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Abstract: A significant improvement in the selectivity of fullerene trifluoromethylation reactions was achieved.
Reaction of trifluoroiodomethane with [60]fullerene at 460 °C and [70]fullerene at 470 °C in a flow reactor
led to isolation of cold-zone-condensed mixtures of Ceo(CF3), and Cro(CF3s), compounds with narrow
composition ranges: 6 < n < 12 for Ceo(CF3), and 8 < n < 14 for Co(CF3),. The predominant products in
the Cgo reaction, an estimated 40+ mol % of the cold-zone condensate, were three isomers of Cso(CF3)10.
Two of these were purified by two-stage HPLC to 80+% isomeric purity. The third isomer was purified by
three-stage HPLC to 95% isomeric purity. Thirteen milligrams of this orange—brown com-
pound was isolated (5% overall yield based on Cgo), and its C;-symmetric structure was determined to be
1,3,7,10,14,17,23,28,31,40-Cso(CF3)10 by X-ray crystallography. The CF; groups are either meta or para
to one another on a p-m-p-p-p-m-p-m-p ribbon of edge-sharing Cs(CF3). hexagons (each pair of adjacent
hexagons shares a common CF3; group). The selectivity of the C;o reaction was even higher. The
predominant product was a single Co(CF3)10 isomer representing >40 mol % of the cold-zone condensate.
Single-stage HPLC led to the isolation of 12 mg of this brown compound in 95% isomeric purity (27%
overall yield based on converted C0). The new compounds were characterized by EI or Sg-MALDI mass
spectrometry and 2D-COSY °F NMR spectroscopy. The NMR data demonstrate that through-space coupling
via direct overlap of fluorine orbitals is the predominant contribution to Je values in these and most other
fullerene(CF3),, compounds.

Introduction has not yet been ascertained whether the reaction is under
) ) ) thermodynamic or kinetic control.

An important but synthetically challenging class of fullerene Accordingly, reaction conditions and purification schemes
derivatives are those in whighindependent substituents form leading to the isolation of three or fewer isomers of a given
ibonds t(lnn cage carbon atoms. Compclnunds S“Ch@?‘h@% h (fullerene)X, composition are rare, and syntheses that lead to
= H, F, Cl, Br, R, Ar, and/or ) are rarely prepared with high 2 yhigu0us characterization by single-crystal X-ray diffraction
yield andwith high compositional and isomeric purity. This is 56 te\ver still. As far as & derivatives are concerned, examples
especially true for syntheses that involve radical additions, which include Ce-CogBre, 34 Ca,-CooBria, > Th-CooBra 5 Cay-CooF16,57
are, in general, difficult to contrdi2 The situation is even more T-CooFas® C1-Cer;F369 UD3- and Ss-CooFas (leisorcjered solid
complicated with analogous derivatives of lower-symmetry .| vion in single crystals CegF150 (disordered}! Cs-TICqo
higher fullerenes. In addition to any useful and/or interesting

chemical or physical properties the products might have, their (3) Birkett, P. R.; Hitchcock, P. B.; Kroto, H. W.; Taylor, R.; Walton, D. R.
Nature 1992 357, 479-481.
importance includes what the product distributions in reaction (4) Troyanov, S. I Popov, A. A.; Denisenko, N. I.; Boltalina, O. V.; Sidorov,

mixtures reveal about fullerene reactivity patterns, even if it g li\‘ﬁKemnitZ’ E.Fullerenes NanotubesCarbon Nanostruct2003 11,
(5) Tebbe: F. N.; Harlow, R. L.; Chase, D. B.; Thorn, D. L.; Campbell, G. C.;

Calabrese, J. C.; Herron, N.; Young, R. J.; Wassermagciencel992
256, 822-825.

T Institute of Problems of Chemical Physics.

glgsltltut(é fosr Nanate_chno_logy. (6) Neretin, I. S.; Lyssenko, K. A.; Antipin, M. Y.; Slovokhotov, Y. L,;
. olorado State University. Boltalina, O. V.; Troshin, P. A.; Lukonin, A. Y.; Sidorov, L. N.; Taylor,
Freie UniversitaBerlin. R. Angew. Chemnt. Ed. 200Q 39, 3273-3276.
* Moscow State University. (7) Troyanov, S. |.; Boltalina, O. V.; Kuvychko, I. V.; Troshin, P. A.; Kemnitz,
(1) (a) Beckwith, A. L. JChem. Soc. Re1993 22, 143-151. (b) Colombani, E.; Hitchcock, P. B.; Taylor, Rrullerenes NanotubesCarbon Nanostruct.
D. Prog. Polym. Sci1999 24, 425-480. (c) Renaud, P.; Gerster, Mngew. 2002 10, 243-260.
Chem, Int. Ed. 1998 37, 2562-2579. (8) Hitchcock, P. B.; Taylor, RChem. Commur2002 2078-2079.
(2) Hirsch, A.; Brettreich, MFullerenes-Chemistry and ReactioniViley- (9) Avent, A. G.; Clare, B. W.; Hitchcock, P. B.; Kepert, D. L.; Taylor, R.
VCH: Weinheim, Germany, 2005. Chem. Commurk002 2370-2371.

8362 m J. AM. CHEM. SOC. 2005, 127, 8362—8375 10.1021/ja050305j CCC: $30.25 © 2005 American Chemical Society
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Phg,12 Cs-Cgo(9-fluorenyl),*21,6,9,18- and 1,6,11,18¢6&CH,-
Ph)4,14 C3U-C50F15(CBI’(COzEt)z)g,lS and C- and CsCeoF17CR3
(disordered solid solution in single crystal§)Ve have excluded
from this discussion the elegant and extensive work on
cycloadditions to fullerenes, which generate two (or four)
Ccage—X o0 bonds, not just one, for each independent X group
addec?

Progress has been particularly slow, for example, for chloro-
fullerenes, which are not amenable to routine NMR character-
ization and which fragment extensively under most mass
spectrometric conditions. However, even in the case of
fluorofullerenes and trifluoromethylfullerenes, for whiéf-
NMR spectroscopy has proven to be invaluable for structure
elucidation'®1°ambiguities can arise. The structurally character-
ized compound gaF17CF; was originally misidentified as §g-1s-

CF, based on itd°F NMR spectrunt® A more recent example
involves the structures of purifie@; isomers of Gy(CFs)4 and
Cso(CFs)s, Which were prepared using high-temperature re-
actions of Goand AgCRCO,.2124 On the basis of 2B% NMR

previously proposed structures for C4-Cgg(CF3)s

refs 21,22 refs 23-25

previously proposed structures for C4-Cgg(CF3)s

data and DFT calculations, we proposed the structures in Figure

1 having the CEgroups on ribbons of edge-sharingetaCes-
(CRs)2 or para-Ce¢(CFs), hexagongl?2 On the basis of an
analysis of 1°F coupling constants, Taylor and co-workers
proposed the structures in Figure 1 havingz;QGffoups on

refs 21,22 refs 23-25

contiguous cage carbon atoms (i.e., a series of 1,2 additions,rigure 1. Schiegel diagrams for the structures @fCeo(CFs)s and Ci-

with more than two Ck groups on some hexagons and
pentagons}324 They have also proposed that the majority of
Cro(CFs)n derivatives they have isolated containg@ffoups on
contiguous cage carbon atoR{g?>

We now report the high-temperature trifluoromethylation of
Cso and Go with gaseous CH. Among the products isolated
and characterized byF NMR spectroscopy is @;-symmetric
isomer of Go(CFs)10 that has been unambiguously characterized

(10) Troyanov, S. I.; Troshin, P. A.; Boltalina, O. V.; loffe, I. N.; Sidorov, L.
N.; Kemnitz, E.Angew. Chem.nt. Ed. 2001, 40, 2285-2287.

(11) Boltalina, O. V.; Troshin, P. A.; de La Vaissiere, B.; Fowler, P. W.; Sandall,
J. P. B.; Hitchcock, P. B.; Taylor, Chem. Commur200Q 1325-1326.

(12) Sawamura, M.; likura, H.; Nakamura, E. Am. Chem. Sod996 118
12850-12851.

(13) Murata, Y.; Shiro, M.; Komatsu, KI. Am. Chem. S0d.997, 119, 8117
8118

(14) Kadish, K.; Gao, X.; Van Caemelbecke, E.; Suenobu, T.; Fukuzundi, S.
Am. Chem. So200Q 122, 563-570.

(15) Wei, X.-W.; Darwish, A. D.; Boltalina, O. V.; Hitchcock, P. B.; Street, J.
M.; Taylor, R.Angew. Chemlnt. Ed. 2001, 40, 2989-2992.

(16) Boltalina, O. V.; Hitchcock, P. B.; Troshin, P. A.; Street, J. M.; Taylor, R.
J. Chem. SocPerkin Trans. 2200Q 2410-2414.

(17) Streletskiy, A. V.; Kouvitchko, I. V.; Esipov, S. E.; Boltalina, O. Rapid
Commun. Mass Spectros2001, 16, 99—102.

(18) Boltalina, O. V.; Strauss, S. H. Ibekker Encyclopedia of Nanoscience
and NanotechnologySchwarz, J. A., Contescu, C., Putyera, K., Eds.;
Marcel Dekker: New York, 2004; pp 11758.190.

(19) (a) Denisenko, N. I.; Troyanov, S. I.; Popov, A. A.; Kuvychko, I. V.; Zemva,
B.; Kemnitz, E.; Strauss, S. H.; Boltalina, O. ¥.Am. Chem. So2004
126, 1618-1619. (b) Goryunkov, A. A.; Markov, V. Y.; loffe, I. N,;
Sidorov, L. N.; Bolskar, R. D.; Diener, M. D.; Kuvychko, I. V.; Strauss,
S. H.; Boltalina, O. V.Angew. Chem.nt. Ed. 2004 43, 997—-1000. (c)
Boltalina, O. V.; Markov, V. Y.; Troshin, P. A.; Darwish, A. D.; Street, J.
M.; Taylor, R.Angew. Chemlnt. Ed. 2001, 40, 787—789.

(20) Avent, A. G.; Boltalina, O. V.; Lukonin, A. Y.; Street, J. M.; Taylor, R.
Chem. Sog.Perkin Trans. 2200Q 1-3.

(21) Goryunkov, A. A.; Kuvychko, I. V.; loffe, I. N.; Dick, D. L.; Sidorov, L.
N.; Strauss, S. H.; Boltalina, O. \. Fluorine Chem?2003 124, 61—64.

(22) Goryunkov, A. A;; loffe, I. N.; Kuvychko, I. V.; Yankova, T. S.; Markov,
V. Y.; Streletskii, A. V.; Dick, D. L.; Sidorov, L. N.; Boltalina, O. V.;
Strauss, S. Hrullerenes NanotubesCarbon Nanostruct2004 12, 181—
185.

(23) Darwish, A. D.; Avent, A. G.; Abdul-Sada, A. K.; Taylor, Rhem.
Commun2003 1374-1375.

(24) Darwish, A. D.; Abdul-Sada, A. K.; Avent, A. G.; Lyakhovetsky, V. |;
Shilova, E. A.; Taylor, ROrg. Biomol. Chem2003 1, 3102-3110.

(25) Darwish, A. D.; Abdul-Sada, A. K.; Avent, A. G.; Martsinovich, N.; Street,
J. M.; Taylor, R.J. Fluorine Chem2004 125 1383-1391.

Coo(CFs)s proposed in refs 2125. The black circles represent fullerene
carbon atoms to which the @lgroups are attached.

by X-ray crystallography. The structure, shown in Figure 2, and
an analysis of its 1D- and 2D-COSYF NMR spectra strongly
suggest that, in generalg&zd CFs)n derivatives prepared at high
temperature have Glgroups arranged imetaor para positions

on a ribbon of edge-sharing hexagons. Furthermore, with a
precise structure in hand, an analysis of JseNMR coupling
constants supports the earlier concludiéathat through-space
19F—19F coupling is significant in trifluoromethylfullerenes and
possibly in fluorofullerenes as well.

Experimental Section

The compounds & (99.4% Super Gold Grade, Hoechst) andsCF
(99%, Sigma-Aldrich) were used as received, anglvas purified to
99+ mol % by HPLC from fullerenes extracted with toluene from soot
prepared by the arc-discharge metfbdexane and toluene were HPLC
grade. Benzends (Cambridge) and hexafluorobenzene (Sigma-Aldrich)
were dried over an appropriate drying agent and vacuum distilled.

Preparation and Isolation of Isomers Go(CF3)10-1, Coo(CF3)10-2,
and Cgso(CF3)10-3. Finely ground G (150 mg, 0.208 mmol) was placed
in a 0.8 cm i.d. glass tube connected to a gas handling system at one
end and a mineral oil bubbler at the other. The portion of the tube
containing Go was placedn a 5 cmlong tube furnace. After purging
the sample with argon, it was heated to 46D and treated with 12
sccm of gaseous GHca. 0.05 mmol min?) for 2 h (CAUTION: CFRl
decomposes in air above 300 and produces toxic HF, CQFand b;
handle only in a well-ventilated fume hood). Orardggown Go(CFs)n
compounds and purple tondensed inside the tube approximately 1
cm outside of both ends of the furnace (i.e., in the cold zones). A 40
mg portion of Go was recovered unchanged from the hot zone. lodine
was removed under a flow of argon with mild heatinrglQ0°C), and
the orange-brown condensate (116 mg) was purified by HPLC (20
mm i.d. x 250 mm Cosmosil Buckyprep column, Nacalai Tesque, Inc.;

(26) Kraschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. Rature
199Q 347, 354—-358.

J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005 8363



ARTICLES

Kareev et al.

Figure 2. Structure of one enantiomorph of 1,3,7,10,17,23,28,3140-C
(CRs)10 (50% anisotropic probability ellipsoids for all atoms; no disorder).
The estimated standard deviations for attEdistances and for nearly all
C—C distances aret0.003 A. The ribbon of edge-sharings(CFs)2
hexagons is highlighted in gray in the Schlegel diagram.

300 nm UV detector; 18 mL mirt eluent flow rate) as follows. In the
first stage, 1.8 mL injections were eluted with toluene to give eight
fractions. In the second stage, 1.8 mL injections of each fraction were
eluted with 20/80 (v/v) toluene/hexane. One fraction contained primarily
two isomers of Go(CFs)10, Which were separated as narrow cuts and
isolated by solvent evaporation (80mol % purity; 10(1) mg each;
3—4% overall yield each based on convertegh) CAnother fraction
contained primarily a third isomer of gCFs)10. A third HPLC
purification stage of this fraction using 20/80 toluene/hexane consisted
of collecting a cut from 15.2 to 16.8 min. This contained 13(1) mg of
95+ mol % pure Go(CFs)10-3 (ca. 5% overall yield based on converted
Ceo).

Preparation and Isolation of Czo(CF3)10-1. This compound was
prepared using the same procedure as above exceptihab€ used
(40 mg, 0.046 mmol), the temperature was 470 and the reaction
time was 1 h. A 16 mg portion of gwas recovered unchanged from
the hot zone. The brown cold-zone condensate (35 mg) was purified

by a one-stage HPLC procedure (same column and parameters as abové?

using 20/80 toluene/hexane as the eluent. A cut from 16.7 to 18.5 min

8364 J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005

Table 1. Crystal Data and Structure Refinement for Ceo(CFs3)10-3

formula, formula weight
crystal system, space group,
color of crystal

unit cell dimensions

@F30, 1410.70
triclinic, P1, 2
orangebrown
a=12.1433(7) A
b=12.3153(7) A
c=15.6682(9) A
a=82.2470(10)

= 86.6060(10)
y= 81.9760(10)
temperature 173(2) K
final Rindices | > 20(1)] R; = 0.0529wR, = 0.1292
goodness-of-fit orfF2 1.037

resulted in the isolation of 12(1) mg of 95mol % pure, brown,
microcrystalline Go(CRs)10-1 (27% overall yield based on converted
C7o).

Spectroscopic CharacterizationMatrix-assisted laser desorption
ionization time-of-flight mass spectra were recorded using a Voyager-
DE PRO Workstation (Applied Biosystems). Sulfur was used as the
matrix material. It was mixed with the sample in toluene or toluene/
hexane immediately prior to deposition on the target. Nitrogen laser
pulses of 337 nm wavelength, 0.5 ns duration, and 3 Hz frequency
were used to desorb the species into the gas phase. The negative or
positive ions formed were detected in reflectron mode. Electron-
ionization (EI) mass spectra were recorded with a Fisons VG Quattro
single quadrupole mass spectrometer. Samples were loaded into glass
capillaries which were heated to 400. The desorbed molecules were
ionized with 20 eV electrons. Samples & NMR spectroscopy were
benzeneds solutions at room temperature and were recorded using a
Bruker INOVA-400 spectrometer operating at 376.5 MHgHgnternal
standardp —169.9).

Structure of 1,3,7,10,14,17,23,28,31,405@F3)10 (Ceo(CF3)10—3).

X-ray diffraction data from a single crystal grown by evaporation from

a saturated benzene solution were recorded using a Bruker SMART
CCD diffractometer employing Mo & radiation (graphite monochro-
mator). Selected details related to the crystallographic experiments are
listed in Table 1. Unit cell parameters were obtained from a least-
squares fit to the angular coordinates of all reflections. Intensities were
integrated from a series of frames (otation) covering more than a
hemisphere of reciprocal space. An empirical absorption correction was
applied by using SADABS’

The structure was solved by using direct methods and was refined
(onF?, using all data) by a full-matrix, weighted least-squares process.
All carbon and fluorine atoms were refined by using anisotropic atomic
displacement parameters. Standard Bruker instrument control, data
reduction, and integration (SAINT) software were employed, and Bruker
SHELXTL?® software was used for structure solution, refinement, and
graphics.

Results and Discussion

Synthesis of Go7dCF3)n. (2) Background and Strategy.
Radical additions to fullerenes are difficult to control, especially
when four or more independent X substituéhtare added.
Mixtures of fullerene(X) compositions with a range ofvalues
are typically formed 1f is an even integer except as notéd).
For example, the first fluorinations ofggand Go with F,
produced mixtures such aggEz4-44°° and GoFss-54.3 Selectiv-

(27) Sheldrick, G. M.SADABS-A program for area detector absorption
corrections.
(28) Sheldrick, G. M.SHELXTL version 6.12; Bruker AXS: Madison, WI,
1999.
(29) Powell, W. H.; Cozzi, F.; Moss, G. P.; Thilgen, C.; Hwu, R. J. R.; Yerin,
A. Pure Appl. Chem2002 74, 629-695.
0) Selig, H.; Lifshitz, C.; Peres, T.; Fischer, J. E.; McGhie, A. R.; Romanov,
W. J.; McCauley, J. P.; Smith, A. B. Am. Chem. S0d991, 113 5475~
5476.
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ity was only achieved after screening many fluorinating agents,
stoichiometries, and reaction temperatufe®.Similarly, opti-
mization of bromination and chlorination reaction conditions
led to the isolation of purified, selectively halogenated deriva-
tives such as £Cls, CooBrs, CsoBrs, CeoBras, and GoBry.3:533:34

There have been two reports in the literature describing the
fluorination of fullerened®35 one describing an attempt to
fluorinate fullerenes® and one describing the fluorination of
an azafulleren® that resulted in the unintentional preparation
of trace amounts of fullerene derivatives containing one or more
CFs groups. The intentional addition afindependent perfluo-
roalkyl groups to fullerenes to give isolable products has been
studied since 1993 (cycloadditions o$Fg to fullerened® are
excluded from this discussion). Fagan and co-workers at DuPont
reported that the photolysis or thermolysis afp@nd R in
organic solvents led to mixtures of products with compositions
such as &yCsF13)nHm when Rl was GFisl and the solvent
was 1,2,4-@H3Cl3 (n + meven,n = 6—12) and Go(CFs), when
Rel was CFRl and the solvent was hexafluorobenzeme={
4—14)3° In 2002, Shinohara and co-workers reported the
production of La@@y(CsF17)2> by photolysis of a toluene
solution of 0.85 mg of La@#§; and 1.8 equiv of gF171 followed
by a multi-stage HPLC purificatioff,and we just reported the
synthesis of twaC; isomers of Y@Gy(CFs)s using the AgCE-
CO, method described belof#.Some or all of these reactions
may involve the stepwise addition of perfluoroalkyl radicals to
the fullerene.

In 2001, we reported (and subsequently patentédhe solid-
state trifluoromethylation of g and a Gy/C7o mixture with
the metal trifluoroacetates AgQ@EQ, (Txn = 300 °C) and
(Cr,Cu,Pd)(CECO,),2 (Tixn = 350-400 °C). In the case of
AgCR;CO;, the range oh values was 222 for Gso(CFs)n and
6—22 for Gyo(CF3)n. In 2003, we found that a two-stage
sublimation of the AgCECO, reaction products, first at 380
°C to remove the more volatile components with> 12

(31) Tuinman, A.; Mukherjee, P.; Adcock, J. L.; Hettich, R. L.; Compton, R.
N. J. Phys. Chem1992 96, 7584-7589.

(32) Boltalina, O. V.; Goryunkov, A. A.; Markov, V. Y.; loffe, I. N.; Sidorov,
L. N. Int. J. Mass Spectron2003 228 807—824.

(33) (a) Birkett, P. R.; Avent, A. G.; Darwish, A. D.; Kroto, H. W.; Taylor, R.;
Walton, D. R. M.J. Chem. So¢Chem. Commurl993 1260-1262. (b)
Troshin, P. A.; Kolesnikov, D.; Burtsev, A. V.; Lubovskaya, R. N.;
Boltalina, O. V.; Troyanov, S. FullerenesNanotubesCarbon Nanostruct.
2003 11, 47-60. (c) Kuvychko, I. V.; Streletskii, A. V.; Popov, A. A,;
Kotsiris, S. G.; Drewello, T.; Strauss, S. H.; Boltalina, O. V. Manuscript
in preparation.

(34) Denisenko, N. I.; Popov, A. A.; Kouvitchko, I. V.; Boltalina, O. V.;
Chelovskaya, N. VProc. Electrochem. So2002 12, 577-586.

(35) (a) Avent, A. G.; Boltalina, O. V.; Goryunkov, A. V.; Darwish, A. D;
Markov, V. Y.; Taylor, R.FullerenesNanotubesCarbon Nanostruc2002
10, 235-241. (b) Boltalina, O. V.; Darwish, A. D.; Street, J. M.; Taylor,
R.; Wei, X.-W. Perkin Trans. 22002 251—-256.

(36) Fritz, H. P.; Hiemeyer, RCarbon1995 33, 1601-1609.

(37) Abdul-Sada, A. K.; Darwish, A. D.; Taylor, R.; Boltalina, O. V.; Markov,
V. Y.; Hirsch, A.; Reuther, U.; Street, J. Nlfroc. Electrochem. So2002
12, 242-254.

(38) Bekiarian, P. G.; Fagan, P. J.; Krusic, P. J. Cyclofluoroalkylated Fullerene
Compounds. U.S. Patent 5,382,718, January 17, 1995.

(39) (a) Fagan, P. J.; Krusic, P. J.; McEwen, C. N.; Lazar, J.; Parker, D. H.;
Herron, N.; Wasserman, Bciencel993 262, 404-407. (b) Fagan, P. J.;
Krusic, P. J.; Wasserman, E. Fluoroalkylated Fullerene Compounds. U.S.
Patent 5,354,926, October 11, 1994.

(40) Tagmatarchis, N.; Taninaka, A.; Shinohara,Ghem. Phys. Let2002
355 226-232.

(41) Kareeyv, I. E.; Lebedkin, S. F.; Bubnov, V. P.; Yagubskii, E. B.; loffe, I.
N.; Khavrel, P. A.; Kuvychko, I. V.; Strauss, S. H.; Boltalina, O.Ahgew.
Chem, Int. Ed. 2005 44, 1846-1849.

(42) Uzkikh, 1. S.; Dorozhkin, E. I.; Boltalina, O. V.; Boltalin, A. Dokl. Akad.
Nauk.2001, 379 344-347.

(43) Boltalina, O. V.; Boltalin, A. I.; Uzkikh, I. S.; Dorozhkin, E. I. Trifluo-
romethylation Process For Preparing Trifluoromethyl Derivatives of
Fullerenes. Russian Patent 26€105817-2182897, February 3, 2001.

followed by sublimation of the residue at 500, resulted in a
sublimate with a narrow range o&6CFs), compounds witm
= 2—10 (primarily 2-6).2* The high T sublimation greatly
simplified subsequent HPLC purificatidh. Taylor and co-
workers separated into fractions, by extensive HPLC pro-
cessing?® 2> many of the products they prepared using our 2001
synthetic method? Some fractions contained single isomers of
single compositiong3-25

We are pursuing three strategies to improve the selectivity
of Ceo trifluoromethylation reactions. The first is to exhaustively
trifluoromethylate Gowith a large excess of trifluoromethylating
reagent, possibly producing a composition such g$CGFs3)24
that might resist further addition of GRyroups. The second
strategy (similar to the one employed by Shinoi3iia to limit
the stoichiometric ratio of trifluoromethylating reagent tgn.C
The third strategy, an example of which is the subject of this
paper (and which was also applied tg@ifluoromethylation),
is to continuously remove a narrow range of compositions from
the reaction zone as they are formed. In principle, this can be
accomplished by selective extraction into an immiscible phase,
selective precipitation from a solution, selective crystallization
from a melt, or selective distillation or sublimation of a limited
number of products at a given temperature. Selective sublimation
seemed to be the natural choice fog @ifluoromethylations
because our previous work showed that g} CFs), derivatives
can be sublimed without decomposition at temperatures as high
as 500°C, (i) derivatives with highem values sublime at
temperatures lower than that of derivatives with lowealues,
and (iii) derivatives witm = 2—10 sublime under vacuum only
at temperatures well above 380.2! This suggested that solid-
state trifluoromethylation reactions ofgfat temperatures
between 400 and 500C might be suitable, but that would
exclude most trifluoroacetate salts since they decompose at
lower temperatures (e.g., AggBO, decomposes at 23C and
Cr(CRCQOy), at 310 °C*). Ideally, a gaseousreagent that
generates trifluoromethyl radicals at a constant rate when heated
would flow through a tube containing soligheated to 406
500 °C. Products with lown values would sublime out of the
hot zone before they could react further, in a way that is
analogous to the Knudsen cell-derived selective syntheses of
CsoF1s and GoFs6.1832 This variation of the third strategy did
in fact result in the production of a ca. 40% yield (based on
converted @) of a mixture of isomers of a single composition,
Cs0o(CF3)10, and a ca. 27% yield of singleisomer of Go(CFs)10
(based on converted-g}.

(b) Reactions of G with CF 3l Vapor at 200—480°C. (i)
Experiments in Berlin. Samples of & (35—50 mg, 0.049-
0.069 mmol) in a nickel boat within a glass tube were heated
under an argon atmosphere to either 200, 460, or°48th a
temperature-programmable tube furnace. Once the set temper-
ature was reached, @Fvapor at 1 atm was allowed to flow
through the reaction tube for alto? h (the flow rate was not
precisely controlled but was approximately 5 sccm (ca. 0.02
mmol mim1)). In the 460 and 480C experiments, purple |
and orangebrown Go(CF3), condensed in the glass tube
outside of the hot zone (i.e., outside of the furnace) as soon as
CFsl had filled the tube. lodine condensed further from the hot
zone than did the fullerene products. Bothand Go(CFs),
condensed at the outlet and inlet sides of the hot zone (more
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CFRsl reaction products from the Karlsruhe experiments. Peak assignments
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The results clearly show that lowervalues are favored at
12 higher reaction temperatures, demonstrating the efficacy of the
Texn= 480 °C strategy discussed above. For example, an observable amount
of Ceo(CFs)s was formed at 480C but not at lower tempera-
tures, and no observable amount fH(CFs)16 was formed at
480°C. Most striking is that g(CFs)10 went from being a minor
component of the reaction mixture at temperatuzd$0°C to
n=8 being the predominant product at 480 under these conditions.

[ | (ii) Experiments in Karlsruhe. Experiments at 460 and 480

1

100 1300 1500 1700 1900 mvz °C were repeated in Karlsruhe, but some of the reaction
Figure 3. Electron-impact-ionization (20 eV) mass spectra of the products conditions were dlfferent.. Larger amOI_Jnts o@_o@vere L.Jsed
of the Bérlin Go + CFsl experiments. Lowen values are favored at higher (>100 m_g). The GO was finely g.round .'mmEdlately prior to .
temperatures because the products sublime out of the hot zone as they arén€ reaction, and it was placed directly in the glass tube, not in
formed. a nickel boat, in the hot zone. Furthermore, the flow rate of
CRsl was greater, ca. 12 sccm (0.5 mmol mip Additionally,
appeared to condense on the outlet side), probably because thEhe distance between the center of the hot zone (wheredpe C
flow rate was low. samples were located) to the cold zone where fullerene products
In the lowest temperature experiment, noor fullerene began to condense was much shorter (4.5 cm) than in the Berlin
derivative sublimate was observed in the cold zone at°Zno experiments (26 cm) because a much smaller furnace was used
With CFsl continuing to flow through the reactor, the temper- in Karlsruhe. For these reasons, the relative amountsgef C
ature was increased to 42@ during 2.5 h (ca. 1.5C minY). (CRs)n products were not the same as in the Berlin experiments.
At 300 °C, I, formation was apparent, indicating thermal Nevertheless, the same 20 change in reaction temperature
degradation of C# (this is consistent with the thermolysis of ~Produced the same trend in the distribution of products, as
CFl in air*%), but no orangebrown fullerene product was evidenced by the HPLC traces of the crude mixtures of cold-
observed in the cold zones until the temperature had reachedZone-condensed products shown in Figure 4. In the 480
400°C. Since Go(CFs), compounds with lown values do not ~ Sample, there is clearly mores§ICFs)s, more Go(CFs)s, and
sublime readily below 400C, it is not known at this time if €SS Go(CFs)12relative to Go(CFs)iothan at 460°C. In ongoing
such products had formed before the temperature had reachedvork, we are attempting to optimize the parameters of temper-
400°C. The temperature was held at 42D for 2 h and then  ature, CEl flow rate, presence or absence of a buffer gag, C
at 440°C for 30 min. particle size, and diameter and length of the hot zone to further
In each experiment, the orangbrown mixture of Go(CFs),, improve the selectivity.
compounds that had condensed in the cold zone was collected The stoichiometric trifluoromethylation ofgby CFsl at high
in air, and b was removed under a flow of argon at temperatures t€mperature can be represented by reaction 1.
<100 °C. Electron-impact-ionization mass spectra (20 eV) of A
the crude mixtures of condensed products are shown in Figure Cools) + N CR3I(g) — Ceo(CRy),(9) + 2 15(g) (1)
3. The molecular ions §(CRs)," (n = 8, 10, 12, 14, 16) are ] ) )
the dominant species, with smaller amounts of some closed-We know very litle about what mechanism or mechanisms
shell fragment ions &(CFs)n_1*. (In the 460°C product might be operable under our reaction conditions at the present
_mIXture’ Smal_l amounts O_f Som%&:cﬁ?”(_y— and Go(CF)n-10" (44) Yamamoto, T.; Yasuhara, A.; Shiraishi, F.; Kaya, K.; AbeCfiemosphere
ions from oxide contaminants are visible, as well.) 1997, 35, 643-654.

14
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time. It is known that CEl undergoes simple thermolysis to |
atoms and Cgradicals® The rate of reaction 2 at 46 and

1 atm can be estimated from literature data to be high enough
to cause scission of the-@ bond in each Cgt molecule more
than once during its residence time in the hot ztne.

CFRl(g) — CFRy(9) + 1(9) )

Therefore, it is certainly possible that €Ffadicals add to €
one by one. It is also known that glRdissociates to M-CF3
and M-I groups on many metal surfacts'’and in some cases,
including nickel*® CF; radicals can desorb from the metal
surface at temperatures as low as’€3 However, many other
pathways are possible. For example 3IC&tids across the€

C bonds of olefins at temperatures200 °C.#8 In addition,
although the 7.51 eV ionization energy of the gas-phage C
moleculé® is much larger than the 1.89 eV electron affinity of
the CR radical®® the work function of solid G is only 4.7

eV 3l very similar to the 4.6 eV work function of highly oriented
pyrolytic graphite (HOPG)2 and CR~ carbanions are known
to form when CE* cations (and presumably gFadicals) are
scattered from the surface of HOP&Therefore, it is premature
to rule out any mechanism involving concerted additions cfl CF
to form Gso(CFs)nln intermediates, nucleophilic addition of ions
formed by scattering from surfaces (including the surface of a
particle of Go), electron-transfer reactions, or a myriad of other
possible elementary steps.

(c) Synthesis of Go(CF3)10 Isomers 1-3. The orange
brown condensate from the 46@ Karlsruhe reaction was
separated into fractions by HPLC, first using toluene and then
using 20/80 v/v toluene/hexane, as shown in Figure 5. Mass
spectra of each fraction (not shown) led to the HPLC peak
assignments in Figures 4 and 5. Toluene fraction 2 contained
primarily two isomers of GyCFs)i0. These isomers, d&
(CRs)10-1 and Go(CFs)10-2, coeluted in toluene but were

HPLC
20:80 tol:hex Ceo(CFa)102

HPLC

7 toluene

e ——
Ceo(CF3)10-1

6 8 10 12

absorbance

2| 14| |6[_[8

] 13| |5] |7
0 2 4 6 8
retention time, min

10

] zHolz?slo' gl:hex Ce0(CF3)10

NI-Sg-MALDI-MS|
n=9

isomer 3

absorbance

10

] |
1200 1300 1400 1500m/z
0 5 10 15
retention time, min

20

Figure 5. (Top) First-stage HPLC chromatogram of the crude cold-zone-
condensed §y/CFsl reaction products from the Karlsruhe synthesis at 460
°C. The inset shows the second-stage chromatogram of first-stage toluene
fraction 2. (Bottom) Third-stage HPLC purification of first-stage toluene
fraction 3. The inset shows the negative-igaMRALDI mass spectrum of

the 13 mg sample of §(CFs)10-3 that was isolated by taking a cut of the
third-stage purification from 15.2 to 16.8 min.

Figure 5, for NMR analysis, and for growing single crystals
for X-ray crystallography. This repressrd 5 mol % yield based
on converted g. Although this may seem like a modest yield,
only five otherhighly purified single isomerCg derivatives
with more than six independent substituents have higher isolated
yields, namelyCs,-CsoH1s,>* Ca,-CooF18,°° Ca-CooF36,°° T-CooF36,°
Czy-CGOBrg,s and Th-CaoBr24.5

Toluene fractions 2 and 3 represent 62% of the mixture of
products of the 460C Karlsruhe synthesis by integration of

separated and collected as separate fractions in toluene/hexanghe HPLC peaks (Figure 5, top). Since fullerene derivatives with

for NMR analysis.

Toluene fraction 3 contained a mixture of a third isomer of
Cs0(CF3)10, Coo(CF3)10-3, and a smaller, but comparable, amount
of Ceo(CFs3)100. These too were separated in 20/80 (v/v) toluene/
hexane by HPLC (not shown). The toluene/hexane fraction
containing Go(CFs)10-3 was chromatographed a third time, again
in toluene/hexane, to give the bottom HPLC trace in Figure 5.
From this sample, a cut of thesf{CF3)10-3 peak from 15.2 to
16.8 min was collected. Evaporation of solvent left 13(1) mg
of solvent-free, microcrystalline, highly puredCFs)1¢-3, which
was used to obtain thegS/ALDI mass spectrum shown in

(45) (a) Kumaran, S.; Su, M. C.; Lim, K. P.; Michael, J. @hem. Phys. Lett.
1995 243 59-63. (b) Michael, J. V.; Kumaran, $£omb. Sci. Technol.
1998 134, 31—-44.

(46) Myli, K. B.; Grassian, V. HJ. Phys. Chem1995 99, 1498-1504.

(47) (a) Junker, K. H.; Sun, Z.-J.; Scoggins, T. B.; White, JJMChem. Phys.
1996 104, 3788-3796. (b) Wu, H.-J.; Hsu, H.-K.; Chiang, C. M. Am.
Chem. Soc1999 121, 4433-4442 and references therein.

(48) (a) Haszeldine, R. NIl. Chem. Soc1949 2856-2861. (b) Brace, N. OJ.
Fluorine Chem1999 93, 1-25. (c) Dolbier, J. W. RChem. Re. 1996
96, 1557-1584.

(49) Yoo, R. K.; Ruscic, B.; Berkowitz, J. Chem. Phys1992 96, 911-918.

(50) http://webbook.nist.gov.

(51) (a) Gensterblum, G.; Pireaux, J.-J.; Thiry, P. A.; Caudano, R.; Buslaps, T.;
Johnson, R. L.; Le Lay, R.; Aristov, V.; Gunther, R.; Taleb-lbrahimi, A.;
Indlekofer, G.; Petroff, YPhys. Re. B 1993 48, 14756-14759. (b) Jiang,

L. Q.; Koel, B. E.Phys. Re. Lett. 1994 72, 140-143.

(52) Suzuki, S.; Bower, C.; Kiyokura, T.; Nath, K. G.; Watanabe, Y.; Zhou, O.
J. Electron Spectrosc. Relat. Phend201, 114-116, 225-228.

(53) Gleeson, M. A.; Kropholler, M.; Kleyn, A. WAppl. Phys. Lett200Q 77,
1096-1098.

fewer substituents tend to be more highly colored, this may be
an underestimate. If an intentionally overestimated 33% of the
combined integrals for toluene fractions 2 and 3 are due to oxide
impurities and/or other isomers o&§CFs)10, then the 460C
Karlsruhe reaction conditions produced-+4@nol % of three
isomers of the single compositionsdCFs)10. It Seems reason-
able to expect that by optimizing the conditions to target a
particular composition, 10 or more milligrams of a variety of
purified, single-isomer g(CFR;), derivatives will be isolated

in the near future. This may also be true for other fullerene-
(CRy), derivatives that are stable at the temperatures required
for this selective synthesis strategy.

(d) Synthesis of G¢(CF3)10-1. The most selective trifluo-
romethylation reaction found in this study sva 1 hreaction
between G, and gaseous GFat 470°C using the Karlsruhe
reaction conditions. The reaction products that condensed in
the cold zone consisted of a small amount ef{CFs)s, a single
isomer of Go(CFs)10 (C70(CFs)10-1; >40 mol %), and a mixture
of C7o(CRs)12 and Go(CFs)14 (we have not yet determined the

(54) Darwish, A. D.; Avent, A. G.; Taylor, R.; Walton, D. R. M. Chem. So¢.
Perkin Trans. 21996 2051-2054.

(55) Goldt, I. V.; Boltalina, O. V.; Kemnitz, E.; Troyanov, S.3olid State Sci.
2002 4, 1395-1401.

(56) (a) Boltalina, O. V.; Street, J. M.; Taylor, R. Chem. So¢Perkin Trans.
2 1998 649-654. (b) Lukonin, A. Y.; Markov, V. Y.; Boltalina, O. V.
Vestnik Mosco. Univ. Ser. 2: Khim.2001, 42, 3—16.
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Figure 6. HPLC chromatograms and negative-iopNBALDI mass spectra
of the crude cold-zone-condensegy/CFsl reaction products and the 12
mg purified sample of &(CFs)10-1 that was isolated by taking a cut of the
single HPLC purification step from 16.7 to 18.5 min.

number of isomers of £(CFs)s, C7o(CFs)12, and Go(CFs)14
present). An HPLC trace of the reaction mixture and an HPLC
trace and MALDI mass spectra of the crude product and purified
_ in Ei i Figure 7. Schlegel diagrams for dgd(CFs)10-3 (the black circles represent

C7o|(C0:/F3)1o 1 areCShowr?L n Flgurle 6. Jwerll\./ehm”“grams 0f-92570/ fullerene carbon atoms to which the £2ffoups are attached). For simplicity,
mo 6 pure Go(CF3)10-1 was iso "f‘te ’ W_ ich represents a 0 fullerene C-C bond distances are shown in picometers (pm) and have been
yield based on converted,§Xas with the isomers of §(CFs3)10 rounded off to the nearest pm (0.01 A). Three times the estimated standard
isolated in this study, the purity ofg{CFs)10-1 was established (ées\gftlcogg(%) ?2%5;30—508541 ggirzcgg, C;gf057ilc‘t‘rhl—cg5yc<3§6f60,

19 — ,an is 0. , and @for all other C-C distances
by *°F NMR and m-ass spectroscopy analyse,s)' Slgnlflcantly, is 0.009 A. The bottom Schlegel diagram shows the placement of double
the purification of this compound was accomplished with a one- pgngs.
stage HPLC procedure. o

Structure of 1,3,7,10,14,17,23,28, 31 40:@CF3)0 (Cor  Loe 2, Seiected Interatomic Distances (A) and Angles (deg) for

(CF3)10-3). (a) General CommentsThe asymmetric molecule,

shown in Figure 2, crystallized i1 with a pair of enantiomers Cl:ggé iggggg gi’ggé 4 iggi%
in the unit cell. There are no molecules of benzene (the solvent c14-ces 1:542(3) C17C66 1:533(3)
of crystallization) in the lattice. The decakis(trifluoromethyl)-  C28-C68 1.528(3) C31C69 1.541(3)
[60]fullerene molecule consists of an intaci,@age with 10 CZ?I _(_32521 éggg(é)) Egiz(-:;gzl éggi((?)
CFs groups attached to carbon atoms C1, C3, C7, C10, C14, g5%..Fe12 2.961(3) F622-F651  2.581(3)
C17,C23, C28, C31, and C40 (this numbering scheme conforms F623--F661  2.653(3) F611-F641 2.992(3)
to IUPAC and Chemical Abstracts Service recommenda- F612:-F633  2.961(3) F613-F641  2.785(3)
tions?9v57these_CEgroups will be referred to as G, CR-3, _ Fgég:::ﬁggi %:ggggg Egﬁ:iggi ggﬂg
CFRs-7, etc.). Given the tendency of many fullerenes and their re3a2..F673  2.574(3) F692:F683  2.560(3)
derivatives to exhibit disorder in the solid state, as well as the F67%:-F703  2.640(3) C61-C62 3.608(3)
general tendency of trifluoromethyl groups to exhibit disorder gg;‘ggg géggg; gg;.ggg i:;iggg
and/or extreme thermal motion about thesCFC bonds, the C64--C68 4.331(3) C65-C69 4.354(3)
structure is remarkably well behaved and exhibits no apparent cez7--c70  4.397(3) C68:C69  4.346(3)
disorder of any kind. This fact, combined with the high quality C-F 1.312(3)-1.342(3) FC-F 106.3(2)-108.1(2)

C-F 109.6(2)-113.1(2) GC—Cers  110.3(2)-116.3(2)

of both the crystals and the data set recorded, makes this c
structure one of the most precise fullerene structures reported 2See Figure 7 for individual cage-€C distances.

to date from the standpoint of individual interatomic distances

and angles. The estimated standard deviation (esd) for each of Of the more than 300 structures ofgdC its molecular
the C—F, C:++F, and F-+F interatomic distances, and for nearly complexes, and its derivatives reported by the end of 2803,
all of the cage €& C bond distances, 0.003 A. The Schlegel ~ only a few exhibit no disordeand have this level of precision
diagrams in Figure 7 show the complete numbering scheme,for cage C-C bond distances. These include the xylene solvate
all of the cage GC distances to the nearest 0.01 A, and the of CsoF1g (0.002-0.003 A)7 Cso Pt(OEP)2CsHs (+0.002-
placement of &C double bonds (1.361.40 A). Selected  0.003 A)5° a Gs-diphenylaminofluorene dyadH0.003-0.004
interatomic distances and angles are listed in Table 2. The
distortions of the fullerene cage from the pseudo-spherical shapel57) Goodson, A. L. Gladys, C. L.; Worst, D. 8. Chem. Inf. Comput. Sci.

i : > _ _ 1995 35, 969-968.
of Cgp are described in detail in the Supporting Information.  (58) Neretin, I. S.; Slovokhotov, Y. LRuss. Chem. Re2004 73, 455-486.
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A),5° and GoBrs-0.5GHsCI-0.5Br (+£0.004 A; the GHsCI
molecule, but not the bromofullerene, is disordered about an
inversion centerj.Much more typical for ordereddgderivatives
are the cage €C esd’s found in structures such asd@6,13-
diphenylpentacene).5CS (+£0.005-0.007 A; some of the GS
molecules are disordere®f), CooF15(CBr(CQO:EL),)3*CeHsMe
(£0.007 A)I5 Cgo(CHoCeHs)4 (+0.007-0.008 A)l4 Coo-
(fluorenyl), (£0.008 A)13 Pd(;°-CsoMes)(173-CsHs):CS,
(iOOl)?Z CGQ‘CO(OEP)CHC|3 (:l:0012 A),GS CeoBr24:2Br;
(£0.012-0.014 A)# and TI(GsgPhs):2.5THF 0.02 A)12

(b) Lattice Packing. The distorted cubic closest packing of
the molecules in the lattice and an intermolecular interaction
involving only carbon atoms are shown in Figures S-4 through
S-6 in the Supporting Information. The distances betweegya C

centroid and the centroids of its 12 nearest neighbor molecules

vary from 10.17 to 14.17 A (all but one of these distances fall
in the narrower range of 10.¥712.57 A). There are 33
intermolecular F+F contacts 0f<3.15 A to a given molecule

of Ceo(CF3)10 (all but seven are=3.00 A; see Figure S-7). Figure
S-8 shows the only intermolecular—s interaction for
each molecule, involving inversion-center-related hexagons
(hex--hex= 3.59 A; cf. the 3.35 A interplanar separation in

Ce0Bre CeoBrg

CroBrio

Ce0Br24

Figure 8. Schlegel diagrams for ¢gBrs, CeoBrs, and GoBrio. Only the
double bonds within pentagons are shown in the upper two diagrams.

the 20 carbon atoms of these junctions form a zigzag belt around
the fullerene. Four C&groups are bonded to four of these 20
atoms (C23, C28, C31, and C40). The other six @oups are
bonded to carbon atoms in one of the hemispheres (C1, C3,

graphite). The centroidlcentroid distance between these two C7, C10, C14, and C17). This results in the other hemisphere
molecules is 10.17 A, the shortest of all 12 nearest-neighbor being virtually undistorted from a hemisphere of unsubstituted
centroid-centroid distances, which can be compared with the Cgo (see Figure S-9 for more details about the undistorted

9.94 A distance in solvent-freesgat 110 K4 and the 9.81 A
distance in (Gg)2(6,13-diphenylpentacene) at 90 K, in which
the two fullerenes are forced into an orientation so that carbon
atoms of two nearly parallel eclipsed pentagons makeCC
contacts of 3.073.49 AS?

(c) The CFs Groups. Bond distances and angles within the
CF; groups are normal. The-&F distances range from 1.312-
(3) to 1.342(3) A, but 24 out of the 30 are between 1.325(3)
and 1.336(3) A. The FC—F angles vary from 106.3(2) to
108.1(2¥. The sg—sp* C—C distances between the &garbon
atoms and the cage vary from 1.528(3) to 1.565(3) A (the two
longest, involving the most crowded ggroups, are 1.565(3)

A for C1—C61 and 1.552(3) A for C3C62; the others are
1.542(3) A or shorter).

The 10 CR groups are arranged on a ribbon of nine edge-
sharing hexagons, so that the twos&ffoups on each hexagon
are eithemeta(m) or para (p) to one another (see Figure 2).
The CK groups CE-17 and CE-40 are the termini of the chain
of 10 Ck; groups. Starting with C&17, the arrangement on
the ribbon of hexagons ig-m-p-p-p-m-p-m-p. The ribbon
includes am-p-p-p-m closed loop of five hexagons that bear
the CFK; groups on C1, C10, C28, C31, C14, and C3. The CF
groups are essentially (although not rigorously) confined to one
hemisphere of g. With pentagons as the poles, the equator of
Ceo is defined by a circle that bisects 10 6,6-junctions so that

(59) Olmstead, M. M.; de Bettencourt-Dias, A.; Lee, H. M.; Pham, D.; Balch,
A. L. Dalton Trans.2003 3227-3232.

(60) Chiang, L. Y.; Padmawar, P. A.; Canteenwala, T.; Tan, L.-S.; He, G. S;
Kannan, R.; Vaia, R.; Lin, T.-C.; Zheng, Q.; Prasad, PCRem. Commun.
2002 1854-1855.

(61) Miller, G. P.; Briggs, J.; Mack, J.; Lord, P. A.; Olmstead, M. M.; Balch,
A. L. Org. Lett.2003 5, 4199-4202.

(62) Kuninobu, Y.; Matsuo, Y.; Toganoh, M.; Sawamura, M.; Nakamura, E.
Organometallics2004 23, 3259-3266.

(63) Olmstead, M. M.; Costa, D. A.; Maitra, K.; Noll, B. C.; Phillips, S. L.;
Van Calcar, P. M.; Balch, A. LJ. Am. Chem. Sod 999 121, 7090-
7097.

(64) Burgi, H.-B.; Blanc, E.; Schwarzenbach, D.; Liu, S.; Lu, Y.; Kappes, M.
M.; Ibers, J. A/ Angew. Chemlnt. Ed. Engl.1992 31, 640-643.

hemisphere).

Them-p-p-p-mclosed loop of hexagons results in £Fand
CFs-3 being attached to the same pentagon. As far as we are
aware, this is the first reported structure of any fullerene
derivative with two or more independent substituents larger than
bromine atoms (see below) on a given pentagon. There are,
however, four bromofullerene structures with pairs of bromine
atoms on pentagonsgfBrs (two pairs)3* CeoBro4 (all pairs)®>
C70Br1o (one pair)3® and GgBris (disordered solid solution of
two differentCy, isomers, one with two pairs and one with four
pairs)% the first three of which are shown as Schlegel diagrams
in Figure 8. In the case of £Bri, the pair of bromine atoms
on the same pentagon are on adjacent carbon atoms in that
pentagorf® The compound €Brg,3* also shown in Figure 8,
has a pair of bromine atoms on two contiguous carbon atoms
(a hex-hex junction) but does not have two bromine atoms on
the same pentagon.

The steric demands of Glgroups may, in general, preclude
stable structures with two or more €groups on contiguous
carbon atoms. There is little doubt that az@fFoup is sterically
more demanding than a bromine atom, and bromine atoms on
contiguous @y cage carbon atoms have only been observed for
Cs0Brs and then only for one pair of the six bromine atoms.
The van der Waals radii of bromine and iodine atoms are 1.85
and 1.98 A% the effective radii of Br, |, and GFdetermined
by Sternhell et al. from rotational barriers in 6-aryl-1,1,5-
trimethylindans are 1.84 0.04, 1.97+ 0.06, and 2.2+ 0.1 A,
respectively?® Charton’s maximum and minimum effective radii
for the CR group are 2.74 and 2.11 A, respectivéthe molar
volumes at 25°C of 1,4-GH4Br;, 1,4-GH4(CFs)Br, and 1,4-

(65) Troyanov, S. I.; Popov, A. A.; Denisenko, N. |.; Boltalina, O. V.; Sidorov,
L. N.; Kemnitz, E.Angew. Chemlnt. Ed. 2003 42, 2395-2398.

(66) Troyanov, S. |.; Kemnitz, EEur. J. Org. Chem2003 3916-3919.

(67) Bondi, A.J. Phys. Chem1964 68, 441-451.

(68) Bott, G.; Field, L. D.; Sternhell, S.. Am. Chem. S0d.98Q 102, 5618~

5626.

(69) Charton, MJ. Am. Chem. Sod.969 91, 615-618.
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CesH4(CRs), are 128, 140, and 155 mL mdl’® and the molar
volumes at 25C of CgHsBr, CHsl, and GHsCF; are 105, 112,
and 123 mL mot?, respectively?

The steric bulk of a Cigroup is not a sphere centered at the
CFs carbon atom but a 3-fold-indented cylinder with a height
equal to twice the van der Waals radius of a fluorine atom (i.e.,
2 x 1.47 A¥7 centered at the centroid of the three fluorine atoms
(F3) and with a maximum diameter equal to ca. 2.71 A (1447
1.24 A, the nominal centroietF distance). For the GRyroups
in Ceo(CF3)10-3, each Ecentroid lies essentially along the:ge—

CFs vector, 0.48-0.49 A away from the Ckcarbon atom (the
Ccage—C(F3):+-centroid angles are all between 170.0(2) and
179.4(2)). The Cage*-centroid distances are 2.82.06 A,
which coincidentally are about the same as theBE distances

of 1.990(3%-1.999(3) A in GgBrs.34 The Br--Br distance

three p-m-p-(CFs)4 fragments that are part of thesd0CFs)10
structure, not just the one shown in Figure 1. Furthermomge,
p-Cso(CFs)4 and p-m-p-Cso(CFs)4 are substructures of the two
proposedC; isomers of Gy(CFs)s. These observations, added
to the fact that the reaction/purification temperatures used to
prepare Go(CF3)10-3 in this work and the two isomers each of
Cs0(CFs)4 and Go(CFs)s in our previous work-22were > 460

°C (high enough, presumably, to cause isomerization to stable
arrangements), suggest that many, if not most, fullereng{CF
compounds prepared at temperatur€0 °C will be found to
contain variations of linkedp-p-p-Cig(CFs)s and p-m-p-
C18(CFs)4 fragments, and that structures wiibm-m-C1g(CFs)4

or mm-m-Cy5(CFs)4 fragments, or with terminam-Cg(CFs)2
fragments, will be much less common, if they are observed at
all. (In the foregoing descriptiormetaand para refer only to

between the two bromine atoms on contiguous carbon atomsedge-sharing adjacent hexagons that share a singl@GEp.

in CgoBrs is 3.23 A, which is fuly 1 A shorter than twice the
Charton minimum radius of 2.1 A for GF(For comparison,
the distances betweanetaand para pairs of bromine atoms
in CeoBrs are 4.02-4.05 and 4.464.98 A, respectively, and
the distances betweenetaand para pairs of F centroids in

Ceo(CFs)10-3 are 4.05-4.36 and 4.464.76 A, respectively.)
Although it is also true that thertho bromine atoms in €Brg

Therefore, the adjacent hexagons that contaig-CF3, -10,

and -14 are not, by this definition,re-m fragment; a truen-m
fragment would comprise three gBroups, not four. Further-
more, the same four GFgroups do not constitute @m-m-m
fragment, also by definition, because the central polygon is a
pentagon, not a hexagon.) Table 3 contains the results of our
previous DFT calculations and those of Clare and Képert

are closer than twice the bromine van der Waals radius, thethe relative heats of formation of three stablg)C, derivatives

difference is only ca. 0.5 A and bromine atoms are more

(X = F, ClI, CH;, Br, CFk;, andt-C4Hg). Except for X=F, the

polarizable than fluorine atoms. Therefore, we conclude that first three structures shown represent the three most stable

fullerene structures with GFgroups on adjacent cage carbon
atoms will be the exception, not the ri#&e25 at least on those
fullerene surfaces that have curvatures similar . ©ne
exception that might be anticipated is 1,6,9,12,15,3&@3)s
(i.e., the skew pentagonal pyramidal structure exhibitedday C
Bre). Previously published DFT calculations predicted that this
isomer is only 14.4 kJ mol less stable than the most stable
isomer with no remote pairs of GFroups, the asymmetric
moleculep-p-p-m-p-Cgo(CFs)6.22

Note that the bromination reactions that producegBe, Cso-
Brg, CeoBras, C;0Brig, and GgBrig were carried out at room
temperaturé:>346|t is unlikely that facile rearrangement of

structures. As the substituents become larger,ptpep and
p-m-p isomers are stabilized relative to the structure with an
ortho pair of substituents (which happens to be one of the two
most stable structures found fogdEs). Note also that the-p-m
isomer of Go(CFs)4 is particularly unstable.

(d) Intramolecular F---F Contacts. Figure 9 shows the 15
intramolecular F+F contacts shorter than 3.00 A indlCFs)10-
3, which range from 2.541(3) to 2.992(3) A (see Table 2; the
next shortest intramolecular-+F contacts are 3.34 and 3.56
A). Interestingly, the three-FF contacts for Cg1 and Ck-3,
which are closer than any other pair of affoups (C61--C62
=3.608(3) A), are relatively long at 2.731(32.961(3) A, and

the C-Br bonds can occur rapidly at this temperature, so these the shortest F-F contact in Go(CFs3)10-3 is for a pair ofpara
structures probably represent kinetically favored structures if CF; groups (F648:-F681= 2.541(3) A; C64--C68 = 4.331-
not thermodynamically stable ones. Therefore, regardless of the(3) A). For comparison, consider the structures of the trifluo-

specific mechanism(s) for bromination o§d=C7o, and Gsg, it
seems much more likely that it involves,general a series of
para additions thanortho additions, and the same is almost
certainly true for the addition of larger GFadicals to Go and

higher fullerenes at high temperature. The fact remains that,

with the two exceptions just noted, (fullereng)Bompounds
with bulky X substituents that have been unambiguously
structurally characterized by single-crystal X-ray diffraction have
bromine atoms;>6566phenyl groups? fluorenyl groups;® or
CFs groups (this work) that arpara or metato one another on

a ribbon or a loof? of edge-sharing hexagons.

Significantly, the structure of §(CFs)10-3 contains substruc-
tures along the ribbon that are identical to the propgsedp
andp-p-p structures ofC;-Ceo(CFs)s and the proposegd-m-p-

m-p andp-p-p-m-p structures of;1-Cgso( CF3)s from our previous

work (three of these four structures are shown on the left side (71)

of Figure 1; thep-p-p structure proposed fd€s-Cgo(CFs)4 has
CF; groups on C10, C14, C28, and C31f?In fact, there are

(70) Densities at 28C were taken from www.sigmaaldrich.com.
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romethylated alcohols shown in Figure 10 (these two structures
will also be discussed in the NMR section belo&Y3 The
F--F contacts shown in Figure 10 range from 2.51 to 2.58 A,
an the relevant §£---CF; distances range from 3.37 to 3.71

(e) The Fullerene Carbon—Carbon Bonds. The 90 C-C
bond distances in theggcore of Go(CFs)10-3 are shown in
Figure 7 and graphically in Figure S-10 (Supporting Informa-
tion). The small esd’s for these distances allow five distinct
regions to be recognized in the hemisphere containing the 10
CFs groups instead of the two distinct regions in the relatively
undisturbed corannulene portion of the molecule, short 6,6-
junctions and long 5,6-junctions (as in one of the most precise
structures of the parentsEmoleculé?).

(a) Clare, B. W.; Kepert, D. LJ. Mol. Struct. (THEOCHEMR003 621,

211-231. (b) Clare, B. W.; Kepert, D. LJ. Mol. Struct. (THEOCHEM)

1995 340 125-142.

(72) Barbarich, T. J.; Rithner, C. D.; Miller, S. M.; Anderson, O. P.; Strauss, S.
H. J. Am. Chem. S0d.999 121, 4280-4281.

(73) Barbarich, T. J.; Nolan, B. G.; Tsujioka, S.; Miller, S. M.; Anderson, O.

P.; Strauss, S. Hl. Fluorine Chem2001, 112, 335-342.
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Table 3. DFT Predicted Relative Enthalpies of Formation (kJ mol~1) for Selected CgoX4 Derivatives?

X isomer
1,6,15,18%¢ 1,6,11,18%¢ 1,6,9,18¢ 1,6,15,18°
prp p-m-p p-p-o D-p-m

F 6.9 16.5 0 —
Cl 0 6.9 9.7 —
Br 0 6.7 11.0 —
CH; 0 4.4 8.5 —
CFs3 0 8.2 363 >50
-C4Ho 0 22.6 177 —

apata are from refs 71a,b, except for QRlues, which are from refs 21 and 220bserved in the X-ray structure of&9-fluorenyl), (ref 13).¢ One
of two patterns observed in the X-ray structure @f(CFs)10-3 (this work).4 One of two patterns observed in the X-ray structures of two electrochemically
generated isomers ofg&fCH,Ph), (ref 14; an older numbering scheme was used in this reference so that the IUPAC 1,6,11,18-isopp@CHfRBD), was
originally reported as 1,4,10,245§CH,Ph),, and the IUPAC 1,6,9,18-isomer was originally reported as 1,2,4s3&8,Ph))). ¢ No X-ray structure of any
Cs0Xn molecule has been observed with a termimeCeX, pair of substituents.

Figure 10. Intramolecular F+F contacts in two trifluoromethylated alcohols
from ref 72 (top: F5-F12, 2.58 A; F2:-F12, 2.51 A; C3--C11, 3.66 A;
C2---C11, 3.40 A; R=i-Pr) and ref 73 (bottom: F&F11, 2.58 A;
F2---F12, 2.58 A; C3-C11, 3.71 A; C2--C11, 3.38 A). The unlabeled

Figure 9. The 15 intramolecular +F contacts from 2.541 to 2.992 A in gray spheres are fluorine atoms, and the unlabeled white spheres are carbon
Co0(CF3)10-3. Only the fluorine atoms (gray) and the £&arbon atoms atoms.
(white) are shown as spheres (arbitrary size) for clarity. The individual

F--F distances are listed in Table 2. The Jer values for Go(CFs)10-3 vary from 8.4 to 16 Hz and
give rise to quartets for the two terminal €groups and to

Fluorine-19 NMR Spectra. The 1D and 2D-COSY spectra multiplets for the other eight GFgroups (the uncertainties in
for Ceo(CFs)10-3 are shown in Figures 11 and 12, and the data the Jrr values for Go(CFs)ir3 and the other &7dChs)n
are listed in Table 4 (also listed are data fap(CFs)10-1, Coo- compounds discussed here &t@.2 Hz for terminal CEgrogps
(CR3)10-2, C1-Coo(CFs)a,2t C1-Ceo(CFs)s,2t and Go(CFs)10-1). and &1 Hz for other Ck groups). Some of these multiplets
The 2D-COSY spectrum of @ CFs)10-3, along with the X-ray resemble septets, indicating that the tigpvalues for that Cg
structure, led to the unambiguous assignment of the 19 CF group and its two nearest-neighbor £§roups are equal or

multiplets. The chemical shifts for the two terminal £2ffoups nearly equal (e.g., mu_ltipletsandf). Wh.e” the twaler values

are more shielded than those with two nearest-neighbar CF are unequal, the mult!plets take on their true nz_;lture as quartets
groups. Furthermore, GA and CFk-3 are the most deshielded of quartets (e.g., multipleg andh). TheJer coupling _betwet_an
(multipletsa andb, which are accidentally isochronous). This Chl and Ch-3 gannot be observed pepause their multiplets
is opposite to what was observed for the three types of fluorine are accidentally isochronous. No splittings other than those

atoms in (E_OFl& which hav_e one, two, or three fluorine atom (74) Boltalina, O. V.; Markov, V. Y.; Taylor, R.; Waugh, M. Ehem. Commun.
nearest neighbors on contiguous cage carbon atbms. 1996 2549-2550.
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19F NMR, CgDg
Ces0(CF3)10-3

M i ) j

—-68.5 -69.5 -70.0 —70.5ppm

650 -655 —66.0 -66.5 —67.0ppm
) ab
585 -59.0 -59.5 -60.0 -60.5ppm

Figure 11. The 376 MHz%F NMR spectrum of GyCFs)10-3 (benzene-
ds, 25 °C, GsFs internal standard( —164.9)).

7,28 40

59 -61 63 -65 67 -69 —71
Figure 12. Thel%F—9F COSY NMR spectrum of §(CFs)10-3 (benzene-
ds, 25 °C, GsFs internal standardd —164.9)).

involving Jrr coupling to nearest-neighbor €groups were
observed for any of the compounds listed in Table 4.

As in our previous work o1€;-Cgo(CFz3)4 andCi-Cgo(CF)e, 2t
we propose that through-space-IF coupling is the largest
contribution to the observedkr values in Go(CF3)10-3. Some
might argue that the term “through-space coupling” is a

<3.2 A apart) that are separated by four or more bonds (i.e.,
~3Jep) is predominantlymediated through space (as just defined)
and not through the network of covalent bonds that separate
the fluorine atom&-82 (or for metal complexes with €F
bonds, through the network of bonds that includes mdigénd
bonds$?). Perhaps the most compelling case is thetl2 Hz
398]Jcr coupling observet for the fluorine atoms on 6-fluoro-
tryptophan residues (Trp5 and Trp133) in a dihydrofolate
reductase-NADPH-MTX protein complex, which Oldfield and
co-workers later showed was mediated entirely by through-space
coupling (F--F = 2.98 A)78

The fluorine atoms on nearest-neighbors@foups in Go-
(CR3)10-3 are separated by either simétg or seven bonds
(para). In the 8Jgr cases, one of the intervening carbon atoms
has sp hybridization, while in the’Jss cases, there are two
equivalent pathways containing a differer=C double bond.
An estimate can be made of the magnitude, but not the sign, of
the through-bond contribution tdg¢ for a pair of Ck groups
by examining thé®F NMR data for the fluoro alcohols shown
in Figure 107273In both compounds, hydrogen bonding between
the OH group and one of th@tho CF; groups resulted in slow
rotation about the (HO)EC(arene) bond. The magnitude of
the 8Jgr coupling between the hydrogen-bondeds@Foup and
the geminal CE groups (two intervening gpcarbon atoms),
which can only be through bonds, 2 Hz, wherea$Jgr for
the otherortho CF; group and the geminal GFgroups is 15
Hz. Therefore, the through-space contribution to the |&fgr
value is probably between 13 or 17 Hz.

To estimate the likely intramolecular-H contacts in solution
so that we can compare the coupling-constant data with recent
theoretical and experimental work on through-spagecou-
pling, we will assume that the solid-state conformations of the
CFs groups other than GFL and Ck-3 are maintained to a
significant degree in solution. An obvious proviso is that each
fluorine atom assumes each of the three positions for its CF
group one-third of the time. The conformations of £IF -3,
-7, -17, -23, and -40 are shown in Figure 13 along with other
fragments of the gy(CFs)10-3 structure relevant to this discus-
sion. The three fluorine atoms on &¥, Ck-17, CR-23, and
CFR;-40 are staggered with respect to the three cage carbon atoms
attached to C7, C17, C23, and C40, respectively. The same is
true for the four remaining GFgroups not shown in Figure 13.
The conformations of the unique pair of &groups on the same
pentagon are revealing; G is almost perfectly eclipsed, and
CFRs-3 exhibits a conformation between staggered and eclipsed.
This is probably due to-~F steric interactions that require one

(75) (a) Petrakis, L.; Sederholm, C. B.Chem. Physl961, 35, 1243. (b) Brey,
W. S.; Ramey, K. CJ. Chem. Phys1963 39, 844. (c) Mallory, F. B.;
Mallory, C. W.; Fedarko, M.-CJ. Am. Chem. Sod.974 96, 3536-3542.

(76) Tuttle, T.; Grafenstein, J.; Cremer, Dhem. Phys. Let2004 394, 5—13.

(77) (a) Schwarz, R.; Seelig, J.; Kunnecke,NBagn. Reson. Chen2004 42,
512-517. (b) San Fabian, J.; Westra Hoekzema, A. J.AChem. Phys.
2004 121, 6268-6276. (c) Bryce, D. L.; Wasylishen, R. E. Mol. Struct.
2002 602 463-472.

misnomer since true through-space coupling involving zero (78) Arold, W. D.; Mao, J.; Sun, H.; Oldfield, Bl. Am. Chem. So200Q

orbital overlap (e.qg., dipolar coupling) is not observed in liquid

NMR spectra. Nevertheless, NMR spectroscopists have used

122 12164-12168.

(79) Peralta, J. E.; Contreras, R. H.; Snyder, Tlikem. Commur200Q 2025~
2026.

(80) Mallory, F. B. et alJ. Am. Chem. So200Q 122 4108-4116.

the term for more than 40 years to describe Fermi contact (81) Alkorta, I.; Elguero, J. EStruct. Chem2004 15, 117—120.

coupling (FCC) by direct overlap of fluorine atom orbitals
(primarily lone-pair orbitals) as opposed to FCC throughdhe
framework of a moleculé® It is now widely accepted that

significantJ coupling between proximate fluorine nuclei (i.e.,
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(82) Bartolome, C.; Espinet, P.; Martin-Alvarez, J. M.; Villafane,Bur. J.
Inorg. Chem.2004 2326-2337.

(83) Albeniz, A. C.; Casado, A. L.; Espinet, Brganometallics1997, 16, 5416—
5423.

(84) Kimber, B. J.; Feeney, J.; Roberts, G. C. K.; Birdsall, B.; Griffiths, D. V.;
Burgen, A. S. V.Nature1978 271, 184-185.
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Table 4. Fluorine-19 NMR Data?

compound multiplet/=od/res. nos. of COSY correlations/Jer, Hz/location of CF; on Ceo
Co0(CF3)10-3 a b c d e f g h i j
) 58.3 58.3 65.4 66.8 66.8 67.2 68.4 68.6 69.7 70.8
COSsY d,h o] e, ae cd d,i b,c ae f b
JeE (9)ed (8.4), (9yd 16 e (16) 12-13 9,16 9,16 12.8 8.4
Csolocation Cl C3 C31 Cc7 C28 C23 Cl4 C10 C40 C17
Cs0(CFs)10-2 a b [« d e f g h i j
-0 64.0 64.9 65.5 66.8 67.0 67.0 67.2 67.9 68.7 70.00
COSsY d,g cg b,f a.e di c,h ab f h e
JrE 12 12-13 13 12 12-13 12-13 12 14-15 14.2 12.6
Cs0(CFs)10-1 a b c d e f g h i j
) 64.0 65.9 66.2 67.3 67.8 6P.2 70.0 70.0 70.4 71.1
COSsY c,d c,h a,b a.e d,g j e, b g f
Jee 12-13 12-13 12 12 15-16 13.7 12-13 12.4 12.7 13f9
C1-Co0(CFs)40 a b [ d
) 67.1 67.3 69.7 71.3
COSsY b,d a,c b a
Jee 12-13 14 14.2 12.2
Cl-Ceo(CF3)eg a b C d e f
-0 66.0 67.2 67.4 68.2 692 71.9
COSsY c,f c,d a,b de d a
JrE 11-12 15 13 14-15 14.0 114
C7o(CRs)10-1 a b c d e f g h i j
-0 59.2 61.5 62.1 62.2 62.4 62.8 63.4 64.3 67.6 70.7
COSsY [oXs] ef a,h e, b,d b,g a,f (o8] d h
JrE 11,16 13-14 14-15 15-16 13-14 13-14 11,16 10, 14 15.9 10.3

a All data are from this work, unless otherwise noted; benzienlutions at 25 C; CsFs internal standardd —164.9). Coupling constants are known
to +0.2 Hz for terminal CE quartets. Resonances for others@ffoups are multipletsle values for the ones that are apparent (but not true) septetslare
Hz. Data for impurity peaks are not includédTerminal Ck group. ¢ Jer values in parentheses were not observed in these multiplets but were taken from
the COSY-correlated multipletd The Jer value for CR-1/CFs-3 does not result in observable splittings because their multiplets are accidentally isochronous.
eThe dash denotes that tde- value could not be determined due to the complexity of the multipletese values are the same to within experimental
error.9 Data from ref 21 (toluenéls).

of these most-crowded Groups to be eclipsed if the otheris values are calculated to be ca. 0 HZ87° Since the three
staggered or partially staggered, despite the fact that an eclipsedluorine atoms of each GFhave the sameé value, pairs of
geometry results in three relatively shortage contacts of  fluorine atoms on neighboring GRjroups are in position to
2.6-2.7 A (in contrast, the #Ceagecontacts for staggered # experience through-space coupling with one another only one-
are 22.85 A). The eclipsed geometry of GE results in ninth of the time. Therefore, the through-space component of
intramolecular F-F distances to CG&7 and Ck-10 thatare the 10 observedime-averaged g values in Table 4 are 9 times

EngFEZF in the m(;llegule, |2.793.0Q ;I& In contrast(,sge sg(éré(;st smaller than the through-space contributioddefor a specific
istances that involve partially staggerecsGrare 2. pair of fluorine atoms on a given pair of neighboringsgffoups.

A (F623--F661 to CE-17; see Figure 13) and 2.581 A (to €F If we make the simplifying assumption that the values in Table

14). . . .
There are two observations that can be understood only if 4 are entirely due to through-space coupling, then the magnitude

CFs-1 and CR-3 exhibit the eclipsed conformation ca. 50% of of the nonzero through-space components of the time-ayeraged

the time. First, despite the different solid-state-F distances ~ Jrr values for Ck groups other than GF1 and Ck-3 varies

to their nearest-neighbor GBroups just noted, thé-r values from 81+ 9 to 144+ 9 Hz.

for CFs-1/CFR;-10 and CE-3/CFRs-14 are both 9 Hz, suggesting With the above assumptions regarding-F distances in

equal time-averagedfF distances in solution. Second, despite  solution in mind, the observed range of individual through-space

the same solid-state distances for F6#%661 and F67%-F703 Jer values of 81144 Hz is consistent with recent theoretical

and the same trape_zoi(_jal geometry of their respective pairs ofanq experimental results on the magnitude of through-space

C—F bonds shown in Figure 13, tiier values for Cl-3/CFs- coupling. Several groups have calculated the R distance

17 (8.4 Hz) and Ck23/CR-40 (12.8 Hz) are significantly 4o endence ofer for the rectangular (HE)system having

different. This suggests that the tlme-a\{erqgedﬂzdls_tances parallel H-F bonds, equal #F and H--H distances, an€s,

for CFs-3/CRs-17 and CR-23/CFs-40 are significantly different 2678791 thnice o .

in solution even though they are the same in the solid State.symmetry. " In this orientation, ther ranges reported by
different groups were 1832 Hz at 3.0 A76787960—80 Hz at

Therefore, the average conformation of in solution
g &F 2.7 A767985-120 Hz at 2.6 A6 and 116-170 Hz at 2.5

undoubtedly includes a significant contribution of the eclipsed
conformation. A.76.79|n one study, theler value at 2.6 A changed from 120

Consider the three structure fragments in Figure 13 that show 0 320 Hz depending on the relative orientation of the two HF
pairs of Ck groups on a given hexagon_ Each pair exhibits one molecules’® Calculations inVO'Ving two €F bonds have given
relatively short F--F contact (2.57 A for thenetapair and 2.64 ~ comparable magnitude coupling constants at comparable F
or 2.65 A for theparapairs). All other F-+F distances between  distanceg®7879.818%nd experimentaler values of 37-99 Hz
the pairs are=3.60 A, distances for which through-spagg have been reported for +F distances that are between 2.5 and
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Figure 13. Fragments of the structure o&§CFs)10-3. In each of the three fragments at the top, the plane of the page represents the plane of the three cage
carbon atoms attached to C3, C1, or C17 (from left to right). In the trapezoid drawings, the four atoms shown are coplanar to within 0.15 (top), 0.05
(middle), and 0.09 A (bottom).

2.7 A8086 A relevant system involving GFgroups iscis-Pd- 19F NMR 2O
(2,4,6-GH2(CFs)3)2(L—L"), in which pairs ofortho CF; groups Coo(CF)ie? |
on different tris(trifluoromethyl)mesityl ligands are proximate a S d
and exhibit time-averaged through-spdgecouplings of 7.5 L,«JL«LL'

10 Hz depending on the nature of the unsymmetric chelating

L—L' ligand82 Considering that theF distances in the related CoolCF3)2 of
compound with the symmetric chelate 2t2quinoline are a be gh v
2.707(7) and 2.750(7) & slightly longer than the 2.541(3) d

2.653(3) A distances in §g(CFs)10-3 that do not involve C§1

and CRk-3, the fact that those coupling constants are slightly

smaller than the 1216 Hz J-¢ values for Go(CFs)10-3 is not CoolCRle3  [ge i
unexpected. Interestingly, one of the-€---F—C fragments in ot '
cis-Pd(2,4,6-GH2(CHRs)3)2(2,2-biquinoline) is a trapezoid very ab )
‘ 9
—Ju L

similar to those in Figure 13. As far as we are aware, no one
has yet calculatedgr values for a trapezoidal arrangement of 55 a1 66 —e8 70
i . . . -58 -64 -66 -68 -70ppm

two C—F bonqls. It will b.e interesting to see.what the predicted Figure 14. Fluorine-19 NMR spectra of the three isomers a§(CFs)io
values ofJrr will be for this geometry at ++F distances between  (376.5 MHz, benzends, 25 °C, CiFs internal standard & —164.9)).
255 and 2.75 A. Multiplets a and b in the spectrum ofefCFs)10-3 are accidentally

The 1D NMR spectra of G(CFs)10-1 and Go(CFs)10-2 isochronous.
are compared with the spectrum o§(CFs)10-3 in Figure 14
(60 and Jgr values are listed in Table 4; 2D NMR spectra are

available in Supporting Information). Both compounds clearly
haveC,; symmetry. The similarity in all respects to the 1D and
(85) Peralta, J. E.; Barone, V.; Contreras, R. H.; Zaccari, D. G.; Snyder,]J. P. 2D spectra of @)(CI%)}O_S Strongly SqueStS that these com-

Am. Chem. So©001, 123 9162-9163. pounds too have pairs of GFroups inmeta and/or para
(86) (@) Ernst, L.; Ibrom, K.; Marat, K.; Mitchell, R. H.; Bodwell, G. J.; Bushnell, positions on the fullerene hexagons. In the Case@(ﬂ:g)lo_

G. W.Chem. Ber1994 127, 1119-1124. (b) Ernst, L.; Ibrom, KAngew. . . . . .
Chem, Int. Ed. Engl.1995 34, 1881-1882. 2, the data are consistent with a ribbon of nine edge-sharing
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isomer fractions of gyCFs), and Go(CFs), isolated by Taylor
and co-workers havé andJgr values in chlorofornd solution

in the same ranges (forg&CF3),, —58.0> 6 = —69.9, 11.3
_j UMJ L Hz < Jer < 14.5 Hz; for Go(CFs)n, —60.9> 6 = —70.4, 9.1
Hz < Jer < 17.6 HZ%325) as structurally characterizeds©©

701 i B (CR3)10-3, the DFT-predicted structures 6f-Cgo(CFs), andC;-

-681 - Ceso(CFs)s, and the other compounds in Table 4. In their most
E ) recent papef: these authors stated that “in general [1,4 addition

66 of CF; groups] does not account for the large coupling constant

-641 -° variations”, a conclusion that is disproven by the structure and
NMR spectrum of Gy(CFs)10-3. There can now be little doubt
that most Go7dCFs)n compounds prepared to date have
-60" . . structures based on a ribbon of edge-sharing hexagons with
A Ry w1 p-m-p and/or p-p-p segments, some of which may also have
isolatedpara-Cs(CFs), hexagons. The one exception may be

Figure 15. 1D- and 2D-COSY'%F NMR spectra of @(CFs)10-1 (376.5 X ) .
MHz, benzeneds, 25 °C, CsFs internal standardd —164.9)). an isomer of Gy(CFs)s with the skew pentagonal pyramid

structure of GoBre (see Figure 8).

-624¢ ° 2

hexagons (there are two terminal £groups that give rise to
quartetsi and j). In the case of g(CFs)10-1, the data are  Conclusions
consistent with a ribbon of eight edge-sharing hexagons and an
isolatedpara-(CFs), hexagon (there are four terminal £ffoups
that give rise to quartefs h, i, andj, and quartet$ andj are
correlated only with one another). In neither case is there
evidence for a pair of GFgroups occupying the same pentagon,
as in Go(CFs)10-3.

The 1D and 2D spectra for&{CFs)10-1 are shown in Figure
15, and the data are listed in Table 4. The data are entirely
consistent with a ribbon of nine hexagons but withoutza C
(CFs)2 pentagon (i.e., a ribbon probably similar to that fae-C
(CR3)10-2). It is surprising that &(CFs)16-1 is asymmetric. The
compound GoBrigis known to haveCs symmetry, with bromine
atoms occupying the relatively flat equator ofoGsee Figure
8) .55 That structure, predicted to be the most stable for this
molecule?” has two bromine atoms on adjacent cage carbon
atoms, so it is not surprising that§CFs)10-1 does not adopt
this structure. What is surprising is that the second most stable
structure predicted for £Brio hasC, symmetry with a sterically
unencumbered afpararibbon on nine edge-sharing hexagons.
The unambiguous asymmetry ofd0CFs)10-1 and the fact that
it was prepared at 470 suggests that there may 6gisomers
of some GoX10 compounds that are especially stable and that
until now have not been considered by fullerene theorists. Note

A significant improvement in the selectivity of fullerene
trifluoromethylation reactions was achieved by using a stream
of CFsl flowing through a hot tube containing eithegdor Cyo.

The predominant products in thedZeaction, an estimated 40

mol % of the cold-zone condensate, were three isomerg@f C
(CRs)10 that were purified by two- or three-stage HPLC. The
selectivity of the Gy reaction was even higher. The predominant
product was a single 4CF3)1o isomer representing ca: 40

mol % of the cold-zone condensate (27% overall yield based
on converted &). One of the Gy(CFs3)10 isomers was purified

to 95+% purity, and itsC;-symmetric structure was determined
to be 1,3,7,10,14,17,23,28,31,4Q0(CFs)10 by X-ray crystal-
lography. The CEkgroups are eithanetaor parato one another

on a p-m-p-p-p-mp-m-p ribbon of edge-sharing §0CF3)2
hexagons. With this structure in hand, th% NMR data,
especially the observed, varial§téJ-r values of 8.4(2)-16(1)

Hz, clearly demonstrate that through-space coupling via direct
overlap of fluorine atom orbitals is the predominant contribution
to Jer values in these and probably most other fullerengfCF
compounds. Previous structural assignments gf 7CF3)n
derivatives that were based on predominantly through-bond
coupling?®=25 should be reconsidered.
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