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The thermochemical study of cubane-1 4-dicarboxylic acid (1), diethyl cubane-1,4-
dicarboxylate (2), diisopropy! cubane- | 4-dicarboxylate (3), and bis(2-fluoro-2,2-dinitro)ethyl
cubane-~1 4-dicarboxylate (4) was performed. The standard enthalpies of combustion (A H*)
and formation (A H°) of these compounds were estimated using the method of combustion in
a calorimetric bomb in an oxygen atmosphere. Using the additive group method, calculated
values for AH° of these substances which agreed satisfactorily with the experimental ones
were obtamed The strain energies (E) of the cubic structure of derivatives 1—4 were
calculated. It was concluded that £ dxd not change on substitution of hydrogen atoms in
cubane for various functional groups and was equal to £ of the structure of cubane itself. The
reliability of the single published value of A H° in the cubane crystal state, 541.8 kJ mol™!
(129.5 kcal mol™"), was confirmed.
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of formation, strain energy, additive group contributions, calculation.

Few cubane (pentacyclo{4.2.0.025.038 0%7]octane)
derivatives have been synthesized to date due to the
considerable difficulties of synthesis both of cubane and
its derivatives.

The structures in which eight carbon atoms form the
cube along C—C bonds have also been studied
insufficiently in the thermochemical aspect. There is
only one work! devoted to determination of the enthalpy
of formation (A f°) and enthalpy of sublimation (AH(s))
of cubane (A H°(cr) = 541.8+3.3 kl mol™!; AH(s) = 80.4
kJ mol™). Data from the thermochemical study? of
dimethyl cubane-1,4-dicarboxylate (2) (A H(cr) 2 =
—218.994+2.12 kJ mol™!) were published later, and the
results presented in Ref. 1 have been critically analyzed.
One of the studies? is devoted to homocubane derivatives,
whose structure differs considerably from that of cubane:
one of the C—C bonds linking the vertices of the cube is
cleaved by the CH, group introduced. In this case,
homocubane derivatives can be of interest only for
comparison of the changes in the thermochemical

Table 1. Properties of cubane derivatives

properties of the compounds on going from one structure
to another.

The purpose of this work is to reveal whether the
value of £ remains constant for each of the cubane
derivatives, including cubane itself, or where each
compound has a characteristic value of E_

Experimental

Cubane-1,4-dicarboxylate 1 and its esters, dimethyl ester
2, diisopropyl ester 3, and bis(2-fluoro-2,2-dinitro)ethy!
ester 4, were synthesized by the procedures published
previously 4

Some properties of the compounds studied are presented in
Table 1.

The method of the calorimetric experiments, apparatus,
and methods for calculation of the main and auxiliary values
are similar to those used in our previous works. 5%

The combustion of cubane derivatives 1—4 in an oxygen
atmosphere (p = 30 atm, 7 = 298.15 K, and V = const) is
described by the equations

Compound Molecular M.p./K d,20 Purity from analyses
weight/g of CO, (wt.%)
CgHg(COOH), (1) 192.17 499—500 1.640 100.5
CgHg(COOMe), (2) 220.22 436—437 1.424 99.9
CgHg[COOCHMe,l; (3) 276.33 383384 1.275 99.95
CgHg[COOCH,C(NO,),Fl; (4) 464.25 422—423 1.665 99.8
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Table 2. Results of determination of A/° of compounds 1—4 under the conditions of a calorimetric

bomb

Compounds  Experiment  —A_U® nART + n —A M —AH e ArHe ]
1 & 4764.6 -4.0 4760.6 J18.5%12.6 312.0
2 7 6207.4 -1.5 6205.9 231.2+25 2244
3 7 8770.5 3.1 8773.6 81.0+2.1 376.0
4 5 6573.0 —23.5 6549.5 747.8%6.3 749.9

Note. All values are presented in kJ mol™!.

CoHgO4lcr) + 10 Os(g) = 10 CO5(g) + 4 H,0(1)

C|2H|204(CI’) + 13 Oz(g) =12 CO)(E) + 6 Hzo(l)

C,6H2004(cr) + 19 Oz(g) =16 COz(g) + 10 Hzo(l)

C‘4H|00|2N4F2(Cl’) + 10 Oz(g) = |14 COz(g) +

+ 4 H,0() + 4 Ny(g) + 2 HF(s).

The samples studied were burned without auxiliary
combustible materials, using samples weighing 0.15—0.22 g,
which were weighed on an electronic balance with an accuracy
of up to 1075 g. After the experiment, CO and CO, were
analyzed in the gas phase. CO was not found in all of the
experiments, combustion was complete, as a rule, in all
experiments, and carbon black traces were observed in two
experiments on combustion of compound 4. The corresponding
corrections (~2.8—3.0 J) were made in the results obtained and
were included in the general data set.

The values of heats of combustion of compounds 1—4
obtained experimentally under conditions of the calorimetric
bomb (—a {P), the values of heats of combustion corrected
with the Washbom corrections (n} and AnRT (A _H°), the
values of AH?  calculated on the basis of them, and A
calculated by the Kizin—Dvorkin method of the additive group
contribution for organic substances in the liquid state” are
presented in Table 2. The data necessary for calculation of
A H° p Were taken from a handbook,? and A¢ He° of HF(s) of the
reqmred concentration was taken from a well known source.?

Results and Discussion

Cubane with a cubic structure has a high degree of
strain, indicated by the high positive value of A H°.! We
attempted to estimate this value by a calculation method
used in thermochemistry for various classes of organic
compounds. For these purposes, we chose the Tatevskii
method!?® for cyclic hydrocarbons in the gaseous state
and the Kizin—Dvorkin scheme? for organic compounds
in the molten (liquid) state. AH°(g) (CgHg) = 619.2
kJ mol~! was obtained with the first method, and A H°(1)
(CgH,) = 530.8 kJ mol™! was obtained with the sccond
method (for the molten state). The calculated and
experimental values' of AH° of cubane agree
satisfactorily.

In studying the thermochemical properties of cubane
derivatives 1—4, it was of interest to find the effect of the
functional fragments introduced on the value of the
contribution of the cubic CgHg_, fragment itself (n is the
number of functional fragments). The factor used to find

this effect can be £, calculated as the difference between
AfH";xp and the sum of the contributions of the groups of
which the compound under consideration can be
constructed. Using the necessary additive group
contributions (see Ref. 7) and that of the C(NO,),F
fragment (see Ref. 6), the following values of E/kJ mol ‘
were determined for compounds 1—4: 1 = 568 I;
567.8: 3 = 570.0; and 4 = 576.8. The value of E< of
cubane calculated by the same method is equal to 574.6
kJ mol~!. The results show that the cubic fragment in
these compounds is stable and does not undergo any
energy changes compared to cubane within the
calculation error.

The corresponding calculation has shown the virtual
coincidence of the C—C bond energies for cubane and
ethylene (301.2 kJ per arbitrary bond in cubane and
303.7 kJ in ethylene). This fact aiso attests to the
sufficient stability of the cubic structure and to the
possibility of synthesizing other stable cubane derivatives.
The necessary data on the C—C and C—H bond energies
were taken from works published previously.11—12

The authors of the work? devoted to the
thermochemistry of compound 2 obtained the value of
A H°, which is 12 kJ more positive than that determined
by us. The purity of their sample was 99.7+£0.1 mol.%,
m.p. was 437.6—438.6 K, d = 1.36 gem™, AH, = 4113
kJ mol™!, and the d value of the sample was obtained
from measurements of the size of the molded brick. In
our work, the density was determinad by two methods:
calculation based on X-ray diffraction data (D) and
pycnometrically, d,2° gecm™3 (see Table 1). The
coincidence of the values was 0.001 gcm™3. 1t is
noteworthy that the value of AH  of the sample is
sufficiently high, which is rare for organic compounds.

In this case, the calculation by the Kizin—Dvorkin
scheme,” which works satisfactorily for the estimation of
AH° of molten compounds of various classes, gives a
difference of ~46 xJ mol for the liquid state, which
makes repeated determination of AH° and AH, of
compound_2 necessary.

A conclusion was made? concerning the change in £
of the cubic structure of cubane on going to its derivatives
(E, of cubane is equal to 632.8, E of 2 is equal to 590.7
kJ mol™"), and the reliability of the value of AH° of
cubane obtained by Kybett! was in doubt.

We believe that this conclusion was based on incorrect
methods of the analysis performed previously.? The
calculated increment in AH° of methyl ester of
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cyclobutanecarboxylic acid and cyclobutane, of methyl
ester of bicyclobutanecarboxylic acid and bicyclobutane
was used, and this increment was transferred to the 2—
cubane pair. The "corrected” values of A /¢ of cubane in
the crystalline state were obtained by the reverse
calculation. Therefore, in this transfer, all changes in
AH° and E_ of cyclic planar structures turned out to be
transferred to A H° of the steric structure of cubane. A
simple calculation which takes into account the changes
in the bond structure on going from C—(C),(H), and
C—(C),(CO)(H) bonds to C—(C),(H) and C—(C),(CO)
bonds, and the change in the E values of cyclo- and
bicyclobutane determined experimentally for these
compounds relative to their methyl esters result in a
total error of 44.04 kJ. Introduction of the correction to
this value of the calculation of AH°(cr) of cubane (see
Ref. 2) results in 542+4.5 kJ mol™" (541.8+£3.3).! We
performed this calculation using only the data obtained
previously.?

Thus, the insertion of substituents into the exo-
position instead of a hydrogen atom does not change the
E_value of the cubic structure. This conclusion can be
illustrated using additive group contributions (see Ref.
2), which were used by the authors in their calculations,
and the experimental value of AH° of compound 2.
Omitting the arithmetic transformations, we obtain
E, 2 (cr) = 590.76 kJ mol™!, and for cubane according to
Kybett,! E(cubane)(cr) = 589.6 kJmol™'. The co-
incidence of the values of £ to | kJ mol™! confirms our
conclusion and refutes the previous statement.? In our
opinion, the work by Kybett! was performed at a rather
low level from the viewpoint of thermochemical
requirements, and the values should be determined
repeatedly. However, we cannot rigorously reject the
results obtained in this work.

The calculation” of homocubane derivatives (A H°
was determined previously?) was also performed for
4-carbomethoxyhomocubane and homocubane-4-carb-
oxylic acid and produced satisfactory results, when the
replacement ¢” ‘wo four-me:. " cred rir._ in the cubane
structure for two five-membered rings when insertion of

a CH, group between adjacent atoms C(C), was taken
into account. This decreases E_of the final structure by
155 kJ mol™".

Unfortunately, the number of cubane and homo-
cubane derivatives studied is not large and, therefore, a
more correct consideration of the regularities of the

change in their thermochemical properties is presently
difficult.

References

1. B. D. Kybett, S. Carroll, P. Natalis, D. W. Bonnell, J. L.
Margrave, and J. L. Franklin, J. Am. Chem. Soc., 1966,
88, 626.

2.D. R. Kirklin, K. L. Churney, and E. S. Domalski
J. Chem. Thermodynamics, 1989, 21, 1105.

3. H.-D. Beckhaus, C. Rachardt, and M. Smisek, Termochim.
Acta, 1984, 79, 149.

4. L. T. Eremenko, L. B. Romanova, M. E. lvanova, and
E. L. Ignat'eva, Izv. Akad. Nauk, Ser. Khim., 1993, 801
[Russ. Chem. Bull., 1993, 42, 770 (Engl. Transl.)].

5.L. V. Kustova, Yu. |. Rubtsov, E. P. Kirpichev, L. T.
Eremenko, R. G. Gafurov, and A. G. Korepin, Zh. Fiz.
Khim., 1976, 50, 1903 [Russ. J. Phys. Chem.. 1976, 50
(Engl. Transl.)].

6. L. V. Kustova, E. P. Kirpichev, Yu. |. Rubtsov, V. V.
Avdonin, A. G. Korepin, and L. T. Eremenko, /zv. Akad.
Nauk SSSR, Ser. Khim., 1981, 2232 [Bull. Acad. Sci. USSR,
Div. Chem. Sci., 1981, 30, No. 12 (Engl. Transl.)].

7.A. N. Kizin, P. L. Dvorkin, G. L. Ryzhova, and Yu. A.
Lebedev, [lzv. Akad. Nauk SSSR, Ser. Khim., 1986, 372
[Bull. Acad. Sci. USSR, Div. Chem. Sci., 1986, 35, 343
(Engl. Transl.}].

8. Termicheskie konstanty veshchestv [Thermal Constants of
Substances], Ed. V. P. Glushko, Nauka, Moscow, 1965, 73
(in Russian).

9.J. R. Lacher and H. A. Skinner, J. Chem. Soc., A, 1968,
1034.

10. O. E. Grikina, S. S. Yarovoi, and V. M. Tatevskii, Zh. Fiz.
Khim., 1980, 54, 1384 [Russ. J. Phys. Chem., 1980, 54
(Engl. Transl.)].

11. K. J. Laider, Can. J. Chem., 1956, 34, 626.

12. E. G. Lovering and K. J. Laider, Can. J. Chem., 1960,
38, 2367.

Received March 22, 1996




