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the A and A states of CPTMM have potential energy minima
of C, symmetry. In any case, it is clear that twisting potentials
of the *A and 'A states of CPTMM are quite shallow.

F. Vertical Excitation Energies. The vertical excitation energies
for CPTMM have been calculated at the MCSCF(8,8)/3-21G
level of theory. For the 3B, species the predicted vertical excitation
energies are 16.7, 27.9, and 32.2 kcal/mol for the transitions into
IB,, A, and 3A, states, respectively. For the !A; species vertical
excitation energies of 3.2, 17.4, and 29.5 kcal/mol are predicted
for the transitions into 3A;, ’B,, and !B, states, respectively.
Because of the large geometry differences between the A and B
states, the state orderings as deduced from the vertical excitation
spectra differ from those given in Figure 6, in which the energy
of each state is reported at the optimized structure for that state.

Conclusions

The geometries of the lowest singlet and triplet states of
CPTMM have been optimized by means of the UHF, MCSCF-
(2,2), and MSCSF(8,8)SD methods. The ground state of
CPTMM is predicted to be B, and the first excited state to be
IA,, with the *B, state lying 4.9 kcal/mol below the !A, state at
the MCSCF(8,8)/6-31G* level of theory. Both of these states
are found to be planar (at the MCSCF(8,8) level of theory). For
the 3B, state there is a large (6.8 kcal/mol at the MCSCF-
(8,8)/3-21G level of theory) rotational barrier. On the other hand,
the barrier for rotation in the 'A, state is predicted to be ap-
preciably smaller (1.8 and 2.6 kcal/mol at the MCSCF(8,8)/3-
21G and MCSCF(8,8)/6-31G* levels of theory, respectively).

The 'A; and *A, states of CPTMM are closely analogous to
the lowest energy singlet and triplet states of TME. In both cases
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the lower energy state is predicted to be a singlet. For CPTMM
the 'A, state is predicted to be 2.8 kcal/mol below the A,
(MCSCF(8,8)/3-21G results), whereas for TME the singlet is
predicted to lie 1.3 kcal/mol below the triplet state (MCSCF-
(6,6)/3-21G results). For both TME and CPTMM the twisting
potentials are quite shallow.

Electron correlation effects are found to be very important for
predicting the spacing between the B, and 'A, states of CPTMM.
However, the differences in the geometries as predicted in the
MCSCF(2,2) and MCSCF(8,8)SD approximations are relatively
unimportant for the state separation: in fact, MCSCF(8,8)
calculations give nearly the same energy separation between the
3B, and !A, states regardless of whether the MCSCF(2,2) or
MCSCF(8,8)SD optimized geometries are employed.

All four states (‘A,, 3A,, >B,, and 'B,) of CPTMM considered
here are relatively nonpolar (with a dipole moments less than 0.4
D). Although an ionic allyl(+)—cyclopentadienyl(-) 'A, species
is found in the HF approximation, the lowest 'A, state optimized
by means of the MCSCF procedure is relatively nonpolar.
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the Gauche Conformers with and without an Intramolecular
Hydrogen Bond in Aqueous Solution
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Abstract: Ab initio calculations were carried out on the tGg, tGt, and gGg conformers of 1,2-ethanediol in the gas phase and
then Monte Carlo simulations were carried out in aqueous solution. MP2/6-31G*//6-31G* results with zero-point and thermal
corrections (T = 298 K) show that these conformers without intramolecular hydrogen bonding are higher in free energy by
3-4 kcal/mol than the most stable tGg’ conformer. Hydration of the tGg conformer leads to stabilization by 5.2 kcal and
is the most likely conformer in aqueous solution. It represents 64% of the conformer population considering tGg, gGg’, tGg/,
tGt, tTt, and gGg conformers. This finding of the tGg-dominant conformer with a gauche O-C—-C-O linkage and without
intramolecular hydrogen bonding fits well with NMR and Raman experiments for the solution. The polar groups of the solute
are hydrated by five to seven water molecules and form about four hydrogen bonds with them. The most stable bonds are
nearly linear O-H(alc)--O(water) arrangments. Hydrogen bonds to O(alc) with donor water molecules exhibit less defined
geometry. Water molecules hydrating the gauche hydroxyl group are more strictly localized than those for a trans one. The
number of water molecules in the nonpolar region is not effected by conformational changes of the solute considering rotation
either about the C—C axes or about the C—O bonds.

Introduction

1,2-Ethanediol is a very simple example of a system with
possible intramolecular hydrogen bonds due to vicinal polar groups.
Formation of an internal hydrogen bond in a gauche O-C-C-O

*To whom correspondence should be addressed.
tOn leave from Chemical Works of Gedeon Richter Ltd., Budapest,
Hungary.

conformation may be favorable, while the trans arrangement
prohibits that formation. In our previous report! (part 1), we
focused on studying the gauche-trans equilibrium of 1,2-ethanediol
as the major conformational change of the molecule. To this end
the most stable gauche and trans conformations, determined by

(1) Nagy, P. L; Dunn, W. J, III; Alagona, G.; Ghio, C. J. Am. Chem. Soc.
1991, 113, 6719.
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Figure 1. tGg’, gGg, tGt, and tGg conformations of 1,2-ethanediol.

ab initio calculations in the gas phase, were chosen for investi-
gation. Using Monte Carlo simulations the relative hydration free
energies were calculated in the solution phase. As a result the
gauche conformers with an intramolecular hydrogen bond are
considerably more stable than the trans form in both phases. The
calculated ratios for the gas-phase conformers are consistent with
electron diffraction, microwave and IR spectroscopic experiments.?

Experimental studies of the solution structure have been pub-
lished.>* Chidichimo et al.,’ using NMR spectroscopy, found a
gauche O—C-C-O linkage for the solute, studying the lyotropic
liquid crystalline solution. Maleknia et al.# interpreted the Raman
spectrum of an aqueous solution of 1,2-ethanediol as revealing
the “virtually complete absence of any intramolecular hydrogen
bonds” due to the apparent absence of a high-frequency shoulder
around 3550-3660 cm™ and the very broad, intense band around
3370 cm™! due to intermolecularly hydrogen bonded hydroxyls.
These experimental results are consistent with a gauche O~C-C-O
structure having no intramolecular hydrogen bond. Our theoretical
results in part 1 reflect correctly the domination of the gauche
conformers over the trans one in aqueous solution, in accord with
the NMR result.

The gauche conformers tGg, tGt, and gGg in Figure 1, without
an intramolecular hydrogen bond, are the highest energy con-
formers in gas phase, as was found in ab initio calculations by
Van Alsenoy et al.> Thus these conformations were considered
as making small contributions to the equilibrium mixture. In fact,
the small fraction of the trans conformer computed in the
equilibrium solution, in accordance with the experiment, was
successful without considering the tGg, tGt, and gGg confor-
mations. Due to the Raman experimental result we have inves-
tigated the importance of conformers without intramolecular
hydrogen bonds in the equilibrium solution. Despite their high
conformational energy in the gas phase, hydration may stabilize
them and their contribution to the equilibrium mixture in solution

(2) (a) Bastiansen, O. Acta Chem. Scand. 1949, 3, 415. (b) Caminati, W.;
Corbelli, G. J. Mol. Spectrosc. 1981, 90, 572. (c) Frei, H.; Ha, T.-K.; Meyer,
R.; Gunthard, Hs. H. Chem. Phys. 1977, 25, 271. (d) Takeuchi, H.; Tasumi,
M. Chem. Phys. 1983, 77, 21. (e) Kristiansen, P.-E.; Marstokk, K.-M.;
Mollendal, H. Acta Chem. Scand. 1987, A41, 403.

(3) Chidichimo, G.; Imbardelli, D.; Longeri, M.; Saupe, A. Mol. Phys.
1988, 65, 1143.

(4) Maleknia, S.; Friedman, B. Ri.; Abedi, N.; Schwartz, M. Spectrosc.
Lett. 1980, 13, 777.

(5) Van Alsenoy, C.; Van Den Enden, L.; Schafer, L. J. Mol. Struct.
(THEOCHEM) 1984, 108, 121.5.
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Table I. Molecular Parameters for the 6-31G* Optimized
Structures?

tGg tGt gGe tGg’?
Bond Lengths
Ci1-C2 1.516 1.510 1.521 1.514
C1-01 1.398 1.401 1.408
C2-02 1.398 1.398 1.397
Hi1-01 0.947 0.946 0.946
H2-02 0.947 0.947 0.949
C1-H3 1.091 1.087 1.087
C1-H4 1.090 1.087 1.088
C2-HS 1.081 1.085 1.088
C2-Hé6 1.090 1.089 1.083
Bond Angles
H101C1 109.77 109.75 110.24
H202C2 109.80 109.93 107.76
oi1cIC2 109.12 108.86 106.72
02C2C1 113.66 113.18 111.34
H3Ci1C2 109.57 108.71 109.54
H4Ci1C2 108.59 108.92 110.24
H5C2C1 109.10 110.07 109.13
Hé6C2C1 108.60 108.91 109.96
H3C101 110.97 111.38 110.73
H4C101 111.20 110.73 111.02
Hs5C202 106.24 105.87 111.06
H6C202 111.06 111.47 107.18
Torsion Angles

H101C1C2 -178.26 -166.22 -170.90
0O1C1C202 63.99 72.63 49.01 60.56
H202C2C1 59.09 43,99 -53.92

“Distances in angstroms, angles in degrees. The structural parame-
ters for tGg are give in a sequence of t, g. Conformers tGt and gGg
are of C, symmetry. ®Reference 1.

Table II. Vibrational Frequencies in cm™ (6-31G* Basis Set)?

tGg tGt gGg tGg’?®

1 142.5 176.6 a 1202  a 189.0
2 267.3 2049 a 1219 b 290.6
3 293.3 2117 a 3059 a 350.9
4 361.7 363.4 a 3384 a 457.5
5 556.1 5404 b 5829 b 569.6
6 945.4 9584 a 9486 a 954.9
7 987.6 10072 b 971.5 b 975.8
8 1146.0 11546 a 11494 a 1170.5
9 1208.3 12048 b 1211.7 b 1209.5
10 12443 12346 a 12547 a 1241.5
11 1300.7 13295 b 12671 b 1273.7
12 13759 13774 a 14101  a 1384.2
13 14372 14257 b 14564 a 1416.9
14 15119 14480 a 15079 b 1516.2
15 1567.1 1580.5 b 15683 b 1565.7
16 1622.5 16422 a 15949 a 1613.3
17 16524 16641 b 1666.5 b 1658.1
18 16709  1666.7 a 16717 a 1669.5
19 31507 31693 b 31769 b  3189.3
20 31772 31909 a 31956 a 31987
21 31933 32197 a 32338 a 32340
22 32965 32366 b 32567 b 32783
23 41038  4123.0 b 41029 b 4094.5
24 41163 41235 a 41037 a 4122.8

?Normal modes of the vibrations are indicated for tGt and gGg with
C, symmetry. °Reference 1.

may be significant. Here we report our study of the relative
stabilities of the tGg, tGt, and gGg structures in gas phase and
aqueous solution,

The method used follows that in part 1.! The gas-phase con-
formational free energy was calculated by using results from the
MP2/6-31G*//6-31G* calculations. The relative solvation free
energy was computed with Monte Carlo simulations and statistical
perturbation theory.® Analysis of the solution structures around
the solute in the tGg, tGt, and gGg conformations was carried

(6) Jorgensen, W. L.; Ravimohan, C. J. Chem. Phys. 1985, 83, 3050.
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Table III. Energy Contributions Relative to the tGg’ Conformer (in kcal/mol)*

tGg tGt gGe
HF 4.20 3.76 342
MP2 4.65 445 3.55
ZPE —0.38 (-0.42) -0.48 (-0.53) —0.52 (-0.58)
MP2 + ZPE 427 397 3.03
thermal corrections (7 = 298 K)
H 0.17 (0.17) 0.26 (0.27) 0.32 (0.34)
) -0.43 (-0.42) -0.21 (-0.19) —0.55 (-0.53)
G -0.26 0.05 -0.23
MP2+ ZPE+ G 4.01 4,02 2.80
AGy, -5.23 £ 0.27 (-5.12 1, 5.34 b) -3.40 £ 0.31 (-3.611,3.19b) —0.24 £ 0.41
AG., -1.22 £0.27 0.62 £ 0.31 2.56 £ 0.41

4 Energies for tGg’ in the gas phase: HF = -228.925725 au, ZPE = 0.092 551 au, MP2 = -229.540613 au. Values in parentheses are calculated
by using unscaled frequencies. Letters f and b stand for the forward and backward simulations for the relative solvation free energy.

Table IV. Coordination Numbers, Number of Hydrogen Bonds, and
Hydration Sphere Data

Ot/Ow Og/Ow Ot/Hw Og/Hw Ht/Ow Hg/Ow

tGg 38 2.9 1.4 1.5 0.9 1.0
Gt 3.5-3.7 1.8-1.9 0.9-1.0
gGg 2.6-2.9 1.3-1.6 0.9-1.0

E<E,, E<-025 E=2100 YO/Ow
tGg 4.4 58.4 1.3 6.6
tGt 4.2 53.5 1.3 7.1
2Gg 40 46.6 1.2 5.6
tGg” 3.5 49.7 0.8 6.4

¢For the tGt conformer Hg and Og correspond to Ht and Ot, re-
spectively. ¢ For the gGg conformer Ht and Ot correspond to Hg and
Og, respectively. °Reference 1.

Table V. Average Bond Lengths, Bond Angles, and Torsion Angles for
the Intermolecular Hydrogen Bonds in the Hydrated 1,2-Ethanediol®

tGg tGt? 8Gg*

O(w)---Ht 1.84 (58%) 1.82 (72%) 1.84 (83%)
O(w)-+-Hg 1.84 (89%) 1.86 (71%) 1.87 (70%)
H(w)-+-Ot 1.86 (35%) 1.80 (40%), 1.90 (36%) 1.81 (46%)
H(w)---Og 1.80 (49%) 1.92 (48%), 1.84 (37%) 1.82 (33%)
O(w)---Ht-0 173° 175° 171°
O(w)---Hg-O 175° 176° 175°
O-H(w)-+-Ot 172° 168°, 165° 171°
O-H(w)---Og 165° 162°, 168° 167°
ow)--(H)Ot-C-C  -174° -169° 49°
O(w)-(H)0g-C-C  §7° -169° 48°
O(w)(H)--Ht-Ot-C  160° -142°, 141° -156°
O(w)(H).-Hg-Og-C  148° -118°, 173° -145°

%The percent in parentheses is the fraction of snapshots with water in this
sition. ®g corresponds to t in tGt. “t corresponds to g in gGg. Bond
po N g po « . +
distances in angstroms. For designating the solute atoms see Figures 6-8.

out by interpretation of radial distribution functions, energy pair
distributions, and statistical averaging of water positions in the
first hydration shell.

Methods and Calculations

Both the ab initio and Monte Carlo calculations used have been
described.! Here only the main points and departures from the
previous study are mentioned.

Table VI. Computed Thermodynamic Data of Solvation®

The geometries of the tGg, tGt, and gGg conformers (Figure
1) were optimized by using the 6-31G* basis set and the UNIX
version of the Gaussian ‘86 program package’ running on a Gould
NP1 computer. Normal frequencies and MP2 energies were
determined by using these optimized geometries. Zero-point
energies and H, S, and G at T = 298 K were calculated by using
scaled frequencies with a scaling factor of 0.9. The results are
summarized in Tables I-III.

Monte Carlo simulations were carried out for N,P,T ensembles
with one solute and 262 water molecules at 298 K and 1 atm. The
12-6-1 OPLS potential function was applied with the paramet-
erization of Jorgensen for alcohols.® The free energy perturbation
calculations transformed tGg’ to tGg and tGt in eight steps each,
by rotating the C—O bond and transforming the ab initio geometry
parameters. Both forward and backward calculations were carried
out by using double-wide sampling. tGt was the starting con-
formation and was transformed into gGg in six steps in a forward
simulation. Intermediate points were obtained considering 2000K
configurations in the equilibrium phase and 3000K configurations
in the averaging phase. Radial and energy pair distribution
functions for the tGg, tGt, and gGg conformers were obtained
after considering 4500K configurations in the equilibration and
averaging phases each (Figures 2-5 and 9). Calculated average
values of coordination numbers, number of hydrogen bonds, and
geometric data of the first hydration spheres are given in Tables
IVand V. Thermodynamic data of solvation, in relation to the
solution structure, are summarized in Table VI.

Results and Discussion

Molecular Structure and Equilibrium. Geometric data for the
optimized structures (Table I) indicate that by breaking the in-
tramolecular hydrogen bond, the two H-O~C segments become
nearly equivalent. This is trivial for the tGt and gGg conformers
with C, symmetry. Most of the pairs of bond lengths and angles
are nearly equal also in the tGg form. The C-O bond lengths
found earlier! are 1.408 and 1.409 A in tGg’ and gGg/, respectively,
for the acceptor oxygens. This bond is considerably shorter, 1.398
A, in tGg without an internal hydrogen bond. The same value
was found for the C—O bond length bearing the gauche hydrogen
atom. The C-O bonds are 1.401 A in tGt and 1.398 A in gGg.
In the rest of this paper the Og and Hg symbols will be used for

tGg’ tGg tGt gGg

H -2661.2 = 1.9 -2665.5 = 2.5 -2662.8 = 2.7 -2667.6 % 2.3
AH -43 %31 -1.6 £ 3.3 -6.4 3.0
AG -52 %03 -3.4 %03 02 %04
TAS 09 £3.1 1.8 £33 -6.2 = 3.0
Egx -314+04 -43.4 * 0.5 -398 £ 0.4 -343 04
AEgy -12.0 £ 0.6 -84 0.6 -29 + 0.6

ss 7.7 £3.2 6.8 34 -3.5%31
DM (gas) 2.70 3.51 1.69 1.68
DM (sol)® 3.14 433 2.12 1.96

?Relative values refer to the tGg’ conformer. Energy in kilocalories per mole, dipole moments in debye. ®Atomic charge parameters for the
1,2-ethanediol solute result in dipole moments for the conformers consistently larger by about 20% than the values obtained from the ab initio wave

function for the isolated molecule in the gas phase.
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the OH group with gauche hydrogen and Ot and Ht with the trans
hydrogen. The small difference found for the O-H bonds in tGg’
(0.946 and 0.949 A) disappear in the conformers studied here,
where the O-H bond lengths are 0.946-0.947 A. There is,
however, a remarkable C—C bond shorthening in tGt, 1.510 A,
in comparison with 1.521 A in gGg.

All H-O-C angles are 109.8-109.9° for the three conformers.
The O—C—C angles differ by 4.5° in tGg but the Ot—C—C angles
are close in tGg and tGt and the Og—C~C angles in tGg and gGg.
Corresponding torsion angles differ moderately in all three con-
formers. While Ht has an almost perfectly trans position in tGg,
it is rotated by about 14° in tGt. Hg is in a nearly ideal gauche
position in tGg, but it is rotated by 15° toward an eclipsed position
in gGg. Also there are gradual changes in the O—~C~C-O torsion
angle values when going from gGg (49°) to tGt (73°). To avoid
the repulsion of the oxygen lone pairs, the tGt structure is most
torsioned about the C—C bond, as might be expected. The rela-
tively short C-C bond is, therefore, surprising. In gGg the O-
C—C-0 torsion angle is the smallest within the series (Table I).
This way the hydrogen atoms can approach the lone pair regions
of the other oxygen that may stabilize the conformation.

Our rigid model in the Monte Carlo simulations prohibits
evaluating the change in the solute geometry upon hydration.
Palinkas et al.’ considered methanol-water mixtures using flexible
molecular models in molecular dynamics calculations. The change
in the methanol geometry due to hydrogen bond formation was
considered in liquid methanol as compared to the gas-phase
structure.® The O-H bond length increases by about 0.02 A,
while increases of the other bonds are of 0.001 A. The decrease
in the HOC bond angle is about 1°. These values are larger than
the changes in the bond lengths and bond angles for the 1,2-
ethanediol conformers in Table I (see t and g hydrogens), indi-
cating that the solute geometry is more effected by the solvent
environment than by conformational changes in the hydrogen bond
region. These geometry changes are negligible in considering the
solution structure in the nearest environment of the solutes but
may slightly influence the relative solute internal energies.

The normal frequencies (Table II) are similar to those of the
previous conformers and, after scaling, are generally within the
range found experimentally (Table II in part 1). The lowest
frequencies show, however, a definite decrease when compared
to those in tGg’ (see below).

Hartree—~Fock energies (Table III) are high in comparison with
the tGg’ energy. The relative energies are 4.20, 3.76, and 3.42
kcal/mol for tGg, tGt, and gGg, respectively. Considering electron
correlation, the MP2 values are even higher: 4.65 kcal/mol for
tGg, 4.45 kcal/mol for tGt, and 3.55 kcal/mol for gGg. Thus
the same tendency was found here as in the case of tTt!: con-
sideration of electron correlation stabilizes the internally hydrogen
bonded system with respect to conformers without it. Zero-point
corrections are —0.4 to —0.5 kcal/mol. The negative sign is mainly
due to the considerably decreased lowest normal frequencies. They
contain those of the H-O—C~C and O—C-C-O torsions that are
released by removing the hydrogen bond. At the same time there
are only small or moderate changes in the O-H stretching fre-
quencies (highest two values in Table II).

As a result, the relative MP2 + ZPE(scaled) values are 4.27,
3.97, and 3.03 kcal/mol for tGg, tGt, and gGg, respectively, not
very different from the corresponding Hartree—Fock values. These
relative values are lowered by 1.3-2.2 kcal/mol when compared
to those of Van Alsenoy et al.’?

Thermal corrections, affecting rather the energy of conformers
with a gauche hydrogen, are of some tenth of a kilocalorie per

(7) Frisch, M. J; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; Meljus,
C. F.; Martin, R. L; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing, C. M.;
Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; Fleuder,
E. M.; Pople, J. A. GaussiaN’ 86; Carnegie-Mellon Quantum Chemistry
Publishing Unit: Pittsburgh, PA, 1984,

(8) Jorgensen, W. L. J. Phys. Chem. 1986, 90, 1276.

(9) (a) Palinkas, G.; Hawlicka, E.; Heinzinger, K. J. Phys. Chem. 1987,
91, 4334. (b) Palinkas, G.; Bako, I.; Heinzinger, K. Mol. Phys. 1991,73, 897.
(¢) Palinkas, G.; Bako, 1. Z. Naturforsch. 1991, 46a, 95.
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Figure 2. O---O(w) radial distribution functions. Solid line tGg, t-OH;
dash-dot line tGg, g-OH; dashed line tGt (average); dotted line gGg
(average).

mole with a compensating effect from the enthalpy and entropy.
As a result, the relative free energies of both the tGg and tGt
conformers are 4.0 kcal in the gas phase, while that of gGg
decreases to 2.8 kcal/mol.

Relative solvation free energies are —5.2 kcal for tGg and -3.4
kcal/mol for tGt. These are the means of the forward and
backward simulations that differed by less than 0.4 kcal in any
case. The accuracy of the relative free energy calculated along
a single path is 0.3 kcal, in good accord with the value of +0.2
kcal/mol obtained from the forward and backward calculations.

Thus, in solution, the tGg’ is intermediate in free energy to tGt
and tGg, with tGt being 0.62 kcal/mol higher in free energy and
tGg being 1.22 kcal/mol lower. The relative free energy for the
gGg conformer is 2.56 kcal/mol. Considering that the gGg’
conformer has a free energy of —0.66 kcal/mol relative to tGg’,!
in solution tGg is preferred by 0.56 kcal/mol with respect to gGg'.

These results are consistent with an equilibrium mixture with
the following fractional concentration of conformers at 298 K:
tGg 63.7%, gGg’ 24.7%, tGg’ 8.1%, tGt 2.9%, tTt 0.5%, gGg 0.1%.
Thus 99.5% of the conformers existing in the aqueous solution
are in a gauche conformation and 66.7% of the equilibrium
mixture is without an intramolecular hydrogen bond. This con-
clusion is consistent with the experimental results for the 1,2-
ethanediol conformation in solution. Chidichimo et al.” in their
NMR investigations concluded a O-C~C—-O gauche conformer
is dominant in the lyotropic liquid crystalline solution, and Ma-
leknia et al.* proposed that this gauche conformer probably does
not have intramolecular hydrogen bonds in aqueous solution. Qur
calculations support the results. Thus, of the conformers inves-
tigated, the tGg is the dominant conformer in aqueous solution.

In a study taking into account the solvation of the 1,2-ethanediol
conformers, © performed with the solvent described as a continuous
dielectric medium,'! the ordering of the solvent effect on the
various rotamers (tGg > tGt > gGg > gGg’ > tTt > tGg’) turned
out to be analogous to that obtained by using the free energy
perturbation method for all the conformers considered here and
in part 1, with an inversion of gGg and tTt. The rationale of this
result is related to the shape of the solvent reaction field acting
on the solute. In the case of the tTt rotamer the oxygen atoms
point toward different and opposite regions of the cavity surface,
giving rise to a quadrupolar-like reaction field, which thus produces
a weak effect on the solute. On the contrary, when the lone pairs
of both oxygens are directed toward close regions of the cavity
surface, the solvent electrostatic effect is reinforced and the re-
action field shows a decidely strong dipolar trend'? that produces

(10) Alagona, G.; Ghio, C. J. Mol. Struct. (THEOCHEM), in press.

(11) (a) Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117.
(b) Alagona, G.; Bonaccorsi, R.; Ghio, C.; Tomasi, J. J. Mol. Struct.
(THEOCHEM) 1986, 137, 263.
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Figure 3. O...H(w) radial distribution functions. For the meanings of
the lines see Figure 2.

a noticable solvent stabilizing effect, as in the tGg and tGt cases.

The magnitude of the solvent stabilizing effect on the tGg
rotamer obtained by employing the continuum, however, is not
sufficient to make the tGg solvated species more stable than the
tGg’ one, because of the large vacuo energy group.

Interestingly, the tGg’, gGg’, and tGg conformers turn out to
be the most stable conformers with either method: the free energy
perturbation method predicts the tGg conformer to be the most
stable, whereas the continuum model favors the gGg’ conformer.

Solution Structure and Solvation Thermodynamics. The general
shapes of the radial distribution functions for tGg, tGt, and gGg
are rather similar to those for tTt, tGg’, and gGg’ in part 1. There
are small differences in the locations of extrema and in the g(R)
values at these points.

The O--.O(w) radial distribution functions (Figure 2) show
that the water oxygens are more ordered around Og than Ot in
tGg. Both peaks are at 2.75-2.80 A, but the heights are different:
2.0 for Og and 1.6 for Ot. The minimum for Og is deeper and
is at a shorter distance, R = 3.3 A, than the poorly defined one
for Ot in the R range of 3.4-3.6 A. As a result there are 2.9 more
strongly localized water molecules in the first hydration shell of
Og and 3.8 water molecules around Ot (Table IV). Peak values
of the radial distribution functions at 2.75 A are similar for tGt
and gGg, with a g(R) of about 1.8, The minima are at 3.6 A for
tGt and 3.3 A for gGg. As a result the first hydration shells for
tGt have 3.5-3.7 water molecules around each oxygen and there
are 2.6-2.9 water molecules around the oxygens of the gGg
conformer. Broad second bands are there in the 4-5-A range,
having contributions from the second hydration shell of the O
atoms and the first shells of the CH, groups (Figure 9). The more
definite second peak for Ot in tGg is considered a contribution
from water molecules in Og-Hg---Ow hydrogen bonds. The
absence of the corresponding peak for Og may be explained by
the less stable hydrogen bond formation around the trans hydroxyl
group in tGg. (See Table V and discussion later.)

O---H(w) (Figure 3) and H..-O(w) (Figure 4) radial distri-
bution functions have first peaks at 1.8-1.9 A with, however,
considerably different peak values. Highest peaks are for Og and
Hg and the lowest ones for Ot and Ht in tGg. The Hg--O(w)
peak for tGg is 1.7; the peak value for Og---H(w) is 1.2. This
indicates a ~50% greater probability of finding a water molecule
in the Og-Hg:--Ow position than in the Og:+--H-O(w) form. This
difference is less pronounced for the Ot and Ht atoms. The
characteristic second peaks were discussed earlier.! These peaks
have contributions from the second hydrogen atom of the con-
necting water molecule (Figure 3) or from the neighboring O-
+:H-O(w) hydrogen bond (Figure 4). The coordination numbers
were obtained by integrating the curves up to the first minima

(12) Alagona, G.; Ghio, C. J. Mol. Struct. (THEOCHEM), in press.
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Figure 4. H...O(w) radial distribution functions. For the meanings of
the lines see Figure 2.
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Figure 5. Solute-solvent pair interaction energy distribution for the tGg,
tGt, and gGg conformers of 1,2-ethanediol.

at 2.4~2.5 A. Hydration of the hydrogen atoms by water oxygens
gives coordination number of uniformly 0.9-1.0 (Table IV). This
suggests one O-H--+O(w) hydrogen bond at each site. Each solute
oxygen is hydrated by 1.4-1.5 water hydrogens in tGg. This value
is 1.8-1.9 for tGt and 1.3-1.6 for gGg. Since their location sites
are less definite than those for the acceptor water oxygens (Table
V), one may not expect hydrogen bonding by all of them. This
is the reason the number of the hydrogen bonds is lower than the
number of the water oxygens in the first hydration shells.

The numbers of the hydrogen bonds were determined by in-
tegrating the pair energy distribution functions (Figure 5) up to
their minima at -3.25 kcal/mol for tGg and at -3.00 kcal/mol
for tGt and gGg. The calculated values are 4.4, 4.2, and 4.0,
respectively (Table IV). The pair interaction energy is more
confined into a range for tGg and gGg with gauche hydrogens.
The distribution function for tGt is flatter with a smaller peak
value, allowing a more diverse energy distribution. Also the site
of the peak for tGt is shifted to the less negative values. This
means that the water—solute interaction is more restricted to an
energy interval and probably to a spatial domain with gauche than
with the trans hydroxyl group. It was reflected in the findings
that all values of the radial distribution functions are higher for
the gauche than for the trans OH group.

Snapshots support the above interpretation. Figure 6 shows
the water molecules closest to the oxygens in the tGg conformation.
There are two water molecules around Og and four connecting
to Ot. There are seven hydrogen bonds shown with five of them
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Figure 6. Snapshot for the tGg conformer with water molecules satis-
fying criterium O(alc)-+O(water) < 3.5 A.

gGg
Figure 7. Same as Figure 6 for gGg.

tGt
Figure 8. Same as Figure 6 for tGt.

close to 2 A. Both solute hydrogens are bonded to a single water
oxygen. The difference in the hydration numbers comes from the
different numbers of the donor water molecules. The snapshot
is in accord with 0.9 and 1 water molecules calculated for hy-
drating Ht and Hg, respectively, and the larger Ot/Ow than
Og/Ow coordination number in Table IV. The snapshot for gGg
(Figure 7) correctly reflects a water molecule in an O-H---Ow
hydrogen bond for each hydroxyl. Three donor water molecules
bonded to the two solute oxygen atoms are in good agreement with
the calculated average value of 2.6-3.2 in Table IV. The total
of five water molecules in the first hydration shells of the polar
functions of the solute is also in agreement with the calculated
average value of 5.6. The tGt snapshot (Figure 8) shows a hy-
dration scheme of correct C, symmetry. There are five water
molecules hydrogen bonded to the solute. One of them in a bridge
position. Thus it belongs to both hydroxyl groups and might be
counted twice in the sum O/Ow in Table IV. This means that
the total number of water molecules in the first shells of the OH
groups is probably less than 7 and may be closer to our previous
value of 6 and to the value for tGg. The hydrogen bond distances
are generally longer than most O-+-H distances in the tGg
snapshot. It should mean weaker bonds for tGt explaining the
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Figure 9. CH,.-O(w) radial distribution functions, averaged for the two
CH, groups. Solid line, tGg; dashed line, tGt; dotted line, gGg.

shift of the peak of the energy pair distribution function toward
a less negative value. At the same time the rather uniform hy-
drogen bond distances are contrary to a diverse energy pair dis-
tribution found for tGt. This points out the limited utility of a
single snapshot in explaining average values or distributions.

To overcome the above 4500 snapshots were considered for
determining average intermolecular bond lengths, bond angles,
and torsion angles with the water molecules in the first hydration
shells (Table V). The averaging procedures was the same de-
scribed earlier.! It was found here, in accord with the previous
results, that the O—H---O(w) bond is more stable than the O-
(alc)- -« -H-O(w) bond. The population for the former, 58-89%,
was significantly higher for all three conformers than that of the
O-.-H-O(w) type hydrogen bond, 33-49%. Also, hydration of
the gauche OH by acceptor water is favored compared to that
of a trans conformer.

O--H:-0O bond angles are nearly linear. There are a few de-
partures of 5-15° from linearity. Torsion angles are least well
defined. Values obtained for the acceptor waters confirm the near
linearity for the O—H:--O(w) bond. Oxygens of the donor water
molecules are in the lone pair regions of the alcoholic oxygens
(£120°) but considerable departures are easy. This is in line with
the relatively low populations of their average positions.

The radial distribution functions characterizing the nonpolar
regions of the three conformers (Figure 9) show only small dif-
ferences when compared to the corresponding functions for tTt,
tGg’, and gGg’. Sites of maxima and minima differ, if at all, by
about 0.1 A. The calculated number of the water molecules is
between 10 and 11, considering 4.5 A for the hydration shell radius
around one CH, group. The first water shells of the nonpolar
groups should contain fewer than 2 X 10.5 = 21 water molecules
due to the strong overlap of the CH, hydration spheres. (The C-C
separation is 1.5 A as compared to 4.5 A, the hydration shell
radius.) Since similar values were obtained by using the radial
distribution functions for tTt, tGg’, and gGg’, it may be concluded
that the solvent structure is little effected in the nonpolar region
either by the G to T rotation or by breaking or forming intra-
molecular hydrogen bonds.

Solvation thermodynamic data (Table VI) show that the free
energies of the tGg, tGt, and gGg conformers relative to tGg’ are
basically determined by their relative solute-solvent interaction
energies, AEgy. Contrary to our previous finding for tTt and gGg’,
where AEgy amounted to only about 1 kcal/mol, the Egy dif-
ferences for the present conformers are 3-12 kcal/mol. AEsy is
-12.0 keal/mol for tGg, where the number of hydrogen bonds is
larger by 0.9 units as compared to tGg' (Table IV). The number
of water molecules in attractive interactions (E < —0.25 kcal/mol)
is 58, the largest value within the series, and is related to the largest
dipole moment for tGg (Table VI). AEgx for gGg is -2.9
kcal/mol. The number of hydrogen bonds is larger by 0.5, and



4758 J. Am. Chem. Soc. 1992, 114, 4758-4762

the number of the water molecules in attractive interactions is
lower by 3 than those for tGg’. Thus it is concluded for the
conformers studied here that the number of the waters hydrogen
bonding to the solute is a more important parameter in defining
the sign of AEgx and of AG than the number of the water mol-
ecules in attractive interactions. For the tGt conformer the two
effects act in the same direction, resulting in considerable sta-
bilization by 8.4 kcal/mol for AEgy and by 3.4 kcal/mol for AG.

While trends in AEgx and AG are in line with the solution
structure parameters, no correlation to these parameters was found
considering the AH, TAS, and AEgs (solvent reorganization) terms
in Table VI. The values obtained by direct comparison of the
H values for solutions after considering 4500K configurations show
large relative errors for the AH, TAS = AH - AG, and AEgg =
AH - AEgyx terms. These errors make uncertain even the sign
of the above terms for the tGg and tGt conformers. Results
obtained in the perturbation calculations showed poorly converged
values after considering 3000K configurations in the subsequent
steps. Despite the uncertainty in the TAS values for tGt and gGg,
more positive entropy, thus a less ordered solution structure, is
expected when the solute is in the tGt rather than in the gGg
conformation. On the contrary, the radial distribution functions
are similar around the first peaks for these conformers (Figures
2-4 and 9). The number of hydrogen bonds to the solute and the
number of the water molecules in the first hydration shell, where
the water molecules are expected to be strongly bound to the solute,
are larger for tGt than gGg (Table V). This suggests a more
ordered structure for tGt, contrary to the above interpretation of
the entropy values. So we consider the calculated entropy dif-
ference as characterizing the differences in the bulk solution

structure and not directly correlating with the first hydration shell
structure parameters. The effect that dominates the relative
entropies of the solutions with these two conformers may be
determined by the solvent-solvent interactions rather than so-
lute—solvent interactions.

Conclusions

In studying the tGg, tGt, and gGg conformers of 1,2-ethanediol
in the gas phase, it was found that these structures without in-
tramolecular hydrogen bonds are higher in free energy by 3-4
kecal/mol than the most stable tGg’ conformer. On hydration tGg
is stabilized by 5.2 kcal and becomes the dominant conformer,
thus the most likely conformer in aqueous solution is an O~C-C-O
gauche form without intramolecular hydrogen bonding. This fits
well the NMR and Raman spectroscopic experiments.

The polar groups of the solute are hydrated by five to seven
water molecules and form about four hydrogen bonds with them.
The most stable bonds are the nearly linear O—H(alc)---O(water)
ones. Hydrogen bonds to O(alc) with donor water molecules are
much more mobile. Water molecules hydrating a gauche hydroxyl
group are more strongly localized than those for a trans one. The
number of water molecules in the nonpolar region is insensitive
to conformational changes of the solute considering rotation either
about the C-C axes or about the C—O bonds.
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Abstract: Ab initio molecular quantum mechanics has been applied to the cyclopentadienylideneketene molecule, a C;H,O
isomer. Until very recently, it was thought that this molecule had not been observed spectroscopically. However, recent experiments
appear to show that an infrared feature near 2085 cm™ (and often attributed to benzyne) is due to cyclopentadienylideneketene.
Here the structure of the latter molecule has been optimized using three theoretical methods, including second-order perturbation
theory with a triple-{ plus double-polarization (TZ2P) basis set. Harmonic vibrational frequencies and infrared intensities
have also been evaluated, and the ketene C=C plus C==0 stretch is indeed consistent with the 2085-cm™! assignment previously

identified with benzyne.

Introduction

o-Benzyne has been an important molecule in the history of
physical organic chemistry. Most respected contemporary organic
chemistry texts!™? are in agreement, on the basis of the infrared
spectrum, that the triple-bond valence structure

1
is more important than other possibilities, such as
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2

The section in Vollhardt’s text? entitled “Benzyne is a Strained
Cycloalkyne” summarizes the current understanding.

The basis for the identification of benzyne with the triple-bond
structure 1 is a series of independent experiments*~® that yielded

(1) Streitwieser, A.; Heathcock, C. H. Introduction to Organic Chemistry,
3rd ed.; Macmillan: New York, 1985; pp 803-805.

(2) Vollhardt, K. P. C. Organic Chemistry; W. H. Freeman: New York,
1987; pp 925-929.
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