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A systematic conformational study of w-hydroxy acids, HO—(CHy),—COOH with n ranging from 2
to 5, has been performed using quantum mechanical calculations at the MP2 level. To distinguish
between intrinsic and environmentally induced conformational preferences, calculations have been
carried out in both gas phase and chloroform solution, a polarizable continuum solvation model
being used to represent the latter. Results indicate a consistent conformational behavior, as reflects
the feature that the lowest energy minimum for n = 2, 3, 4, and 5 corresponds to the g*gt, gtgtgt,
g gtgtgt, and gtg gtgtg t conformations, respectively. Furthermore, the stability of the extended
and semiextended conformations increases systematically with the size of the central aliphatic
segment. The relationship between the size of the aliphatic segment and the stability of folded

conformations is analyzed and discussed.

Introduction

Conformational studies of simple organic and bioor-
ganic molecules are particularly interesting because they
provide information that can be relevant for the struc-
tural investigation of more complex and larger com-
pounds. Furthermore, when studies of model molecules
are performed in the absence of strong environmental
forces, distinctive “int¢rinsic” conformational preferences
are sometimes identified allowing rationalization of
unexpected features found in condensed phases. Within
this context, ab initio quantum mechanical methods have
become useful and precise tools to study model molecules
of small and medium size.

During the past decade, quantum mechanical calcula-
tions and experimental observations on difunctional
model molecules including diamides,! diesters,? and
diketones?® showed an anomalous conformational feature,
which has been referred to as “folding of methylene
units”. This is the tendency of the methylene units to
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adopt a gauche conformation in compounds with small
aliphatic segments flanked by two carbonyl groups, i.e.
CO—(CHy),—CO with n < 5. Moreover, recently published
gas-phase calculations on succinic acid evidenced that
diacids are also affected by the folding of methylene units,
although in aqueous solution the intrinsic conformational
preferences are altered by extensive hydrogen bonding
with water.*

In the current study, we have used quantum mechan-
ical calculations to explore the intrinsic conformational
preferences of compounds containing small aliphatic
segments flanked by acid and hydroxy groups. More
specifically, we focused on 3-hydroxypropionic acid (1),
4-hydroxybutyric acid (2), 5-hydroxyvaleric acid (3) and
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(2) Alemén, C.; Puiggali, J. J. Org. Chem. 1997, 101, 33441.
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6-hydroxyhexanoic acid (4). The interest of aliphatic
w-hydroxy acids involves different fields of chemistry and
biology: they are used to prepare important synthetic
polyesters, they are contained in the ceramides located
at the uppermost layer of the epidermis as well as in
other important lipid phases, etc. An exhaustive confor-
mational search through a systematic procedure has been
performed for these compounds in the absence of external
forces using Hartree—Fock (HF) and second-order Mgller—
Plesset (MP2) methods. Furthermore, solvation effects
have been estimated by using a continuum model. The
conformational preferences have been rationalized in
terms of folding of methylene units and both O—H---O
and C—H---O hydrogen bonds.

Methods

Gas-Phase Calculations. Molecular conformations
were labeled according to their dihedral angles, which
were listed in the following order: for 1 the dihedral
angles {y1, x1, xs} correspond to the bond rotations
{(H)O—CH,, CHy;—CH;, CHy—C(OO0)}, for 2 {1, x1, ¥3, X4}
correspond to {(HHO—CH,, CH,—CH,, CH;—CH,, CHy—
C(00)}, and so on for 3 and 4. The specific atomic
sequences used to define the dihedral angles of the four
compounds are provided in the next section. The rotam-
ers were classified as follows: trans (t, for 150° < y; <
210°), skew™ (s, for 210° < y; < 270°), gauche™ (g, for
270° < y; < 330°), cis (c, for 330° < y; < 30°), gauche™”
(g", for 30° < y; < 90°) and skew™ (s*, for 90° < y; < 150°).

The energy minima of 1, 2, and 3 were characterized
by using a systematic conformational search procedure.
Because each flexible dihedral angle is expected to have
three minima, the number of minima that may be
anticipated for the potential energy hypersurfaces (PEHs)
of 1, 2, and 8 is 33 = 27, 3* = 81, and 3°= 243,
respectively. However, due to the absence of stereochem-
istry, the number of theoretical minima can be reduced
to 14, 41, and 122, respectively, since {y;} = {—x}, where
xi refers to the dihedral angles used to define the
conformation. All these structures were taken as starting
points for HF geometry optimizations using the 6-31G-
(d) basis set.5 To account for electron correlation effects,
all the structures resulting from HF/6-31G(d) optimiza-
tions were fully re-optimized at the MP2/6-31G(d) level.
Frequency analyses were carried out to verify the force
constants of all the stationary points located during MP2
geometry optimizations. Subsequently, single point en-
ergy calculations were performed for all the minima of
each compound at the MP2/6-311G(d,p) level® on the
MP2/6-31G(d) optimized geometries. The computed fre-
quencies were used to obtain the zero-point vibrational
energies (ZPVE) and both thermal and entropic correc-
tions. To provide the conformational Gibbs free energies

(5) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 23, 213.
(6) McLean, A. D.; Chandler, G. S. J. Chem. Phys.1980, 72, 5639.
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in the gas phase (AGyy), such statistical terms were added
to the gas-phase energies computed at the MP2/6-311G-
(d,p) level.

On the other hand, the number of anticipated minima
that should be considered as starting geometries for 4,
365, is too large. Accordingly, calculations on this com-
pound were performed on selected conformations to
confirm the evolution of some conformational tendencies
observed in the three smaller compounds. The methods
used for geometry optimizations and energy evaluations
were exactly the same as those described for 1, 2, and 3.

Solution Calculations. To estimate the solvation
effects, single point calculations were also conducted on
the MP2/6-31G(d) energy minima using a Self-Consistent
Reaction Field (SCRF) model. The SCRF methods treat
the solute at the quantum mechanical level, while the
solvent is represented as a dielectric continuum. Specif-
ically, we chose the Polarizable Continuum Model (PCM)
developed by Tomasi and co-workers to describe the bulk
solvent.”® The PCM method involves the generation of a
solvent cavity from spheres centered at each atom in the
molecule and the calculation of virtual point charges on
the cavity surface representing the polarization of the
solvent. The magnitude of these charges is proportional
to the derivative of the solute electrostatic potential at
each point calculated from the molecular wave function.
The point charges may, then, be included in the one-
electron Hamiltonian, thus inducing polarization of the
solute. An iterative calculation is carried out until the
wave function and the surface charges are self-consistent.
PCM calculations were performed in the framework of
the ab initio HF/6-311G(d,p) level using the standard
protocol and considering the dielectric constant of chlo-
roform (¢ = 4). The conformational free energies in
chloroform solution (AG.,) were computed by using the
classical thermodynamics scheme: the free energies of
solvation (AGs,) provided by the PCM model were added
to the AGgp, AGCm: AGSOl + AGgp.

Gas phase and PCM calculations were performed with
the Gaussian 98 computer program.?

Results and Discussion

3-Hydroxypropionic Acid (1). A total of 11 station-
ary points were characterized as minimum energy con-
formations at the MP2/6-31G(d) level. From these, one
is the all-trans (ttt) and the other 10 correspond to 2-fold
degenerated minima, i.e. the structures with {y1, y1, xs}
and {—y1, —x1, —xs} are equivalent and isoenergetic.
Table 1 lists the dihedral angles {1, x1, xs} and the gas-

(7) (a) Miertus, M.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55,
117. (b) Miertus, S.; Tomasi, J. Chem. Phys. 1982, 65, 239.
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Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K,;
Foresman, J. B.; Cioslowski, dJ.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S;
Pople, J. A. Gaussian 98, revision A.7; Gaussian, Inc.: Pittsburgh, PA,
1998.
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TABLE 1. Dihedral Angles® (deg) and Relative Energies
(kcal/mol) of 3-Hydroxypropionic Acid (1) Minimum
Energy Conformations

MP2/ MP2/
label 2 22 23 6-31G(d) 6-311G(d,p)
gtgt 66.0 —63.2 —169.4 0.0® 0.0¢
gto gt 60.1 —175.0 458 22 2.0
tgts™ —162.2 66.9 —1452 3.4 3.0
grgtet 59.3 50.1 65.1 3.4 3.0
ttt 180.0 180.0 180.0 3.7 2.3
grgts™ 60.9 55.1 —1114 3.7 3.2
tgtgt —171.0 58.2 52.3 3.8 3.5
gttt 69.6 —176.2 177.9 4.1 3.6
gttg™ 68.6 —179.3 —=57.7 4.7 4.1
ttg™ —-1789 -—-177.3 49.3 4.9 4.3
ghtgt 70.1 —176.2 61.7 4.9 4.3

¢ From MP2/6-31G(d) geometry optimizations. The dihedral
angles are defined by the following sequences of bonds: H-O—
CHzy—CHx, (1), O—CHy—CH2—C(=0) (x2), and CHa—CHz—C(=0)—0
(x3). * E = —342.612599 au. ¢ E = —342.822696 au.

TABLE 2. Hydrogen Bonding Parameters (Distances
and Angles in A and deg), Relative Free Energies in the
Gas Phase (AGygp in kecal/mol) and Chloroform Solution
(AGecn1 in kcal/mol), and Free Energy of Solvation (AGse
in kcal/mol) of 3-Hydroxypropionic Acid (1) Minimum
Energy Conformations

label intramolecular interactions® AGg AGsa  AGen
gtgt 0-H---0 (2.127 A, 129.6°) 0.06 —-4.0 0.0

gtg g™ O-H--0(2.074 A, 130.3°) 1.7  —44 13
tgts™ C—H---0 (2.550 A, 93.0°) 2.0 —-47 12
gtgtg™ 2.5 —4.8 1.6
ttt 23 —45 1.7
gtgts” ) 24 —48 16
tgtgt C—H---0 (2,539 A, 93.5°) 29 53 16
gttt 25 —48 1.7
gttg™ 31 —48 23
ttg* 31  —47 24
ghtgt 3.2 —4.8 2.4

@ H---O distance and OX—H---O angle (with X = O or C) in A
and deg, respectively. ® G = —342.754719 au.

phase relative energies for such structures, while Table
2 shows the values of AGy,, AGs,, and AGg, for each
conformation. Furthermore, geometric parameters for the
O—H---O and C—H---O hydrogen bonds detected in some
conformers are also displayed in Table 2. It should be
noted that in the past decade, a multitude of close
contacts between the C—H group and the electronegative
oxygen atom have been identified as hydrogen bonds, this
interaction being found in an enormous variety of chemi-
cal systems.!® According to the literature, the thresholds
chosen for the O---H distance in O—H-+-O and C-H---O
stabilizing interactions were 2.25 and 2.55 A, respec-
tively.

Comparison between the relative energies computed
at the MP2/6-31G(d) and MP2/6-311G(d,p) levels (Table
1) indicates that the increase of the basis set produces a
general stabilization of about 0.6 kcal/mol. This stabiliza-
tion is notably larger (~1.4 kcal/mol) for the extended
ttt conformation. Thus, the MP2 relative energy of this
structure decreases from 3.7 to 2.3 kcal/mol when the

(10) (a) Desiraju, G. R. Acc. Chem. Res. 1996, 29, 441. (b) Steiner,
T. J. Phys. Chem. A 2000, 104, 433. (c) Meadows, E. S.; De Wall, S. L,;
Barbour, L. J.; Fonczek, F. R.; Kim, M.-S.; Gokel, G. W. J. Am. Chem.
Soc. 2000, 122, 3325. (d) Ghosh, A.; Bansal, M. J. Mol. Biol. 1999,
294, 1149. (e) Houk, K. N.; Menzer, S.; Newton, S. P.; Raymo, F. M.;
Stoddart, J. F.; Williams, D. J. J. Am. Chem. Soc. 1999, 121, 1479.
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FIGURE 1. Selected conformations of 3-hydroxypropionic
acid: (a) g'gt, (b) g*g g™, and (c) tg™s™. Dashed lines indicate
the formation of O—H:--O and C—H---O hydrogen bonds.

6-31G(d) basis set is changed by the 6-311G(d,p) one. On
the other hand, comparison between the MP2/6-311G-
(d,p) relative energies and the values of AGy, listed in
Table 2 reveals that, in general, the role of the ZPVE,
thermal, and entropic corrections is not negligible, pro-
ducing an average stabilization of about 0.7 kcal/mol.
Inspection of the AG, indicates that the solvent tends
to provide an additional stabilization of about 0.7 kcal/
mol reducing the range of variation of the free energy by
0.9 kcal/mol with respect to that obtained in the gas
phase.

The g*g~t conformation (Figure 1a), which is the lowest
energy minimum in both gas phase and chloroform
solution, is stabilized by a strong O—H-:-O hydrogen bond
between the hydroxyl and the carbonyl groups. Similarly,
the completely folded conformation gtg~g™ (Figure 1b)
also contains a stabilizing O—H---O intramolecular in-
teraction, this structure being 1.7 and 1.3 kcal/mol less
stable than the global minimum in the gas phase and
solution, respectively (Table 2). The tg's™ structure,
which presents a C—H:--O interaction (Figure 1c), is 0.3
kecal/mol less stable than the g*g g™ in the gas phase and
0.1 more stable than the latter in solution. In addition
to the latter minimum, the tg*g" is the only structure
with a C—H:--O hydrogen bond, although it is 2.9 and
1.6 kcal/mol less stable than the global minimum in the
gas phase and chloroform solution, respectively.

Interestingly, the fully extended conformation, ttt, is
2.3 and 1.7 kcal/mol less stable in the gas phase and
chloroform solution, respectively, than the gtg~t global
minimum. Moreover, semiextended structures, which are
characterized by at least two dihedral angles in trans,
are among the least stable. These results evidence that
the central methylene groups of 1 tend to adopt a folded
conformation rather than an extended one. This is not
an unexpected result since, although the central aliphatic
segment of 1 is not flanked by two carbonyl groups as in
the “folding of methylene units”,'® the carbonyl and
hydroxyl electronegative groups should induce the typical
gauche effect. This is defined by IUPAC!! as “the stabi-
lization of the gauche conformation in a two-carbon unit
(X—CH2;—CH3—Y) bonded vicinally to electronegative
elements (X and Y)”. Indeed, the dihedral angle y2, which
is defined by the O—CHy;—CH,—C(=0) sequence, shows
a gauche conformation in the four more stable structures
of 1.

4-Hydroxybutyric Acid (2). Calculations at the MP2/
6-31G(d) level allowed characterization of 28 minima, 27
being 2-fold degenerated structures. Tables 3 and 4
provide the structural and energetic information for the

(11) IUPAC Compendium of Chemical Terminology, 2nd ed.; 1997.
http://www.iupac.org.
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TABLE 3. Dihedral Angles® (deg) and Relative Energies
(kcal/mol) of 4-Hydroxybutyric Acid (2) Minimum Energy
Conformations®

MP2/ MP2/

label 21 22 23 x4  6-31G(d) 6-311G(d,p)
g gtetst —81.6 477 515 977 0.0¢ 0.04
gtetot 50.9 47.9 -77.8 166.3 0.0 0.2
ggtgtss —80.8 522 555 —91.3 1.1 0.9
gts gt 54.3 —91.0 54.3 163.8 1.2 1.2
ggto e —788 692 —655 —81.8 09 1.3
gtetott 676 57.1 71.6 —1749 1.7 1.4
tetgtt  —1747 594 701 —1746 1.5 13
gtetee” 536 532 —66.6 —39.9 1.7 1.6
grgttt 66.6 58.5 —173.4 —1714 2.3 2.0
tgTtt —178.9 59.7 179.3 —179.4 2.4 2.2
gtg™t 69.0 177.9 70.9 —171.2 2.8 2.5
tetgtet —170.7 60.3 60.0 53.3 2.9 2.5
ghettgt 66.1 57.9 —177.3 617 3.0 2.7
gtetgtgt  66.8 56.2 620 400 3.3 2.8
tg gts™ 171.2 —55.9 78.3 —136.5 3.0 2.8
tgTtg™ —-177.3 60.1 177.6 58.4 3.2 3.0
g tg't —63.8 178.8 69.3 —172.1 3.4 3.0
ghgtt 79.3 —60.9 176.1 —177.0 3.4 3.2
gttt 619 176.6 176.9 174.8 3.6 3.2
ottg g 65.7 179.3 —59.3 —64.1 4.0 3.5
tttt 180.0 180.0 179.9 180.0 4.0 3.7
gtetg 79.9 —60.8 —175.4 —642 4.0 3.7
ghttg™ 64.8 177.5 —179.1 —64.4 4.3 3.8

@ From MP2/6-31G(d) geometry optimizations. The dihedral
angles are defined by the following sequences of bonds: H-O—
CHQ_CH2 (Xl): O_CHZ_CH2_C(=O) (Xz), CHz—CHz—CHQ—C(=O)
(x3), and CHy—CHz—C(=0)—0 (y4). ® Information is provided only
for the more relevant structures (see text). ¢ E = —381.778138 au.
dE = —382.014838 au.

TABLE 4. Hydrogen Bonding Parameters (Distances
and Angles in A and deg), Relative Free Energies in the
Gas Phase (AGygp, in kcal/mol) and Chloroform Solution
(AGch1 in keal/mol), and Free Energy of Solvation (AGso
in kcal/mol) of 4-Hydroxybutyric Acid (2) Minimum
Energy Conformations

label intramolecular interactions® AGg, AGsq AGen
g gtgtst  O—H--0 (2.135 A, 140.7°) 0.4 -1.5 1.2
g'gtgt  O-H-0(2234A,1235° 0.0° -18 05
C—H--+0 (2.546 A, 95.6°)
ggtgts— O-H--0(2.175 A, 140.3°) 1.0 -1.8 1.5
gts g't O0—H---0 (1.915 A, 153.7°) 0.7 —2.5 0.5
ggtggs O—-H--0(2.128A,139.3°) 1.1 -2.8 0.6
ghgtg™t C—H---0 (2.545 A, 100.4°) 0.5 -24 04
tgtgtt C—H---0 (2.489 A, 99.2°) 0.4 -1.8 09
ghgtg g 1.5 —-2.4 14
ghgttt . 0.5 -2.8 0.0
tgttt C—H---0 (2.525 A, 96.3°) 0.7 -2.5 0.5
ghtgtt 14 —2.6 1.1
tgtgtgt 1.1 -23 11
grgttg® 1.5 -2.9 0.9
grgtgtgt 1.8 -2.9 1.2
tggts™ . 2.0 -3.0 1.3
tgttg™ C—H---0 (2.523 A, 96.6°) 1.6 -2.8 1.1
gtg't 1.9 -2.9 1.3
ghgtt 1.6 -3.0 09
grttt 1.5 -3.2 0.6
ghtg—g™ 1.9 -2.9 1.3
tttt 1.9 -3.0 1.2
gtegtg™ 2.3 -32 12
ghttg™ 2.3 -3.2 14

@ H---O distance and OX—H---O angle (with X = O or C) in A
and deg, respectively. ® G = —381.922169 au.

more significant minima, which are those with AGg, and/
or AGy,y smaller than 1.5 kcal/mol, i.e. those that are
expected to present significant population in the gas
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FIGURE 2. Selected conformations of 4-hydroxybutyric
acid: (a) gtg™g™t and (b) gtg'tt. Dashed lines indicate the
formation of O—H---O and C—H---O hydrogen bonds.

phase and/or chloroform solution. However, a complete
description of all the minimum energy structures char-
acterized at the MP2/6-31G(d) level is reported in the
Supporting Information section.

In general, the stabilizing effect produced by the
enlargement of the basis set is, on average, 0.4 kcal/mol
smaller than that detected for 1. Accordingly, MP2/6-
31G(d) and MP2/6-311G(d,p) relative energies are, in this
case, in excellent agreement from a quantitative point
of view. On the other hand, comparison between the
relative energies and the values of AG, indicates that
the ZPVE, thermal, and entropic corrections have a
stabilizing effect, which is on average 0.9 kcal/mol, i.e.
slightly larger than that observed for 1. Furthermore, a
detailed analysis of the results shows that the stabilizing
role of the thermodynamical corrections is larger for the
less favored minimum energy conformations, this feature
being also found in 1. For instance, the relative energy
of the fully extended conformation tttt is 3.7 kcal/mol at
the MP2/6-311G(d,p) level, while the AGg, is 1.9 kcal/
mol, i.e. the thermodynamical corrections to the Gibbs
free energy amount to 1.8 kcal/mol.

Another point that deserves special consideration is
that only 12 of the structures listed in Tables 3 and 4
can be considered as significant structures in the gas
phase. The remaining 16 minimum energy conformations
show AGg, = 1.5 kcal/mol, their expected population in
the gas phase being negligible. Inclusion of solvent effects
considerably enhances the flexibility of 2. Accordingly,
the Boltzmann distribution used to describe the confor-
mational preferences of this compound in chloroform
solution shows that the 23 structures listed in Tables 3
and 4 are significantly populated, i.e. AGgy = 1.5 kecal/
mol for only 5 minima. Furthermore, the solvent not only
reduces the conformational free energy differences but
also alters the relative energy order between the different
conformers as is reflected in Table 4.

Inspection of Table 4 indicates that six minimum
energy conformations of 2 are stabilized by O—H:--O
hydrogen bonds with parameters ranging from 1.915 to
2.234 A for the H---O distance and from 123.5° to 153.7°
for the 1O—H---O angle. On the other hand, five minima
are stabilized by interactions of the C—H:--O type. The
structure of lowest AGg,, which corresponds to the
gtgtg t (Figure 2a), is stabilized by both O—H-:-O and
C—H---O interactions, the acceptor oxygen atom being
the same in the two hydrogen bonds. Interestingly, this
conformation is 0.5 kcal/mol less stable than the g*g*tt
(Figure 2b) in chloroform solution. The latter conformer,
which is the most stable in solution, does not form intra-
molecular hydrogen bonds indicating that the conforma-
tional preferences in this environment are greatly deter-
mined by the strength of the solute—solvent interactions.

J. Org. Chem, Vol. 70, No. 8, 2005 2953
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TABLE 5. Dihedral Angles® (deg) and Relative Energies (kcal/mol) of 5-Hydroxyvaleric Acid (3) Minimum Energy

Conformations®
MP2/ MP2/
label 271 %2 %3 x4 x*5 6-31G(d) 6-311G(d,p)

cgtetet —79.1 60.0 64.8 —84.2 1715 0.0° 0.0¢
g g gtgtst —42.2 ~59.8 64.0 54.1 94.0 0.2 0.3
gtetgtgtet 64.7 50.0 54.5 54.5 73.1 2.9 2.4
g gtgsTst —86.7 64.4 —72.2 108.4 139.6 2.2 2.5
gtetetett 62.0 50.1 53.7 62.4 ~165.6 3.1 2.5
tgtgtg™t 178.5 52.7 51.2 60.7 —159.3 3.2 2.7
grgtgttt 61.8 49.4 56.4 173.0 180.0 3.6 3.1
ghtgtt 62.1 —-179.1 —64.5 —173.6 —-177.9 4.8 3.2
gtettgtgt 63.2 57.3 178.8 58.0 58.9 3.6 3.2
tgttgTg —178.1 61.7 —176.5 —58.1 —61.6 3.6 3.3
grgtttt 65.3 59.3 —177.5 —178.6 —177.2 3.8 3.5
gttt 64.9 177.1 —-179.9 —-179.9 —-179.5 4.2 3.5
tgtttt —175.5 63.1 —178.0 —178.0 —176.1 3.7 3.5
tg— gttt —179.8 —68.4 72.2 176.6 —176.8 3.8 3.6
ttttt 180.0 180.0 180.0 180.0 180.0 4.2 4.1

¢ From MP2/6-31G(d) geometry optimizations. The dihedral angles are defined by the following sequences of bonds: H-O—CHy—CH,
(Xl), O*CHQ*CH2*C(=O) (Xz), CHQ*CHzchQ*CHz ()(3), CH2*CH2*0H2*0(=O) (X4), and CHzchz*C(=O)*O (X5). b Information iS
provided only for the more relevant structures (see text). ¢ E = —420.945165 au. ¢ E = au.

Finally, it should be noted that the fully extended
conformation is 1.9 kcal/mol unfavored with respect to
the global minimum in the gas phase. Solvent effects
reduce the free energy gap to 1.2 kcal/mol. However,
although solute—solvent interactions tend to stabilize the
tttt conformation, the population expected for this con-
formation in chloroform solution is very small (1.1%).
Moreover, the populations expected for semiextended
conformations, i.e. structures with three dihedral angles
in trans, in both gas phase and chloroform solution are
also relatively small (3.7% and 7.0%, respectively). These
results clearly indicate that 2 tends to adopt a folded
conformation as 1, even although in the former the
central aliphatic segment contains an additional meth-
ylene unit.

5-Hydroxyvaleric Acid (3). MP2/6-31G(d) geometry
optimizations on 3 provided a total of 71 minimum energy
conformations. However, analysis of the free energies
indicates that only 11 and 39 structures are expected to
present significant populations in the gas phase and
chloroform solution, respectively. The structural and
energetic information of such representative conforma-
tions have been summarized in Tables 5 and 6 (due to
the large number of minima, only the structures with
AGy, = 1.5 and the ttttt conformation are listed), while
a complete description of the whole set of minimum
energy conformations is available in the Supporting
Information section.

As can be seen, the stabilizing effect of the 6-311G-
(d,p) basis set with respect to the 6-31G(d) one is con-
sistent with the results found for 1 and 2. Similarly, the
statistical terms tend to reduce the energy gap between
the most and the least stable structures, the stabilizing
effect produced by the ZPVE, thermal, and entropic cor-
rections being on average 1.6 kcal/mol. This effect is even
larger than that predicted for 2, being more pronounced
in the structures with a high relative energy. Thus, the
relative energy of the least stable structure (g*g~stgtg™)
with respect to the global minimum (g g*g*gt) is 5.7
kcal/mol while the largest value of AGgp, which is referred
to the same two structures, is 3.3 kcal/mol. Thus, in this
case statistical terms produce a stabilization of 2.4 kcal/
mol.
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TABLE 6. Hydrogen Bonding Parameters (Distances
and Angles in A and deg), Relative Free Energies in the
Gas Phase (AGg, in kcal/mol) and Chloroform Solution
(AGcn1 in kecal/mol), and Free Energy of Solvation (AGs
in kcal/mol) of 5-Hydroxyvaleric Acid (3) Minimum
Energy Conformations

label intramolecular interactions® AGg AGsq AGen
g gtgtgt  O—-H--0(1.9824,151.3°) 0.0° —-65 0.0
gggtgtst O-H--0(2.0514,1476°) 08 -58 15
g'ggtgtet . 1.5 -68 12
ggtgstst O-H--0(1.9414,157.1°) 14 —61 1.8
grgtgtg't 1.0 -64 1.1
tgtegtett 1.1 -65 1.1
ghgtgttt 1.5 =73 0.7
oHtgtt 1.1 —66 1.0
grgttgteg™ . 14 -72 07
tette g C-H-0(25254A,1185° 14 —69 1.0
otatttt 14 -78 0.1
ottt 1.3 —-77 0.1
tetttt ) 14 -74 05
tegttt C-H-+0(2.3484A,115.8°) 15 —6.6 14
ttttt 1.8 =74 09

@ H---O distance and OX—H---O angle (with X = O or C) in A
and deg, respectively. ® G = —421.086701 au.

(a) (b)

FIGURE 3. Selected conformations of 5-hydroxyvaleric acid:
(a) g7gtgtg™t and (b) g-g gtg’t. Dashed lines indicate the
formation of O—H-:-O hydrogen bonds.

Interestingly, only 6 of the 71 minimum energy con-
formations present O—H---O hydrogen bonds, while the
number of structures with C—H---O interactions is 15.
The most stable conformation in both the gas phase and
chloroform solution corresponds to g-g*g*g~t (Figure 3a),
which is stabilized by an O—H:--O hydrogen bond. This
result is fully consistent with those reported in Tables
1—4 for the smaller compounds, as demonstrated by the
fact that the g*g~t and g*gtg t conformations correspond
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TABLE 7. Dihedral Angles® (deg) and Relative Energies (kcal/mol) of 6-Hydroxyhexanoic Acid (4) Minimum Energy

Conformations®
MP2/ MP2/
label 11 22 23 %4 15 26 6-31G(d) 6-311G(d,p)
gggtgtgt ~50.7 —54.9 77.1 66.6 —85.7 173.1 0.0 0.04
g g gtgtgtt -71.2 -735 60.0 57.5 60.3 -153.7 2.9 2.34
g gtgtgtgtt —69.6 58.6 57.5 57.9 64.1 -161.0 3.4 2.7
tttttt 180.0 180.0 180.0 180.0 180.0 180.0 3.3 3.2
g gtgtgtt ~176.6 58.3 —89.9 174.9 67.6 —166.6 4.0 3.7
g'gtggtgtt 61.7 71.8 —65.3 90.0 67.7 -173.5 4.2 3.7
gigghtgt 68.2 -81.6 57.7 169.1 -79.6 -169.1 43 3.7

@ From MP2/6-31G(d) geometry optimizations. The dihedral angles are defined by the following sequences of bonds: H-O—CHy—CHs
(1), O—CH2—CH2—C(=O0) (y2), CHo—CHz—CHz—CHz (y3), CHa—CHz—CHz—CHz (y4), CHo—CHz—CHa—C(=0) (5), and CHo—CH2—C(=0)—0

(x6). ® Information is provided for all the calculated structures (see text). ¢ E = —460.109182 au. ¢ E = —460.408069au.

to the gas-lowest energy minima predicted for 1 and 2,
respectively. The next minimum in the gas phase is
g g gtgtst (Figure 3b). This folded conformation, which
is also stabilized by a conventional O—H---O interaction,
is 0.8 less favored than the global minimum. According
to a Boltzmann distribution, the population predicted in
the gas phase for the two conformations of lower energy
amounts to 54%, while the individual contribution of the
remaining 9 conformations with AG,,< 1.5 kcal/mol is
relatively small (around 4—8%). In opposition, the con-
formational distribution in chloroform solution is influ-
enced by a notable number of structures denoting a large
conformational flexibility. For instance, the gtg*ttt and
gttttt conformations are unfavored with respect to the
global minimum by only 0.1 kcal/mol in solution. How-
ever, the global minimum and the latter two conforma-
tions contribute by only 30% to the whole description of
the molecule in solution since the number of structures
with AGgy < 1.5 keal/mol is very large. Thus, there are
36 conformations with individual populations ranging
from 0.1% to 5%.

On the other hand, the AGg, and AGa of the fully
extended conformation is 1.8 and 0.9 kcal/mol, respec-
tively, these values being smaller than those computed
for 2 (1.8 and 1.2 kcal/mol, respectively) and 1 (2.3 and
1.7 kecal/mol, respectively). Thus, both the relative in-
trinsic stability and the favorable energy effects induced
by the solvent of the fully extended conformation clearly
increase with the size of the aliphatic segment. Further-
more, the stability of the semiextended conformations g*-
ttt and tg'ttt is notably high in the gas phase (AGg, =
1.3 and 1.4 kcal/mol, respectively) and, especially, in
solution (AGe, = 0.1 and 0.5 kcal/mol, respectively). As
a consequence, the populations expected for semiextended
conformations (8.7% and 15.9% in the gas phase and
chloroform solution, respectively) are twice as high as
those reported for 2. These results clearly indicate that
both the intrinsic and solvent-induced stability of the
trans rotamers increase with the size of the central
aliphatic segment for the hydroxy acids studied in this
work.

6-Hydroxycaproic Acid (4). The fact that the gtgt,
gtgtgt, and g gtgtgt are the lowest energy minima in
the gas phase of 1, 2, and 3, respectively, indicates that
these compounds clearly follow a systematic conforma-
tional behavior. Assuming that 4 retains this conforma-
tional pattern, we considered the gfg gfgfg ™t and
g g gtgtg t conformations for geometry optimizations.
Additionally, the tttttt as well as four selected folded

TABLE 8. Hydrogen Bonding Parameters (Distances
and Angles in A and deg), Relative Free Energies in the
Gas Phase (AGygp in keal/mol) and Chloroform Solution
(AGcn1 in kcal/mol), and Free Energy of Solvation (AGsel
in kcal/mol) of 5-Hydroxyhexanoic Acid (4) Minimum
Energy Conformations

label intramolecular interactions? AGg AGsq AGen

gggtgtgt O—H-O(L981A,159.9° 0.0° -36 0.7
C—H--0 (2.398 A, 121.2°)

g g gtgtg't 02 -35 1.0
g gtgtgteg™t 1.0 -42 11
tttttt 0.5 -4.8 0.0
g ghtgtgtt . 1.9 —-41 21
gtgtggtg™t C—H---0(2.273 A,130.0°) 2.1 —4.0 24
gtg gTtgt 18 -36 25

@ H---O distance and OX—H---O angle (with X = O or C) in A
and deg, respectively. ® G = —460.256664 au.

LY

FIGURE 4. Lowest energy conformation of 6-hydroxyhexanoic
acid in the gas phase: g g g'g'g t. Dashed lines indicate the
formation of O—H---O and C—H---O hydrogen bonds.

conformations, which were chosen using the information
provided in Tables 2, 4, and 6, were also considered for
this compound. The results derived for such 7 conforma-
tions are listed in Tables 7 and 8.

The lowest energy minimum in the gas phase corre-
sponds to g-g ggtg t, which is stabilized by both O—H-
-0 and C—H---O hydrogen bonds (Figure 4), while in
chloroform solution the tttttt is the most stable con-
former. Although the conformational preferences of 4
have been scarcely studied, results displayed in Tables
7 and 8 are fully consistent with those obtained for
compounds containing a smaller aliphatic segment. In-
terestingly, the AG,, and AG.y values predicted for the
tttttt conformation are 0.5 and 0.0 kcal/mol, respectively,
indicating that the gradual stabilization of the fully
extended conformation detected for the other compounds
follows in 4. Thus, analysis of the results obtained for
all the compounds investigated in this work reveals that
the stability of the extended conformation increases about
0.5 and 0.4 kcal/mol in gas phase and chloroform solution,
respectively, per methylene unit added to the central
aliphatic segment.
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Conclusions

The conformational preferences of w-hydroxy acids,
HO—-(CH,),—COOH with n ranging from 2 to 5, have
been investigated by using ab initio calculations. The
intrinsic conformational preferences of these compounds
are systematic, as demonstrated by the fact that for n >
2 the lowest energy conformation of HO—(CH,),—COOH
is intimately related to the lowest energy conformation
of HO—(CHy),-1—COOH. Thus, the lowest energy con-
formation in the gas phase of 1, 2, 3, and 4 corresponds
to g'g7t, g'ggt, g7g'gg7t, and g g g g g t, respec-
tively. Environmental forces can alter these intrinsic
conformational preferences as was shown in chloroform,
where the solution—solvent interactions play a crucial
role. Indeed, comparison between results obtained in the
gas phase and chloroform solution suggests that the
potential energy surfaces of the investigated compounds
become flatter with the polarity of the environment, i.e.
the energy differences decrease when the polarity in-
creases. Similar findings were reported in previous
studies devoted to compare the conformational prefer-
ences of bioorganic compounds in chloroform and aqueous
solutions.!?

Conventional O—H---O hydrogen bonds but also those
of the C—H:--O type have been detected in many of the
lower energy conformations of the w-hydroxy acids.
However, in general, the influence of the latter interac-
tions in the stability of the conformers is smaller for 3
and 4 than for 1 and 2. Presumably, this is because in
the latter compounds the terminal electron-drawing

(12) (a) Aleman, C. J. Phys. Chem. B 2001, 105, 860. (b) Casanovas,
J.; Jiménez, A. 1.; Cativiela, C.; Pérez, J. J.; Aleman, C. J. Org. Chem.
2003, 68, 7088.
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groups are closer than in the former ones, enhancing the
positive character of the aliphatic hydrogens and, there-
fore, the strength of C—H---O interactions. On the other
hand, the conformational flexibility, which is measured
by the number of conformations with significant popula-
tions considering a Boltzmann distribution, is larger in
chloroform solution than in the gas phase for all the
investigated compounds. This is because the solvent
tends to reduce the conformational free energy increasing
drastically the number of structures significantly popu-
lated. Furthermore, environmental forces also alter the
relative energy order obtained in the gas phase. Thus,
solvent modifies, in general, the intrinsic conformational
preferences of w-hydroxy acids.

A structural feature detected in both gas phase and
chloroform solution is the stabilization of the extended
and semiextended conformations, which increases with
the size of the central aliphatic segment. Thus, the
populations of these conformations in the gas phase and
solution are negligible for 1 (<1%), relatively small for 2
(4—7%), and appreciable for 3 (9—16%). Calculations on
selected conformations of 4 suggest a consistent behavior.
This result is in concordance with our previous studies
on diamides, diesters, and diketones.!™3
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