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CONFORMATIONAL ANALYSIS—CXXIII
CARBOXYLIC ACIDS AND ESTERS IN FORCE FIELD CALCULATIONS'
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Abstract—Force field calculations have been extended 1o include carboxylic ackds and esters. Necessary
parameters were chosen mainly by fitting to available experimental data on small molecules. A few key facts are
not known experimentally, and these were found by carrying out ab initio (STO-3G) calculations. Other molecules
were then studied and structural predictions were made. It is predicted that in isobutyric acid a methyl group is
twisted 15° from eclipsing the carbonyl oxygen in the ground state. The relative energies and torsional functions for
cyclohexanecarboxylic acid are reported. Except for rather simple compounds, such as normal chains, the carboxyl
is usually twisted with respect to the attached chain. Some conformations of lactones were also examined. For
§-valerolactone it is predicted that the boat conformation is more stable than the chair. Heats of formation of the

compounds can be calculated with fair accuracy.

INTRODUCTION

Force field or molecular mechanics calculations have
now been developed sufficiently so that the structures
and energics and sometimes other properties of hydro-
carbons can now be calculated quickly and with high
accuracy.” To make such calculations really useful to
organic chemists, it was next necessary that they be
extended to include functional groups of all kinds, and in
all combinations. This extension is still in progress and
has not proceeded very far to date. For several of the
common functional groups the results obtainable are now
nearly as good as those obtainable for hydrocarbons,
where the accuracy of the available experimental data is
really the limiting factor. These groups include™ alde-
hydes. ketones. ethers, alcohols, thiols, thioethers,
disulfides. and halides. Many other miscellaneous struc-
tural types have been subjected to a cursory ex-
amination.

Common functional groups present in organic com-
pounds include the carboxyl group and its derivatives
such as esters, amides, etc. While some studies of amides
have been carried out in connection with protein cal-
culations, because of the size of the proteins. that work
has utilized many approximations. It has generally been
quite inferior to what one would hope to accomplish with
small molecules, and 1t will not be further discussed
here.!

RESULTS AND DASCUSSION
Carboxylic acids

The carboxyl group combines two features we have
previously examined, namely the carbonyl group and the
hydroxy! group. Because of their proximity., however,
the carboxyl group is quite a different structural entity
than a simple summation of the two fragments. In this
paper, we will show a set of parameters developed to
deal with the carboxyl group. and also with the ester
group, which are compatable with our previously pub-
lished 1973 force ficld.”’

Force constants for carboxylic acids have been re-
ported by Brooks and Haas," and they secem comparable
with the other force constants used in the 1973 force
field. They were averaged to make them “‘transferable™
and these values were used here (Table 1).

With the force constants for bending and stretching
settled, and the electrostatics carried over from the
treatment of carbonyl and hydroxyl groups, the next step
was to choose the natural bond lengths and angles so as
1o fit the ground state structures for simple compounds.
The calculated structural data, and the experimental data
that were fit to are summarized in Table 2.

Next we considered the question of the torsional bar-
riers about the bonds attached to the carbonyl group.
Because of delocalization of the = clectrons on the
hydroxyl group into the carbonyl, there is a strong ten-
dency for the hydroxyl to remain in the plane of the
carbonyl. Mainly because of the alignment of dipoles, the
hydroxyl hydrogen is preferentially cis to the carbonyl
oxygen. The available experimental and theoretical data
concerning torsional potential functions for acids and
acid derivatives is sketchy. For consistency, we have
carried out a series of ab initio calculations at the
STO-3G level of the various kinds of potential functions
of interest, some of which were previously known.

Beginning with formic acid, the present STO-3G cal-
culations show that the cis conformation is more stable
than the trans by 4.73kcal/mole. One experimental
result® gives this value as greater than 4 kcal/mole, al-
though the value 2kcal/mole was reported from IR
work.” The torsional constants about the C-O bond were
chosen so that the calculated rotational barrier for formic
acid (9.99 kcal/mole) is in good agreement with experi-
mental and other theoretical estimates’™ (8.1, 10.9 and
13.4 kcal/mole). These data are summarized in Table 3.

From the force constants given in Table 1, and the
structure of formic acid discussed previously, together
with the data on rotational barriers (Table 3), the tor-
sional parameters necessary to reproduce the data on
formic acid were cvaluated, and these are also listed in
Table 1. These give the cis-trans energy difference as
470 kcal/mole, and the rotational barrier as 9.9S
kcal/mole. With those quantities fixed, two more tor-
sional parameters, which correspond to torsion of the
types C-C-O-H and H-C-C-0, had to be chosen to fit
the data on acetic acid. These parameters are also given
in Table 1. They yielded a cis-trans energy difference for
acetic acid of 5.97 kcal/mole and a rotational barrier of
10.33 kcal/mole. The methyl rotational barrier calculated
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Table 1. Force constants used*®

N. L. Autancer and S. H. M. CHaNG

Table 3. Torsional data on carboxylic acids and esters

Stretching i K, Bond moment Rotation about C-0O bond
Compound {cis-trans) Barmer %0° Ref.

CoprCop 1504 44 0.3
=0 1.207 108 2.60 Formic acid &m 12.34 14
-0 1.384 $.36 [ ] 4712 998  This work (STO-3()
CoprO 1328 5.08 0.10 410 995  This work (MM)
0O-H 0972 7.2 -1.28 6.3 15

. Acetic acid 7.28 13.18 4
Bending o ke 591 1037 This work (STO-3G)
(.,,\-(T.,.F() M8 0.87 s 10.33 This work (MM)
H-C=0 1206 0.2 11 15
C,(,~0 1080 0.702 Propionic acid 5.80 1032 This work (§TO-3G)
HC,-0 1(3?.0 0»7(32 6.04 1036 This work (MM)
8*‘_'3& :5;’3 é;gﬁ Methyl formate 368 11.36 14
(:w()_( 110.0 0.68 in 11.24  This work (MM}

5.56 N

Torsion v, v, A\ Methy! acetate 780 This work (MM)
CorC,, ~O-H 0.56 0.0 118 ) ) )
Coor-CogrC 120 0.0 0.0 2175 The interesting case of the rotational barrier about the
CporCoprCo O 0.0 -09 -0.2 C,rC,,; bond in propionic acid has not been previously
H-C,,,-O-H 0.3 0.0 30 reported. It was studied in the present work by carrying
RH-C,,,-C,; =0 0.0 0.0 -0.75 out a rigid rotationt about the bond, and repeating the
HC,,C.,-0 0.0 00 -0.29 STO-3G calculations at 60° intervals. The methyl group
:ﬁ)&{") g'g gg —3(:8 eclipses the carbonyl in the ground state, which is also
C-OC, 0 . 068 g3 00 found to be true with aldehydes and ketones. Con-
C-O-(‘::,—H 00 00 00 formations which have a hyd{ogen eclipsing the carbonyl
COCL 0.65 318 00 also correspond to energy minima, and they are shightly
CC-0-C,,; L X -165 0.0 less stable than the ground state (0.25 kcal/mole by

¥Yan der Waals

H (of the O-H of a carboxyl group)
r* 0.90 A, ¢ (0.015)

*Units are mdyne/A® for stretching, mdyneirad® for bending
and torsion, and Debyc units for moments.

"For references detailing the pertinent force constants (except
for alcohols and cthers) (see Ref. 2a). For alcohols and ethers
{see Ref. 3b).

molecular mechanics and 0.26 kcal/mole by STO-3G).
The conformations which differ by about 60° in torsional
angle from the minima correspond 1o energy maxima.
They are rather low (methyl-hydroxyl eclipsed: 178
kcal/mole by molecular mechanics, 1.57 kcal/mole by
STO-3G: hydrogen-hydroxy! eclipsed, 0.65 kcal/mole and
0.68 kcal/mole, respectively), similar to the values found
for barriers for other carbonyl compounds. and as op-
posed to barriers about saturated bonds which are
usually significantly higher {about 3 kcal/mole).

Table 2. Ground state geometries of carboxylic acids

Bond lengths” exp (caled)® Bond angles exp (caled)®
Compound C=0 -0 C,-H (,:C,,» HOC 0C=0 O=C-R cCce
Formic acid'® L2~ 13610 11060+ 1D) - 107.5(~-2)  123.6(0) 126.1(-13) —
Acetic acid"' 12140-8) 1.364-9) — 1.520(-11) 1228(+6) 126.6(—10) —
Propionic acid'®  1.211( 5 1.367(-12) — 1.518(-6) 1220(+12) 126.7(-11) 128(+3)
Propionic acid”  1.210(~4) 1.352(+ 3) —_ 1.50%+3) 105.8(+15) 122.4+9) 1258(-2) 112.7(+4)

*The calcd. value given is the amount (last figure) to be added to the experimental value to obtain the corresponding calculated

value.
*O-H calcd. in each case 0.972 A (0.970 A experimentally’).

was 0.83kcal/mole. The force field calculations are
summarized in Table 3.

For acetic and propionic acids, the difference between
the cnergies of the cis and trans forms is larger than in
formic acid. The calculated value for the barmer to
methyl rotation in acetic acid {0.53 kcal/mole) is in good
agreement with the experimental results™"  (0.48
kcal/mole from microwave studies).

tA ngid rotation was used here, because according to the
molecular mechanics calculations, very little relaxation occurs
upon rotation.

One additional set of torsional parameters had to be
chosen for propionic acid (C-C-C,~0) before this
compound could be studied and the values chosen are
given in Table 1. It was then calculated that the cis form
was more stable than the frans by 6.04 kcal/mole and the
rotational barrier was 10.36 kcal/mole. The calculated
energies for the conformations of propionic acid are
given in Table 3, both from the ab initio and the
molecular mechanics calculations, and the agreement is
reasonable.

Finally, one must know something of the van der
Waals characteristics of the hydrogen attached to the
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oxygen of the carboxyl group. Experimentally it is
known that the electron density around this hydrogen is
very small. Such hydrogens cannot ordinarily be located
by X-ray crystallography, and they are strongly deshiel-
ded in the proton NMR spectrum. This low electron
density is, of course, correlated with the high acidity of
the proton. What this means is that the van der Waals
characternistics of such a hydrogen are different from
those of a hydrogen attached to an oxygen in an alcohol
{which in turn differs from a hydrogen in a hydrocarbon).
We have fixed these van der Waals characteristics for
the acidic hydrogen by a consideration of the dimer of
formic acid. With the values finally settled on (r* 0.90 A,
€ 0.015), the calculated O---O distance bridged by the
acidic hydrogen is 280 A, in agreement with the ex-
perimental value™ (2.73+0.05 A). There is some ar-
bitrariness  here, because the two van der Waals
parameters are strongly correlated, but these values
scem reasonable. The bond energy of the dimer (two
hydrogen bonds) was calculated to be 7.2 kcal/mole (ex-
perimental value, 7.2 kcal/mole™).

The parameters for carboxylic acids had all been fit at
this point. and it was now possible to investigate the
structures of some additional simple and more com-
plicated compounds of this class. Butyric acid was next
examined. Only conformations in which the carbonyl is
eclipsed by a carbon-carbon bond were studied in each
case. The conformation anti about the a-B8 bond was
found to be the most stable, as one would expect. The
corresponding gauche conformation was calculated to be
0.50 kcal/mole higher in energy. The calculated geometry
of the anti conformation is shown. The conformation
gauche about the 3.4 bond was a dihedral angle of 68.5°,
but the bond lengths and angles are the same as in the
anti form. The structure of the compound has not been
reported experimentally:
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Pentanoic and hexanoic acids were also examined in
their stable conformations. and they are unexceptional.

Turning to isobutyric acid, there are no parameters to
fit here, the calculation was simply carried out. In-
terestingly, it was found that the most stable con-
formation for the carboxyl group was not the carbonyl-
methyl eclipsed one which might have been anticipated,
but rather a conformation in which the dihedral angle
between a methyl and the acid hydroxyl group was 44.5°.
A second conformation, only 0.21 kcal/mole less stable
than the other, was found in which this dihedral angle
was 180°. The calculated ground state structure is shown,
and the calculated torsional energy function is sum-
marized in Table 4. No experimental structure has been
reported.
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Table 4. Relative energics for
isobutyric acid as a function of
the torsional angle about C,-C,

kcalimole  w(H°CCO’)
031 0.0
0.00 450
1.06 90.0
1.24 13s0
021 180.0

Actually, the irregular conformation of the ground
state for this molecule, and of other related carboxylic
acids, should not be particularly surprising. Certainly,
alkanes have very symmetrical, regular structures, unless
they become highly congested or contain rings. This is
because the torsional barriers are relatively large, the
hydrogens which tend to interferc with one another are
relatively small, and the chains are effectively trapped in
torsional potential wells. It can be anticipated that as the
substituents become larger. or the torsional barriers
become smaller, the simple regulanty of the confor-
mations will be lost, and this has been previously found
in rather congested molecules such as tri-¢-butyl-
methane.™ In the case of carboxylic acids the torsional
barrier about the C-C bond attached to the carboxyl
group is quite low, about 0.5 kcal/mole in acetic acid, for
example. Hence, we can anticipate that relatively small
groups may in many cases be sufficient to lead to a
distorted ground state structure. Isobutyric acid is
found to be such a case. There seems to be no experi-
mental information on this point for simple carboxylic
acids.

The structures of cyclobutane- and cyclopentanecar-
boxylic acids were also calculated and. not surprisingly,
also proved to be irregular. For cyclohexanecarboxylic
acid, two groups of conformations were investigated. one
with the carboxyl group axial, and the other with the
group equatorial. The equatorial was found to be the
more stable by 1.01 kcal/mole (experimental best value,
1.35 kcal/mole in solution™).

For the equatorial conformation. the most stable tor-
sional arrangement is unsymmetrical. The carbonyl
oxygen is twisted about 15° away from being eclipsed by
the C-C bond. There are two mirror-image arrangements
of this sort. A third energy minimum, which is only 0.2
kcal/mole above the other two, has the hydroxyl of the
carboxyl on the symmetry plane, and the carbonyl
oxygen is eclipsing a hydrogen. A sketch of the energy as
a function of torsional angle is shown in Fig. 1.

The cnergy maximum at a torsional angle of 0° is
only about 0.3 kcal/mole. much less than RT. Only the
barriers at torsional angles of *120° significantly impede
the torsional motion, and there the barrier height is
1.7 kcal/mole.

With the axial conformation the carbonyl oxygen does
cclipse the C-C bond in the lowest energy conformation.
The barrier is at a torsional angle of 0°, where the
hydroxyl eclipses hydrogen, and it is higher than in the
equatorial isomer (0.7 kcal/mole). The other barrier is
also a little higher, 1.9 kcal/mole. The conformation in
which the carbonyl oxvgen eclipses hydrogen, which is
quite stable in the equatorial isomer, is here rather
unstable, due largely to the unfavorable interaction
between the hydroxyl and the syn-axial hydrogens. This
conformation has an energy of 1.28 kcal/mole. Thus one
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Fig. 1. The energics of the axial (upper curve) and equatonial conformations of cyclohexanecarboxylic acid as a
function of the dihedral angle at the carboxyl group.

can conclude that equatorial carboxyl groups should be
found in crystals with a wide variation in torsional angle,
only angles near 120° being unfavorable. On the other
hand, the axial conformation shows a definite preference
for a torsional angle near 60°.

The structures and energies of the conformers of
1-methylcyclohexanecarboxylic acid were also  ex-
amined. The stable conformer has the methyl group
equatorial, and it is more stable than the axial isomer by
0.7 kcal/mole. This is essentially an additive value for the
two groups, indicating that they have no significant dif-
ferential steric interaction in the two different confor-
mations.

3-Methylcyclohexanecarboxylic acid was also ex-
amined. Relative to the diequatorial chair conformation
of the cis isomer, the conformation of the trans isomer
with an axial carboxyl has an energy of 1.00 kcal/mole,
while that with an axial methyl has an energy of 1.55
kcal/mole. Putting both groups axial simultaneously
leads to an energy of 2.94 kcal/mole. The first two values
are in good agreement with the expected energies for
those groups. To move the equatorial carboxyl to the
axial position when a methyl is already axial at C-3
requires a calculated energy of 1.39 kcal/mole, while the
experimental value is 2.98+0.30 kcal/mole.” The ex-
perimental system was a more complicated molecule,
and a close agreement is not expected, but it does seem
that the calculated value is definitely too low, and we
attribute this to our carboxyl group being too “thin™.
There seems to be no simple way to improve the
situation now, however, so it must simply be kept in
mind that this defect in the force-field exists.

Succinic acid was briefly examined. Apart from the
carboxyl groups, the carbon skeleton may have either an
anti or a gauche geometry. It was concluded from the
Raman spectrum® that the gauche form is more stable in
aqueous solution. However, from the NMR spectrum it

was concluded that the anti form is more stable than the
gauche in dioxane by 0.22 kcal/mole.™

We calculated that for the anti conformation the entire
carbon-oxygen skeleton is planar. The gauche form was
found to be 0.13 kcal/mole higher in energy than the anti
form when the dielectric constant was 1. It has a slightly
more favorable dipole interaction energy than the anti
(by 0.15 kcal/mole), and hence its energy would be raised
slightly relative to the anti by an increase in dielectric
constant. Thus as the dielectric constant approaches
infinity, the enthalpy of the gauche form will exceed that
of the trans by 0.28 kcal/mole. In terms of free energy.
the gauche form, being a dl pair, would be favored
slightly over the anti form.

Esters

We next turned our attention to the structures of
esters. Both methyl formate and methyl acetate have
been studied by means of microwave spectroscopy. and
their structures have been reported in the literature.” ™
The necessary parameters deduced to fit the ground state
structure are given in Table 1. There were no bond length
parameters 10 be evaluated (as they had all been pre-
viously evaluated to deal with the structures of car-
boxylic acids or ethers). There was only one bond angle
that had to be fit, which was the C,,,-O-C,,, angle. There
were a number of torsional constants which had to be fit.

The experimental data for the ground states are given
in Table S, together with the differences between the
calculated and experimental structurcs. The fit is
generally good.

Ethyl (and higher) esters require the evaluation of a
few more torsional parameters. The structure of ethyl
formate has been studied,” and it is known that the
gauche conformation is higher in energy than the trans
by 0.19+0.06 kcal/mole. The barrier scparating them has
a height of 1.10+0.25 kcal/mole. The compound has the
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cxpected anti configuration about the C-O bond. The
conformation syn about this bond was estimated to have
a higher energy by 5.1 kcal/mole. The torsional potential
constants given in Table 1 were chosen to reproduce these
data.

Thus these few experimental data lead us to the con-
clusion that the esters, like the acids, do not have strong
conformational preferences for the internal rotation
about cither of the bonds by which the alkyl groups are
attached to the ester group. With both the esters and the
acids, there is a very strong preference for planarity of
the carboxyl. or carboalkoxy group, with rotation about
the C-O being hindered by a barrier by the order of 10
kcal/mole. and with the trans conformation being several
kcal/mole more stable than the cis. It has long been
known from studies on macrocyclic lactones that if the
geometric constraints of the system permit, the trans
conformation is preferred in such molecules. If geomet-
ric constraints do not so permit, rather than twisting
substantially about the C-O bond, the molecule tends to
gO over 1o a cis conformation.™

Lactones

Calculations indicate that y-butyrolactone has the 8-
carbon out of the plane of the remaining four ring atoms.
This permits the four ring atoms for which a planar
arrangement is optimum to achieve that geometry, while
the remaining atom prefers to and does achieve a stag-
gered arrangement. The bond angles are smaller than
their preferred values, however. so the ring iIs sub-
stantially strained. The calculated structural parameters
are shown.

The §-valerolactone molecuie i1s especially interesting.
It has been discussed at length in the literature.™"" but
no experimental determination of the conformation of
the parent molecule has been reported. Extensive struc-
tural studies have been carnied out on molecules which
contain this ring as a part of a more complex structure. It
is found frequently in the form of a flattened chair, and
frequently in a boat form (more nearly a classical boat
than a twist boat). The chair form is rather unstable
because of the strong tendency for the four-atom seg-
ment of the carboalkoxy group 1o be planar. A 6-mem-
bered ring (cyclohexane) tends to have dihedral angles of
near 60°. These two requirements are contradictory, and
the ring is calculated to reach a compromise with a
dihedral angle of 36.9° about the C-0O bond.

The boat form of 8-valerolactone is as shown.

v

mount (last figure) to be added to the experimental value to obtain the corresponding cakculated value.
*O-H calcd in each case 0972 A (0.970 A experimentally'*).

“The calcd value given is the a
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The four atoms on the near side of the ring are nearly
co-planar (wc = 11.8°). The bow and stern hydrogens
inside the ring are closer than they prefer to be, and the
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molecule is twisted slightly to relieve this repulsion.
There is also an eclipsed butane unit on the back side of
the molecule. Thus we find that both conformations of
this molecule are quite strained. Interestingly, it is cal-
culated that the boat is more stable than the chair.t

In a recent review on 6-membered rings, only one case
was listed where a simple molecule existed preferentially
in a boat form. (excluding cases where bulky substituents
or ring fusions constrain the molecule.) This was the
1.4-cyclohexanedione molecule (and its oxime). In that
case, the twist boat form was found.” There do not
appear 10 be any experimentally established examples of
an unconstrained 6-membered ring existing preferentially
in a classical boat form. According to the calculations,
§-valerolactone has such a classical boat conformation.
We accordingly sought experimental confirmation for
these calculated results, but were not able to obtain
definitive evidence either way. The carbonyl stretching
frequency in the IR has been interpreted as indicating a
chair form.™ " This frequency is really a measure only
of the bond angle at the carbonyl group,” and does not
give evidence directly as 1o the conformation. Note that
the calculated internal carbonyl angle is larger in the
chair form than in the boal. consistent with earlier IR
conclusions. This angle is, of course, also expected to be
influenced by substituents. The NMR spectrum was too
complex and poorly resolved (at 100 mHz) for us to
unambiguously extract the coupiing constants of the
protons 8 and y, so it was nol possible to find the
dihedral angles. When the a and & protons were replaced
by deuterium exchange, the 8 and y protons combined
showed a sharp singlet, which was uninformative, and
which did not split apart upon changing the solvent from
chloroform to benzene.

Dipole moments

While the molecular mechanics method does not in its
simplest form give very accurate values for dipole
moments, they are at least given approximately with the
1973 force ficld directly from the moments of bonds and
lone pairs. It is thought that when inductive effects are
included. this approach can probably be made quite
precise. However, at the present stage of development
we will settle for approximate calculated moments.
These are summarized in Table 6 for some typical small
acids and esters. The bond moments from ethers, al-
cohols, and carbonyl compounds were carried over here
unchanged, as was the lone pair moment of ether
oxygen. Only one parameter nceds to be assigned, the
bond moment of the C,,~O bond (Table 1).

Heats of formation

The calculation of the heats of formation of hydro-
carbons and other compounds by the force field method
has been previously described in detail.” In order to
extend these calculations to carboxylic acids and esters,
it is necessary to cvaluate a minimum of just one
parameter, namely the bond energy of the bond con-
necting the alkyl oxygen to the carbonyl carbon. Qur
formal sequence counts the carbonyl bond and the alkyl-
carbonyl carbon bond in the acid as though they were in
a ketone. Alternatively, we might use 2 parameters. and

tWhile we have not yet studied the corresponding lactam, it
would appear that the same arguments would also apply in that
case, and §-valerolactam is also predicted to be most stable in
the boat conformation.

N. L. ALLiNGER and S. H. M. CHaNG

Table 6. Dipole moments of some acids and esters (Debye umits)

Compound Caled Exper.”
Formic acid 1.58 15202
Acetic acd 1.63 178
Methyl formate 1.86 .77
Methyl acetate 1.96 1.7
Ethyl formate 1.87 1.94
Ethyl acctate 1.96 185201
B-Propiolactone 163 40202
y-Butyrolactone 374 40202

treat acids and esters separately. Both approaches were
tried. However, using the minimum of one parameter and
picking the optimum value for it so as to reproduce as
well as possible the heat of formation data for the
smaller molecules for which data have been reported in
gas phase at 25°C (as listed in Table 7). the results were
not particularly impressive: the average deviation be-
tween the experimental and calculated results was 1.47
kcal/mole, which may be compared with the average
experimental error claimed by the experimental in-
vestigators for the same set of compounds
(0.65 kcal/mole). However, perusal of the published data
leads one to question whether it 1s really that good.
Multiple determinations from different laboratories often
do not agree 1o within the combined limits of experi-
mental error, and heats of vaporization are often es-
timated.

The alternative treatment is to treat acids and esters
separately. The rather unique character of the acidic
hydrogen in the acids suggests that as a practical matter
we can assign a bond energy to the C,.~O bond (for
both acids and esters). and a separate bond encrgy to the
O-H bond of the acids. With these two parameters,
better agreement could be obtained, the esters now dif-
fering from experiment by an average of = 1.50kcal/mole,
compared with a claimed experimental error of =0.8]
kcal/mole, while for the acids the respective values arc
0.68 and 0.39 kcal/mole.

Further examination of the experimental data shows
that with either of the above schemes, there are three
esters for which large probable errors in the experimen-

Table 7. Calculated heats of formation (kcal/mole)

Compound FExperimental™ Caled  Difference
Formic acd -90.5720.14 -9 118
Acetic acid -103.26+0.12 10193 +1.34
Propionic acid -108.40+0.5 -1 +063
Butyric acid -12240+0.6 1273 -033
Valeric acid -117.152045 -11767 - 082
Capric acud -1227020.5 122,62 - 0.08
Ethyl acetate -106.3420.16  -10530 +0.79
Isopropyl acetate 115.12+0.19 -11480 - 008
Methyl pentanoate -112.70+04 11499 -1.09
Methyl a-methyl-

butanoate ~117.70~18 115,87 -
n-Butyl acetate -116.10+ 0.20 -8 £ 057
Methyl isovalerate -1190=18 -114.73 —
Methyl pivalate -1228=218 -118.46 —
Mcthyl hexanoate - 1180+04 118 83 -1.08
Ethyl 4-pentenoate -92.1+06 -91.42 +0.71
Fthyl 3-trans-

pentenoate - 932207 - 9305 +0.06




Conformational analysis—CXX1H

Table 8.

Strain energy

Structure (Caled. keal/mole)
y-Butyrolactone 10.0
8-Valerolactone

Boat 10.6

Chair 1.9

tal values are reported (= 1.8 kcal/mole), and which show
even larger deviations between calculation and experi-
ment. These three experimental values are from the same
paper. A fourth value from that paper was discarded by
Cox and Pilcher,” and it shows the same kind of de-
viation from an independently determined value. We
therefore feel that these values contain a large syste-
matic error. This is unfortunate, because they are the
only available examples of such diverse structural types.
However. the best approach seems to be to not use these
values, and this was done. When this abbreviated set of
data (13 compounds) was used, and two parameters were
fit (C,=0=-39460; O-H - -23.734 kcal/mole), the
results were as in Table 6. The final results show average
deviations and experimental error respectively for acids
as 0.61 and 0.39, and for esters 0.62 and 0.38 kcalfmole.
With hydrocarbons, where there are more data, and more
reliable data, the average deviation between the cx-
perimental and calculated results over a large sample of
compounds was about 0.5 kcal/mole.™ which is com-
parable with the average experimental error and is a
limitation of the calculational method in its present form.
The calculations here are less reliable, but they will
probably be good on the average to about 1.0 kcal/mole.
We fecl that the method is better than this, but is for now
limited for acids and esters by the paucity and inac-
curacy of the available data.

As discussed previously, while heats of formation are
useful for many purposes, if molecules other than
isomers are being compared, strain ¢nergies are more
advantageous.”™ " The calculated strain energies for
some lactones are summarized in Table 8.

Note that in §-valerolactone the strain is worse in the
chair than in the boat, but it is sizable in the latter too. It
is less in the S-membered ring, although still sizable
because of bond angle deformations. H. C. Brown pos-
tulated many years ago™ that & double bond was pre-
ferentially exo to a S-membered and endo to a 6-mem-
bered ring. These lactones were cited as examples in
support of this thesis. Actually, while there is more strain
in the 6-membered lactone than in the S-membered one,
according to the present calculations, this is the result of
a variety of interactions, none of which has any direct
apparent connection with the exofendo relationship of
double bonds.
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