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limited, we hope that this framework can 
stimulate investigations on the deep con-
nection between condensed-matter and el- 
ementary particle physics. 
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Groundwork for a Rational 
Synthesis of C,,: 

Cyclodehydrogenation of a 
C,,H,, Polyarene 
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A C,,H3, polycyclic aromatic hydrocarbon (PAH) that incorporates all 60 
carbon atoms and 75 of the 90 carbon-carbon bonds required t o  form the 
fullerene C,, has been synthesized in  nine steps by conventional laboratory 
methods. Laser irradiation of this C6,H3, P A H  at  337 nanometers induces 
hydrogen loss and the formation of C,,, as detected by mass spectrometry. A 
specifically labeled [13C3]C60H30 retains all three 13C atoms during the cage 
formation process. A structurally related C4,H,, P A H  that lacks the three 
peripheral benzene rings cannot be transformed into C,,, whereas the next 
higher homolog, a C,,H, PAH, degrades t o  the C,,H3, PAH,  which then loses 
hydrogen t o  give [6O]fullerene. These control experiments verify that the C,, 
is formed by a molecular transformation directly from the C,,H3, P A H  and not  
by fragmentation and recombination in  the gas phase. 

Despite more than a decade of intensive re- 
search on fullerenes (I), chemists worldwide 
still have no general methods or strategies 
available for the rational synthesis of these 
polyhedral carbon allotropes as discrete, prese- 
lected targets. Under carefully controlled con- 
ditions, the vaporization of graphlte generates 
substantial amounts of C,, and C,,; however, 
this complicated process remains poorly under- 
stood and is intolerant to alteration (2). Higher 
fullerenes can be obtained from this source only 
in minuscule amounts through tedious chro- 
matographic separations (3) and likely will nev- 
er be available in quantity except by rational 
synthesis. 
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Before we can hope to develop rational 
syntheses of individual higher fullerenes, the 
goal of synthesizing C,, by rational methods 
must fust be met. In this connection, the re- 
search groups of Diederich and colleagues (4), 
Rubin et al. (S),and Tobe et al. (6-8)  have all 
prepared macrocyclic polyalkynes that shed 
multiple appendages when subjected to laser 
desorption/ionization (LDI), and the high-ener- 
gy intermediates thus generated collapse to C,, 
in a mass spectrometer. The considerable am- 
biguity about which atoms in these molecular 
precursors become bonded to which other at- 
oms as the fullerene takes shape, however, pre- 
cludes characterization of these processes as 
entirely "rational" syntheses. Prinzbach et al. 
(9) recently reported a genuinely rational syn-
thesis of icosahedral [Slfullerene-c,,, in which 
substituents were removed from a preformed 
dodecahedrane cage, but extensions of this ap- 
proach to syntheses of fullerenes comprising 60 
or more carbon atoms are likely to be difficult. 
In LDI expenments, the reactive C,,, entities 
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prepared in this way can be made to oligomer- 
ize and fuse into C,,, (10). 

Here, we report the synthesis of a stable 
polycyclic aromatic hydrocarbon (PAH) that 
Incorporates all 60 of the carbon atoms and 75 
of the 90 carbon-carbon bonds required to form 
C,,, and its laser-induced cyclodehydrogena- 
tion to C,, (Fig. 1). Control experiments estab- 
lish that the C,, formed in the final step comes 
from a direct molecular transformation ior "zip- 
ping up") of the synthetic PAH 6 ,  as suggested 
in Fig. 1, and not by a laser-induced degrada- 
tion of the hydrocarbon to smaller fragments 
that recombine in a thermodynamically driven 
manner, as in the laser-induced vaporization of 
graphite (2). 

Several research groups have indepen-
dently conceived of a laboratory synthesis of 
C,,, from 6 or structurally related 60-carbon 
~ % ~ o u n d s .Wang and Shevlin in Alabama 
were the first to report preliminary experi- 
mental work in this direction (1  1).Their ap- 
proach can be traced back to an earlier pro- 
posal from the same laboratory (12); howev- 
er, they encountered difficulty in assembling 
the 60-carbon fullerene precursor. Our syn- 
thesis of 6 was designed to ensure a regio- 
regular head-to-tail cyclotrimerization of a 
sickle-shaped 20-carbon precursor. 5. While 
our work was under way, Sarobe et al. in the 
Netherlands found that attempts to synthesize 
6 from a different precursor without control- 
ling the head-to-tail regiochemistry gave the 
C,-symmetric PAH 6 only as a minor coni- 
ponent in an inseparable mixture of C,,,H,,, 
regloisomers (13) Gomez-Lor et a1 in Spain 
later prepared 6 as a single regioisomer by 
threefold annulation of truxene, a venerable 
27-carbon, C,,-symmetric PAH (13, 15 ) .  
Neither Sarobe et al. nor Gomez-Lor et a/.. 
however, were able to convert their synthetic 
C,,H,, material to C,,. 

Our synthesis of 6 (16) began with com-
mercially available (1-bromoethy1)benzene. 1, 
and 2-naphthaldehyde (1 7). These were joined 
by a Wittig reaction to give alkene 2 as a 
mixture of (E)-and (Z)-isomers in a combined 
yield of 79% after purification. Oxidative pho- 
tocyclization of 2 under standard conditions 
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(18) then gave a 98% isolated yield of the CN 

tetracyclic hydrocarbon 3 (19-22). Separation hu I, 
of the two geometric isomers of 2 before pho- 
tocyclization was unnecessary, because they in- 

2. NaOH 2. SOCI, 
3. AICI, 

terconvert vhotochemicallv. Bromination of 3 
with N-bromosuccinimide and subsequent dis- 

1 

placement of the resulting benzylic bromide 
with potassium cyanide converted this interme- 
diate to nitrile 4 in 94% yield over the two 
steps. Basic hydrolysis of 4 then gave the cor- 
responding carboxylic acid in 65% yield, and 
conversion to the acid chloride followed by 
Friedel-Crafts cyclization produced ketone 5 in 
70% yield from the acid. 

Regiospecific head-to-tail cyclotrimeriza- nltrogen 

tion of 5 to the C3-symmetric C6,H3, PAH 6 laser 
was accomplished in 80% yield by heating 5 (h=337nm) 

with 2.4 molar equivalents of titanium tetra- 
chloride in ortho-dichlorobenzene at 100°C 
for 2 hours. Purification of 6 was initially 
impeded by its exceptionally low solubility in 
all common organic solvents, but this prop- 
erty was ultimately turned to our advantage. 
The crude reaction mixture was adsorbed 
onto alumina and placed in the thimble of a Fig. 1. Synthetic route t o  the C,,H,, PAH 6 and its Laser-induced conversion into fullerene-C,,. 

Soxhlet extractor. Extraction with hot meth- 
ylene chloride first removed some darkly col- 
ored, soluble impurities, which were set aside 
for later analysis (see below). Extraction for 
an additional 18 hours then slowly leached 
trimer 6 from the alumina. The extraction was 
terminated when the characteristic yellow 

Fig. 2. Positive-ion LDI 
mass spectra using 6 
as the target wi th in- 
creasing laser flu-
ences. (A) The pro-

color and bright green fluorescence of 6 nounced molecular 
could no longer be seen in fresh extracts. 

To convert the C6,H3, PAH 6 into 
fullerene-C,,, we performed a series of LDI 
experiments. A toluene solution of 6 was 
spotted onto a stainless steel sample holder 

ion signal is observed 
at a Laser fluence 
slightly above the 
threshold for ion for- 
mation. (B) At  in-
creased laser fluence, 

and air-dried before introduction into the ion fragmentations by 
source of the mass spectrometer. A nitrogen 
laser (337 nm, 3 ns) was used to activate the 
sample surface, and the resulting ions were 
detected by means of reflectron time-of-flight 

losses of hydrogen 
and small hydrocar-
bon units are ob-
served. (C) Upon fur- 
ther increase of the la- 

mass spectrometry [for other recent applica- ser fluence, efficient 
tions of this apparatus, see (23, 24)]. In a conversion of the tar- 
typical experiment, 200 single-laser-shot 
events were accumulated for each mass spec- 
trum. At a laser fluence adjusted slightly 
above the threshold for ion formation, essen- 

get material into C,, 
is observed, accompa- 
nied by loss and up- 
take of C, units. 

tially only the molecular ion of C6,H3, is 
observed (Fig. 2A). With higher laser fluence 
(Fig. 2B), fragmentations begin to occur, fea- 
turing hydrogen losses and the expulsion of 
small hydrocarbon units. These fragmenta- 
tions resemble the recently reported decay of 
hydrogenated fullerenes of similar elemental 
composition (25). Although differences can 
be seen in the overall fragmentation patterns, 
owing to the distinctly different structures of 
these two C,,H, hydrocarbons, the most 
striking difference is the much greater resis- 
tance of 6 toward dehydrogenation than is 
seen for the C,,H3, hydrofullerene. In fact, 
hydrogen loss from hydrofullerenes occurs so 
readily that many years passed before suffi- 
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ciently gentle conditions could be found to 
solve the long-standing dilemma regarding 
the true Birch-reduction product from C,, 
(26). Conversely, dehydrogenation of 6 is 
clearly a more energy-demanding process. 
By increasing the laser fluence further, how- 
ever, the efficient formation of fullerenes can 
be achieved, leaving only traces of the PAH 
molecular ion still detectable (Fig. 2C). 

C,, is the most abundant fullerene observed. 
The distribution of low-mass fullerenes, show- 
ing enhanced formation of C,,, C,,, and C, 
(which are typical "magic numbers" in dissoci- 
ations of C,,), strongly suggests that these 
fullerenes are in fact decomposition products of 
an initially generated fullerene-C,,. The 
fullerene distribution at the high-mass end 
showed a gradually declining abundance with 
increasing size and very little excess abundance 
of C,,. The observed pattern strongly indicates 
that the fullerenes in this region were generated 
predominantly via the uptake of C, units by 
C,,, rather than by processes involving the 
preferred formation of a particular higher 
fullerene directly from the PAH precursor. Not- 
withstanding the appeal of this simple mecha- 
nistic picture, additional experiments were con- 
ducted to evaluate whether 6 is truly acting as a 
direct precursor for the [60]fullerene, as op- 
posed to suffering laser-induced decomposition 
to smaller fragments that subsequently recom- 
bine to form C,,, as in the laser-induced vapor- 
ization of graphite. 

The first control experiment used the 
C4,H,, PAH 7, a truncated relative of the 
C6,H3, PAH 6. This compound embodies the 
same geometrical arrangement for its 48 car- 
bon atoms as those in the core of 6 but lacks 
the outer fused benzo ring on each of the 
three blades. As a fullerene precursor, the 
48-carbon PAH 7 should therefore function 
as well as the 60-carbon PAH 6, if a frag- 
mentation-recombination mechanism is over- 
ating that involves formation and recombina- 
tion of fragments smaller than the 20-carbon 
units of which 6 is composed. Conversely, if 
a molecular transformation of 6 into 
fullerene-C,, represents the primary pathway 
followed, as depicted in Fig. 1, then the ab- 
sence of the essential fourth fused benzo ring 
at the end of each blade would preclude a 
laser-induced conversion of 7 into C,,. 

We synthesized the C4,H,, PAH 7 in a 
manner completely analogous to that used for 
preparation of the larger C,,H,, PAH 6 (27, 
28) and attempted to induce its conversion to 
C,, by laser irradiation over a wide range of 
conditions. The best result achieved (Fig. 3) 
required conditions that were practically iden- 
tical to those used for the production of C,, 
from 6 (Fig. 2C). Indeed, the formation of 
fullerenes is also observed in these experiments, 
albeit to a very minor extent. The robust 48- 
carbon framework of 7 remains largely intact. 
The ratio of fullerenes generated to unconverted 

PAH is two to three orders of magnitude small- 
er than when 6 is subjected to LDI, and, most 
remarkably, C,, appears as one of the least 
abundantly formed fullerenes. These fmdings 
argue strongly against a fragmentation-recom- 
bination mechanism as the major pathway for 
C,, formation from 6 and provide a reasonable 
estimate of the "background level of fullerene 
production by minor pathways. 

We also used a larger C,,H4, PAH, 8, as the 
target material. This cyclic tetramer of ketone 5 
is the main side product found in the darkly 
colored extracts obtained from purification of 

Fig. 3. Structure and 
positive-ion LDI mass 
spectrum of the C,H,, 
PAH 7 displaying the 
minuscule production 
of fullerenes and re-
vealing C,, as an insig- 
nificant product. 

Fig. 4. Positive-ion 
LDI mass spectra us- 
ing the C,,H,, PAH 
8 as the target with 
increasing laser flu- 
ences. (A) At the 
threshold of ion for- 
mation, only the 
molecular ion is ob- 
sewed. (B) At higher 
laser fluence, C,,H3, 
is efficiently formed. 
(C) C,pH30 is con-
verted ~nto C,, upon 
further increase of 
the laser fluence. 

the C6,H3, PAH 6 (see above). The positive- 
ion LDI mass spectra of this compound are 
shown for increasing laser fluences in Fig. 4. 
Figure 4A was obtained at the threshold of ion 
formation and shows only the molecular ion of 
C,,H,,. Upon increasing the laser fluence (Fig. 
4B), this C,,H,, PAH decomposes predomi- 
nantly into C6,H3,. It is only after C6,H3, has 
been formed from C,,H,, that further increases 
in laser fluence lead to the formation of 
fullerenes. The resulting spectrum (Fig. 4Ci 
appears almost identical to that obtained when 6 
was used as the target (Fig. 2C). The fullerene 
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4 steps 
___) 

as in 
Fig. 1 

*.13c 

f3C]-4 	 f3c3]-6 

Fig. 5. (A) Synthesis of the specifically labeled PAH [13C3]6. (B) 
Positive-ion LDI mass spectrum of the specifically labeled PAH 
[13C3]6. Note that in this experiment, ions below mass 600 were 
deflected. (C) Comparison of the C,, mass region obtained for the 
labeled and unlabeled target molecules, revealing a shift of 3 mass 
units t o  higher mass for the [60]fullerene from the labeled precursor. 

formation in this case resulted from a direct 
conversion of 6 into C,, after the release of one 
C2,Hl0 unit from the C,,H,, PAH 8. The latter 
process has previously been observed for cyclic 
tetrarners of related PAHs, which jettison one 
monomer unit at elevated temperatures and col- 
lapse back to the corresponding cyclic trimer 
(29). 

The observation of a much stronger C6,H3, 
signal in Fig. 4C when C,,H,, is used as the 
target than when pure C6,H3, is used (Fig. 2C) 
superficially appears to indicate a much lower 
conversion rate into C,,. In separate tandem 
mass spectrometry experiments using a deflec- 
tor electrode (ion gate) for precursor ion selec- 
tion, however, we showed that the energized 
C6,H3, population produced inside the ion 
source of the mass spectrometer is almost com- 
pletely converted into fullerene-C,,, just as 
when pure PAH 6 is used as the target. Thus, 
the C6,H3, signal observed in Fig. 4C results 
almost entirely from decompositions of larger 
PAHs inside the flight tube of the mass spec- 
trometer, leading to less energized C6,H3, spe- 
cies that survive. Such low-energy species can- 
not be produced from the pure C6,H3, target 
that is free of larger PAH impurities, as in the 
case shown in Fig. 2C. 

As a final control, we synthesized 6 
using KCN that was 99% enriched in 13C, 
so that the C6,H3, PAH contained three 13C 
labels located at alternating positions 
around the central benzene ring (Fig. 5A). 
Any fragmentation-recombination mecha- 
nism involving degradation down to frag- 
ments smaller than the 20-carbon subunits 
of 6 would necessarily lead to a consider- 
able amount of C,, containing either more 
or fewer than three 13C atoms. The LDI 
mass spectrum of [13C,]C60H30 (Fig. 5B) 
bears a strikingly similar appearance to that 
obtained for the unlabeled compound (Fig. 
2C). Figure 5C compares the spectra for the 

labeled and unlabeled targets. Although the 
mass resolution in our experiments is insuf- 
ficient to resolve the individual isotopic pat- 
tern of each carbon cluster, no perceptible 
peak broadening is observed for the labeled 
target, and the clear shift of each signal in 
Fig. 5C corresponds to exactly 3 mass units. 
Like the C,, signal, the fullerene fragment 
ions from 13C312C5, also show a mass shift of 
3 units to higher masses, as the loss of 12C, is 
much more probable than the release of 
12C13C. Similarly, those signals in Fig. 5C 
beyond the [60]fullerene are also shifted by 3 
mass units. This shift reflects the fact that 
12C2 is much more abundantly available for 
uptake by the initially formed 13C312C5,. On 
the basis of these findings, a fragmentation- 
recombination mechanism must be rejected. 

We have synthesized the C6,H3, PAH 6 
and have closed it up to fullerene-C,, by 
activation with a nitrogen laser. By adapta- 
tions of the reaction pathway outlined in Fig. 
1, it should now be possible to prepare halo- 
genated derivatives of 6 that can be used for 
a rational synthesis of C,, in isolable quanti- 
ties. Our previous experience has shown that 
the strategic incorporation of halogen atoms 
on PAHs invariably improves the preparative 
yields of geodesic polyarenes obtained from 
synthetic precursors, often by more than two 
orders of magnitude over what can be 
achieved by direct cyclodehydrogenations of 
unfunctionalized PAHs (30, 31). 
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