multiple determination
(percentage of variance accounted for by the mode@prrelation coef-
ficient (how well the prediction set selectivity order is calculatédyre-
diction R? from training set meari.Number of sampled gridpoints.

é o
[ \ Y N : /
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Figure 3. Models from QSSR calculations (grid1, 0.7 A) superimposed
on theanti Stransition structure from the DAIB ligan®). Left = average
model; Right =best indvidual model. Blue= ee increases with increasing
PIE values; Red= ee decreases.

Comparison of thdest indvidual vs averagemodels indicates

that the latter provide consistently better results. The most reliable
external predictions occur when these models yield similar results
and grid point arrangements. For example, the grid points in the

0.7 A best indvidual model provide the major components of the
correspondingaverage model (Figure 3). Moreover, the tight
spacing of theweragemodel grid points indicates that PIE values

from nearby catalyst components reproducibly correlate with
selectivity. In a cross-validation study, several different training/
prediction sets were generated, and similar results were obtained.

Analysis of the positions of the grid points identified in the QSSR
model (Figure 3) provides insight into the catalyst features important
to the stereochemical induction. One point was found near the
sterically large bridging dimethylmethylene of DAIB)(which is
also where many other catalysts position large bulky groups.
Examination of the transition structures leading to the enantiomeric
products indicates this large group is more readily accommodated
in theanti Srather than thanti R, syn R or syn Sapproaches due
to steric interactions. A second grid point was located on the bottom
face of the five-membere@d-aminoalkoxide zinc chelate. Nearby
catalyst components destabilize tkgn R structure via steric
interactions and stabilize thanti S structure via electrostatic
interactions with the carbonyl dipole. We conclude that the QSSR
model can correlate chemically relevant portions of the catalyst
structure with the observed selectivities.

In summary, we have determined that grid-based QSAR methods
can be used to generate statistically valid models that predict the
selectivities of catalysts directly from their structure. The strength
of the present method is that empirical models obtained from a
small set of experimentally determined selectivities and relatively
simple theoretical calculations yield selectivity predictions that are
as accurate as those derived from much higher-level calculations
(DFT, MP2) of transition-structure isomers. Only minutes of
computing time are required, and easily interpretable models are
obtained which provide realistic and insightful predictions.

Acknowledgment. Financial support of this research was
provided by the National Institutes of Health (GM59945). We thank
Professor Kenneth Merz for making available to us the DivCon
and QM-QSAR programs prior to their release.

Supporting Information Available: Details of thebest indvidual
model of each calculation described above (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) Comprehengie Asymmetric CatalysisJacobsen, E. N., Pfaltz, A.,
Yamamoto, H., Eds.; Springer: New York; 1999.
(2) (a) For reviews seeTransition State Modeling for Catalysigruhlar, D.
G., Morokuma, K., Eds.; ACS Symposium Series 721; American Chemical
Society: Washington, DC, 1999; Chapters 1, 3, 13, 14. (b) Kozlowski,
M. C.; Panda, MJ. Mol. Graphics Modell2002 20, 399. (c) Kozlowski,
M. C.; Panda, MJ. Org. Chem2003 68, 2061.
(3) Use of PM3 to design a catalyst for the reaction in Figure 1: Vidal-
Ferran, A.; Moyano, A.; PericaM. A.; Riera, A Tetrahedron Lett1997,
38, 8773.
(4) (a) Goodford, PJ. Med. Chem1985 28, 849. (b) Cramer, R. D.; Patterson,
D. E.; Bunce, J. DJ. Am. Chem. S0d 988 110, 5959.
(5) 3D-QSAR in Drug DesigrKubinyi, H., Folkers, G., Martin, Y. C., Eds.;
Kluwer: Leiden, 1993-1996; Vols. +3. Particularly, Vol. 3: Martin,
Y. C. Recent Progress in COMFA Methodology and Related Techniques.
(6) Oslob, J.D.; Akermark, B.; Helquist, P.; Norrby, P.-Qrganometallics
1997, 16, 3015.
(7) For chiral recognition in chromatography and catalysis: (a) Lipkowitz,
K. B. Acc. Chem. Re00Q 33, 555. (b) Lipkowitz, K. B.; D'Hue, C.
A.; Sakamoto, T.; Stack, J. N. Am. Chem. So2002 124, 14255.
(8) Kitamura, M.; Suga, S.; Kawai, K.; Noyori, R. Am. Chem. Sod 986
108 6071.
(9) Pu, L.; Yu, H.-B.Chem. Re. 2001, 101, 757 and references therein.
(10) (a) Yamakawa, M.; Noyori, Rl. Am. Chem. Sod995 117, 6327. (b)
Yamakawa, M.; Noyori, ROrganometallics1999 18, 128. (c) Goldfuss,
B.; Houk, K. N. J. Org. Chem.1998 63, 8998. (d) Goldfuss, B.;
Steigelmann, M.; Khan, S. I.; Houk, K. N.. Org. Chem200Q 65, 77.
(e) Vazquez, J.; Pericas, M. A.; Maseras, F.; Lledos]JAOrg. Chem
200Q 65, 7303. (f) Panda, M.; Phuan, P.-W.; Kozlowski, M. L.0rg.
Chem.2003 68, 564.
(11) Four transition structuresufti S anti R, syn S andsyn R are possible
for each catalyst. PM3 transition-structure energies correctly predict the
sign of the enantioselection in most cases, but quantitative predictions
fail in some instances (ref 10f).
(12) For a complete description of this methodology, see: Dixon, S. L.; Lauri,
G.; Merz, K. M., Jr. Manuscript in preparation.
(13) Dixon, S. L.; Merz, K. M., JrJ. Chem. Phys1997 107, 879.

JA0293195

J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003 6615



