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The five equilibrium structures of dimethyl maleate were theoretically determined using the RHF and B3LYP
methods. In all of the structures, one of the O

 

w

 

C–O planes is nearly perpendicular to, and the other is coplanar with, the
C–C

 

w

 

C–C plane. It is well known that maleic acid diester has peculiar reactivity compared with other conjugated esters,
which can be ascribed to the characteristics of the conformations.  Calculations of complexes of dimethyl maleate and
Lewis acids were performed, and the binding energies for the complexes were analyzed by decomposing them into the
deformation energy and the interaction energy.  For a comparison, the conformational properties of methyl acrylate and
its Lewis acid complexes were also investigated.

 

Maleic acid diester (maleate) is one of the important compo-
sitions in synthesizing polymers as well as organic com-
pounds.  There are various polymers in which maleate is used
as a monomer unit, because it can be easily introduced into co-
polymers by radical polymerization.

 

1

 

  In the field of organic
synthesis, maleate is a familiar compound, and it can be modi-
fied to the important parts of target molecules, such as prostag-
landins, carbacyclin, brefeldin A, and pentalenolactone.  The
compounds prepared by its Diels–Alder reactions with dienes
are often of great value as starting materials for important pro-
cesses using enzymes.

 

2

 

Recently, Yamamoto and his co-workers have reported on
the asymmetric Diels–Alder reactions of nonsymmetrical
maleates, and they ascribed the extremely high selectivity to
the unique coordination forms of Lewis acids; Et

 

2

 

AlCl is acti-
vated to lead to AlEt

 

2

 

+

 

, to which both of two carbonyl oxygen
atoms of maleate coordinate (maleate–AlEt

 

2

 

+

 

).  They pro-
posed a transition structure in which such an interaction
remains.
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Several examples of the unique properties of maleate have
been confirmed.  For instance, it has often been pointed out
that maleate has peculiar reactivity compared with other conju-
gated esters.  One example is that dimethyl maleate is much
less reactive than dimethyl fumarate in the Diels–Alder reac-
tion.  While the reactions of cyclopentadiene with dialkyl fu-
marates proceeded very fast upon the activation of dialkyl fu-
marates by bulky monodentate Lewis acid reagents (MAD,
MABR), that with dialkyl maleates did not proceed rapidly.

 

4

 

Concerning Diels–Alder reaction without a Lewis acid re-
agent, the reactivities between dialkyl maleate and dialkyl fu-
marate are different.
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  However, when bidentate Lewis acid re-
agents, such as SnCl

 

4

 

 and Et

 

2

 

Al

 

+

 

, were applied to the reaction
of dialkyl maleate, because the Lewis acid reagents activated
dialkyl maleate effectively, the reaction took place easily.

 

4

 

  The

other example is that, while a dialkyl fumarate gave homopoly-
mer by radical polymerization, a dialkyl maleate did not ho-
mopolymerize at all in the absence of an isomerization cata-
lyst.
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  Why does the reactivity of dialkyl maleate differ from
that of dialkyl fumarate?  What is the difference between the
two similar substances?  One possible factor, which would
cause these differences, is the interaction between two alkoxy-
carbonyl groups of maleate, which are located nearby.

In order to elucidate the factors which would realize the pe-
culiarities of dialkyl maleate, we conducted theoretical calcu-
lations of the structures and reactivities of dimethyl maleate.
Here, as a first part, we report on the results of a theoretical in-
vestigation on the equilibrium structures of maleate and its
complexes with various Lewis acids.  Especially, we focus on
the conformations of maleate and the coordination modes of
Lewis acid reagents to the carbonyl oxygen of maleate.  In the-
oretical calculations, we adopted the RHF and B3LYP meth-
ods, as mentioned in computational methods.  The shown re-
sults are at the B3LYP level, unless otherwise noted.

We hope that the data given in this paper could give a basic
idea of chemistry concerning multi-functional groups, like
polymer chemistry, organic chemistry, supermolecular chemis-
try, and biochemistry.

 

Results and Discussion

Dimethyl Maleate.    

 

Calculations at the RHF levels have
been carried out to determine the equilibrium structures of pos-
sible conformers of dimethyl maleate.  As shown in Fig. 1 we
obtained five equilibrium structures in which one of the O

 

w

 

C–
O planes is nearly perpendicular to the C–C

 

w

 

C–C plane, and
the other is coplanar with the same C–C

 

w

 

C–C plane.  From
now on, we express the conformations of dimethyl maleate
with three letters, as can be seen in Fig. 1.  The first two letters
denote the conformations of perpendicular and in-plane
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COOCH

 

3

 

 groups, with “Z” and “E” indicating (

 

Z

 

)- and (

 

E

 

)-
conformation, respectively.  Because the last letter designates
the conformation of a nearly coplanar C

 

w

 

C–C

 

w

 

O skeleton, “c”
and “t” indicate 

 

s

 

-

 

cis

 

 and 

 

s

 

-

 

trans

 

 conformations, respectively.
Because of these conformation possibilities there are eight
possible conformers.  In reality, we started geometry optimiza-
tions with the structures of eight possible conformers to even-
tually obtain the five structures shown in Fig. 1.  Calculations
starting with the ZEc, ZEt, and EEt conformers resulted in one
of the structures in Fig. 1.  For instance, when the geometry
determination was started from the ZEc structure, which was
created by changing the conformation of the optimized EEc
structure, we obtained the EZt conformer.  We also started ge-
ometry optimizations from structures with two in-plane
COOCH

 

3

 

 groups to obtain the structures shown in Fig. 1.
Thus, we could conclude that there are only five equilibrium
structures on the potential energy surface for dimethyl maleate.

In order to obtain further insight into the conformation be-
havior, we calculated at the RHF level the potential energy
curve for the O

 

1

 

w

 

C–C

 

w

 

C torsion while fixing the C–C

 

w

 

C–
C

 

w

 

O

 

2

 

 skeleton to be planar and optimizing the structures at ev-
ery 15° of the O

 

1

 

w

 

C–C

 

w

 

C torsion angle.  The thus-obtained
O

 

1

 

w

 

C–C

 

w

 

C torsion potential energy curve is shown in Fig. 2.
One can find that there is only one minimum at the O

 

1

 

w

 

C–C

 

w

 

C
dihedral angle of 105° which corresponds to ZZt.  This sup-
ports the above results about the conformation in the equilibri-
um structures.

The fact that ZEt and EEt structures are not equilibrium
structures is obviously due to the steric repulsion between the
perpendicular COOCH

 

3

 

 group and the CH

 

3

 

 group of the in-
plane COOCH

 

3

 

 group.
The relative energies of the five conformers calculated at the

B3LYP and RHF levels are compared in Table 1.  The B3LYP
results show the same tendencies as the RHF results.  The re-

sults given in Table 1 show that the ZZc conformer is the most
stable.  One can note that, concerneing the conformation of the
COOCH

 

3

 

 groups, (

 

Z

 

)-conformer is more stable than (

 

E

 

)-con-
former (Chart 1) and that the energy difference between them
is 6.2 and 8.6 kcal mol

 

−

 

1

 

 for the perpendicular and in-plane
COOCH

 

3

 

 groups, respectively.  The stability of (

 

Z

 

)-conforma-
tion can be explained in terms of i) the interaction between the
lone pair of OCH

 

3

 

 and the 

 

σ

 

*

 

 orbital of C

 

w

 

O

 

7

 

, and ii) the elec-
trostatic interaction between the local dipole moments,

 

8

 

 as
shown below.  The electron repulsion between the lone pairs of
OCH

 

3

 

 and C

 

w

 

O in (

 

E

 

)-conformation is another factor destabi-
lizing (

 

E

 

)-conformer.

 

Fig. 1.   RHF/6-31G

 

*

 

 optimized structures of dimethyl male-
ate.  B3LYP/6-31G

 

*

 

 structures are similar.  See Table 1.

 

Fig. 2.   Potential energy curve for C

 

w

 

C–C

 

w

 

O torsion in di-
methyl maleate calculated at the RHF/6-31G

 

*

 

 level.  The
two COOCH

 

3

 

 groups have the (

 

Z

 

)-conformation, and the
minimum corresponds to the ZZt conformer.

Table 1.   Energies of Dimethyl Maleate in kcal mol

 

−

 

1

 

 Rela-
tive to the Most Stable ZZc Comformer

 

a)

 

RHF/6-31G

 

*

 

B3LYP/6-31G

 

*

 

ZZc

 

0.00 0.00

 

ZZt

 

1.07 1.06

 

EZc

 

8.28 6.26

 

EZt

 

8.84 7.30

 

EEc

 

18.19 14.83

a) All the structures were optimized at the respective level.

Chart 1.   
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The (

 

E

 

)-(

 

Z

 

) energy difference for the perpendicular
COOCH

 

3

 

 group is similar to that in methyl formate (5.3 kcal
mol

 

−

 

1

 

), whereas that for the in-plane COOCH

 

3

 

 group is close
to that in methyl acrylate (8.9 kcal mol

 

−

 

1

 

, see below).  In other
words, it seems reasonable to suppose that the –CH

 

w

 

CH–
COOCH

 

3

 

 moiety in dimethyl maleate behaves almost indepen-
dently of the –COOCH

 

3

 

 moiety.
Changing the conformation of ZZc from 

 

s

 

-

 

cis

 

 to 

 

s

 

-

 

trans

 

leads to a 1.1 kcal mol

 

−

 

1

 

 less stable ZZt conformer.  The ten-
dency that the 

 

s

 

-

 

cis

 

 conformer is more stable than the 

 

s

 

-

 

trans

 

conformer will be shown in the case of methyl acrylate as well
(see “Methyl Acrylate” section).

Why is one of the COOCH

 

3

 

 groups out of the C–C

 

w

 

C–C
plane, although it causes 

 

π

 

 conjugation stability to be lost?  In
order to answer this question, we determined the structures by
replacing the methoxy group of the perpendicular COOCH

 

3

 

group by an ethyl group, or by substituting the carbonyl oxy-
gen atom of the same COOCH

 

3

 

 group by methylene.  The
thus-obtained structures are shown in Fig. 3.

One can notice that the conformational behavior is com-
pletely different between these two model compounds.  In the
former model compound, the COCH

 

2

 

CH

 

3

 

 group is still perpen-
dicular.  On the other hand, the COOCH

 

3

 

 and C(

 

w

 

CH

 

2

 

)OCH

 

3

 

groups in the latter model compound show a much smaller de-
viation from planarity.  These results suggest that the interac-
tion between the carbonyl 

 

π

 

*

 

 orbital of the perpendicular
COOCH

 

3

 

 group and the carbonyl oxygen lone pair of the in-
plane COOCH

 

3 group (n–π* interaction shown below)9 is re-
sponsible for the structural feature that one of the COOCH3

groups is perpendicular in dimethyl maleate.
As a matter of fact, the Mulliken overlap population shown

below (0.032) indicates that there is a bonding interaction
(Chart 2).

As shown below, the energy differences between the per-
pendicular and planar structures for methyl acrylate and 2-
methoxy-1,3-butadiene were calculated at the RHF/6-31G*
level.  The calculations show that the conjugation between the
CwC and CwO bonds is stronger than that between the CwC

bonds, suggesting that, although the strong conjugation is lost,
the n–π* interaction covers the loss in the conjugation energy
and prefers the perpendicular structure (Chart 3).

The norbornene derivative with two COOCH3 groups, the
product of Diels–Alder reaction of dimethyl maleate with cy-
clopentadiene, also has a structure in which n–π* interaction
takes place (Fig. 4).

Methyl Acrylate.    Since the above results show that di-
methyl maleate consists of the “methyl formate” (–COOCH3)
and “methyl acrylate” (–CHwCH–COOCH3) moieties, a com-
parison of the conformational properties between dimethyl
maleate and methyl acrylate is expected to give further insight.
Therefore, we determined the structures of the four plausible
conformers of methyl acrylate at the B3LYP level, as shown in
Fig. 5.  They are denoted by Zc, Zt, Ec, and Et, in which the
first character, “Z” or “E”, designates the conformation of the
COOCH3 group and “c” and “t” indicate s-cis and s-trans con-
formations of the CwC–CwO skeleton, respectively.  The CwC
and CwO bonds in the optimized structures of (Z)-conforma-
tion are almost coplanar (Fig. 5).  In order to verify that there is
no other energy minimum in changing the CwC–CwO torsion

Fig. 3.   RHF/6-31G* optimized structures of [a] C2H5-
COCHwCHCOOCH3 and [b] CH3O(CH2w)CCHwCHCO-
OCH3.

Chart 2.   

Chart 3.   

Fig. 4.   RHF/6-31G* optimized structure of the Diels–Alder
product of dimethyl maleate and cyclopentadiene.
[(5R,6S)-5,6-bis(methoxycarbonyl)-2-norbornene].
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angle, we calculated at the RHF level the potential energy
curve while changing the CwC–CwO torsion angle of the (Z)-
conformer and optimizing the other structural parameters (Fig.
6).  The thus-obtained curve has no other energy minimum; the
maximum is at 90°.  This energy increase is apparently due to a
loss of stabilization by CwC–CwO conjugation (7.3 kcal mol−1

relative to the s-cis conformation at the RHF level).  The rela-
tive energies of the conformers are summarized in Table 2, in
which the MP4 relative energies calculated for the B3LYP
structures are also shown.  One can find that both levels of cal-
culation give quite similar results.

It is first noted that the (Z)-conformers are much more stable
than the (E)-conformers, in agreement with the above discus-
sion for dimethyl maleate; Zc and Zt are more stable than Ec
and Et by 8.9 and 11.5 kcal mol−1, respectively, at the B3LYP

level.  These values are larger than that for methyl formate (5.3
kcal mol−1), indicating that the CwC–CwO conjugation affects
the (E)–(Z) energy difference by a few kcal mol−1.

The energy difference between s-cis and s-trans is much
smaller; Zc is more stable than Zt by 0.7 kcal mol−1.  The larg-
er energy difference of 1.1 kcal mol−1 between ZZc and ZZt of
dimethyl maleate can be ascribed to the n–π* interaction be-
tween the two COOCH3 groups mentioned above.  On the oth-
er hand, Ec is more stable than Et by 3.4 kcal mol−1, and this
larger value can be ascribed to the large steric repulsion be-
tween the methylene hydrogen and the CH3 group in Et (Chart
4).  The Mulliken overlap population indicates a weak-bonding
interaction between the methylene hydrogen and the methoxy
or carbonyl oxygen atoms in the Zc-, Zt-, and Ec-forms (Zc:
0.023, Zt: 0.019, Ec: 0.028, Et: 0.005).  Interestingly the over-
lap populations in the case of carbonyl oxygen are slightly big-
ger than those in the case of methoxy oxygen.  This difference
may be one of the factors favoring the s-cis conformation.
Fausto et al. proposed that the factors which determine the rel-
ative stability of the s-cis and s-trans conformers are a mes-
merism favoring the s-cis conformer, the steric repulsion be-
tween the vinyl group and the methoxy oxygen atom in the s-
trans conformer,10 and the large attractive bond dipole interac-
tion in the s-cis conformer.10

The results for methyl acrylate given in this chapter show
that this molecule has a planar structure, and that the (Z)-con-
former is more stable than the (E)-conformer.  They are the
trends found in the “methyl acrylate” moiety of dimethyl male-
ate, supporting the idea that dimethyl maleate consists of the
“methyl acrylate” and “methyl formate” moieties.

Dimethyl Maleate–AlH3 Complexes.    Next, we studied
the structures of Lewis acid complexes of dimethyl maleate, in
which AlH3 was adopted as a model of a Lewis acid.  Four
modes of AlH3 coordination to dimethyl maleate are possible,
as shown in Fig. 7 for ZZc as an example.  “Ⅰ” and “Ⅱ” in the
structure’s names in Fig. 7 mean that AlH3 coordinates to dim-
ethyl maleate at the carbonyl oxygen of the perpendicular
COOCH3 group from the anti and syn sides relative to the

Fig. 5.   Optimized structures of methyl acrylate.  RHF and
B3LYP methods gave the qualitatively same structures.

Fig. 6.   Potential energy, curve for CwC–CwO torsion of
methyl acrylate calculated at the RHF/6-31G* level.  The
COOCH3 group has the (Z)-conformation.

Table 2.   Energies of Methyl Acrylate in kcal mol−1 Relative
to the Most Stable Zc Comformer

B3LYP/6-31G* MP4/6-31G* a)

Zc 0.00 0.00
Zt 0.72 0.84
Ec 8.87 9.77
Et 12.24 12.55

a) Calculated at the B3LYP/6-31G* optimized structures.

Chart 4.   
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methoxy group, respectively.  “Ⅲ” and “Ⅳ” designate the co-
ordination of AlH3 to a carbonyl oxygen of the conjugated, in-
plane COOCH3 group from the anti and syn sides, respective-
ly.  Because we found five structures for isolated dimethyl
maleate, there are twenty possible complexes.  Since we have
so many possible structures, we adopted the following strategy
to save CPU time: first, we determined the structures at the
RHF level to select relatively stable ones; we then optimized
the structures of selected conformers at the more reliable
B3LYP level.  The energies of the conformers are compared in
Table 3.  A comparison of the energies among those complexes
with the same AlH3 coordination modes shows that the trend in
stability reflects that of isolated dimethyl maleate; for instance,

ZZc-Ⅰ is more stable than other type Ⅰ complexes, such as ZZt-
Ⅰ and EZc-Ⅰ.

The calculations showed that Ⅰ is the most stable among
those complexes with the same conformation of dimethyl
maleate and that Ⅱ is the next, except for the EZt-form.  For the
EZt-form, the energies of Ⅰ and Ⅱ are almost degenerate.  The
type-Ⅲ conformation is unstable, and the geometry optimiza-
tions converged to the other forms, except in the case of the
EZt-form.  This is presumably because of the steric repulsion
between AlH3 and the perpendicular COOCH3 group.  Though
we could determine the structures of coordination mode Ⅳ for
all conformations of dimethyl maleate, they are the least stable
structures among those which we could determine.  Thus, not
only the conformations of dimethyl maleate, but also the coor-
dination modes of AlH3 influence the stability of the complex-
es.  As a result, ZZc-Ⅰ is the most stable.

The energy difference between Ⅱ and Ⅰ was calculated at the
B3LYP level to be 3.0 kcal mol−1 for ZZc and 1.4 kcal mol−1

for EZc, indicating that the difference in the steric environment
between the anti and syn coordination to the (E)-COOCH3

group is smaller.  For EZt, the difference in energy (−0.02 kcal
mol−1 at the B3LYP level) between Ⅰ and Ⅱ is thus very small.

It was observed in this section that AlH3 is more proper to
coordinate to the carbonyl oxygen of the perpendicular
COOCH3 group than that of the in-plane COOCH3 group in
dimethyl maleate.

Methyl Acrylate-AlH3 and Methyl Acrylate-BF3 Com-
plexes.    For a comparison we studied the AlH3 complex of
methyl acrylate.  Since there are four conformers of methyl
acrylate, and we have two possible coordination modes of a
Lewis acid to a carbonyl oxygen, syn and anti with respect to
the methoxy group, there are totally eight possible conformers
of the AlH3 complex as shown in Fig. 8.  As a matter of fact,
the structures of all the conformers were successfully deter-
mined, as shown in Table 4.  It was found that the most stable
is the Zt-anti conformer, which has the (Z)-conformation of
COOCH3 group, s-trans conformation about the CwC–CwO
skeleton, and the AlH3 coordination from the anti side relative
to the methoxy group.  Because the crystal structure of the
SnCl4/ethyl cinnamate complex11 has been experimentally
shown to have conformations corresponding to Zt-anti, such
conformations have been believed to also be favorable in solu-
tion.  The results obtained here will give further support of this
belief.

Also, one can note that the (Z)-conformers are more stable
than the (E)-conformers, reflecting the stability order of isolat-
ed methyl acrylate shown in Table 2.  The energy difference
between anti- and syn-coordination for the Zc and Et conform-
ers is smaller than that for the Zt and Ec conformers.  The ster-
ic difference between the anti- and syn-coordination is smaller
in the cases of the Zc and Et conformers.  On the other hand,
obviously, the syn-coordination to the Zt conformer is more
crowded than the anti-coordination, and the anti-coordination
to the Ec conformer is sterically less favorable than the syn-co-
ordination.

Dimethyl Maleate-TiCl4 Complexes.    Next, we studied
the complexes of dimethyl maleate with the Lewis acid of
TiCl4, which can have two additional coordination sites, in or-
der to investigate whether a chelate complex exists.  Different

Fig. 7.   RHF/6-31G* optimized structures of dimethyl male-
ate–AlH3 complexes

Table 3.   Energies of Dimethyl Maleate–AlH3 Complexes in
kcal mol−1 Relative to the Most Stable ZZc-Ⅰ Structurea)

RHF/6-31G* B3LYP/6-31G*

ZZc-Ⅰ 0.00 0.00
ZZc-Ⅱ 2.84 2.96
ZZc-Ⅲ ZZc-Ⅳb) ZZc-Ⅳb)

ZZc-Ⅳ 3.24 2.51
ZZt-Ⅰ 1.97 1.59
ZZt-Ⅱ 3.80 ZZc-Ⅳb)

ZZt-Ⅲ ZZc-Ⅰb) ZZt-Ⅰb)

ZZt-Ⅳ 4.22 4.16
EZc-Ⅰ 7.31 5.64
EZc-Ⅱ 8.60 7.00
EZc-Ⅲ EZc-Ⅳb)

EZc-Ⅳ 13.03
EZt-Ⅰ 8.83 7.63
EZt-Ⅱ 8.60 7.61
EZt-Ⅲ 10.60
EZt-Ⅳ 12.62
EEc-Ⅰ 16.33 13.22
EEc-Ⅱ 19.07 16.01
EEc-Ⅲ EEc-Ⅳb)

EEc-Ⅳ 19.91

a) All the structures were optimized at the respective level.
b) Geometry optimization gave the different structure
shown.
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from the AlH3 and BF3 complexes, we found the chelate struc-
tures as well as the non-chelate structures for TiCl4 complexes
at the RHF level.  The thus-obtained structures are summarized
in Fig. 9, and the relative energies are given in Table 5.  As
shown in Fig. 9, we found three chelate complexes: 1, 2, and 3.
Since in these structures the two COOCH3 groups  coordinate
to the Ti atom, we call them (Zc-anti, Zc-anti), (Ec-anti, Zc-
anti), and (Ec-anti, Ec-anti), respectively, combining the nota-
tions used in the cases of methyl acrylate–Lewis acid complex-
es.

The results given in Table 5 show that 1 is the most stable,
reflecting the preference of (Z)-conformation.  Changing the

conformation of one COOCH3 group in 1 from (Z) to (E) leads
to 12.8 kcal mol−1 less stable 2.  If the conformation of the
other COOCH3 group in 2 is also changed from (Z) to (E), 3 is
given which is 13.0 kcal mol−1 less stable than 2.  These ener-
gy increases in changing the conformation of a single
COOCH3 group are reasonably close to that for the methyl
acrylate-BF3 complex (10.5 kcal mol−1 at the RHF level).

Table 4.   Energies of Methyl Acrylate–BF3 and –AlH3 Complexes in kcal mol−1 Relative to the 
Most Stable Conformera)

AlH3 BF3

RHF/6-31G* b) B3LYP/6-31G* RHF/6-31G* B3LYP/6-31G*
Zc-anti 0.37 1.93 1.44
Zc-syn 1.40 1.51 1.95
Zt-anti 0.00 0.00 0.00 0.00
Zt-syn 1.89 2.36 1.51 2.95
Ec-anti 8.80 12.45 10.66
Ec-syn 7.46 9.46 9.06
Et-anti 12.68 15.86 13.17
Et-syn 12.25 15.60 13.83

a) All the structures were optimized at the respective level.  b) The calculations were
carried out for Zt-anti and Zt-syn only.

Fig. 8.   Optimized structures of methyl acrylate–AlH3 com-
plexes.  RHF and B3LYP methods gave the qualitatively
same structures.

Fig. 9.   RHF/6-31G* optimized structures of dimethyl male-
ate–TiCl4 complexes.

Table 5.   Energies of Dimethyl Maleate–TiCl4 Complexes in
kcal mol−1 Relative to the Most Stable Conformera)

RHF/6-31G* B3LYP/6-31G*

1 0.00 0.00
2 12.83
3 25.80
4-Ⅰ 5.42 2.61
4-Ⅱ 4-Ⅰb)

4-Ⅲ —c)

4-Ⅳ 4-Ⅰb)

a) All the structures were optimized at the respective level.
b) Geometry optimization gave the different structure
shown.  c) Geometry optimization was not investigated.
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Concerning non-chelation complexes we investigated the
complexation of TiCl4 to the ZZc form of dimethyl maleate,
because such complexes are relatively stable, as discussed
above concerning AlH3 complexes.  When geometry optimiza-
tions were started with structures called 4-Ⅰ, 4-Ⅱ, and 4-Ⅳ,
which correspond to ZZc-Ⅰ, ZZc-Ⅱ, and ZZc-Ⅳ shown in Fig.
7 for the AlH3 complexes, all of the geometry optimizations
converged to 4-Ⅰ, presumably because the bulky TiCl4 favors
the least-crowded site.  4-Ⅲ, which corresponds to ZZc-Ⅲ in
Fig. 7, was not investigated, because , as shown in the case of
the AlH3 complex, it would be unstable.

We thus determined at the B3LYP level the structures of 1
and 4-Ⅰ, as shown in Table 5.  The calculations showed that the
chelation form 1 is lower in energy than the complex in the
non-chelation form 4-Ⅰ by 5.4 kcal mol−1 at the RHF level and
2.6 kcal mol−1 at the B3LYP level.  Since the chelation form is
tighter, the entropy would make it less favorable.  A compari-
son of the free energy, which was calculated using the non-
scaled vibrational frequencies, showed the stability order of
the chelate and non-chelate structures is unchanged; the che-
late form is more stable at 298.15 K (RHF: 3.4 kcal mol−1,
B3LYP: 1.7 kcal mol−1).  Consequently, it can be concluded
that the complex of dimethyl maleate with TiCl4 takes chelate
coordination mode.

Complexes of Dimethyl Maleate with Other Lewis Acids.
The calculations made so far have shown that the Lewis acids
of the main elements favor  non-chelation coordination, where-
as TiCl4 bridges the two carbonyl oxygen atoms, in which the
Ti atom takes six-coordination.  This suggests that if two or
more vacant coordination sites are available on the metal at-
oms of a Lewis acid, a chelation structure would be realized.
We thus performed calculations with other various Lewis ac-
ids: BCl3, AlH2

+, AlMe2
+, AlMe3, SnH4, and SnCl4.  The ob-

tained structures are summarized in Table 6 together with the
above results.  While the Lewis acids possessing only one va-
cant orbital (AlH3, AlMe3, BF3, and BCl3) form non-chelate
complexes, those with two vacant orbitals on the metal center
(AlH2

+, AlMe2
+) form, as expected, chelate complexes with

dimethyl maleate.  If the coordination number of the central
metal atoms could increase by one or more, chelate structures
would be possible.  TiCl4 and SnCl4 are two cases.  In the latter
case, the Sn atom becomes hypercoordinated.  On the other
hand, in the case of SnH4, this hydride is not sufficiently acidic

to form the complex, and therefore it dissociates from dimethyl
maleate, resulting in the formation of a weak complex.

The results of calculations with AlR2
+ are in agreement with

the experimental consideration by Yamamoto and his co-
workers3 mentioned in the Introduction.  On the other hand,
Maruoka et al. have recently proposed a bidentate coordination
of α-methoxyacetophenone to Me3Al, utilizing the hypervalent
property of the Al center.12  We examined the coordination
mode in the complexes of dimethyl maleate and aluminum re-
agent at RHF and B3LYP levels.  Geometry optimization from
a structure with two in-plane COOCH3 groups revealed that
Me3Al is coordinated to dimethyl maleate in the monodentate
manner.  The equilibrium structure has a perpendicular
COOCH3 to which the aluminum center coordinates.  Al-
though we also examined the structure of a complex with
AlCl3, its equilibrium structure was calculated to be the ZZc-Ⅰ
type conformation.  These results do not support the proposal
by Maruoka et al.

The results concerning the binding energy of the complexes
are shown in diagrams (Fig. 10).  In Fig. 10, we assumed that
the complexation passed through artificial, deformed structures
of dimethyl maleate and Lewis acid, of which the structures
are the same as those in the complex.  Thus, the energy differ-
ence between the deformed structures and the equilibrium
structures is the deformation energy required by complexation.
The energy released by complexation of the deformed dimeth-
yl maleate and Lewis acid is referred to as the interaction ener-
gy.  The coordination energy is thus decomposed into the de-
formation energy (positive) and the interaction energy (nega-
tive).  We must keep in mind two factors about the deformation
energy for a certain understanding of this diagram: 1) the ener-
gy for conformation changes of dimethyl maleate (EDM) and 2)
that of Lewis acid (EL).  Their sum is the deformation energy.

The binding energy of the dimethyl maleate–AlH2
+ com-

plex is very large (108.3 kcal mol−1).  The above scheme gave
a deformation energy of 20.4 kcal mol−1 (EDM = 9.4 kcal mol−1

and EL = 11.0 kcal mol−1) and an interaction energy of
−128.4 kcal mol−1.  Apparently, the large negative value of the
interaction energy results in the large binding energy.  In the
case of the maleate–AlH3 complex, the deformation energy of
6.5 kcal mol−1 (EDM = 1.7 kcal mol−1 and EL = 4.8 kcal
mol−1) is much smaller than that of the dimethyl maleate–
AlH2

+ complex, because of the smaller structure change.  One
may expect that this small deformation energy would lead to a
large binding energy.  However, this is not true; the binding en-
ergy of 23.8 kcal mol−1 is much smaller than that of the di-
methyl maleate–AlH2

+ complex because of the weak interac-
tion (−30.3 kcal mol−1).  Also, the twice amount of this inter-
action energy is much smaller than the interaction energy in
dimethyl maleate–AlH2

+ (note that the Al atom interacts with
two carbonyl oxygen atoms in dimethyl maleate–AlH2

+,
whereas it does so with a single carbonyl oxygen in maleate–
AlH3).  This suggests that the electrostatic interaction contrib-
utes to the large binding in dimethyl maleate–AlH2

+.
We have also analyzed the binding energy of dimethyl male-

ate–TiCl4 complexes.  Monodentate and bidentate coordination
manners exist in the maleate–TiCl4 complex, and the binding
energy of the bidentate complex (8.9 kcal mol−1) is only slight-
ly larger than that of the monodentate complex (6.3 kcal mol−1).

Table 6.   The Most Stable Structures of Dimethyl Maleate–
Lewis Acid Complexes

B3LYP/6-31G*

BF3 ZZc-Ⅰ type
BCl3 ZZc-Ⅰ typea)

AlH2
+ ZZ(chelate) type

AlMe2
+ ZZ(chelate) type

AlH3 ZZc-Ⅰ
AlMe3 ZZc-Ⅰ type
AlCl3 ZZc-Ⅰ type
TiCl4 1a)

SnH4 a weak complexa)

SnCl4 1 typea)

a) Only RHF geometry determination was performed.
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However, the results given in Fig. 10 show that both the defor-
mation and interaction are more significant in the bidentate
complex.  While the case of the monodentate complex, the de-
formation energy is 19.4 kcal mol−1 (EDM and EL are 5.6 and
13.8 kcal mol−1, respectively) and the interaction energy is
−25.7 kcal mol−1, in the case of the bidentate complex they
are 40.3 (EDM = 9.9 kcal mol−1 and EL = 30.4 kcal mol−1) and
−49.2 kcal mol−1, respectively.  One can notice that in the bi-
dentate complex the deformation of TiCl4, giving the unstable
butterfly structure, requires a larger deformation energy.
Though the butterfly structure is unstable, it is appropriate for
bidentate coordination.  Concerning the interaction energy,
that of the bidentate complex (−49.2 kcal mol−1) is nearly
twice as large as that of the monodentate complex (−25.7 kcal

mol−1).
From the above results we can mention that the interaction

energy in a monodentate complex is −25 to −30 kcal mol−1

and that in a bidentate complex it is twice as large.  If an addi-
tional factor such as an electrostatic interaction exists, the in-
teraction energy would increase more, as seen for dimethyl
maleate–AlH2

+.

Conclusion

The present study revealed that dimethyl maleate has a pe-
culiarity in equilibrium structures; one of the OwC–O planes is
nearly perpendicular to the C–CwC–C plane.  It seems reason-
able to suppose that the –CHwCH–COOCH3 moiety in dimeth-
yl maleate behaves almost independently from the –COOCH3

Fig. 10.   Energy change during complexation of dimethyl maleate and Lewis acids calculated at the B3LYP/6-31G* levels.  Com-
plexation was assumed to pass through deformed dimethyl maleate and Lewis acids, so that in the first step isolated dimethyl
maleate and Lewis acids deform and in the second step complexation takes place between them.  Energy change of the first step is
deformation energy, that of the second step is called interaction energy, and the sum of them corresponds to the binding energy
(BE).
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moiety.  The peculiarity in the equilibrium structures is pro-
posed to be an important origin for the unique properties of
maleate.  The conformation of the maleate moiety was main-
tained in the complexes of maleate and a monodentate Lewis
acid, such as AlCl3.  Bidentate complexation is possible only if
two (or more) coordination sites are available on a Lewis acid.
TiCl4 and SnCl4 are such a case.  We also analyzed the binding
energies for those complexes by decomposing them into the
deformation energy and the interaction energy.  The interaction
energy in a monodentate complex is −25 to −30 kcal mol−1,
and that in a bidentate complex is twice as large.  An additional
electrostatic interaction would increase the interaction energy.
Calculations of the reactions concerning these equilibrium
structures are in progress in order to clarify the reasons for the
peculiarities of the reactivity of dialkyl maleates.

Computational Methods

Theoretical calculations were performed using the Gaussian
94 and 98 programs,13,14 initially at the restricted Hartree–Fock
(RHF) level with the 6-31G* basis set.  Subsequently, gradi-
ent-corrected density functional theory (DFT) with Becke’s
three-parameter exchange with the Lee, Yang, and Parr correla-
tion functional (B3LYP),15 were carried out using the 6-31G*
basis set.  Fourth-order Møller-Plesset perturbation theory
(MP4)16 was used to confirm the relative energy difference of
methyl acrylate.  For the Sn atom we used the Wadt-Hay effec-
tive core potential with double zeta basis functions17 with an
additional d polarization function (the exponent is 0.183).  Af-
ter satisfactory geometry optimization, the vibrational spec-
trum of each species was calculated.

NK was supported by a Grant-in-Aid on the priority area
from the Ministry of Education, Culture, Sports, Science and
Technology.  Part of the calculations was carried out at the Re-
search Center for Computational Science, Okazaki National
Research Institutes.
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