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Abstrsb-hwcc field cakulafion\ have been calended IO include carlwxylic acds and csfers. Yecesary 
parameter5 were chosen mainly by Mung IO available cxpcrimcnIal data on small rnokcuks. A few key fact\ are 
no1 known cxpcrimcnrally. and rhcre were found by carrying out ab inirm (STO-3G) calculations. Other molecukc 
were then studied and structural prcdtctionr were made. II is predicted Ihal in isohur)nc acid a methyl group 15 
Iulsred IS’ from cclrpsing rhc carbonyl oxygen m the ground $latc. The relative energies and torstonal functions for 
cyclohcxanecarboxylic actd are reported Except for rather simple compounds. such as normal chains. the carboxyl 
I\ usually twirled with respect IO rhc attached chain Some conformation\ of lactonec were also examined. For 
A-vakrolacrone it is predicted that ~hc boar conformation I\ more s~ahlc than the chair. Itcats of formatton of rhc 
compoundr can tx calculated with farr accuracy 

th-ru0LXclleM 

Force held or molecular mechanics calculations have 
now been developed sufficiently so that the structures 
and energies and sometimes other properties of hydro- 

carbons can now be calculated quickly and with high 
accuracy. To make such calculations really useful IO 

organic chemists. it was next necessary that they be 

extended IO include functional groups of all kinds. and in 
all combinations. This extension is still in progress and 
has not proceeded very far IO date. For several of the 
common functional groups (he results obtainable are now 

nearly a\ good as those obtainable for hydrocarbons. 

where the accuracy of the available experimental data is 
really the limiting factor. These groups include-‘-’ alde- 

hydcs. ketones. ethers. alcohols. thiols. thioethers, 
disulfidcs. and halides. Many other miscellaneous s~ruc- 
tural types have been subjected IO a cursory cx- 
aminalion. 

Common funclional groups presenl in organic com- 
pounds include (he 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. II has generally been 
quite inferior IO what one would hope IO accomplish with 
small molecules. and II will not be further discussed 
here.’ 

‘The carboxyl group combines IWO features we have 
prcviou\ly examined, namely the carbonyl group and the 

hydroxyl group. Because of their proximity. however, 
the carboxyl group is quite a different structural entity 

than a simple summation of (he IWO fragments. In this 
paper. we will show a set of parameters developed IO 
deal wrth the carboxyl group, and also wtth the ester 
group, which are compatahle with our previously puh- 
lishcd I973 force field.’ ’ 

Force constants for carboxylic acids have been re- 
ported by Brooks and Haas.’ and they seem comparable 
with the other force constants used in the I973 force 
held. They were averaged IO make them “transferable” 
zmd the\c values were used here (Table I). 

With rhe force constants for bending and stretching 
settled, and the electrostatics carried over from [he 

treatment of carbonyl and hydroxyl groups, the next step 
was IO choose the na1uEI) bond lengths and angles so as 

IO 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 WC considered the question of the torsional har- 

riers about (he bonds attached IO UK carbonyl group. 
Because of delocalization of the n electrons on the 
hydroxyl group into the carbonyl, there is a strong len- 

dency for OK hydroxyl IO remain in the plane of the 
carbonyl. Mainly because of the alignment of dipoles. the 

hydroxyl hydrogen is preferentially cis 10 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 OUI a series of ob inifio calculations al 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 SIX)-3G cal- 
culations show that the cis conformation is more stable 

than the trans by 4.73 kcallmole. One experimental 
result* gives this value as greater than 4 kcallmolc. al- 

though the value ! kcal/mole was reported from IK 
work.’ The torsional constants about the C-0 bond were 

chosen so that the calculated rotational harrier for formic 
acid (9.99 kcallmole) is in good agreement with experi- 
mental and other theoretical eslimates’-g (8.1. 10.9 and 

13.4 kcallmole). These data are summarized in Table 3. 
from [he force constants given in Table I, and the 

structure of formic acid discussed previously. together 
with the data on rotational harriers (Table 3). the tor- 

sional parameters necessary IO reproduce the data on 

formic acid were evaluated. and these are also listed in 
Table I. These give the cis-truns energy ddference as 
4.70 kcallmole. and the rotational barrier as 9.95 
kcallmole. With those quantities fixed, IWO more tor- 
sional parameters. which correspond IO lorslon of the 
types C-C-&H and H-C-C-0. had IO be chosen IO fit 
the data on acetic acid. These parameters arc also given 
in Tahle I. They yielded a cis-trons energy difference for 
acetic acid of 5.97 kcallmole and a rotational harrier of 
10.33 kcallmole. The methyl rotational harrier calculated 
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Compound 
Rotation about C-O bond 

(ris-twrs) Barrier 9IY Ref. 

Formic acid 4.77 12.34 14 
4.72 9.98 Thiq work (ST03G) 
4.70 9.9s This work (MM) 
6.3 IS 

Acetic acid 7.25 13.18 
5.97 10 37 
s.QI 10.33 
7.7 

I4 
Thic work (SI’O-3(i) 

‘lhic work (MM, 
I5 

Propionic acid 

Methyl formatc 

Methyl acclale 

5.80 10.32 
6.04 10.36 

3.68 II.36 
3.73 II.24 
5.56 

7.80 

This work (S7’0~3t;r 
This work (MU) 

14 
This work i.MMl 

15 

11 lof ‘F 0-H of a carboxyl group) 
r’ 0.90A. t 10.015) 

‘L’mls arc mdyne/A’ for rtrctching. mdynelrad’ for bending 
and fotswn. and Ikbyc units (or momcnrs. 

“For references dcladmp Ihc pcrtmcnl force con5tanls (except 
for alcohols and crhcrsl (KC Ref. 5). For &oh& and ethers 
foe Ref 3h). 

The interesting case of the rotational barrier about the 

C&J,,, bond in propionic acid has not been prcvioucl) 
reported. It was studied in the present work by carrying 

out a rigid rotation+ about the bond, and repeating the 
ST0-3G calculations at 60” intervals. The methyl group 
eclipses the carbonyl in the ground state. which is al<o 
found to be true with aldehydes and ketones. Con- 

formations which have a hydrogen eclipsing the carbons1 
also correspond to energy minima, and they are slightly 
less stable than the ground state (0.25 kcal/mole bt_ 
molecular mechanics and 0.26 kcallmok by SK)-3(i). 

The conformations which differ by about 60” in torsional 
angle from the minima correspond to energy maxima. 

They arc rather low (methyl-hydroxyl eclipsed: I.75 
kcallmole by molecular mechanics, I.57 kcallmolc by 

STO-3G; hydrogen-hydroxyl eclipsed, 0.65 kcallmolc and 
0.68 kcallmolc, 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 kcallmok). 

Tahk 2. Ground state gcometrit~ of carboxylic acids 

Compound 
Bond lengths” exp (calcdr Bond an&s exp tcakd) 

C=0 c-o C&i C,zX,,, HOC (x3=0 O=C-R CCC 

Formic acti” 1.2131-7) 1.361(O) I.lOb(r I?) - 107.!(-2) 123.6(O) 126.1(- 13) - 
ACCIK acid” l.?l4( .R) 1.364l-9) - 1.!20(- I I) 122X(-6) 126.64-10) - 
Propionic acid” l.?ll( 5) 1.367( -I!) - 1.518(-6) IZ!.I(- I?) 126.7(-II) 11!.8(*3) 
Propiomc acid” l.!lO(-41 1.352lv 3) - l.m+3) 10J&+ 1% 122.4(+91 125.8( 21 112.7(+4) 

7he calcd. \alue given IS the amounl (Ias figure) IO hc added 10 the experimental value IO obtain the corresponding calculslcd 
vahe. 

‘(LH calcd in each case 0.972 A (0.970 2, cxpcrimcntally”l 

was 0.53 kcalfmok. The force field calculations are 
sum~ri~ed in Table 3. 

f%r acetic and propionic acids, the difference between 
the energies of the C~S and rr~ns forms is larger than in 

formic acid. The calculated value for the barrier IO 

methyl rotation in acetic acid (0.53 kcallmole) is in good 
agreement with the experimental results’*.” (0.4 
kcallmole from microwave studies). 

-_.- - 

+A rigd rorarion was used hcrc. bccauu according 10 the 
molecular mechanics calcularions. very lirrlc relaxaUon occurs 
upon rotalton. 

One additional set of torsional parameters had to he 
chosen for propionic acid (C-C-c‘,I-O) before this 
compound could be studied and the values chosen are 
given in Tabk 1. IF was then calculated that the ris form 
was more stable than the PORS by 6.04 kcallmole and the 
rotational barrier was IO.36 kcallmole. The calculated 

energies for the conformations of propionic acid arc 
given in Tabk 3, both from the ub inilio and the 
mokcular mechanics calculations. and the agreement is 
reasonable. 

Finally. one must know something of the van dcr 
Waals characteristics of the hydrogen attached to the 



Confofmakmal analyw<XXll 1563 

oxygen of the carboxyl group. Experimentally it is 

known IhaI 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 
Ihe proton. What this means is that the van der Waals 
characteristics 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). 

WC have fixed these van der Waals characteristics for 
the acidic hydrogen by a consideration of the dimer ‘;f 
formic acid. With the values finally settled on (r’ 0.90 A. 

t 0.0151, the calculated {)..*O distance bridged by the 

acidic hydrogen is ?.llO A. in agreement with the ex- 
perimenlal value” (2.73 20.05 A). There is some ar- 

bitrariness here. because the two van der Waals 

paramercrs are strongly correlated. but these values 
\ccm reasonable. The bond energy of rhe dimer (two 

hydrogen bonds) was calculated IO be 7.2 kcallmole (ex- 
perimenral value. 7.2 kcallmole’~. 

The paramelers for carboxylic acids had all been fit at 
this point. and i1 was now possible IO investigate the 

sIrucIurcs of some additional simple and more com- 
plicaIcd 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 
ca\c The conformation unfi about Ibe a-8 bond was 

found IO be Ihc mos1 stable, as one would expect. The 

corresponding gauc/Ie conformation was calculated IO be 

0.50 kcaljmole higher in energy. The calculated geomelry 

of the unri conformation is shown. The conformation 
gauche abom the 3.4 bond was a dihedral angle of 68.5”. 

IWI the bond lengths and angles are the same as in the 
anti form. The structure of the compound has not been 

reported experimentally: 

Pentanoic and hexanoic acids were also examined in 
their srahle conformations, and they are unexceplional. 

Turning IO isobutyric acid, there are no parameters IO 
fit here, the calculation was simply carried out. In- 

terestingly, i1 was found that the most stable con- 
formation for the carboxyl group was not the carbonyl- 

methyl eclipsed one which might have been anticipated, 
bu1 rather a conformation in which the dihedral angle 
beIwcen a methyl and the acid hydroxyl group was 44.5”. 

A second conformation. only 0.21 kcallmole less stable 

Ihan the other. was found in which this dihedral angle 
was IHO”. The calculated ground stale structure is shown, 

and the calculated torsional energy function is sum- 
marized in Table 4. No experimental sIrucIure has been 
reporred. 

Table 4. Hcla~ivc cncrgk for 
iscburyric acid as a funcuon of 

the tonionai an& aboul C,-C, 

kcahmole ~(H’CCO’) 

0.31 0.0 
0.00 45.0 
I .06 90.0 
I.24 1350 
0.21 IIu.0 

Actually. the irregular conformation of the ground 
state for this molecule. and of other relared carboxylic 

acids, should no1 be particularly surprising. Certainly. 
alkanes have very symmerrical, regular sIrucIures. unless 

they become highly congested or contain rings. This is 

because the torsional barriers are relatively large, Ihe 

hydrogens which tend IO interfere with one anorher are 
relatively small, and the chains are effectively Irapped in 

torsional potential wells. II can be anticipated IhaI as the 

substituents become larger, or Ihc Iorsional harriers 

become smaller. the simple regularuy of the confor- 
mations will be lost, and this has been previously found 
in rather congested molecules such as Iri-r-buIyl- 

methane.” In rhe case of carboxylic acids the Iorsional 

barrier about the C-C bond attached IO rhe carbonyl 

group is quite low, abou1 0.S kcallmole in aceIic acid, for 

example. Hence. we can anticipate that relatively small 
groups may in many cases be sufficient IO lead IO a 

distorted ground state suucture. lsobutyric acid is 
found IO he such a IO he no cxperi- 

mental information on this point for simple carboxylic 
acids. 

The sIrucIures of cyclobutane- and cyclopentanecar- 

boxylic acids were also calculated and. no1 surprisingly, 
also proved IO be irregular. For cyclohexanecarboxylic 

acid, IWO groups of conformations were investigaled. one 

with the carboxyl group axial, and the other with the 
group equatorial. The equatorial was found IO he 1he 

more stable by I.01 kcallmole (experimental best value. 

I .3S kcallmole in solution”). 

For the equaIorial conformaIion. the mos1 stable Ior- 
sional arrangement is unsymmetrical. ‘The carh)nyl 

oxygen is twisted about IS” away from being eclipsed by 
the C-C bond. ‘There are IWO mirror-image arrangements 

of this sort. A Ihird energy minimum. which i$ only 0.2 
kcallmole above the oIher IWO, ha\ the hydroxyl of the 

carboxy on the symmetry plane. and the carbonyl 
oxygen is eclipsing a hydrogen. A sketch of Ihc energy as 
a function of torsional angle is shown in Fig. I. 

The energy masimum a1 a lorsional angle of 0” is 

only about 0.3 kcallmole. much less Ihan RT. Only rhe 

barriers a1 torsional angles of 2 120” significantly impede 

rhe torsional motion. and there Ihe barrier height is 
I .7 kcallmole. 

With the axial conformation the carbonyl oxygen does 
eclipse the C-C hond in the Iowes energy conformation. 
The barrier is at a torsional angle of 0”. where the 

hydroxyl eclipses hydrogen, and i1 is higher than in the 
equatorial isomer (0.7 kcallmole). The other barrier is 

also a little higher. I.Y kcallmole. The conformauon in 
which the carbonyl oxygen eclipses hydrogen, which is 
quite stable in the equatorial isomer. is here raIhcr 
unstable. due largely IO the unfavorable interaction 
Mween the hydroxyl and the ryn-axial hydrogens. This 
conformation has an energy of I.28 kcallmolc. Thus one 
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FIN. I The energres of Ihc axial (upper curve) and equatonal conformations of cyclobexanecarboxyl~c acd as a 
function of rhe dikdral angk at the carbxyl group. 

can conclude that equatorial carbonyl 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 lorsional angle near 60”. 

The structures and energies of the conformers of 
I-mcthylcyclohexanecarboxylic 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 kcallmole. This is essentially an additive value for the 
IWO groups. indicating that they have no significant dif- 
ferential steric interaction in the IWO different confor- 
malions. 

3-Methylcyclohexanecarboxylic acid was also ex- 
amined. Relative IO the diequatorial chair conformaiion 
of the cis isomer. the conformation of the lrans isomer 

with an axial carboxyl has an energy of I.00 kcahmole. 
while that with an axial methyl has an energy of 1.55 
kcallmole. Putting both groups axial simultaneously 
leads to an energy of 2.94 kcallmole. The first IWO values 
are in good agreement with the expected energies for 
those groups. To move the equatorial carboxyl IO lhe 
axial position when a methyl is already axial at C-3 
requires a calculated energy of 1.39 kc-al/mole. white the 
experimental value is 2.98~ 0.30 kcallmole.” The ex- 
perimental system was a more complicated molecule, 
and a close agreement is not expected, but it does seem 
that the calculated vahtc is definitely loo low, and we 
attribute this IO our carboxyl group being loo “thin”. 
There seems IO 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 
anfi or a gauche geometry. II 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 anfi form is more stable than the 

gauche in dioxane by 0.22 kcallmole.” 
We calculated that for the anti conformation the entire 

carbon-oxygen skeleton is planar. The gauche form was 

found to be 0.13 kcaflmole higher in energy than the anti 
form when the dielectric constant was I. II has a slightly 
more favorable dipole interaction energy than the anti 

(by 0.15 kcallmole), and hence its energy would be raised 
slightly relative IO the anti by an increase in dielectrtc 

constant. Thus as the dielectric constant approaches 
infinity. the enlhalpy of the gauche form will exceed that 

of the frans by 0.28 kcallmole. In terms of free energy. 
the gauche form, being a dl pair, would be favored 
slightly over the anfi form. 

Esfers 
We next turned our attention IO 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 IO fit the ground state 
structure are given in Table I. There were no bond length 

parameters lo be evaluated (as they had all been prc- 
viously evaluated IO deal with the structures of car- 
boxylic acids or ethers). There was only one bond angle 
that had IO be fit which was the C,,,-O-c.,, angle. There 
were a number of torsional constants which had IO be fir. 

The experimental data for the ground states are given 
in Table 5. together with the differences between the 
calculated and experimental structures. The tin 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 frans 
by 0.19 + 0.06 kcallmole. The barrier scparatmg them has 
a height of 1.10% 0.25 kcallmole. The compound ha\ the 
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expected onri configuration about the C-0 bond. The 

conformation syn about this bond was esttmated to have 

a higher energy by 5.1 kcallmole. The torsional potential 
constants given in Table I were chosen to reproduce 1hese 

data. 
‘Thus these few experimental data lead us IO the con- 

clusion that the esters, like the acids, do not have strong 
conformational preferences for 1he internal rotation 
abour either 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-0 king hindered by a barrier by the order of IO 

kcallmole. and with the trons conformation being several 
kcallmole more stable than the cis. It has long been 

known from studies on macrocyclic lactones that if the 
geometric constrain1s of the system permit. the trans 

conformation is preferred in such molecules. If gcomct- 

ric constraints do not so permit, rather than twtsting 
substantially about the C-0 bond. the molecule tends to 

go over to a cis conformation.” 

Loclones 
Calculations indicate that y-butyrolactonc has the /3- 

carbon out of the plane of the remaining four ring atoms. 
This permits the four ring atoms for which a planar 

arrangement is optimum IO achieve that geometry. while 

the remaining atom prefers to and does achieve a stag- 

gered arrangcmcnt. The bond angles are smaller than 
their preferred values. however. so the ring is suh- 
stantially strained. The calculated structural parameters 

are shown. 

The S-valerolaclone molecule is especially interesting. 
II has been discussed at length in the literature,*p“’ btn 

no experimental determination of fhc conformatton of 

the parent molecule has been reported. Extcnstve struck 
tural studies have been carried out on molecules which 

contain this ring as a part of a more complex structure. It 

is found frequently in the form of a tlattencd 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 scg 

mcnt of the carboalkoxy group IO be planar. A 6-mem- 
bered ring (cyclohexane) 1ends IO ha\ e dihedral angles of 
near 60”. These two requirements are cnntradiclor). and 

the ring is calculated to reach a compromise wtth a 

dihedral angle of 36.9” about the C-O bond. 
The boat form of &valcrolaclone is as shown. 

The four atoms on the near side of the ring arc nearly 
co-planar (w, 4, = I1.R”). The bow and stern hydrogens 
inside the ring arc closer than they prefer IO be, and fhe 



I!& N. I. AU.MWI and S. H. M. CHASG 

molecule is twisted slightly IO relieve this repulsion. 
There is also an eclipsed butane unit on the back side of 
Ihe molecule. Thus we find that both conformations of 
this molecule are quite strained. lntercstingly. it is cal- 
culated that the boa1 is more stable than the chair.+ 

In a recent review on &membered rings. only one ca.se 
was listed where a simple molecule existed preferentially 
in a boat form. (excluding cases where bulky substituents 
or ring fusions constrain (he molecule.) This was the 

1.4-cyclohcxanedione molecule (and its oxime). In that 
case, the twist boat form was found.” There do not 
appear IO be any experimentally established examples of 
an unconstrained 6-membered ring existing preferentially 
in a classical boat form. According IO the calculations, 
b-valerolactone has such a classical boat conformation. 
We accordingly sot@ experimental confirmation for 
rhese calculated results. but were not able IO obtain 
definitive evidence either way. The carbonyl stretching 
frequency in (he IK 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 IO the conformation. Sate that 
the calculated internal carbonyl angle is larger in the 
chair form than in the boat. consistent with earlier IK 
conclusions. This angle is. of course, also expected IO be 
influenced by substituents. The NMR spectrum was 100 

complex and poorly resolved (at 100mHz) for us IO 
unambiguously cxtrac~ the coupling constants of the 
protons fl and y, so it was not possible IO find the 
dihedral angles. When the Q and S protons were replaced 
by deuterium exchange, the f3 and y protons combined 
showed a sharp singlet, which WS uninformative. and 
which did not split apart upon changing the solvent from 
chloroform IO benrene. 

Dpole 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 
lY73 force field directly from the moments of bonds and 
lone pairs. II 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 arc 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 (he lone pair moment of ether 
oxygen. Only one parameter needs IO be assigned. the 
bond moment of the C,,& bond (Table I). 

The calculation of the heats of formation of hydro- 
carbons and other compounds by the force field mcthd 
has been previously described in detail.” In order IO 
extend these calculations IO carboxylic acids and esters. 
it is necessary lo evaluate a minimum of jusl one 
paramctcr, namely the bond energy of the bond con- 
necting the alkyl oxygen IO the carbonyl carbon. 0ur 
formal sequence counts the carbonyl bond and the alkyl- 
carbonyl carbon bond in the acid as though they were m 
a ketone. Alternatively. we might use 2 parameters. and 

-- 

tWl111e WC hdvc not yet studied the cone~ponding laclam. it 
WOUW appau Ihal the same arguments would also apply m that 
case. and 6.vakrolacram is alw predicted IO be most srabk In 
thf twal conformalion 

l’abk 6. D~polc moments of some acids and esters tIIcb>c unnsl 

Compound Calcd Expcr.” 

Formtc acid 1.58 ISiO.2 

Acetic acid I .63 I.:< 

Methyl formate 1% I.77 
Methyl acetate I.% 1.11 

Ethyl formare I Rl 1.94 

Ethyl acetate I.% I R5r:O.l 

8.Proptolaclone 3 63 4oz.02 

y-Bulyrolaclone 3.14 4.0 + 02 

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 
no1 particularly impressive: the average deviation be- 
tween the experimental and calculated results was 1.47 
kcallmole. 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 IO question whether it is really that go&. 
Multiple determinations from different laboratories often 
do not agree IO within the combined limits of experi- 
mental error, and heals of vaporization are often es- 
timated. 

The ahernarive treatment is IO treat acids and cstcrs 
separalely. The rather unique character of the acidic 
hydrogen in the acids suggests that as a practical matter 
we can assign a bond energy IO the C,&) bond (for 
both acids and esters). and a separate bond energy IO the 
@H bond of the acids. With these Iwo parameters. 
better agreement could be obtained. the esters now dif- 
fering from experiment by an average of 2 1.50 kcallmolc. 
compared with a claimed experimental error of rO.XI 
kcallmole, while for the acids the respective values arc 
O&l and 0.39 kcallmole. 

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 1. Calculated heals of formatwn (kcallmole) 

Compound Experimenlal’ C&d IIilTcrencc 
- 

Formic acd '905lr0.14 - 9173 I In 
Acetic acid - 103.26 ?. 0 I? IO1 93 t I.34 
Proptonic acid 'la!L4orO.s 107.71 * 0 63 

Bulyrlc acid - 122.40 z 0.6 II”! _ -0 32 
L’alcric acid -111 1<?0.45 -11167 - 052 
Capnc acK1 -12210~0.5 122.62 s 0.0x 
Ethyl acetate -. 106.34 z 0.16 - IOC u, t 0.19 
Isopropyl aceLate ll5.12r0.19 - 114uO - 005 
Methyl pentanoarc -112.70~04 114.99 -IO9 
Methyl o.methyl- 

butanoate ‘- 111.10 t I.8 II!.C7 - 
n-Bulyl acelale - llh.lO? 0.20 - 115.27 . 0 (7 
Methyl isovakrate - 119.0 f I .x -11473 - 
Methyl pivalate - 122.8 f 1.n -11846 - 
Methyl hcxanoale -’ I In.0 f 0 4 lln.nJ - I.ou 
Ethyl dpcntcnoatc -92.1 206 -9142 + n.71 
Ethyl 3.rranr- 

penlcnoale 93.2 f 0 : 9305 4 0.06 



‘Table n. 

Srrun cnerg) 
Slruclure (Cdcd. kcallmolel 
--~.-__- 

y-Bu~~rolacfonc 100 
&Vakrotacrone 
noat in.4 
Chair I I.9 

1a1 values NC repord (z I.8 kcalimole). and which show 
even larger dcvialiorb between calculation and cxperi- 
ma& These three ~~~r~rn~n~~l values we from the same 
paper. A fourth value from &IM paper was &carded by 
Cox and PilchcrqH and 11 show rhc same kind of de- 
viation from an indcpcnden~l~ dcwmined salue. WC 
therefore feel that these valUCS contarn a large syslr- 

matic error. This i\ unfortunate, because they arc the 
onI>- available examples of such divertc xrrucrural type\. 
However, Ihe best approach seems to be to not use these 

values, and thic was done. When this abbreviated se1 of 
dafa f I3 compounds) was u5ed. and two parameters were 

fit Cc‘.,41 = - 39.460; O-H - - 23.734 kcal/mole). the 
results were as in Tahlc 6. The finill results show average 

deviations and ezpcrimental error rcspecrivcly for acids 
as 0.61 and 0.39, anJ for eacrr 0.62 and 0.3X kc&mole. 
With hy~r~~r~ns, uhere ihere arc more data. and more 
reliable data, the average deviation between the CX- 

perimenM and calcula~cd results over a large sample of 
compounds was ahjut 0.5 kcallmolc.” which is com- 

parable with Ihe average rnpcrimen~al error and is a 

limitarion of the calculational mcrhod in its present form. 
The calcul;&~ns here are less reliable. but they will 

prl~babl~ bc good on the average to ahout I 0 kcallmolc. 
WC feel rhal the method i\ hetrcr than this. but is for nou 
limttcd for acids and eslcrs b) the paucity and inac. 

curaq of rhe available data. 

As discussed previously. while heats of formaCon arc 
useful for many purposes. if molecules other ihan 
Isomers are being compared, strain energies are more 
~dv~n~~geous.‘~ ‘* The calculated strain energies for 
some laclones are summarized in I‘ablc 8. 

SOIC that in L-~alcrolactonc the strain is worse in the 

chair than in the boat. bur it is sizable in the l3ucr loo. 11 

is less in the Ic-membered ring. although still si7ablo 
because of bond ;Inglc deformations. 11. C. Brown pox- 

r&red many years agoU that a double hand was prc- 
f~rentiall~ exe to a c-membered and endo to ;( h-mem- 

bered ring. These laclones were cited as cnamplcs in 
support of this thesis. Actu;dly. while there is more strain 

in the 6-mcmbercd laclonc than in rhe ‘.mcmbercd one. 
according IO rhc prcscnt calculations. this is the result of 

3 variety of Interactions. none of u hich hit\ any direct 
apparent connection u ith the uxctlendo rel~~ti~~nship of 
double bonds. 
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