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Abstract Synthetic and theoretical studies were performed
to gain insight into the regioselectivity in the mechanism of
aspartyl-isoaspartyl formation, modeled by additions of am-
monia and primary amines to methyl maleamate. Reactions
between maleamate and aliphatic, araliphatic amines or O-
methyl acetimidate lead to the formation of N-substituted
isoasparaginates. The size of the amine and the activating
effect of the amide and ester group on the double bond are
the determining factors of the site of addition. The formation
of both isomers was observed only in the case of ammonia
addition. The regioselectivity was predicted on the basis of
the charge distribution for low-energy methyl maleamate
conformers, calculated at the B3LYP/6-311++G(2df,2pd)//
B3LYP/6-31+G(d) level, both in gas phase and in methanol.
The methyl isoasparaginate over methyl asparaginate prod-
uct ratio was computed based on the free energy Boltzmann
distribution of their conformers. The calculated 2 : 1 ratio is
in agreement with the experimental regioselectivity of the
addition of nitrogen nucleophiles.

Keywords aza-Michael addition . Methyl maleamate .

N-nucleophiles . Regioselectivity . IEF-PCM/B3LYP
calculations

Introduction

Post-translation modifications of endogenous protein side
chains have the ability to influence structure and biological
activity [1, 2]. The historically unresolved problem of
aspartyl peptide bond rearrangements leading to β-peptide
formation is the focus of numerous biological, biochemical
and chemical studies [3–5]. Aspartates and asparagines can
undergo intramolecular cyclization to form a five-member
succinimide ring through the nucleophilic attack of the adja-
cent peptide bond amide nitrogen on the side-chain carbonyl
[2, 6]. Succinimides are unstable and undergo rapid hydrolysis
to a mixture of aspartate and isoaspartate products (Fig. 1).
The rearranged beta-peptide residue can affect both the struc-
ture and function of polypeptides and may underlie a portion
of the aging-related loss of cellular and tissue function [7, 8].
The physiological importance of isoaspartate formation is
supported by the presence of the highly conserved enzyme
protein isoaspartate methyltransferase (PIMT), which cata-
lyzes transfer of a methyl group from S-adenosylmethionine
to the α-carboxyl group of an isoaspartate to stimulate re-
formation of the succinimide [9]. Subsequent hydrolysis of
this ring results in a fraction of the original isoaspartates being
converted to aspartates. Isoaspartates remain the predominant
product (65–85%) of succinimide hydrolysis, multiple rounds
of repair are required for more complete conversion of an
isoaspartate to aspartate. This represents true repair only when
the initiating residue was an aspartate as asparagines are not
regenerated [10].

Other biochemical transformations are also known for
reversible carbon–nitrogen bond breaking leading to modi-
fied structures of amino acids. Aspartate ammonia lyases
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catalyze the reversible elimination of ammonia from L-aspartate
to yield fumarate [11] (Fig. 1). The reverse reaction, i.e., the
amination of fumarate, is also catalyzed by different aspartate
ammonia lyases [12]. The yields are usually quantitative, and
the product L-aspartic acid is obtained in over 99 % enantio-
meric purity. The industrial production of aspartame is based on
this reaction [13]. In spite of the well-known biochemical sig-
nificance of fumarate/maleamate, no comprehensive report on
the interaction between these two pathways has ever appeared.

Maleate and its amide, maleamate are inhibitors of en-
zymes in cellular metabolism of aspartate [14]. Their reactiv-
ities, including Michael-acceptor properties are fundamental fac-
tors to elucidating their biological roles, in relation with post-
translational peptide modifications. Under physiological condi-
tions maleate is transformed by nucleophilic addition (OH, R-
NH2, SH) to malate, aspartate or thiosuccinate derivatives.

The endogenous maleamate formation (maleamate path-
way) was observed during oxidative metabolism of pyridine
compounds (NAD, NADH) [15, 16], and maleamate is an
intermediate in the catabolism of gentisate [17]. The cyclic
elimination mechanism of amides may lead to a maleamate
product (Fig. 2) [18].

We have recently reported the selective synthesis [19] and
physicochemical investigation [20] of NMDA and its amide
derivatives by the Michael addition of methylamine to un-
symmetrical maleamic and fumaric acid esters. The reaction
could be controlled effectively and both regioisomers could be
prepared with good-to-high selectivity. We also realized the
importance of aspartyl-rearrangement [21], which prompted

us to elucidate the influencing factors of regioselective aspartate
formation related to endogenous peptide recovery.

Materials and methods

Experimental

All reagents and solvents were purchased from Sigma-Aldrich
(St. Louis, MO), and were used as received. Melting points were
taken on a Boethius apparatus and are uncorrected. Elemental
analyses (C, H, N) were carried out on a Carlo Erba NA-1500
analyzer (http://www.carloerbareagents.com/), the results were
within 0.4 % of the theoretical values. Mass spectra were
recorded with a Thermo Finnigan LCQ Advantage LC-MS
spectrometer (http://www.thermoscientific.com), used inESI pos-
itive or negative ion mode. NMR spectra were recorded on a
600 MHz Varian VNMRS instrument (http://www.agilent.com).
DMSO-d6 (TMS as internal standard) was used as solvent.

The 1H- and 13C-NMR spectra of the compounds were
assigned based on one and two-dimensional, homo- and
hetero-nuclear NMR experiments. The product ratio (Table 1)
was determined by integration of the methine proton signals in
the NMR spectra of the crude isomer mixtures.

General procedure for N-alkyl-DL-isoasparagine β-methyl
esters

To a methanolic solution (8 ml) of methyl maleamate
(0.01 mol), methanol solution (4 ml) of amine (0.01 mol)
was added at 0 °C. The reaction mixture was stirred for 24 h
at 20 °C. The solvent was evaporated in vacuo to dryness. A
transparent oil of N-alkyl-DL-isoasparagine β-methyl esters
was obtained in good yield. (Table 1)

The isoasparagine β-methyl ester and its other N-substituted
derivativeswere prepared in a similarmanner by using ammonia
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or the appropriate amine in methanolic solution. Analytically
pure samples were isolated by a modified procedure: the crude
product was dissolved in ethyl acetate and washed with 2 % aq.
acetic acid, and then 5 % aq. sodium carbonate solution, dried
over anhydrous magnesium sulfate and the solvent was evapo-
rated under reduced pressure. In the case of aromatic amines the
ethyl acetate solution was decolorized by charcoal. (Table 1)
Spectroscopic details and elemental analyses are given in
Supplementary material.

O-methoxyethylidene-DL-isoasparagine β-methyl ester (12)

Methyl acetimidate hydrochloride salt (1,09 g) was dissolved
in methanol (20 mL) and cooled to 0 °C. 0.23 g sodium was
dissolved in metanol (5 mL) and added drop-wise to imidate
salt solution. After stirring the reaction mixture at 0 °C for
30 min the precipitated sodium chloride was filtered and
methyl maleamate (1.29 g, 0.01 mol) was added to the
solution. The reaction mixture was stirred for 24 h at 20 °C.
The solvent was evaporated in vacuo to dryness. The residue
was taken up in ethyl acetate (30 mL), extracted with 5 %
sodium carbonate solution (2×10 mL and brine (2×10 mL.
The solution was dried over sodium sulfate and evaporated in
vacuo to give a colorless oil of 12 (1.09 g, 54 %).

1H-NMR (DMSO-d6, 600 MHz): %=2.03 (3H,s), 3.08 (2H,
d, J=6.48), 3.58 (3H,s), 3.73 (3H,s), 4.54 (1H, t, J=6.48). 13C-
NMR: 34.5 (3-CH2), 37.1 (N-Me), 48.6 (OMe), 64.8 (2-CH),
172.70 (C=N),173.3 (4-C=O) 176.2 (1-C=O). MW = 202,21
ESI-MS m/z: 202.28 M + H]+ Anal. Calc. for C8H14N2O4

C = 47.52 % H = 6.98 %, N=13.85 %,
Found C = 47.59 %, H = 7.01 %, N=13.73 %

N-acetyl-DL-isoasparagine β-methyl ester (13)

O-methoxyethylidene-DL-isoasparagine β-methyl ester (12)
(1 g, 0.05 mol) was dissolved in 5 % acetic acid solution
(10 mL) and heated in water bath at 50 °C for 5 h. The water

layer was extracted with ether (2×10 mL, then with
dichlorometane (3×20 mL. The combined dichlorometane ex-
tracts were washed with brine, dried over sodium sulfate and
evaporated in vacuo to give a colorless oil of 13 (0.82 g, 88 %).

1H-NMR (DMSO-d6, 600 MHz): %=1.91 (3H), 2.87
(2H, d, J=4.65), 3.75 (3H,s), 4.94 (1H, t, J=4.65).

13C-NMR: 38.7 (3-CH2), 47.9 (OCH3),: 57.6 (2-CH),
(169.8 CH3C=O),174.2 (4-C=O), 177.7 (1-C=O).

MW = 188,18 ESI-MS m/z: 188,18 M + H]+ Anal. Calc.
for C7H12N2O4 C = 44.68 % H=6.43 % N=14.89 %. Found

C = 44.84 % H = 6.47 % N=14.71 %.
The combined ether extracts were washed with 5 % sodi-

um carbonate solution (2×5 mL and brine (10 mL), dried
over sodium sulfate and evaporated in vacuo. The solid
residue was crystallised from ether-hexane to give ethyl
(2-methyl-5-hydroxy-imidazol-4-yl)-acetate (14) as white
crystals (0.1 g, 12 %).

1H-NMR (DMSO-d6, 600 MHz): %=3.60 (1, 3H), 8.36
(4, 1H), 2.79 (5, 2H, d, J=4.647), 4.82 (11, 1H, t, J=4.647).

13C-NMR: 22,3 (CH3), 37.8 (CH2), 60.10 (OCH2) 131.4
(Im-4), 156.5 (Im-2), 170.1(CO), 172.4 (Im-5).

MW = 156,14 ESI-MS m/z: 156,15 M + H]+ Anal. Calc.
for C6H8N2O3 C = 46.15 % H = 5.16 % N=17.94 %.

Found C = 46.23 % H = 5.18 % N=17.81 %.

Computational methods

Starting and resulting structures were drawn and visualized
by SYBYL 7.0 [22]. The computations were performed by
means of Gaussian 03 software [23]. The conformational
search for methyl maleamate was carried out at the
B3LYP/6-31+G(d) level in the gas phase [24–26]. In addi-
tion to the more standard 6-31G(d) basis set, diffuse func-
tions on heavy atoms were applied in order to get a better
representation of the lone pairs involved in hydrogen bonds
and also n–π* interactions. The relevant structures were re-
optimized in methanol at the IEF-PCM/B3LYP/6-31+G(d)

Table 1 1,4-Addition products of amines to methyl maleamate

R Yield Melting point (°C) Ratio of i/a Ratio of i/a NaOMe/MeOH CH i (ppm) CH a (ppm)

1 H 66 – 72:28 30:70 3.34 3.28

2 CH3 98 – 100 26:74 3.29 3.18

3 C2H5 95 – 100 23:77 3.28 3.21

4 C3H7 91 – 100 21:79 3.39 3.26

5 n-C4H9 84 – 100 21:79 3.35 3.32

6 Cyclohexyl 76 41–44 100 19:81 3.36 3.30

7 C6H5-CH2- 96 112–114 100 22:78 3.72 3.57

8 C6H5-CH2-CH2- 87 77–78 100 24:76 3.42 3.35

9 2-(Imidazol-4-yl) -ethyl 92 53–54 100 17:83 3.46 3.32

10 C6H5 89 90–93 100 20:80 3.84 3.68

11 2-Pyridyl 74 126–127 100 15:85 3.97 3.83
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level [27]. Molecular orbital and charge distribution computa-
tions were performed at both levels. Charges were derived by
natural population analysis (NPA) [28] as well as by the elec-
trostatic potential using the Merz-Kollman-Sing [29] and
CHELPG [30] methods. Molecular orbitals were analyzed and
visualized using Gabedit software [31]. In vacuo geometry
optimizations and single point calculations were also performed.

The major in-methanol conformers of the adduct were
optimized at the IEF-PCM/B3LYP/6-31+G(d) level from
approximate geometries. Energy minima were identified by
all positive vibrational frequencies. The single point energies
were calculated at the IEF-PCM/B3LYP/6-311++G(2df,2pd)
level, and thermal corrections were obtained from the IEF-
PCM/B3LYP/6-31+G(d) frequency calculations. The rela-
tive free energy in the gas phase was calculated as

ΔG tot; gasð Þ ¼ ΔE gasð Þ þ ΔG 298; gasð Þ ð1Þ
whereΔE(gas) is the electronic energy in the gas phase, and
ΔG(298,gas) is the thermal correction for the free energy in
vacuo, at T = 298 K and p=1 atm, calculated in the rigid-
rotor, harmonic oscillator approximation.

For the in-solution structural isomers,

ΔG tot; solð Þ ¼ Δ < Ψ Hj jΨ > þΔ < Ψ 1=2Vj jΨ >

þ ΔG drcð Þ þ ΔG 298; solð Þ

ð2Þ

where H and V stand for the Hamiltonian and the reaction
field operator, respectively.Δ<Ψ|H|Ψ> =ΔE(int) andΔ<Ψ|
H+1/2V|Ψ> = ΔE(tot) provide the change of the internal
energy and the total relative electrostatic free energy of the
solutes, respectively. ΔG(drc) stands for the relative
dispersion-repulsion-cavity formation free energy, and the
definition of ΔG(298,sol) is the same as in Eq. (1), but
calculated in solution.

The model follows the conjugate addition of ammonia
separately to the vinylogous carbons of the ester or the amide
group, forming asparaginate (a) or isoasparaginate (i) on
thermodynamic basis.

The Boltzmann distribution for the product conformers
was calculated according to Eq. (3)

species % ¼ 100
giexp −ΔG tot; solð Þi=kBT

� �
X

i

giexp −ΔG tot; solð Þi=kBT
� � ð3Þ

where gi is the degeneracy (the number of occurrences of the
same energy level) of the species, ΔG(tot,sol)i is the total
free energy for each species in solution, kB is the Boltzmann
constant, and T is the temperature.

B3LYP/6-31G(d) computations have been used to study
cyclization, deamidation and hydrolysis reactions of aspara-
gine moieties in peptides and enzymes [32, 33]. Related

reaction mechanisms occur at the ammonia addition to acro-
lein, acrylonitrile, and acrylic acid [34], at the nucleophilic
substitution of 4H-pyran-4-one and 2-methyl-4H-pyran-4-
one with ammonia [35]. Calculations of global and local
electrophilicity indices were performed for several substitut-
ed Michael acceptors [36]. Many of them apply hybrid DFT,
especially B3LYP methods. So far, however, no theoretical
calculation was reported on the regioselective formation of
asparaginates that could predict the ratio of isomers.
Chemical reactions of interacting species may lead to different
products in the gas phase and in solution [37]. In the case of
methyl maleamate we have also taken into account the influ-
ence of the interactions of the two carbonyl moieties. On the
basis of a literature survey, the B3LYPmethod was selected for
modeling of ammonia addition to methyl maleamate, to predict
the addition site and quantitative product ratio.

Results and discussion

Synthesis

The Michael reaction is one of the most versatile reactions in
organic synthesis owing to its mild reaction conditions,
minimal by-product formation, high functional group toler-
ance and high conversion under optimal conditions [38].
Extensive use of the aza-Michael reaction for the synthesis
of alpha- and beta-amino acids led to development of nu-
merous improved methodologies (catalytic [39], chiral cata-
lytic [40, 41], biocatalytic [42], microwave induced [43]
procedures).

Efficient control of selectivity during chemical transfor-
mations has been of great interest in the field of organic
chemistry. Maleamic esters are used as active C4 building
blocks due to the presence of two carboxyl groups that
enhance the reactivity of the carbon–carbon double bond.
Different derivatization of the two carboxyl groups, howev-
er, incurs the problem of regioselectivity, since the steric
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and/or electronic differences of the substituents are usually
insufficient to provide control in practical syntheses. To the
best of our knowledge, there have been only two reports on
this issue, in which a mixture of two regioisomer esters were
formed with poor regioselectivity [44, 45]. No data are
available in the literature on the addition of ammonia or
other amines to unsymmetrical fumaramates or maleamates.

Since amines are both nucleophiles and bases, an addi-
tional base catalyst is unnecessary in the investigated addi-
tions. Under aza-Michael addition conditions, the ester
group in the amide ester acts as a much stronger activating
group than the amide so the amine preferentially attacks the
β-carbon of the ester group (Fig. 3, Table 1). According to
literature reports, ethyl acrylate reacts 85 times faster than
acryl amide with nucleophilic agents [46].

Only primary amines were reactive enough to be used for
preparation of model compounds. In order to clarify the
regioselectivity of the addition we studied the formation of
N-substitutedmethyl isoasparaginates and asparaginates in the
reaction of different amines (including biogenic amines) bear-
ing various types of subtituents and O-methyl acetimidate
with methyl maleamate.

The addition of ammonia and substituted primary amines
to methyl maleamate was investigated under identical reac-
tion conditions. Short chain primary aliphatic and aromatic
amines were reacted with methyl maleamate leading to the
formation of mono-derivatives without additional catalyst at
room temperature. Upon increasing the length of the aliphat-
ic group, the reaction rate of the amines with maleamate
becomes lower, probably due to the increasing steric hin-
drance. The formation of methyl asparaginate (a) was only
found in the case of ammonia, the reaction with any other
amine leads exclusively to methyl isoasparaginate (i) forma-
tion. The steric influence of the N-substitutent is a major
determining factor in the site of addition. The reactions of
methyl maleamate with amines in methanolic solution at
room temperature after 24 h provided the N-substituted
isoasparaginates in medium to good yields (Table 1).

Treatment of N-substituted methyl isoasparaginates with
sodium methylate in methanol at room temperature led to
formation of the appropriate asparaginates as major products
via base catalyzed succinimide ring closure and the subse-
quent ring opening (Table 1).

In addition to these experiments, we investigated the O-
methyl acetimidate addition for modeling of regioselectivity
in methanolic solution under the same conditions, (Fig. 3,
Table 1, 13). After addition, mild acidic hydrolysis provided
N-acetyl-isoasparagine methylester (13) at room tempera-
ture. In this reaction, small amounts of side products were
formed in a consecutive condensation of the O-methyl
acetimidate adduct (12) by intramolecular ring closure to
an imidazole derivative (14).

The addition of ammonia led to the formation of both
regioisomers. The isomer ratio was found to be 72:28 in
methanol at room temperature. We made theoretical calcula-
tions, in order to elucidate factors influencing the reactivity
and selectivity of addition to the model compound methyl
maleamate.

Modeling and characterization of the conformers of methyl
maleamate

Geometries and energies

The title molecule bears rigorous structural constraints. Due
to π-electron delocalization over the whole molecular back-
bone, high stability against rotations around the carbon–
carbon single bonds (C1–C2 and C3–C4, Fig. 4) is expected.
In the studied C–C=C–C cis isomer, however, considerable
repulsion is expected between the oxygens of the end-groups
in some arrangements. Such repulsion does not exist in the
C–C=C–C trans isomer. Repulsive interactions occur be-
tween two carbonyl oxygens, or between the amide carbonyl
oxygen and the sp3 oxygen in the ester group. On the other
hand, attractive interactions may arise due to an intramolecu-
lar hydrogen bond between an amide hydrogen and any
oxygen in the ester group. Furthermore, attractive n–π* in-
teractions may come into existence in some non-planar forms,
when a carbonyl oxygen lone electron pair is nearly perpen-
dicular to the plane of the other carboxylic function, and the
two moieties involved can reach the desired proximity.

In this case, the non-bonding electron pair of the donor
group may interact with one of the antibonding orbitals
centered mainly on the other carbonyl group [47].

The conformational potential electrostatic surface (PES) was
explored in vacuo by rotations in 60° steps around each of the
C1–C2 and C3–C4 single bonds in the range (−180°, +180°) for
the corresponding torsion angles (φest = O7-C1-C2-C3 and
φam = N8-C4-C3-C2; Fig. 4). Based on the low-energy struc-
tures obtained, full optimization was performed both in vacuo
and in methanol.
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Two, primarily planar minima were found both in vacuo
and in methanol. The deepest minimum was found for m1

with φam ≈ 0° and φest ≈ 180°. For m2 in methanol, the
torsion angles deviate by about 10°. (See Table 2).

Fig. 6 Structures of m3 and m4 with n–π* interactions in methanol (see legend to Fig. 5 for details, full geometric details in Table 2)

Table 3 Molecular orbital (MO)
coefficients for the three highest
occupied MOs (HOMO) in m3
and m4 conformers of methyl
maleamate

m3 m4

O5 HOMO-2 HOMO-1 HOMO O6 HOMO-2 HOMO-1 HOMO

IEF-PCM/B3LYP/6-31+G(d)

2px 0.49 0.18 −0.07 2px 0.07 −0.09 0.43

2py 0.17 0.04 −0.01 2py 0.17 0.05 −0.39

2pz −0.07 0.04 −0.10 2pz 0.40 −0.04 0.06

IEF-PCM/B3LYP/6-311++G(2df,2pd)

2px 0.23 0.09 −0.03 2px 0.04 0.04 0.20

2py 0.08 0.02 −0.01 2py 0.08 −0.03 −0.18

2pz −0.03 0.02 −0.04 2pz 0.19 0.00 0.03

Fig. 5 Structures of m1 and m2 stabilized by hydrogen bridges in
vacuo and in methanol. Purple numbers Dihedral angles defined by
atoms N8-C4-C3-C2 (Фam), green numbers O7-C1-C2-C3 dihedral

angles (Фest); all values in degrees. Yellow numbers Length of intra-
molecular hydrogen bonds (Ångstroms). A more detailed geometric
comparison is given in Table 2
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The stability of these structures is due primarily to their
nearly co-planar heavy atom skeletons and an intramolecular
N–H⋯O hydrogen bond (Fig. 5).

The conformerm1 is still lower inΔE(tot) by as much as
almost 5 kcal mol−1 in vacuo and by about 3.4 kcal mol−1 in
methanol. The N–H⋯O = C hydrogen bonds are, however,
shorter than the ones between the amide N–H and the sp3 ester
oxygen (Table 2). This considerable energy difference can be
interpreted as the consequence of a more expressed hydrogen-
bond acceptor character for a carbonyl than that of an sp3 oxygen.
As a result, theΔG(298) correction is about −1 to −2 kcal mol−1

(Table 2). The population ofm1 is still overwhelming both in the
gas phase and in methanol.

Independently of the PES scan, we also sought for con-
formers stabilized by n–π* interactions. Due to symmetry, three
types of such methyl maleamate conformers may exist. One of
the carbonyl oxygens, or the sp3 oxygen of the ester group can
donate a lone electron pair to the carbonyl carbon of the other
carboxyl-derivative group. The two conformers with the carbon-
yl oxygen donors (referred as m3 and m4), were found in
methanol (Fig. 6) [47], but onlym4 was found in vacuo.

It is thought that the proximity of the amide hydrogen and
the sp2 ester oxygen leads to the destabilization ofm3 and to
the conversion of m1.

Conformer m4 is of high free energy (3.6–4.3 kcal mol−1)
and it barely appears in the equilibrium mixture. Methanol,
however, largely stabilizes conformers m3 and m4 providing
a relative G(tot) of 1–2 kcal mol−1 (Table 2). Thus occurrence
of these conformers is allowed, albeit in low populations.

Comparative analysis of the molecular orbitals
of the conformers

Molecular orbital calculations were performed to interpret
the results for conformersm3 andm4. The n–π* interactions
may be encountered if high LCAO-MO coefficients for
atomic orbitals of one of the oxygens are found in HOMO,
HOMO-1 or HOMO-2, and the directions of these atomic
orbitals permit the interaction with other orbitals at a nearby
amide/ester carbon atom. According to the literature data, for
characterizing regioselectivity of the thiolate addition to
unsymmetrical fumarate esters, coefficients of LUMO were

Fig. 7 Highest occupied
molecular orbital (HOMO)-2
orbital for m3 (left) and HOMO
for m4 (right) (with 6-311++G
(2df,2pd) basis set)

Table 4 Charges calculated with different methods in vacuo and in solvent environment for the conformers of the methyl maleamate

m1 m2 m3 m4

C3 C2 C3 C2 C3 C2 C3 C2

IEF-PCM/B3LYP/6-31+G(d)

NPA −0.22 −0.29 −0.23 −0.29 −0.22 −0.32 −0.30 −0.24

CHELPG −0.15 −0.31 −0.18 −0.30 −0.15 −0.35 −0.18 −0.38

MKS −0.16 −0.43 −0.19 −0.40 −0.24 −0.42 −0.12 −0.57

B3LYP/6-31+G(d) in vacuo

NPA −0.20 −0.32 −0.22 −0.31 n/a n/a −0.31 −0.22

CHELPG −0.11 −0.34 −0.16 −0.30 n/a n/a −0.18 −0.33

MKS −0.12 −0.45 −0.19 −0.38 n/a n/a −0.13 −0.50

IEF-PCM/B3LYP/6-311++G(2df,2pd)

NPA −0.18 −0.26 −0.19 −0.25 −0.18 −0.29 −0.26 −0.20

CHELPG −0.15 −0.29 −0.17 −0.29 −0.15 −0.33 −0.17 −0.37

MKS −0.15 −0.41 −0.18 −0.39 −0.23 −0.41 −0.12 −0.55

B3LYP/6-311++G(2df,2pd) in vacuo

NPA −0.16 −0.28 −0.18 −0.27 n/a n/a −0.27 −0.18

CHELPG −0.11 −0.31 −0.16 −0.28 n/a n/a −0.18 −0.31

MKS −0.12 −0.43 −0.18 −0.36 n/a n/a −0.13 −0.48
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calculated by the PM3 semiempirical method [45]. Due to
the trans-orientation in fumarates, there are no direct inter-
actions between the two carboxyl moieties, which makes
their modeling simpler than that of the maleate derivatives.
The selected coefficients in Table 3 indicate that the HOMO-
2 for m3 and the HOMO for m4 nearly correspond to lone
pairs of an sp2 oxygen.

By drawing the electron density surface for these orbitals
(Fig. 7), the orientations of the lobes allow the oxygens acting
as donor atoms for n–π* interactions. These orbitals are
mainly built of the px and py orbitals of the two sp2 oxygens.

The symmetry axes of the corresponding lone pairs on the
oxygens lie in the line connecting the oxygen and the car-
bonyl carbon in the other group. Results obtained with the
6-31+G(d) basis set agree with those from 6-311++G(2df,2pd)
basis set calculations.

Charge distributions of the conformers

Charge distributions calculated with two different basis sets
in the gas phase and in methanol are compared in Table 4 for
selected charges. The aim of the calculations was to see
whether the charge distribution of the isolated methyl
maleamate can predict the site of the nucleophilic attack.

The less negative charge is favorable in this respect. In
terms of negativity, the relation C2 > C3 holds with all three
methods for conformers m1, m2 and m3. Only the natural
population analysis (NPA) method predicts slightly more
negative charge for C3 in m4, but this conformer is a minor
component in the equilibrium mixture.

Thus the results for the major reaction site are in accord
with the experiments regarding the amine additions. Since
the charge difference is present both in gas phase and in

Table 5 Electronic energies, solvation energies, thermodynamic quantities and the distinctive structural properties of the adduct conformers. Energies in
kcal mol-1 relative to i1. For term definitions, see Table 2. HB lengths refer to the corresponding O⋯H or N⋯H distances, and are in Ångstroms

ΔE(int) ΔE(tot) ΔG(drc) ΔG(solv) ΔG(298) ΔG(tot)

i1 0.000 0.000 0.000 0.000 0.000 0.000

i2 0.082 0.694 −0.160 0.534 −0.138 0.396

i3 3.109 1.367 0.080 1.447 −0.004 1.444

i4 3.409 1.261 0.270 1.531 0.247 1.778

i5 4.251 1.654 0.380 2.034 −0.206 1.828

i6 2.362 2.525 −0.520 2.005 −0.023 1.983

i7 4.412 1.812 0.460 2.272 0.252 2.523

a1 4.041 0.863 0.440 1.303 −0.658 0.645

a2 3.453 1.516 0.230 1.746 −0.905 0.841

a3 3.477 1.752 0.610 2.362 −0.946 1.416

a4 6.045 2.356 0.680 3.036 −1.517 1.520

a5 6.626 1.915 0.520 2.435 −0.854 1.581

a6 2.802 1.943 0.160 2.103 −0.436 1.667

a7 2.670 1.383 0.090 1.473 0.629 2.102

a8 8.272 3.289 0.710 3.999 −0.747 3.252

C1-C2-C3-C4 C1-C2-C3-N17 HB donor HB acceptor HB length

i1 −65.7 63.2 amide(I), amine(II) amine(I), ester Osp2(II) 2.222(I), 2.395(II)

i2 168.7 −69.1 amide(I), amine(II) amine(I), ester Osp2(II) 2.232(I), 2.208(II)

i3 164.4 −73.5 amide(I), amine(II) amine(I), ester Osp3(II) 2.234(I), 2.268(II)

i4 −54.6 74.5 amide(I), amine(II) amine(I), ester Osp3(II) 2.247(I), 2.322(II)

i5 68.9 −169.7 amide amine 2.249

i6 85.0 −154.4 amide(I), amine(II) ester O sp2(I), amide Osp2(II) 1.946(I), 2.254(II)

i7 −70.7 54.0 amide amine 2.234

a1 167.0 −67.6 amine ester Osp2 2.610

a2 −61.6 67.4 amine(I,II) amide Osp2(I), ester Osp2(II) 2.426(I), 2.671(II)

a3 62.1 −175.1 none none none

a4 57.9 −177.7 none none none

a5 165.3 −67.4 amine ester Osp3 2.523

a6 −64.5 66.5 amine(I,II) amide Osp2(I), ester Osp3(II) 2.384(I), 2.549(II)

a7 −57.7 65.6 amide(I), amine(II) amine(I), ester Osp2(II) 2.046(I), 2.393(II)

a8 70 −162.5 amine ester Osp3 2.495
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methanol, the less negative C3 compared to C2 atom is
apparently an intrinsic property of the structures.

Reaction product calculations for the Michael addition
with ammonia

Experimental analysis of the reaction products indicated the
preference of the 1,4 amine additions to methyl maleamate.
Concerning calculations, it is difficult to reach local minima
and/or TS structures for clusters of molecules, and conver-
gence problems are also likely with larger basis sets.
Furthermore, many of the reached local minima for these
van der Waals complexes may be of little interest for the
reaction PES. Thus the question remained whether the theory
could predict energetically the preference of the experimen-
tally observed isoasparaginate product. For the reaction
products, geometries of three major staggered conformations
with C1-C2-C3-C4 dihedral angles of approximately ±60°
(gauche+, gauche−) and 180° (trans) were optimized for each
of the isoasparaginate and asparaginate adducts in methanol.
However, because of the possibility of intramolecular
hydrogen-bonds between the amine, amide and the ester
groups, consideration of further conformers in accord with
the conformations above became important. A total of seven
isoasparaginate and eight asparaginate conformers were
found (Table 5). As of lowest total energy and free energy,
an isoasparaginate structure, i1, was found in accord with the
experiment. This structure corresponds to a C1-C2-C3-C4

gauche- species with two intramolecular bonds.
All energy data in Table 5 are relative values referring to

the corresponding i1 term. The basically trans i2 conformer
is of higher free energy by only 0.40 kcal mol−1. Both i1 and

i2 are stabilized by two intramolecular hydrogen bonds. Two
low free-energy asparaginate isomers, a1 and a2 were iden-
tified with relative ΔG(tot) values of 0.64 and 0.84
kcal mol−1, respectively. Structures corresponding to the
two isoasparaginate and asparaginate conformers with the
lowest ΔG(tot) values are shown in Fig. 8.

The overall ratio for the isoasparaginate and asparaginate
products coming from Eq. (3) is about 67:33, provided the
system is in thermodynamic equilibrium. The weak internal
H-bonds play a crucial role in stabilizing the lowest energy
conformers.

All of the isomers/conformers (Table 5) other than the
abovementioned four have relative free energies of more
than 1.4 kcal mol−1 in contrast to i1, thus their populations
in the equilibrium mixture are minor at T = 298 K.

Conclusions

Maleate and fumarate—two isomeric unsaturated dicarbox-
ylic acids—are products of different metabolic processes and
play important biological roles in living organisms including
formation of aspartate derivatives. The reactivity of methyl
maleamate toward different types of primary amines in
regioselective asparagine formation was studied to provide
insight into the mechanism of aspartyl-isoaspartyl formation.
An N-substituted series of asparaginate and isoasparaginate
derivatives was synthesized to examine the influence of elec-
tronic and steric constraints of maleamate and nucleophilicity
of the amine substituents. Regioselectivity was characterized
by determination of isomer ratio in the aza-Michael addition

Fig. 8 The most stable product conformers: i1, i2, a1 and a2. Yellow numbers Lengths of hydrogen bonds
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and the base-catalyzed equilibrium between the isomers in
methanol solution.

In the reactions of substituted amines and maleamate a
regioselective process provided only the N-substituted-
isoasparagines. Both isomers were formed in reaction of
maleamate with ammonia.

Theoretical calculations at the B3LYP/6-311++G(2df,2pd)//
B3LYP/6-31+G(d) level were performed to elucidate the
influencing factors of regioselectivity. Methyl maleamate con-
formers were studied in vacuo and in methanol (IEF-PCM
approach). Calculated charge distributions predict that a nucle-
ophilic attack at the C = C double bond is more favorable at the
C atom adjacent the amide rather than the ester group. The
addition products were also characterized theoretically
by calculating relative free energies in methanol. The results
predict the thermodynamically favorable formation of methyl
isoasparaginate, the calculated ratio for the isoasparaginate
and asparaginate adducts is about 2 : 1 in the equilibrium
mixture, in good agreement with experimental results.
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