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Abstract: Milligram amounts of the new compounds 1,9- and 1,7-CsoF(CF3) (ca. 85:15 mixture of isomers)
and CgoF3(CF3) were isolated from a high-temperature Cgo/K,PtFs reaction mixture and purified to 98 mol
% compositional purity by two-dimensional high-performance liquid chromatography using Buckyprep and
Buckyclutcher columns. The previously observed compounds CeoFs(CF3) and CsoF7(CFs3) were also purified
to 90+ mol % for the first time. Variable-temperature °F NMR spectra of the mixture of CsoF(CF3) isomers
and the previously reported mixture of Cs- and C;-CgoF17(CF3) isomers demonstrate for the first time that
fullerene(F),(CF3)m derivatives with adjacent F and CF; substituents exhibit slow-exchange limit hindered
CF; rotation spectra at —40 + 10 °C. The experimental and density functional theory (DFT) predicted AH*
values for CF3 rotation in 1,9-CgF(CF3) are 46.8(7) and 46 kJ mol~?, respectively. The DFT-predicted AH*
values for 1,7-CsoF(CF3), Cs-CsoF17(CF3), and Ci-CeoF17(CF3) are 20, 44, and 54 kJ mol™, respectively.
The =*Jer values from the slow-exchange-limit °F spectra, which vary from ca. 0 to 48(1) Hz, show that
the dominant nuclear spin—spin coupling mechanism is through-space coupling (i.e., direct overlap of fluorine
atom lone-pair orbitals) rather than coupling through the o-bond framework. The 2Jer values within the CF3
groups vary from 107(1) to 126(1) Hz. Collectively, the NMR data provide an unambiguous set of =4Jgr
values for three different compounds that can be correlated with DFT-predicted or X-ray diffraction derived
distances and angles and an unambiguous set of 2Jgr values that can serve as an internal standard for all
future Jee calculations.

Introduction (CF3)5,3 Dsq-CeoF20,*° Th-CeoF24,8 Co,-CsoFo,”8 and Cy,-Ceo-
(CF3)2.219 The latter two compounds are especially interesting
We have been interested in the synthesis, characterization pecause they demonstrate the interplay of offsetting steric and
and properties of fullerene(X)derivatives with electron-  glectronic effects in determining the most stable isomers in

withdrawing substituents for more than a decade=(¥, Cl, fullerene(X), compounds. DFT calculations indicate that the
Br, CFR;).12 Recent examples of compounds we have isolated

and structurally characterized by X-ray crystallography or by (3) Kareev, I. E.; Lebedkin, S. F.; Bubnov, V. P.; Yagubskii, E. B.; loffe, I.

1% NMR spectroscopy with corroborating density functional R B0 L 1ot vaqg uss: S. H.; Bolialina, O.Ahgew.
theory (DFT) calculations includ€,,-C70Brio,2 Ci-Y@Cgx- (4) Boltalina, O. V.; Markov, V. Y.; Troshin, P. A.; Darwish, A. D.; Street, J.

M.; Taylor, R.Angew. Chem., Int. E®001, 40, 787—789.
(5) Popov, A A, Goryunkov, A. A.; Goldt, I. V.; Kareev, I.E.; Kuvychko, I.
T Institute of Problems of Chemical Physics. \éae'#mz'z%sdzvib%?lsliﬁgflltrlges”aussr S. H.; Boltalina, 0.JVPhys.
¥ ; . . .
5 Inst'ltute fqr Na_notechnology. (6) Denisenko, N. I.; Troyanov, S., I.; Popov, A. A.; Kuvychko, I. Verdva,
Freien UniversitaBerlin. B.: Kemnitz, E.; Strauss, S. H.; Boltalina, O. ¥. Am. Chem. So2004

I'Moscow State University. 126, 1618-1619.
U Colorado State University. (7) Boltalina, O. V.; Lukonin, A. Y.; Street, J. M.; Taylor, Rhem. Commun.
(1) (a) Boltalina, O. V.; Galeva, N. ARuss. Chem. Re200Q 69, 609-621. 200Q 1601-1602.
(b) Boltalina, O. V.; Goryunkov, A. A.; Markov, V. Y.; loffe, I. N.; Sidorov, (8) Clare, B. W.; Kepert, D. LTHEOCHEM2003 621, 211—231.
L. N. Int. J. Mass Spectron2003 228 807-824. (c) Boltalina, O. V.; (9) Goryunkov, A. A.; Kuvychko, I. V.; loffe, I. N.; Dick, D. L.; Sidorov, L.
Strauss, S. H. IDekker Encyclopedia of Nanoscience and Nanotechnplogy N.; Strauss, S. H.; Boltalina, O. \. Fluorine Chem?2003 124, 61—64.
Schwarz, J. A., Contescu, C., Putyera, K., Eds.; Marcel Dekker: New York, (10) Goryunkov, A. A,; loffe, I. N.; Kuvychko, I. V.; Yankova, T. S.; Markov,
2004; pp 11751190. V. Y.; Streletskii, A. V.; Dick, D. L.; Sidorov, L. N.; Boltalina, O. V.;
(2) Troyanov, S. |.; Popov, A. A.; Denisenko, N. |.; Boltalina, O. V.; Sidorov, Strauss, S. HFullerenes Nanotubes Carbon Nanostru#®04 12, 181—
L. N.; Kemnitz, E.Angew. Chem., Int. EQ2003 42, 2395-2398. 185.

10.1021/ja051954y CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 11497—11504 = 11497
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Figure 1. Schlegel diagrams of the most stable isomers gF£(left)
and Go(CFs)2 (right). The isomer 1,9-g3F; is predicted (DFTAH;¢° values)

to be 29.7 kJ moi' more stable than 1,7«3.8 Because of steric repulsion,
however, the isomer 1,7s&CFs); is predicted to be 34.7 kJ mdi more
stable than 1,9-(CFs)2.219 The numbering scheme used is the one
approved by the IUPAE and the Chemical Abstracts Servite.

most stable isomer of gg, has fluorine atoms on the adjacent
carbon atoms of a hexhex junction (i.e., 1,9-65F2)8 but that
the most stable isomer ofsgfCFs)2 has Ck groups on g-Cs-
(CRs)2 hexagon (i.e., 1,7-(CFz),),*1%as shown in Figure 1112

Cosmosil Buckyprep column (20 mm inside diameter (ixd250 mm,
Nacalai Tesque Inc.) (1.8-mL injections, 18 mL/min flow rate, toluene
eluent) was used, affording initial isolation of the fraction eluting
between 8.5 and 13.5 min. This fraction was composed of three peaks:
A, B, and C eluting at 8.8, 11, and 12.5 min, respectively. Matrix-
assisted laser desorption ionization mass spectroscopy (MALDI-MS)
analysis revealed that peaks B and C containggDCand GoF,
respectively, whereas peak A was composed of the two compounds
Ceo and GoF(CRs). The latter composition has not been previously
observed. The Cosmosil Buckyprep column proved to be ineffective
for the separation of £&F(CF;) from the significant amount of g that
was present. However, a second HPLC purification stage using a Regis
BuckyClutcher column (20 mm i.dx 250 mm, Regis Chemical Co.;
0.6-mL injections, 12 mL/min flow rate, toluene eluent) afforded a
satisfactory separation of the two compositions. The(CTF;) fraction
eluted at 6.2 min, and-34-mg batches of 98% pures§&(CFs) were
collected (the purity was established by subsequent HPLC and MALDI-
MS analysis). The gF(CF) fraction proved to be a mixture of 1,9-
CeoF(CRs) and 1,7-GoF(CFs). Both of these isomers and the compo-
sition GsoF3(CFs) are new compounds.

Isolation of CeoF17(CF3) (Mixture of Isomers). At the first,

This suggested that the 1,9 and 1,7 isomers of the previously cosmosil Buckyprep stage (20 mm i.g. 250 mm, Nacalai Tesque

unknown composition ggF(CF;) might have comparable stabil-
ity.

We now report the isolation of 1,9- and 1,%:E(CF;) from
a high-temperature §gK,PtR reaction mixture. Variable-
temperaturé®F NMR spectra show that the @group in the
1,9-isomer undergoes significantly slower rotation than the CF
group in the less hindered 1,7-isomer. Low-temperatdFe
NMR spectra of the previously reported mixture@fand C,
isomers of GoF17(CFs), for which CF; resonances had not been
observed at 25C 3 show that restricted rotation of fullerene
CFR; groups adjacent to fullerene<F moieties may be a general
phenomenon in the growing class of fullereng(€fs)m
compounds. Furthermore, an analysid®f=4Jgr values in the
slow-exchange-limit spectra of 1,%¢(CF;), and the two
isomers of GoF17(CF3) show that the dominant coupling
mechanism is through-space coupling (i.e., direct overlap of
fluorine atom lone-pair orbitals) rather than through-bond
coupling.

Experimental Section

Reagents and SolventsThe compound & (99.9% Term USA)
was used as received. The compounétks was obtained by treating
K2PtCk with fluorine at 350°C as previously described [Cautionz F
is extremely hazardous and should be handled only by trained
personnel}# Toluene was high-performance liquid chromatography
(HPLC) grade. Benzends (Cambridge), chlorobenzene, trichlorofluo-

romethane, and hexafluorobenzene (Sigma-Aldrich) were dried over

activated 4-A molecular sieves and vacuum distilled.
Reaction of Gsp with K 2PtFe. A finely ground mixture of Go (0.70
g, 0.97 mmol) and KPtFs (2.31 g, 5.97 mmol) was heated at 430
for 6 h under dynamic vacuum. The sublimed crude product mixture
(0.763 g) was dissolved in toluene, filtered through a Qu4bfilter in

order to remove insoluble inorganic byproducts, and processed by HPLCvalues, and°F NMR chemical shift16

as follows.
Isolation of CeoFn(CF3) (n = 1, 3, 5, 7).A two-stage chromato-

Inc.) (18-mL injections, 1.8 mL/min flow rate, toluene eluent), a fraction
eluting between 30 and 41 min was collected. At the second, Regis
Buckyclutcher stage (20 mm i.c. 250 mm, Regis Chemical Company;
1.2-mL injections, 12 mL/min flow rate, toluene eluent), a major
fraction eluting at 9.5 min and containing—8 mg of the single
composition GoF17(CF;) was collected (the compositional purity was
demonstrated by subsequent MALDI-MS analysis). The shape of the
9.5-min HPLC peak suggested the presence of two approximately equal
intensity components, which we concluded were the kn@yandC;
isomers of GoF17(CFs).®® It was not necessary to separate the two
isomers for this study, but in principle their separation could probably
be achieved by using a toluenbeptane eluent instead of neat toluene.

Spectroscopic MethodsMALDI 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
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. Samples f6r NMR
spectroscopy were chlorobenzene or toludneolutions and were
recorded using a JEOL JNM-LA 400 (Berlin; CrQ@bternal standard,

0 0) or a Bruker INOVA-400 spectrometer (Fort CollingRginternal
standardp —164.9) operating at 376 MHz.

X-ray Crystallography. Cube-shaped crystals of the mixture of 1,9-
and 1,7-GoF(CFs) were formed by slow evaporation of solvent from a
toluene solution. A black crystal that was 0.05 mm diameter was
examined by X-ray diffraction at the Berlin Electron Synchrotron
Radiation source BESSY at120°C (the X-ray wavelength was 0.900
A). Refinement of 800 reflections showed the crystals to be cubic with
a=22.699(3) A. The extinctions were clearly consistent with the space
group12;3 (No. 199). By assumption that= 12 (i.e., 15 R/atom),
there is a 6-fold or greater disorder of the molecules in the lattice. No
reasonable solution for the crystal structure could be obtained.

DFT Calculations. Predicted molecular structures, relatié;°
were determined with the
PRIRODA packag¥ using the GGA functional of Perdew, Burke, and
Ernzerhof (PBEY and the TZ2R 6,1,1,1,1,1/4,1,1/1}1basis set. The

graphic procedure was developed. At the first separation stage, a19p isotropic magnetic shielding constants were calculated for the four

(11) Powell, W. H.; Cozzi, F.; Moss, G. P.; Thilgen, C.; Hwu, R. J. R.; Yerin,
A. Pure Appl. Chem2002 74, 629-695.

(12) Goodson, A. L.; Gladys, C. L.; Worst, D. B. Chem. Inf. Comput. Sci.
1995 35, 969-968.

(13) Boltalina, O. V.; Hitchcock, P. B.; Troshin, P. A.; Street, J. M.; Taylor, R.
J. Chem. Soc., Perkin Trans.2ZD0Q 2410-2414.

(14) Goldt, I. V. Ph.D. Dissertation, Moscow State University, Moscow, Russia,
2004.
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molecules that are the subject of this paper and for a set of

(15) (a) Batayev, V. A.; Abramenkov, A. V.; Godunov, |. Struct. Chem.
2004 15, 31. (b) Abramenkov, A. VRuss. J. Phys. Cherhi995 69, 1048.

(16) Fukaya, H.; Ono, TJ. Comput. Chen004 25, 51-60.

(17) Laikov, D. N.Chem. Phys. Lettl997 281, 151-156.

(18) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865
3868.
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experimentally characterized reference compounds including fluoro-
fullerened and small molecules containing €Rroups such as
perfluorocarbons and perfluorinated ethers and ket&refective 1D
rotational potentials were used to model the internal rotations of the
CF; groups. For a given GHgroup, this potential was calculated for a
series of fixed conformations by optimizing the remaining molecular
degrees of freedom. The determination of rotational eigenstates for the
potential thus obtained allowed the derivation of a temperature-
dependent conformational probabititdensity distribution, which was
further convoluted with the calculated conformational dependence of
the isotropic shielding to give the average shielding constant for a given
temperature (the program TORSRWas used for numerical integration

of the Schidinger equation). For moderate temperatures and rotational
barriers above 15 kJ mdl, this procedure, although generally prefer-
able, rarely gave a shielding constant significantly different than simple
averaging over three frozen equilibrium conformations of the @&up.
Linear regression of experimentél values vs calculated shielding
constants for the reference molecules provided relevant scaling and
offset parameters (different sets of parameters were establishedfor CF
fluorine atoms and for fullerene-cage-€ fluorine atoms).

Results and Discussion

Preparation and Isolation of CgoF(CF3) and CeoF3(CF3).
The high-temperature reaction of a finely ground mixture of
Ceo and KyPtFs, first reported in 19969 can be optimized to
produce a 66 70% isolated yield of 98% compositionally pure
CsoF18.2° The remainder of the mixture of products has been
shown to contain unreactedsCand small amounts of dozens
of other fluorofullerenes and fluorofullerene derivatives. Those
that have been purified by HPLC using Cosmosil Buckyprep
columns and isolated, generally in milligram or sub-milligram

amounts, as a reasonably pure single compound or a mixture

of two compounds include ggF, and GoF0,” CeoFa, CsoFe,
and Q;()Fg,zl and Q0F17(CF3).13

We recently reported the use of a Regis Buckyclutcher HPLC
column, routinely used for the purification of endohedral
metallofullerened? to separate the compoundsgEzs* from
impurities that coeluted with it in a Buckyprep column, including
CeoF12, CeaF14, and GoF200.5 This successful two-dimensional
Buckyprep/Buckyclutcher HPLC procedure has now been
applied to the reaction products of a 4%0 reaction of Go
and KPtFs. A plot of Buckyprep vs Buckyclutcher retention
times for selected compounds is shown in Figure 2. Three new
compounds, 6F(CF) (two isomers) and gF3(CFs), have been
isolated, and the previously observed compoungis+(CFs)
and GoF/(CFs)?! have been isolated in 20mol % composi-
tional purity for the first time.

The crude reaction product contained mostlyoFgs and
unreacted . It was prepurified by HPLC using a Buckyprep
column. An 8.8-11.3-min fraction was then purified by the two-
dimensional Buckyprep/Buckyclutcher procedure, as shown in
Figure 3. A narrow cut of the Buckyclutcher separation centered
at 6.2 min was rechromatographed two more times using the
Buckyclutcher column to afford-34 mg batches of a mixture
of two isomers of GF(CFs), both of which are new compounds.
A combination of subsequent HPLC analysig;NBALDI mass

(19) Boltalina, O. V.; Markov, V. Y.; Taylor, R.; Waugh, M. Ehem. Commun.
1996 2549-2550.

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

(21) Boltalina, O. V.; Darwish, A. D.; Street, J. M.; Taylor, R.; Wei, X.-W.
Perkin Trans. 22002 251-256.

(22) Shinohara, HRep. Prog. Phys200Q 63, 843.
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1t
E 0)
3
8 of ®
[]
s ®
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Buckyprep column retention time, min

Figure 2. HPLC retention times for £, CsoF derivatives ( = 2, 4, 6,

8), and GoFn(CFs) derivatives ( = 1, 3, 5, 7). The Buckyclutcher and
Buckyprep column eluent rates were 12 and 18 mL toluene/min, respec-
tively.

Ceo+CooFCF4 c
— CooF CE3 €0

absorbance

Buckyclutcher
column
CeO (stage 2)

~—

4 8
retention time/min
Buckyprep
4 column
(stage 1)

absorbance

8 16 20
retention time, min

0 4
Figure 3. HPLC traces for the separations ofE(CFs) (mixture of
isomers) from the 450C Cso/K,PtFs reaction products. The Buckyprep
and Buckyclutcher column eluent rates were 18 and 12 mL toluene/min,
respectively.

CeoFCFy CaoFCF

intensity

720 760  800m/z

Ces
T 7 Il 1 T

600 800 1000 1200m/z

Figure 4. Positive- and negative-iongS1ALDI mass spectra of purified

CeoF(CRs). The peaks marked with asterisks are due to the closed-shell

fragment ions GCFRst and GoF.

spectra (shown in Figure 4), and & NMR spectrum (vide
infra) demonstrated that the compositional purity of this mixture
of isomers was ca. 98 mol %. The HPLC traces in Figure 3
clearly show why these compounds had not been previously
identified, let alone separated, from the much larger amount of
unreacted gp using only a Buckyprep HPLC column.

Similar Buckyprep/Buckyclutcher fractions yielded highly
purified sub-milligram amounts of the new compounghRs-
(CR3) and the compounds¢gFs(CF3) and GoF(CFs), which
had only been previously observed as impurities in batches of
CsoF4 and GoFs, respectivel\! The negative-ion SMALDI
mass spectrum of purifiedegg3(CFs) is shown in Figure 5. At
the present time, an insufficient amount ofs(CFs) is
available for a meaningful NMR analysis. Mass spectra of
purified GsoF5(CF3) and GoF(CFs3) are available as Supporting
Information.

Isomers of GsoF(CF3). The DFT-predicted relative\H;°
values for various 1,9- and 1,76XY isomers are listed in Table

J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005 11499
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CgoF3CF3
=
2 ~
8|
£
844 848
700 800 900 m/z

Figure 5. Negative-ion $MALDI mass spectrum of purified §F3(CFs).

Table 1. DFT-Determined Relative Enthalpies of Formation for
Isomers of CgoXY

AHP(1,9-CgoXY), kJ mol~? AHP(1,7-CgoXY), kJ mol~?

XY ref
F.CR 0.0 9.8 this work
F.F 0.0 29.7 8
CR;,CR; 34.7 0.0 9, 10
CHs,CH3 0.0 3.4 8
H,H 0.0 30.9 8
Cl,Cl 1.3 0.0 8
Br,Br 2.4 0.0 8

18710 The two most stable structures forXY = H, F, Cl,

Br, CHs;, or CRK were also found to be the two most stable
structures for gF(CFs). Furthermore, as expected, the 1,9 and
1,7 isomers of gF(CFs) are close in energy, with the former
being 9.8 kJ mol! more stable than the latter. The new data
are entirely consistent with earlier conclusi®r$ that steric
factors should play a major role in determining the relative
amounts of 1,9- and 1,7«X, isomers, at least when their
formation is under thermodynamic control. The predicted
equilibrium geometries of 1,9¢g~(CF;) and 1,7-GoF(CR;) have
their respective CEgroups in a staggered conformation with
respect to the three cage-C bonds that radiate from the%p
cage carbon atom bearing the {ffoup.

The prediction of two stable isomers 0§dE(CF;) that are
similar in energy is supported by th& NMR data. The-40
°C spectrum of the currently inseparable mixture of two
principal GoF(CFs) isomers dissolved in chlorobenzene is
shown in Figure 6, along with fragments of their DFT-predicted
structures. The spectrum of proposed isomer J~CF;)
consists of two singlets in a 3:1 intensity ratiodat-69.9 and
—122.6, respectively. The lack of observal§lir coupling
between the EF and C-CF; fluorine atoms is consistent with

« fragment of X
1,9-CgoF(CF3)

fragment of -
1,7-CgoF(CF3)

120 " 140 ppm
Figure 6. The —40 °C °F NMR spectrum of a mixture of 1,9- and 1,7-
CeoF(CFRs) (376 MHz, chlorobenzene)(CFCk) = 0). Also shown are
drawings of fragments of the structures of the two isomers based on the
DFT calculations. The £+-Fyx distances are 2.65 and 3.48 A, respectively,

in the 1,9 and 1,7 isomers. The peaks marked with asterisks are due to
unidentified impurities.

130 135

LJ v
-125

a doublet of doublets (int. 2,AF 6 —63.9,%Jax = 43(1) Hz,
2Jps = 113(1) Hz), and a triplet (int. 1,,f 6 —139.3,Jax =
43(1) Hz). For comparison, the DFT-calculatédralues are
—72 and—127 for 1,7-GoF(CFs) and —57, —65, and—146
for 1,9-GsoF(CFR).

The relative integrated intensities indicate that the 1,8~C
(CR)/1,7-GsoF(CR3) mol ratio is approximately 85/15 or 5.6.
If the formation of these two isomers is under thermodynamic
control at the reaction temperature, 48D, and this is by no
means certain, &eq value of 5.6 for the transformation 1,7-
CeoF(CRs) = 1,9-GsoF (CFs) would yield aAAG; value of—10.4
kJ mol ! at 450°C and aAAHs value of—14.5 kJ mot! when
the statistical factor favoring the 1,7 isomer is taken into account.
The latter value is in good agreement with the D&Z&AH;° value
of —9.8 kJ mot! listed in Table 1.

Hindered CF3 Rotation. (a) 1,9-GoF(CF3). The portion of
the —40 °C NMR spectrum assigned to 1,3¢E(CF;) clearly
indicates slow rotation of the GFgyroup in this isomer (the
coupling of K to two CFs fluorine atoms instead of one further
demonstrates the staggered conformation of thegBdup). The
DFT AAHy° value for the eclipsed conformation of 1,9dE-

the large number of intervgning bonds and with the predic_ted (CFs) relative to its staggered conformation, which can be
3.48-A closest-approach distance of the two types of fluorine zssumed to be the barrier height for:@&tation, is 46 kJ mot.

atoms, since through-spat)er coupling has not been observed
or predicted for F-F distances significantly longer than 3
A.23-28The spectrum of proposed isomer 1,§fECFs) consists
of a triplet (intensity (int.) 1, k, 6 —57.2,2]ap = 113(1) Hz),

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

(24) Barbarich, T. J.; Nolan, B. G.; Tsujioka, S.; Miller, S. M.; Anderson, O.
P.; Strauss, S. Hl. Fluorine Chem2001, 112 335-342.

(25) Arnold, W. D.; Mao, J.; Sun, H.; Oldfield, El. Am. Chem. So00Q
122 12164-12168.

11500 J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005

For comparison, the eclipsed conformation of 1zFICF;) is
only 20 kJ mot? less stable than its staggered conformation,

(26) (a) Peralta, J. E.; Contreras, R. H.; Snyder, XCilem. Commur200Q
2025-2026; Alkorta, I.; Elguero, J. EStruct. Chem2004 15, 117-120.
(b) Tuttle, T.; Grafenstein, J.; Cremer, Bhem. Phys. Let2004 394
5-13.

(27) Peralta, J. E.; Barone, V.; Contreras, R. H.; Zaccari, D. G.; SnyderJJ. P.
Am. Chem. So001, 123 9162-9163.

(28) Bryce, D. L.; Wasylishen, R. B. Mol. Struct.2002 602, 463-472; San
Fabian, J.; Westra Hoekzema, A. J. A.Chem. Phys2004 121, 6268~
6276.
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Figure 7. Variable temperatur®F NMR spectra of 1,9-6F(CFs) (376 MHz, chlorobenzen@(CFCk) = 0). The simulated spectra (progragNMR show
the first-order rate constark, for rotation of the CEgroup between its three degenerate staggered conformationkvahe for 100°C is only approximate.
The peak marked with an asterisk is due to an unidentified impurity.

in harmony with the fast-exchange-limit spectrum observed for
this isomer at-40 °C.

Variable-temperatur®F NMR spectra of the 1,94 (CF)
component of the mixture of isomers are shown in Figure 7.
Significantly, the CEk resonance at room temperature was
extremely broad and could easily have been missed if it were
not for the fact that its presence was indicated by mass
spectrometry as well as by the 1:3:3:1 quartet observed at room
temperature for the cage & fluorine atom. In the fast-
exchange-limit spectrum at 10C, the Ck resonance was a
poorly resolved doublet, the cage-€ resonance was a quartet,
and the*Jgr value was 30(1) Hz. Since an upper limit of 3 Hz
can be placed oAJgx in 1,9-GoF(CFs) at —40 °C (i.e., no
coupling was observed), the weighted averagtlgf and*Jsx
should be ca. 2930 Hz. The spectra were simulated using the
programgNMRuv. 5.0.1.0?° giving the first-order rate constant,

k, for rotation of the CEk group between its three equivalent
staggered conformations at each temperature. An Eyring plot

. . Figure 8. Schlegel diagrams and fragments of the structure;@soF17-
R2
of |n(k/T) vs 1000 KT was linear with al value of 0.999 (CFs) (top) andCy-CeoF17(CFs) (bottom). The black circles and triangles

(see Supporting Information). From this plot, the activation in the Schlegel diagrams denote fullerene-FEand G-CF; moieties,

parameterdH* = 46.8(7) kJ mot! andASt= —19(3) J mot? respectively. The letters in the fragment drawings refer to the NMR
assignments. For each-FF distance shown (A), the upper value was

1 . .
K™ were d,em,/ed (the I.at.ter vglue was Calcmate,d aSSUT',ng thatcalculated using the CIF file deposited with ref 13 (the esds range from
the transmission coefficient is 1.0). The experimetél* is 0.004 to 0.006 A), and the lower, italicized value was calculated at the
the same as the DFT-predicted barrier height discussed abovepPFT level of theory.

46 kJ mot™,

this pair of compounds to be misidentified asokig(CF,) in
the original report of their synthesis and isolati8ihe variable-
temperature NMR spectra of 1,%¢E(CFs) suggested to us that
other fullerene(R)\CFs)m derivatives with adjacent F and gF
substituents might, in general, exhibit hindereds;Qjfoup
rotation, and for this reason, we recorded variable-temperature
%F NMR spectra of a freshly prepared ca. 50:50 mixture of
Cs and C;-CgoF17(CFs).

At 80 °C, the highest temperature used, a broad near-fast-
exchange limit 32-Hz doublet was observed for G@somer
CFs group atéo —64.8 (not shown). A rotationally averaged
doublet of doublets was not observed for tBgisomer Ckg

(b) Cs and C;-CgsoF17(CF3). These compounds were isolated
and structurally characterized as a disordered solid solution by
X-ray crystallography in 2008 Schlegel diagrams and frag-
ments of their structures, including the results of new DFT
calculations, are shown in Figure 8. Note that the; @®up is
adjacent to one fullerene-& moiety in theCs isomer and to
two C—F moieties in theC; isomer. Note also that the GF
group in theCsisomer is almost perfectly staggered with respect
to the cage €C bonds, but the GFgroup in theC; isomer is
rotated a few degrees from the staggered conformation. Interest-
ingly, it was reported that resonances due to thg @ups
were missing it®F NMR spectra at 20C 12 a fact that caused

(30) Avent, A. G.; Boltalina, O. V.; Lukonin, A. Y.; Street, J. M.; Taylor, R.
(29) Budzelaar, P. H. MgNMR 5.0.1.0; Adept Scientific: U.K., 2002. Chem. Soc., Perkin Trans.200Q 1—3.
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Table 2. 1°F NMR ¢ and Jer values for the CF3 groups in 1,9- and 1,7-CeoF(CF3) and in Cs- and Ci-CgoF17(CF3)2

compd temp, °C F atom Oobsd Oca” "Jer values, Hz¢
1,9-GsoF (CF) 100 AB —59.9 1/3((2x 2Jax) + 2Jpx) =
—40 A —63.8 —65 2Jpp = 113(1);*Jax = 43
B —57.2 —57 2Jpp = 113(1);%ex = 3
1,7-GooF(CRs) -40 A —69.9 —-72 8Jax = 3
CS-C50F17(CF3) 80 A,B —64.8 1/3((2)( ZJAx) + ZJBx) =32
—50 A —67.0 —66 2Jag = 113;40ax = 48
B —60.5 —56 2Jpp = 113;4Jgx < 2
Cl-CeoF17(CF3) —-30 A —68.8 —68 Z\JAB = 107;2\]/.\(: = 113;
4JA>< = 25;4JAY =19
B —60.4 -57 2pag = 107;2Jgc = 126;Jpx = 27
C —63.2 —s62 ZJAC = 113;2330 = 126;

4\]CY =5 HZ;SJCZ =5Hz

aSpectra for 1,9- and 1,7+¢(CFs) were recorded using a chlorobenzene solutidfinf. CsFs) = —164.9). Spectra fo€s- and C;-CeoF17(CFs) were
recorded using a toluene solution. The F-atom labels are the same as those used in Figures 6 and/8lu€sdor cage €F fluorine atoms in the two
isomers of GoF17(CFs) were the same as those reported in refs 13 and @bemical shifts calculated at the DFT level of thedrll coupling constants
are+1 Hz.

9FNMR [ . 19F NMR, -30 °C |
Cs-Fa C1-Ce0F 17(CF3) b
CsFs A \
! ' \A\ )WW(I Fc
* MWW \W‘\M . “’MM mw/»wﬂw«mw
I . 0 100 200 300 Hz
Ci-Fa
Cy-Fc
60 263 85 68 ppm Nwwwhl “ WW’* &m
crfs | a0eC ) 200 300 Hz
\ |
o |
] *’\WL/ TR
'vaﬂw W/ ‘ V K‘V‘/ ' &w’/ Mwwwv
\'"J 0 100 200 300 400 Hz
Figure 10. Expansions of selected multiplets in the {8Egion of 376.4

-6 ~69 ppm MHz 19F NMR spectra of a ca. 1:1 mixture ;- and Cs+CgoF17(CFs)

Figure 9. The CF region of 376.4 MHZ!F NMR spectra of a ca. 1:1  (tolueneds, —30 °C, GeF int. std. ¢ —164.9)). Only theC,—Fa, —Fs,
mixture of Cy- and Cs-CeoF17(CFs) at —50 and—30 °C (toluenesls, CsFo and —Fc multiplets are shown.
internal standardd( —164.9)). Resonances marked with asterisks are due .
to one or more unidentified impurities. (CRs). All of this suggests tha®F NMR A andJgr values for
CF; groups in fullerene(R{CFs)m derivatives may depend

group at any temperature. At30 °C, separate multiplets were  primarily on the geometry of the FC—C—CF; molecular
observed for each of the GHuorine atoms in theC; isomer, fragment and not on global electronic and steric factors. This
as shown in Figure 9, but the slow-exchange limit had not yet hypothesis will be examined further as additional composition-
been reached for thés isomer. At—50 °C, the slow-exchange  ally pure fullerene(R)CFs)n derivatives become available.
limit CF3 subspectrum was also observed for @@somer, as The slow-exchange limit spectrum @f;-CegoF17(CFs) was
also shown in Figure 9. Chemical shifts adg values for the very well resolved at-30 °C, as shown in Figure 10, even
CF; portions of the spectra are listed in Table 2, which also though thed values for g in both isomers are nearly
includes the corresponding values for 1,&f(CFs), the 6 isochronous. This is due to the fact that t{€g) multiplet for
values for 1,7-GF(CFs), and the DFT-calculated values for CsCeoF17(CFs) was significantly broadened at30 °C and only
all four compounds. became sharp at-50 °C, which is in harmony with the

The slow-exchange spectrum 6fCgoF17/(CF;) at —50 °C significantly larger DFTAH* for the C; isomer, 54 kJ molt,
is virtually congruent with the slow-exchange limit spectrum relative to theAH* value for theCs isomer, 44 kJ mot. The
of 1,9-GsoF(CRs): Jag = 113(1) Hz andlgx ~ 0 Hz in both assignment of the three multiplets due to the thregfitierine
cases;ax is 43(1) Hz for 1,9-GoF(CFs) and 48(1) Hz forCs- atoms is based on the DFT-calculated chemical shifts (see Table
CeoF17(CFs); and g — 0a is 6.6 ppm for 1,9-GF(CF;) and 2) as well as an analysis of the through-spdgevalues (see
6.5 ppm forCs-CsoF17(CFs). Furthermore, the DFT-predicted  below). The |k multiplet is a doublet of doublets of doublets
barriers to Ckrotation are 46 kJ mot for 1,9-GoF(CRs) and of doublets, and all 16 peaks are discernible in Figure 10. The
44 kJ mot? for C+CeoF17(CFs). Even though the structure of Fc multiplet also exhibits coupling to four different fluorine
CsCeoF17(CRs)13is severely distorted from the spheroidal shape atoms, but the 16 peaks are not as well resolved because two
of Cgp and (presumably) 1,94gF(CF;), the DFT Fa---Fx of the Jrr values are only 5 Hz. ThegFmultiplet is a doublet
distances are 2.65 A in 1,9¢6F(CFs) and 2.61 A inCs-CooF17- of doublets of doublets, and all eight peaks were observed.
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Table 3. 1°F NMR Parameters for Selected Compounds Containing Slow-Exchange Limit CFz Groups
compd 2Je, Hz temp, °C? AH#, kI mol~t? A0, ppm ref
1,9-GoF(CF) 113 —40 46.8(7) [464 6.6 this work
Cs-CooF17(CFs) 113 -50 [44F 6.5 this work
C1-CeoF17(CFs) 107, 113, 126 —25 [54F 2.8,5.6 this work
gauche 1,2-¢Cl4(CFs), 105, 116, 124 —150 ca. 38 3.7,8.7 31
(SK).CHCR; 115 —60 44.7 115 32
1-R-2,6-(CR)2-4-CeH3SIR 3)® 124 —96 7.2 23
CRCFCh 115 —170 23(1) 4.7 33
CRCHCl, 113 —173 22(1) 11.2 33
CRCCLCRs 108 —140 219 2.3 34
CRCRI 97 —150 219 13.0 34
PCHs(CF3)2(OMe)" 112 —-120 2.7 35
CRCPhy(2-CsHaNHy) 125, 127 —60 4.1 36
Ni(Brg(CFs)4-TPP) 114 +5f 47 13.1 37
MeOCPh(CE)COCI 109, 113, 114 —128 34(1) 44,48 38
1,4-(OMe}-9-CFs-triptycene 137 +150 >105 1.2 a7

aTemperature at which a slow-exchange limit spectrum was obtained unless otherwise® Eotib@lpy of activation for Cgrotation.© The value in
square brackets was calculated at the DFT level of théldEgtimated value obtained by choosing an approximate coalescence tempémtere(CF),0H;

R

i-Pr.f Coalescence temperatuéeErrors for AH¥ values were not given in this study, but a minimum estimate based on the published Eyring plots is

+4 kJ mol L, " Axial CF; groups.' ABC spin system with rapid interconversion of Bnd Fs via aryl group reorientation (i.e., racemization) even at the
lowest temperature studietllag could not be observed due to rapid racemization; in this Aasis the difference betwee(Fc) and the average @f(Fa)
andd(Fs). | Brg(CFs)s-TPP= 2,3,7,8,-12,13,17,18-B¢5,10,15,20-(CE)s-tetraphenylporphyrinate(2-) dianiohAGt value at the coalescence temperature.

Portions of thel>F NMR spectra that include the resonances
for the 17 cage €F fluorine atoms are not shown because they
have been previously publish&#°

In previous reports of their synthesis, a ca. 2:1 mixture of
Cs andC;-CeoF17(CFs), respectivel\t?20was observed. In this

(CRs), andC;-CgoF17(CFs). The term “through-space coupling”

is defined here as Fermi contact coupling (FCC) by direct
overlap of fluorine atom orbitals (primarily lone-pair orbitals)
as opposed to FCC through thedramework of a molecule, a
definition that has been used by NMR spectroscopists for more

work, a ca. 1:1 mixture was isolated. In any event, the difference than 40 year4? It is now widely accepted that significadt
in AGs values for these two compounds must be small. Our coupling between proximate fluorine nuclei (i.e.3.2 A apart)

DFT AAH;° value for the two isomers is 8.4 kJ ma] with
the Cs isomer more stable. ThAAG; value at the reaction

that are separated by four or more bonds (i&lsF) is mediated
predominantly through space (as just defined) and not through

temperature would be expected to be about half this value duethe network of covalent bonds that separate the fluorine

to a statistical factor favoring the formation of tkig isomer.

(c) Comparison with Other Examples of Hindered Ck;
Rotation. Of the thousands of known compounds containing
CFs groups, before this work only 27 of them were reported to
exhibit slow-exchange-limit®F NMR spectra, and all but two
of these required temperatures that ranged fra80 °C to —190
°C 23243138 Representative compounds are listed in Table 3
(see Supporting Information for a complete list of all com-
pounds). The 113-HZJag value exhibited by 1,9-&F(CR)
and Cs-CgoF17(CFs) is in the middle of the 97137-Hz range
for the previously reported compounds, while the 1026-

Hz range of2Jer values forC;-CeoF17(CFs) spans a significant
portion of the previous range. The asymmetric iso@eCesoF17-
(CRy) is only the seventh example of apfgFc CFs group for
which all three2Jr values can be observed. Except for two
triptycene derivativesC;-CeoF17(CFs) has the highest enthalpy
of activation for Ck rotation, 54 kJ mol, of the 30 compounds
studied to date.

Through-SpaceJgr Coupling. As in our previous work with
C1-Co0(CF3)4,° C1-Coo(CF)s,® and Cy-Ceo( CFs)10,%° we propose
that through-space-FF coupling is the largest contribution to
the observedJgr and®Jer values in 1,9-GoF(CFs), CsCsoF17-

(31) Weigert, F. J.; Roberts, J. D. Am. Chem. S0d.968 90, 3577-3578.

(32) Gerhardt, R.; Seppelt, KChem. Ber1988 122 463-466.

(33) Brunelle, J. A.; Letendre, L. J.; Weltin, E. E.; Brown, J. H.; Bushweller,
C. H.J. Phys. Chem1992 96, 9225-9232.

(34) Weigert, F. J.; Mahler, WJ. Am. Chem. Sod.972 94, 5314-5318.

(35) The, K. I.; Cavell, R. Glnorg. Chem.1977, 16, 1463-1470.

(36) Strekowski, L.; Lee, H.; Lin, S.-Y.; Czarny, A.; Van Derveer,DOrg.
Chem.200Q 65, 7703-7706.

(37) Nelson, N. Y.; Medforth, C. J.; Nurco, D. J.; Jia, S.-L.; Shelnutt, J. A,;
Smith, K. Chem. Commuril999 2071-2072.

(38) Khan, M. A; Tavares, D. F.; Rauk, Aan. J. Chem1982 60, 2451
2455,

atoms?526:28:4%44 The most convincing case is the 172 Hz
398Jr coupling observeld for the fluorine atoms on 6-fluoro-
tryptophan residues (Trp5 and Trpl33) 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)%

Experimental and theoretical studies have shown that 37
99 Hz=4Je¢ values can occur when two-F bonds are oriented
so that the F+F distance is between 2.7 and 2.3%27.42.44.46
Given that the magnitude of thkg through-space component
is known to depend on the relative orientations of theFC
bonds, the five'Jee values observed for 1,9¢¢(CFs), Cs
CsoF17(CF3), andC;-CgoF17(CF3) with F--+F distances between
2.61 and 2.71 A, which range from 19 to 48 Hz, are consistent

(39) Kareev, I. E.; Kuvychko, I. V.; Lebedkin, S. F.; Miller, S. M.; Anderson,
O. P.; Seppelt, K.; Strauss, S. H.; Boltalina, O.JVAm. Chem. So2005
127, 8362-8375.

(40) (a) Petrakis, L.; Sederholm, C. Bl. Chem. Physl961, 35, 1243-1248;
Brey, W. S.; Ramey, K. CJ. Chem. Physl963 39, 844-. (b) Mallory, F.
B.; Mallory, C. W.; Fedarko, M.-CJ. Am. Chem. Sod.974 96, 3536-
3542.

(41) (a) Schwarz, R.; Seelig, J.; Kunnecke,NBagn. Reson. Chen2004 42,
512-517. (b) Contreras, R. H.; Peralta, J. E.; Giribet, C. G.; Ruiz de Azua,
M. C.; Facelli, J. C. InAnnual Reports on NMR Spectroscppgademic
Press Ltd.: London, 2000; Vol. 41, pp 5384.

(42) Mallory, F. B.; Mallory, C. W.; Butler, K. E.; Lewis, M. B.; Xia, A. Q.;
Luzik, J., E. D.; Fredenburgh, L. E.; Ramanjulu, M. M.; Van, Q. N.; Franci,
M. M.; Freed, D. A.; Wray, C. C.; Hann, C.; Nerz-Stormes, M.; Carroll,
P. J.; Chirlian, L. EJ. Am. Chem. So200Q 122 4108-4116.

(43) Bartolome, C.; Espinet, P.; Martin-Alvarez, J. M.; Villafane,Bur. J.
Inorg. Chem.2004 2326-2337.

(44) Cavagna, F.; Schumann, &.Magn. Resonl976 22, 333-344.

(45) Kimber, B. J.; Feeney, J.; Roberts, G. C. K.; Birdsall, B.; Griffiths, D. V.;
Burgen, A. S. V.Nature197§ 271, 184-185.

(46) (a) Ernst, L.; Ibrom, K.; Marat, K.; Mitchell, R. H.; Bodwell, G. J.; Bushnell,
G. W.Chem. Ber1994 127, 1119-1124. (b) Ernst, L.; Ibrom, KAngew.
Chem., Int. Ed. Engl1995 34, 1881-1882.

(47) Toyota, S.; Watanabe, Y.; Yoshida, H.; Oki, Bull. Chem. Soc. Jpn.
1995 68, 2751-2756.
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Figure 11. Plots of>4Jer vs F-+F distance and selectédJqr values (F

«F=2.65-2.71 A) vs FG--CF torsion angle for 1,9-F(CFs), C<-CeoF17

(CRs), and Ci-CeoF17(CFs). The distances and angles are from DFT

calculations, but those f@Zs-CgoF17(CFs) andCi-CsoF17(CFs) are also very

Fes1
158.6°

Fe23

CeoF 17(CF3)
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Figure 12. Similarities and differences for selected pairs of Ebonds
in the structures of €CsoF17(CFs) (left) and 1,3,7,10,14,17,23,28,31,40-
Cso(CF3)10 (right). Thel®F 4Jay and’Jr values involving ks and Fge; are
19(1) and 75(2) Hz, respectively.

carbon atoms that are $pybridized. More importantly, the
slow-exchange limit spectra have provided an unambiguous set
of =4Jer values for three different compounds that can be
correlated with DFT-predicted or X-ray diffraction derived
distances and anglemnd an unambiguous set Gflrr values

that can serve as an internal standard for fudgealculations.
Furthermore,C;-CeoF17(CF3) alone exhibitssix 4Jer values

similar to the corresponding values from the disordered structure of a mixture (including“JBY =4y A 0) that range from ca. 0 to 27 Hz for

of these two isomers of ¢g-17/(CFs).

with predominantly through-space coupling. A plot of-F
distance vs*°Je¢ for these three compounds is displayed in
Figure 11, which also shows some of the relative orientations
of the pairs of C-F bonds as well as the-FC---C—F torsion
angle dependence for the 19, 25, and 27“Biz values that
correspond to f-F distances of 2.65, 2.66, and 2.71 A,
respectively. In addition to a possible torsional angle depen-
dence, through-spackr coupling in general will probably be
found to be sensitive to the “tilt angles” of the twe-€ bonds,
as illustrated in Figure 12. The pairs of~€ bonds shown for
C1-CeoF17(CFs) and C;-Cgo(CFs)10 have nearly identical +F
distances and +C---C—F torsion angles, but they have
significantly different tilt angles. The +C---C—F framework
in C1-CooF17(CFs) is a parallelogram, ant is 19(1) Hz. In
contrast, the FC---C—F framework in C;-Ceo(CFs)10 is a
trapezoid andJgr is nearly four times larger, 75(2) Hz (i.e., 9
x 8.4(2) Hz)3®

A more complete analysis of the coupling constants in 1,9-
CeoF(CF3), CS-C60F17(CF3), and Cl-C60F17(CF3) will be pOSt-
poned until theJgr values reported in this paper have been
calculated at the highest appropriate level of thé#§2841.42
(at which time additional results for related compounds may
also be available). Here we will conclude by pointing out why
the Jee results listed in Table 2 are unique as well as significant
as far as the theory of through-space nuclear-sgjin coupling
is concerned. First, the majority of experimentalrr values
for which through-space coupling is thought to be the major
component involve fluorine atoms attached t3-Bpbridized
carbon atoms, whereas all of thJr values in Table 2 involve

11504 J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005

nearly identical set®f F—C—C—F ¢-bond arrays (albeit with
different torsion angles), which strongly suggests that any
contributions toJgr through theo framework must be small.
Finally, the possible conformations of 1,3¢E(CFs), Cs-CeoF17-
(CRs), andCy-CsoF17(CFs) in solution where thelgs values were
determined, depend only on a specific-C single bond
rotational degree of freedom involving two otherwise rigid
moieties (i.e., BC—CegoFy) and are therefore more reliably
known than solution conformations of many compounds that
exhibit nonzero=4Jgr valuesand that involve pairs of GF
bonds connected by an array @fonds.
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