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3Núcleo de Investigações Quı́mico-Farmacêuticas, (NIQFAR)/CCS, Universidade do Vale do Itajaı́
(UNIVALI), Itajaı́, SC, Brasil
4Farmacognosia, Facultad de Ciencias Bioquı́micas y Farmacéuticas, Universidad Nacional de
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ABSTRACT: A conformational and electronic study on N-phenylalkyl-3,4-
dichloromaleimides, a new series of antifungal compounds, was carried out. In this
study ab initio [RHF/3-21G and RHF/6-31G(d)] and density functional theory (B3LYP/
6-31G(d)) calculations were performed. The effect of solvent (water) was taken into
account by performing calculations with the isodensity polarizable continuum model
method. The electronic study of the compounds was carried out using molecular
electrostatic potentials. The presence of two symmetrical aromatic systems reduces
notably the conformational possibilities of these maleimides. The results permit the
recognition of the minimal structural requirements for the production of the antifungal
response; a 3,4-dichloroimido ring and a benzene ring appear to be indispensable. Also,
theoretical calculations suggest that the optimum interatomic distance between these
moieties is about 3.5–5.0 Å. © 2003 Wiley Periodicals, Inc. Int J Quantum Chem 93: 32–46,
2003
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Introduction

T here appears to be a large and impressive
array of drugs for the treatment of fungal

infections. Unfortunately, the reality is different.
There are, in fact, only limited therapeutic options,
especially for systemic mycotic infections [1, 2].
Amphotericin B, developed in 1957–1958, remains a
widely used antifungal drug, most recently gaining
renewed life through lipid-based formulations [3].
In fact, currently available antifungal therapy is less
than optimal. It is clear that newer agents are
needed to treat the increasing incidence and sever-
ity of fungal disease.

As a part of our program aimed at identifying
novel antifungal agents, we focused on developing
antifungal compounds that would selectively in-
hibit the synthesis of the fungal cell wall [4–7].
Recently, a series of maleimides was synthesized
and assayed for antifungal activity [8]. Concerning
the antifungal activity of maleimides, 3,4-dichloro-
maleimides showed the broadest spectrum of ac-
tion inhibiting all the fungi tested. Among all de-
rivatives tested, compounds III–V displayed the
most relevant antifungal effects, compound IV be-

ing the most active molecule in this series (denoted
in bold in Table I).

Alkyl spacers of different lengths separate the
aromatic rings in these homologs. Our previous
results [8] suggest that the variation of the alkyl
chain length in these maleimides has a drastic effect
on the antifungal activity of these compounds. The
3,4-dichloromaleimide homologs with an alkyl
chain shortened to one methylene group or without
methylene (compounds II and I, Table I) displayed
a weak antifungal activity in comparison with IV.
The propylene chain of maleimides (compound IV)
is clearly optimal for the antifungal effect in this
series. Elongation of the alkyl chain results in a
sudden decrease in potency. Thus, compound V
displays a lower antifungal activity with respect to
IV. It is clear that the conformational aspect of each
molecule under investigation is a relevant factor,
which will give some new insights in the mecha-
nism of action of these compounds at the molecular
level. Thus, the alkyl chain methylated maleimide
analogs become valuable tools in molecular model-
ing studies.

The postulate that a molecule has to assume a
particular conformation to function at a receptor

TABLE I ______________________________________________________________________________________________
General structural feature of maleimides and minimal inhibitory concentration (MIC) values obtained against a
panel of human pathogenic fungi.

Compound n

MIC (�g/mL)

C.a.a Cr.n.b A.n.c A.fl.d A.fu.e

I 0 50 25 50 25 50
II 1 25 12.5 �50 �50 25
III 2 �50 �50 6.25 6.25 6.25
IV 3 6.25 1.56 6.25 6.25 6.25
V 4 25 6.25 25 12.5 25
Amphotericin B 0.75 0.40 0.90 3 3
Ketoconazole 8 2 12.5 30 20

The MIC values were reported in Ref. [8].
a Candida albicans ATCC 10231.
b Cryptococcus neoformans ATCC 32264.
c Aspergillus niger ATCC 9029.
d Aspergillus flavus ATCC 9170.
e Aspergillus fumigatus ATCC 26934.

AB INITIO AND DFT STUDY OF DICHLOROMALEIMIDES

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 33



implies that the ability of a molecule to achieve the
required conformation would affect its activity.
This is usually interpreted in the sense that activity
will be impaired unless a molecule can assume the
active form.

The suggestion that a preferred conformation
is the active form carries with it the connotation
that the concentration of drug required for an
effect could be related to the population of drug
molecules in the requisite conformation or, for
molecules that are conformationally mobile, to
the likelihood of achieving it (depending on the
kinetics of conformer interconversion). However,
to relate the biologic activity of a ligand to its
conformational properties poses considerable
problems because it is difficult to devise mole-
cules of a given conformation without changing
some other physicochemical properties as well.
One approach to this problem might be provided
by the use of conformationally mobile analogs
where the conformational preferences differ from
those of the title compound. We considered, as a
corollary to our proposal, that if minimum energy
conformations of 3,4-dichloromaleimides are signifi-
cant, then an altered conformational preference should
be accompanied by a corresponding change in antifun-
gal activity. Such a relationship would also serve
to identify which conformation(s) should be as-
sociated with antifungal activity.

In principle, the molecules of interest are flexible
compounds, which can adopt a variety of confor-
mations dynamically interconverted one another.
Which conformations are of biologic importance is
not self-evident and, because they are in equilib-
rium, the process of interconversion between con-
formers may have biologic significance. Then, it is
imperative to define its 3-D geometry exactly in
terms of biologically relevant conformation. By rel-
evant conformation we mean the 3-D arrangement
of atoms, which has the adequate shape to produce
the biologic response. Active conformations may
not be stable in the solid phase or in solution.
Indeed, it may not be stable at all except in the
receptor environment. Because calculations are
equally valid for unstable as well as stable shapes,
they answer the following question: Is there a par-
ticular conformation of maleimides essential for the
antifungal effect? In this work an exhaustive con-
formational and electronic study of 3,4-dichloroma-
leimides was carried out using theoretical calcula-
tions.

Method of Calculation

To determine the minima on the conformational
potential energy surfaces (PESs) of 3,4-dichloroma-
leimides, fully relaxed ab initio [RHF/3-21G and
RHF/6-31G(d)] calculations were performed. Cor-
relation effects were included using density func-
tional theory (DFT) with the Becke3–Lee–Yang–
Parr (B3LYP) [9] functional and the 6-31G(d) basis
set.

An extensive search for low energy conforma-
tions on the PESs for compounds IV and V was
carried out by using a systematic search routine in
connection with the MM2 force field [10]. At first, a
systematic conformational search using the GAS-
COS algorithm [11–14] developed by our group
was carried out. Subsequently, several distinct trial
atomic spatial arrangements were used in the ge-
ometry optimization jobs using ab initio and DFT
methods to locate the possible equilibrium struc-
tures present on the multidimensional energy sur-
faces. Minima were characterized through har-
monic frequency analysis employing 3-21G,
6-31G(d) basis set and B3LYP/6-31G(d) calcula-
tions.

The effect of the solvent (water) was calculated
by the isodensity polarizable continuum model
(IPCM) method [15]. IPCM is more advanced than
the polarizable continuum model (PCM) method
[16] because in IPCM the cavity of a solute is de-
fined by the electron isodensity surface while in
PCM it is defined by the van der Waals surface. The
efficiency of this method has been widely recog-
nized in chemical behaviors in solution for small
polar molecules [17–20]. It should be emphasized,
however, that the evaluation of the solvent effect
implies a comparison to the gas-phase results.
Thus, both sets of results with and without the
solvent are required.

Rotational energy profiles around torsional an-
gles have been determined using RHF/3-21G,
B3LYP/6-31G(d), and IPCM calculations [B3LYP/
6-31��G(d,p)//6-31G(d)]. The energy has been cal-
culated at 30° intervals of the dihedral angles.

All gas-phase and aqueous-phase calculations
were performed using Gaussian 98 [21].

The electronic study of the compounds was car-
ried out by using molecular electrostatic potentials
(MEPs). MEPs have been shown to provide reliable
information, both on the interaction sites of mole-
cules with point charges and on the comparative
reactivities of these sites [22–25]. These MEPs were
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calculated using RHF/6-31�G(d) wave function
from the SPARTAN program [26]. DFT/6-31G(d)-
optimized coordinates were imported into PC
SPARTAN. To generate the wave functions, HF/6-
31�G(d) single-point calculations were performed
from PC SPARTAN.

Results and Discussion

CONFORMATIONAL ANALYSIS

The 3,4-dichloroimido ring of 3,4-dichloromale-
imides is a planar and rigid regular pentagon; sim-
ilarly, the benzene ring is a planar regular hexagon.
But, maleimides are flexible molecules and rotation
occurs at the single bonds in the alkyl chain. The
overall shape of the molecule is determined by the
orientation of the 3,4-dichloroimido ring (deter-
mined by angle �), the orientation of the benzene
ring (determined by angle �), and the conformation
of the alkyl chain (determined by angles �1 to �3,
respectively) (Table I).

Compound I (n � 0) may be regarded as a trivial
case. Although its rotation has a four-fold period-
icity (Fig. 1), in which the four low-energy minima
are degenerated, there is only one unique minimum
(conformation I in Table II and Fig. 2). Observing
the RHF/3-21G curve shown in Figure 1, it is dif-
ficult to determine whether the critical point with
� � 90° is a shallow local minimum of higher en-
ergy or extreme point of higher order, e.g., first-
order transition structure. For an unambiguous
characterisation of this point, ab initio (RHF/3-21G)
and DFT [B3LYP/6-31G(d)] harmonic frequency

calculations were performed. Both levels of theory
indicate that this critical point corresponds to a
first-order transition state exhibiting a single nega-
tive eigenvalue of the Hessian matrix.

DFT calculations predict that the rotation of the
torsional angle � is poorly restricted with an energy
barrier of 1.1 kcal/mol for the interconversion be-
tween the conformers (Fig. 1).

Compound II (n � 1) looks like a simple confor-
mational problem with two torsional angles (� and
�). The feature of this surface is given in Figure 3.
The PES has four minima but they are all equiva-
lent. Thus, compound II displays only one confor-
mation (Table II and Fig. 2). These results are in
agreement with those previously reported for di-
phenylmethane [27] and other structurally related
molecules [28].

In compound III (n � 2), when a planar moiety
of two-fold symmetry is connected to a tetrahedral
carbon of three-fold symmetry, the torsional con-
formational potential about that single bond does
not necessarily have three minima; in principle, it
may have six minima, as in the case of methylben-
zene [29]. In ethylbenzene [30], however, the six
degenerated minima are reduced to two unique
structures.

In compound III the orientations of the ring
systems are described by the dihedral angles � and
�, respectively, whereas the orientations of the al-
kyl chain are described by the dihedral angle �1.
Multidimensional conformational analysis (MDCA)
[31–33] predicts the existence of 2 � 3 � 2 � 12
legitimate minima for triple rotors with these mul-
tiplicities. However, ab initio and DFT calculations
indicate that molecule III possesses only two dif-
ferent spatial orderings: folded (IIIa) and extended
(IIIb) (Fig. 2). The extended methylene orientation
represents the global minimum at the DFT level; the
energy difference between the two low-energy con-
formations, however, is small, only 0.73 kcal/mol
(Table III).

The conformational analysis of compound III
requires at this point the evaluation of the flexibil-
ity, i.e., the energy determination of the transitional
barrier between the predicted conformers IIIa and
IIIb. This is of crucial importance because, if the
barriers are low, during molecular recognition a
molecule could be converted, with a low energy
cost, to a preferred geometry in the binding site
within the receptor. In Figures 4(a)–4(c) RHF/3-
21G and DFT energies are plotted vs. rotation an-
gles �, �, and �1 for conformation IIIb. It should be
noted that the energy scales in the figures are not

FIGURE 1. Rotational energy barrier profiles com-
puted at the RHF/3-21G and DFT levels of theory ob-
tained for compound I.
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the same, in an attempt to make the differences as
clear as possible. Looking first at the torsional an-
gles � and � [Figs. 4(a) and 4(b)] we see that the
global minimum was found to be the one in which
the planar moiety was perpendicular to the COC
bond (� and � � 90°). Of course, both of these
minima occurred twice in full 360° rotation due to
the fact that the two sides of the 3,4-dichloroimido
and benzene rings are identical. The barriers at � �
0 and 180° are relatively high, 7.8 kcal/mol at the
DFT level, about twice as high as that in �, in which
it is 3.6 kcal/mol. The difference in the heights of
the � barriers is due to the strong steric repulsion of
the carbonyl groups, which are present in the 3,4-
dichloroimido ring. Similar potential energy scans
were performed for the torsional angle �1 in the
two different conformations IIIb and IIIa [Figs. 4(c)
and 4(d), respectively]. Both figures exhibit two
minima: The first is at a dihedral angle of about 60°
and the other at the dihedral angle of 180°. The
orientation of the CH2 group at a dihedral 60° angle
refers to gauche orientation (folded form, IIIa) and
180° to anti orientation (extended form, IIIb). These
curves display a relatively shallow low-energy re-
gion between the gauche and anti conformation and
a larger cis barrier. The rotational barrier at 120° in
conformation IIIb is relatively low, 4.54 kcal/mol at
the DFT level, whereas this barrier is 4.14 kcal/mol
for conformation IIIa. Thus the gas-phase results
indicate a mixture of two conformers with a slight
predominance of the extended one.

At this stage of our work we assume that solvent
effects could change these results somewhat. To
verify this assumption we attempted to add this
effect to the computations. For this sake, we
adopted the IPCM, which defines the cavity as an
isodensity surface of the molecule [15]. We do not
expect that the entire solution behavior of 3,4-di-
chloromaleimides be explained by such a reduced
treatment. The aim of these calculations is less am-
bitious: We intend to obtain a reasonable indication
of the direction and magnitude of changes in con-
formational preferences of the isolated molecule
when it enters aqueous solution. From this point of
view, the inclusion of the IPCM model in the com-
putations should be in particular significant. DFT/
IPCM calculations indicate the folded conformation
(IIIa) as the preferred form for compound III. This
is a striking difference from the DFT gas-phase
results. The energy gap between the global mini-
mum and the extended conformation (IIIb) is 1.34
kcal/mol (Table III). Thus, there is a wider energy
difference between the two conformations at the
DFT/IPCM level than that obtained in the gas
phase. Figures 4(a) and 4(b) show the potential
energy curves obtained for torsional angles � and �
from DFT/IPCM calculations. These results are
similar to those obtained by using DFT gas-phase
computations. Figures 4(c) and 4(d) illustrate the
results for the hydrated molecule III, indicating a
profound change with respect to the results for the
isolated molecule depicted in the same figures. For

FIGURE 3. Conformational PES obtained for com-
pound II from RHF/3-21G calculations. Full cycle of
rotation (from 0–360°) is shown for variables � and �.

FIGURE 2. Spatial view of the different conformations
obtained for compounds I, II, and III (geometries were
obtained from DFT calculations).
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conformation IIIb, in place of one deep minimum
for the anti form in Figure 4(c) we now observe
gauche (�1 � 60°) and anti (�1 � 180°) minima of
almost equal energy at the DFT/IPCM level. In
contrast, for conformation IIIa [Fig. 4(d)], although
the global energy minimum still corresponds to a
gauche form (�1 � 60°), it is now limited to narrow
values of �1 associated with the folded arrangement
of the side-chain with respect to the ring. Moreover,
the local energy minimum (extended form) appears
now at 2.62 kcal/mol above the global one, suggest-
ing the possible occurrence of such a conformer in
equilibrium with the predominant gauche one but in
a proportion smaller than that expected in the gas
phase.

Compound IV (n � 3) is, in principle, a quadru-
ple rotor and therefore its conformational change is
governed by four circular motions involving �, �,

�1, and �2 torsional angles. MDCA predicts the
existence of 2 � 3 � 3 � 2 � 36 legitimate minima
for a quadruple rotor with these multiplicities. Us-
ing MM2 and RHF/3-21G calculations, in contrast
to the idealized topology, only 5 different confor-
mations instead of 36 were found (Table II). DFT
and DFT/IPCM calculations confirm only five dif-
ferent conformations for this molecule (conforma-
tions IVa–IVe, Table II and Fig. 5). To categorize
the structures obtained we introduced, intuitively
rather than by a precise definition, four forms: fully
folded (FF), open folded (OF), open extended (OE),
and fully extended (FE). By FF form we understand
a closed structure with relatively short distances
between the aromatic rings. By FE form we under-
stand a form with linearized connecting chain. By
OF we denote a form intermediate between folded
and extended. The global minimum varies as a

TABLE III _____________________________________________________________________________________________
Relative energies obtained for the different conformations of compounds I–V, at MM2, ab initio [RHF/3-21G
and RHF/6-31G(d)], DFT [B3LYP/6-31G(d)], and DFT/IPCM [B3LYP/6-31��G(d,p)//6-31G(d)] levels of theory.

Compound Conformation
MM2 �E
(kcal/mol)

Ab initio

DFT �E
(kcal/mol)

DFT/IPCM
�E

(kcal/mol)

Interatomic
distance

(Å)a

RHF/3-
21G �E

(kcal/mol)

RHF/6-
31G(d)

�E
(kcal/mol)

I I 1.4
II II 2.5
III IIIa 0.00 0.26 0.91 0.73 0.00 3.0

IIIb 1.11 0.00 0.00 0.00 1.34 3.8
IV IVa 1.62 1.76 0.00 0.00 0.00 5.0

IVb 2.12 0.00 0.94 0.22 2.08 4.1
IVc 1.79 1.78 0.61 0.43 2.84 4.5
IVd 0.00 1.58 1.22 1.05 4.33 3.2
IVe 1.64 1.81 0.67 0.42 4.70 4.5

V Va 1.02 2.36 1.19 0.97 0.00 6.0
Vb 0.10 1.53 0.00 0.00 2.43 6.4
Vc 0.50 1.52 1.05 0.66 2.49 5.5
Vd 1.18 2.42 2.88 2.15 4.05 4.7
Ve 0.23 1.73 0.68 0.49 5.50 5.5
Vf 0.55 0.00 0.83 0.16 5.85 5.0
Vg 2.02 3.06 3.56 2.71 6.43 4.5
Vh 1.42 2.57 2.45 1.80 6.94 4.7
Vi 0.00 1.74 0.82 0.58 7.11 5.5
Vj 0.04 1.92 1.30 0.90 7.50 5.0
Vk 0.68 0.72 1.29 0.63 Not foundb 5.0
Vl 1.11 4.82 3.82 2.82 Not foundb 4.4
Vm 1.04 1.04 1.70 0.93 Not foundb 4.9

In the �E columns, the global minimum for each compound is denoted in bold. The interatomic distances obtained at the DFT level
are also shown.
a Distance between N•–C• in Table I.
b Maximum number of iterations exceeded.
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function of the basis set or level of theory: IVa at
RHF/6-31G(d), DFT, and DFT/IPCM levels, IVd at
the MM2 level, and IVb at the RHF/3-21G level
(Table III). However, it can be seen from Table II
that there is an overall agreement between the em-
pirical and quantum mechanical calculations re-
garding the torsion geometric parameters for the
global and local minima.

The situation prevalent in solution has been in-
vestigated again following the IPCM model. The
results obtained for compound IV are shown in
Table III and Figure 6. It is seen that the conforma-
tionally allowed space for hydrated molecule IV is
substantially reduced with respect to the isolated
molecule and that, moreover, although different
conformations are still available, on the probability
scale there is a definite advantage for the fully
extended form, as can be observed from the energy
gaps shown in Table III.

Figures 6(a) and 6(b) present the results for the
hydrated conformation IVa and also in this case

substantial changes are observed compared to the
results for the isolated molecule depicted in the
same figures. In place of two minima gauche (�1 and
�2 � 60°) and anti (�1 and �2 � 180°) of almost the
same energy, we observe a deep minimum for the
anti form. The energy barriers between the gauche
and anti conformers are 5.5 kcal/mol at the DFT/
IPCM level and 2.9 kcal/mol at the DFT level,
whereas the energy barriers between gauche forms
are 8.7 and 4.9 kcal/mol, respectively. It is clear that
DFT/IPCM calculations predict energy barriers
higher than those obtained using DFT (gas-phase)
computations. At this stage of our work we con-
sider the trend predicted for the solution effect as
certainly significant.

Figures 6(c) and 6(d) show the rotational behav-
ior of the �1 and �2 torsional angles in conformation
IVb. In this case, both DFT (gas-phase) and DFT/
IPCM calculations display closely related results.
The energy difference between the minima near 60
and 180° is small, only 0.48 kcal/mol at the DFT

FIGURE 4. Comparison of PECs of torsional angles �, �, and �1 obtained for compound III in the extended confor-
mation (IIIb) (a, b, and c). The torsional angle �1 in the folded conformation (IIIa) is also shown (d); each PEC was
calculated at RHF/3-21G, DFT, and DFT/IPCM levels of theory.
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level and even less with the DFT/IPCM method
[0.006 kcal/mol, Fig. 6(d)]. The rotational barriers at
about 120° are low, �3.5 and 3.0 kcal/mol at the
DFT/IPCM and DFT levels, respectively. The cis
barriers at 0° are larger, �11.5 and 11.1 kcal/mol. In
short, these results may indicate that the structure
of IV in water is not as flexible as we expected but
rather limited, restricted to FE, OE, and OF forms.

Compound V (n � 4) is a quintuple rotor and
therefore its conformational change is governed by
five circular motions involving �, �, �1, �2, and �3
torsional angles. MDCA predicts the existence of
2 � 3 � 3 � 3 � 2 � 108 legitimate minima for a
quintuple rotor with the above multiplicities. How-
ever, MM2 and RHF/3-21G calculations indicate
the existence of only 13 different conformations
(Va–Vm in Table II); the rest were annihilated or
equivalents. The following types of structures were
found:

1. FE structures with the three torsional angles
(�1–�3) in anti (��180°).

2. OE structures with one torsional angle in
gauche (��60°) and two in anti.

3. OF structures with two torsional angles in
gauche and one in anti.

4. FF structures with the three torsional angles in
gauche (see Table II).

The 13 low-energy conformations were con-
firmed by RHF/6-31G(d) and DFT calculations.
They are: one FE (Vb), three OE (Vi, Ve, and Va),
six OF (Vf, Vk, Vc, Vj, Vh, and Vd), and three FF

forms (Vm, Vl, and Vg) (Fig. 7). Two FF conforma-
tions (Vm and Vl) were annihilated at the DFT/
IPCM level. Again, the global minimum varies as a
function of the level of theory: Va at DFT/IPCM,
Vb at RHF/6-31G(d) and DFT, Vi at MM2, and Vf
at RHF/3-21G. It is clear, however, that the OE and
FE forms are the preferred conformations at high
levels of theory (Table III).

The RHF/3-21G, DFT, and DFT/IPCM results
have been compared. Qualitatively, the three meth-
ods predict the same torsional potentials; however,
DFT/IPCM calculations indicate higher energy bar-
riers, making the conformational interconversion
more restricted. On the basis of our results, RHF/
3-21G calculations systematically underestimate the
barrier to rotation. An estimation of the decisive
role of the aqueous solvent on the conformational
preferences of 3,4-dichloroimides was obtained by
comparing the DFT/IPCM results with those ob-
tained in vacuum. Although water introduces im-
portant changes in the relative energy ordering, the
main effect of the solvent is to increase the relative
energy range. Thus, in the gas phase the values
range from 0.00–2.82 kcal/mol whereas in aqueous
solution the conformational free energy ranges
from 0.00–7.50 kcal/mol. Thus, the potential en-
ergy hypersurface E � (�, �, �1, �2, �3) is flatter in
the gas phase than in the aqueous solution.

MOLECULAR ELECTROSTATIC POTENTIALS

Molecular recognition and the converse concept
of specificity [34] are explained in mechanistic and
reductionistic terms by a stereoelectronic comple-
mentarity between the binding molecule and the
receptor [35]. In this context it is obvious that the
knowledge of the stereoelectronic attributes and
properties of 3,4-dichloromaleimides will contrib-
ute significantly to the elucidation of the mecha-
nism of action at the molecular level. The intermo-
lecular forces that contribute to both affinity and
specificity can be schematically classified as hydro-
phobic and electrostatic ones. Thus, MEPs are of
particular value because they permit visualization
and assessment of the capacity of a molecule to
interact electrostatically with a binding site. MEPs
can be interpreted in terms of a stereoelectronic
pharmacophore condensing all available informa-
tion on the electrostatic forces underlying affinity
and specificity.

Once the low-energy conformations for the dif-
ferent 3,4-dichloromaleimides were obtained and in
an attempt to find the potentially reactive sites for

FIGURE 5. Spatial view of the five different conforma-
tions obtained for compound IV (geometries were ob-
tained from DFT calculations).
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the ligands, we evaluated the electronic aspects of
the molecules using MEPs. The electrostatic poten-
tial has long been applied as a guide to molecular
reactive behavior [36–38]; for instance, the most
negative values of MEP were interpreted as identi-
fying and ranking sites for electrophilic attack,
while its overall pattern served as the basis for
qualitative analyses of biologic recognition interac-
tions.

Figures 8 and 9 show the MEPs obtained for
compounds III, IV, and V. These results account for
the general characteristics of the electronic behavior
of 3,4-dichloromaleimides reported here. The gen-
eral pattern is similar for all of the systems. The
MEPs exhibit two clear minimum values (deep red
zones) in the vicinity of the 3,4-dichloroimido ring.
This region is symmetrical with respect to the two
carbonyl groups and displays a deep and extensive
negative potential zone with values of about �40
(�3) kcal/mol. In the benzene region a much
smaller minimum was found [yellow areas with

V(r) � �9 (�3) kcal/mol]. There are positive re-
gions only near the carbonyl carbons [blue areas
with V(r) � �85 (�10) kcal/mol].

Compound IV in the FF conformation (IVd)
changes the negative MEP region on the internal
plane of the benzene ring to a neutral or positive
region. Figures 9(a) and 9(b) illustrate this point
well. The folded conformation of compound III
(IIIa) displays a closely related behavior to that of
IVd (results not shown). In contrast, the FF confor-
mation of compound V (Vg) displays a MEP similar
to those obtained for the extended conformations of
compounds III and IV with negative potential at
both sides of the benzene ring [Figs. 9(c) and 9(d)].
It is clear, however, that the FF structure of com-
pound IV is more compact than and qualitatively
not similar to the FF structure of compound V. The
distance between the aromatic rings in the FF forms
of compound V are substantially longer than those
obtained for the IIIa and IVd conformations, re-
spectively. MEPs of compounds III–V are confor-

FIGURE 6. Comparison of PECs of torsional angles �1 and �2 obtained for compound IV in the fully extended con-
formation (IVa) (a and b). The same curves for the open folded conformation (IVb) are shown in (c) and (d); each PEC
calculated at RHF/3-21G, DFT, and DFT/IPCM levels of theory.
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mationally dependent and as a result there may be
a variation as a function of the spatial ordering of
the aromatic rings. This result is not surprising: The
MEP calculated from the electron density of a mo-
lecular system strongly depends on the relative spa-
tial position of atoms, itself a function of the con-
formation of the molecule.

LOOKING FOR THE “BIOLOGICALLY
RELEVANT CONFORMATION”

Using the simple notion of receptor-site occu-
pancy one may seek chemical features common to
3,4-dichloromaleimides to suggest chemical bind-
ing sites. Thus, our results let us speculate that two
binding sites would be necessary to produce the
antifungal activity of these compounds. It may be
imagined that the 3,4-dichloroimido ring engages
the receptor at a specific site, without disregarding
the fact that the rest of the molecule can contribute
to additional binding by interacting with some ac-
cessory region. The molecular structure of these
compounds appears to be critical for activity. The

fact that the activity is markedly affected when
altering the length of the alkyl chain is suggestive of
a cooperative effect between active groups, and it
may be considered that the benzene group makes
some kind of contribution to binding. The impor-
tance of chain length in the 3,4-dichloromaleimides
raises the question of whether certain conforma-
tions may be associated with antifungal activity. If
the antifungal activity of 3,4-dichloromaleimides
requires two bonding sites, then it is possible to
assume folded conformations of compounds III
and IV may not be operatives.

To determine the distances between the two po-
tentially reactive centers (the two aromatic rings),
the interatomic distances between N•..............C• (de-
noted in Table I) are compared. These distances are
shown in the last column of Table III. Correlating
the distances shown in Table III with antifungal
activity (shown in Table I) it is reasonable to as-
sume that the optimum interatomic distance be-
tween these groups to produce antifungal effect
could be in the 3.5- to 5.0-Å range (marked in bold

FIGURE 7. Spatial view of the 13 different conformations obtained for compound V (geometries were obtained from
DFT calculations).
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in Table III). Thus, the lower activities obtained for
compounds I and II might be explained in terms of
their shorter distances with respect to the optimal
one. The active compounds III, IV, and V are able
to adopt this distance. However, it should be noted
that only compound IV, the most active in this
series, can adopt this spatial ordering without en-
ergy requirement. Compound III is too short and
needs to be in an FE form (which is not the global
minimum at the DFT/IPCM level of theory). These
considerations may be applied to V, which is too
large and needs to be in FF or OF conformation for
favorably adopts an operative conformation. The
preferred conformations for compound V are OE at
the DFT/IPCM level and FE at the DFT level with
distances of 6.0 and 6.4 Å, respectively. These dis-
tances exceed the optimal one and therefore it ap-
pears that a conformational rearrangement is nec-
essary in compound V to adopt the biologically
relevant conformation. Thus, in addition to the elec-
tronic effect, it is possible that conformational ef-
fects of the 3,4-dichloromaleimides also contribute
to the activity of these compounds as antifungal
agents.

MOLECULAR MODEL FOR THE BINDING
MECHANISM OF 3,4-DICHLOROMALEIMIDES

Before a ligand can bind, there must be a rela-
tively rigid complementary crevice inside the re-
ceptor that complements the ligand in shape to be
able to accommodate it. Because complementarity
is rarely perfect, more than one ligand can fit in the
same crevice.

The process of conformational selection on bind-
ing the flexible 3,4-dichloromaleimides to a recep-
tor can take different forms. Depending on the de-
tailed mechanism of the binding process, the
conformational characteristics of these compounds
can assume varying degrees of importance. In prin-
ciple, we can presume two general cases:

1. At any instant, only those 3,4-dichloromale-
imides having the appropriate single confor-
mation are able to bind to the receptor. Each
portion of the maleimide molecule binds si-
multaneously to the appropriate subsite of the
binding site. This model is associated with the
idea that it is the preferred conformation in
solution, which is the relevant one for bind-

FIGURE 8. MEP energy isosurfaces of the III, IV, and V compounds are shown color-coded in the range from �43
(deepest red) to �95 kcal/mol (deepest blue). (a) Conformation IIIb; (b) conformation IVa; (c) conformation Vd.
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ing. However, in this case there is no a priori
reason why this should be so. Also, there are
a number of instances in which the conforma-
tion of a ligand bound to a protein has shown
to be different from the preferred conforma-
tion in solution [39, 40].

2. Other possibility is that the binding takes
place by a stepwise process in which an initial
interaction between a single segment (the 3,4-
dichloroimido ring) of maleimides in any con-
formation and its subsite is followed by a
rapid rearrangement of the conformation of
the 3,4-dichloromaleimide molecule so as to
permit the binding of the remaining segment
(the aryl group) to its subsite. An important

difference between this model and that of case
1 is that here the actual conformational distri-
bution of 3,4-dichloromaleimides is less cru-
cial, while the rate at which conformational
interconversions can occur becomes consider-
ably significant.

Accepting the validity of the DFT/IPCM method
and of the obtained results, it seems that an inter-
mediate model sharing aspects of both models (1
and 2) is in particular probable in the case of 3,4-
dichloromaleimides. There is not a single and par-
ticular distance but a range of interatomic distances
(from 3.5–5.0 Å) between the potentially reactive
centers, which seem to be well tolerated to produce

FIGURE 9. MEPs obtained for compounds IV and V. (a) Spatial view of the internal plane of benzene ring in confor-
mation IVd; (b) spatial view of the external plane of benzene ring in conformation IVd; (c) spatial view of the internal
plane of benzene ring in conformation Vg; (d) spatial view of the external plane of benzene ring in conformation Vg.
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the biologic response. However, it is clear that not
any conformation is operative.

A high-energy barrier might force the molecule
to bind by the “all-or-none” mechanism (model 1)
rather than by the zipper mechanism (model 2).
DFT/IPCM computations predict that barriers
ranging from 3.5–11.5 kcal/mol are separating the
different conformations and therefore the confor-
mational interconvertions are somewhat restricted
but still available for these compounds. Also, a
large part of the conformationally available space is
accessible within a low value of energy with respect
to the global minimum. This is an additional sup-
port for an intermediate model.

Conclusions

The presence of two symmetrical aromatic sys-
tems reduces notably the conformational possibili-
ties of 3,4-dichloromaleimides. Thus, the conforma-
tional intricacies of these compounds, which in
principle appear to be a complex problem, might be
evaluated by relatively high levels of theory. In
general, the different levels of theory reported here
[MM2, RHF/3-21G, RHF/6-31G(d), and B3LYP/6-
31G(d) (gas phase) and B3LYP/6-31��G(d,p)//6-
31G(d) (aqueous phase)] displayed qualitatively
comparable results indicating that molecular me-
chanic calculations and ab initio computations us-
ing a modest basis set like 3-21G are sufficient to
realize exploratory conformational analysis. How-
ever, high levels of theory are necessary to confirm
critical points and assign the conformational pref-
erences. This is in particular apparent after exam-
ining that the global minimum obtained is different
according to the employed levels of theory.

The inclusion of solvent effects appears to be at
least prudent to consider the conformational inter-
conversions. We used a continuum polarizable
model (IPCM) to simulate the solvent effects. The
simulations have some obvious limitations; never-
theless, a number of qualitative results are of inter-
est. According to the results of ab initio and DFT
calculations, it is clearly seen that the conforma-
tional preferences of molecule III change abruptly
from vacuum to in solution. For the case of com-
pound IV, the fully extended conformer IVa was
found to be a global energy minimum both in vac-
uum [RHF/6-31G(d) and DFT methods] and in sol-
vent (DFT/IPCM method). However, the profiles of
the potential energy curves in solvent were differ-
ent from those in vacuum. An obvious change in

the DFT/IPCM potentials was the energetic barri-
ers at �1–�3 torsionals, which increase with a dielec-
tric constant of the medium, rendering the confor-
mational space narrower in polar solvents than that
in vacuum.

The conformational and electronic study includ-
ing the use of MEPs allowed a model to be pro-
posed for the recognition of the minimal structural
requirements of the antifungal response by these
3,4-dichloromaleimides. Thus, the 3,4-dichloro-
imido ring and benzene group appear to be indis-
pensable. Our results indicate that the optimum
distance between these moieties is about 3.5–5.0 Å.
A change of conformation of the small partner on
attachment seems in particular probable in this
case. Theoretical calculations including the solvent
effects indicate that the active 3,4-dichloromaleim-
ides display a moderate but still significant molec-
ular flexibility, so adaptation of shape to reach the
most favored binding positions is likely. Stepwise
binding involving first the 3,4-dichloroimido ring
followed by the rest of the molecule seems a rea-
sonable possibility and there is some strongly sug-
gestive evidence that this phenomenon take place.
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7. Zacchino, S. A.; López, S. N.; Pezzenati, G.; Furlán, R. L.;
Santecchia, C. B.; Muñoz, L.; Giannini, F. A.; Rodrı́guez,
A. M.; Enriz, R. D. J Nat Prod 1999, 63, 1353–1357.

8. Lopez, S. N.; Castelli, M. V.; Corrêa, R.; Filho, V. C.; Yunes,
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