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The structures and stability of isomeric vicinal
dihyrides of C;, 2re computed at ¢the MNDQO level.
Their predicted stability is interpreted by compar-
ing their electrenic and molecular structures with
those of C,o. While the two most stable isomers
correspond to those obtained by hydrogenating the
two most electron-rich bonds in (,;, the variations
in the relative stability of the other isomers do not
strictly parallel the bond orders of the bonds being
hydrogenated. Changes in angle strain and the
extent of ™ reorganization accompanying hydrogen
addition are svggested to c¢ontrol the rclative
stability of the C, H; isomers.

EvEN though C;p and its 1llustrious counterpart.
buckminsterfullerene (Cgy), were identified through
mass spectrometry at the same time', the chemical
behaviour of the two fullerenes is not equally under-
stood. While numerous derivatives of Cgy have been
spectrally and structurally characterized®™!3, reports on
the chemical reactivity of C,;, have been restricted to
the iridium complex, (772-C4) Ir (CQ) Cl (PPh;); -
whose crystal structure has been determined'® ~ and the
partially characterized C;;0. Experimental studies on
C,, are hampered by the difficulty associated with its
synthesis in pure form in significant quantitics.
Although improved experimental procedures would
alleviate this problem, the complexity associated with
C,, poses special difficultics. Unlike Cgo, Cqp has five
different kinds of carbon atoms and eight distinct C-C
bonds. While the chemistry is hikely to be corres-
pondingly rich, the absence of any symmetry in most
derivatives and the staggeringly large number of
possible isomers for a given composition make the
problem rather intractable,

Theoretical studies are valuable for predicting some
general guidelines concerning the structures and ener-
getics of fullerene derivatives. The usefulness of com-
putational studics has been well established®%% in the
case of the derivatives of Cgy. While the structure and
bonding in C,, also have received consideravle theore-
tical attention®-%3, only two quantitative calcula-
tions have becn reported on the derivatives of Cqp. The
first study*® considered the c¢nergetics of 1someri¢
structures of C,,0. Although the results are of interesi
in view of the experimcental isolation of C5,Q, general

768

. — k il

conclusions regarding the reactivity of C,y cannot be
derived from this study. For example, the isomer
formed by oxidation of a formal C-C single bond is
predicted to be the most stable one. In most reactions
which are kinetically controlled or which require
chemical activation, additions to bonds with double-
bond character are likely to be preferred. Further,
oxidation of such C=C bonds may lead to epoxide
(ormation or an open-ting siructure 10 reduce ring
strain. These complications may not be relevant in
other simple addition reactions. A thorough semi-
empirical study has indeed been carried out®’ for the
addition of hydrogen and alkyl groups to Cy,, and the
seven most stable isomers out of the 143 possible Capd’
structures have been identified. Although the computed
energetics are uscful, the study does not provide a
detailed insight into the factors contributing to the
relative stabilities of Cy, derivalives,

In the present communicaiion, we report the
structures and energies of the eight possible vicinal
dihydrides of C,g (1-8) computed at the MNDO level<S.
Using the available knowledge on the clectronic and
molecular structurcs of Cy; as the basis?3-2° the
variations in the computed energetics of the isomers are
analysed. The interpretations are extended to account
for the computed results for other types of dihydrides as
well

The eight vicinal isomers of C;H, (1-8) can be
classified using the atom-labelling scheme proposcd
recently2. By viewing the molecule down the Cy axis,
the distinct atom types a, b, ¢, d (along with their
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Figure 1. Atom-labeiling scheme in Cqg. Labels are omutted for
symmetry-related atoms for the sake of clarity.

mirror images a', b, ¢, d') and ¢ can be readily
recognized in each successive layer (Figurc 1), DBy
adding twa hydrogen atoms to ncighbouring carbon
atoms, the structures la-2a, la—ib, Ib-l¢c, lc-2c,
lc-1d, 14-10d, 1d-le¢ and le-2¢ are obtained., The
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calculated heats of formation of the eight isomeric

dihydndes in decreasing order of stability are given in
Table 1.

Before considering the computed energetics in detail,
it is instructive to recapitulate the key molecular and
electronic structural features of C;5. The calculated
bond lengths and bond orders show significant
variations and, as expected, are inversely related. The
a-b and c—c bonds have the highest bond order (1.489
and 1.544, respectively). The d-d and d—-e bonds also
have significantly large bond orders (1.313 and 1.312).
All the remaining C—-C bonds have bond orders of
around 1.1 and lengths of about 1.48 A, characteristic
of a single bond bctween two sp? carbon atoms. These
variations are compatible with the follawing simplified
clectronic structure. Viewed down the fivefold axis, the
molecule consists of two corannulene units, one at the
top and the other at the bottom, held together by an
cquatorial belt of a pentaphenyl moiety (Figure 2). The
iwo corannulene rings are characterized by bond
alternation, which ensures a benzenoid Kekule form for
cach hexagon and no double bonds in the central
pentagon. In contrast, the equatorial pentaphenyl belt
consists of five ‘aromatic’ benzene rings with little
bond alternation in each ring connected by formal
singlc bonds .These features have no analogues in Cg,.
Although this description of the electronic structure of
C-, emphasizes a unique canonical form of a potentially
highly delocalized molecule??, the simplification proves
to be valuable for interpreting the computed results.

As expected from the above analysis, the most stable
isomers of C,oH; (1 and 2) are obtained by hydro-
genating the C=C bonds with maximum double bond
character. Thus, the la-lb and the lc—2¢ isomers
correspond to reduction of the inner and the outer
double bonds of a corannulene unit, respectively. While

Flgure 2. Twoodimensional projectiom of Cog, emphasizmg  the
presence of corannuleng wuts at the fop and the bottom as well as the
central peataphenyl motety.
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Table 1. Cahulated MINDO heais af formation and relative energres (heal/
mol) of C-H; isomers

fHcal of

Bond Bond order Relative
[somer reduced i Cop {formation eneiRY
| le-2¢ [.544 B9T 6 0.0
2 la-1b 1 4R9 R97.7 01
3 14-104 i 313 204.5 69
4 1a-2a 1105 911 0 13 4
3 ih-lc 1 189 212 8 i15.2
6 [d-1e 1312 914 4 16 8
7 Tc-1d i 060 927.3 297
8 le-2e 1.085 9418 44.2

the previous AM1 calculations®’? predicted a small
energy difference of 1 kecal/mol in favour of the latter.,
the heats of formation of the two 1somers are virtually
identical at the MNDOQ level (Table 1). Two opposing
factors contribute to the relative encrgy of these
isomers. Assuming that C, consists of electronically
isolated corannulenes and pentaphenyl fragments, dis-
ruption in conjugation in each of these units due fo
hydrogenation would be a significant factor. Whereas
two benzenoid rings arc affccted in the la-1b isomer,
only a single benzcne ring loses conjugation in the
lc-2¢ isomer. Hence, the latter is expected 10 be more
stable. However. this preference is reduced due to a
structural factor. The C;, cage has the greatest curva-
ture ncar the a-lype atoms. Pyramidalization at these
centres to accommodate spi-hybridized atoms s more
easily achieved. Therefore, additions to a-type atoms
would be preferable. Interestingly, this second argu-
ment has been emphasized'® while interpreting the
crystal structure of the iridium complex, in which metal
coordination takes place at the a-b bond and not at the
c—c-type bond. However, in view of the calculated
relative stability of the isomcric dihydnides 1 and 2,
steric interactions with the ligands probably contribute
to the observed preference for the a-b coordination in
the indium—C,; complex.

On the basis of the bond orders in Cqg, the isomers
next in the stabilily order are cxpected to be those
obtained by hydrogenating the equatorial benzenoid
rings. While the 1d-10d isomer (3) follows the cxp-
ected pattern {Table 1), the ld-le isomer 1s much
higher in energy. In spite of the nearly identical bond
orders of the 1d-2d and 1d-lc¢ bonds of Cy. the
corresponding dihydrides differ by 10 kcal/mol in
energy. Strain effects associated with the molecular
structures of 3 and 6 have to be invoked to account for
the computed energy difference. As confirmed by the
calculated bond lengths, a double bond is localized tn a
pentagon in 6. On the other hand, hydrogenation of the
1d-10d bond forces a Kekule form for an equatorial
benzene ring in such a way that double bends remain
exocyclic to pentagons. In view of previous suggestions
that greater strain is involved in structures with
cyctopentene units?, the stability of 3 relative to 6 can
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be understood. It is likecly that another structural factor
coniributes 1o the reduced stability of 6, In 6, an e-type
atom has sp? hybridization. Since this atom is common
to three hexagons, the angle strain would be less if sp?
hybridization is present. Hence, addition to this cenlre
leads to considerable destabilization. Thus, the energy
diffecrence between 3 and 6 emphasizes the important
role of molecular structural effects 1n determining the
stabilities of C4q4 derivatives.

The calculated energy differences of the isomers
obtaincd by hydrogenating the formal single bonds of
C.o are also revealing. While the bond orders of the
a-a, b—, ¢—d and e—¢ bonds in Cy are very similar, the
corresponding hydrogenated isomers differ in energy by
over 30 kcal/mol. These variations ¢an be understood
on the basis of a combination of e¢lectronic and
structural factors. Addition of hydrogen atoms to
formal single bonds nccessarily involves considerable
reorganization of the cage m bonds. The computed
structures reveal that the redistribution of single and
double bonds is concentrated In a single corannulene
unit in isomer 4 and 5. In both structures, conjugation
in three benzene rings is disrupted. Further, two C=C
doublc bonds ar¢ localized in pentagons, leading (0
increased strain In 7 and 8, hydrogenation leads to
even larger reorganization of bonds. In addition to 1wo
of the benzene rings in the central pentaphenyl unit, a
benzene ring in one of the corannulenc fragments loses
conjugation in these dihydrides. Hence, the isomers 7
and 8 are computed to be the least stable of the vicinal
dihydrides.

In addition to extensive © bond reorganization, on¢
more structural factor seems to coniribute to variations
in the relalive stability of the dihydrides. As noted
above, it is casier to accommodate a pyramidal carbon
near the polar regions of Ci than to the flatter
cquatorial belt. Hence, it becomes increasingly difficult
to convert carbon atoms into sp® centres along the
serics a—c. This interpretation would account for the
slightly greater stability of S relativg fo 4 (the type and
extent of bond rcorganization is identical in the two
isomers). Further, the dramatic destabilization of the
le—2¢ isomer, 8, can also be rcadily understood.

The interpretation of the relative energy of the vicinal
dihydrides 1-8 can be extended to other types of
isomers considered before?’. Interestingly, 1 and 2
correspond (o the lowest-energy structures of the 143
possible isomers of CygH,. Further, 3 is the filth most
stable isomer. The four other structures in the group of
(he seven most stable isomers of CyH, are all derived
by 1,4-addition of hydrogen atoms 10 Cqo. These
isomers do not suffer eclipsing interactions found in the
vicinal dihydrides. However, reorganization of singic
and double bonds is unavoidable, leading to desta-
bilization. The lowest-energy 1,4-adduct cor: >sponds (0
the 1d-104"isomer, in which a central benzene ring 1S
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reduced. Since there is disruption of conjugalion in a
single benzene ring, the structure is predicted (o be just
1.7 cal/mol higher than 1 at the AM] level. The heat of
formation of the alternative le~10e 1,4-1somer has not
been reported. But the isomer is expected to be quite
destabilized. There would be increased strain not only
from two C=C bonds localized in pentagons but more
importantly from sp? carbon atoms at two of the ¢~type
centres. Two other stable isomers (la-2¢ and 1b-2b)
pointed out in the previous study?’ correspond to the
two possible 1,4-adducts to a benzene nng of a
corannulcne unit. These struciures 1nvolve fairly
significant reorganization of bonds in a corannul¢ne
fragment and hence are 3~7 kcal/mol less stable than 1.
The seventh isomer of Cyt, in the overall order of
stability is the 1¢-3d structure, in which disruption of
conjugation occurs in one benzene ring each of a
corannulene unit and the pentaphenyl belt. The fact
that all the 1,3- and 1,z-isomers (# > 4) are more than
10 kcal/mol higher in energy than 1 confirms that
thermodynamic stability of the adducts 1s reduced to a
significant extent whenever m bond reorganization 1is
involved.

It is instructive to compare the computed energetics of
the dihydrides of Cgy and Cy. In both fullerenes, the
most stable dihydrides are obtained by hydrogenation of
the C—C bond with the highest bond order. The bond
shared by two hexagons of Cgp 15 calculated 1o have a
bond order of 1.51, a value closc to that computed for
the 1¢-2¢ and la-1b bonds of Cq, (Table 1). The heat
of hydrogenation is also computed to be remarkably
similar for Cgq (41.0 kcal/mol) and Cq4 (41.7 keal/mol).
In view of the experimental characterization of CgoH;
(with the same structure as predicted by semiempirical
MO calculations)?, prospects for similar success with
C,,H, must be termed good on enecrgetic grounds.
Possible formation of at least two isomers and the
likelihood of multiple additions represent difficulties to
be overcome by the experimentalists.

In summary, the chemical behaviour of C;, can be
understood by visualizing the molecule as a combi-
nation of two corannulenc units held by a central
pentaphenyl belt. Additions to electron-rich corannul-
cne double bonds should be kinetically and thermo-
dynamically favoured. The stability of adducts is re-
duced whenever extensive m bond rcorganization is
involved, Further, the varying curvature of the fullerene
cage leads to an important strain effect. It should be
more difficult to pyramidalize the carbon atom in the
flatter equatorial region; hence, the corrcsponding ad-
ducts should be destabilized. In particular, additions (o
the e-type carbon atom, which are common to threc
ncaagons each, arc the least preferred. As an inicrest-
ing consequence, the 1,4-reduction of a central benzene

‘et
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ring should occur unsymmetrically (i €. in a way which
destroys the o, plane of symmectry). These gene-
ralizations have obvious implications for determining
the structures of higher derivatives of Cy, (ref. 30).

1 Smalley, R, Curl, E,, Heath, W., O’Brien, J. and Kroto, I,
Nature, 1985, 318, 162163,

2. Henderson, C. C. and Cahill, P. A, Science,
i885-1887.

3. Crecpan, K. M., Robbns, J. L., Robbins Miilar, J. M., Sherwood,
R D, Tindall, P. I, Cox, D. M., Smith i1, A, B., McCauley Jr., J.
P., Jones, D. R. and Callagher, R. T., J. Am. Chem. Soc., 1992,
114, 1103-11065.

4. Suzuki, T4 Ly, Q, Khemani, K. C., Wudl, F. and Almarsson, O,
Science, 1991, 254, 11861188

5. Suzuki, T, Li, Q., Khemani, K, C. and Wud|, F., J. Am. Chem
Sec., 1992, 114, 7301-7302.

6. Vasella, V. A, Uhlmann, P, Waldraff, C. A. A, Diederich, F. and
Thilgen, C., Angew. Chem., 1992, 104, 1383-1385.

7. Prato, M., Li, Q. and Wudl, F,, J. Am. Chem. Soc., 1993, 115,
1148-1150.

8. Haufler, R. E., Conceicao, ], Chibante, L. P. F., Chai, Y., Byme,
N. E., Flanagan, S, Haley, M. M., O'Brien, 8 C,, Pan, C., Xiao,
Z , Billups, W. E., Cwufolini, M. A., Hauge, R. H., Margrave, J. L.,
Wilson, L. J., Curl, R. F. and R. E. Smalley, J. Phys. Chem., 1990,
24, 8634-8336.

9. Tebbe, F. N., Harlow, R, L., Chase, D. B., Thorn, D. L., Campbell
Jr, G. C., Calabrese, J. C,, Herron, N., Young Jr., R. J. and
Wasserman, E., Scrence, 1992, 256, 822-825.

10 Hawkins, 1. M., Mevyer, A, Lewis, T. A, Loren, 8 and Hollander,
F. )., Science, 1991, 252 312-314

11. Fagan, P. J., Calabrese J. C. and Malone, B, Science, 1991, 252,
1160-1161.

12. Tavlor, R., interdiscip, Sci Rev,, 1992, 17, 161-17Q.

13, Chandrasekaran, S., IndianJ. Chem., 1992, 31 A & B, F36-F41.

14 Balch, A L., Catalano, V. J., Lee, J. W., Olmstead, M. M. and
Parkin, 8. R., J. Am. Chen. Soc., 1991, 113, 89538955,

15. Duedenich, F., Eul, R., Rubin, Y., Whetten, R. L., Beck, R,
Alvarez, S. A., Sensharma, D., Wudl, F., Khemani, K. C. and
Koch, A., Scrence, 1991, 252, 548-551.

16. Matsuzawa, N, Dixon, D A and Fukuonaga, T., J. Phys. Chem.,
1992, 96, 7594--7604.

17. Henderson; C. C. and Calull, P. A, Chem. Phys. Leu., 1992, 198,
570-576.

18. Guo, T. and Scusenta, G. E., Chem. FPhys. Lett., 1992, 191,
527-576.

19. Raghavachani, K., Chem. Phys. Lett., 1992, 195, 221-224,

20. Matsuzawa, N, Dixon, D. A. and Krusic, P. I, J. Phys. Chem,,
1992, 96, 8317-8325,

21. Fowler, P. W, Collins, D J. and Austin, 8. J, J. Chem. Soc.
Perkin Trans 2, 1993, 275-277.

22. Rathna, A and Chandrasekhar, J., Chem. Phys. Lett,, 1993, 206,
217-224.

23. Taylor, R.,J. Chem. Soc. Perkin Trans. 2, 1992, 3.

24. Raghavachari, K. and Rohlling, C. M, J. Fhys. Chem., 1991, 95,
5768-5772.

25. Scuserss, G E., Chem Phys. Lett, 1991, 180, 451-456.

26. Raghavachari, K and Rohlfing, C. M, Chem. Phys. Leit, 1992,
197, 495-498.

27. Karfunkel, 15, R. and Ilrsch, A., Angew. Chem. Int. Ed. Engl.,
1992, 31, 1468--1470.

28, Dewar, M. J. 8. and Thiel, W, J. Am, Chem. Soc,, 19877, 99,
4%89—4907.

29. Taylor, R, Tetrahed Lelt, 1991, 3731-3734.

30. Govindraj, A., Rathina, A Chandraschbar, J. and Rao, C. N. R,
Proc. Indian Acad Sci,, (Chem Sei.), 1993, 105, 303 -309.

1993, 1259,

Recerved 19 May 1993, revised accepled 29 June 1993

— P AP S -

771



