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Abstract The conformational preferences of several po-
tential anticancer dihydroxycinnamic esters with a variable
length alkyl chain were studied by quantum-mechanical
(DFT) calculations (both for the isolated molecule and for
aqueous solutions). The orientation of the hydroxyl ring
substituents and of the alkyl ester moiety relative to the
carbonyl group showed these to be the most determinant
factors for the overall stability of this type of phenolic
systems, strongly dependent on an effective π-electron
delocalization. Compared to the parent caffeic acid (dihy-
droxycinnamic acid), esterification was found to lead to a
higher conformational freedom, and to affect mainly the
energy barrier corresponding to the (O=)C-OR internal
rotation. No particular differences were verified to occur
upon lengthening of the ester alkyl chain, except when this
is branched instead of linear. The vibrational spectra of the

whole series of compounds were simulated, based on
their calculated harmonic vibrational frequencies, and a
preliminary assignment was performed.
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Introduction

Antioxidants are hypothesized to play an important role in
disease prevention, since they may be able to avoid
oxidative damage caused by reactive oxidant species to
vital biomolecules, such as DNA, lipids and proteins. This
type of oxidative mechanism is widely accepted to be
involved in numerous pathological processes, such as
cardiovascular and neurodegenerative diseases, inflamma-
tion and carcinogenesis [1–4]. A high number of phenolic
derivatives (e.g., esters and amides) can act as antioxidants,
with varying levels of efficacy [5–7]. In particular,
cinnamic acid and its derivatives are known to display
interesting antioxidant and antitumour properties. Actually,
numerous reports on the antioxidant and anticancer activ-
ities of structurally modified cinnamic acids are to be found
in the literature [8–11]. Some of these compounds, with
special emphasis on the esters comprising an intermediate
length alkyl chain, were found to display significant
antiproliferative effects towards human cancer cells, along
with a low toxicity against non-neoplastic cells [9–12].
Caffeic acid phenethyl ester (CAPE), for instance, is a
component of honeybee hives propolis that has recently
been shown to have both immunomodulatory and anti-
carcinogenic capacity [13–16].Due to their natural origin
and to their presence in food and food-derived products,
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these systems are of interest for the development of new
antioxidants with both preventive and therapeutic aims.
Thus, the evaluation and interpretation (at the molecular
level) of the biological activity of phenolic compounds is
presently the object of intense research [2, 3, 17].

Several studies have recently been carried out in order to
find new leader compounds—e.g., structurally based on
benzoic and cinnamic acids [8, 11]—suitable for the
development of new chemopreventive and/or chemothera-
peutic agents. Due to their natural origin and to their
presence in food and food-derived products, this group of
phenolic compounds is presently considered to be the most
interesting one for drug design.

Marked structure–activity relationships (SARs) were
found to rule the biological role of phenolic systems,
namely the number and relative position of the ring
hydroxyl substituents, as well as the chemical nature and
spatial orientation of the linker between the ring and the
carboxylate moiety (e.g., saturated vs unsaturated) and of
the ester alkyl chain (e.g., linear vs branched). Therefore,
the knowledge of these conformational preferences is of the
utmost importance for the understanding and/or prediction
of the biochemical function of this kind of system, and for
the rational design of new antioxidant/anticancer agents [2,
3, 9–11, 17]. However, even though there is a wealth of
data on the relevance of phenols as growth-inhibiting and
cytotoxic compounds, the correlation between this activity
and chemical structure is far from understood.

The present work reports a conformational analysis, by
quantum mechanical calculations, at the Density Functional
Theory (DFT) level (both for the isolated molecule and for
aqueous solutions), of the variable length dihydroxycin-
namic esters (caffeic acid derivatives): methyl trans-3-(3,
4-dihydroxyphenyl)-2-propenoate (methyl caffeate, MC),
ethyl trans-3-(3,4-dihydroxyphenyl)-2-propenoate (ethyl
caffeate, EC), propyl trans-3-(3,4-dihydroxyphenyl)-2-pro-
penoate (propyl caffeate, PC), isopropyl trans-3-(3,4-
dihydroxyphenyl)-2-propenoate (isopropyl caffeate, IPC),
butyl trans-3-(3,4-dihydroxyphenyl)-2-propenoate (butyl
caffeate, BC), octyl trans-3-(3,4-dihydroxy-phenyl)-2-pro-
penoate (octyl caffeate, OC) and dodecyl trans-3-(3,4-
dihydroxyphenyl)-2-propenoate (dodecyl caffeate, DC).
The corresponding experimental Raman data will be
reported briefly, and completely assigned in the light of
the presently discussed theoretical results (manuscript in
preparation).

Methods

The calculations were performed using the GAUSSIAN
03W program [18], within the DFT approach, in order to
properly account for the electron correlation effects (par-

ticularly important in this kind of conjugated systems). The
widely employed hybrid method denoted by B3LYP, which
includes a mixture of HF and DFT exchange terms and the
gradient-corrected correlation functional of Lee, Yang and
Parr [19, 20], as proposed and parametrized by Becke [21,
22], was used, along with the double-zeta split valence
basis set 6-31G** [23].

Molecular geometries were fully optimized by the Berny
algorithm, using redundant internal coordinates [24]: the
bond lengths to within ca. 0.1 pm and the bond angles to
within ca. 0.1°. The final root-mean-square (rms) gradients
were always less than 3×10−4 hartree.bohr−1 or hartree.
radian−1. No geometrical constraints were imposed on the
molecules under study.

For each molecule studied, a full geometry optimisation
was performed, and calculation of the harmonic vibrational
frequencies was carried out (at the same level of theory) in
order to confirm the convergence to minima in the potential
energy surface and to obtain the corresponding theoretical
vibrational pattern. The relative energies and populations
(Boltzman distribution, at 298.15 K) were calculated for all
conformers, using the sum of the electronic and zero-point
energies.

The solvent effect (water) was simulated by performing
Self-Consistent Reaction Field (SCRF) calculations. A
continuum model—the Integral Equation Formalism (IEF)
[25–27] version of Tomasi´s Polarized Continuum Model
(PCM) [28, 29]—was used. This approach defines the
molecular cavity as the union of a series of interlocking
spheres centered on the distinct atoms of the system.

Results and discussion

A conformational study, by quantum mechanical calcula-
tions, was performed for the series of variable length
dihydroxycinnamates (alkyl caffeates) containing methyl,
ethyl, propyl, isopropyl, butyl, octyl and dodecyl alkyl
substituents groups (Fig. 1a). An extensive conformational
analysis was undertaken for methyl, ethyl and isopropyl
caffeates, the corresponding optimized geometries, relative
energies and populations at room temperature having been
obtained for all the conformers found for these systems.
The results thus obtained were extrapolated to the longer
esters of the series, for which only the most stable
geometries were then considered in the calculations. A
frequency analysis was also performed yielding the theo-
retical Raman spectra, and an preliminary assignment of
these vibrational modes was carried out.

The effect of the following structural parameters on the
overall stability of the molecules under study was deter-
mined (Fig. 1b): (1) localisation of the alkyl ester moiety
with respect to the aromatic ring (rotation around C3–C9);
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(2) orientation of the alkyl ester group relative to the
carbonyl (rotation around C11–O13), either S-cis or S-trans;
(3) relative orientation of the OH ring substituents on the
aromatic nucleus; (4) position of these hydroxyl group(s)
relative to the plane of the ring-either in-plane or out-of-
plane; and (5) relative orientation of the carbonyl and ring
OH groups (rotation around C10–C11), either syn or anti.
Only the trans isomers—displaying an opposite orientation
of the ring and the C=O group relative to the bridging chain
double bond—were considered, since they were previously
reported to be largely stabilized relative to the cis
molecules, irrespective of the number of ring substituents
[11].

For all the systems presently investigated, the most
stable conformers were found to display a planar or quasi-
planar geometry, which corresponds to a maximum stabi-
lization due to an effective π-electron delocalization

between the aromatic ring and the C=O and C=C double
bonds. Regarding the variable length of the alkyl ester
group and the pendant carbon chain, a zig-zag conforma-
tion was verified as yielding the lowest energy structures.

An identical orientation of the aromatic OH substituents
(coplanar with the ring) was found to be strongly favored,
since it minimizes steric repulsions and enables the
formation of highly stabilizing medium strength intramo-
lecular (O)H ··· O interactions-dO ··· H=211–214 pm
(Figs. 3, 5 and 7). Although some stable geometries were
obtained for opposite positions of these ring hydroxyls, no
energy minima were found when they were directed
towards each other (due to the strong steric H-H repulsion).

Internal rotation around C11–O13—defining the relative
position of the alkyl ester group and the carbonyl (Fig. 1b)—
was found to be the most determinant factor for the overall
stability of this type of systems. In fact, those conformers

Fig. 1 Schematic representation
of the dihydroxycinnamic esters
studied in the present work and
of the main internal rotations
affecting the overall stability of
the molecules. (R=(CH2)n, n=
0,1,2,3,7,11 for MC, EC, PC,
BC, OC and DC, respectively;
R=(CHCH3) for IPC. The atom
numbering is included, with the
exception of the alkyl
ester group)

Fig. 2 Schematic representation of the calculated (B3LYP/6-31G**) conformational energies (and populations, at 25 °C) for MC. The atom
numbering is included. The numbers in the xx’ axis refer to the different calculated conformers
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with an alkyl ester S-trans orientation were shown to be
greatly unfavored as compared to their S-cis counterparts.

Moreover, the most stable conformations display an anti
orientation of the carbonyl and ring substituent groups
(Fig. 1). This may be explained in terms of the π-electron
delocalization, a recognisably important effect for the
stabilization of this kind of molecule, which was shown to
be more efficient for the anti conformation when two OH’s
are bound to the aromatic ring (one in the para position
relative to the side chain and the other in meta) in previous
studies on similar phenolic systems, namely caffeic acid
(3-(3,4-dihydroxyphenyl)-2-propenoic acid) [30]. For anal-
ogous trihydroxylated molecules such as THPPE (3-(3,4,
5-trihydroxyphenyl)-2-propenoic acid) and ETHPPE (ethyl
3-(3,4,5-trihydroxyphenyl)-2-propenoate), in turn, the syn
conformers were reported to be favored [11, 31].

The present conformational analysis rendered 22 con-
formers for MC (Figs. 2 and 3), 21 for EC (Figs. 4 and 5)
and 17 for IPC (Figs. 6 and 7). As previously discussed, the
two major parameters affecting the stability of these
systems were found to be the relative orientation of the
alkyl ester and the carbonyl groups (either S-cis or S-trans,
as a result of C11–O13 internal rotation), and the position of
the OH ring substituents with respect to the aromatic plane.
Table 1 comprises the calculated optimized geometrical
parameters for the most stable conformer of methyl (MC),
ethyl (EC) and isopropyl caffeates (IPC). (Tables containing
the optimized geometrical parameters for the other esters
studied are available from the authors upon request.)

For all the esters studied, the S-cis conformations were
clearly stabilized relative to the S-trans ones-conformers
MC1 to MC12 versus MC13 to MC22 (Figs. 2 and 3), EC1
to EC12 versus EC13 to EC21 (Figs. 4 and 5), and IPC1 to
IPC12 versus IPC13 to IPC17 (Figs. 6 and 7). The most
stable S-trans conformer obtained for IPC (IPC13), for
instance, is 36.7 kJ mol−1 higher than the corresponding
lowest energy S-cis species (IPC2). In fact, an S-trans
orientation of the ester alkyl group relative to the carbonyl
was verified to be energetically more unfavorable then an
opposite position of the ring OH groups: e.g., MC1 (ΔE=0)
and MC9 (ΔE=17.4 kJ mol−1) versus MC1 (ΔE=0) and
MC14 (ΔE=36.4 kJ mol−1) (Fig. 3).

The highest energy conformations calculated for methyl
caffeate, MC22 (ΔE=72.5 kJ mol−1) and isopropyl
caffeate, IPC17 (ΔE=55.4 kJ mol−1) display the combina-
tion of the two destabilizing factors—an opposite orienta-
tion of the ring hydroxyls and an S-trans conformation of
the ester alkyl group relative to C=O (Figs. 3 and 7). As for
ethyl caffeate, the less stable arrangement (EC21, ΔE=53.9 kJ

�Fig. 3 Representation of the several conformers calculated for MC-
displaying (C)H ··· :O and (O)H ··· :O intramolecular interactions.
B3LYP/6-31G** level of calculation. Intramolecular distances are
represented in pm
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mol−1) was calculated to be the one displaying a syn relative
orientation of the ring hydroxyls and the carbonyl group, an
S-trans conformation, and a combination of unfavourable
dihedrals (C2C3C9C10)=0° and (C9C10C11O12)=180°
(Fig. 5). For the S-cis geometries the calculated relative
energy values were identical for the three esters (Figs. 2, 4
and 6).

The most favorable combination of the (C2C3C9C10) and
(C9C10C11O12) dihedrals was found to be 180° and 0°,
respectively, which explains the following stability order for
MC (Figs. 2 and 3): MC1 (C2C3C9C10)=180° and
(C9C10C11O12)=0°, ΔE=0; MC2 (C2C3C9C10)=0° and
(C9C10C11O12)=0°, ΔE=0.8 kJ mol−1; MC5 (C2C3C9C10)=
180° and (C9C10C11O12)=180°, ΔE=4.0 kJ mol−1; and MC6
(C2C3C9C10)=0° and (C9C10C11O12)=180°, ΔE=5.8 kJ
mol−1. For the S-trans geometries (with an anti orientation
of the carbonyl relative to the ring OH’s): MC14
(C2C3C9C10)=180° and (C9C10C11O12)=0°, ΔE=36.4 kJ
mol−1; MC15 (C2C3C9C10)=0° and (C9C10C11O12)=0°,
ΔE=38.8 kJ mol−1; MC19 (C2C3C9C10)=0° and
(C9C10C11O12)=180°, ΔE=55.2 kJ mol−1; MC20
(C2C3C9C10)=180° and (C9C10C11O12)=180°, ΔE=55.3 kJ
mol−1. The same considerations apply for an opposite
orientation of the ring OH’s, both for the S-cis and S-trans
conformers (Figs. 2 and 3): MC9 (C2C3C9C10)=180° and
(C9C10C11O12)=0°, ΔE=17.4 kJ mol−1; MC10 (C2C3C9C10)=
0° and (C9C10C11O12)=0°, ΔE=18.5 kJ mol−1; MC11
(C2C3C9C10)=180° and (C9C10C11O12)=180°, ΔE=21.7 kJ

mol−1; and MC12 (C2C3C9C10)=0° and (C9C10C11O12)=180°,
ΔE=23.2 kJ mol−1; MC17 (C2C3C9C10)=180° and
(C9C10C11O12)=0°, ΔE = 53.5 kJ mol−1 ; MC18
(C2C3C9C10)= 0° and (C9C10C11O12)=0°, ΔE=54.0 kJ
mol−1; and MC22 (C2C3C9C10)=0° and (C9C10C11O12)=
180°, ΔE=72.5 kJ mol−1, the latter having two destabilizing
dihedral values. In fact, this highly unfavorable arrangement
was only calculated to be an energy minimum for the
smallest element of the series, MC. Also, a variation in the
(C2C3C9C10) dihedral was shown to affect stability less
significantly than a change in (C9C10C11O12): MC1
(C2C3C9C10)=180° versus MC2 (C2C3C9C10)=0°, ΔE=
0.8 kJ mol−1, as compared to MC1 (C9C10C11O12)=180°
versus MC5 (C9C10C11O12)=0°, ΔE=4.0 kJ mol−1.

The conformational behavior described above is exten-
sive to the ethyl and isopropyl esters, except for the fact
that the IPC S-trans geometries with (C2C3C9C10)=0° and
(C9C10C11O12)=180° were not found to be conformers, due
to the destabilizing steric hindrance between the rather
bulky isopropyl group and the neighboring H atoms
(Fig. 7). Moreover, the S-trans conformations displaying
opposite ring OH’s, with (C2C3C9C10)=180° and
(C9C10C11O12)=180°, are not minima in the potential
energy surface. Furthermore, while for both EC and IPC
the syn arrangement having (C2C3C9C10)=180° and
(C9C10C11O12)=0° was verified to be a minimum in the
potential energy surface—EC15 (ΔE=35.4 kJ mol−1) and
IPC 15 (ΔE=38.0 kJ mol−1)—for MC only the anti

Fig. 4 Schematic representation of the calculated (B3LYP/6-31G**) conformational energies (and populations, at 25 °C) for EC. The atom
numbering is included. The numbers in the xx’ axis refer to the different calculated conformers
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geometry is a conformer, for this set of dihedrals—MC14
(ΔE=36.4 kJ mol−1).

Rotation around the C10–C11 bond interchanges the anti
and syn geometries with respect to the relative orientation
of the C=O and ring hydroxyl groups, the latter being clear
unfavored. For EC, for instance: EC1 (ΔE=0) versus EC5
(ΔE=3.8 kJ mol−1); EC13 (ΔE=34.6 kJ mol−1) versus
EC19 (ΔE=53.4 kJ mol−1); EC16 (ΔE=37.6 kJ mol−1)
versus EC21 (ΔE=53.9 kJ mol−1).

For the S-trans geometries of MC and EC with
(C9C10C11O13) ≠180°-MC16, MC19, MC20, MC21,
MC22, EC19, EC20 and EC21 (Figs. 3 and 5), tilted
conformations were obtained ((C9C10C11O13) = 34 to 36°,
and (C10C11O13C21) = 30 to 34°) corresponding to a
maximum distance between the ester alkyl hydrogens and
the neighboring H19 atom (dH ··· H19/20=228 to 231). For
IPC, in turn, these geometries are strongly unfavoued since
they lead to severe steric hindrance between the isopropyl
hydrogens and H19 (Fig. 7). Actually, for the series of esters
investigated these destabilizing repulsions are minimized
through rotation around the O13–C21 bond.

Rotation of the aromatic ring relative to the alkyl ester
moiety (about the C3–C9 bond) also interconvert the anti and
syn conformations, the former being energetically favored
when (C2C3C9C10)=180°: e.g., IPC5 (ΔE=3.7 kJ mol−1)
versus IPC7 (ΔE=6.1 kJ mol−1); IPC6 (ΔE=5.5 kJ mol−1)
versus IPC8 (ΔE=6.6 kJ mol−1). In fact, the syn conformers
display lower relative energies for both (C2C3C9C10) and
(C9C10C11O12) dihedrals equal to 0°, either for an S-cis or an
S-trans geometry: MC2 (ΔE=0.8 kJ mol−1) versus MC5
(ΔE=4.0 kJ mol−1); EC13 (ΔE=34.6 kJ mol−1) versus
EC21 (ΔE=53.9 kJ mol−1); and IPC13 (ΔE=37.3 kJ mol−1)
versus IPC15 (ΔE=38.0 kJ mol−1).

In general, the conformational energy profile for the
homologous series of alkyl esters studied is ruled by the
following factors, by decreasing order of stability (Figs. 2,
4 and 6): (1) equal orientation of the ring hydroxyls-eight
lowest energy conformers; (2) opposed orientation of the
ring OH’s-geometries 9 to 12, corresponding to an energy
gap (ΔE9–8) of 10.3 to 10.8 kJ mol−1; (3) S-cisversus
S-trans conformation of the alkyl ester group relative to the
carbonyl-arrangements 13 to 15 (for MC)/16 (for EC and
IPC), with identically oriented ring OH’s, corresponding to
an energy gap of 11.7 to 14.5 kJ mol−1; (4) for the MC and
EC esters, an S-trans conformation combined to opposed
ring hydroxyls (MC17, MC18, EC17 and EC18) or non-
planar geometries (MC16, MC19, MC21, EC19, EC20 and
EC21), for an energy gap of 14.4 to 14.6 kJ mol−1; and (5)

�Fig. 5 Representation of the several conformers calculated for EC-
displaying (C)H ··· O and (O)H ··· O intramolecular interactions.
B3LYP/6-31G** level of calculation. Intramolecular distances are
represented in pm
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for MC and IPC, an S-trans conformation coupled to
opposed ring OH’s, and (C9C10C11O12) and (C2C3C9C10)
dihedrals equal to 180° and 0°, respectively, for an energy
gap of 15.2 to 16.8 kJ mol−1.

The same number of S-cis arrangements (12) was
obtained for MC, EC and IPC, irrespective of the nature
of their ester chain, with identical relative energy values,
four of them displaying opposite orientations of the ring
OH’s. As to the S-trans geometries, ten were calculated for
MC, nine for EC, while only five were found for IPC (also as
compared to the analogous propyl caffeate, PC), on account
of destabilizing steric factors between the bulkier isopropyl
group and the neighbor (C)H atoms (Fig. 7). This also
explains the lower number of conformers yielded for IPC,
as well as the slightly higher ΔES-trans-cis obtained for IPC:
ΔES-trans-cis=14.5 kJ mol−1 versus 12.7 and 11.7 kJ mol−1

for MC and EC, respectively.
Since this type of phenolic compounds exert their

biological action at physiological conditions, the effect of
the solvent (water) on their structural behavior was verified
by performing Self-Consistent Reaction Field (SCRF)
calculations for the most stable geometries (population
≥10%) of the smallest elements of the series (MC, EC and
IPC). The results obtained allowed to us to conclude that
the presence of water does not significantly affect either the
conformational preferences or the stability order of these
systems, thus enabling the extrapolation of the results
obtained in the gaseous phase to the aqueous medium.

The lowest energy geometries presently calculated for
these dihydroxycinnamic alkyl esters are in good accor-

dance with previously reported results for caffeic acid,
obtained both by theoretical [30] and X-ray methods [32]
(Table 1). Esterification was found to lead to a higher
number of geometries displaying an opposite orientation of
the ring hydroxyl groups (although not populated at room
temperature), since for the parent acid only one such
conformation was found to be an energy minimum. Indeed,
substitution of the carboxylic OH for an ester alkyl group
allows for a higher conformational freedom, as long as the
alkyl hydrogens display a staggered conformation relative
to the neighbor H(C) atom (Figs. 3, 5 and 7). This yields a
larger number of conformers for the esters as compared to
the acid (for which 11 minima were obtained [30]).

The theoretical vibrational spectra (both Raman and
infrared) of the esters studied were obtained. Table 2
contains the harmonic wavenumbers calculated for the
lowest energy conformers of MC, EC and IPC (along with
a preliminary assignment), evidencing a quite good overall
accordance with the values reported for caffeic acid [30]
and other similar systems [11, 31]. These calculated
frequencies will allow a complete assignment of the experi-
mental Raman spectra of the systems (both in the solid state
and in aqueous solution), which are to be published in the near
future (manuscript in preparation).

Summary

For the series of cinnamic esters investigated, the most
stable geometries correspond to planar arrangements dis-
playing an identical orientation of the aromatic hydroxyl

Fig. 6 Schematic representation of the calculated (B3LYP/6-31G**) conformational energies (and populations, at 25 °C) for IPC. The atom
numbering is included. The numbers in the xx’ axis refer to the different calculated conformers
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Fig. 7 Representation of the several conformers calculated for IPC-displaying (C)H ··· O and (O)H ··· O intramolecular interactions. B3LYP/6
31G** level of calculation. Intramolecular distances are represented in pm
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Table 1 Calculated optimized geometries and dipole moments for the
most stable conformer of MC, EC and IPC. B3LYP/6-31G** level of
calculation

aμ (D) cCA1 MC 1 EC 1 IPC 1

3.5 3.5 3.7 3.6

Bond lengths (pm) 135.6
b O7–C6 137.5 135.7 135.7 135.7

O8–C5 121.8 137.5 137.6 137.6

O12–C11 136.2 121.8 121.8 121.9

O13–C11 – 135.9 135.8 135.8

O13–C21 139.2 143.3 145.3 145.5

C1–C6 139.3 139.2 139.2 139.2

C2–C1 140.5 139.3 139.3 139.3

C3–C2 141.3 140.5 140.5 140.5

C4–C3 138.5 141.2 141.2 141.2

C5–C4 141.2 138.2 138.3 138.3

C6–C5 145.6 141.1 141.1 141.1

C3–C9 134.8 145.7 145.7 145.7

C9–C10 147.0 134.7 134.7 134.7

C10–C11 97.0 147.3 147.4 147.4

C21–C24 – – 151.7 152.2

C21–C23 – – – 152.6

O7–H18 96.5 97.0 97.0 97.0

O8–H17 97.2 96.5 96.5 96.5

O13–H21 108.5 – – –

C1–H14 108.6 108.4 108.4 108.4

C2–H15 108.7 108.5 108.6 108.6

C4–H16 108.9 108.7 108.7 108.7

C9–H19 108.5 108.9 108.9 108.9

C10–H20 – 108.5 108.5 108.5

C21–H22 – 109.3 109.5 109.4

C21–H23 – 109.3 109.5 –

C21–H24 135.6 109.0 – –

C24–H25 – – 109.4 109.3

C24–H26 – – 109.4 109.4

C24–H27 – – 109.4 109.5

C23–H28 – – – 109.5

C23–H29 – – – 109.2

C23–H30 – – – 109.5

Bond angles (degrees)

O12–C11–O13 121.9 123.0 123.2 123.8

O7–C6–C1 120.4 120.4 120.4 120.4

O8–C5–C4 124.9 124.8 124.8 124.8

O12–C11–C10 126.6 126.3 126.1 125.7

O13–C11–C10 111.5 110.7 110.7 110.5

C21–O13–C11 – 115.0 115.6 117.0

O13–C21–C24 – – 107.5 106.0

O13–C21–C23 – – – 107.9

C3–C2–C1 121.5 121.5 121.5 121.5

C4–C3–C2 118.1 118.1 118.1 118.1

C5–C4–C3 120.5 120.5 120.5 120.5

C6–C1–C2 119.9 119.9 119.9 119.9

C9–C3–C4 122.4 122.9 122.9 122.9

C10–C9–C3 128.2 128.1 128.2 128.1

C11–C10–C9 120.0 120.1 120.1 120.2

C5–O8–H17 110.1 110.1 110.0 107.4

C6–O7–H18 107.7 107.7 107.7 110.0

C11–O13–H21 105.5 – – –

Table 1 (continued)

aμ (D) cCA1 MC 1 EC 1 IPC 1

3.5 3.5 3.7 3.6

O13–C21–H22 – 110.8 109.0 107.7

O13–C21–H23 – 110.8 109.0 –

O13–C21–H24 – 105.8 – –

C2–C1–H14 121.5 121.4 121.4 121.4

C3–C2–H15 119.1 119.1 119.1 119.1

C5–C4–H16 119.2 119.2 119.2 119.2

C3–C9–H19 115.8 115.8 115.8 115.8

C9–C10–H20 123.3 123.3 123.3 123.3

C21–C24–H25 – – 109.9 110.8

C21–C24–H26 – – 110.9 110.1

C21–C24–H27 – – 110.9 110.8

C21–C23–H28 – – – 110.6

C21–C23–H29 – – – 110.4

C21–C23–H30 – – – 110.2

H22–C21–H23 – 108.5 107.2 –

H22–C21–H24 – 110.5 – –

H25–C24–H26 – – 108.3 108.4

H25–C24–H27 – – 108.3 108.3

H28–C23–H29 – – – 109.0

H28–C23–H30 – – – 108.3

Dihedral angles (degrees)

O12–C11–O13–C21 – 0.0 0.0 −0.1
O7–C6–C1–C2 −180.0 180.0 180.0 −180.0
O8–C5–C4–C3 −180.0 −180.0 180.0 180.0

O12–C11–C10–C9 0.0 0.0 0.0 −0.2
O13–C11–C10–C9 −180.0 −179.9 180.0 180.0

C21–O13–C11–C10 – 179.9 180.0 179.7

C11–O13–C21–C24 – – 180.0 −153.5
C11–O13–C21–C23 – – – 83.6

C1–C2–C3–C4 0.0 0.0 0.0 0.0

C5–C4–C3–C2 0.0 0.0 0.0 0.0

C6–C1–C2–C3 0.0 0.0 0.0 0.0

C9–C3–C4–C5 −180.0 −180.0 180.0 180.0

C10–C9–C3–C4 0.0 0.0 −180.0 −0.1
C11–C10–C9–C3 180.0 −180.0 −180.0 180.0

C1–C6–O7–H18 180.0 180.0 180.0 180.0

C4–C5–O8–H17 0.0 0.0 0.0 0.0

C10–C11–O13–H21 180.0 – – –

C11–O13–C21–H22 – −60.2 58.3 −35.1
C11–O13–C21–H23 – 60.2 −58.3 –

C11–O13–C21–H24 – 180.0 – –

O13–C21–C24–H25 – – −180.0 58.5

O13–C21–C24–H26 – – 60.2 178.5

O13–C21–C24–H27 – – −60.2 −61.8
O13–C21–C23–H28 – – – 59.1

O13–C21–C23–H29 – – – −61.6
O13–C21–C23–H30 – – – 178.8

C3–C2–C1–H14 180.0 −180.0 180.0 180.0

C4–C3–C2–H15 180.0 180.0 180.0 −180.0
C6–C5–C4–H16 180.0 −180.0 −180.0 −180.0
C4–C3–C9–H19 −180.0 −180.0 −180.0 179.8

C3–C9–C10–H20 0.0 0.0 0.0 −0.1

aTotal dipolar moment 1D=1/3×10−2 Cm
bAtoms are numbered according to Fig. 1a
c [30]
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groups (coplanar with the ring), an S-cis conformation of
the ester group with respect to C=O, and an anti relative
position of the carbonyl and ring OH’s, coupled to
(C2C3C9C10) and (C9C10C11O12) dihedrals equal to 180°

and 0°, respectively. The preference for planarity is
expected, since it favors electron delocalization through
the expanded π system of the hyperconjugated molecules of
this type of hydroxycinnamic systems. Thus, non-planar

Table 2 Calculated vibrational wavenumbers (cm−1) for the most stable conformer of MC, EC and IPC. B3LYP/6-31G** level of calculation

CAM 1 CAE 1 CAIP 1 bApproximate description

3,694 a(59;97) 3,693 (58;95) 3,693 (58;94) ν (O8H)

3,628 (126;176) 3,628 (125;178) 3,628 (126;183) ν (O7H)

3,094 (7;175) 3,094 (7;179) 3,094 (7;181) νas CHð Þφ
3,081 (12;34) 3,081 (12;32) 3,080 (12;31) ν (CH) chain

3,073 (5;61) 3,071 (5;62) 3,071 (5;62) νas CHð Þφ
3,057 (7;24) 3,055 (7;23) 3,055 (7;23) νas C4H16ð Þφ
3,048 (3;31) 3,047 (1;23) 3,047 (1;29) ν (CH)chain
3,047 (20;99) νas(CH3)+ν(CH)chain

3,015 (38;29) νas (CH3)+νas (CH2)

3,013 (24;68) 3,008 (28;125) 3,025 (17;45) νas (CH3)

3,010 (26;61) νas (CH3)+ν (C21H)

3,007 (6;57) νas (CH3)+ν (C21H)

2,998 (6;4) νas (CH3)

2,979 (10;86) νas (CH3)+νas (CH2)

2,967 (2;65) ν (C21H)

2,942 (21;124) νs (CH2)

2,942 (49;202) 2936 (21;153) 2,934 (27;290) νs (CH3)

2,930 (14;4) νs (CH3)

1,724 (194;78) 1,721 (192;69) 1,714 (179;61) ν (C=O)

1,630 (197,980) 1,630 (195;1046) 1,629 (199;1111) ν (C=C)chain
1,599 (246;1758) 1,599 (248;1889) 1,599 (258;2061) φ 8a+ν (C=C)chain
1,584 (26;14) 1,585 (27;15) 1,582 (26;15) φ 8b+δ (O7H)

1,511 (177;3) 1,512 (178;3) 1,512 (181;3) φ 19a+δ (O8H)

1,474 (4;6) δas (CH3)+sciss (CH2)

1,454 (2;23) δas (CH3)+sciss (CH2)

1,453 (9;23) 1,467 (8;3) δas (CH3)

1,436 (5;29) 1,453 (3;36) δas (CH3)

1,443 (5;25) 1,444 (2;32) δas (CH3)

1,438 (1;2) δas (CH3)

1,435 (178;172) 1,435 (173;177) 1,435 (177;192) φ 19bþ δ OHð Þφ
1,424 (19;2) 1,377 (5;9) δs (CH3)

1,383 (9;9) δs (CH3)+ω (CH2)

1,373 (92;27) 1,373 (101;25) 1,374 (109;20) δ (O7H)+(CH)chain+φ 19b+δs (CH3)

1,362 (20;7) δs (CH3)+δ (C21H)

1,349 (1;2) ω (CH2)+δs (CH3)+δ (O7H)

1,342 (5;17) δ (C21H)+δs (CH3)+δ (O7H) +(CH)chain
1,321 (21;11) δ (C21H)+δs (CH3)+δ (O7H) +(CH)chain

1,316 (20;26) 1,315 (10;38) 1,314 (1;36) φ 3þ δ CHð Þchain þ δ OHð Þφ
1,305 (65;55) φ 14+δ (CH)chain+δ (O8H)

1,301 (85;50) φ 14+δ (CH)chain+δ (O8H) +ω (CH2)

1,298 (62;63) φ 14+δ (CH)chain+δ (O8H) +δ (C21H)

1,294 (13;2) 1,292 (22;5) 1,291 (25;17) ν(CH)chain+δ (O8H)

1,272 (461;11) 1,272 (484;9) 1,271 (480;8) ν (C6O)+δ (CH) +δ (OH)+18b

1,246 (0;17) t (CH2)

1,233 (20;66) 1,233 (21;61) 1,233 (19;60) δ (CH)chain+δ (O7H)+φ 3

1,172 (281;213) 1,172 (252;206) 1,172 (247;217) δ (CH)chain+δ (O7H)+φ 18a

1,163 (4;2) r (CH3)+δ (CH)chain
1,169 (178;52) 1,154 (535;192) ν (C11O)+δ (CH)chain

1,154 (678;206) ν (C11O)+δ (CH)chain
1,155 (406;140) δ (CH)chain+υ (OC) +r (CH3)
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Table 2 (continued)

CAM 1 CAE 1 CAIP 1 bApproximate description

1,144 (105;177) 1,145 (195;247) 1,144 (176;265) φ 18b+δ (OH)+δ (CH)chain
1,139 (4;2) r (CH3)+r (CH2)

1,133 (1;6) r (CH3)

1,129 (121;8) 1,129 (119;6) 1,130 (108;3) φ 18a+δ (O8H)

1,123 (10;4) r (CH3)

1,103 (333;33) r (CH3)+ν (C21O13)

1,098 (4;9) r (CH3)+ ν (C21C24)

1,092 (82;8) 1,091 (83;13) 1,091 (85;14) φ 18a+δ (OH)

1,014 (12;26) 1,029 (56;5) ν (CO13)+ν (C21C)

992 (22;3) 992 (22;3) 992 (21;3) γ (CH)chain
958 (1;5) 965 (2;5) 981 (15;8) φ 18b

953 (10;3) φ 7b

911 (16;4) 947 (8;3) ν (CC)+ν (CO)+ν (OC)+φ 7b

919 (2;4) r (CH3)

906 (2;4) 907 (1;4) 907 (1;4) gas CHð Þa
905 (1;4) r (CH3)

861 (6;14) 890 (16;5) r (CH3)

844 (4;11) 844 (3;11) 844 (3;11) γ (CH)chain+φ 11

810 (45;1) 810 (43;1) 810 (39;1) φ 11

810 (6;11) r CH3ð Þ þ γ CHð Þφ
796 (11;7) 797 (11;7) 796 (12;7) φ 10a

785 (3;44) 788 (1;47) 786 (3;63) φ 12+ν (O7C)

781 (2;0) r (CH3)+r (CH2)

750 (10;4) 760 (10;6) 760 (9;6) φ 12+Δ (CO13C)

710 (2;1) 709 (2;1) 710 (2;1) Γ (OCO)+φ 5

693 (7;22) 701 (8;12) 698 (7;11) φ 6a+Δ (OCO)

663 (1;0) 663 (0;0) 663 (1;0) φ 4

584 (7;1) 584 (7;1) 585 (7;1) φ 16b

578 (29;6) 579 (29;6) 578 (30;6) φ 6b

531 (10;2) 528 (12;2) 529 (9;2) δ (CC)chain+φ 6a

496 (14;1) 499 (11;2) 500 (13;2) φ 6b+δ (CC )chain
462 (4;1) Δ (CCC)

450 (67;3) 449 (64;3) 449 (64;3) γ (O7H)

435 (2;1) 437 (5;1) Δ (CCC)

428 (11;1) φ 16a+γ (O7H)

427 (13;0) 427 (15;0) 426 (6;1) φ 16a+γ (O7H)

402 (10;1) Γ (C21C23C24)

398 (3;2) 397 (3;1) 396 (2;2) Γ (CCC)

356 (4;1) Γ (C21C23C24)

334 (28;2) 380 (5;1) Δ (CO13C)

314 (3;0) 314 (4;0) 314 (4;0) δ (COH)ring
261 (6;2) 299 (17;2) Δ (CCC)

274 (0;0) 280 (11;2) τ (CH3)

261 (4;2) Γ (CCH)+Γ (CO8H)

257 (9;3) 259 (9;3) Γ (CCH)+Γ (CO8H)+τ (CH3)

256 (2;1) τ (CH3)

223 (140;3) 228 (143;2) 229 (143;1) γ (O8H)

224 (0;0) τ (CH3)

217 (0;4) 213 (1;3) Δ (CCC)

213 (7;2) Δ (CC)chain +γ (O8H)+Γ (COC)

196 (7;0) 195 (10;0) τ (CH3)+Γ (CCH)+Γ (COH)

193 (2;3) 170 (2;3) Longitudinal skeleton mode

185 (6;3) τ (CH3)+Γ(CCC)
192 (16;1) 161 (3;1) 154 (2;2) Skeleton mode

109 (0;1) τ (CH3)

97 (2;1) 95 (2;1) 83 (2;0) Skeleton mode
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geometries (in the ester alkyl moiety) arise only in order to
overcome steric hindrance destabilizing factors (such as
H ··· H interactions). The additional degrees of freedom
introduced by esterification are mainly reflected in the
internal rotation around the C11–O13 bond, defining either a
S-cis or a S-trans conformation, which was shown to be the
most important factor determining the overall stability of
these phenolic systems. In fact, esterification is expected to
affect mainly the energy barrier corresponding to the (O=)
C-OR internal rotation.

The conformational results presently obtained are in
perfect agreement with reported data on similar di- and
trihydroxylated cinnamic acids and esters, namely trans-
caffeic acid (3-(3,4-dihydroxyphenyl)-2-propenoic acid)
[30], trans-3-(3,4,5-trihydroxyphenyl)-2-propenoic acid
[31] and trans-ethyl 3-(3,4,5-trihydroxyphenyl)-2-prope-
noate [11]. Also, the present results are corroborated by
preliminary structural data gathered for some elements of
this type of phenolic esters [31].

This kind of conformational study based on theoretical
methods is of the utmost relevance for future studies aiming
at the elucidation of the structure–activity relationships
(SARs) ruling the biological function of phenolic com-
pounds with potential chemopreventive and/or chemother-
apeutic properties, and at a better understanding of the
mechanisms underlying this activity. Moreover, quantum
mechanical studies such as the ones presently reported yield
highly accurate structural data, as compared to semiempir-
ical or force field approaches normally used in the
construction of SAR and QSAR (quantitative structure–
activity relationships) models. In fact, development of such
a model requires a thorough knowledge of the most stable
conformers for each element of the homologous series of
compounds investigated (directly related to a leader, e.g.,
the parent acid), in order for their structural parameters to
be used as reliable descriptors. For the phenolic derivatives
under study, only those conformers with population at room
temperature above 20%—geometries 1 and 2—should be
considered for a QSAR model.

Cytotoxicity evaluation of the phenolic compounds
presently discussed against distinct human cancer cell lines
is underway in our laboratory (concomitantly with the
structural elucidation of the compounds tested), promising
results having already been obtained [3, 10, 31]. A
combined analysis of the structural and biological data will
yield reliable SARs and QSARs, thus contributing to the
wider goal of developing new and more effective chemo-
preventive and/or chemotherapeutic agents.
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