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Abstract

It is possible to create novel synthetic routes for compounds using synthesis route design systems (SRDS). We have been investigating an in
silico screening protocol, which makes it possible to reduce the number of SRDS experiments in developing new synthesis routes. However,
there still remains the problem of how to rank synthesis routes for experiments. The experimental yield is considered to be one of the most
important factors in determining which synthesis route is better. The present study describes an attempt toward predicting the trends of experi-
mental yields for organic synthesis by fusing computational chemistry and chemoinformatics. We examined whether the prediction of experi-
mental yields for Diels—Alder reactions is feasible using activation energies obtained from Density Functional Theory (DFT) calculations
together with the experimental conditions. A partial least squares analysis using these values gave correlation equations for the experimental
yields. If it is possible to construct similar correlation equations for other reactions, then SRDS synthetic routes could be ranked on the basis
of their predicted yields, and an order can be determined before beginning the experiments.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Synthesis route design systems (SRDS) such as LHASA,'
EROS” and AIPHOS® have been developed. They have
made it possible to create new synthetic routes for many com-
pounds. The KOSP (Knowledgebase-Oriented Synthesis Plan-
ning) program,® one of the AIPHOS family of programs, is
now commercially available and has been used practically to
create synthesis routes for target compounds. However, there
are no guarantees that the routes created are suitable for actual
application or production.

It is likely that theoretical methods such as molecular or-
bital (MO) and Density Functional Theory (DFT) calculations
will be useful in screening synthesis routes, i.e., the in silico
screening of these routes.” This screening makes it possible
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to reduce the number of experiments required by SRDS. We
have been succeeding in shortening the time periods required
for screening synthesis routes using the transition state data-
base (TSDB).>*¢

Even though theoretical methods can correctly judge
whether synthesis routes can produce target compounds, there
still remains one problem: which synthesis route should be ex-
amined first? There are no standard solutions for this problem.
For example, when discussing synthesis routes for a chiral com-
pound, the enantiometric selectivity serves as the conclusive
factor. A synthesis route using commercially available interme-
diates may be preferred to those using compounds, which need
to be synthesized. Harmful or dangerous compounds should not
be involved in the synthesis route. The presence of side reac-
tions should also be considered when ranking the routes.

The experimental yield should be one of the most important
factors that determine the superiority of various synthesis
routes. The prediction of this outcome in organic synthesis
has not been attempted until now because the yields are the
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final result of the experiments. If it is possible to predict the
yields of individual synthesis routes,” then the experiments
can be conducted based on the expected yields. We have
already shown that it is possible to predict the yield trends
for SNAr reactions by using the energies from the MO calcu-
lations, other energies such as activation energies, and the
heats of the reactions.® The energetic relationship is directly
correlated to the reaction mechanism. In order to predict the
outcome of the reactions, partial least squares (PLS) analysis
was performed on data sets based on isolation methods. How-
ever, we did not understand why the yields correlated so well
with the calculated energies.

In this study, multivariate analysis was applied to predict
the trends of the experimental yields from Diels—Alder reac-
tions using the calculated activation energies. For this purpose,
PLS analysis was used to obtain a relationship between the ex-
perimental yields and experimental conditions such as reaction
temperature, reaction time as well as the activation energies
obtained from the DFT calculations at the B3LYP/6-31G(d)
level of theory.’

2. Results and discussion
2.1. Method to predict experimental yields using PLS analysis

The Diels—Alder reaction is a typical secondary reaction,
and its rate constant k has a relationship with the initial con-
centration of the reactants as shown in Eq. 1,"

1 _alb—x)
_b—anb(a—x)

(a#D), (1)

where t, and a, b are the reaction time and the initial concen-
trations of diene and dienophile, respectively. The concentra-
tion of the product is represented as x. Eq. 2 shows the
experimental yield Y psq,

Yobsd =100 x XF/CI, (2)

where xp is the final concentration of the product. The yields
from equipment such as HPLC and GC are similar to the the-
oretical value.

The kinetic constant k£ in Eq. 1 is represented by the fre-
quency factor A, the gas constant and temperature (R and 7),
and an observed activation energy E, (obsd),

k = Aexp <%> . (3)

We cannot predict an experimental yield by combining Eqs.
1 and 3 since we do not have E, (obsd) values for new synthe-
sis routes from SRDS before performing the experiments.
Although a quantum chemical method can calculate the acti-
vation energies, E, (calcd), it is almost impossible to use the
energies to evaluate the rate constants of reactions. However,
it may be possible to assume that the E, (obsd)s for a series
of reactions are proportional to those from theoretical calcula-
tions as follows,

E,(obsd) =mkE,(calcd). (4)

If Eq. 4 is applicable, we can obtain Eq. 5 by combining Eqs.
1, 3 and 4 as follows,

1 a(bfx)E

mlnb(a —X) )

—mkE,(calcd
tAexp<M),

RT

The logarithm of both sides are taken, and then:

1 ab—x) mE,(calcd)
obsa = 1 22 ) =1ns + Ina — TERTED)
Zobsd n(b—a nb(a—x)) nt+ RT (6)

It is probable that the frequency factor A does not change very
much over a series of reactions such as the Diels—Alder reac-
tion in the present study, and the factor m of Eq. 6 can be
determined by a multivariate analysis using not only the
experimental conditions, but also the calculated activation
energies.

The solvent effect must be considered in performing organic
synthesis to maximize their experimental yields. Therefore,
we have to consider how the solvent affects the reaction
mechanism. It is appropriate to consider logarithms of the
dielectric constants of the solvents instead of the actual
values themselves, since the free energies of reactions are
considered.'’

According to the arguments mentioned above, it is reason-
able to consider Eqgs. 7 and 8, and thus a multivariate analysis
was used to correlate z,,sq With the logarithms of the dielectric
constants, reaction times g, reaction temperature 7 and the cal-
culated activation energy E, (calcd) as explanatory variables as
follows,

E,(calcd
Zealed = ane + Glntg — VM +d6=Int+1nA
mE,(calcd)
- 7
T ™)
and then
1 alb—x E,(calcd

Zobsd = In (mlnﬁ) = alne + Blnfp — ’Y(]eiT) +0

= Zcaled -
(8)

Once we obtain a correlation equation between z.,.q and
Zobsd» the final concentration of the product zg (caicq) 1S calcu-
lated using Eqs. 9a and 9b by giving the values necessary
for the reaction,

XF(caled) = (b 7Pa)/(1 717)7 (93)
b

p= ;exp((b — a)exp(Zeated))- (9b)

The expected yield Yeypec is therefore expressed as follows,

Yexpect = 100xF(calcd) /a~ (10)
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2.2. Method of calculation

Geometric optimizations and their vibration analyses
were performed for all of the transition states, dienes, and
dienophiles at the B3LYP/6-31G(d) level of theory using the
Gaussian03 program.'? All transition states obtained were
confirmed to have only one imaginary frequency.

The dienes and dienophiles used for the DFT calculations
are shown in Figure 1. In the present study, the products are
expressed as combinations of numbers for dienes, and alpha-
betical letters for dienophiles. For example, 1b represents
the product of the reaction of 1,2,3,4,5-pentachlorocyclo-
penta-1,3-diene (1) and methyl acrylate (b).

The activation energies were defined as the energy differ-
ence between the total energy of a TS and the sum of the
energies for the corresponding diene and dienophile. We
have observed that the activation energies based on this defini-
tion are very consistent with experimental values at the present
level of theory."? Although it is possible to consider both endo
and exo products in the Diels—Alder reaction, the former is
generally predominant. For example, the exo addition product
of 1j was not observed, and thus that reaction was ignored.
Figure 2 displays the two types of transition state geometries
for 1j giving endo products.

In the endo-anti TS, the chlorine atom on the sp3 carbon
points toward the outside, whereas in the endo-syn TS, the
atom points toward the inside. The C—C distances in the
endo-anti and endo-syn TS were calculated to be ca. 2.23 A.
These lengths represent the general distances for TSs in the
Diels—Alder reaction.'* The anti/syn ratio was observed to
be 90.8:9.2." In the case where two types of products were
observed, we apply ‘weighted’ activation energies'® for later
PLS analyses. Similar weighted activation energies were
also calculated for reactions yielding both endo and exo
products.
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Figure 1. Dienes and dienophiles adopted for the PLS analysis.

Figure 2. TS structures for endo-anti and endo-syn products of 1j (lengths in A
unit).

The Chemish program (Ver.4.12) developed by Funatsu and
Arakawa was used for the PLS and GA-PLS (Genetic Algo-
rithm-Based PLS) analyses.!” This program can perform the
Cross-validation technique. The values of the empirical pa-
rameters for the GA-PLS computation are as follows: the pop-
ulation (NV,,) is 50, the probability of initial variable selection
(P;) is 0.3, the probability of crossover (P,) is 0.3, the proba-
bility of mutation (P,,) is 0.01, and the number of generations
() is 500. These values were determined to be optimal after
several GA-PLS computations while changing the values of
the empirical parameters. Table 1 lists all of the values used
for the PLS analysis.

2.3. Multivariate analysis

Although multivariate analysis was performed using all cal-
culated values, we obtained no clear correlations between zypeq
and Z¢,1cq as shown in Figure 3a. In other words, there seems to
be no correlation between the experimental yields and the the-
oretical activation barriers. A detailed analysis indicated that
the data related to 4 and 5, as well as to 1a, 1k, 2i, 2] and
9p (the circled points) deviated greatly from the correlation.
The modified data set excluding these points produced
a good correlation in the GA-PLS analysis. Principal compo-
nent analysis made it clear that the three descriptors discussed
above are important for modeling. The PLS analysis was per-
formed again with the modified data set, and three correlation
equations were obtained. Figure 3b shows a z.,cq—Zobsa plot
for the correlation equation Eq. 11, with the best-captured
variance (R°=0.956) and the cross-validated R* (0*=0.940).

Zeated = —4.0831Ine 4+ 0.206In7 + 0.073( — E, /RT) + 5.407.
(11)

According to the values of R* and Q7 this correlation equation
is considered to be reliable. In fact, almost all of the points of
the zZ.a1ca—Zobsa plOt are concentrated on the diagonal line, and
thus the obtained correlation equation was appropriate for ex-
pressing the relationship between z,,sq and the explanatory
variables.

In order to confirm that Eq. 10 produces a Y,¢q similar to
the experimental value, a TS giving an endo product was sought
for the reaction between 2 and N-ethylmaleimide (0).lsg The
activation energy was calculated to be 17.9 kcal mol'. The
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Table 1

The calculated E, values and the actual reaction conditions used for PLS analysis and GA-PLS analysis

Diene Dienophile E, (calcd) Yield (%) Temp (°C) Time (h) a (mol/L) b (mol/L) 3

1 a 20.3 62 100 6 0.79 0.8 2274
1 b 19.6 60 66 6 0.26 0.32 2.274
1 c 21.1 73 120 8 0.26 0.32 2274
1 d 20.8 90 100 18 6.5 25 6.081
1 e 22.5 97 100 26 6.5 26.2 6.081
1 f 19.3 73 101 0.83 0.79 0.8 2.274
1 g 20.8 90 100 6 7.8 25 60.81
1 j 21.3 73 105 3 0.26 0.32 2.274
1 k 224 99 112 2.5 0.26 0.32 2274
2 a 20.4 90 100 12 0.1 0.3 2.379
2 i 14.5 75 50 48 0.1 0.3 8.93
2 1 17.4 84 100 24 0.1 0.3 8.93
2 m 22.8 82 100 96 0.1 0.3 2.379
2 n 20.7 80 100 72 0.1 0.3 2.379
2 b 17.3 84 100 5 0.1 0.3 2.379
2 h 15.4 84 100 5 0.1 0.3 2.379
3 j 14.4 53 80.1 26 0.302 0.303 2.284
4 k 20.0 68 80.1 16 0.05 0.07 2.284
4 t 17.6 85 80.1 16 0.052 0.095 2.284
5 k 19.3 88 80.1 16 0.07 0.072 2.284
6 p 17.9 89 70 168 1.042 1.042 2.379
7 P 16.1 72 80 48 0.81 0.81 2.379
8 p 8.3 78.4 23 36 0.909 0.909 2.379
9 p 12.3 73 23 24 0.175 1.009 2.379
10 p 13.8 84 23 36 224 2.24 2.379
11 p 8.4 78.3 25 120 0.333 0.333 2.284
12 p 12.5 74.5 25 240 0.333 0.333 2.284
13 j 8.1 82.5 23 72 0.33 0.33 2.284
14 j 9.2 82.5 23 120 0.33 0.33 2.284

experiment for this reaction at 100 °C in toluene for 12 h gave
a 76:24 ratio mixture of endo and exo products at a 92% yield.
Eq. 11 gave z.,.4=2.052 by applying the calculated E, as well
as the reaction conditions. From this z.,.q value and Egs. 9a
and 9b, Y., .4 Was calculated to be 84.9%, which differs by
only 7.3% from the experimental value. It is believed that
this difference is small enough to estimate the crude yield of
the reaction, and to determine the order for the synthesis
experiments.

2.4. Correlation equation

It was necessary to determine why the z,,sq for several
compounds had to be excluded from the PLS analysis shown
in Figure 3. Diene 2 has two types of carbon atoms participat-
ing in this reaction. Although the one carbon is greatly
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Figure 3. zcaica—Zobsa plots based on the PLS analysis using (a) all the calcu-
lated data and (b) those of the modified data set.

activated by both the carbonyl group and the bromine atom,
the other has no such substituents. Dienophile i has an ethoxyl
group. As these substituents change the electronic properties
of the carbons, the two C—C distances in 2i (TS) become un-
equal. Specifically, one of the C—C bond distances between
the activated carbons was calculated to be 2.934 10%, which
was longer by 1.041 A than the other (1.893 10\), as shown in
Figure 4. In the geometry from the IRC at 5.01 amu'? Bohr,
these C—C lengths were calculated to be 1.558 and 2.137 A,
respectively. The former C—C bond has almost completely
formed, while the latter is still in the process of making
a new bond. The IRC calculations show the deviation from
the concerted mechanism of the Diels—Alder reaction, al-
though the mechanism does not change completely from a con-
tinuous to a stepwise reaction. The features in the TS
geometry of la and 2i fall into this category. Another effect

(a)

Figure 4. Geometry for 2i on the IRC at (a) TS (0.0 amu"?Bohr) and (b)
5.01 amu'? Bohr.
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Figure 5. Zcaica—Zobsa plot based on the PLS analysis using the modified
concentrations.

is considered in 1,1-disubstituted dienophile 1, because there
should be a large steric hindrance in 21 (TS), in which one
C—C length (2.773 A) is longer by 0.841 A than the other
(1.932 A). Therefore, these data should be excluded from the
PLS analysis.

The reactants 4 and 5 contain two diene fragments in their
structure. Both fragments can participate in a Diels—Alder
reaction with the dienophiles. This means that the concentra-
tion of the dienes should be doubled in Eq. 1. Since the dieno-
phile k has two double bonds, twice the concentration of the
dienophile should be used in the PLS analysis. Compound Sk
has two diene parts in 5 as well as two ethylene parts in k.
Another PLS analysis was performed using the z,,4q calculated
by doubling their initial concentrations, to produce Eq. 12,

E,(calcd)
RT
+5.057, (12)

Zealed = —4.328Ine + 0.377Intg + 0.065 ( -

where R* (0.856) and Q? (0.826) indicated that the reliability
of Eq. 12 was not as good as that of Eq. 11, as shown in
Figure 5.

According to the R? and Q7 values, the correlation equation
is acceptable. This is because we did not try to estimate actual
yields but rather used rough experimental yields. Thus, Eq. 12
is more suitable for ranking the synthesis routes than Eq. 11.

3. Conclusions

In the present study, we tried to predict trends in experi-
mental yields observed in Diels—Alder reactions using the ac-
tivation energies from the DFT calculations, and reaction
conditions such as the reaction temperature, reaction time,
and dielectric constants of the solvents. The PLS analysis
gave a clear correlation between the experimental yields and
the described data set. Moreover, the correlation equation
approximately predicted the yield of 20. These results showed
that rough yields from Diels—Alder reactions could be

predicted using Eq. 10, which was obtained by combining
the second order kinetic equation and the Arrhenius equation
with the PLS analysis. A similar procedure will likely be suc-
cessful for other reactions such as ene, Wittig, and aldol reac-
tions. Once it becomes possible to obtain correlation equations
to predict the yields of different synthesis reactions, one can
compare the yields from different synthesis routes using theo-
retical calculations. The synthetic routes for SRDS could be
ranked on the basis of their predicted yields, and the order
of experiments can be determined before any synthesis experi-
ments are started.
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