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epoc ABSTRACT: Conformational analysis of derivatives of 2-methyl-1,3-propanediol is reported. The diol spacer is
substituted with different aromatic residues that are linked by ether or ester functionalities. Most of the experimental
evidence was obtained by 1H NMR spectroscopy through the analysis of the vicinal coupling constants of the two
ABX systems of the spacer. It is found that the main factor influencing the conformation of the molecules is the
interaction between the aromatic fragments at the ends of the spacer. Thus, when the electronic character of the two
residues is similar (e.g. 1–3 and 5), the molecules have high conformational flexibility. On the other hand, when the
electronic character of the two residues is different (e.g. 4), the molecules possess a conformational bias, having a
preference for folded conformations. These results were corroborated by NOEs and computational modelling. The
folded conformation of molecules such as 4 (and others reported previously) may be due to favourably quadrupolar
and van der Waals interactions between the unlike aromatic residues. The conformational energies obtained by the
1H NMR analysis of the vicinal coupling constants were used for the calculation of the dipole moments of some
molecules (1, 3, 5 and 6) and excellent agreement with the experimental values was found. Copyright # 2003 John
Wiley & Sons, Ltd.
Additional material for this paper is available in Wiley Interscience
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INTRODUCTION

Non-covalent interactions play key roles in a variety of
chemical and physical processes.1 The interactions of
aromatic compounds are ubiquitous in organic chemis-
try2 [a comprehensive, updated, list of references on
arene interactions (especially CH–� interactions) can be
found at: http://www.tim.hi-ho.ne.jp/dionisio/ (last ac-
cessed 26 May 2003)]. It has been shown that an aromatic
fragment can interact with a variety of chemical entities,
such as an other aromatic moiety,3 hydrogen,4 cation (for
a comprehensive review, see Ref. 5a; for recent reports,
see Refs 5b–g), anion,6 halogen,7 amide,8 carbonyl,9

olefin,10 electron-donor group11 or hydrocarbonated frag-
ment.12 The strengths of these interactions are dependent
on the type (intermolecular versus intramolecular), the
cooperativity13 and the relative orientation of the inter-

acting species (for a comprehensive review, see Ref. 14a;
for recent reports, see Refs 14b and c). These interactions
have profound influences on a wide variety of properties,
such as molecular structure,15 reactivity,16 supramolecu-
lar structure (including molecular recognition17 and crys-
tal packing18), physico-chemical features,19 biological
activity20 and technological characteristics21 of organic
compounds.

We22–24 and others25 have studied the effect of arene–
arene interactions on the conformation in solution,22 the
crystal packing23 and the biological activity24 of organic
molecules. The origin of this phenomenon is not fully
understood, although it is likely that dispersion and
electrostatic forces dominate the potential of arene–arene
interaction. The interpretation of substituent effects can
provide valuable insight into the nature of arene–arene
interactions and the relative contribution of the different
forces.26

We have been interested in the synthesis and properties
of polymers with aromatic substitution at the ends of an
acyclic chain (A, Fig. 1).27 These molecules can be
thermotropic liquid crystals,28 having phase transitions
that depend on the flexibility of the acyclic spacer. We
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hypothesize that the conformational preference of the
acyclic spacer of polymers A would be controlled by
putative intramolecular arene–arene interactions. A con-
venient approach to obtain an insight into the structure of
these polymers is to perform detailed conformational
studies on model compounds.22,27a

We have recently presented experimental results that
show that the conformation of a variety of aromatic
diesters of 2-methyl-1,3-propanediol (B) depends on the
nature of the aryl groups.22a Thus, when the aryl groups
are identical, the acyclic spacer is quite flexible, with
a relatively high content in the extended conformer (C).
On the other hand, if the electronic character of each
aromatic ring is different, the molecules possess a con-
formational bias, the folded (U-shaped) structure (D,
Fig. 1) being the most stable conformer. The driving
force for this behaviour is an intramolecular interaction

between the unlike aromatic rings that is stabilized by
both dispersion and quadrupolar forces.25,29 This intra-
molecular arene–arene interaction is easy to detect by 1H
NMR spectroscopy, and is manifested by a marked
asymmetry in the AB parts of the two ABX systems of
the spacer and by nuclear Overhauser enhancements
between the protons in the two aromatic rings. Occasion-
ally, variations in the chemical shifts of some aromatic
protons are observed; this phenomenon depends on the
strength of the arene–arene interaction and on the mag-
netic ring current of each ring. (For recent computational
analysis of the chemical shift anisotropy of aromatic
compounds, see Ref. 30a; for a comprehensive review,
see ref. 30b.)

In continuation of this research, we report here experi-
mental details on the conformational behaviour of several
derivatives of 2-methyl-1,3-propanediol (E, Fig. 2). The

Figure 1. Structures A–D

Figure 2. Structures E and 1–6
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compounds studied possess aromatic rings with different
electronic characters. They include diesters (1 and 2,
Fig. 2), mixed ester–ether compounds (3 and 4), and
diethers (5). The diacetate 6, without any aromatic frag-
ment, is used as a reference compound to compare
experimental data. In previous work,22a we dealt only
with diesters of 2-methyl-1,3-propanediol; in the present
paper, we also report results on the conformation of
derivatives of 2-methyl-1,3-propanediol with an ether
functionality. Given that both functionalities (ether and
ester) are different from both steric and electrostatic
points of view, this research can shed light on the relative
importance of the different factors influencing the con-
formation of the functionalized acyclic fragments.

The experimental results were obtained by 1H NMR
spectroscopy and dipole moment measurements. We
found excellent agreement between the values of con-
formational energies obtained by the two methods. Ad-
ditionally, the experimental results were corroborated by
computational modelling (both molecular mechanics and
ab initio calculations). Overall, the results reported in the
present paper reinforce our previous findings on the
influence of the intramolecular interaction of aromatic
rings on the conformation of acyclic molecules, and
provide new data on the relative importance of steric
and higher order electrostatic interactions.

RESULTS AND DISCUSSION

Analysis of the 1H NMR vicinal coupling constants

In principle, the acyclic spacer of E can adopt a variety of
conformations, which are generated by rotation around
the central bonds. If we consider the rotational isomeric
state (RIS) model,31 the four central bonds in E can adopt
either trans (t), positive gauche (gþ) or negative gauche
(g�), giving 81 possible limiting conformers. All the
structures can be roughly classified as either extended
(C, Fig. 1) or folded conformations (D, Fig. 1). Only four
out of the 81 conformers of E are U-shaped; these
conformers have the tgþg�gþ, tg�gþg�, gþg�gþt, and
g�gþg�t configurations in the four bonds. Consequently,
the spacer in the U-shaped conformers necessarily adopts
gauche states in the two central bonds, and these con-
formations can be identified by careful analysis of the
proton vicinal coupling constants of the two methylene
groups in molecules of type E.

Each—CH2CH(CH3)—segment of E gives an ABX
system which permits straightforward determination of
the vicinal coupling constants, JAX and JBX. Evidently,
for the symmetric compounds (1, 2, 5 and 6), the two
ABX systems corresponding to the—CH2CH(CH3)—
and —CH(CH3)CH2—fragments are identical, whereas
in the case of the asymmetric molecules (3 and 4), they
should yield separate multiplets in the 1H NMR spectra.
Figure 3 shows the methylene resonances corresponding

to the AB regions of the ABX multiplets for the sym-
metric diether 5 and the ether–esters 3 and 4. Each
methylene group contributes an octuplet in which the
frequencies and relative magnitudes are determined by
the chemical shifts (�A and �B) of the two protons (A and
B), the geminal coupling constant (JAB) between them,
and the vicinal coupling constants between each of them
and the methine (X) proton (JAX and JBX).32 Although, in
general, detailed analysis of second-order spin multiplets
requires numerical simulation, we can nevertheless make

Figure 3. 1H NMR spectral regions of 5 (top), 3 (middle),
and 4 (bottom) corresponding to the benzylic protons and
the AB parts of the ABX multiplets of the methylene groups.
The octuplet at higher field (centred at 3.15–3.25 ppm) is
due to the CH2 group vicinal to the ether function. The
octuplet at lower field (centred at ca 4.2 ppm) is due to the
CH2 group vicinal to the ester function. The intense peak at
ca 4.25 ppm is from the benzyl methylene. The spectra of 3
and 4were recorded in benzene-d6 and that of 5 in dioxane-
d8. All the spectra were taken at 300MHz and 298K
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some broad comparisons of the different multiplets by
visual inspection. In each case, the octuplets may be
separated into two quartets which are associated with
the two protons, arbitrarily designated A and B. In the
following discussion, we adopt the convention that the A
spin is that whose chemical shift appears at higher values,
so that �A��B is positive. If the two quartets are approxi-
mately symmetrically disposed about the central fre-
quency (�Aþ �B)=2, it follows that the vicinal coupling
constants are similar in magnitude. Increasing asymmetry
of the two quartets about the central frequency reflects an
increasing difference in jJAX� JBXj.

Spectra were taken in deuterated benzene at different
temperatures (between 298 and 338 K). Since we in-
tended to compare experimental results from 1H NMR
spectroscopy and dipole moments, the solvent has to be
apolar (�¼ 0); although benzene can interact with the
aryl groups of compound E, this interaction is likely to
favour extended versus folded conformations; a compu-
tational study on the influence of the solvent on the
conformational mobility and other electrostatic proper-
ties of molecules of type E is under way. The vicinal
coupling constants were determined by fitting the line-
shapes; a summary of the results is presented in Table 1.
The complete set of experimental coupling constants is
available as Supplementary Material at the epoc website
at http://www.wiley.com/epoc. Owing to the greater re-
levance of 4, its coupling constants are given in Table 2.

The relationship between the vicinal coupling con-
stants (Jni and Jni

0, for the two bonds n¼ 1, 2) and con-
formation is depicted in Fig. 4, which shows the

projections for each of the rotational isomeric states of
the two central C—C bonds of the 2-methyl-1,3-propa-
nedioxy spacer common to all the compounds studied.
The protons have been arbitrarily labeled a and b for the
methylene group of bond 1, c and d for the methylene
group of bond 2 and x for the methine group to which they
couple. On the basis of symmetry grounds, the two bonds
in 1, 2, 5, and 6 are energetically equivalent, which
implies that the gþ state of bond 1 is equivalent to the
g� state of bond 2 and has equal energy. As a convention,
for the asymmetric compounds 3 and 4, we name methy-
lene group 1 as the one that appears at higher field (i.e.
the vicinal to the ether functionality) and the methylene
group 2 as the one vicinal to the ester function. Note that
no assignment has yet been made regarding the chemical
shifts of these protons in any of the compounds. Thus the
downfield A spin quartets could correspond to proton a or
b in the case of methylene group 1. Similarly for the
methylene group 2, which shows different multiplets in
the asymmetric compounds 3 and 4, the higher frequency
resonances A may derive from either proton c or d.

Equations (1)–(4) relate the vicinal coupling constants
Jax, Jbx, Jcx and Jdx with the populations f nðtÞ; f

n
ðþÞ and f nð�Þ

Table 1. Range of the temperature-dependent coupling
constants for the ABX system of compounds 1–6a

Compound JAX JBX

Dibenzoate (1) 6.41–6.53 5.57–5.74
Bis[3,5-(dinitro) 6.47–6.52 5.62–5.66
benzoate] (2)
Benzoate, benzyl 6.18–6.28 (bond 1) 5.63–5.64 (bond 1)
ether (3)

6.12–6.16 (bond 2) 6.03–6.08 (bond 2)
Benzyl ether, [3,5- 6.65–6.85 (bond 1) 4.82–5.08 (bond 1)
(dinitro)benzoate] (4)

6.34–6.36 (bond 2) 5.90–5.97 (bond 2)
Diether (5) 6.02–6.07 5.88–5.89
Diacetate (6) 6.41–6.46 5.75–5.82

a Bonds 1 and bond 2 of 3 and 4 are indicated in Fig. 2. All the spectra,
except for the diether 5, were measured in benzene-d6; the spectra of 5 were
taken in dioxane-d8. The spectra were recorded between 298 and 338 K.

Table 2. Coupling constants (Hz) for compound 4

Parameter 298 K 300 K 303 K 308 K 313 K 323 K 338 K

Bond 1: JAX 6.85 6.81 6.79 6.79 6.75 6.71 6.65
Bond 1: JBX 4.82 4.86 4.86 4.90 4.88 4.88 5.08
Bond 2: JA0X 6.36 6.36 6.36 6.35 6.35 6.35 6.34
Bond 2: JB0X 5.90 5.91 5.91 5.92 5.93 5.95 5.97

Figure 4. Projections showing the conformation-depen-
dent coupling constants, Ji

n and Jn
0

i (for the two bonds n¼1,
2), between methylene and methyne protons in the
central C—C bonds of the 2-methyl-1,3-propanedioxy
spacer common to all the compounds studied Projections
are shown for bonds 1 and 2, which are mirror images in the
symmetric compounds
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of the t, gþ, and g� states for bonds n¼ 1, 2. Equation (5)
shows the relationship between the population and the
energy of each of the three conformational states � for
each bond n.22a

Jax þ Jbx ¼ J1
3 þ J1

1 � f 1
ð�Þ

�
J1

3 þ J1
1 � 2J1

2

�
ð1Þ

Jax � Jbx ¼ ðJ1
3 � J1

1Þ
�
f 1
ðtÞ � f 1

ðþÞ
�

ð2Þ

Jcx þ Jdx ¼ J2
3 þ J2

1 � f 2
ðþÞ

�
J2

3 þ J2
1 � 2J2

2

�
ð3Þ

Jcx � Jdx ¼
�
J2

1 � J2
3

��
f 2
ðtÞ � f 2

ð�Þ
�

ð4Þ

f nðvÞ ¼
exp

�
� En

ðvÞ=RT
�

P
� exp

�
� En

ð�Þ=RT
� ð5Þ

These quantities may be compared with the ex-
perimental quantities, JAX þ JBX ¼ Jax þ Jbx and
jJAX� JBXj ¼ jJax� Jbxj for both bonds. As inferred from
the data in Table 1, the vicinal coupling constants for 1, 2,
3, 5 and 6 are similar with JAXþ JBX �12 Hz and a small
value of jJAX� JBXj (<1 Hz), which suggests that the
conformational distributions for all the compounds are
very similar, determined presumably by the same inter-
actions within the chain. On the other hand, the
jJAX� JBXj values for the more shielded methylene group
of 4 goes from 1.6 to 2.0 Hz over the temperature range
studied (Table 2). This indicates that the two protons of
the methylene group 1 in 4 sample very different average
environments, which results in biased population distri-
butions between the trans, gauche(þ ) and gauche(� )
states of the central C—C bonds of the acyclic spacer.

Following previously published methodology,22a we
can estimate the energies of the gauche states relative
to the trans state (i.e. En

ðtÞ ¼ 0 of the central bonds in all
the molecules 1–6). The results are given in Table 3. Note
that for the symmetrical compounds (1, 2, 5 and 6), the

energies given refer to bond 1. For bond 2, the gauche
energies, E(þ) and E(�), are interchanged. In the case of
the asymmetric compounds (3 and 4), results for bond 1
(vicinal to the ethereal oxygen) and bond 2 (vicinal to the
ester function) are given in Table 3.

On the basis of the data reported above, it is clear that
the conformational distribution of the ether–ester 4 is
different that of the rest of the molecules. Whereas 1–3, 5
and 6 have a relatively high conformational flexibility in
the two central bonds of the spacer, 4 shows a conforma-
tional bias, with a gauche-preferred conformation at the
bond between the more shielded CH2 group (vicinal to
the ethereal oxygen) and the central bond. It is also worth
mentioning that the mean chemical shift for the CH2

group vicinal to the ethereal oxygen shows a significant
difference: 3.34 ppm for diether 5, 3.20 ppm for 3, and
3.09 ppm for the dinitro derivative 4. The shielding of this
methylene can be rationalized by its proximity to the
aromatic ring at the other end of the molecule; this effect
is greatly manifested in 4 and, to a lesser extent, in the
benzoate 3.

Overall, we can state that the conformational distribu-
tion of the acyclic linker in 4 is different from the rest of
the related molecules analogous molecules. Based on
previous findings,22a we can propose that the most stable
conformations of 4 are folded (U-shaped). This hypoth-
esis was confirmed by NOE experiments and computa-
tional modelling.

NOE measurements and computational
modelling

In order to confirm further the existence of folded con-
former(s) of 4, 1D-NOE experiments were performed, in
C6D6 solution, by using the double pulse field gradient
spin-echo (DPFGSE) sequence.33 The aromatic protons
in both the dinitrophenyl and the phenyl rings and also the
methylene protons on bond 1 were chosen as targets and
thus selectively inverted.

The theory of transfer of magnetization under transient
NOE conditions is well known34 and will not be given
here. The protocol to derive proton–proton distances
from these experiments can be found elsewhere.22a

Different NOE mixing times were used after inversion
of the target protons and both the recovery of the
magnetization of the inverted proton and the build-up
of the NOEs on the neighbouring protons were consid-
ered. It was observed that the inversion of the ortho-
protons of the 3,5-dinitrophenyl ring produced clear
positive NOE enhancements on the aromatic protons of
the phenyl ring and also on all the aliphatic methine,
methylene and methyl groups (Fig. 5, top). Analogously,
inversion of the aromatic protons of the phenyl ring gave
rise to NOE enhancements on the ortho-protons of the
dinitrophenyl ring (not shown). In contrast, no inter-ring
enhancements were observed upon inversion of the

Table 3. Average conformational energy values for
compounds 1–6a

Compound E(þ ) (J mol�1) E(� ) (J mol� 1)

1 �800� 400 �400� 300
2 �900� 300 �200� 150
3b �700� 200 �500� 200
3c �300� 200 �100� 100
4b �2000� 500 �1000� 1000
4c �600� 200 �500� 200
5 �150� 100 300� 150
6 �700� 200 �450� 150

a The data are relative to the energy of the trans conformer. The data are for
benzene-d6 solution, except those for 5, which are for dioxane-d8 solution.
b The data are for bond 1 (see Fig. 2).
c The data are for bond 2 (see Fig. 2).
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para-proton of this dinitrophenyl ring. In addition, inver-
sion of the methylene protons on bond 1 gave rise to
similar enhancements on both the aromatic protons of the
phenyl ring and on the ortho-protons of the dinitrophenyl
ring (Fig. 5, middle). Obviously, since NMR-derived data
are time-averaged, the observed enhancements reflect the
conformational equilibrium which is present in solution.
Therefore, the fact that cross-relaxation between protons
belonging to the two aromatic rings takes place indicates
unambiguously that an appreciable percentage of folded
(U-shaped) conformers exist in solution, since for ex-
tended conformers, both aromatic rings would be far
apart. The corresponding average interproton distances,
estimated from the NOE build-up curves, are given in
Table 4.

In order to obtain a reasonable structure that could fit
the NMR-derived data, a computational study on the

conformational distribution of 4 was performed. Initially
a molecular mechanics based conformational search was
chosen owing to its shorter computation time compared
with quantum calculations. Molecular mechanics calcu-
lations were performed using the MM3* force field as
implemented in MacroModel 4.5 (Columbia University,
1994).35 A systematic search of the low-energy confor-
mers was performed by using the MULTIC facility of the
MacroModel software. Thus, the six torsion angles that
connect both aromatic rings were systematically varied in
120� steps to cover the possible staggered conformers. In
total, 729 conformers were generated and optimized
using 200 steepest descent steps, followed by the number
of conjugate gradient iterations required for complete
convergence. An effective dielectric constant "¼ 1 was
used. Only nine different conformers occurred within an
energy threshold of 25 kJ mol�1. (The resulting struc-
tures, their torsion angles and relative energies are given
in the Supplementary Material available at the epoc
website on Wiley Interscience). However, this study
gave an overwhelming preponderance of folded confor-
mations that was unrealistic. This result was not unex-
pected given that molecular mechanics calculations on
aromatic compounds are known to favour stacked struc-
tures overestimating the importance of van der Waals
interactions.36 In order to overcome this drawback, we
carried out a conformational ab initio study on 4.

All the ab initio computations were performed under
vacuum (effective dielectric constant "¼ 1.0). The start-
ing geometries for the calculations were generated
through a conformational search using a Monte Carlo
algorithm37 with 5000 steps and the AMBER force
field.38 The resulting conformations were analysed on
the basis of their energy content, discarding those con-
formations that were 80 kJ mol�1 over the most stable
structure. Overall, 57 conformations were obtained that
were classified in two families: folded (42 structures) or
extended (15 structures). The structural variations among
the conformer of each family were small. The dihedral
angles of the linker in the folded family were very similar
and only small differences in the relative position of the
centres of the two aromatic rings were observed. Inter-
estingly, the relative orientation of the two aromatic
rings was face to face in all the folded conformers, and
T-shaped structures (likely to be stabilized by CH–�
interactions12) were not detected, probably hampered
by the short length of the spacer. On the other hand, a
higher structural variability was observed in the family of
extended conformers, arising from small differences in
the dihedral angles in the acyclic spacer and more
significant variations in the rotation around the Ph—
CH2 bond. Although of limited value, it was found that
the most stable folded conformer was more stable than
the most stable extended conformer (ca 19 kJ mol�1).

The structures of the most stable conformer in
each family were further refined by the B3LYP hybrid
Hartree–Fock/density functional method39 using the

Figure 5. 1D-NOE spectra obtained upon inversion of the
ortho-protons of the dinitrophenyl group of 4 (top) and of
the methylene protons vicinal to the ether group of the same
compound (middle). The regular 500MHz 1H NMR 1D
spectrum is shown at the bottom. The mixing time was 1.0 s

Table 4. Estimated average interproton distancesa be-
tween protons on opposite sides of ether–ester 4b

Proton pair Distance Proton Distance
(nm) pair (nm)

o-DNP=o- and m-Ph 0.41 p-DNP=o- and m-Ph > 0.5c

A-CH2=o- and m-Ph 0.31 A-CH2=o-DNP 0.33
A-CH2=B-CH2 0.26

a Calculated from 6

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r�6
ij

D Er� ��1

.

b Estimated errors are below 10%. In the case of the methylene groups,
both protons were simultaneously inverted. DNP and Ph are the 3,5-
dinitrophenyl and the phenyl groups, respectively. The methylene group
A is vicinal to the benzyloxy group (bond 1) and the methylene group B is
vicinal to the 3,5-dinitrobenzoyloxy group (bond 2) (see Fig. 2).
c NOE is not observed.
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6–31G* basis set as implemented in the Gaussian 98
programs.40 The calculations were carried out at high
convergence and the resulting structures were character-
ized by harmonic vibrational frequency computation that
showed that the structures were minima on the potential
energy surface. The resulting structures, along with their
respective energies, are shown in Fig. 6 (the atomic
coordinates of the optimized ab initio structures for the
folded and extended conformers are included as Supple-
mentary Material); they were not very different from
the structures obtained by the Monte Carlo method
(the superposition of the Monte Carlo and ab initio
structures for the folded and extended conformers are
included as Supplementary Material, available at the
epoc website on Wiley Interscience). The calculation
indicated that the folded conformer is more stable
than the extended conformer; the energy difference is
0.025 hartree (ca 66 kJ mol�1), which is much higher
than the experimental value, although it must be re-
marked that the computations were done under vacuum
and the experimental results were obtained in benzene
solution.

From a geometric point of view, the folded structure
fits the experimental facts fairly well. The most signifi-
cant aspect is the comparison of the experimental and
computed values of the distance between the ortho-
protons of the dinitrophenyl ring and the ortho-protons
of the phenyl ring: 0.41 nm (experimental), 0.32 nm
(shortest distance in the computed folded conformer
with 0.48 nm as average distance) and 0.65 nm (shortest
distance in the computed extended conformer with
0.80 nm as average distance).

As a conclusion, the predominant presence of folded
conformers is confirmed by both the calculations and the
NOE experiments, indicating that folded type conforma-
tions such as the minimum indicated in Fig. 6 and related
structures arising from small changes in the torsion
angles in the linker are significantly present in the
conformational equilibrium.

Dipole moment measurements

Compounds of type E (Fig. 2) are convenient models for
oligomers and polymers with aromatic residues linked by
an acyclic spacer. The conformational analysis of poly-
mers and model compounds through the study (theore-
tical and experimental) of dipole moments is a frequent
methodology in the field of the chemical physics of
polymers. Another goal of the present research was to
compare data obtained by 1H NMR spectroscopy and
dipole moment measurements in the conformational
analysis of compounds E.

The flexibility of the spacer in the molecules of type E
can be expressed in terms of its rotational partition
function Z given by the equation

Z ¼ J�
Yn�1

i¼2

Ui

" #
J ð6Þ

where Ui is the matrix that embodies the statistical
weights or Boltzmann factors, �, of the rotational states
of the bonds i that are related to the conformational
energies, E, of these states by Eqn (7), where the sub-
scripts � and � indicate the rotational states of bond i and
i�1, respectively.

��� ¼ exp �E��

RT

� �
ð7Þ

J� ¼ ð1; 0; . . . ; �; . . . 0Þ and J ¼ ð1; 0; . . . �; . . . 0Þ in
Eqn (6) are the row vector (1� �) and the column vector
(�� 1), respectively, where � is the number of rotational
states. By normalizing to the unit the higher statistical
weight of the rotational states of each skeletal bond, a
value is obtained for the rotational partition function,
which is straightforwardly related to the flexibility of
the spacer. The flexibility can alternatively be expressed
by the conformational entropy, which is related to the
partition function by the equation

Sc ¼
R

n
lnZ þ T

Z

d logZ

d logT

� �
ð8Þ

where n is the number of skeletal bonds of the spacer and
T is the absolute temperature.

According to the rotational isomeric state (RIS)
model,31,41 a conformation-dependent property <X>

Figure 6. Optimized calculated (B3LYP/6–31G*) struc-
tures for the folded and the extended conformers of
compound 4
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(such as the mean-square dipole moment <�2> ) can be
calculated by

Xh i ¼ Z�1
Yn
i¼1

Xi ð9Þ

where Xi is a supermatrix that contains the appropriate
statistical-weight matrix Ui, a coordination transforma-
tion matrix Ti and the specific contribution of bond i to
the property X.

The location of the rotational states and the establish-
ment of their relative energies are obtained, whenever
possible, from spectroscopic or thermodynamic measure-
ments carried out on molecules having structural features
similar to those of the spacer. When the experimental
option is not possible, computational methods are used.

In the previous section, we calculated the conforma-
tional energies for the two central bonds of the spacer of
1–6 by analysis of the 1H NMR vicinal coupling con-
stants. The values of the conformational energies of 1, 3,
5 and 6 were used for the theoretical calculation of their
mean-square dipole moments and, therefore, the relia-
bility of the method based on 1H NMR spectroscopy can
be tested by comparing the experimental and theoretical
dipole moments. The theoretical mean-square dipole
moments of the nitro-substituted compounds 2 and 4
were not calculated as there are no reliable data on the
contribution of the nitro group to the overall dipole
moment of a molecule. However, as 4 has interesting
conformational properties, the experimental value of its
dipole moment was also determined (see below).

All the background on the theoretical calculation of
dipole moments has been extensively discussed in other
publications;27a,41 the details will not be repeated here
and just a brief outline follows.

For compounds of type E, the dipole moment asso-
ciated with an ester group, �E, is assumed to be located in
the (O)C—O bond, forming an angle of 123 � with the
CH3—C(O) or the Carom—C(O) bonds of the aliphatic

and aromatic esters, respectively. The values of �E are
1.75 and 1.89 D (1 D¼ 10�18esu cm) for the former and
latter esters, respectively. The dipole moments of an ether
group lies along the bond and their values are �(O—
CH2)¼��(CH2—O)¼ 1.07 D. The dipole moments for
the other bonds (C—C) are considered to be zero. The
rotational angles are assumed to be located at 180 �

(trans) or � 60 � (gauche states), with the exception of

the O—C(O) bonds, which are restricted to trans states,
and the O—CH2 of the ester moiety, located at 180 and
�76 �, respectively.

The rotational states of positive sign about these bonds
have an energy E�k¼ 1.67 kJ mol�1 above that of the
alternative trans states. However, the g� states give rise to
strong repulsive interactions between the methyl and the
carbonyl groups. The energies of these states are
E�k þ Ew;where Ew (¼ 5.86 kJ mol�1) is the second-
order energy between the carbonyl and the methylene
groups. The gauche states of positive sign (þ120 �) about
bonds of type 2 (�120 � about bonds of type 1, see Fig. 2)
place the oxygen atom between the methyl and the
methylene groups, causing stronger repulsive interactions
than the alternative gauche states (�120 �) where the
methyl group is located in the plane and the methylene
group is out of the plane, that is, they interchange their
locations. The energy associated with the gþ and the g�

rotational states will be denoted E�� and E��, respec-
tively, and they were determined by 1H NMR spectro-
scopy as described above. Finally gauche rotations about
the ethereal CH2—O bonds, which give rise to first-order
CH � � �O interactions, have an energy E�00 of ca
3.8 kJ mol�1 above that of the trans states. Rotational
states of different sign about two consecutive bonds,
which give rise to second-order interactions between a
methylene (or methyl) group and the carbonyl group,
have an energy, Ew, of �5.86 kJ mol�1 above that of the
tt states. Rotations of type g�gþ about bonds that produce
second-order interactions between two oxygen atoms or
between an oxygen atom and a methylene group sepa-
rated for four bonds have in both cases an energy, Ew, of
�2.5 kJ mol�1 above that of the alternative tt states.

The statistical weight matrices for the different skeletal
bonds of the diesters 1 and 6 have been reported pre-
viously.27a The statistical weight matrices for the differ-
ent skeletal bonds of the diether derivative 5 can be
written as

where � and w are first- and second-order statistical
weight parameters, respectively. Correspondingly, for 3,
having ester and ether functionalities, the statistical
weight matrices can be written as (see overleaf).

Matrix multiplication methods,41 were used to calcu-
late the mean-square dipole moments of the compounds
and the results obtained are given in Table 5. By compar-
ing the experimental and theoretical values of <�2> , it

UðO---C4Þ ¼
1 �00 0

0 �00 0

1 0 0

0
B@

1
CA; UðC4---C5Þ ¼

1 �� ��

1 0 0

0 0 ��

0
B@

1
CA;

UðC5---C6Þ ¼
1 �� ��

1 �� w��

1 w�� ��

0
B@

1
CA; UðC6---OÞ ¼

1 �00 0

1 �00 0

1 0 0

0
B@

1
CA

ð10Þ
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can be seen that the values of the conformational energies
determined from 1H NMR experiments carried out on the
dibenzoate 1, the diether 5 and the diacetate 6 reproduce
very satisfactorily the mean-square dipole moments of
these compounds. On the other hand, the calculated value
for the mixed ether–ester 3 is nearly 24% higher than the
experimental result. To fit the calculated and experimen-
tal values of <�2> for 3 would require favouring the
all-trans conformation which places the dipole moments
associated with the ester and ether groups in nearly
antiparallel orientations. The experimental value of the
mean-square dipole moment of the dinitrobenzoyl deri-
vative 4 is also included in Table 5; it is much higher than
for the other model compounds, which may reflect the
high contribution of the nitro group to the overall dipole
moment of the molecule and also the higher proportion
of folded conformations in the overall conformational
distribution of this molecule.

CONCLUSIONS

The experimental results (1H NMR and dipole moments)
for derivatives of 2-methyl-1,3-propanediol having aro-
matic rings at the ends of the acyclic chain have shown
that the conformation of the spacer depends on the nature
of the aromatic rings. Thus, whereas the dinitrobenzoyl
derivative 4 has a preference for folded (U-shaped)
conformers, the rest of the molecules studied have a
higher conformational mobility with a likely preference
for extended structure.

The conformational behaviour of these compounds can
be explained by quadrupolar interactions between the
aromatic rings. The conformational bias of 4 can be
attributed to favourable quadrupolar interactions between
the 3,5-dinitrobenzoyl and phenyl groups at the ends of
the molecule; this conformation is also favoured by van

der Waals interactions. On the other hand, the fact that the
other compounds (1–3 and 5) have a lower population of
the folded conformer can be rationalized by a destabiliz-
ing quadrupolar interaction between the two aromatic
rings, that tend to place the aromatic fragments apart
from each other (as previously found in the solid state23a),
although a face-to-face orientation is preferred by van der
Waals forces.

It is worth highlighting that the conformational ener-
gies obtained by 1H NMR spectroscopy were used to
calculate the dipole moments of 1, 3, 5 and 6, showing
agreement with the experimental values, which indicates
a good validation of the method based on 1H NMR
spectroscopy.

We have previously found a similar behaviour in the
conformational preferences of 1-(9-anthracenecarbony-
loxy)-3-(3,5-dinitrobenzoyloxy)-2-methylpropane (7),22a

which shows a very high preference for folded conforma-
tions (over 90% of the conformational distribution),
presenting U-shaped conformations with a nearly perfect
alignment of the mass centres of the two aromatic rings
(Figure 7); this conformation maximizes the (favourable)
quadrupolar interaction between the two unlike aromatic
rings. As a consequence, the gauche states for the two
central bonds of 7 are highly populated, with an energy
difference of over 5 kJ mol�1 relative to the trans states.
The same phenomenon, although to a smaller extent, is

Table 5. Results of the dielectric measurements of compounds 1 and 3–6

Compound Solvent @"
@w2

� 	�
2n1

@n
@w2

� 	�
<�2>exp (D2) <�2>theor (D2)

1 Benzene 2.24 0.11 5.90 5.86
3 Benzene 1.71 0.11 4.32 5.35
4 Benzene 4.82 0.13 16.69 n.d.
5 Dioxane 1.48 0.31 2.62 2.64
6 Benzene 3.16 0.29 4.76 4.95

Figure 7. Structure 7

UðO---C4Þ ¼ ð1 �k �kwkÞ; UðC4---C5Þ ¼
1 �� ��

1 wk�� wk��

1 wk�� ��

0
B@

1
CA;

UðC5---C6Þ ¼
1 �� ��

1 �� w��

1 w�� ��

0
B@

1
CA; UðC6---OÞ ¼

1 0 �00

1 �00 0

1 0 0

0
B@

1
CA ð11Þ
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found with 4. On the other hand, the stabilizing energy of
the gauche states of the central bonds in 4 (ca 2 kJ mol�1)
is lower, indicating a decrease in the gauche population
in 4 relative to 7, resulting in a lower proportion of
U-conformer in 4 than in 7. This result is expected on
the basis of the higher absolute value of the zz-component
of the quadrupole moment tensor of anthracene relative to
that of benzene42 that would result in smaller quadrupolar
interaction energy for 4. Another reason for a lower
proportion of the U-shaped conformer in 4 may be due
to the unfavourable steric interaction of the benzylic
methylene (see the structure of the folded conformer in
Fig. 6).

In conclusion, the present and our previous results
demonstrate that the conformation of acyclic spacers
bearing aromatic substituents can be controlled by the
proper choice of the electrostatic character of the aro-
matic rings and the functionality at the end of the acyclic
spacer. These results can be applied to the preparation of
oligomers and polymers with designed folding patterns.
Work along these lines is in progress.

EXPERIMENTAL

Materials. All compounds were prepared using standard
methodologies (acylation with the corresponding acyl
chloride or alkylation with benzyl bromide) from 2-
methyl-1,3-propanediol, following procedures reported
in the literature.22,23a All the new compounds gave
satisfactory 1H NMR spectra, 13C NMR spectra, mass
spectra and analytical data (C, H, �0.4%).

NMR measurements. 1H NMR spectra were recorded on
INOVA 300, INOVA 400 and UNITY 500 spectrometers.
All the spectra, except those of 5, were obtained in
benzene-d6 solutions. The 1H NMR spectra of 5 were
obtained in dioxane-d8. Coupling constants were deter-
mined by fitting the experimental spectra with simulated
lineshapes based on standard expressions for the line
frequencies for ABX spin systems.32 A FORTRAN
program was developed for this purpose that employs a
non-linear least-squares fitting routine in which the
chemical shifts and respective linewidths for spins A, B
and X, and also the geminal and vicinal coupling con-
stants, are varied simultaneously. Errors in the coupling
constants determined in this way are less than 0.05 Hz in
all cases. All spectra were measured between 298 and
338 K. Transient NOE measurements were performed on
a Varian Unity 500 spectrometer at 303 K in benzene-d6

solution, using standard procedures. Five mixing times
(0.3, 1.0, 2.0, 3.0 and 6.0 s) were employed to follow the
build-up and decays of NOEs.

Computational modelling. The calculations were per-
formed on a double 867 MHz processor PC and on a
2660 MHz Intel Xeon processor (Xeon) Dell Precision

450 workstation running both Linux and Microsoft
Windows XP (version 2002) operating systems.

Dipole moments. The static dielectric permittivities " of
solutions of 1, 3, 4 and 6 were measured in benzene
(Merck, dried with molecular sieves) at 303 K with a
capacitance bridge (General Radio, type 1620 A) coupled
with a three-terminal cell. Owing to its limited solubility
in benzene, the dielectric measurements of the diether 5
were obtained in dioxane (Panreac) solution that was
dried by sequential heating at reflux over potassium
hydroxide and methyl isocyanate to eliminate the pre-
sence of aldehydes and alcohols. The values of " were
plotted against the weight fraction w of solute, and from
the slope of the plots, in the limit w! 0, the term d"/dw,
proportional to the total polarization (orientation, elec-
tronic and atomic), was obtained. Values of the increment
of the refractive index n of the solutions with respect to
that of the solvent n1 were measured with a differential
refractometer (Chromatix). The values of �n were
plotted against w, and from the slope in the limit
w ! 0, the term dn/dw, proportional to the electronic
polarization, was determined. The atomic polarization is
in most cases only a very small percentage of the
electronic polarization and because of the small value
of the latter, this contribution was neglected. The mean-
square dipole moments of the compounds were obtained
by using the Guggenheim–Smith method:41

< �2 >¼ 27 kBTM0

4�	NA "1 þ 2ð Þ2
lim
w!0

@"

@w

� ��
�2n1

@n

@w

� ��
 �
ð12Þ

where kB and NA are Boltzmann’s constant and
Avogrado’s number, respectively, M0 is the molecular
weight of the solute, T is the absolute temperature, 	 is
the density of the solvent and n1 and "1 are the
refractive index and the permittivity of the solvent,
respectively.
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