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Abstract: Two electrochemical oxidation waves assigned to the Ds, isomer of ScsN@Cgo have been
identified, and a 270-mV difference in the first electrochemical oxidation potentials of the I, and Ds, isomers
has been measured. On the basis of this oxidative potential difference, a strategy for isomeric purification
involving a selective chemical oxidation of the Ds, isomer is reported. Variable scan cyclic voltammetry of
the resultingly pure ScsN@Csgo /n isomer shows evidence of a rapid endohedral chemical reaction following
the first reduction process.

Introduction trons) on the carbon cage, forming an electronically closed-

Among the rather large family of endohedral metallof- sh_eII ground state. A more recent artick_a has revealed the
ullerenes, the trimetallic nitride-containing fullerenes are unique €Xistence of another isomer of 8@ Cgo.*° This Ds, symmetry
because of their heteroatomic endohedral clusters. Because ofSomer was less abundant, constituting approximately 10% of
their interesting electronic and structural properties, these the entire fullerene sample.
molecules have been proposed as promising candidates for MRl |n 2004, Krause and Dunsch reported the first separation of
contrast agents,® radiopharmaceuticafs® and electronic  two isomers of S§N@Cso, which they identified as having,
components.The prototype of the family, SN@GCeq, was first  andDy, symmetryl6 The Dsy isomer in this study was also found
synt.hesized in 1999 Although the icosohedralro isomer of to be the minor component{L5—20%), eluting just after the
Cgo is known to be the least thermodynamically stable of the I isomer as a shoulder on the more prominent HPLC peak.

seven possible empty-cage constitutional isomers due 10 itStyg jsomeric separation was achieved using a linear combination
open-shell electronic ground stéfehe pror_mnent cage ISomer ¢ g analytical HPLC columns, and the isolated isomers were
of SEN@Cyo was found to bdy. Calculations had predicted studied using various spectroscopic methods. Thhigaction

that the |cp§ohedrgl isomer of emptygds greatly stab|!|zed was also examined by cyclic voltammetry (CV), revealing two
by the addition of six electrorig,and subsequent calculatiotal ; _ ) L
_ quasi-reversible reductions and one oxidation.

and experimentét studies revealed that the endohedral scan
dium nitride cluster formally transfers six electrons to the 4-fold  In this article, a technique for separating the two isomers of
degenerate HOMO (originally containing two unpaired elec- SaN@GCgo by selective chemical oxidation of tHas, isomer

is reported. From an isomeric mixture, this method yields pure
icosohedral SIN@ Gy after a single oxidative step and can be
(2) Wilson, L. J.; Cagle, D. W.; Thrash, T. P.; Kennel, S. J.; Mirzadeh, S.; scaled to any amount. Although both selective electrochemical
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Figure 1. HPLC chromatograms of (a) as-receiveg!$@GC, (n = 39,
40) from Luna, (b) the first major fraction, and (c) the isomeric mixture of
SaN@GCgo. The insets show the MALDI-TOF mass spectrum of the two
chromatographically pure fractions.

Results and Discussion

HPLC analysis of SIN@GC,n (n = 39, 40) samples obtained
from Luna Innovations, Inc. showed three prominent peaks

(Figure 1). HPLC chromatographic separation and subsequent

MALDI-TOF MS analysis revealed that the first peak was
SaN@C;s, and the third largest peak wassS@GCgo. In the
isomer separation process described by Krause and Dunsch, tw:
consecutive analytical Buckyprep columns were utilized, and
both thel,, andDsy, isomers were observable by HPLC, thg,

as a trailing shoulder on the larges peak. The HPLC
experiments described here were carried out with a Bucky-
clutcher semipreparative column, which did not allow the
separation of the two isomers chromatographically. The largest
peak, corresponding to the St@Cgo isomer mixture, was
isolated by HPLC using the Buckyclutcher column (Figure 1c),
thus eliminating S{N@C;s and the middle peak observed in
Figure 1la. The identity of this middle peak remains unknown
at the present time.

Cyclic voltammetry of the chromatographically pure@ Gso
fraction (presumably containing both and Ds, isomers) was
performed ino-dichlorobenzene (Figure 2). At normal scan rates,
the reductive waves of the voltammogram were chemically
irreversible, unlike the voltammetry reported by Krause and
Dunsch. In addition, the oxidative side of the;N@&GCgso
voltammogram contained two additional smaller waves: the
first, 270 mV less positive, and the second, 80 mV more positive
than the one previously reported for thieendohedral isomé#.
Since MALDI-TOF showed only a single mass for this
chromatographically pure sample, we posited that the smaller
oxidation waves, having relative intensities of approximately
1:3, were caused by the less abundBgt isomer present in
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(0]

example, theC,, and D3 isomers of Gg were found to have
first and second oxidation potentials 250 and 260 mV apart with
peak intensities of 5:1, in agreement with the experimentally
determined isomeric rati®. The less abundant/gD3 isomer
was easier to oxidize than the mafoy, isomer?! in agreement
with calculated HOMG-LUMO energies? Four different
isomers of (g4 have also been shown to exhibit first oxidations
at various potentials, although with a much lower spread-(20
50 mV potential difference}® Additional evidence for the
tentative SeN@ Cso Dsn assignment is provided by a theoretical
study by Nakao et al., who calculated a much smaller HGMO
LUMO gap for the Ds, isomer of G than for thely
hexaanior?* From the lowest energetic absorptions of NIR
experimental data, Krause and Dunsch also assigned a lower
optical gap energy to thBs, isomer of SeN@ Cgo.16

Although the Buckyclutcher HPLC column could not resolve
the two SeN@GCgo isomers, their different electrochemical
behavior suggested an alternate separation technique based on
their oxidative reactivity differences. Since the first oxidation
wave in the SgN@GCgo voltammogram was considerably less
positive than the potential of the first icosohedral oxidation
(Figure 2), a suitable chemical oxidant with an oxidation
potential falling between the first two oxidation waves was
selected. Reacting the isomeric mixture with this oxidant should
preferentially oxidize théDs, isomer and enable a separation
based on charge. The oxidant used waspg+ispmophenyl)-
aminium hexachloroantimonate (TPBAH). This cation radical
salt has an oxidation potential between the first oxidations of
the In and Ds, isomers and is soluble in-dichlorobenzene.
Reacting TPBAH in a 2:1 excess with thesS@ Cgo isomer

(19) Yang, Y.; Arias, F.; Echegoyen, L.; Chibante, L. P. F.; Flanagan, S.;
Robertson, A.; Wilson, L. 1J. Am. Chem. Sod.995 117, 7801.

(20) Diederich, F.; Whetten, R. lAcc. Chem. Red992 25, 119.

(21) Boudon, C.; Gisselbrecht, J.; Gross, M.; Herrmann, AttiRann, M.;
Crassous, J.; Cardullo, F.; Echegoyen, L.; Diedericld, Rm. Chem. Soc.
1998 120, 7860.

(22) Colt, J. R.; Scuseria, G. H. Phys. Chem1992 96, 10265.

(23) Azamar-Barrios, J. A.; Dennis, T. J. S.; Sadhukan, S.; Shinohara, H.;
Scuseria, G. E.; Pecaud, A.J. Phys. Chem. 2001, 105 4627.

(24) Nakao, K.; Kurita, N.; Fujita, MPhys. Re. B 1994 49, 11415.
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Figure 3. OSWV of (a) theln andDsy SGN@Ggo isomer mixture, (b) the 4000 mV/s. The two separate voltammograms are not shown to scale.

oxidation wave of the neutral amine oxidant precursor, and (c) pure
icosohedral SIN@ Cgo.

mixture in solution, previously separated fromsS& C;g by 2
HPLC, followed by deposition of the reaction mixture onto the
top of a silica column resulted in the quantitative removal of
Dsp (SGN@Cgo)*™. The unoxidized, isomer was separated from
the trisp-bromophenyl)amine by elution with GSwhile the
cation radical of th®s, isomer remained adsorbed on the silica.
Any excess unreacted oxidation agent was also adsorbed. After
the separation, MALDI-TOF showed a parent peak indicative
of SaGN@GCso, and Osteryoung square wave voltammetry
(OSWV) clearly showed the absence of the two oxidations
previously assigned to tHes, isomer (Figure 3). Further work
is in progress to attempt the recovery of g isomer as well.
After separation of thedy, isomer from theDs, SaN@ Cgo
and from SeN@GCs, it was still evident that its reductive
electrochemistry remained irreversible. In an effort to address ———r—r——7
this distinct irreversibility, attention was focused on the first 04 08 42 6 20 24
reduction wave. At a scan rate of 100 mV/s, the first reduction Potential / Vvs.Fc/Fc'
is irreversible, with a broad and anodically shifted reoxidation. r;e 5. Cv of the reductions of pure icosohedralB@Cs at scan
Our platinum disk working electrode was exchanged for both rates of (a) 100 mV/s, and (b) 6 V/s (1), 10 V/s (2), and 20 V/s (3). The
gold and glassy carbon working electrodes with no resulting different scan rates for each reduction reflect the speed necessary for
change in the appearance of the first reduction wave, suggestingtceving full electrochemical reversibility.
that the observations are not due to surface adsorption/taple 1. Electrochemical Redox Potentials, V versus Fc/Fct
desorption. Changing the $¢@ Cgo solution concentration also ~ (ODCB)

Current/ a.u.

made no difference in the electrochemical reversibility. To probe [z =2 Fon- Er-re- B
the.kinetics of the first anion formation, cyclic voltammetry at ~ sen@cy (1) 1.09 059 -126 -162 —237
various scan rates was performed. Scan rates slower than 100 SaN@GCso (In)? 062 —124 -1.62

mV did not significantly change the appearance of the first Ceo 133 -115 -155 —201

reduction wave, but increasing the scan rate incrementally
caused it to become more chemically reversible. Figure 4 shows
the scan rate dependence on the reversibility of the first reductionTable 1 shows the measured oxidation and reduction potentials
wave. At extremely high scan rates, the anodically shifted of SGN@Cgin ODCB, along with those of Krause and Dunsch
reoxidation disappears, and the first reduction wave becomesand of Go for comparison. Increased reversibility of the
reversible. In fact, if the potential window accessible on the reductive waves at comparatively lower scan rates was also
reductive side of the electrochemistry is scanned fast enough,achieved by cooling the solution from room temperature 10

all the small features disappear, and three reversible waves with°C. This scan rate- and temperature-dependent behavior is clear
spacing suggestive of a nondegenerate LUMO and accessiblesvidence that the electrochemical reduction is followed by a
LUMO++1 constitute the reductive voltammogram (Figure 5). rapid chemical reaction (EC mechanism). If the anions formed
(The two oxidations of th&, isomer, unlike the reductive waves, by electrochemical reduction can be reoxidized quickly enough,
were both quasi-reversible at a normal 100 mV/s scan rate.)the following chemical reaction is inhibited, and the electro-

a2 Reference 16.
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chemistry becomes reversible. This “freezing” of the chemical Experimental Section
reaction upon reduction can be achieved by either fast scans or . . . .
HPLC purity analyses and separations were carried out using a

low temperatures,_whlch SIPW th(_a reactlo_n klnetlcs_. ) Varian Pro Star model 320 and a semi-preparative 25<cft9.0 mm

All evidence points to this rapid chemical reaction having gyckyclutcher column. The eluent was toluene, and the flow rate was
an endohedral 0r|g|n It |S We”'knOWn that redUCtionS I’esu|tlng 4 mL/min. MALDI-TOF mass Spectra were collected using a Bruker
in electron spin on the outside fullerene surface, as occur for Omni Flex. All CV and OSWV experiments were carried out in a formal
most empty and endohedral fullerenes, are electrochemicallyone-compartment cell in a solution ofdichlorobenzene containing
and chemically reversible at normal scan rates. Of course, our0.1 M (-Bu).NPFs using a standard three electrode arrangement. A Pt
electrochemical experiments with$8t@ Cgo have shown drasti- ~ disk (1 mm) was used as the working electrode, a Pt wire as the
cally different behavior. Both calculatioffland experimental ~ auxiliary, and a Ag wire in a 0.01 M AgNZ0.1 M (t-Bu):NPFs CHs-
electron paramagnetic resonance (EP&dies of the SN@GCso CN s_,olutlon as the reference ele_ctrode. Ferrocene_was added to the
anion indicate that there is significant unpaired electron spin solution at the end of each experiment to act as an internal reference,

th dohedral cluster due to its | lect finit and all electrochemical potentials were referenced to its redox couple.
on the endohedral cluster due 1o 1ts large electron arinity. g,y electrolysis, each experiment was carried out in a two-

Though the anion radical in the published EPR study was ¢ompartment cell with platinum gauze working and counter electrodes.
generated chemically, we have also generated the anion in oUfager electrolysis, the solution was transferred to a quartz EPR tube,
lab via controlled potential bulk electrolysis and duplicated the and first-derivative X-band spectra were recorded using a Bruker EMX
published 22-line EPR hyperfine pattern indicative of unpaired spectrometer. The @Gy Solution concentrations ranged from 4
electron spin on three equivalent scandium atémspon x 104 to 8 x 10* M in all cases, and a CHI 660A potentiostat
reoxidation of the solution, we found the s8t@Cgo sample controlled by a PC was used for all electrochemical measurements.
unchanged, and we subsequently reused it for multiple elec- A typical chemical oxidative isomeric purification was carried out
trolysis experiments. Therefore, the electrochemical behavior as follows: Two milligrams of the isomeric mixture of Si@Cso was

of at least the first reduction, and possibly the rest of the dissolved |n{1m'L ob—dlchlorqbenzene.AZ:l molar excess (to ensure
accessible reductions, is caused by an as-yet-unidentified chang@ompIete oxidation of th®s, isomer) of TPBAH (Acros, 95%) was

in th t lectronic struct bondi fth doh added to the fullerene solution and swirled until completely dissolved.
In the geometry, electronic structure, or bonding of the endone- 1iq <51 tion was placed on top of a silica column and eluted with

dral.clgster, n_ot by an exohedral reaction. CS to separate the neutrg) isomer (brown, on solvent front) from
Itis interesting to speculate on the nature of the cluster changehe neutral reacted amine (colorless, just behind the fullerene band).
upon addition of an electron based on current knowledge of Any charged species, such as Bgisomer and the unreacted aminium
the SgN unit's behavior inside the & cage. Although both salt, remained at the top of the column. The fractions containing only
calculational studi&828and'®C NMR datd®point to unhindered ~ SaN@Cs were combined and evaporated. Typical yields were 50
cluster rotation in the neutral molecule at least on an NMR time 60 wt % and did not change with varying starting amounts of the
scale, solid spectroscopic evidence of cluster-cage bond formaJsomeric mixture.
tion on a much shorter vibrational time scale ex®#t§he
addition of an electron to the cluster could change the
electrostatic interaction between the cluster and the cage and, An isomeric separation process based on oxidation potential
thus, the rapid bonding that is characteristic of the neutral differences between thi and Dsn isomers of SIN@GCgo is
molecule. Another possibility is a reduction in the bond order reported. The process is quick and easy and can theoretically
of the cluster. Though EPR spectroscopy of the anion at room be scaled up to any amount. A variable scan rate CV study of
temperature has indicated equally shared electron spin on allthe SeN@GCgo isomer withl, symmetry was also carried out,
three scandium atoms, it is possible that 8t bonds are  revealing a rapid endohedral chemical reaction immediately
breaking and re-forming on a shorter time scale than can befollowing the first reduction of the molecule.
probed with this technique. Perhaps variable-temperature EPR
and Raman spectroscopic studies of thegN&®Cgp anion can
identify the type of reaction that our electrochemical study has
revealed. Such studies are currently underway in our lab.

Conclusions
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