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Bond-bond Interactions in Organic Oxygen Compounds

Part V. Enthalpies of Formation of Methyl and Ethyl Orthoformates
and the Contributory Group Increments. The Magnitude of the So-called
Rabbit-ear Effect in Acyclic Oxygen Compounds

KALEVI PIHLAJA and MARJA-LEENA TUOMI

Department of Chemistry, University of Turku, Turku, Finland

The heats of combustion of methyl (I) and ethyl (II) orthoformates
have been determined by combustion calorimetry. The values derived
for the enthalpies of formation in the liquid and gaseous states are,
respectively, (—137.51+0.47) and (—128.41+ 0.67) kcal/mol for I,
and (—162.84+0.70) and (— 151.84 + 0.90) kcal/mol for II.

By using the bond-bond interaction scheme for organic oxygen
compounds, the value — 5.46 kecal/mol was computed for the destabili-
zation effect due to an oxygen trio attached to the same carbon atom.
The most stable rotamers of I and II include two rabbit-ear effects,
the magnitude of which in the gaseous state was shown to be about
1.0 keal/mol on the basis of the enthalpies of formation of the gaseous
esters.

Bond-bond interactions in aliphatic alcohols, ethers, and acetals have been
discussed in a number of earlier papers.** These data, however, did not
allow the evaluation of the magnitude of the so-called rabbit-ear effect in
these compounds. The most stable rotamers of methyl (I) and ethyl (II)
orthoformates both include two rabbit-ear effects [RE] (Fig. 1). The enthalpies
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Fig. 1. The most stable rotamer of methyl g ~R
and ethyl orthoformates. é

of formation of gaseous orthoformates may be evaluated from the equation
—AHO(g)= 2B, +3(nLcco + I'coc + Loco) + 48157
+ 400 +2[RE] - 4H (g, atoms) (1)
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where % is 1 for ethyl and 0 for methyl orthoformate, > £, the sum of bond
energies,* and Iy, Icoes and Iy, are the stabilization increments due
to next-nearest-neighbor carbon and oxygen atoms attached to the same
carbon atom, next-nearest-neighbor carbon atoms attached to the same
oxygen atom, and next-nearest-neighbor oxygen atoms attached to the same
carbon atom, respectively (Table 1).1,4 S, HO ig the contribution of the non-

Table 1. Values of the group increments contributing to the enthalpies of formation of
gaseous methyl and ethyl orthoformates (eqn. 1).

Grou Contributory energy to
incremgnt, — 4H(g), keal mggi—l Reference
TI'cco 5.63 1,4

coc 5.90 1,4
I'oco 13.365 1,4
8,,Ho: ~0.15 1.4
4000 —5.46 This work
[(RE] —0.98 This work

bonded interaction between fifth-neighbor hydrogen atoms and the lone pair
orbital of an oxygen atom, 4,,, the destabilization effect due to an oxygen
trio attached to the same carbon atom, [RE] the interaction energy of a rabbit-
ear effect, and 4H_ °(g, atoms) the heat of atomization of the gaseous atoms.
By measuring the enthalpies of formation of methyl (I) and ethyl (II) ortho-
formates, the magnitude of [RE] may be evaluated from the equation

2[RE] + 4000 = 4H (g, obs.) - (4H(g, cale.) — 4,0, — 2[RE]) (2)

where the last term in parentheses is estimated from eqn. (1).

EXPERIMENTAL

Materials. Methyl and ethyl orthoformates were obtained from Fluka AG. They
were purified by several distillations from metallic sodium at reduced pressure. The
purities were checked on a Perkin-Elmer F 11 gas chromatograph, equipped with a
column containing 10 %, potassium hydroxide on Apiezon L grease.?:® Physical constants
were

B.p. °Cftorr np?? d,*°
CH(OCH,), 99.5/755 1.3795 0.9601
CH(OEt), 146/760 1.3916 0.8927
32.7-33.0/9

Combustion experiments. The samples were sealed in thin gelatin capsules and burned
in oxygen in an adiabatic bomb calorimeter No. 1221, manufactured by Parr Instruments
Co., TI. U.8.A., as described earlier.?®%® The energy equivalent of the standard calorim-
eter system, e° (calor), was determined by burning Parr standard benzoic acid.® The
calibration and combustion experiments were carried out at an initial oxygen pressure
of 35 atm. to avoid incomplete burning of the orthoformates, and hence the quantity of
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heat evolved by combustion of Parr standard benzoic acid * was multiplied by the
factor 1.00010. .

The average energy of combustion of the gelatin capsules (4562.4 + 4.9 cal/g) has been
determined earlier.* The other corrections are stated in Ref. 6. The combustion data
for methyl (I) and ethyl (II) orthoformates are shown in Tables 2 and 3.

RESULTS

The heats of vaporization were calculated from the expression reported
by Wadso.1® Using the data collected in Table 1, eqn. (1) yields the value
+135.75 keal/mol for the last term of eqn. (2) in the case of I, and the value
+1569.33 keal/mol in the case of II. By substituting these values and the
experimental values of the enthalpies of formation in the gaseous state into
eqn. (2), the values —7.34 and —7.49 kcal/mol were derived for the sum of
4o00 and 2[RE], respectively.

The destabilization effect of an oxygen trio attached to the same carbon
atom may be estimated in the following way:

,vg .‘9 .’g f’g
\‘é/ \c-/ \é/ \6/
-0.620 -1.324 -2.936 ?

A 8 Cc D

The destabilization effect per carbon pair in a carbon trio attached to the
same carbon atom is —0.21 kecal/mol (A). Using this value and the group
increment of an 0,C,C-trio attached to the same carbon atom (B), the value
—1.12 keal/mol is obtained for the destabilization energy of a carbon-oxygen
pair. Similarly, the value —1.82 kealfmol is derived for the destabilization,
due to an oxygen pair in the oxygen trio attached to the same carbon atom
(C and D). Thus, the magnitude of the group increment due to an oxygen trio
attached to the same carbon atom is three times —1.82 or —5.46 kcal/mol.

It is shown above that the experimental results gave the value —7.42
kecal/mol for the sum of 4,,, and two rabbit-ear effects. Consequently, the
contribution of the rabbit-ear effects is —7.42—(—5.46) or —1.96 kcal/mol,
i.e. about — 1.0 keal/mol per rabbit-ear effect.

DISCUSSION

It has been estimated earlier that the magnitude of a rabbit-ear effect in
cyclic oxanes is around 1.7 kcal/mol.3! Taking into account that gauche type
interactions are frequently somewhat weaker in acyclic systems than in cyclic
systems, the value —1.0 kcal/mol derived for the rabbit-ear effect in ortho-
formates seems to be reasonable. For instance, the CH,/CH4 gauche interac-
tion is 0.6 kcal/mol 12 and the interaction energy of an axial CHj; in cyclohexane
1.7 keal/mole 38 (two CH,/CH, gauche interactions). If a similar difference
prevails in the case of rabbit-ear effects its magnitude in acyclic systems
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should be 1.2 kcal/mol. Similarly, the gaucke interaction between CH, and O
(8;5™%) is 0.15 kecal/mol,* whereas the value 0.26 kcal/mol® is obtained by
dividing by two the value for axial OH in cyclohexanol. On the basis of these
values, the magnitude of a rabbit-ear effect in acyclic systems should be
about 0.95 kecal/mol. Both of the above approximations are in satisfactory
agreement with the experimentally obtained value 1.0 kcal/mol.

For justification of the method used in the estimation of the group incre-
ment due to an oxygen trio attached to the same carbon atom, it is worth
mentioning that the 4,., increment does not include rabbit-ear effects,
since dimethoxymethane and its homologs have been shown to attain the
gauche conformation to avoid the rabbit-ear effects.’s
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