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Synthesis, Isolation, and Equilibration of 
1,9- and 7,8-C,,H, 

Craig C. Henderson, Celeste McMichael Rohlfing, 
Kenneth T. Gillen, Paul A. Cahill* 

Equilibration of 1,9- and 7,8-C,,H, has allowed the relative free energy of these isomers 
to be measured. These "simplest hydrocarbon derivatives of C,," are formed by hydro- 
boration of C,, at room temperature. Analysis of the platinum-catalyzed equilibration of 
these isomers yielded a relative free energy at 295 kelvin of 1.4 a 0.2 kilocalories per mole, 
with the 1,9 isomer being more stable. This value is in excellent agreement with the ab initio 
HFl6-31 G* calculated energy difference of 1.3 kilocalories per mole, whereas semiem- 
pirical calculations gave poor agreement. 

Questions concerning the regiochemistry 
of both the kinetic and thermodynamic 
products of addition to C6, and C7, are 
highly relevant to the chemical modifica- 
tion of fullerenes for applications ranging 
from pharmaceuticals to materials science. 
Regioselective addition of "XY" across a 
"double" bond (across a 6,6-ring fusion 
bond) is a general feature of addition to 
fullerenes (I).  In C7,, 1,2-addition to the 
two 6,6-ring fusion bonds closest to the 
poles of this molecule yields the lowest 
energy products by both theory and exper- 
iment ( 2 4 ) .  However, the relative impor- 
tance of thermodvnamic and kinetic effects 
on the product distribution has not been 
determined. We report here the synthesis, 
isolation, and equilibration of 1,9- and 
7,8-C7,H2 (Fig. I) ,  from which we have 
obtained the difference in the free energy, 
AG, between the two species. The experi- 
mental value is in excellent agreement with 
the energy difference obtained from high- 
level ab initio computations. 

A full description of these computa- 
tional results has been reported (2). Ge- 
ometry optimizations of C7, and all 143 
distinct isomers of C7,H2 (5) using the 
semiempirical MNDO Hamiltonian were 
performed with the MOPAC program and 
PM3 parameters (6). The four lowest en- 
ergy isomers of C7,H2 were then chosen as 
candidates for further investigation with 
ab initio methods within the GAUSSIAN 
92 series of programs (7). Complete geom- 
etry optimizations were performed at the 
Hartree-Fock (HF) level with the 3-21G 
and 6-31G* basis sets, the latter con- 
taining one set of spherical harmonic d 
functions on each carbon. A summary of 
the results, including those from a previ- 
ous MNDO/AMl study ( 3 ) ,  is given in 
Table 1. 

Products resulting from 1,2-addition of 
Hz to 6,6-ring fusions and from 1,4-addi- 
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tion across 6-rings are calculated to be 
lowest in energy at all levels of theory for 
both C7, and C6,. In C7,, four products 
may result from 1,2-addition to 6,6-ring 
fusions and six products may result from 
l,+addition across a 6-ring. All levels of 
theory used here predict that the two lowest 
energy isomers of C7,H2 are products of 
1,2-addition to 6,6-ring fusions. The 7,8 
isomer is the lowest energy isomer in the 
semiempirical treatments. However, this 
ordering is reversed at ab initio levels: the 
1,9-C,,H2 isomer is favored by 1.3 kcallmol 
over the 7,8 isomer at the most rigorous 
level of calculation. 

The product mixture that results from 
the reaction of two equivalents of BH, [ I  M 
in tetrahydrofuran (THF)] with C7, in tol- 
uene (0.5 mglml) at 22" to 25OC for l hour 
and hydrolysis with water (8) contains a 1:2 
mixture of 7,8- and 1,9-C7,H2 in 20% 
overall yield (9). The order of elution on a 
Buckyclutcher I stationary phase (10) with 
a 60:40 to1uene:hexane isocratic mobile 
phase is C6, (impurity), C7,j 7,8-C7,H2, 
and 1,9-C7,H2. Minor, uncharacterized 
products are also observed at longer elution 
times. Isolation, concentration, and resep- 
aration of the C7,H2 products has led to 
pure samples of each isomer. The high- 
resolution fast atom bombardment mass 
spectrum (FAB MS) of these compounds 
confirmed the assignment of the molecular 
formula (11). ~, 

The 'H nuclear magnetic resonance 
(NMR) spectrum of the first-eluting isomer 
in toluene-d, consists of a singlet at 6 3.91 

ing C7,HD isomer formed by hydrolysis of 
the intermediate organoborane with D 2 0  
shows a 3.JHD of 2.3 -f 0.2 Hz and a small 
upfield isotope shift ,AH(D) of 8.4 ppb, 
consistent with vicinal eauivalent hvdro- 
gens. Of the possible products resuZlting 
from addition to 6,6-ring fusions, only the 
7,8-, 21,22-, and 23,24-C7,H2 isomers 
would have spectra consistent with these 
data. The significantly lower heat of forma- 
tion calculated at the MNDO level for the 
7,8 isomer led to the final structure assign- 
ment (13). 

The 'H NMR spectrum of the second- 
eluting isomer in toluene-d8 consists of an 
AB quartet centered at S 4.00 ppm (12). 
Simulation of the spectrum leads to a (v, - 
vB) of 204 Hz and a ,IHH of 16.1 HZ (14). 
The spectrum of the corresponding C7,HD 
isomer also shows a 3.JHD of 2.2 -t- 0.2 Hz 
and a small uofield isotooe shift 3AHiD) of . , 

7.8 ppb, all consistent with vicinal, non- 
equivalent hydrogens. Only the 1,9 struc- 
ture can be assigned to this product on the 
basis of calculated heats of formation. 

The 7,8 and 1,9 isomers do not inter- 
convert on standing at room temperature in 
solution for several weeks, or on heating to 

Fig. 1. Structure of 7,8-C,,H,, including the 
labeling scheme (4).  The 1 and 9 carbons are 
shaded to indicate the positions of hydrogen 
addition in the 1,9 isomer. Note that the 21,42 
isomer, which has the third lowest calculated 
heat of formation (but which is not detected), 

ppm (12).  he spectrum of the correspond- spans the equatorial layer. 

Table 1. Relative energies (kilocalories per mole) for the four lowest energy dihydride isomers of 
C,,, based on fully optimized geometries at each level of theory. The measured relative energy for 
the 7,8 isomer in toluene is 1.4 2 0.2 kcallmol. 

Isomer MNDOlAMl (3) MNDOIPM3 HFI3-21 G HFl6-31 G* 
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Fig. 2. Ultraviolet-visible 
spectra of C,, and both 
C,,H, isomers recorded 
on an HPLC photodiode 
array detector in 60:40 tol- - 
uene:hexane. Relative in- 
tensities do not imwlv rela- 
tive molar absorptiliiies 
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100°C for 1 hour, although minor decom- 
position to C70 was noted. The 7,8 product 
is qualitatively less stable toward decompo- 
sition than the 1,9 isomer, but both are 
indefinitely stable in toluene or hexane at 
-20°C. Both com~ounds are more sensi- 
tive toward the combination of light and air 
than is the only observed isomer of C60H2. 
Infrared spectra of the C70H2 compounds 
are com~lex, but their electronic sDectra . , 

(Fig. 2) show significant features that may 
be characteristic of the addition pattern to 
the C70 cage and therefore useful in future 
structural assignments. 

Conversion of pure 7,8-C70H2 to a mix- 
ture of 7,8- and 1,9-C7,H2 (isomerization) 
and C70 (decomposition) was accomplished 
at room temperature in toluene over a 
platinum-on-silica catalyst (1 5) .  The com- 
position of the mixture versus time ob- 
tained by high-performance liquid chroma- 
tography (HPLC) with detection at 340 nm 
is shown in Fig. 3. If the kinetic scheme 
given by 

accurately describes the dominant chemical 
reactions, it should be possible to obtain 
values for all four rate constants which lead 
to time-dependent concentration curves 
consistent with the experimental data. By 
letting A, B, and C represent the fractional 
composition of 7,8-C7,H2, 1,9-C70H2, and 
C70, respectively, simple kinetic analysis 
gives 

Trial curves (not shown) drawn through 
the data show that the derivative of curve 
C(dC,,/dt) drops slowly and smoothly with 
time. Because this derivative depends only 
on the two rate constants k2 and k3, esti- 
mates of the derivative at several times (k, 
is directly available from the initial slope) 
together with estimates of A and B from the 
trial curves allowed initial estimates of both 
k2 and k,. In a similar fashion, the derived 
value of k2 and estimated derivatives of the 
trial B curve at several different times al- 
lowed initial estimates of k,  and k-,. Nu- 
merical methods were then used to generate 
theoretical concentration curves, and the 
parameters were optimized to arrive at both 
the optimum fit and error estimates. The 
results are k l  = 0.0165 + 0.0015 hour-', 
k-, = 0.0015 + 0.0004 hour-', k, = 
0.00166 + 0.0002 hour-', and k3 = 
0.0035 + 0.0005 hour-'. 

The high quality of the numerical fits 
(Fig. 3) indicates that the proposed kinetic 
scheme is consistent with the experimental 
results. The equilibrium constant (kl/k-,) 
calculated from these parameters is 11 2 2, 
which yields a AG2,, = - 1.9 + 0.1 kcall 
mol. Consideration of possible sources of 
systematic error, for example, from the 
approximation of equal molar absorptivities 
for all three species (16), leads to a larger 
error estimate in the AG,,, than is required 
by the fit to the data. Therefore, a conser- 
vative estimate of the free energy difference 
between the 1,9 and 7,8 isomers is AG2,, = 
1.4 + 0.2 kcallmol, with the 1,9 isomer 
lying lower in energy. This value is in 
excellent agreement with the energy differ- 
ence of 1.3 kcal/mol obtained from the ab 
initio HFl6-3 lG* calculations. 

We note that MNDO calculations are 
neither qualitatively nor quantitatively in 
agreement with experiment and should 
only be used with extreme caution in 
fullerene studies involving small energy dif- 
ferences (1 7). The C70 dihydrides, which 

Time (hours) 

Fig. 3. Equilibration (and decomposition to C,,) 
of 7,B-C7,H2 and 1 ,9-C7,H2 over a platinum-on- 
silica catalyst. The symbols represent the ex- 
perimental data, and the curves are the optimal 
numerical fits that were calculated on the basis 
of the proposed kinetic scheme. 

are the "simplest hydrocarbon derivatives of 
C70," have provided fundamental kinetic 
data and initial thermodynamic informa- 
tion about addition to the fullerenes. 
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A Mass Spectrometric Solution to the Address 
Problem of Combinatorial Libraries 
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The molecular weights of femtomole quantities of small peptides attached to polystyrene 
beads have been determined with imaging time-of-flight secondary ion mass spectrometry. 
The analysis is made possible by the selective clipping of the bond linking the peptide to 
a bead with trifluoroacetic acid vapor before the secondary ion mass spectrometry assay. 
The approach can be applied to large numbers of 30- to 60-micrometer polystyrene beads 
for the direct characterization of massive combinatorial libraries. 

Combinatorial synthetic methods, which 
entail a series of chemical steps with mul- 
tiple reagent choices for each step, can 
provide large repertoires of compounds with 
extensive molecular variation (1 -8). Col- 

\ ,  

lections or libraries containing more than a 
million members have been created 
through synthesis on solid supports such as 
Merrifield beads (5, 7). The chemical iden- 
tity of an oligonucleotide or peptide at- 
tached to a single bead can often be eluci- 
dated by microsequencing methods. For 
other families of compounds, the problem 
of identification has been solved bv the 
attachment of tag molecules to the bead, 
thus encoding a history of the chemical 
operations. In the first of two recent exam- 
ples, an oligonucleotide was cosynthesized 
alternating with each reagent addition. The 
resulting deoxynucleotide strand was then 
amplified and sequenced to determine the 
identity of the compound attached to the 
support bead (8). In the second example, a 
set of tagging molecules that encode a 
given reagent added in that step was at- 
tached to the supporting bead, and the 
Drocess was re~eated with additional sets 

tion of tags attached to a single supporting 
bead was liberated chemically and then 
identified by electron capture, capillary 
gas chromatography (9). 

In this report, we propose a direct mass 
spectrometric assay that is generally appli- 
cable to the identification of the chemical 
nature of the compound on a single sup- 
porting bead in a large combinatorial li- 
brary. This method does not depend on the 
synthesis of a tagging molecule or the at- 
tachment of sets of tagging molecules after 
each chemical separation. Although we 
illustrate the method for trimer peptides, 
the assay should ultimately prove useful in 
identifying a variety of pharmaceutically 
active agents. 

We use imaging time-of-flight secondary 
ion mass spectrometry (TOF-SIMS) to 
identify the molecular weights of molecules 
bound to polystyrene bead surfaces (Fig. 1). 
This technology is potentially suited to 
such a problem (10, 11) because (i) molec- 
ular ions from a wide variety of precursors 
may be desorbed intact (12, 13); (ii) the 
parallel detection and high mass resolution 
associated with TOF detection ~rovide a 
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kind proposed is obviously necessary. For 
example, a 40-p,m sphere covered with one 
layer of Phe will only have 50 fmol of 
surface molecules available for sampling. 

To test the feasibility of this approach, 
we examined the TOF-SIMS spectrum of a 
40-p,m polystyrene bead coated with about 
one molecular layer of Phe. This sample 
exhibits large peaks at mass-to-charge ratios 
(mlz) of 120 (M-CO,H)+, 166 (M + H)+,  
188 (M + Na)+, and210 (M-H + Na2)+ 
(Fig. 2A). Other peaks characteristic of 
bulk polystyrene (15) and Cu are also as- 
signable. Phenylalanine was deposited on 
the bead by a simple physisorption proce- 
dure whereby the bead was immersed in a 

M methanol solution of Phe, removed 
after several minutes, allowed to air-dry, 
and then placed on a Cu surface for analy- 
sis. For these measurements, the dose of 
incident 25-keV Ga+ ions was controlled 
by limiting the sample exposure to 200,000 
pulses (20 ns in duration each) of a 500-pA 
current. This exposure corresponds to lo7 
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Fig. 1. Schematic diagram of the TOF-SIMS 
apparatus. Gallium ions from a liquid metal ion 
source (LMIG) are accelerated to 25 kV and are 

bf tagging moiecules added during subse- lo4- to lo6-fold improvement in s'ensitivity Onto the sample with a 'pot size Of 
-1 50 nm. The beam is pulsed by rapid electri- quent reagent addition steps. The collec- over scanning mass spectrometric methods cal deflection through an aperture typically for 

and (iii) the primary beam may be -20 ns, Molecular ions sputtered from the 
Department of Chemistry, Pennsylvania State Univer- focused a size nm, that sample are extracted through a field of 7.2 kV 
sity, 152 Davev Laboratow, University Park, PA 16802, the c~ncentration of molecules can be into a 2-m reflectron TOF analvzer, Ions are 
USA mapped over small spatial domains (10, counted at a channel plate detector and pro- 
*To whom correspondence should be addressed 11). Extreme sensitivity for an assay of the cessed by an online computer 
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