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The Synthesis and Characterization of Fullerene Hydrides

Jamie Nossal,l?! Rajesh K. Saini,'?! Lawrence B. Alemany,?! Mark Meier,”! and
W. E. Billups*!2!
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The syntheses and characterization of fullerene hydrides pre-
pared from Cgo and C;q are reviewed. Methods of isolation
and characterization are discussed, particularly MS and
NMR, including 3He nuclear magnetic resonance spectro-

scopy. The higher hydrides are discussed in terms of novel
structural features and their unusual spectroscopic proper-
ties.

Introduction

The discovery of buckminsterfullerene (Cgo) and related
substances in 1985 stimulated enormous interest in the new
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carbon allotropes.l'! Although available initially only in
vanishingly small quantities in the gas phase, an important
breakthrough came in 1990, when it was found that these
compounds could be synthesized in gram quantities by
laser vaporization of graphite.”) With an abundant supply
of these fascinating new materials at hand, a flurry of activ-
ity directed at establishing a preliminary picture of fullerene
chemistry soon followed. Despite some initial reserva-
tions,®! the fullerenes proved to be excellent substrates for
addition reactions, including hydrogenation by several dif-
ferent methods.[*~21
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Figure 1. IUPAC-suggested numbering system for Cg, and Cy;
some of the numbers on the back side of the cages are omitted
for clarity; see: E. W. Godly, R. Taylor, Pure Appl. Chem. 1997,
69, 14111434

The TUPAC numbering system for Cgq and Cq is pre-
sented in Figure 1. The adjacent carbon atoms in the fusion
of two six-membered rings are given the C(1) and C(2) des-
ignation; then the numbering continues in a clockwise fash-
ion.

The first reported derivative was a highly reduced fuller-
ene formed by the Birch reduction of Cgn.[Y1 Subsequent
work with Cgp, and to a lesser extent with C;, has resulted
in the synthesis and characterization of many other fuller-
ene hydrides. Activity in this area has been spurred on in
part by the suggestion that fullerene hydrides might have
useful applications as batteries, as catalysts, or as media for
storage of dihydrogen. In this review, we present an up-to-
date account of progress on the synthesis and characteriza-
tion of the fullerene hydrides.

Purification and Characterization

Purification of even the simplest derivatized fullerene re-
action mixture is often difficult and may require extensive
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use of preparative high pressure liquid chromatography.
CeoHo> is the simplest Cg derivative, yet it has 23 energetic-
ally distinct isomeric possibilities>*?31 without considering
any isomers with one or more substituents bonded to the
inner surface of the cage. Thus, the preponderance of active
sites frequently results in a correspondingly large number
of products.l?4~2¢]

Exceptional care in avoiding plasticizers and silicone
greases is necessary,’l as there is a strong tendency for
fullerenes and fullerene derivatives to retain these ma-
terials.?’#! The fullerene hydrides are significantly less sol-
uble than the parent fullerenes in common solvents, and in
some cases this has presented a major obstacle to the isola-
tion of samples suitable for spectral characterization.[®°-28
Carbon disulfide is frequently used,/”l although the more
highly reduced hydrides have been observed to form insol-
uble precipitates upon dissolution in carbon disulfide.[?”)
Although chemical shifts are found to be solvent-depend-
ent,l” NMR spectra of the lower hydrides can be obtained
readily. Methylcyclohexane has been used to extract Cg
and C;, hydrides from the unchanged parent fullerenes,
which are only slightly soluble in this solvent.!

Exclusion of oxygen and light is important, as light-cata-
lyzed oxidation of the higher hydrides appears to be a facile
process.[0-13-277301 Samples kept in the dark may be stored
without decomposition for several weeks.[*-?°4 Exclusion
of oxygen is, of course, important, and even the use of de-
oxygenated solvents fails at times, due to the ease with
which oxygen becomes trapped in the fullerene lattice.?”"!
Cgp has been reduced in deuterated solvents to minimize the
rapid oxidation process.””! Galvinoxyl has been reported to
retard the degradation of CgyHse.274

Although the lower hydrides can be analyzed readily by
mass spectrometry, the higher hydrides CqoHs and C;oHzg
often fragment under EI conditions.'” Acceptable EI-MS
spectra of Cg, C79, Cr6, C7s, and Cgy hydrides have been
obtained immediately after workup through use of carefully
prepared samples.?7-2° 7311

FAB has been successfully used as a mild MS ionization
technique by some workers,®-13! but others have observed a
range of hydrides below the M* peak and additional lines
appearing at higher masses as well,l'%l a phenomenon that
prevented definitive analysis of the hydrides resulting from
reduction of Cg, by diimide.[”]

Riichardt and Lobach and their co-workers have each re-
ported field desorption mass spectrometry as a preferred
method. They secured spectra with strong M™* peaks and
substantially less fragmentation of the molecular ions of
CeoHse and CqoH36.['2%1 1t has also been reported that
mass spectra obtained by laser desorption ionization reveal
weak M* peaks along with a range of partially dehydrogen-
ated products.[®19-32 Ballenweg and co-workers used LD-
TOF mass spectrometry to characterize CgoH,,”! but frag-
mentation was presumably a minor problem with the dihy-
drofullerene. Banks and co-workers cited LD-TOF data in
support of their contention that the principal product of
the Cgo Birch reduction was actually CqoHsz, and not
CeoH36?31 as originally reported. The LD-TOF spectra
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published by this group are remarkably similar to the LD-
MS spectra of CgoH ;g and CgoHszg published by Riichardt,
which show that the maxima have been shifted to smaller
masses compared to those obtained by other MS
methods.!0-321

A major advance in the identification of fullerene hy-
drides was achieved when Saunders and co-workers re-
ported the inclusion of noble gas atoms inside fullerenes.[>¥]
These “carcerands” — fullerene molecules containing a se-
cond, discrete species such as a noble gas atom — are pro-
duced by subjecting the fullerene and the gas to be incor-
porated to high pressure and temperatures. *He is an excel-
lent NMR nucleus, with a spin of '/, and a high gyromag-
netic ratio, which allows He@Cg, and its derivatives to be
examined by *He NMR spectroscopy. The technique is
quite sensitive, and a large amount of empty fullerene does
not interfere with the spectrum. The utility of the *He
NMR technique becomes evident when it is considered that
each product will produce a single distinct peak in the *He
NMR spectrum. This information, coupled with He shifts
determined computationally for He@Cg, derivatives, makes
it possible to determine the number of isomers present in a
mixture while providing some evidence for structural char-
acterization purposes.

The UV/Visi45911.15.17.19.27.29.35-39] anq TR spectral>5~
11,15.19-21,27.29.32.35=38.40] of various fullerene hydrides have
been published. The spectra of substituted fullerenes are
sometimes similar to the UV spectrum of the parent fuller-
ene, which is consistent with the preservation of an intact
cage following addition. FT-IR spectra show the common
features of C—H and C—D bonds and C=C skeletal vibra-
tions.

Ceo Hydrides

(a) CeoH,

Henderson and Cahill reported the synthesis of CgoHo,
the simplest fullerene hydride, in 1993.1'!1 Hydrolysis of the
borane resulting from addition of BH; in THF to a solution
of Cgo in dry toluene gave the dihydride in 10—30% yield.
Addition across the 6,6-ring fusion (Figure 2) was based on

Figure 2. C60H2
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previously published computational results?®’! that show
that addition across a 6,5-ring is energetically unfavorable.
Preparative high pressure liquid chromatography using a
“buckyclutcher” column!*'l was employed to separate the
CgoH, from unchanged Cgo and Cg,O. Elemental composi-
tion was verified by high-resolution positive-ion mass spec-
trometry.

CeoH> exhibits a sharp singlet at § = 5.93 when its 'H
NMR spectrum is recorded in [Dg]toluene.[''] This signal
remains sharp between —80 °C and +100 °C, showing that
the structure of CgoH, is static on the NMR timescale. Be-
cause of the asymmetric environment of the !'B nucleus and
consequent rapid relaxation of both nuclei, resonances for
'H or ''B nuclei in the presumed intermediate Cqo(H)(BH,)
could not be obtained. When D,O was used to hydrolyze
the borane, a mixture of CgH, and CyoHD was formed.
The "H NMR spectroscopic data observed for these com-
pounds were consistent with vicinal cis-hydrogen substitu-
tion.[ 2!

The 750-MHz 'H NMR spectrum of CgH, (1:1,
[Dg]benzene/CS,) revealed an unusual 0.30 Hz splitting, not
readily observed in spectra taken with a 500-MHz instru-
ment (Figure 3).143 This splitting is believed to be the result
of a residual anisotropic dipole—dipole interaction between
the two chemically and magnetically equivalent protons in
CeoH». At the time, such phenomena had only rarely been
observed, due to the small magnitude of such interactions,
which are proportional to the square of the magnetic field
strength, and the necessity to use a solvent that can be par-
tially aligned by the magnetic field, thereby allowing align-
ment transfer to the solute.[** This effect was not observed
when CDCl; or [Dg]acetone were used as solvents.
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Figure 3. 750-MHz 'H NMR spectrum of CgoH> (1:1, [Dg]benzene/
CS,) with 0.30 Hz splitting

The report by Henderson and Cahill was soon followed
by another synthesis in which Zn/HCI in refluxing toluene
was used to synthesize CgoH,.I'3! Oxidation of the hydride
by DDQ allowed smooth conversion of the product back
to Cgo. The synthesis of both the 1,2- and 1,4-dihydrofuller-
enes by reduction of Cg using diimide has been reported.l”)
Singlet peaks at 6 = 6.97 and 7.23 (CS, solvent, CDCl; as
lock signal) were assigned to the 1,2- and 1,4-dihydrofuller-
ene isomers, respectively. "H NMR signals that were upfield
with respect to the CgH, singlets were assigned to more
highly reduced Cg,. It is interesting that anhydrous hydra-
zinel'?! can be used without addition of the usual oxidant
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that is required to form diimide. In this case the hydrazine
is oxidized by the fullerene.

Other methods that have been used to synthesize the di-
hydride include hydrozirconation,”! Zn(Cu) reduc-
tion,14®14¢ sonication of a mixture of Cg, and decahydron-
aphthalene,'” catalytic hydrogenation with ruthenium on
carbon,P! thodium(0) on alumina,l® palladium and palla-
dium on carbon,?! protonation of Cgy>~ generated by bulk
electrolysis,[* and photoinduced electron transfer from 10-
methyl-9,10-dihydroacridine to the triplet excited state of
Cqo by irradiation with visible light in the presence of tri-
fluoroacetic acid in benzonitrile.*8! Solid-state synthesis of
CeoH, has been achieved with palladium hydridel!®! and
with solid-phase Cg, under H, without a catalyst.['®) The
1,4-isomer has not been reported as a component of the
reaction products from these reactions.

Reduction of 3He@Cgq, by hydroboration/protonation
produced *He@Cgq,H,, which gave a *He NMR signal at
& = —9.66, relative to dissolved helium at & = 0.7 The

1 .2,3.4—(-'6.“H-1

chemistry of CgoH, has remained largely unexplored. Elec-
trochemical reduction has been reported by several
groups.[*873% Meier and co-workers found that Cg is a
product of cyclic voltammetry of the dihydride in benzo-
nitrile solution;™¥ Boulas and co-workers observed the
same in 80:20 toluene/DME.* C¢,H, therefore undergoes
a net oxidation under “reducing” conditions. The photo-
physical characterization and singlet oxygen yield of dihy-
drofullerene has been reported by Anderson and Bensasson
and their co-workers.[>!-32

(b) CooHy

Henderson and co-workers isolated a mixture of CgoHy
isomers in 10% yield from the reduction of CgoH, with bo-
rane as the reducing agent.[>3! Six of the eight possible iso-
mers that would result from addition to 6,6-bonds (Fig-
ure 4) could be detected by '"H NMR spectroscopy. The ma-
jor isomer, which accounted for approximately 50% of the
crude mixture, could be isolated from the reaction mixture

1.2,33,50-CenHy

1,2,55,60-CgoH,4

Figure 4. Isomers of CgoHy

4170

1,2,51,52-CyoHy4

Eur. J Org. Chem. 2001, 4167—4180



The Synthesis and Characterization of Fullerene Hydrides

MICROREVIEW

by high pressure liquid chromatography using a bucky-
clutcher I stationary phase*!! and toluene/hexane (1:1) iso-
cratic mobile phase. An AA’BB’ spin system centered at
5 = 5.03 ([Dg]toluene) could readily be assigned to 1,2,3,4-
CgoHy, which has two pairs of hydrogen atoms bonded to
adjacent 6,6-ring fusions. This isomer has been shown to be
the most stable tetrahydrofullerene at two levels of ab initio
theory and is favored over the next lowest lying isomer,
1,2,18,36-C¢oH,, by 4.0 kcal/mol.[>3] Henderson et al. have
also shown that a mixture of tetrahydrofullerenes can be
equilibrated to give predominantly the more stable 1,2,3,4-
CeoH, isomer. A second isomer was identified as 1,2,18,36-
CgoHy by its 'TH NMR spectroscopic data [6 = 5.36 (2 H,
s) and 5.05 (2 H, AB q)]. Structural assignment of the three
other AB quartets present was not possible.

A singlet at 6 = 6.33 was tentatively identified as the
1,2,55,60-C4oH, isomer, but this could not be isolated. Av-
ent and co-workers noted that this singlet consists of two
almost coincident peaks of equal intensity and that this iso-
mer could be present in two conformations as a result of
adjacent hydrogen atoms being very slightly frans to one
another, due to the inflexibility of the cage.”l If this were
the case, meso and (=) isomers would be present and differ-
entiated by a very small chemical shift difference. This ex-
planation would require that other isomers would likewise
be affected, and it is notable that Avent reported that sim-
ilar, very small splittings were present in two other AB
quartets. However, in reviewing these results in another
report on the 'H spectra of isomers of CeyH,, Billups and
co-workers proposed alternative explanations, including re-
sidual anisotropic dipole—dipole interactions, for the ori-
gins of these extra signals.[43"]

Ceo can also be reduced with anhydrous hydrazine in ben-
zene to give a mixture of fullerene hydrides C4oH,, (n = 2,
4, 6,8, 18, 36).['"I The relative ratio of the different hydrides
was similar to that obtained by the Cu?*-catalyzed diimide
reduction employed by Avent,[l and the yield of the more
reduced fullerenes could be improved by increasing the
molar excess of anhydrous hydrazine.[’* The C4,H, isomers
eluted from a buckyclutcher column in two fractions: a
single, discrete peak and a collection of peaks that were
closely spaced and inseparable under the conditions used.
1,2,3,4-C¢oH,4 was found under the single peak. The collec-
tion of isomers recovered from the other bands was ana-
lyzed carefully by 500-MHz 'H NMR, and at least five,
possibly as many as seven, of the remaining isomers were
observed (Figure 5).['2l Two AB quartets not reported in
previous studies were also observed, but these isomers con-
stituted only a very small percentage of the mixture.

A mixture of *He@Cg4yH, isomers was obtained by re-
duction of 3He@Cg*"! with anhydrous hydrazine and ana-
lyzed by *He NMR spectroscopy.l'?! Each CgoH, isomer
should produce a single distinct peak in the He NMR
spectrum. Six signals were observed, indicating that six of
the possible eight isomers were present in the mixture. The
two remaining isomers that were tentatively identified in the
500-MHz 'H NMR spectrum were present in such low con-
centrations that detection by *He NMR was not possible.

Eur. J. Org. Chem. 2001, 4167—4180

L

sl

6.6 62 U sy TS TS T ppm
Figure 5. 500-MHz "H-NMR spectrum of a mixture of Cg,H, iso-
mers

Others have also reported six signals in the *He NMR spec-
trum of He@CgoH,.*"!

Three CgoHy isomers were formed in a 6:6:1 ratio on
treatment of Cg, with a Zn(Cu) couple.l'’! The two major
products have been identified as the 1,2,18,36- and
1,2,33,50-C4oH, isomers.

Synthesis of macroscopic amounts of tetrahydrofuller-
enes has also been achieved by diimide reduction,”? Zn/HCI
reduction,!'3] hydroboration,®¥ and ruthenium-catalyzed
hydrogenationl! of Cg. 1,2,3,4-C4oH,4 has been synthesized
by heating Cgy and palladium hydride wrapped in gold
foil.['8 Tts photophysical characterization has also been re-
ported.[>?]

(¢) CeoHg

Two isomers of CgoHg have been isolated in a 6:1 ratio,
with a Zn(Cu) couple acting as the reducing agent.[142.14c]
The major product was shown to be 1,2,33,41,42,50-
CeoHg,[1#27 141 and the minor product was identified as
1,2,18,22,23,36-CeoHl4214¢] (Figure 6). These are kinetic
products derived from 1,2-addition to 1,2,41,42-C¢yH,4 and
1,2,18,36-CoHy,  respectively. Zn(Cu) reduction of
SHe@Cgqy produced >He@1,2,33,41,42,50-C¢oHg (which
gave a “He NMR signal at § = —15.31), *He@1,2,18,
22,23,36-C¢oHg (which gave a He NMR signal at § =
—16.35), and a third, as yet unidentified *He@CgxHg iso-
mer (which gave a signal at § = —14.24).[14

Curiously, an effort to obtain the CgqoHg isomers by hy-
droboration of their C4oH, precursors failed.['*®! Attempts
to isomerize 1,2,33,41,42,50-C¢oHg to a thermodynamically

1,2,33,4142,50-CyyHs

1,2,18,22 23 36-CeyHs

Figure 6. Isomers of CqoHyg
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more stable isomer resulted in dehydrogenation to give a
mixture of C60’ C60H2, and C60H4.[14a]

Geometry-optimized ab initio calculations have been
published3! on the relative energies of 18 CgyHg isomers
that can be derived from 1,2-addition to the two lowest en-
ergy CgoHy structures 1,2,3,4- and 1,2,4,15-C4oHy. (The lat-
ter isomer is calculated to be only 0.1 kcal'mol™! lower in
energy than the 1,2,18,36-C¢ H, isomer, for which calcula-
tions had been carried out previously,>3! as discussed
above.) Unfortunately, the isomers observed experimentally
by Meier and co-workers are not included in this group of
18 C¢oHg isomers. However, 1,2,33,50-Cy4oH, is calculated
to be only 0.3 kcal'mol™! higher in energy than 1,2,4,15-
CeoH4, P> and, as Meier and co-workers noted,!'*®] reduc-
tion of 1,2,33,50-C4oH4 at C4;=C,4, would generate the ob-
served 1,2,33,41,42,50-C4oHg major product. In compar-
ison, at the Hartree—Fock/3-21G level of theory,
1,2,4,11,15,30-C¢oHg (Figure 7) is the thermodynamically
most stable of the 18 isomers that can be derived from 1,2-
addition to only the two lowest-energy CgoHy structures
1,2,3,4- and 1,2,4,15-C4,H,.5%! This pattern of addition was
also observed for the hexabromo- and hexachlorofullerenes,
CeoXe,P02501 a5 well as for CgCIl(C¢Hs)s and
CgoH(CgHs)s.5%

1,2,4,11,15,30-CgHg

Figure 7. At the Hartree—Fock/3-21G level of theory, the thermo-
dynamically most stable isomer of CgyHg

CgoHg is a minor product in the hydrazine reduction of
Ceo.”"'21 The catalytic hydrogenation of a mixture of Cg,
and Cy in toluene with a 5% ruthenium on carbon cata-
lystl®! produced CgyHg as the major product when the re-
duction was performed at 100 °C and 2 kg/cm? H, pressure.

(d) CeoHzs and CgoHyg

Mass spectrometric analysis of the buff-colored product
prepared by the Birch reduction of Cgo showed that the ma-
jor product was CeoHse.*! When the crude product was
treated with DDQ in refluxing toluene, a rapid discharge of
the red color of the DDQ—toluene complex with concomi-
tant formation of Cg, was observed.[*??®! Mass spectral
analysis confirmed that the product was Cg, and that the
Birch reduction had not involved alteration of the fullerene
skeleton. Nevertheless, the result was received with consid-
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erable skepticism, and it was suggested in one instance that
the product was the result of addition of ammonia to the
fullerene skeleton.>”]

The addition of 36 hydrogen atoms was not considered
surprising, as unconjugated double bonds®®! are not re-
duced under the conditions of the Birch reduction, and 36
is the minimum number of hydrogen atoms required to
leave unconjugated double bonds within each of the penta-
gons. This arrangement results in CgoHs¢ isomer 1 (Fig-
ure 8), with twelve unconjugated double bonds. This struc-
ture is now known to be a high-energy isomer relative to
many of the other possible structures illustrated in the
figures.5°~% It has been established that with increasing
hydrogenation of CgoH,, the bond angle strain resulting
from sp? to sp> hybridization will decrease as strain due to
hydrogen—hydrogen repulsion increases, and that the com-
bined strain reaches a minimum when n = 36.[°% Balasubra-
manian estimated that there are 6.0-10'* isomers of
CeoH36,2 and Clare and Kepert have catalogued over 100
CgoH¢ isomers.[00-61.65.67]

Characterization of highly reduced fullerenes has proved
to be difficult. They are unstable toward light and
air,[%15:27730 egpecially in solution.[?”-2%1 Identification of
the molecular ions under electron impact conditions re-
quires!®10-321 that the spectra be obtained using carefully
prepared samples immediately after workup.[?”-3% Field de-
sorption mass spectrometry has been reported to give spec-
tra with minimal fragmentation of the molecular ion, rela-
tive to other techniques.'®?! Difficulties with product
stability resulted in some debate as to whether Cg¢oHzg was
the primary product of the reaction,*3! but subsequent

work has confirmed that CgqoH3g4 is indeed the major prod-
uct.[30-68]

Since the initial report describing the Birch reduction,
several other routes to CgoHs¢ have been reported.[®:10-27]
Riichardt and co-workers have shown that it is possible to
synthesize either CgoH;g or CgoHsg selectively by transfer
hydrogenation.'®3?1 A comparison of experimental and
simulated infrared and Raman spectra of five CgoHs4 is0-
mers led Riichardt and co-workers to conclude that the
products of this reaction are a mixture of Dzq 2 and Sy
3.138401 A recent comparison of Raman spectra of CgoHsq
samples prepared by high pressure hydrogenation with the
results of molecular dynamics calculations prompted Mele-
tov and co-workers to conclude that the three most abun-
dant isomers have D4, Sg, and T symmetries.[®]

Attalla and co-workers treated fullerite (ca. 85% Cgy, re-
mainder C;q and higher fullerenes) with iodoethane and hy-
drogen under rather extreme conditions of pressure and
temperature.8! The FAB-MS spectrum showed strong sig-
nals at m/z = 757 and 877, which correspond to the M
+ 1 adducts of CqHz and C,oHsg, respectively. Although
detailed analysis was complicated by poor solubility and
the presence of products formed from Cs,, isomer 4, with
D54 symmetry, was proposed. Other work including elec-
tron and X-ray diffraction studies!’”! also supported the as-
signment of the Dsq4 structure 4. It is interesting that a se-
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Figure 8. Schlegel diagrams of eleven isomers of CgoHsg

cond D34 structure 2 is among the most stable isomers
known . [61-63.65]

Darwish and co-workers used zinc and hydrochloric acid
to reduce Cg.?”! Although the T isomer 5 had previously
been proposed as the major product,P”-7! analysis of the
infrared spectrum led Riichardt and co-workers to conclude
that isomer 3 was the best candidate.[*]

An important advance in the characterization of CgyH3g
came recently when several isomers from the Birch reduc-
tion and the transfer hydrogenation method of Riichardt
were isolated by preparative HPLC.[’?' Analysis of four
bands from the Birch reduction by mass spectrometry indi-
cated that CgHse is the sole product in the two major
bands (Figure 9).

Although the broad, featureless spectra obtained by us-
ing 'H and solid-state '3C NMR spectroscopy were rather
uninformative, the *He spectra obtained by use of samples
prepared by the reduction of *He@Cs, proved to be some-
what more useful. [D4]-o-Dichlorobenzene was found to be
a superior solvent for this work, since the fullerene hydrides
display greater solubility in this solvent than in other com-
mon solvents such as benzene or toluene. Extensive decom-
position, observed when carbon disulfide was used for ear-
lier work®” with the crude product, can be avoided if [D.]-
o-dichlorobenzene is used.

The 3He NMR spectra of the purified fractions gave
slightly broadened but distinctly different signals for each
band. The experimentally determined *He NMR shifts of
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Figure 9. HPLC chromatogram of the products of the Birch reduc-
tion of Cg

the different bands were compared with computationally
determined values. He NMR shifts calculated at the
B3LYP/6-31G* level are regarded as the most accurate.[”!
Isomers that fall in the range observed for one of the two
major fractions (band B) include C, 6, S¢ 7, C3 8, and S¢ 3
(Figure 8). The chemical shifts calculated for these isomers
are 8y = —5.1, —5.0, —4.9, and —4.7, respectively.’* Cal-
culations predicted(®>74 that each isomer is among the most
stable isomers of CgyHje.

Two benzene rings are a common feature of isomers 3, 6,
7, and 8. Isomers 7 and 3 each have six equatorial double
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bonds located at 6,5-ring fusions that are either parallel (7)
or perpendicular (3) to the pair of benzene rings located at
the poles. Isomer 8 can be described as a “hybrid” of 7 and
3, with three equatorial double bonds oriented parallel, as
in isomer 7, and three double bonds oriented perpendic-
ularly, as in 3. The Sg isomer 3 has been reported to be
one of the CgyH34 isomers formed by the dihydroanthracene
reduction of Cg.13%4% Isomer 6 is structurally similar to the
celebrated T CgoHsg 5 isomer, with two of the four benzen-
oid moieties present in 5 having been converted into 1,3,5-
CeHj; rings.

The 3He NMR shift of the other major fraction (band
C) is in agreement with calculated values of dy: dpye = —6.1
for D34 2, —6.8 for C3 9, —6.3 for C; 11.741 The chromato-
gram (Figure 10) has a trailing shoulder, which confirms
that at least two isomers are present. Calculations indicated
that C; 9 is the second lowest energy CgoHzg isomer.[0574]

The mass spectrum of the minor fraction (band D)
showed the presence of hydrides other than CgoHsg, al-
though CgoHse appeared to be the major component. The
observed &y, shift (—8.1) most closely matches the &y, shift
of —8.8 predicted at two levels of theory for T CgoHsg 5;174
however, the *He NMR shift predicted for Cy CgoHsg 10,
at 8y = —7.017% or —6.9,17*1 should also be considered.
Previously published *He NMR spectra of *He@CgoHs6
obtained both by Birch reduction and by dihydroanthra-
cene reduction of *He@Cg, produced two signals at 8y, =
—7.7 and —7.8.13% This is approximately the same shift as
observed for band D (Figure 9). The slight differences in
chemical shifts may be attributed to the use of a 1:1 solu-
tion of [Dg¢]benzene and carbon disulfide in the earlier
work.B% An attempt to obtain 3He NMR spectra of a ma-
jor Birch reduction fraction with a [Dg]benzene/CS, NMR
solvent produced no signal at all, a phenomenon that was
attributed to decomposition of the sample during the ten-
hour acquisition time.

If band D contains T CgoHsg 5, it would confirm the
prediction that hydrogenation and fluorination of Cg, favor
isostructural products, since 7' CgoF34 5 has been identified
as a minor CgoF34 isomer.[”3 On the other hand, C; CgoF36
10 was identified as the major CgoF3¢ isomer, and con-

Figure 10. HPLC chromatogram of purified band C; note the trai-
ling shoulder on the main band, indicative of a second CgoH34 iso-
mer; the small band to the left of the main band is a solvent peak
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Figure 11. HPLC chromatogram of crude Cg, dihydroanthracene
reduction product mixture; the two large leading bands are due to
solvent and residual dihydroanthracene and anthracene

sequently Csy CgoH36 10 is possibly a component of band D.
Note that C; CgoHzg 10 is significantly less stable than T
CeoHag 5 (46 kcal'mol ') according to B3LYP/6-31G* com-
putations.[”# Application of HPLC analysis to the products
obtained from the Riichardt synthesis!!?! yielded a major
band (band 2, Figure 11) that was found to co-elute with
band D from the Birch reduction (Figure 9).[7?]

The *He NMR spectrum of band 2 displayed two sharp
signals in a 3:1 ratio at 8y, = —8.014 and —8.139.741 The
similarity of these two 3He signals to the two signals re-
ported earlier® suggested that the same two isomers are
responsible for the signals in each case. The 126 MHz 3C
NMR spectrum of band 2 showed 32 signals of sp>-hybrid-
ized carbon atoms and 48 signals of sp3-hybridized carbon
atoms for the solute, with all 80 solute signals having similar
intensities.” The *He and '3C spectra imposed severe con-
straints on the types of isomers that might be present and
led Billups and co-workers to conclude that two similar iso-
mers were present in a 3:1 ratio, with one isomer having no
symmetry (24 sp>- and 36 sp>-hybridized carbon atoms) and
the other isomer having C; symmetry (8 sp>- and 12 sp’-
hybridized carbon atoms).

The 500-MHz 'H-NMR spectrum of band 274 had a
level of spectral detail considerably better than that previ-
ously reported at an unspecified field strength for a sample
of CgoHz prepared by catalytic hydrogenation of Cgq in the
presence of Pd/C in toluene.l””! However, the overall simi-
larity of the spectra obtained by the two groupst’*7?! is ob-
vious. While Sui and co-workers!”! did not propose any
structures, the spectral similarity suggests that catalytic hy-
drogenation!”! and dihydroanthracene reduction’¥ yielded
very similar products. The level of spectral detail shown in
the 500-MHz spectrum!”# is far greater than that previously
shownl?a:278.29.76.77] o1 indicated1%-27%78] in other samples
of CgoHss. With extensive overlap of the 'H signals ex-
pected and no method to separate the two isomers readily
apparent, a 900-MHz 'H spectrum (Figure 12) and 800-
MHz COSY and TOCSY spectra were obtained as a first
step toward resolving signals and determining the identity
of the two isomers.”¥ Examination of the 'H spectra of
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this and other samples of CgH3 and the 'H spectrum of
CeoH, 5> showed that the protons in these Cg, derivatives
are significantly deshielded compared to their counterparts
in “ordinary” organic molecules. Calculations have shown
that three relatively long C—C bonds are associated with
the exceptionally deshielded B-proton in CgoH;s;! prelim-
inary calculations of 'H chemical shifts and C—C bond
lengths in some isomers of CgyHszs have also shown that
exceptionally deshielded B-proton signals are associated
with sites possessing relatively long C—C bonds.[” Taken
together, the calculations and experimental data clearly in-
dicate that the spectrum of CgqHse cannot be interpreted
solely in terms of the proton chemical shifts exhibited by
“ordinary” organic molecules. Billups and co-workers out-
lined a plan of attack’¥ involving extensive calculations
and multidimensional NMR that might yield the precise
structures of the two isomers present in the dihydroanthra-
cene reduction.

Numerous calculations, [’ 636780811 = particularly — at
higher levels of theory, indicate that 7" C¢oHzg 5 is among
the most stable CgoHj¢ isomers, but it has yet to be unequi-
vocally detected.[®”] These calculations, the observation that
a CgoHj6 isomer with no symmetry is 75% abundant,’* and
the absence of the long expected®”-7!-73 T C¢ Hs¢ 5 all sug-
gest that, in the dihydroanthracene reduction of Cgg, a sig-
nificant energy barrier exists for the conversion of the Cj
and C; symmetry isomers of CgoHzg to T CqoHz6 5. A re-
markable difference between CgyHzq and CyoF54 is the re-
ported presence of the T isomer (about 25%) in CgoF36.[7%
Calculations indicate that T CgF34 5 is among the most
stable CgoF3¢ isomers.[04%] (The remaining 75% of the
CeoF36 sample was assigned to the Cs isomer 10.)

CeoH g was found to be a minor component of the crude
product from the Birch reduction;!'! however, there is still
some uncertainty as to whether C4oH,g is a co-product of
the Birch reduction or an artifact formed by pyrolysis of
CgoHse during the mass spectrometric analysis. The struc-
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Figure 12. 900-MHz 'H-NMR spectrum of CgyHss band 2 (3:1,
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Figure 13. Structure of CgoH g

ture of CgoH 51*! (Figure 13) has been determined by NMR
spectroscopy using a sample of CgyH;3 obtained from
M.E.R. (Tucson, Arizona). A structure corresponding to a
crown-shaped molecule with Csz, symmetry is entirely con-
sistent with the complicated spin system observed for a
purified sample. Calculations indicate that this is a particu-
larly stable structure.[®]

Nearly pure CgoH;g can be prepared when dihydroanth-
racene (Riichardt procedure) is used as the reducing
agent.['% The 3He NMR spectrum of *He@CgqoH g exhibits
a singlet at 8y, = —16.45.3% Ruthenium-catalyzed hydro-
genation® of Cg, has also been reported to yield C¢oH;g as
the main product. Some of the photophysical properties of
CgoH, s and CgoHs have been reported.[38-3

(e) CgoHeo

The stability of fullerene hydrides with endohedral hydro-
gen atoms has been addressed computationally. Dunlap and
co-workers calculated that the presence of one, twelve, or
24 hydrogen atoms inside the Cg, cage was energetically
unfavorable for CgoHsze, but that a CgoHgq structure with at
least one endohedral hydrogen atom was more stable than
CeoHeo with all hydrogens pointing outward.!®?! Saunders
predicted (MM3 optimization) that the lowest-energy iso-
mer of CgoHgo should have C; symmetry with ten hydrogen
atoms inside the cage so as to allow each H—C—C—H frag-
ment corresponding to a C—C shared edge to adopt a chair
conformation with one hydrogen atom pointing inside the
cage and one pointing outward.[®3 Subsequent semiempir-
ical calculations by Bakowies and Thiel also indicated that
this C; symmetry isomer with ten hydrogen atoms inside
the cage is much more stable than the I, isomer.[®¥ Isomers
of CgoH 2, CeoHou, CeoHze, and CygoHyg with endohedral
hydrogen atoms were all higher in energy than those iso-
mers with all hydrogen atoms outside the fullerene cage.[®”]

C-o Hydrides

In contrast to Cgy, Cyo has five sets of carbon atoms, 8%
and this enhances the number of possible isomers that re-
sult from addition reactions.®”! There are 23 possible exo-
hedral CgoH, isomers, whereas 143 possible structures for
C;H, may exist.[® In general, however, the methods that
have been used to reduce Cg, may also be used to synthesize
hydrides from C.
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Hartree—Fock SCF calculations suggest that the central
region of the C,y molecule should be unreactive, since the
five conjugated, benzene-like rings should give rise to signi-
ficant delocalization.[®>%°] In contrast, the bonds at the
poles of the rugby-ball-like molecule have significant
double-bond character, and they are predicted to be the
most susceptible to hydrogenation reactions. Other studies
suggest that the regiochemistry of addition to Cy is driven
largely by steric factors rather than by electronic effects.[4]
Semiempirical MNDO, AM1, and PM3 calculations indi-
cate that aromaticity is negatively correlated with stability
in highly substituted C;y: a result substantially different
from the situation with Cg.[°%-%11

(a) C7H,

In 1994 Henderson and co-workers reported the first syn-
thesis of C7oH,.3”1 Two equiv. of BH; in THF were added
to a toluene solution of C,y, and the products were sepa-
rated by HPLC using a buckyclutcher I column.[*!] The two
principal products were identified as C;oH, isomers by high
resolution FAB MS. The '"H NMR spectrum of the more
rapidly eluting isomer exhibited a singlet at 6 = 3.91 in
[Dg]toluene. The corresponding C;0HD isomer was pro-
duced by hydrolysis of the intermediate organoborane with
D,0, and displayed a 3Jyp of 2.3+0.2 Hz and a small up-
field isotope shift SAH(D) of 8.4 ppb. These results were
found to be consistent with the presence of vicinally equiva-
lent hydrogen atoms, and so the structure was assigned as
the 5,6-isomer (Figure 14).

1,2-C;Hz

Figure 14. Isomers of C;oH,

The 'H NMR spectrum of the second dihydride consisted
of an AB quartet centered at 6 = 4.00 in [Dg]toluene. The
3Jup of the corresponding C;oHD isomer was 2.2+0.2 Hz,
and a small upfield isotope shift SAH(D) of 7.8 ppm was
observed; both suggested the presence of non-equivalent,
vicinal hydrogen atoms. These results were found to be con-
sistent with the lowest-energy 1,2-isomer (Figure 14).

Although these isomers failed to interconvert upon
standing in solution at room temperature, analysis of the
mixture formed by equilibration in the presence of a plati-
num-on-silica catalyst provided a free energy of 1.4%0.2
kcal/mol, in agreement with a previously calculated
value.88 Ab initio calculations for the C;oH, derivatives in-
dicate that 1,2-additions at 6,6-ring fusions and 1,4-addi-
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tions across six-membered rings are the preferred modes of
addition.[®®] The 1,2- and 5,6-dihydro isomers are the two
lowest-energy isomers, and both result from 1,2-additions
to 6,6-ring fusions located near the C;, pole. The 1,2-isomer
is favored over the 5,6-isomer by 0.2—1.3 kcal/mol, al-
though semiempirical MNDO/PM-3 calculations reverse
the ordering.

The '3C NMR spectrum of 1,2-C;,H, has been investi-
gated.!*P14dl The sp3-C resonances appeared at & = 44.06
and 46.37. In the 'H-coupled '*C NMR spectrum, the asso-
ciated 'Jey and 2Jcy coupling constants, as well as numer-
ous other long-range coupling constants, were determined.
Interestingly, while the magnitudes of the 2Jcy constants
are smaller in 1,2-C;0H, (5.02 Hz, 4.71 Hz) than in 1,2-
C¢oH, (6.7 Hz), the longer distance coupling constants are
larger in 1,2-C;0H,, extending out to five bonds. Indeed,
while only a few '3C resonances in 1,2-C¢ H, exhibited re-
solvable long-range couplings, 26 of the 37 '3C resonances
in 1,2-C,oH, displayed measurable couplings.

Reduction of Cy, by diimide yields!”! the 1,2- and 5,6-
dihydrofullerene-C,, isomers in an 8:1 ratio (Figure 14).
Higher hydrides, which were not identified, are thought to
result from addition to the 1,2-isomer rather than to the
5,6-isomer, since this isomer is a relatively minor product
and the yield of any higher hydrides derived from this iso-
mer would be small.

Zn(Cu) reduction of 3He@C;, produced 3He@]1,2-
C,H», which gave a 3He NMR signal at § = —27.18.114l
The electrochemical reduction of 1,2-C;,H, and 5,6-C;H,
has been reported.[*! Each isomer undergoes three reduc-
tions in a toluene/DMF solution. The three E,,, values for
the 1,2-isomer are nearly the same as those for the 5,6-iso-
mer. Photophysical studies of 1,2-C;,H, have also been re-
ported.P>931

(b) C7H,

Several isomers of C,,H, have been characterized. Re-
duction by diimide or anhydrous hydrazine provides a con-
venient route to these hydrides.

The AA'BB’ spin system was noted as being rather sim-
ilar to that of 1,2,3,4-tetrahydrofullerene-Cqq and was as-
signed to the 1,2,3,4-C;oH, isomer, which also has hydrogen
atoms bonded to four adjacent carbon atoms in a six-mem-
bered ring (Figure 15).171 The ABCD spin system showed
couplings very similar to those found for the AA’BB’ spin
systems in 1,2,3,4-CsoH, and 1,2,3,4-C;oHy, and this was
postulated as the result of an unsymmetrical C;oH, isomer.
This was assigned as 1,2,5,6-tetrahydrofullerene-C,, which
probably forms primarily by the 5,6-addition of two hydro-
gen atoms to the 1,2-isomer, though it can also be obtained
by 1,2-addition to the minor 5,6-isomer.

1,2,3,4- and 1,2,5,6-tetrahydrofullerene-C,, result from
addition to a previously substituted six-membered ring, and
this supports the argument that this pattern of addition is
favored by increasing delocalization. The remaining pos-
sible C;oH, isomers that derive from addition to the 1,2-
position and its equivalents are 1,2,13,30-, 1,2,41,58-,
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1,2,56,57-CopH,

1,2,67,68-CopH,y

Figure 15. Isomers of C;oHy

1,2,56,57-, and 1,2,67,68-tetrahydrofullerene-C;, (Fig-
ure 15). Each is predicted to give an AB quartet, and there
are indeed four AB quartets present in the 'H NMR spec-
trum.[’l Although definitive assignments could not be made,
the 1,2,13,30-isomer is probably responsible for the most
upfield AB quartet, since this isomer has all four sp*-carbon
atoms in close proximity.

The selective reduction of C;y with Zn(Cu) yields 1,2-
C,oH, as well as several isomers of C,oH, and one isomer
of CyoHg."4 The major C;,H, isomer was isolated and
determined to be the 1,2,56,57-isomer by a combination of
'H NMR [AB pattern composed of resonances at § = 5.43
(J = 16.1 Hz) and 5.01 (J/ = 16.1 Hz)], 'H-decoupled '3C
NMR (35 resonances of equal intensity, indicative of C,
symmetry), and 'H-coupled '3C NMR spectroscopy. Since
only one- and two-bond couplings were observed at the sp’-
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carbon resonances, the symmetry-equivalent pairs of adja-
cent protonated carbon atoms are located more than five
bonds apart, placing them at opposite poles of the mole-
cule. Several '3C resonances in the 'H-coupled experiment
showed no sign of 'H coupling, and only the 1,2,56,57-
C;0H, isomer has carbon atoms more than five bonds away
from a protonated carbon atom.

A minor isomer of C;oH, isolated from the Zn(Cu) reac-
tion displayed 'H-coupled and 'H-decoupled '3C NMR
spectra similar to those of the 1,2,56,57-C;oH, isomer.[14¢]
However, the presence of additional signals exhibiting long-
range 'H-13C coupling suggested that this minor isomer was
1,2,67,68-C5oH, (Figure 15). Zn(Cu) reduction of *He@C-,
produced *He@1,2,56,57-C,oH,4, which gave a *He NMR
signal at § = —25.33.[14

(¢) C5oHg, C79Hyg, and C7oH

The purification and characterization of the C;yHg spe-
cies formed in the Zn(Cu) reduction has been reported.!'4dl
The '"H-decoupled '*C NMR spectrum and 'H-'H DQF-
COSY spectrum indicated that the protons of this hydride
are bonded to non-adjacent carbon atoms and therefore
cannot be the direct reduction product of either the C;oH,
or C;oHy isomers. This was demonstrated by isolation of
1,2-C5oH, and reduction of this compound with Zn(Cu).
Only C;0H; and more highly reduced species (C;oH;o+)
were formed. The structure of the C;0Hg compound was
assigned as 7,19,23,27,33,37,44,53-C;oHg, and a complete
description of the spin system has been worked out (Fig-
ure 16). Zn(Cu) reduction of *He@C, produced the corres-
ponding *He@?7,19,23,27,33,37,44,53-C,oHg, which gave a
3He NMR signal at § = —17.84.114l

7,19,23,27,33,37.44,53-CyHy

Figure 16. Isomer C;yHg formed by Zn(Cu) reduction

This C;oHg species is the precursor to two of the three
C,H, species formed in the Zn(Cu) reduction of C,.%4
The structure of the major C,oH;q species has been deter-
mined as the 7,8,19,26,33,37,45,49,53,63-isomer, resulting
from reduction of 7,19,23,27,33,37,44,53-C,,Hg in such a
manner as to preserve the maximum amount of aromaticity
(Figure 17). The last pair of hydrogen atoms adds to adja-
cent carbon atoms, as demonstrated by the presence of a
2Jen (5.6 Hz) at one of the five sp’-C resonances. This
CsoHyo species has the same addition pattern as in
C70ClL,o%%% and C;(CgHs);0.1°% Each of these compounds
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has a chromophore that is reduced to a pair of corranulene
units, one at each pole and separated by an insulating belt
of protonated carbon atoms. Zn(Cu) reduction of *He@C-,
produced *He@7.8,19,26,33,37,45,49,53,63-C,oH o, which
gave a *He NMR signal at § = —17.17, the most deshielded
He NMR signal thus far observed in neutral C;, deriva-
tives.['4¢l Taylor and co-workers have reported the unexpec-
ted co-elution of C;oH;, with Cg4 and proposed some pos-
sible structures.[®®]

7.8,19,26,33,37,45,49,53,63-C+H)g 7,8,19,26,33,37,45,49,53,63-C+H g

(side view) (top view)

Figure 17. Major isomer of C;0H;, by Zn(Cu) reduction
(d) C7oH36

More highly reduced C5, derivatives have been prepared
in several ways: by hydrogenation in the presence of iodo-
ethane® or a ruthenium-on-carbon catalyst,’” reduction
with 9,10-dihydroanthrancene,?°*3?l and treatment with Zn
and concentrated HCLP7 With the Zn/HCl approach,
C;0H36 and a mixture of hydrides (C;oHsg_44) Were major
constituents of the product mixture, which were shown by
EI-MS to be C70H36_44.

The '"H NMR spectrum of these hydrides features a wide
band between & = 2.4 and 4.0 ([D¢]benzene), which strongly
resembles the spectrum of the analogous CqoHsz4. The more
upfield location of the band compared to the Cg, derivative
is in keeping with the pattern previously noted for the di-
and tetrahydro derivatives.

The structure of C;0H3zs has not yet been determined.
Book and Scuseria calculated the relative energies of several
C70H36 isomers with their hydrogen addends concentrated
at the poles of the Cy, cage.[®3! Two isomers with C, sym-
metry were reported to be slightly favored, but the semiem-
pirical methods employed did not completely rule out other
isomers with relative energies within a few kcal/mol of the
C, isomers.

The UV spectrum of C;oH34 obtained by Darwish and
co-workers showed a broad band centered at 275 nm and a
pronounced shoulder at 223.5nm.78 These features
closely resemble the 221 and 258 —286 nm absorptions for
naphthalene, consistent with a structure with two naph-
thalene-like moieties and one phenanthrene-like unit in the
equatorial region of C;oH34°7! (rather than a band of five
para-linked benzenoid ringsB323),

C;0Hj36 has also been reported as the major product ob-
tained by Birch reduction of C5,.13% However, the product
mixture was analyzed by EI-MS, and other studies have
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noted that C,oHs4 is unstable under these conditions and
decomposes into a series of hydrides with lower hydrogen
content.?”l C;gHs¢ is the major product of the reduction
of C;9 by dihydroanthracene, but substantial amounts of
C,oHsg, C79Hyg, Cy9Hy4n, CyoHyy, and CyoHyg also formed
and could be detected by field desorption MS.*°4I Similarly,
C,0H; and C,yH;g are formed when a mixture of Cgy and
C5 in toluene was hydrogenated catalytically with 5% ruth-
enium-on-carbon catalyst.]
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