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Abstract— Dielcometry, method of dipole moments, IR spectroscopy, and computer simulation were used to
show that dicarboxylic acid esters derived from 16-hydroxyisosteviol (ent-16-hydroxybeyeran-19-oic acid)
exist in CCl, solutions as tweezer-like or open-chain structures, or dimers with various steric structures,
depending on the degree of dilution. Concentrations at which both the esters and parent dicarboxylic acids
undergo structural rearrangement were established. The structure of three esters was confirmed by X-ray

diffraction.
DOI: 10.1134/S1070363207060217

Bis-derivatives of the diterpenoid isosteviol (ent-
16-oxobeyeran-19-oic acid) (I), in which the two ent-
beyeran carcasses are linked via the C'” carboxy groups,
are present in crystal as so-called tweezer-like struc-
tures [1-3]. The beyeran carcasses in these structures
locate one over the other, forming an intramolecular
cavity whose size and shape are defined by the length
and chemical composition of the spacer [1]. Tweezer-

like structures were also revealed in CCl, solutions of
these compounds by means of dipole moment meas-
urements and computer simulation [4]. We recently
synthesized 16-hydroxyisosteviol bis-derivatives II-V
in which the two ent-beyeran carcasses are linked with
various-length polymethylene spacers already via
hydroxyl functions [5]. We considered it important to
study the structure of these isosteviol derivatives, too.
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Compouds II-V are dibasic carboxylic acids.
Therefore, in solutions, depending on the degree of
dilution, they can exist both as acid dimers and as
monomers. The fractions of the dimeric and mono-
meric forms in solution are obviously dependent of
the concentration of the acid: With dilution, the frac-

tion of the former decreases and the fraction of the
latter increases.

The so-called “critical concentration” at which a
solute changes its aggregative state can be determined
with high precision by dielcometric titration [6]. The

1069



1070

2.243
2.242
2.241
2.240
2.239
2.238
2.237
2236 [

1 1
0 1.0 20 30 40 50
cx 103, M

Fig. 1. Plot of dielectric constant (¢) vs. solute concentra-
tion (¢, M). Solute: (/) compound II; (2) compound III;
(3) compound IV; and (4) compound V.

dielectric constant of a medium (g) containing polar
substances is highly sensitive to the structurization
degree (i.e. to formation by polar substances of
various-polarity aggregates), and dielcometry is used
to success in micelle formation research [7-9].

The plots of the dielectric constants € of solutions
of compounds II-V in CCl, vs. the concentrations of
the solutions are presented in Fig. 1, and Fig. 2 shows
similar plots for the corresponding dicarboxylic acids,
acetic acid, and isosteviol. The results of analysis of
the plots are given in Table 1 which lists concentra-
tions at which the solutions radically change their
polarity (as evidenced by well-defined inflections in
the plots). By analogy with the term “critical micel-
lization concentration” (CMC) widely used in micelle
formation research [7-9], we gave these concentra-

Table 1. Critical aggregation concentrations (CAC) for
CCl, solutions of dicarboxylic acids and their derived
16-hydroxyisosteviol esters

. CAC M) x CAC (M) x
Acid 103, acid Ester 104, ester
Acetic (VI) 1.6 - -
Isosteviol (I) 1.8 - -
Malonic (VII) 1.0 I 5.0
Adipic (VIII) 1.5 I 6.0
Suberic (IX) 1.7 v 4.0
Sebacic (X) 1.6 A\ 7.0, 25
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Fig. 2. Plot of dielectric constant (¢) vs. solute concentra-
tion (¢, M). Solute: (/) isosteviol (I); (2) malonic acid
(VII); (3) adipic acid (VIII); (4) suberic acid (IX);
(5) sebacic acid (X); and (6) acetic acid (VI).

tions the name “critical aggregation concentrations”
(CAC). Since 16-hydroxyisosteviol (XI) and com-
pounds II-V contain carboxy groups, and all carb-
oxylic acids are known to form H-bonded dimers at
certain concentrations in soluions [10], we suggested
that in our case the CAC value obtained by dielcom-
etry relates to the concentration range where, at a
definite dilution, the fraction of monomers becomes
to be larger than that of dimers.

As seen from Table 1, compounds II-IV form acid
dimers at a concentration that is an order of magnitude
lower than the concentration of the dimer formation
from the corresponding acids (malonic, adipic, and
suberic). This finding means that the former acids are
more prone to dimerization than dibasic carboxylic
acids. Since the slope of the plot of the € of a solution
vs. the concentration of the solute is proportional to
the dipole moment [11], the plots in Figs. 1 and 2
allow us to estimate not only the polarity of the solu-
tion, but also the concentration of one or another
component. The concentration ranges in the plots for
acetic (VI), malonic (VII), adipic (VIII), suberic (IX),
and sebacic acids (X) and isosteviol (I) (Fig. 2), from
2x107* M (measurement start) to CAC (1.0-1.8x
107 M), correspond to the monomeric form. Dimers
of monocarboxylic acids are nonpolar, since the
dipole moments of their carboxy groups are directed
toward each other and mutually compensated. There-
fore, the nonzero polarity of the solutions of our
considered monocarboxylic acids (acetic acid and
isosteviol) at the CAC and above gives evidence
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showing that the solutions contain, along with dimers,
the polar monomeric form. In accordance with the
additivity principle [Eq. (1)] [11], the concentration
of the latter is estimated by Eq. (2) which simplifies
to Eq. (3), when the dimeric form is nonpolar.

2 2 2
Mexp = Mmonomono T }’Ldimer(1 - nmono)’ ey
2 2 2 2
Mmono = (Mexp - Mdimer)/ (Mmono - Mdimer)’ @)
2 2
Mmono = Mexp/ Hmono- 3)

Here P on0s Hdimers Mexp are the dipole moments of the
monomer and dimer, and the experimental dipole
moment, respectively, and n_, ... is the concentration
of the monomeric form in the solution. Our measured
experimental dipole moment of acetic acid (VI) at
concentrations below the CAC is 1.571£0.28 D. The
theoretical dipole moment .., of 1.62 D, neces-
sary for determining n_.., of acetic acid (VI), was
estimated using the C(O)O group dipole moment
equal to 1.7 D and directed along the C=0 bond [12],
as well as the N-O dipole moment of 1.0 D. The theo-
retical p.,,, of 1.62 D is nicely consistent with our
experimental value (1.57 D). The experimental dipole
moment of a solution of acetic acid (VI) at a con-
centration of above the CAC is 0.5 D, which, accord-
ing to Eq. (3), corresponds to a 10% content of the
monomeric form.

Isosteviol (I) contains, along with carboxyl, a keto
group, and, therefore, the dipole moment of its dimer
should be nonzero. In calculation of the theoretical
dipole moment of isosteviol and its dimer by the
vector additive scheme [11, 13], we used the same
dipole moment of the carboxy group as in acetic acid,
and the dipole moments of cyclopentanone Cg,—C,

and C=0 bonds were taken to be 0.7 and 1.7 D,
respectively [11]. The H-C,s dipole moment was

always taken to be 0.28 D [11]. The geometries of
isosteviol and its dimer was optimized by the PM3
method [14] using the Gaussian98 program [15]. The
theoretical dipole moment of the monomerc form of
isosteviol (3.77 D) is close to experimental measured
at concentrations below the CAC (3.95+0.42 D),
whereas the polarity of the dimeric form of isosteviol
(0.26 D) is lower than the value (1.09 D) correspond-
ing to the € of the solution above the CAC point.
Consequently, in this concentration range (1.8 x 107—
1.44x107 M) the solution contains, along with
dimers of isosteviol, its monomeric form. According
to Eq. (2), the content of the latter is 8%.

Calculation of the dipole moments of dimeric di-
carboxylic acids VII-X should involve special con-
formational analysis aimed at determining mutual
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orientation of the “terminal” carboxy groups in the
dimers. Therefore, we restricted ourselves to the
determination of experimental dipole moments of the
monomeric forms at concentrations below the CAC.
The following experimental values were obtained, D:
3.0+0.44 (VII), 3.20+£0.51 (VII), 3.0+0.35 (IX),
and 3.20+0.38 D (X). The published dipole moments
of dicarboxylic acids VII-X [16] were measured at
concentrations above the CAC (when solutions
contain, along with the monomeric form, a minor
amount of the less polar dimeric form). The measur-
ements were performed in dioxane which in itself is
able to associate with acids, and, therefore, published
values are regularly underestimated compared to our
results, equaling 2.6 (VII), 2.2 (VIII), 2.36 (IX), and
2.46 D (X) [16]. At the same time, the dipole moment
of acetic acid, measured in benzene at concentrations
below the CAC (1.50 D [16]), is almost coinciding
with our value (1.57 D).

Even though compounds II-V are, too, dibasic
acids, we can suggest that they will differ in behavior
in solution from ordinary dicarboxylic acids. The re-
sults of ab initio calculations [17], vibration spec-
troscopy [17, 18], and X-ray diffraction study with
full electron density analysis [19], dicarboxylic acids
(up to sebacic) in crystal, solution, and liquid and
gaseous states exist as open-chain structures combined
to form hydrogen-bonded dimers of the tape type.

A characteristic feature of isosteviol (I) and, cor-
respondingly, 16-hydroxyisosteviol (XI) which is the
starting materal for the synthesis of esters II-V is that
the carboxy and keto (or hydroxy) groups at the ter-
mini of the rigid ent-beyeran carcass locate strictly on
one side of the carcass. As a result, the molecule
looks like a rigid “[[-shaped bracket,” with the CO,H
and OH groups at its termini. It can be suggested that
during synthesis of compounds II-V, due to the pres-
ence in the reaction mixture of CoCl,, a transition
state (TS) arises, in which the mutual arrangement of
the reagent molecules predetermines formation of a
tweezer-like structure with an intramoleclar hydrogen
bond.

Whether such a cyclic TS forms or not depends on
the length of the polymethylene chain (spacer) in the
acid chloride. Malonic acid chloride has an ideally
sized spacer. Computations by the PM3 method [14]
using the Gaussian98 program [15] show that the
tweezer-like structure of compound II is preferred by
25.1 kI'mol™" over open-chain. Actually, by X-ray
diffraction data, compound II exists in crystal as a
tweezer-like structure with an intramolecular hydrogen
bond between the carboxy groups. Thus, we can
suggest with assurance that the tweezer-like mono-
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molecular form of compound II, which exists in CCl,
solutions at concentrations below the critical dimerizat-
ion concentration, unlike what is observed with or-
dinary dicarboxylic acids, is already a kind of a
“dimer,” since it contains two hydrogen-bonded
CO,H groups belonging to two isosteviol fragments.
At the same time, in compounds with a longer poly-
methylene spacer between two isosteviol fragments
such a hydrogen-bonded tweezerlike structure be-
comes strained and straightens out, so that the carboxy
groups become free. According to PM3 computations,
the attendant energy gain, for example, for sebacic
ester V, is 29.3 kJ mol™",

To establish the structure of compound II in solu-
tion, we applied the method of dipole moments [7],
which was previously used to success in determining
the structures of different classes of organic and
organoelement compounds in solutions [4, 13, 20].
We used the same bond and group dipole moments as
in isosteviol. The theoretical dipole moment (1.72 D)
calculated by the vector additive scheme from the
X-ray crystal molecular geometry of compound II
proved to be much underestimated compared with
experimental (4.5 D, Table 2). However, PM3 geom-

Table 2. Dipole moments of compounds II-V at concentra-
tions below and above the critical aggregation concentration
(CAC)

Comp. no. |[u, D (below CAC)| p, D (above CAC)
II 4.50+0.55 3.12£0.32
I 4.70£0.40 4.20+0.38
v 4.97+0.48 4.00+0.35
\Y% 4.94+0.66 4.5010.44,
3.28£0.51
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etry optimization of compound II revealed its more
polar form in which the spacer conformation differs
from that in crystal.

Dihedral angles, deg

(see Fig. 3) X-ray diffraction PM3
C13AC16A016AC21A 164 166
CI6AQI6AC2IAC22 _178 11
Ol6AC21AC22(21B 90 _134
C2IAC22(21B (168 _93 _62
C22C21BOI6BC16B ~180 43
C21B016BC16BC13B 171 93

The dipole moment of the latter structure, cal-
culated by the vector additive scheme, was 3.70 D,
which is lower than experimental by 0.8 D. This dif-
ference can be explained by the presence in the con-
centration range below the CAC point of an open-
chain monomeric form of compound II. The dipole
moment of this form, calculated by the vector additive
scheme, is 8.94 D, and its fraction in the solution,
estimated by Eq. (2), is 10%.

Let us consider the possible dimeric forms of com-
pound II, which can exist at concentrations above the
CAC. According to PM3 computations, dimer A is
preferred, but it is also the least polar. Its dipole
moment calculated by the vector additive scheme is
0.7 D. Dimer B is more polar (1.32 D) but less fa-
vored by energy (by 12.6 kJ mol ™) compared to
dimer A. Computer simulation revealed one more,
quite an unusual type of dimer. According to PM3
data, as the two tweezer-like forms of compound IT
approach each other (Fig. 3), they grab each other to
form a pseudocatenane-type dimer C. As this takes
place, the intramolecular RCO,H:--(O)HOCR hydro-
gen bonds in each of the two tweezer-like structures
are cleaved, and the structures interpenetrate so that
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Fig. 3. Molecular geometry of compound II in crystal

by X-ray diffraction data. Shown are carboxyl and spacer
methylene hydrogens and hydrogens at C!6. The intra-
molecular hydrogen bond is shown by the dashed line.

the carboxyl hydroxyls of one of the molecules are
hydrogen-bonded with the ester carbonyls of the other.
Thus, four intermolecular RCO,H---O=COR hydrogen
bonds arise instead of two intramolecular RCO,H--
(O)HOCR hydrogen bonds. The relative energy of
dimer C is about 12.6 kJ mol™', but its vector additive
dipole moment is higher (1.96 D). To explain the ex-
perimental polarity of the solution of compound II at
concentrations above the CAC (3.1 D, Table 2), we
suggested formation in the solution, along with dimer
C, of a highly polar (8.94 D) open-chain monomeric
form. Its fraction estimated by Eq. (2) is 8%.

Probably, the three dimeric forms simulated with
compound II as an example can also be present in
CCl, solutions of compounds II-V at concentrations

Table 3. Optical density ratios D3>23/D?67° for compounds
I-V in CCl, solutions

I I m | Iv \Y ¢, M
0.20 - - - - 1x1072
0.38 - - - 0.02 6x 1073
0.55 - - - 0.04 4x1073
0.60 - 0.08 - 0.06 20x1073
1.04 | 0.002 | 0.10 - 0.08 |2x107*-6x10~*
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Fig. 4. IR spectra of isosteviol (I). (/) Solution in CCly,
¢ 0.00048 M; (2) solution in CCly, ¢ 0.0144 M; and
(3) KBr pellet.

above the CAC. The only difference is that the
molecules with longer spacers between the ent-
beyeran carcasses will be more flexible and less
folded, and will prefer dimeric form B. However, this
will not affect considerably the polarity of solutions
with concentrations above the CAC, since, in force of
the mentioned features of the steric structure of com-
pounds II-V, their dimeric forms will be roughly
close in polarity (1-2 D). The most important factor
here will be the presence in solutions of highly polar
open-chain monomolecular forms. Their dipole mo-
ments estimated by the vector additive scheme for the
PM3-optimized molecular geometries are, too, close
for compounds II-V (8.94 D for malonic ester II and
9.30 D for sebacic ester V). Therefore, we can con-
clude that the fractions of these monomolecular forms
in CCl, solutions at concentrations above the CAC
will be close to each other (8-10%).

Evidence for this assumption was provided by the
IR spectra of isosteviol (I) and compounds I-V.' As
follows from the variation in the intensity of the stretch-
ing vibration band of the free carboxyl OH group
(3525 cm™), in going from crystal to CCl, solution
and with the subsequent dilution of the latter, the frac-
tion of the polar monomolecular form tends to in-
crease. This tendency is most pronounced with iso-
steviol (I) (Fig. 4).

Comparing the IR spectra measured in KBr pellets
and in dilute CCl, solutions, we can see that in the
solutions the stretching vibration bands of the free

I Detailed IR spectral analysis of compounds I-V will be
reported in our further publication.
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Fig. 5. IR spectrum of sebacic diester V. Solution in
CCly, ¢ 0.00011 M.

oA - 034 0% oic
1A 21C

» H - O .HIC

Y s :

21D v z d

O . PHBY .
1 gD * olB 0?%!B

oO'B
.O3D OID 02D O3B

Ues L[N

Fig. 6. Molecular geometry and hydrogen bonds (dashed
lines) in the crystal of compound III. Numbering is
shown only for carboxyl and ester oxygens and hydro-
gens involved in hydrogen bonding.

hydroxy group v(OH) at 3525 cm™! and free carbonyl
group v(C=0) of the carboxyl function (the latter
band appears in the same region as that of the iso-
steviol keto group, i.e., at 1740 cm™) are stronger.

The percentages of the monomolecular forms of
compounds I-V in CCl, can be directly estimated
from the ratios of the optical densities of the free and
associated carboxyl OH bands D**%/D*°"° listed in
Table 3. As seen from Table 3, at 10> M concentra-
tions the fraction of the polar monomolecular form
for isosteviol is 30-40% and no more than 6-8% for
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adipic and sebacic esters III and V. At concentrations
of 10 M, the fraction of monomolecular isosteviol
increases to 50%, whereas the fractions of monomo-
lecular compounds III and V remain unchanged (8%).
Even though the fraction of the monomers in the latter
cases are small, their free OH stretching vibration
bands are visible (Fig. 5). With malonic and suberic
esters II and IV, no spectral evidence for the presence
in solutions of the monomolecular forms of these
compounds was obtained. Thus, by IR spectroscopy
we could confirm the dielcometric and dipole-moment
data showing that compounds III and V at concentra-
tions above the CAC point can exist by about 8% in
the polar monomolecular form.

It still remains unclear why compound V has
two CAC points. Probably, the flexibility of this
molecule allows existence of a greater number of
dimers of various polarity than in the other com-
pounds in question.

Evidence for the existence of dimers simulated
with compound II as an example was obtained by
X-ray diffraction analysis of esters III-V. Compound
III exists in crystal as the dimer shown in Fig. 6. This
dimer has the same pseudocatenane structure as dimer
C predicted by PM3 computations. According to
X-ray diffraction data, suberic ester IV exists in
crystal as an unfolded structure like B (Fig. 7).

Thus, the dielcometric experiments, method of
dipole moments, IR spectroscopy, and computer
simulation show that esters II-V in CCl, solutions of
4-7x10™* M concentrations, which we named critical
aggregation concentrations (CAC) undergo structural
rearrangement. Below the CAC range, the solutions
contain both tweezer-like (with an intramolecular
hydrogen bond between the carboxy groups) and open-
chain monomolecular forms. Above the CAC range,
the solutions contain, along with lowpolarity ester
II-V dimers of various structure, highly polar mono-
molecular forms (6-8%).

EXPERIMENTAL

Compounds II-V were synthesized as described
above [5]. The dipole moments were all determined
in CCl, soutions by the second Debye method [11],
using the dielectric constants measured on a device
described in [21] and the refractive indices at 20°C.
Table 2 lists the dipole moments of compounds II-V,
determined at concentrations below and above the
CAC.

The IR spectra were measured on Bruker Vector
22 Fourier IR spectrometer (resolution 4 em™) in KBr

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No.6 2007
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Fig. 7. Molecular geometry of compound IV in crystal. Shown are carboxyl hydrogens and hydrogens at C!6. Intermolecular

hydrogen bonds are shown by dashed lines.

pellets for solids and in cells of various thickness for
CCl, solutions.

Crystal data (except for structural factors) for com-
pounds I, III, and IV are deposited in the Cambridge
Structural Database, entry nos. CCDC 609479 (II),
609480 (III), and 609478 (IV). Details of the ex-
periment and features of the crystal and molecular
structure of the compounds will be reported
elsewhere.
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