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Figure 1. Thermally induced strand cleavage of double-stranded DNA
(SV40 DNA fragment, nucleotide no. 138-5238, clone w794) after 24-h
incubazion of agent-DNA at 4 °C followed by removal of unbound agent
and 30-min warming at 100 °C, gel electrophoresis, and autoradiography.
Lanes 1-4. Sanger G, C, A, and T sequencing reactions; lanes 5-8,
(+)-CI-CDPI, [(5.6 X 107%) - (5.6 X 1077 M)]; lanes 9-12, (+)-CPI-
CDPI, [(5.6 X 107%) = (5.6 X 10°® M)]; lanes 13-16, (+)-CBI-CDPI,
[(5.6 X 107%) = (5.6 X 10* M)]: lane 17, control DNA. The origin of
the double bands observed for a single adenine N-3 alkylation with
5’-end-labeled double-stranded DNA has been detailed elsewhere (ref 5
and 6).

The resultant DNA was treated with the agents at 4 or 37 °C
(24 h) at a range of concentrations. Removal of the unreacted
agent through ethanol precipitation of the DNA, redissolution
of the alkylated DNA in aqueous buffer, thermally induced
cleavage of the DNA at the sites of alkylation (100 °C, 30 min),>
gel electrophoresis of the resultant DNA alongside Sanger di-
deoxynucleotide sequencing reactions, and subsequent autora-
diography revealed the agent sites of alkylation and their relative
intensities, Figure 1.5 As illustrated in Figure 1, the most stable
and least reactive agent [(+)-4] exhibits the most intense DNA
alkylation at 4 °C, and the exceptionally reactive agent [(+)-2]
exhibits the least intense DNA alkylation. Thus, an inverse (versus
direct) relationship between the intensity of DNA alkylation and
the chemical solvolytic reactivity of the agents was observed. In
addition, the most reactive agent [(+)-2] exhibits slightly less
selectivity among the available alkylation sites than (+)-4 or (+)-3.
As detailed elsewhere, this more selective and productive covalent
modification of DNA by the more stable agent presumably arises
in part from the enhanced agent availability (stability, selectiv-
ity).'®* However, when the DNA alkylation reactions were taken
to >90% completion (37 °C, 24 h) under conditions where excess
DNA was present and the alkylation would be expected to follow
first-order kinetics with respect to the agent concentration
(1077-10"® M agent), each of the three agents exhibited a com-
parably intense DNA alkylation, Table I. Under such conditions
where the agents are effectively sequestered by double-stranded
DNA, ' the results suggest that the nonproductive solvolysis*® and
alkylation selectivity differences account for only part of the
distinctions in the observed DNA alkylation intensity at 4 °C.
In particular, the comparisons of (+)-4 and (+)-3 made at 4 °C
(24 h)? additionally reflect the relative rates of DNA alkylation

(19) Dervan, P. B.; Baker, B. F. J. Am. Chem. Soc. 1989, 111, 2700.

(20) Both 3 and 4 are stable to the conditions of assay in the absence of
double-stranded DNA while 2 is of limited stability. In the case of 3 and 4,
the adenine N-3 alkylation has been shown to account for 285-95% of the
consumption of the agent in the presence of double-stranded DNA.

by the two agents, which follow the unexpected order'® of
(+)-CBI-CDPI, > (+)-CPI-CDPI,, Table I. The precise origin
of this relationship and its generality are under investigation.?!

Although limited to the three classes of agents presently
available for comparison,'” the inverse correlation between the
cytotoxic potency of the agents and the solvolytic reactivity of the
cyclopropane suggests that the direct relationship between the
agent stability and cytotoxic activity may constitute a relevant
feature in the further design of functional analogues, Table I.
Potentially contributing to the distinctions in the properties of the
agents examined herein'” may be the unexpected observation of
the more rapid (rate), more discriminate (selectivity), and more
productive (intensity) DNA alkylation by the more stable agent.
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(21) Other agent properties may correlate with the DNA alkylation in-
tensity. Such correlations are under examination.
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The success in the preparation of the fullerenes'™® and the
confirmation*s of the theoretical prediction® that Cg, is a relatively
clectronegative molecule prompted us to prepare the first fulleride
salt and evaluate its condensed matter properties. Here we report
on electron spin resonance and transport properties.

Samples of the pure fullerene Cg were obtained as described
previously.> We discovered five interesting features:

1. Upon bulk electrolysis, fullerene Cgy deposits the Cgy™
Ph,P*-(Ph,PCl), salt as a microcrystalline powder’ at a platinum

(1) Kriitschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R.
Nature 1990, 347, 354,

(2) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W. J. Chem.
Soc., Chem. Commun. 1990, 1423,

(3) Ajie, H.; Alvarez, M. M.; Anz, S. J.; Beck, R. D.; Diederich, F.;
Fostiropoulos, K.; Huffman, D. R.; Kritschmer, W.; Rubin, Y.; Schriver, K.
E.; Sensharma, D.; Whetten, R. L. J. Phys. Chem. 1990, 94, 8630.

(4) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.; Byrne, N.
E.; Flanagan, S.; Haley, M. M.; O'Brien, S. C.; Pan, C.; Xiao, Z.; Billups,
W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. L.; Wilson, L. J.; Curl,
R. F.; Smalley, R. E. J. Phys. Chem. 1990, 94, 8634.

(5) Allemand, P.-M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.; Al-
varez, M. M.; Anz, S. J.; Whetten, R. L. J. Am. Chem. Soc. 1990, 12, 1050.

(6) Haddon, R. C.; Brus. L. E.; Raghavachari, K. Chem. Phys. Lett. 1986,
125, 459,

(7) X-ray powder pattern determination indicates a pure, crystalline phase,
with a pattern that is unrelated to, and much simpler than, the powder pattern
of Ph,P*CI". Attempts to index and obtain unit cell parameters are in
progress.
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Figure 1. Electron spin resonace spectrum of Ceo™. The broad line (ca.
45 G) is the 300 K line; the narrow line is the same sample at 80 K. The
inset is the change in line width with temperature.

electrode.! Even though the results of elemental analysis® can
be reconciled better with the empirical formula shown above (or
HCg? "Ph,P*-(PhPCl),),'? the data could also correspond to a
trianionic compound Cg* 3-(Ph,P*);C¢H,Cl,; however, infrared
spectroscopy shows the absence of diagnostic C¢H4Cl, bands
(C¢H,Cl, = o-dichlorobenzene, the solvent of electrolysis) in a
sample of the Cy, tetraphenylphosphonium salt. Besides, the
observed atmosphere stability of our solid is more in accord with
a monoanion, which should be relatively stable;® the trianion
(C¢o" *) would be expected to be very reactive, particularly toward

(8) An H cell with a graphite anode and Pt cathode was employed; a
mixture of o-dichlorobenzene (2 X 10°* M C,) and Ph,PCl (0.7 M) was the
electrolyte. The current was 0.6 uA. Further details will be presented in a
separate publication. Exactly the same material can be prepared by chemical
reduction in the presence of excess Ph,PCl. Elemental anal. Calcd for
C,1,HgCLPy: C, 87.61; H, 3.32; Cl, 3.93; P, 5.14. Found: C, 87.54; H, 3.22;
Cl, 3.80; P, 5.15. Different samples were analyzed by two independent lab-
oratories (Galbraith and Spang) with the same result. IR (KBr, », cm™'; (*)
= frequency common to both Cg, and the salt, (¥) = frequency common to
both the salt and Ph,PCl): 1585 w, 1485 w, 1440*# 5, 1390 m, 1335 w, 1315
w, 1180 w, 1110# s, 1000# m, 755#% m, 725# s, 690# m, 575 w, 530*# s.
UV-vis (reflectance, Ay, nm): 260, 350, 460 br, 580 br increased absorption
above 800 nm, our spectrometer cuts off at 800 nm. UV-vis C (reflectance,
Amax» NM): 260, 350, 500 br, 625, 675.

(9) ESR spectra of powdered [C4Ph,P(Ph,PCl),] (1.0 mg) were recorded
with a Bruker ER200D-SRC operating at the X band (9.6 GHz) with 100-
kHz modulation and equipped with an Air Product LTD-3-110 variable
temperature cryostat. While a ruby was used as intensity standard for the
temperature dependence of the ESR signal, the spin concentration at room
temperature was determined vs solid DPPH and g values were also determined
relative to DPPH. Observation of a larger than the spin-only calculated
magnetic susceptibility value is not unprecedented in the case of transition-
metal salts (West, A. R. Solid State Chemistry and its Applications, Wiley:
New York, 1984; Chapter 16). There was a barely significant change in g
value when it was determined both at room temperature (1.9991) and at ~96
K (1.9978). Powdered samples were placed in a Delrin bucket whose
magnetization was measured (SQUID magnetometer SHE 200 using a field
of 10 kG) over the entire temperature range and subtracted from the total
magnetization; Cgo, Xgia = =259 X 107 emu/mol. There appears to be an
anomaly at ~50 K which is much larger than expected from oxygen con-
tamination. More data in this region is being collected to establish if it is due
to a phase transition.

(10) A plausible approach to obtain higher than the theoretical C = 0.375
spin value is to invoke HCg?* "Ph,P*+(Ph,PCl), as the formula of the salt. In
fact, the calculated values for the elemental analysis® give an even closer fit
with the experimentally found values® However, analogous treatment of the
data assuming two independent !/, electrons per molecule and MW = 1809
gives C = 0.750, which is now 0.25 above the experimentally found value. On
the other hand, the same equation yields C = | for MW = 3616 (~2 X 1809),
implying a triplet (S = 1) dimer. However, a triplet dimer would require
Ce*Ce” in order to maintain electroneutrality and stoichiometry. There are
two results of cyclic voltammetry mitigating against this formulation: (a) the
disproportionation (2Cg” = Cgq + Cgo*") would be highly endothermic, and
(b) Cg* is formed at ~—0.8 V vs Ag/AgCl, making it highly reactive toward
oxygen and moisture.
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Figure 2. The reciprocal of the spin magnetic susceptibility of fullerene
Cgo as a function of temperature. The width of the data points does not
reflect the experimental error.

atmospheric oxygen and moisture due to its relatively high re-
duction potential (E}/? = -1.21 V vs Ag/AgCl).}

2. The solid-state electron spin resonance signal at 300 K is
a 45-G, symmetric line with g = 1.9991 (£0.0002), to be con-
trasted with the typical, free-electron value of 2.0023.

3. There is a dramatic temperature effect on the line width,
as shown in Figure 1.

4. The temperature dependence of the signal intensity (spin
susceptibility) follows the Curie-Weiss law,? as shown in Figure
2. Careful integration of the signal at 300 K and comparison
with DPPH (diphenylpicrylhydrazyl) gives 1.5 S = !/, spins per
Ceo, @ value corroborated by static magnetic susceptibility mea-
surements in the temperature range 300-150K; 0 = 0and C =
xpT = 0.5. Since

C = xT = Ng2ug®S(S + 1) /3kg

for our sample mass of 14.5 mg, C = 0.125g25(S + 1); if g = 2,
then C = 0.375 for 1 paramagnetic center with S = !/, per
molecule, yet the experimental value is 0.5.1° The origin of the
~0.5 “excess spin” is unknown at this stage.'® The unusual g value
is consistent with the high degree of degeneracy of the LUMO®
and the results of photophysics studies.!!

5. Samples of Cgy'~Ph,P*(Ph PCl), salt, in the form of a
pressed pellet, exhibit room temperature conductivities in the range
of 1071077 S em™!.

In conclusion, we discovered that Cg, can be reduced to a stable
radical anion salt that is a semiconductor. The most unusual
feature is the highly shifted g value of the ESR line, into the range
usually observed in transition-metal and rare-earth compounds,
This could be due to a large spin—orbit coupling resulting from
the electronic structure (triply degenerate LUMO) of the fullerene.
Another unusual feature is the dramatic decrease in ESR line
width with temperature in the range 300-81 K. A possible ex-
planation is a combination of motional narrowing!? and an increase
in intermolecular hopping with decreasing temperature and ex-
change narrowing by the same process; further experiments are
necessary to better understand this phenomenon.

Other fullerene salts as well as covalent derivatives are being
prepared, and their properties will be reported in due course.
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(11) Arbogast, J. W.; Darmanyan, A. P.; Foote, C. S.; Diederich, F. N.;
Whetten, R. L.; Rubin, Y. J. Phys. Chem., in press. These authors found a
very short triplet lifetime and a small singlet-triplet splitting, implying a large
spin—orbit component.

(12) Molecular rotation and/or oscillation at room temperature is possible,
if the salt behaves like neutral Cg.!! As the temperature is lowered, the
rotations and/or oscillations may slow down, and the intermolecular distances
will decrease, making an increase in the intermolecular interactions and
electron exchange (with concomitant line narrowing) possible.

(13) Tycko, R.; Haddon, R. C; Glarum, S. H.; Douglass, D. C.; Dabbagh,
G.; Mujsce, A. M. J. Phys. Chem., in press.



