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emitted by the mouse remain chemically un-
identified, our data suggest that they are not
simple “releasers” of motor programs but that
they act, at least in part, as regulators of inputs
from other sensory organs. This raises two es-
sential questions whose answers will require
further insight into the function and the devel-
opment of the vomeronasal pathway: (i) How is
the information about the sexual identity of a
conspecific processed by the brain, and how
does it control animal behavior? (ii) How and
when is the recognition of sex acquired by the
brain, and what are the respective roles of ge-
netic and extrinsic determinants in this devel-
opmental process?
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A Rational Chemical Synthesis
of C,

Lawrence T. Scott,’* Margaret M. Boorum,’
Brandon J. McMahon,? Stefan Hagen,' James Mack,’
Jarred Blank,” Hermann Wegner,? Armin de Meijere?

Isolable quantities of C,, the smallest stable fullerene, have been synthesized
in 12 steps from commercially available starting materials by rational chemical
methods. A molecular polycyclic aromatic precursor bearing chlorine substitu-
ents at key positions forms C,, when subjected to flash vacuum pyrolysis at
1100°C. No other fullerenes are formed as by-products. The methods we have
developed for the target-specific synthesis of fullerenes, applied here to a
synthesis of C, should make possible the directed laboratory preparation of
other fullerenes as well, including those not accessible by graphite vaporization.

Although C,, and some of the higher
fullerenes can be readily prepared by resistive
heating of graphite (/), there is still consid-
erable interest in the rational stepwise synthe-
sis of these geodesic all-carbon compounds in
isolable quantities. Such approaches may al-
low derivatives of fullerenes to be prepared
and may also provide access to fullerenes that

are not obtained through the uncontrolled
vaporization of graphite.

We recently showed that hydrocarbon 1,
which incorporates all 60 carbon atoms, 13 of
the 20 benzene rings, and 75 of the 90 car-
bon-carbon bonds required to form C,,, can
be “stitched up” with a high-energy laser to
generate C, (Fig. 1) (2). That method, how-

ever, did not permit isolation of the fullerene
produced. We have therefore drawn on our
experience with the synthesis of smaller geo-
desic polyarenes, which taught us that incor-
poration of halogen atoms at strategic sites on
polycyclic aromatic hydrocarbons invariably
improves the preparative yields of such high-
energy reactions, often by two orders of mag-
nitude or more (3-5). We now report that
preparative-scale flash vacuum pyrolysis
(FVP) of the chlorinated hydrocarbon 2 at
1100°C (6, 7) does, in fact, induce the desired
carbon-carbon  bond-forming  reactions,
stitching together the arms of the molecular
precursor according to plan and forming the
all-carbon polyhedron (Fig. 1). No C,,, or any
other fullerenes would be expected from such
a process, and none are detected in the syn-
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thetic material; Cg, is the only fullerene
formed.

Figure 2 summarizes the route we devised
to synthesize compound 2 (8), using classical
organic chemistry and a straightforward ad-
aptation of our earlier route to the parent
CyoHs, hydrocarbon (2). New carbon-carbon
bonds are formed by a Grignard addition

Ceo
Buckminsterfullerene

Flash Vacuum | 1100 °C
Pyrolysis of 2 0.01mm

1 X=H

2 X=Cl

Fig. 1. Final step in the synthesis of C.,. Curved
lines indicate where the new bonds are formed
in the molecular precursor 2 (CgoH,,CLy). The
fjord regions mentioned in the text are marked
with asterisks. We have previously generated
Ceo in @ mass spectrometer by laser-induced
cyclodehydrogenation of the corresponding hy-
drocarbon, 1 (2).

Fig. 2. Synthesis of the
Ceo  precursor 2
(CeoH2,Cls). Step  a:
Treatment with Mg in
ether, then acetal-
dehyde. b: Bromina-
tion with PBr; in ben-
zene. c Treatment
with P(C;H,), in tolu-
ene. d: Treatment
with LIOCH,CH, and
2-naphthaldehyde in
ethanol/dichlorometh-
ane. e: Iiradiation with
UV light (254 nm) in
cyclohexane contain-
ing iodine and pro-
pylene oxide. f: Bromi-
nation with N-bromo-

Br

a
—
Cl 97%

CHj NC
SoUIE s o
cl ‘ 93% cl ‘ 51%

REPORTS

(step a), a Wittig reaction (step d), a stilbene
photocyclization (step €), an S 2 displace-
ment (step g), a Friedel-Crafts cyclization
(step j), and an aldol cyclotrimerization (step
k). For the photocyclization step, the alkene £
and Z isomers obtained as a mixture from
step d could be used without separation, be-
cause they interconvert photochemically. For
the pyrolysis (Fig. 1), it would have been
preferable to have the chlorine atoms located
at the mouths of the fjord regions (sites
marked by asterisks in Fig. 1), but we found
that the extra steric strain this imposes on the
molecule adversely affects the yield of the
aldol cyclotrimerization (9). Fortunately, the
mobility of hydrogen atoms in aryl radicals at
high temperatures (10, 1I) allowed us the
freedom to incorporate the chlorine atoms
one position removed from the mouth of each
fjord region.

Mass spectrometric analysis provided
positive identification of C, in the product
mixture obtained from the final step of the
synthesis. To ensure that the C, we detected
really came from the synthesis and was not
being formed during the mass spectrometric
analysis, we relied on the relatively gentle
technique of electrospray mass spectrometry
(ES-MS). This is a critical point, given that
the more energetic technique of laser desorp-
tion ionization mass spectrometry transforms
even the parent hydrocarbon 1 into C, inside
a mass spectrometer (2).

A good protocol for the detection of
fullerenes by ES-MS, run in negative ion
mode, involves pretreatment of the fullerenes
with zinc powder in a mixture of tetrahydro-
furan and aqueous sodium hydroxide under a
nitrogen atmosphere (/2). Under these con-
ditions, fullerenes are easily reduced to their
monoanion radicals, which are stable in the
absence of oxygen and acid; most polycyclic
aromatic hydrocarbons and their derivatives,
however, remain neutral. When a portion of
our unpurified synthetic material is treated

o
—
cl 86%

o
Cl

with zinc in this manner and then analyzed by
ES-MS, a prominent peak for C, is seen at a
mass-to-charge ratio (m/z) of 720 (Fig. 3A).

No peaks were detected for C,,, or for any
other fullerenes in the mass spectrum of the
synthetic material. Control experiments in
our laboratory with the zinc reduction proto-
col and a C,/C,, fullerene mixture pur-
chased from a commercial source gave mass
spectral peaks not only for both C¢, and C,,
(m/z 720 and 840, respectively) but also for
C,g and Cy, (m/z 936 and 1008, respectively),
which were apparently present in the sample
as minor impurities. The great sensitivity of
this analytical method establishes that C is
the exclusive fullerene formed in the labora-
tory synthesis reported here.

As independent confirmation that C is
produced in the final step of the synthesis, a
high-pressure  liquid chromatographic
(HPLC) analysis was performed. Using con-
ditions under which authentic Cg, elutes in
4.64 min (I/3), we found that the synthetic
material also gives an HPLC peak at 4.64 min
(Fig. 4). Furthermore, the synthetic product
that matches the retention time of authentic
Ceo gives a diode array ultraviolet-visible
(UV-VIS) absorption spectrum that matches
the spectrum of authentic Cg, (Fig. 5).

Finally, a portion of the crude product
from the synthesis was subjected to HPLC,
and the fullerene fractions from multiple in-
jections were collected (/4). The isolated
fullerene fractions were then combined, con-
centrated to dryness, dissolved in ortho-di-
chlorobenzene, and treated with sodium
cyanide and dimethylformamide under a ni-
trogen atmosphere, according to the proce-
dure of Komatsu et al. (15). Under these
conditions, authentic C, is rapidly converted
to [C4o(CN)]~, which can be seen at m/z 746
by ES-MS in negative ion mode. An ES-MS
analysis of the material isolated from the
synthetic product mixture by HPLC and treat-
ed with sodium cyanide likewise shows an

CHj3
cd A e
—_— —
1% cl ‘ 92%
O,

() ‘
SO
cl ‘ 85%

succinimide and dibenzoylperoxide in carbon tetrachloride. g: Displacement with KCN and tetrabutylammonium hydrogensulfate in water/dichloromethane.
h: Hydrolysis with KOH in ethylene glycol. i: Chlorination with SOCL,. j: Cyclization with AICl, in dichloromethane. k: Trimerization with TiCl, in

ortho-dichlorobenzene.
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Fig. 3. (A) Electrospray mass spectrum, run in negative ion mode, of the unpurified product from
the reaction in Fig. 1, after reduction with zinc. The molecular ion of C, gives the base peak at m/z
720. No signals were detected for C,, or for any higher fullerenes. The peaks at m/z 721 and 722
reflect the 1.1% natural abundance of the '3C isotope in our synthetic C,. (B) Electrospray mass
spectrum of [C.,(CN)]~ (m/z 746) obtained by adding sodium cyanide (75) to the C,, that was
synthesized as in Fig. 1 and isolated by HPLC. No peaks corresponding to the known cyanide
adducts of C,, or of any higher fullerenes were detected.

Fig. 4. HPLC analysis of the prod-
uct obtained from the reaction in
Fig. 1. The peak at 4.64 min ap-
pears at the same retention time
as the peak given by authentic
Ceo- The identities of the other
products that elute faster than
Ceo have not yet been deter-
mined. abs., absorbance.

abs.

464

0.00

m/z 746 peak for [C (CN)]~ (Fig. 3B). No
peaks corresponding to the known cyanide
adducts of C, or of any higher fullerenes
could be detected. Again, the evidence indi-
cates that C, is formed exclusive of all other
fullerenes.

Previous attempts to synthesize C, from
molecular precursors have resulted, at best,
only in the generation of gas-phase C, under
high-energy conditions in a mass spectrome-
ter (2, 16-20).

The overall yield of our 12-step synthesis
in its current state of development is not high;
however, the pyrolysis precursor 2 is acces-
sible on a multigram scale. The amount of
Cgo produced in the final step can presently
be estimated only qualitatively from the size
of the C,, peak in the HPLC analysis (~3%
relative area, Fig. 4) and the material balance
(20 to 27% mass recovery from three inde-

2100 400 6.00

min.

8.00

pendent runs), which leads to an estimated
yield in the range of 0.1 to 1.0%. From a
practical viewpoint, this synthesis will not
supplant graphite vaporization as a cheap
source of C,, but that was not our goal.
How “rational” is a synthesis that relies on
FVP as the method for closing up the
fullerene ball? Our design of compound 2 as
a molecular precursor to C, was guided by
four key principles, all of which have come to
light just in the past 10 years, primarily from
work in our laboratory. First, FVP has
emerged as a powerful method for providing
the energy required to transform planar poly-
cyclic aromatic hydrocarbon ring systems
into their strained geodesic counterparts. This
strategy was used in our synthesis of coran-
nulene (27, 22) and has subsequently enabled
syntheses of many other open geodesic
polyarenes (3, 23). Second, for the imposition

abs.

B

300 350 400 450 500
Wavelength (nm)

Fig. 5. Diode array UV-VIS absorption spectra
of the HPLC peak at 4.64 min (55:45 toluene:
acetonitrile) from authentic C4, (A) and from
1(:h;a product obtained from the reaction in Fig. 1
B).

of curvature on a planar, polycyclic 7 system
by FVP, cyclization reactions initiated by
specifically generated aryl radicals are invari-
ably superior, often by two orders of magni-
tude or more in yield, to those based on
undirected thermal cyclodehydrogenations
(3-5). Third, the ability of aryl radicals to
rearrange by 1,2 shifts of hydrogen atoms
under FVP conditions (/0) gives one the
latitude to incorporate radical precursors
(such as halogen atoms) at sites dictated by
synthetic expedience rather than just at those
sites where the initial cyclizations must occur
(11). Finally, once curvature has been locked
in, cyclodehydrogenation reactions become
more favorable for subsequent ring closures
(24, 25).

The absence of C,, and higher fullerenes
in our synthetic material can be taken as good
evidence that precursor 2 does indeed “zip
up” intramolecularly to C, as illustrated in
Fig. 1. Such intramolecular aryl-aryl coupling
reactions are now abundantly precedented
and have found considerable use in recent
years for the directed synthesis of simpler
geodesic polyarenes from planar precursors
that have the same number of carbon atoms
but lack two or more carbon-carbon bonds (3,
23). A mechanism for C,, formation involv-
ing decomposition of 2 to small pieces that
recombine, as in the vaporization of graphite
(26), would be expected to give C,, and
higher fullerenes as well.
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Array-Based Electrical Detection
of DNA with Nanoparticle

Probes
So-Jung Park, T. Andrew Taton,* Chad A. MirkinT

A DNA array detection method is reported in which the binding of oligonu-
cleotides functionalized with gold nanoparticles leads to conductivity changes
associated with target-probe binding events. The binding events localize gold
nanoparticles in an electrode gap; silver deposition facilitated by these nano-
particles bridges the gap and leads to readily measurable conductivity changes.
An unusual salt concentration—dependent hybridization behavior associated
with these nanoparticle probes was exploited to achieve selectivity without a
thermal-stringency wash. Using this method, we have detected target DNA at
concentrations as low as 500 femtomolar with a point mutation selectivity

factor of ~ 100,000:1.

A major challenge in the area of DNA detection
(1) is the development of methods that do not
rely on polymerase chain reaction (PCR) or
comparable target-amplification systems that
require additional instrumentation and reagents
that are not ideal for point-of-care or field use.
Another restrictive requirement of most DNA
detection systems, regardless of their need for
PCR, is a thermal-stringency wash to differen-
tiate target strands from ones with mismatches
and thus achieve desired analyte selectivity. We
previously reported several optical DNA detec-
tion methods based on oligonucleotide-modi-
fied Au nanoparticles and their size-dependent
scattering, catalytic, and absorption properties
(2-5). We also showed that Au particles that are
heavily functionalized with oligonucleotides
exhibit extraordinarily sharp thermal-denatur-
ation profiles that translate into higher target
selectivities (2—5). We now report a conductiv-
ity-based DNA detection method utilizing oli-
gonucleotide-functionalized Au nanoparticles
that provides an alternative to existing detection
methods (6-11) and presents a straightforward
approach to high-sensitivity and -selectivity,
multiplexed detection of DNA.

In the detection scheme (Fig. 1A), selec-
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tive binding occurs between a shorter “cap-
ture” oligonucleotide strand located in the
gap between two fixed microelectrodes and a
longer “target” oligonucleotide in solution.
The target oligonucleotide has contiguous
recognition elements that are complementary
to the capture strand on one end and on the
other to oligonucleotides attached to Au
nanoparticles (Fig. 1B). Therefore, when the
device with the pair of electrodes is immersed
in a solution containing the appropriate probe
and target, Au nanoparticle probes fill the
gap.

In principle, capacitance or conductivity
measurements can be made to determine the
number of particles and, therefore, target
molecules that fill the gap. However, the
sensitivity of the device can be markedly
increased by exposing the active component
of the device to a solution of Ag(I) and
hydroquinone (photographic developing so-
lution). The use of Au nanoparticles as pro-
moters for Ag(I) reduction has been exploited
in colorimetric detection schemes for DNA
and proteins (4, /2). Moreover, we and others
have evaluated the electrical properties of
DNA-modified nanoparticles, protein-modi-
fied nanoparticles, aggregates, and structures
formed from Ag reduction on individual par-
ticles (13—15), and those data suggest that the
system described in Fig. 1A should be viable,
provided that enough particles can fill the
gaps and give a measurable electrical signal.

Such a strategy can be extended to arrays
(16), where each component of the array is an
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