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Abstract The relationships between the enantiomer ex-
cess of product in catalytic asymmetric reactions and the
structures of the catalysts or reagents in several asymmetric
reactions were studied using a backpropagation (BP) neural
network with topological indices and their chiral expan-
sions. The trained network can be used to screen new
asymmetric catalysts, estimate catalytic effects, design
reaction environments, and prove or improve the proposed
reaction mechanism.
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Introduction

Chirality or asymmetry is a common and important
phenomenon in nature. Biological activity and many
other important properties are often very different between
a pair of enantiomers. Thus, the great need to synthesize
enantiomerically pure chiral compounds leads more and
more scientists to focus on asymmetric synthesis and its
applications in chemistry, biomedicine, and agriculture [1,
2]. Catalytic asymmetric reactions, in which one chiral
catalyst molecule may produce millions of chiral product
molecules, lie at the center of this stage [3, 4]. Dozens of
catalytic asymmetric reactions were developed [5, 6] and
varieties of asymmetric catalysts were synthesized, includ-
ing hundreds of excellent ones that lead to enantiomer
excesses (e.e.%) of more than 90%.
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However, designing an asymmetric catalyst still
remains an experimental job. In most cases, the details
of the mechanism of catalysis are unclear and inter-
mediates of the reaction are intangible. Researchers are
often unable to pursue explicit instructions to design a
new catalyst because the established principles for such
tasks are few except for experience and inspiration. In
previous research, we have developed a method to
inspect the relationships between the structure of the
catalysts or the reagents and the e.e.% of products in
some types of catalytic asymmetric reactions by
topological molecule descriptors and multiple linear
regression (MLR) [7]. This approach was shown to be
useful for predicting the effect of novel asymmetric
catalysts and revealing mechanisms of reactions. We
have applied it in our catalyst-screening work [8].
However, the linear models are unable to fit the complex
or nonlinear factors of the reactions, such as temperature.

Thus, the calculations were improved with artificial
neural networks (ANN) in this paper. As a computational
model for simulating the structure of a biological neural
system, they can be adapted to both linear and nonlinear
models [9, 10]. ANN can also automatically seek out the
exceptional cases that may cause normal MLR calculations
to fail. Here, some catalytic asymmetric reaction sets were
used to train with neural networks, and the knowledge
acquired by the networks was applied to new situations.
Compared with MLR, ANN may give better precision and
broaden the scope of predictions.

Method of calculation and experimental data
Topological molecular descriptor

The topological molecular descriptors Ay, Ay,, and Ay,
suggested by Yao and Xu [11] for organic molecules with
heteroatoms were used in our study to measure the
structure of catalyst or reagent. These three descriptors
are derived from the path matrix of a hydrogen-suppressed
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graph of a molecule. We have expanded them to asym-
metric compounds, 47 as shown in the following [7].

square root of vertex degrees (i=1) )
(1<i<2)
square root of van der Waals radii of atoms (i = 2)
G, = (g.l,) _ if thereis a path of length 1 between vertices i — 2 and j, the atoms i, j are nonchiral
i
1 £68 if thereisapathof length 1 between verticesi — 2 and j, the atomisin S or R conformation (i>2)
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{ q f g (i=1) (1<i<2)
square root of van der Waals radii of atoms (i = 2)
Gy = (g-z-) _ if thereis a path of length 1 between vertices i — 2 and j, the atoms i, j are nonchiral
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where § is an adjustable parameter between 0 and 1 to
identify a pair of enantiomers. The three topological

00 indices A4y , Ay, and A, are defined as:
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a cis e.e.% (expt) An indicator variable was also used to identify simple
h asymmetric substituents in some molecules. A variable
representing chirality was introduced to the network
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= ? imine—amine ligands
= n ® MLR
S ¢
30 40 50 60 70 80 90

b

trans e.e.% (expt)

Fig. 1 Plot of experimental vs ANN calculated e.e.%(cis) and e.e.%
(trans) of the asymmetric cyclopropanation reaction catalyzed by
imine—amine ligands
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N-CH,R;

Scheme 2 Catalyst ligands for the reaction shown in Scheme 1
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Table 1 Substituent pattern and the observed and calculated e.e.% of the asymmetric cyclopropanation reaction catalyzed by imine amine
ligands

Entry R, R, R; e.e.%(cis) e.e.%(trans)
(expt) (ANN) (MLR) (expt) (ANN) (MLR)

1 Ph Et pyridinyl 36 36 34 40 40 39
2 Ph Et quinolinyl 43 43 42 45 44 46
3 Ph DCM* pyridinyl 71 65 68 63 68 69
4 Ph DCM quinolinyl 80 78 77 83 80 76
5 Ph L-menthyl pyridinyl 77 83 77 74 87 76
6 Ph L-menthyl quinolinyl 83 83 85 87 87 &3
7 Ph D-menthyl pyridinyl 39 40 41 46 45 45
8 Ph D-menthyl quinolinyl 47 46 49 51 51 52
9° 4-MePh L-menthyl pyridinyl 65 69 74 66 58 67
10 4-MePh L-menthyl quinolinyl 77 74 82 72 62 76
11 4-MeOPh L-menthyl pyridinyl 73 75 69 64 65 59
12 4-MeOPh L-menthyl quinolinyl 75 75 77 65 65 67
13 4-CIPh L-menthyl pyridinyl 42 41 49 46 42 44
14 4-CIPh L-menthyl quinolinyl 64 65 57 49 54 51
Squared correlation coefficient 0.97 0.95 0.93 0.95

“Dicyclohexylmethyl diazoacetate
"Validation case for MLR

Scheme 3 Asymmetric cyclo- COOR

: : — COOR
propanation reaction catalyzed
by Schiff-base ligands —\__/ _N,CHCOOR _ +
Cu(LH), —
(+)-trans (-)-cis
training. If the substituent is chiral, this variable is set to +1 In all multiple regression equations, n is the number of
or —1; otherwise, the value is 0. cases used in analysis, /* is the squared correlation

coefficient, s is the standard error of the estimates, and F’
is the Fisher significance radio. In each MLR model, some

Quantitative structure activity relationship calculation cases were randomly selected from the experimental data
for an internal validation.

The ANN calculations were carried out in ObjectANN, a

generalized neural network program developed by us.

Feed-forward networks with three layers were trained with  Experimental data

the backpropagation (BP) of errors algorithm [14, 15]. In

each calculation, entries were divided into several groups All experimental data were obtained from published

and cross-validation was carried out. papers.
Scheme 4 Catalyst for the R,
asymmetric cyclopropanation H
reaction catalyzed by Schift- NN R
; 2
base ligands | <
O,Cu 0 Ry
2

R = methyl, benzyl, isopropyl, isobutyl

(ry, 1) = (H, H), (OMe, H), (OBu, H), (OBu, Pr), (OBu, tBu), (O-Octyl, OBu)
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Table 2 Substituent pattern and the observed and calculated e.e.% of the asymmetric cyclopropanation reaction catalyzed by Schiff-base

ligands
Entry R, R> (R2) e.e%
r ra (expt) (ANNMN) (MLR)
I Me @ H H 4 7 13
2 Me ©/°\ OMe H 20 24 22
3 Me @/05“ OBu H 50 42 45
4 Me e OBu  Me 48 53 46
=
5 Me /@ﬂﬂu OBu Pr 56 57 52
Pr
6 Me 08u OBu  Bu 64 58 55
|
7 Me /@,Mcrwl 0-Octyl tBu 70 55 64
t-Bu
8 CH;Ph @ H H 8 12 8
9 CH;Ph @Aﬂx OMe H 43 38 16
10 CHyPh @/Oﬂﬂ OBu H 45 42 40
Il CHPh (o on OBu  Pr 46 45 47
=
12 CH;Ph 0B OBu tBu 53 47 50
I =
t-Bu
13 CH:Ph /@ﬂ-om 0-Octyl tBu 53 49 50
t-Bu
14 CHMe, @ H H 8 5 12
15 CHMe; @/OEU OBu H 31 38 44
16 CHMe; S L) OBu tBu 42 48 53
t-Bu =
17" CHMeEt @ H H 18 6 12
18 CHMeEt @/&\ OMe H 32 27 20
Squared correlation coefTicient 0.90 0.85
*Validation cases for MLR
Result and discussion
Asymmetric cyclopropanation catalyzed
fby imine—amine ligands
70 An asymmetric cyclopropanation reaction of olefins with
6 N T diazoacetates catalyzed by imine—amine ligands [16] was
. ¥a investigated as shown in Scheme 1. The catalyst ligands of
- % " i+ this reaction (L*) are shown in Scheme 2. Four enantiomers
= Toaw [(1S, 2R), (18, 2S), (1R, 2R), and (1R, 2S)] of trans- and cis-
< =" products are observed from the reaction simultaneously.
% 30 - In the ANN method, we chose the topological index A,
< 0 L to represent substituents R;, R, of the reactants and R; of
‘e o + = MLR the catalyst while f01_1r descriptors, A’Fl fpr R>, Ry _and Ay,
107 4 F- A,, for R, were used in the MLR. An indicator variable Cp,
0 - + ANN that indicates the chirality of group R, was also introduced
0 10 20 30 40 50 60 70 into both calculations. If R, is in the L conformation,

e.e.% (expt)

Fig. 2 Plot of experimental vs ANN calculated e.e.% of the
asymmetric cyclopropanation reaction catalyzed by Schiff-base
ligands

Cr, = —1; if R, is in the D conformation, Cg, = +1;
otherwise, Cg, = 0; e.e.(cis)% and e.e.(trans)% were the
dependent variables. The BP network was constructed with
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PR,

-

[
Ph—C—CH=CH, L*= Fe

Me

Scheme 5 Reaction and catalyst ligands for the asymmetric Grignard cross-coupling reaction catalyzed by ferrocenylphosphines

four input neurons, two hidden layer neurons, and two
output neurons so that it could simultaneously predict cis

e.e.%(cis) = —526.4 + 50.94% —
# =0.953, F =28308, s =5.045, n =13

14.6 A% + 1.4 AL +0.74F — 17.9C,

and trans e.e.%. The results are shown in Table 1 and Fig. 1
and in Egs. 1 and 2 (MLR only).

(M

e.e.%(trans) = —533.5 + 53.34% —
r? =0.947, F =24.811, s = 4.676, n =13

15.94%0 +1.2 4% +0.6 AT — 15.5C,

@

The table shows that most cis e.e.% values predicted by
the ANN model are superior to the ones given by the MLR
model except for entry 5. As for trans e.e.%, the MLR
seems to be a little better than the ANN. In this reaction,
both MLR and ANN fit the experimental data well, and
the ANN model provided results of comparable accuracy
to MLR with less input variables.

Asymmetric cyclopropanation catalyzed
by Schiff-base ligands

The well-known work on cyclopropanation by Aratani
[17], as shown in Scheme 3, was also investigated. The
asymmetric catalysts derived from Schiff-bases are shown

80 60 40 -20 O 20 40 60 80

e.e.% (expt)

Fig. 3 Plot of experimental vs ANN calculated e.e.% of the
asymmetric Grignard cross-coupling reaction catalyzed by
ferrocenylphosphines

in Scheme 4, which may be considered as a fixed
framework with varied substituents R, and R,, and R,
varies by two even smaller substituents 7; and r,. Three
indices (Ay,, 4y, for Ry and 4., for Ry) as input variables
and e.e.% of the (+)-trans product as the output variables
were prepared for a BP network with two hidden layer
neurons. In our previous MLR calculations, three sub-
stituents R,, r, and r, were used to represent the Schiff-
base catalyst ligand as the e.e.% apparently cannot be fitted
well with an entire R, in a linear relation. The results are
shown in Table 2 and Fig. 2 and in Eq. 3 (MLR only).

e.e.% = —13.7 0348 + 1114}, — 7.947 +1.2 47
= 0.870, F = 18.409, s =8.225, n =16
@)

(=) =N
(=} &~
I I

e.e.% (predict)
%

250 300 350

Temperature (K)

200

Fig. 4 Relations of temperature vs ANN-predicted e.e.% of the
asymmetric Grignard cross-coupling reaction catalyzed by
ferrocenylphosphines
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Table 3 Substituent pattern and the observed and calculated e.e.% of asymmetric Grignard cross-coupling reaction catalyzed by
ferrocenylphosphines

Entry R' R” Planar Temperature  e.e.(%)
Chirality  (K) (expt) (ANN)
1 Ph NMe, R 273 63 62
(S)—=Me
H
2 Ph NMe; R 253 66 65
(S)—_!--Me
H
3 Ph H s 253 -68"  -55
(R)—7=Me
NMe-
4 Ph NMe; R 318 56 59
(8)—=Me
R
5 Ph e; R 298 61 80
(S)—!—-Me
H
[ Ph H R 273 54 57
(R)—T=Me
NMe2
7 Ph CH;NMe: s 273 -65"  -62
8 Ph Et R 273 -5° -3
9 PhMe NMe; R 273 635 66
(S)——=Me
H
10 /@\ NMe; R 273 65 63
Me Me ) al\ﬂe
11 PhOMe NMe; R 273 57 62
(8)—=Me
H
12 Ph NiPr, R 273 -7 2
(S)—=Me
H
13 Ph NiBu; R 273 -15" -4
(S) ——=Me
H
14 Ph O R 273 62 59
N
(8)—L=me
H
15 Ph O R 273 -42" 12
N
(8)—=Me
H
16 Ph [Oj R 273 17 15
N
(8)—L=Me
H
17 Ph Me R 273 65 19
O
N
(S)—t=Me
H
18 Ph OMe R 273 57 55
(S)—=Me
i
Squared correlation coefficient 0.86

Negative e.e.% means enantiomeric excess of the S-confirmation product

In this case, the predicted values given by the ANN MLR seems to be better fitted. The ANN model still has
model are superior to the MLR ones for entries 1, 5, 6,9, room to be improved, especially for the entries when
10, 11, and 13-16. In entries 2, 3,4, 7, 8, 12, and 17, the R;=Me. However, the ANN provides a superior global



Scheme 6 Intermediate of the
Grignard cross-coupling
reaction

model with a larger squared correlation coefficient (0.90 to
0.85 of MLR) and lower standard error (6.38 to 8.25 of
MLR). Moreover, the trained network may be used to
predict more flexible patterns of substituent R,, whereas the
MLR is limited to disubstituted phenyl substituents.

Asymmetric Grignard cross-coupling catalyzed
by ferrocenylphosphines

Finally, we treated the classic work on asymmetric
Grignard cross-coupling reactions following Hayashi and
Konishi [18] as shown in Scheme 5. As usual, the e.e.% of
the product of R conformation was used as the output
variable for a BP network with three hidden layer neurons.

As the series of substituents of R in the catalyst has two
steric configurations, the expansion of topological descrip-
tors Ay . must be used. Here, the adjustable parameters
used were 6=+0.5 for (S) conformation and é&=—0.5 for the
(R) conformation. A, forR', 4% for R* were chosen for
the input layer of the network. The planar chirality of the
ferrocene was also considered as an indicator variable
Cpianar- Cplana="1 for the R conformation and —1 for the S
conformation. Temperature, which normally acts as a
nonlinear factor affecting the enantiomer excess, was
nearly impossible to include in MLR calculations. How-
ever, we tried to input it into a BP network. The results are
shown in Table 3 and Fig. 3.

Figure 3 shows that entries 15 and 17 are not well
predicted by the network. This may be caused by
deficiencies of the model, but another explanation exists.
The mechanism suggested by Hayashi proposed that the
intermediate shown in Scheme 6 must be formed first. The
chair conformation of the hexatomic ring of entry 15 and
another N atom as an additional donor to the metal atom of
entry 17 can disturb the normal formation process of the
intermediate. This may be the reason why these two cases
cannot be fitted well. These exceptions may suggest a
reexamination of the mechanism of the reaction.

With R' as Ph and R’ as , a series of temperatures from
193 to 333 K (=80 to 50 °C) were input into the trained
network to investigate the relationship between e.e.% and
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temperature. The results are shown Fig. 4. Although the
extrapolation ability of the ANN is not comparable to
interpolation in many situations, this case leads to a result
that tally with the known fact that a decrease of temperature
benefits the enantiomer excess. From the curve, it may be
observed that the improvements of e.e.% below 250 K are
not as significant and may even be unable to match for the
decrease of yield of reaction. Above 300 K, the e.e.% falls
dramatically. Thus, 250-300 K may be considered a
suitable temperature range for the reaction.

Conclusions

Models may be developed for varieties of asymmetric
catalytic reactions using molecule topological indices and
feed-forward neural network calculation. Our method can
be helpful for screening new asymmetric catalysts,
instructing the design of reaction environments, and to
test or improve the proposed mechanism.

Acknowledgement Financial support from the National Natural
Science Foundation of China (no. 20472077) is gratefully acknowledged.
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