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Cationic intermediates in trans- to cis- isomerization reactions
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Abstract

Computational analyzes were undertaken to investigate the geometrical isomerization mechanism of a truncated tail-end
model (C,—C,y) of the full lycopene molecule, the products of which are the 5-cis and 7-cisforms. The global conformational
minima were identified for the neutral all-trans reactant, the cationic isomerization intermediates and that of these two cis-
isomeric products. Energies and stabilities were compared during different stages of the isomerization mechanism of the
segments. The C, allylic hydride affinity values of the all-trans to the 5-cis, and the 7-cis isomers of this lycopene model,
are in the range of 255-260 kcal mol ~!, which are within the expected limits of such hydride affinity values (210 kcal mol ~*
for weak and 360 kcal mol ' for strong hydride affinity) at the RHF/3-21G level of theory. The bond lengths involving
alternating single and double carbon—carbon bonds roughly coincide with the expected changes along each intermediate of
the putative isomerization pathway. The following sequence of stability was observed in the tail-end model of neutral lycopene
isomers:

5-cis > all-trans > T-cis
For the cation, the order of stability was different:
all-trans > 5-cis > 7-cis
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Fig. 1. Structure and numbering of lycopene and four experimental models.

1. Preamble

Lycopene (Fig. 1) belongs to a family of natural
lipophillic pigments, known as carotenoids. Carotenoids,
present in various fruits and vegetables, are fundamental
constituents of plant photosystems. Perhaps the most
extensively studied functions of carotenoids are their
light-harvesting abilities during photosynthesis
and protective effects against photosensitization,

which could lead cancer. Today, approximately 700
carotenoids have been identified in nature [1], and
their chemical structures have been unveiled. All
carotenoids are characterized by an extended system
of conjugated double bonds that account for their
color and antioxidant activities. Carotenoids can be
classified into hydrocarbon carotenoids containing
solely carbons and hydrogens, and oxocarotenoids,
which include oxygen atoms in their structure.
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Fig. 2. Similarity in structure between lycopene (pre-folded) and beta-carotene.
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Fig. 3. Energy level diagram showing the energy transfer during 'O, scavenging (left side) the spin forbidden de-excitation of triplet lycopene

(right side).

Another method of classification is based on the
presence or absence of provitamin A activity.
Originally, carotenoids were considered important
only as precursors of vitamin A. More recently,
there has been significant interest in evaluation
of carotenoids for roles that are unrelated to their
conversion to vitamin A. Beta-carotene has been the
primary research focus of earlier studies because of
its role in cancer prevention and its potential vitamin
A activity. Although both lycopene and beta-carotene
have very similar chemical structures (Fig. 2), and the
former is even the precursor of the latter in the bio-
synthetic pathway [2], the effects of lycopene and
beta-carotene on health differ drastically. It is only
recently discovered that instead of protecting humans
against cancer, the supplement form of beta-carotene,
when ingested, can increase the risk of lung cancer
and heart disease [3]. Thus, the relationship between
molecular structure and health is clearly demonstrated
— even a diminutive difference in chemical structure
can lead to unpredictable effects on health.

Although used as a natural food colorant for many
years, it was only recently that lycopene became the
subject of intense study with respect to its antioxidant
activity and potential in alleviating chronic diseases
such as prostate cancer [4]. A growing body of
scientific evidence indicates that antioxidants are
important in the human body’s defences against
harmful free radicals, which induce structural
damages to cells and possibly contribute to aging
and diseases that occur more frequently with
advancing age. Lycopene, an antioxidant in vivo,
provides protection against the oxidation of lipids,
proteins and DNA by free radicals. The collective

degenerative effects of these free radicals are termed
‘oxidative stress’.

In fact, the most dangerous free radicals come from
oxygen, known as the reactive oxygen species. They
include superoxide (O, ), hydrogen peroxide (H,0,),
hydroxyl radicals (- OH) and singlet oxygen ('O,).
Singlet oxygen is a very high energy form of oxygen
with a shorter life than an oxygen radical, but damage
cells and tissues much more quickly. Lycopene may
well be the most potent of all singlet oxygen
quenchers. Its efficiency for radical quenching resides
in its extended system of conjugated double bonds.
The greater the number of conjugated double bonds,
the higher the ability of a carotenoid to quench free
radicals [5]. Lycopene antioxidant activity begins
with the transfer of energy of singlet oxygen to the
carotenoid, yielding a triplet ground state oxygen and

Carotenoid Intake

Dietary Fat
Bile Acids
v Mucosa Cell
. _C;rl;te_nl;d_; -: Chylomicrons
oy |
1 . ]
Micelles | Retinol Ester |

\J
5090%

Excretion 10-50%

Lymph

Fig. 4. Absorption of carotenoids (lymphatic pathway).
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Fig. 5. Geometrical isomers of lycopene.
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Fig. 6. Interaction between a methyl group and hydrogen group in lycopene.

a triplet-excited carotenoid (Fig. 3). Subsequently, the
carotenoid returns to ground state by dissipating its
energy through interaction with the surrounding
solvent [6]. In fact, lycopene acts like a catalyst
since it is left intact in this quenching process; also,
once its job is finished, the physical quenching process
begins again when lycopene further quench another
singlet oxygen molecule. Furthermore, lycopene may
also undergo isomerization during quenching, via the
lowest triplet state of the molecule [5].

Together with dietary lipids and bile acids, lyco-
penes are incorporated into lipid micelles in the
small intestine via the lymphatic pathway when it
is taken into the body (Fig. 4). It is possible that
configurations of different lycopene isomeric forms
determine the ease of micelle formation, thus, aiding
absorption of carotenoids into the intestinal mucosa
cell. However, whether an in vivo isomerization
mechanism exists is still unknown. The intact
carotenoid is subsequently incorporated into
chylomicrons, which are released into the lymphatic
system for transport to the liver. The highest levels of
lycopene have been found in the testes, adrenal glands
and prostate [7]. The bioavailability of lycopene after
its absorption and distribution in the body depends
on various factors: food processing and presence of
dietary lipids. Interestingly, processing such as
heating has traditionally been considered as
contributing towards the loss of nutritional quality
of foods. In contrast, research confirmed that
processing breaks down cell walls, which weakens
the bonding forces between lycopene and tissue
matrix, thus making lycopene more easily absorbed.

Isomerization occurs during processing, converting a
portion of the all-frans isomers to a mixture of cis-
isomers. Lastly, since lycopene is a fat-soluble
substance, it must be consumed with some fat in
order to be absorbed through the intestine to achieve
best results.

2. Introduction
2.1. Structural background

Lycopene has a chemical formula of CyHse. It is an
acyclic and internally symmetrical molecule with 11
conjugated double bonds. Zechmeister [8] pointed out
the possible existence of 72 geometrical isomers of
lycopene. However, the most predominant species in
tomatoes and tomato products is the all-frans isomer.
Lycopene is present naturally in human plasma as an
isomeric mixture containing over 60% of the total
lycopene as cis isomers [7].

The all-trans, 5-cis, 9-cis, 13-cis, and 15-cis
lycopene (Fig. 5) are commonly identified in human
serum. Not all cis-isomers are of equal stability due to
a number of possible 1,4 interactions between
neighbouring methyl and hydrogen groups (Fig. 6).
Pauling called attention to the fact that trans- to cis-
isomerization can be a result of overlapping of the
methyl group of a carbon atom adjacent to a double
bond and the hydrogen [9]. Apparently, the steric
interaction between a methyl group and hydrogen
atom (Fig. 6) is the most destabilizing which is
based on their relative group sizes.
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2.2. Computational background

Conformational analysis has been performed on a
truncated (C,—Cg) tail-end model (see Model B
in Figs. 1 and 8) of lycopene [10]. The global

minimum on the conformational Potential Energy
Hyper-Surface (PEHS): E = E(x2, x3, x4), corre-
sponds to the (g+, a, g+) structure, or its degenerate
pair (g, a, g ), for both the all-frans and 5-cis
isomers. For the full lycopene isomers, the sequence
of stability:

5-cis > all-trans > 9-cis > 13-cis > 15-cis > T-cis
> 11-cis

has been observed from previous ab initio calculations
[11]. Apparently, the 5-cis form is the energetically
most stable of all isomers not only in the case of the
full lycopene, but also its truncated tail-end model
(Model B) [10].

2.3. Scope

The aim of the present research is to study the
isomerization mechanism (Fig. 7) of a truncated
(C-Cyg) tail-end model (Model C) of the full
lycopene (Figs. 1 and 8), the products of which are
two cis forms (5-cis and 7-cis). The use of this
truncated tail-end model, which is considerably
smaller than the full lycopene, permits more
convenient and manageable molecular computations
as well as a detailed examination of the two terminal
portions of lycopene (from C; to Cs and from
C’, to C’s) that rotate out of plane. Previous studies
concluded [10,11] that lycopene has a rigid central
skeleton (from Cs toC’s) and two flexible tails (from
C, to Cs and from C’; to C’5).

As it can be seen from the proposed mechanism
(Fig. 7), the cation formation converts C, from its

nearly tetrahedral (sp’), to a trigonal planar (sp®)
geometry. Since the positive charge is dispersed
throughout the mw-network, C; now has two trigonal
planar carbons attached.

)

+ H:(_)

For this reason, it became necessary to study the
conformational pattern of divinyl methane
(1,4-pentadiene), before the cationic intermediates
were investigated.

3. Methods

Completely relaxed geometric optimizations
were performed at RHF/3-21G level of theory for
the neutral all-frans as well as the 5-cis and 7-cis
isomers, of lycopene Model C (Fig. 8) using the
conformational information of Model B, published
earlier [10]. The three cationic intermediates (i.e. the
all-trans, the 5-cis and 7-cis form) were also subjected
to the same analysis.

An ab initio (RHF/3-21G) 2D-scan was carried out
to generate the E = E(¢, i) potential energy surface
of divinyl methane, where ¢ and s represent rotations
about the C(spz)—C(sp3) and C(SpS)—C(sz) single
bonds, respectively. The visually observed minima
were subjected to geometry optimizations at the
RHF/3-21G level of theory. The results were used in
studying the cationic reaction intermediates. GAUSSIAN
94 has been used to carry out all the computations [12].

4. Results and discussion
4.1. Conformations of divinyl methane

Divinyl methane (1,4-pentadiene) has been studied
first, as a conformational model of the cationic inter-
mediates. The essential question here is whether the
two unsaturated moieties, joined to the central CH,
unit, are coplanar or not. In other words, do minima
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Fig. 7. Putative mechanism for lycopene isomerization.
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Fig. 8. Structure and numbering of the tail-end models of lycopene. Model B includes the first eight carbons of lycopene’s carbon backbone.
Model C includes the first ten carbons of lycopene’s carbon backbone.
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occur either in the syn/syn, syn/anti, or in the anti/anti
form.

syn anti

(007 00)

(0", 180%

The conformational PEHS of divinyl methane
is shown in Fig. 9. The eight minima located
were optimized and the results are summarized in
Table 1.

The minima occurred in the vicinity of =16 and
+120°. That means that the unsaturated moieties
are either nearly perpendicular (corresponding to
+30°) to one or the other of the C—H bonds, or in
alignment, i.e. eclipsed, (*£120°) with one or the
other of the C—H bonds. However, no minimum
was observed at 0 or *90°, when the olifinic
groups would be eclipsed with or perpendicular
to the C-C bond.

Torsional potential energy curves (PECs) of the
type

E = E®),

were generated at ¢ =0° as well as ¢ = 120°
and ¢ = —120° to see the alternation of minima
Table 1

and maxima along the torsional mode of motion. The
results are shown in Fig. 10A and B, respectively.

anti anti

Hoo

(180, 180%)

4.2. Structures and stabilities, along the isomerization
mechanism pathway of lycopene Model C

The trans—cis isomerization mechanism (Fig. 7) of
Model C (Fig. 8B), as well as the conformational
torsional angles and relative energies of its intermedi-
ates have been examined in detail. The geometries,
energies and stabilities of all species involved are
presented in Table 2.

Results obtained here for the neutral compounds
are expected to follow the sequence of energy and
stability of the full lycopene. The observed order of
stability is clearly in agreement with earlier results
obtained in the case of full lycopene [11]:

5-cis > all-trans > T-cis

For the cationic intermediates, however, the order
of stability is different:

all-trans > 5-cis > 7-cis

Optimized dihedral angles, bond lengths, total energies and relative energies of various conformers of divinyl methane

Conformer [ 1 C;-Hy C;-Hyo Energy AE (kcal mol ")
a 116.85982686 116.8582153 1.08566470 1.08566516 —192.8732017 0.00000
a' —116.86066755 —116.85996391 1.08566521 1.08566492 —192.8732017 0.00000
b 119.87843183 —119.87227647 1.08815294 1.08353286 —192.8718829 0.82756
b’ —119.8731839%4 119.87789676 1.08353187 1.08815307 —192.8718829 0.82756
c 16.10175702 —115.86964444 1.08760599 1.08673326 —192.8720363 0.73130
¢’ —16.10317418 115.87135594 1.08673431 1.08760496 —192.8720363 0.73130
d —115.86972268 16.1032023 1.08673701 1.0875990 —192.8720363 0.73130
d’ 115.86753178 —16.10561373 1.08759825 1.08673763 —192.8720363 0.73130
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The rotation PEC along s, of divinyl methane is
structurally analogous to the rotational potential along
X3 in the cationic intermediates of Model C. For the
three cationic intermediates (i.e. for the all-trans, the
5-cis and 7-cis cations), the

E = E(x3).

PECs are shown in Fig. 11. It is interesting to note
that the cationic intermediates show a somewhat
different torsional potential (Fig. 11) with respect to
that obtained in the case of divinylmethane (Fig. 10).
Although the increased size of Model C may be a
factor, nevertheless it is more likely that the presence
of the positive charge redistributes the electron
density sufficiently, which in turn translates to a some-
what different conformational PECs.

4.3. Bond length interpretations

One of the structural features of the isomerization
process is the changing carbon—carbon bond length.
During the reaction, a double bond may change to
a single bond and vice versa. Key bond lengths
at various stages of isomerization are summarized in

H
CONH,,
N 7~
/ H + ‘ —_
b S
T
Z

Table 3. The C-C single and C=C double bond
lengths, obtained at this level of theory, are
given, for the sake of comparison, in the footnote of
Table 3.

Three types of CC bond lengths were identified:

double bond (approximately: 1.32 A),
conjugated single bond (approximately: 1.47 A),
genuine single bond (approximately: 1.54 A).

On the basis that, a conjugated stabilization
pattern has emerged, which is shown in Scheme
1. The broken line —- passing through three bonds

from Cs to Cg are neither genuine single or
genuine double bonds. Thus rotations may occur
relatively easily along the Cs—C¢ and C;—Cqg
bonds. The results (Table 3 and Scheme 1)
roughly coincide with the expected changes, but
they are somewhat different from conventional
resonance hybrid representation (c.f. Structures 2,
2" and 2" in Fig. 7).

4.4. Energetics of isomerization mechanism

The rotational potential energy curves associated
with the isomerization processes

All-trans cation — 5-cis cation

All-trans cation — 7T-cis cation

are shown in Fig. 12. The barriers to interconversions
are different for the two processes. The two PECs
clearly indicate that the isomerization to the 5-cis
cation is kinetically more favourable than that to the
7-cis cation. However, the cations have to be formed
in the first place. Hydride transfer to NAD" may lead
to the formation of allylic cations.

The relative ease of hydride [H:H] removal is
measured by the hydride affinity of the molecular
system. Hydride affinity values, as computed at the
RHF/3-21G level of theory, are summarized in
Table 4. These data suggest that the easiest removal
of an allylic hydride is from the all-frans isomer
and the most difficult to remove, is from the 5-cis
isomer. These results are illustrated graphically by
Fig. 13, in the form which preserves the mechanistic
considerations given in Fig. 7.

As far as the thermodynamics of the reaction are
concerned, a great deal depends on the hydride affinity
of the hydride acceptor. This is clearly shown in
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Fig. 10. Top(A): Torsional potential E = E() at ¢ = 0°, for divinylmethane. Bottom(B): Torsional potential E = E(y) at ¢ = =120°, for
divinylmethane.
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Fig. 11. Torsional potentials for the three cationic intermediates of lycopene Model C isomerization. Top: all-trans, middle: 5-cis, bottom: 7-cis.
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Table 3
Variation of carbon—carbon bond lengths along the isomerization pathway of lycopene Model C (conjugated single bonds in italic, double

bonds in bold R[C—-C] in ethane = 1.542, in butadiene = 1.467, R[C=C] in ethylene = 1.315, in butadiene = 1.320)

Charge R(Me-C)) R(C-C;) R(C-C;) R(G3-Cy) R(C4=Cs) R(Cs5-Ce) R(Ce—Cy) R(C;—Cg) R(Cs—Cy) R(Co—Cyp)

Molecule
All-trans 0 1.517 1.321 1.510 1.556 1.518 1.328 1.462 1.328 1.472 1.325
S-cis 0 1.517 1.321 1.510 1.556 1.517 1.328 1.463 1.328 1.472 1.325
7-cis 0 1.517 1.321 1.510 1.556 1.518 1.329 1.463 1.332 1.478 1.326
All-trans 1 1.516 1.322 1.529 1.495 1.359 1.410 1.393 1.364 1.335 1.516
5-cis 1 1.516 1.323 1.531 1.495 1.358 1.412 1.399 1.362 1.334 1.515
T-cis 1 1.516 1.322 1.529 1.495 1.360 1.412 1.394 1.368 1.337 1.516
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Fig. 12. Torsional potentials for the two isomerization processes Solid Line: all-frans — 5-cis, broken line: all-trans — 7-cis.
Table 4

Energy components (E[H' ] = —0.4004207 Hartree) for hydride affinities of selected compounds

Hydride affinity (kcal mol ")

Molecular system Total energy (Hartree)

Cation Neutral
Weak hydride acceptor —7.1870945 Li" —7.9298426 Li-H 214.813866774
Strong hydride acceptor —39.0091291 H;C™" —39.9768768 H;C-H 356.00336577
All-trans Model C —539.0853808 —539.8927057 255.336454542
5-cis Model C —539.0790704 —539.8933291 259.687483380

7-cis Model C —539.0750170 —539.8833670 255.979715043
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Fig. 13. Energy level diagram (kcal mol ") for frans—cis isomerization mechanism of the truncated lycopene model.
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Fig. 14. Side-by-side comparison of hydride affinities (kcal mol ') for several small cationic systems.
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Fig. 14 where a weak hydride acceptor [Li‘"] is
compared to a strong hydride acceptor [H;C'"], as
summarized in Table 4. The overall reaction may be
endothermic for a weak hydride acceptor [Li‘"], or
exothermic for a strong hydride acceptor [H;C'™], as
shown in Fig. 15.

No attempt is made here to study NAD'", because
it is believed that the hydride affinity of NAD" is not
just the hydride affinity of the pyridinium ring. It is
quite likely modified by the carbohydrate attached, as
well as by the remaider of the NAD" molecule.

5. Conclusions

All of the results obtained suggest that the isomer-
ization mechanism proposed is indeed plausible.
The following sequence of stability is observed:

5-cis > all-trans > T-cis

for the neutral tail-end (C,—C;p)model of lycopene
(Model C).This is in line with the results from
previous studies [11] on the various isomers of the
entire lycopene. The relative stability of the inter-
mediate cations generated from Model C, however
exhibited a different stability:

all-trans > 5-cis > 7-cis.
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