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An ESR study of radical reactions of C60 and C70 
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The results of ESR spectroscopic studies of radical reactions of fullerenes are presented. 
Reactivities of radicals of various chemical natures with respect to C60 and C70, delocaliza- 
tion of the unpaired electron in monofullerenyl radicals, and their reactivity are considered. 
The examples of dynamic effects in the ESR spectra of fullerenyl radicals, associated with the 
hindered rotation of the attached radicals, are presented. Characteristic features of the 
structures of the spin adducts resulting from polyaddition of free radicals to fullerenes and of 
fullerenyl radicals containing rl2-bonded metallocomplexes are discussed. 
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Introduction 

The e labora t ion  o f  methods  for preparat ion t and 
ch romatograph ic  separa t ion  of  C60, C70, and o ther  
fullerenes 2 has s t imulated vigorous deve lopment  o f  the 
chemist ry  c f  these compounds ,  in part icular ,  halogena- 
tion, 3 epoxida t ion ,  4 alkylat ion,  5 format ion o f  organo-  
metall ic derivatives,  6,7 and other  reactions of  fullerenes 
have been s tudied in detail  and described in known 
papers. 8-10 Radical  react ions const i tute an important  
aspect  of  the chemis t ry  of  fullerenes. 

The C60 molecule  is a superalkene,  tt incorporat ing 
30 weakly conjugated  double bonds, which can readily 
add several free radicals. Owing to this ability, fullerene 
C60 has been cal led a "radical sponge", t2 In an earl ier  
paper,  t3 the addi t ion  of  three or five benzyl radicals to 
C60 was de tec ted  by ESR, and the addi t ion  o f  34 methyl 
radicals was de tec ted  by mass spectrometry.  

Ful lerenyl  radicals as investigation objects have no 
analogs in organic  chemistry,  in fact, radicals in which 

unpaired electrons are delocal ized over the surface o f  a 
sphere or an ellipsoid have never been studied before. 
The unusual character  of  the fullerenyl radicals is also 
due to the fact that they occupy a sort of  in termediate  
posi t ion between planar  ,~-radicals and  te t rahedra l  
o-radicals .  Thus, the e lucidat ion of  the character is t ic  
features of  fullerenyl radicals and their reactivity by ESR 
spectroscopy and compar ison of  the results obta ined 
with the results of  quan tum-chemica l  studies are of  
fundamental  importance.  

In this review we survey the results of  studies on the 
structures and reactivities o f  fullerenyl radicals obta ined 
by the ESR method.  

Structures of radical adducts of C60. 
Delocalization of an unpaired electron and the 

reactivity of monofullerenyl radicals "C6oR 

By now, the structures and reactivities of  monoadducts  
o f  fullerene-60 with alkyl and perfluoroalkyl radicals,  
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w i th  o x y g e n - ,  su l fu r - ,  p h o s p h o r n s - ,  b o r o n - ,  p l a t i m t m - ,  
a n d  s i l i c o n - c e n t e r e d  radicals ,  and  also wi th  h y d r o g e n  
a n d  f luor ine  a t o m s  have  b e e n  s tud ied  by ESR. The  
a d d i t i o n  o f  alkyl radica ls  to the  C60 m o l e c u l e  was a m o n g  
the  first r e a c t i o n s  to be s tud ied ;  14 th i s  s tudy  m a d e  it 

poss ib le  to d e t e r m i n e  the  c h a r a c t e r  o f  d e l o c a l i z a t i o n  of  
u n p a i r e d  e l e c t r o n s  in fu l le renyl  radica ls  a n d  t h e i r  reac-  
t ivity.  

T h e  m a g n e t i c  r e s o n a n c e  p a r a m e t e r s  o f  a lky l fu l le renyl  
radica ls  are p r e s e n t e d  in Tab le  I. T h e  mos t  i n t ense  and  
i n f o r m a t i o n - r i c h  ESR spec t r a  were r eco rded  for the  
s p i n - a d d u c t s  o f  C60 wi th  a t e r t -bu ty l  radical  and  wi th  its 
d e u t e r a t e d  analog.  14 T h e  " C 6 0 C M e  3 radical  was ob-  
t a i n e d  by U V  i r r ad ia t ion  (at  323 K) o f  a s a tu ra t ed  
s o l u t i o n  o f  C60 in b e n z e n e  c o n t a i n i n g  BrCMe3 ,  w he rea s  
t he  d e u t e r a t e d  ana log ,  "C60C(CD3)3 ,  was p r epa red  by 
pho to lys i s  o f  d i - t e r t - b u t y l  pe rox ide  in a b e n z e n e  so lu t ion  
c o n t a i n i n g  C60 and  d e u t e r a t e d  i sobu tane .  T h e  ESR spec-  
t r u m  of  the  "C60C(CD3)  3 radica l  at h igh a m p l i f i c a t i o n  
exh ib i t s  t en  pairs  o f  sa te l l i tes ,  w h i c h  were  ass igned  to 
the  i n t e r a c t i o n  o f  the  u n p a i r e d  e l e c t r o n  wi th  13C iso- 
topes  (1 = I / 2 )  (Fig.  I). T h e i r  re la t ive  in t ens i t i e s  and  the  
values  o f  hype r f i ne  c o u p l i n g  ( H F C )  c o n s t a n t s  ind ica te  
t ha t  the  radical  a d d u c t  has  C s s y m m e t r y  and  t ha t  the  
u n p a i r e d  e l e c t r o n  is loca l ized  in t he  two s i x - m e m b e r e d  
r ings,  a d j a c e n t  to  t he  C - - C R  b o n d ,  as s h o w n  in Fig 2. 

T h e  i so t rop ic  H F C  wi th  13C nuc le i  c h a r a c t e r i z e s  t he  
dens i t y  o f  t he  u n p a i r e d  e l e c t r o n  in t he  Is-  and  2s- 
o rb i ta l s  o f  c a r b o n  a t o m s  and  p rov ides  no  d i rec t  i n f o r m a -  
t ion  on  its dens i t y  in t he  2p -o rb i t a l .  Based  on  t he  
a s s u m p t i o n  t h a t  t he  H F C  o f  t he  C ( I ) ,  C(3 ) ,  C ( 3 ' ) ,  
C(5 ) ,  and  C ( 5 ' )  a t o m s  are p r o p o r t i o n a l  to  t h e i r  sp in  
dens i t y  in 2p -o rb i t a l s ,  t he  sp in  dens i ty  for  t he  C ( I )  a t o m  
was f o u n d  to be ~ 0 3 3 ,  and  those  for  t he  C(3 ) ,  C ( 3 ' ) ,  
C (5 ) ,  and  C ( 5 " )  were  found  to be ~0.17.14 T h e s e  resul ts  

{C D3)3CC60 

ll!]li~v"M e 3 C C 60 

C ( I ) =  17.8 G ] 
C ( 9 ) = 1 3 . 1  G "1 

Ji" C(3,3 ) =  9.4 G il 
C(5') = 8.9 G , 

Fig. 1. ESR spectrum of the "C60C(CD3) 3 radical in benzene 
at 350 K. 

Table I. Tile H FC constants (a) and enthalpies of  dimerization 
(H) for "C60R radicals 

R aH(D) ac,p,B,p~ AH T/K 
/G  / G  /kcal mol -I _ 

MeCH 2 2 H = 0,28 
3 H = 0.13 

MeZ3CH2 
Me2CH 1 H = 0,48 

6 H = 0,15 
PhCH 2 2 H = 042 

2 H = 019 
phl3CH2 2 H = 0,42 

2 H = 0.19 
C6DsCH 2 2 H = 042 
CCI 3 

13CCI3 
CBr 3 
Me3C 9 H = 0,17 

Me3C 3 H = 0.34 
6 H = 0.085 

Me3t3C 9 H = 0.17 
13CH3Me2C 9 H = 0.17 
Me3Si 3 H = 0 . l l  
(CD3)3 C 9 D = 0.028 
(MeCH2)3C 3 H = 0.34 
(MeCH2)3Si 3 H = 0.34 

3 H = 0.17 
l-CioHi5 3 H = 0.25 

6 H = O.044 

Ph3Ge 1 H = 0.04 
PO(OMe)? 6 H = 0.12 
PO(OEt) 2 
PO(OCHMe?) 2 

PO([;ZL)Ph 
BIoHgC2H2-m 

BH2NMe 3 

Pt(PPh3)2CH=CPh ? 

PO(OCH Me2) 2 

PO(OEt)Ph 

C = 15.5 
35.5 

C = 14,9 

C = 29.6 17,1 
C = 181 
C = 8.8 
C = 29.6 
C = 35,3 17.0 
C = 17.8 22.0 
C = 13.1 
C = 9.39 
C = 8.86 
C = 5.59 
C = 4,48 
C = 402  
C = 3,59 
C = 2.41 
C = 0.84 

1 C = 13.1 
1 C = 0.40 

I C = 0.40 

1 C = 17.75 21.6 
1 C = 12.34 
2 C = 9,30 
2 C = 8.79 
3 C = 5,59 
2 C = 4.48 
2 C = 4.03 

1 P = 64,2 
I P = 63,7 
I P =  63.5 13.0 
I C = 18.5 
4 C  = 9 , 0  
3 C = 7 . 2  
2 C = 6 . 0  
6 C = 3 , 6  

P = 55,3 
I°B = 6.25 100 
liB = 18.25 
I°B = 4,20 
liB = 12.40 
195pt = 52,0 
P = 3.50 
P = 30,50 
P = 62.10 
P = 65.00 
P = 54,20 
P = 56,70 

473 

473 
420--450 

350 

35O 

35O 
250--310 

310 
300--380 
300--400 

225 

370 
370 
320 
370 
370 
350 

300--400 

320 
300 
300 
330--430 

300 

340--430 

270 

190  

190 
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Fig. 2. Five main forms of the "C60CMe 3 radical and the 
splitting (G). 

are in good agreement  with the spli t t ing due to the 13C 
nucleus in a methyl  radical ,  15 in which a constant  of  39 
G corresponds to an electron located in the 2p-orbital ,  
as well as with the data of  semiempir ica l  quantum-  
chemical  calculat ions.  16 However ,  m the opinion of  
o ther  researchers,  14 this analogy is incomplete ,  since 
the methyl n-radical  is planar,  whereas the "C60--R 
radical is wholly nonplanar .  A similar  pat tern of  the 
H F C  of  an unpaired electron with t3C nuclei has also 
been observed for o ther  spin adducts  of  alkyl radicals 
with C60 . l :  

An impor tant  feature of  fnllerenyl radicals caused by 
the hindered rotat ion of  the alkyl subst i tuent  is clearly 
manifested in ESR spectra of  spin adducts  of  per- 
f l uo r ina t ed  alkyl  rad ica ls .  18 It can be seen from 
Fig. 3, a that  the central  lines in the triplet  exhibited in 
the spec t rum of  the "C60(CFx)5CF 3 radical are broad-  
ened. This is due to the fact that the HFC of  the 
tmpaired e lec t ron with the magnet ic  nt, clei in fullerenyl 
radicals depends  on the posi t ions of  the nuclei with 

respect to the symmetry  axis. For  example ,  based on tile 
ESR spectrum of  the CF3CF2--C60 '  radical in which 
the constants  of  HFC with three equivalent 19F nuclei 
are larger than those with the two IqF nuclei of  the C F  2 
group, located closer to the fl, l lerene surface, a sym- 
metrical  equi l ibr ium conformat ion for this radical has 
been suggested.  18 This c o n f o r m a t i o n  is shown in 
Fig. 3, b. The conformational isomerization, during which 
the nonequivalent  atomic groups exchange their  posi- 
tions, accounts  for the lille broadening.  This problem is 
considered in detail below• 

The intensities of the ESR spectra recorded for a 
series of  alkylfldlerenyl radicals were found to increase 
sharply with all increase ill the temperature .  17,t8 For 
example,  the intensity of the ESR spectrum of  "C60CMe 3 
in benzene increases tenfold as the temperature  is raised 
from 300 to 350 K, and returns to its original value as 
the tempera ture  decreases. The dependence  of  the ill- 
tensity of  the. signal on the temperature  indicates that 
fullerenyl radicals are in an equil ibrium with the corre-  
sponding dimers.  

RC6o--C6oR - 2 ' CeoR 

The enthalpies  for this equil ibrium correlate with the 
size of  the radical,  which attests that steric factors have a 
great effect on the bond strengths in the fullerenyl 
radicals .  Based on the expe r imen ta l  da ta  and on 
the results o f  calculat ions  per formed by molecu la r  

2 G  

-¢- 
2 G  

Fig. 3. ESR spectra of the "C60(CF2)sCF 3 radical at 440 K 
(a); the 'C60CF2CF 3 radical at 450 K (b). 
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graphics,  17,18 it has been shown that the dimerizat ion of  
the fullerenyl radicals occurs according to the "head- to-  
head" type and involves the C(3) or C(3") atoms (see 
Fig. 2). Steric hindrance prevents the dimerizat ion in- 
volving C( I ) ,  C(5), or C(5") atoms. 

Thus, delocal izat ion of  the unpaired electron in 
alkylfill lerenyl radicals does not depend on the structure 
of  the alkyl group. 

Let us c o n s i d e r  the da ta  on spin adduc t s  of  
heteroorganic radicals. The spin adducts  of  phosphoryl 
radicals with fullerene have been obtained using two 
procedures for the generat ion of  phosphoryl  radicals, 
namely,  the abstract ion of  a hydrogen atom from a 
hydrophosphoD, l compound  with a tert-butoxyl radical 19 
and photolysis of  a d iphosphorylmercury  compound,  z°,2i 

Hg[P(O)(OR)2]2 --- 2 'P(O)(OR) 2 + Hg 

Coo + "P(O)(OR)2 ~ "C60--P(O)(OR)2 

R = Me, Et, Pr' 

The spectra of  the phosphorylful lerenyl  radicals ex- 
hibit HFC of  the unpaired electron with the 3ip and i3C 
nuclei and with the protons of  the methoxy-groups  (see 
Table 1). Note  that the constants  of  the H F C  with the 
C( I ) ,  C(3), C(3"),  C(5), and C(5") nuclei  in the spec- 
trum of  the "C60--P(O)(OPri)2 radicals 22 are fairly close 
to the similar  values for alkylfullerenyl radicals, i.e., the 
replacement  of  the alkyl radical a t tached to C60 by a 
phosphoryl  radical scarcely changes the distr ibution of  
the densi ty of  the unpaired electron. 

W h e n  the  i r r ad i a t i on  is d i s c o n t i n u e d ,  the  
phosphorylfullerenyl radicals disappear within fractions 
of  a second. It has been found 22 that they undergo 
irreversible dimerizat ion,  which is indicated by the fol- 
lowing facts. (1). The intensity of  the stationary ESR 
signal increases with an increase in the temperature 
(330--400 K). (2). The steady-state concentrat ion of the 
radicals is proport ional  to the square root of  the light 
intensity. (3). The reciprocal of  the concentrat ion of 
radicals, after the light is switched off, depends linearly 
on time. (4). The irradiation of  the sample with visible 
light (680--600 nm) leads to the dissociation of the 
dimers of  the phosphorylfullerenyl radicals. This can be 
observed after UV irradiation of  Hg[P(O)(OPri)212 in a 
saturated tolt, ene solt,tion of C60 for 10--15 rain, which 
restllts in the accumulat ion of  RC60--C60 R dimers. The 
rate of  the destruction of  the phosphorylfullerenyl radi- 
cals does not depend on the solvent used in the series: 
benzene,  toluene,  tert-butylbenzene. This implies that 
fullerenyl radicals are incapable of withdrawing hydrogen 
atoms from the solvent, the dimerizat ion being the only 
pathway to their  destrt,ction. The rate constant of the 
dimerizat ion of the 'C60--P(O)(OPri)2 radical was mea- 
sured (k(270 K) = 1.9" 106 L (mol s) - i )  and the enthalpy 
of  the rad ica l - -d imer  equilibrium was estimated (AH = 
13.0 kcal too l - i ) ;  23 the latter proved lower than those for 
alkylfullerenyl radicals (see Table I), apparently due to 

T a b l e  2. The HFC constants (G) for "C60SR and "C60OR 
radicals 

Radical aMe aCH 2 aCH 

SH 3 3 H = 0.38 
SCH 2 3 H = 0.29 
SCHMe 2 6 t4 = 0.22 
SCH2CH2Me 

SCH2CHMe 2 
SCMe 3 9 tt = 0.25 
OCMe 3 9 H = 0.35 
OCMe2Ph 6 H = 022 

3 H = 0.17 (Ph) 
OCF 3 3 F = 3.14 

2 H =0.31 

2 H = 0.35 
2 H = 0,18 
2 H = 0.40 

I H = 0,22 

I H = 0 2 1  

the larger size of the phosphoryl group. Similar  values for 
the dimerization rate constants have also been obtained 
for the spin adducts of bulky boron-centered  ntdicals 
( 'C60Bi0HgC2H2) 24,2s (k(270 K) = 106 L (mol s) - i )  and 
( 'C60BH2NMe3) 26,27 (k(270 K) = 2.5. 106 L (tool s) - i )  
with C6o (see Table 1). It follows from these data that the 
rate ofd imer iza t ion  of the fullerenyl radicals is apparently 
limited by diffusion. 

Photolysis of  alkyl disulfides and bis(alkylthio)mercury 
compounds  with C60 affords various thioalkylful lerenyl  
radicals (see Table 2). 2s Molecular  mechanic  calcula-  
tions of  the most favorable conformat ion of  the ' C60SMe 
radical have shown that the SMe group is located di- 
rectly above a s ix-membered  ring. A specific feature of  
the ESR spectra of  alkoxyfullerenyl radicals 28 is that  the 
constants of  the HFC with the 8-protons  or  with the 
fluorine nuclei are much higher than those for the 
adducts of  alkyl radicals with C60 (see Table 2). 

Radical adducts  of  silyl radicals with C60 were pre- 
pared by the photolysis of  di- ter t -butyl  peroxide in the 
presence of  HSiR3 .z9 Their  ESR data are presented in 
Table I. It should be noted that the i S i R 3  groups are 
more free to rotate than their  alkyl analogs. 

The ESR spectrum of  the radical adduct  of  hydrogen 
atom with C60 is character ized by the constant  of  the 
H F C  with the proton of ~33 G. This value decreases 
with an increase in the temperature ,  according to the 
equation a (7)  = 94.44 - 0.00488 T (MHz) ,  which holds 
in the 320--440 K temperature  range. The hydrogen 
atom was generated by the photolysis of  th iophenol ,  
1 ,4-cyclohexadiene,  or HSnBu 3. An interest ing pecu- 
liarity of  the ESR spectrum of  "C60H is that  of  low-field 
componen t  of  the doublet has the phase corresponding 
to emission,  while that the high-field c o m p o n e n t  corre-  
sponds to absorption (Fig. 4). This spectral pat tern is an 
example of manifestat ion of  chemical ly  induced elec- 
tron polarizat ion.  31 

Photolysis of a solution of  C60 in toluene or lert- 
butylbenzene,  containing dissolved SFsCI,  at 260 K 
yields radical -adducts  "C60CI (g = 2.00268, a(3SCI) = 
12.42 G)  and "C60F (g = 2.00229, a(19F) = 73.03 G).  z9 

Thus, analysis of the ESR spectra of  the monoadducts  
"C60R shows that  the unpaired electron is most ly de lo-  
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0.15 G 

33.07 G - I 

Fig. 4. ESR spectrum of the "C60H radical at 360 K. 

calized over the C(I ) ,  C(3), C(3 ' ) ,  C(5), and C(5") 
atoms. The intensity of  the ESR spectra was found to 
depend on the temperature, that is due to the occur- 
re,ace o f a  radical--dimer equilibrium. The rate ofd imer-  
ization of  the fullerenyl radicals is limited by diffusion. 

A typical feature of  any radical adduct of  C60 is 
hindered rotation of  the attached radicals, which is 
clearly manifested in the ESR spectra. 

Dynamic effects in the ESR spectra 
of fullerenyl radicals 

As noted above, the ESR spectrum of the "C60CMe 3 
radical at 340 K is a multiplet corresponding to nine 
equivalent protons. Upon gradual cooling to 225 K, the 
spectral pattern changes (Fig. 5), and now it is charac- 
terized by coupling of  the unpaired electron with two 
groups of  protons, the first of  which incorporates six 
equivalent protons (0.085 G) arranged above s ix-mem- 
bered rings, and the second includes three equivalent 
protons (0.34 G) arranged over a five-membered ring. It 
was concluded that the rotation of  the tert-butyl group 
around the C(6) - -C(9)  bond (see Fig. 2, a) is strongly 
hindered at low temperatures and that the potential 
function of  the hindered rotation has a minimum for 
mobile conformat ions  and a maximum for an eclipsed 
contbrmation,  as in substituted ethanes. 34 

Analysis of  the broadening of  lines at each tempera- 
ture yielded the following thermodynamic parameters 
for the hindered rotation: AG = 8.2 kcal tool - i ,  AH = 
7.3 kcal mol - i ,  and AS = - 2 . 9  eu. The height of  the 
energy barrier is comparable with the barriers to the 
hindered rotation of  the tert-btttyl group in substituted 
ethanes (10 kcal tool - l )  35 and in the ButC60 - anion (9.3 
kcal ,11o1-1). 36 

The constants of  the HFC with y-H and y-13C (see 
Table 1) and the variations observed in the ESR spectra 
as a flinction of  temperature indicate that there is a high 
barrier to the internal rotation around the C(6)--C(9)  
bond in all the alkylfullerenyl radicals. 33 The equilib- 
ritim conformat ion of  the alkyl radical with respect to 
the symmetry axis in a fullerenyl radical varies as a 
function of  the structure of  this radical. For example, 

2 

~ v . .  3 _ 

Fig. 5. Second derivatives of the ESR spectra of "C60CMe3 at 
various temperatures (K): 325 (/), 275 (2), and 225 (3). 

the isopropyl substituent is arranged symmetrically, its 
proton being located above a five-membered ring and 
the two methyl groups being located above s ix-mem- 
bered rings; the addition of  an ethyl radical leads to an 
asymmetrica, equilibrium ,.unformation in which the 
methyl group lies above a six-membered ring and the 
two hydrogen atoms occupy nonequivalent positions 
(one of  them is above a five-membered ring, while the 
other is above a six-membered ring). Proton exchange 
between the nonequivalent positions restllts in the broad- 
ening of  the central component  of  the ESR spectrum. 33 

In the ESR spectra of  phosphonylfullerenyl radicals, 
unlike those of  alkylfullerenyl radicals, "frozen" confor-  
mations and exchange between them can be observed. 
Hence, analysis of  ESR spectra recorded at different 
temperatures makes it possible to obtain kinetic and 
thermodynamic parameters for the hindered rotation. 37 

When the temperature decreases, the ESR spectral 
pattern of  the "C60P(O)(OPri)2 radical markedly changes. 
It can be seen from Fig. 6, which shows the temperature 
evolution of  the ESR spectrum, that as the temperature 
decreases from 273 K to 243 K, the components  of  the 
doublet due to phosphorus become much broader, and 
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ap = 63.5 G 
is ~0.6 kcal rnol - l ,  and the eqt, i l ibrium constant at 
193 K is 0.3. The "extreme" conformations of the 
'C60--P(O)(OMe)2 radical have not been observed. 37 

An increase in the g-factor in the conformers is 
accompanied by a decrease in the constant of HFC with 
the phosphorus nucleus, which is apparently due to the 
fact that the orientations of the P=O group with respect 
to the symmetry axis of phosphorylfullerenyl radicals in 
the equilibrium conformations are different. I f  the oxy- 
gen atom is arranged above a five-membered ring (closer 
to the axis of the quasi-2p,-orbital of the unpaired 
electron), then the higher density of the unpaired elec- 
tron falls on the oxygen nucleus, which accounts for the 
positive shift of the g-factor. In another conformation, 
the oxygen atom can be arranged above a six-mem- 
bered ring. 

Structures of the spin adducts resulting from 
multiple addition of free radicals to C60 

Fig. 6. ESR spectra of the "C60P(O)(OPri)2 radical at various 
temperatures (K): 300 (1), 233 (2), and 200 (3). 

as the tempera ture  decreases further (<243 K), two 
conformers  are "frozen out" (Fig. 6, spectrum 3); they 
have the following parameters:  A, a r, = 62.1 G,  g = 
2.0022; B, ap = 65.0 G,  g = 2.0020. The  reason for the 
line broadening is the hindered rotation of  the phosphonyl 
group between the posit ions character ized by different 
constants  of  the H F C  of  the unpaired electron with the 
31p nucleus. From relative intensit ies of  the spectral 
lines co~,csponding to ,,~dicals A ,,,~d B, the equil ibrium 
constants  (K) at various temperatures  were determined,  
and the difference (AH) between the enthalpies  of  the 
two conformers ,  AH = 1.8 kcal mol - I ,  was found from 
the dependence  of  InK on T "-I. 

The spectral and thermodynamic  data we obtained 
make it possible to evaluate the rate constants (k I and 
£- I )  for the transition between the two conformations in 
the  2 4 0 - - 2 7 0  K t e m p e r a t u r e  range.  At 270 K 
k_ I = 5 • 107 s - I  , ]cl= 4 • 106 s - I .  The activation energy for 
this process: E~ = 4.8 kcal tool - I  (see Refs. 37 and 38). 

The constant  of  H F C  with the phosphorus  nucleus 
in tile "C60P(O)Ph(OEt)  radical ap is 55.3 G (g = 
2.0023). When the tempera ture  decreases,  the ESR spec- 
tral lines are broadened and two conformers  are "frozen 
out"; they are character ized by the following parameters:  
a e = 56.7 G ,  g = 2.0022; ap = 54.2 G ,  g = 2.0023. In 
the case of  the "C60P(O)Ph(OEt)  radical,  the activation 
energy for the transi t ion between the two conformat ions  

As noted above, fullerenes are capable  of  adding 
large numbers of  free radicals. 13 It was found that 
repeated addi t ion of benzyl radicals to the C60 fullerene 
is not chaotic;  but it yields stable radicals,  whose struc- 
tures are s imilar  to those of  allyl or cyc lopentadienyl  
radicals. Adducts  of  the repeated addi t ion were identi-  
fied when benzyl radicals 03CH2Ph)  enr iched in the 13C 
isotope by 99% were used. The spec t rum consist ing of  a 
triplet of  doublets  [a(2 t3C) = 9.7 G,  a(1 13C) = 1.7 G,  
g = 2.00221] is typical of  an a l ly l - type  radical in which 
the larger H F C  constant  refers to two 13C nuclei in the 
benzyl radicals, located at the ends of  the allylic system, 
while the smal ler  splitting relates to carbon of  the benzyl 
radical located in the middle of  the allylic system. The 
sextet for five equivalent 13C nuclei  [a(5 D3C) = 3.56 G] 
was assigned to a cyclopentadienyl  type radical,  arising 
upon the addi t ion of  five benzyl radicals to one five- 
membered  ring of C60 (Fig. 7). Format ion  of  allylic 
radicals has also been observed upon the mul t ip le  addi-  
tion of  alkyl radicals to C60 .39 

The addi t ion of  several phosphoryl  radicals to C60 z2 
at an initial stage of  photolysis leads to three types of  
radical adducts  differing in the constants  of  H F C  with 
the phosphorus nuclei and in their  g-factors:  I,  ap(I P) 
= 73.5 G,  g = 2.0019; 2, ap(I P) = 66.75 G,  g = 2.0023; 
3, ap(I P) = 4.25 G,  ap(l  P) = 54.9 G,  g = 2.0025. 
None of  these radicals is allylic, which is apparent ly  due 
to the large size of  the phosphoryl  group. The  magnet ic  
resonance parameters  of  the mul t ip le  addi t ion products  
1 and 2 imply that the unpaired electron interacts  with 
only one 31p nucleus, although the radicals conta in  no 
less than two phosphoryl groups. Since the  unpaired 
electron is mostly localized in two s ix -membered  rings 
(see above), the HFS corresponding to far removed 31p 
nuclei may be not manifested. The addit ional  H F C  with 
the phosphorus atom (4.25 G) in radical 3 is apparent ly  
due to a phosphoryl  radical a t tached to the adjacent  
f ive-membered  ring. zz 
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R R 

b 

Fig. 7. ESR spectrum of "C60(CH2Ph)tt: a, n = 3; b, n = 5. 

We detected phosphoryl-conta ining stable allylic radi- 
cals upon s imul taneous  generat ion of  the phosphoryl  
radicals R l = P(O)(OPri)2 and radicals R x = C ( O ) O M e ,  
Me, CC13. 'm Thei r  structure depends  on the donor-  
acceptor  propert ies  of  the alkyl substituents.  When the 
phosphoryl  and methoxycarbonyl  radicals are generated 
s imul taneous ly  by a photochemica l  procedure  from the 
corresponding mercury-conta in ing  compounds  in a satu- 
rated to luene solut ion of  C60, allylic radicals containing 
phosphoryl  groups in the center  of  the allylic system (ap 
= 6.25 G,  g = 2.0028) and those containing phosphoryl  
groups in its terminal  posit ions (ap (1 P) = 43.0 G,  g = 
2.0027) are formed synchronously.  

C6o + "P(O)(OPr~)2 + 2 "C(O)OMe 

_---- • C60 [C(O)OMe]2P(O) (OPr~)2  

The s imul taneous  generat ion of  phosphoryl  and me- 
thyl radicals results in the formation of  allylic radicals 
conta in ing phosphoryl  groups only ira the center  of  the 
allylic system and exhibitng a constant  of  the H F C  with 
the P nucleus (ap = 6.75 G).  

Unlike the above examples,  the s imul taneous  addi-  
tion of  phosphoryl  and e lect rophi l ic  t r ichloromethyl  
radicals yields allylic radicals "C60[P(O)OPri)212CC13 
conta in ing  two phosphoryl  groups each,  the latter being 
located at the ends of  the allylic system. This radical 

accounts for a constant of HFC with two equivalent  31 p 
nuclei lap(2 P) = 41.25 GI.  

Thus, an active radical does not add to any of  the 29 
free double bonds of  the bis-adduct  C60R2; it adds in 
such a way as to form the the rmodynamica l ly  most 
favorable allylic structure. Electrostatic and steric fac- 
tors are also significant. For example,  the allylic radicals 
are not formed upon the addit ion of  several tert-butyl,  39 
phosphoryl,  22 boryl, z6 or boron-centered carboranyl radi- 
cals, z4 although ira these cases, adducts resulting from 
repeated addi t ion have been detected ( they were stable 
owing to shielding of the carbon atoms that carry the 
highest density of the unpaired electron).  

Adducts resulting from mono-  and polyaddition 
of free radicals to C70 

Unlike C60 ill which all the carbon a toms are equiva- 
lent ,  the e l l ipso id  C70 inco rpora t e s  five types of  
nonequivalent  atoms: A, B, C, D, and E in a ratio of  10 
: 10 : 20 : 20 " 10. Therefore,  the addit ion of  free radicals 
to C70 can yield five isomeric radicals "C70R, differing 
both in the parameters  of  their  ESR spectra  and in their  
reactivities. Let us consider the ESR data on the photo-  
chemical  addi t ion to C70 of  the following atoms and 

'CF3 ,  
and  

organic r~dicals: "H, "F, "Me, 'CMe3 ,  "Et, 
-C2F5 ' . p ( o ) ( O M e ) 2  ' ' P (O) (OPr i )2 ,  
BIoH9C2H2.Z4, '1z-45 

A 
B 

When a benzene solution ol C70 conta ining ben- 
zop]aenone and isopropanol is exposed to radiat ion,  
hydrogen atoms are generated,  which add to C70 to give 
adducts  of  five different types 4z (Fig. 8), four of  which 
are character ized by a split t ing with one hydrogen atom 
(Table 3), while the fifth adduct  is responsible for HFC 
with three protons,  which indicates that several hydro-  
gen atoms added and that an allylic radical formed. 4z 
Chemical ly  induced electron polarization is manifested 
ira all the spectra. When "C70H is generated by photoly-  
sis of  a s a tu ra t ed  be nz e ne  so lu t i on  c o n t a i n i n g  
1,2-cyclohexadiene,  spin adducts  of  three types are de- 
tected .43 

Adducts resulting from the addit ion to all five of  the 
nonequivalent  carbon atoms have not been observed for 
any of  the radicals studied. In fact, only three "C70R 
radical adducts  are formed in the case where R = "Me, 
"CMe3, " P(O)(OMe)2 , "P(O)(OPri)2, or " BIoHgC2H 2, 
while for R = "Et, "CF  3, or "C2F 5, four radical adducts  
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Fig. 8. ESR spectrum of "C70H (isomers 1--4) and "C70H 3 (5) in benzene at 295 K. 

are observed. The adducts "C70R exhibit three common 
features, irrespective of  the structure of  R: (I) the 
g-factors for the spin adducts of  each type are different; 
(2) the constants of  H FC with the key atom (i.e., the 
atom that carries the highest spin density) in the added 
radical are different, and (3) one of  the isomers (that has 
the lowest HFC constant with the key atom) is stable in 
the absence of  irradiation. Radical adducts of  each type 
were identified by comparing the results of  quantum- 
chemical calculations with experimental data. 

By M N D O / P M 3  calculations, the relative ArH ° val- 
ties (kcal tool - I )  have been obtained for the five isomers 
of  "C70R: 0.0 (C), 0.4 (D), 1.6 (A), 2.5 (B), 15.6 (E). 43 
A calculation of  the spin density distribution in t h e  
"C70H radical has shown that isomer D (1), in which 
the unpaired electron is delocalized to a greater degree 
than in other isomers and which has no symmetry plane, 
should be the most stable. 

High stability of  the "C70R (D) adduct is clearly 
manifested in the ESR spectrum of, fo~ exampl~ 
"CToP(O)(OPri)2. 45 When irradiation is terminated, the 
concentration of  these fullerenyl radicals remains con- 
stant over a period of several hours, which indicates that 
they are unable to dimerize. 

Thus, for isomer I, the site of  the addition was 
exactly identified (vertex D). The data on the structures 
of  other isomers of  the spin adducts derived front C70 
are less definite. Previously 43 it has been concluded that 
isomer 4 has the energetically less favorable structure E 
(since the addition is a kinetically controlled reaction). 

42 However, based on calculations, structure A was as- 
signed to isomer 4, whereas structures C and B were 
attributed to isomers 2 and 3, respectively. 

We studied 46 the characteristic features of  the free- 
radical phosphorylation of  C70 occurring during pro- 
longed (~0.5 h) photolysis of  a saturated toluene solution 
of  C70 and Hg[P(O)(OPri)21, where R = Me, Pr i. The 
ESR spectrum of the spin adducts "CT0[P(O)(OPri)lln, 

arising due to multiple addition, is similar to the spec- 
trum of "C60[P(O)(OPri)2]n radicals. In view of  the fact 
that the large size of  diisopropylphosphoryl radicals may 
be among the reasons preventing the formation of  an 
allylic structure, multiple addition of  less bulky radicals, 
'P(O)(OMe)2 , was studied. The latter were also gener- 
ated by photolysis of the corresponding mercury deriva- 
tive. ARer 0.5 h of  photolysis, the ESR spectrum of an 
allyl type radical can be recorded; this radical is respon- 
sible for HFC constants with two equivalent phosphorus 
atoms ap(2 P) = 44.5 G (a triplet) and with one phospho- 
rus nucleus a(I P) = 5.0 G. If the photolysis is continued 
further, two more phosphoryl radicals add. Their H FC 
constants [at,(2 P) = 48.5 G, ar,(I P) = 6.0 G, and 
ap(2 P) = 3.25 G] imply that, unlike the addition of  five 
benzyl radicals to C60, which yields a cyclopentadienyl 
type radical, in the case of  'C70[P(O)(OMe)2] 5, the 
allylic structure is retained, and the additional HFC is 
due to the fact that two phosphoryl radicals are intro- 
duced into the A-positions with respect to the terminal 
carbon atoms of  the allylic system. 

Calculations of  the "C70H 3 allylic radical showed 42 
that the addition of hydrogen atoms to the C3AiCi0 
vertices is the most favorable. A similar structure may 
occur in the case of  phosphoryl radicals. 

Metal-containing fullerenyl radicals 

Tile examples of multiple addition of  free radicals to 
fullerenes-60 and 70, yielding in some cases allylic radi- 
cals, illustrate the interaction of radicals with mono- ,  di-, 
tri-, etc. radical derivatives of fullerene. The question 
arises of  whether some regularities can be followed in the 
addition of  free radicals to the fullerene derivatives that 
are obtained by heterolytic transformations and differ 
from radical adducts in the type of bonding. 

We studied for the first time 48 characteristic features 
of  the ESR spectra of the adducts formed from phos- 
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Table 3. The HFC constants (a) and g-factors for 'CToR radicals 

Radical aH,C,p,F/G g-factor T/K 

"C70H (I) 
(2) 
(3) 
(4) 

'C70F (1) 
(2) 
(3) 
(4) 

CToMe (!) 
(2) 
(3) 

• C7oPh (1) 
(2) 
(3) 
(4) 

"CToCMe 3 (i) 
(2) 
(3) 

"C70CC13 (1) 
(2) 
(3) 

"C70CF 3 (1) 
(2) 
(3) 
(4) 

C7oEt (1) 
(2) 
(3) 
(4) 

CToPO(OMe) 2 (1) 
(2) 
(3) 

• C7oPO(OPri)2 (1) 
(2) 
(3) 

"CToBIoH9C2H2-m (1) 
(2) 
(3) 

H = 27.85 2.00251 340 
H = 34.45 2.00271 340 
H = 36.2 2.00213 295 
H = 36.8 2.00274 295 
F = 53.54 2.00148 325 
F = 65.25 2.00181 325 
F = 74.21 2.00187 325 
F = 74.46 2.00133 325 
H = 0.24, I 13C = 13.5 2.0021 280 
H = 0.0, I 13C = 16,7 2.00263 280 
H = 0 ,2 l ,  I 13C = 17.5 2.00199 280 

2 H -m = 0.18 2.00248 290 
2 H = 0.24 2.00266 290 
2 H = 0.24 2.00207 290 
2 H = 0.27 2.00272 290 
9 H = 0.17, I 13C = 14.2 2.00271 300 
9 H = 0.17, 1 13C = I 1.3 2.00248 300 
9 H = 0.17, 1 13C = 13.8 2.00210 300 
1 13C = 34.6 2.00425 300 
1 z3C = 30.5 2.00382 300 
1 t3C = 26.7 2.00345 300 
3 F = 0.05 2.00251 320 
3 F = 0.25 2.00271 320 
3 F = 0.13 2.00218 320 
3 F = 0.13 2.00283 320 
I F = 0.14, 3 F = 1.35 2.00240 450 
2 F = 0.63, 3 F = 2.13 2.00260 450 
2 F = 0.18, 3 F = 2.27 2.00197 450 
2 F = 0.57, 3 F = 2.52 2.00270 450 
6 H = 0.12, 1 P = 71.2 2.00277 300 
6 H --- 0.12, I P = 66.8 2.00269 300 
6 H = 0.08, 1 P = 55.9 2.00248 300 
I P = 70.5 2.00310 293 
I P = 66.5 2.00270 293 
1 P = 55.25 2.00280 293 
1 liB = 15.5 2.0026 430 
1 ItB = 19.7 2.0032 430 
I l ib  = 20.0 2.0021 430 

phoryl  radicals  and q 2 - m e t a l l o c o m p l e x e s  o f  fu l lerene  

(L2MC60 , where  M = Pd, Pt; L = PPh3). 
U V  i r radia t ion  o f  a sa tura ted  to luene  so lu t ion  o f  the 

Pd c o m p l e x  in the  p resence  o f  an e q u i m o l a r  a m o u n t  of  
Hg[P(O)(OPr i )2 ]2  at r o o m  t e m p e r a t u r e  in the resona tor  
of  an E S R  s p e c t r o m e t e r  leads ini t ial ly to at least five 
radicals d i f fer ing  in the cons tan t s  o f  H FC o f  the  un-  
paired e l ec t ron  with 31p nucle i  (70- -55  G)  and in their  
g- fac tors  (2 .001- -2 .003) .  T h e  pa ramete r s  o f  the  d o m i -  
nat ing signal co r r e spond  to the  "C60P(O)(OPri )2  radi- 
cal. Af te r  3 - - 5  rain o f  i r radia t ion ,  on ly  the spec t rum 
c o r r e s p o n d i n g  to this radical is re ta ined ,  and the green 
co lo r  typical  o f  so lu t ions  o f  fu l lerenes  coo rd ina t ed  to 
meta l s  d isappears .  

T h e  phosphory l  radicals a t tack  the  meta l  c o m p l e x  
nonse lec t ive ly ,  and the set o f  signals ar is ing in the ESR 
s p e c t r u m  c o r r e s p o n d s  to the  i somer i c  spin adducts  
L2PdC60P(O)(OPri )2  and to the  deme ta l l a t ed  adduct  
"C60P(O)(OPr i )2 .  

L2PdC60 + • p(o) (O~r i )2  - ,  [L2(F, 'O)2(O)PPdC60] - ,  
+~ --~ L2(PriO)2(O)PPd" + C60, etc. 

The  rate o f  the  addi t ion  o f  phosphory l  radicals  to the  
metal  is probably  higher  than the rate o f  the i r  add i t ion  
to a double  bond of  ful lerene.  

In o rde r  to obtain  addi t ional  data on the  s t ruc ture  o f  
the spin adduc t s  unde r  cons ide ra t ion ,  we used the  
P t - c o n t a i n i n g  c o m p l e x  (m~gnet ic  isotope 195pt with a 
natural  o c c u r r e n c e  of  33%). However ,  the results ob-  
ta ined in this case were s imilar  to those  descr ibed  above.  
Thus ,  r l2-complexes  o f  C60 with p la t inum and palladit ,  m 
are unstable  with respect  to phosphory l  radicals.  48 

We  w e r e  able  to o b t a i n  m e t a l - c o n t a i n i n g  
phosphory l fu l le reny l  radicals L~, all a l t e rna t ive  p roce -  
dure,  i.e., by the  addi t ion o f  P tL 2 or  PdL  2 to the  d imers  
of  phosphoryl fu l lerenyl  radicals. 48 An e q u i m o l a r  a m o u n t  
o f  the  c o m p l e x  Pt(PPh3) 4 was added  unde r  a rgon to a 
to luene  so lu t ion  con ta in ing  ~10% phosphory l fu l l e reny l  
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radical dimers (similarly to the preparat ion of  the com- 
plex of  C60 with Pd ° and Pt°). 7 ' 'c /The reaction occurred 
very rapidly, and the solution became dark green. When 
the reaction was comple ted ,  the sample was irradiated 
with visible light (620--680 nm), in order  to avoid 
generat ion of  new phosphoryl  radicals and to affect only 
the dimers of  fullerenyl radicals in which the C - - C  bond 
energy is relatively low (~10 kcal). The whole process 
can be represented as follows: 

RC60~C60R + Pt(PPh3)4 ~ R(PPh3)PtC60--CeoPt(PPh3)R 

n = P(O)(OPr')2 
hv 

R(PPh3)2PtC6o--C6oPt(PPh3)2R ~ 2 • C6oPt(PPh3)2R 

The irradiation of  the sample with visible light results 
in the appearance of  new radicals: a, ap = 58.5 G,  g = 
2.0017; b, ap = 63.5 G,  g =  2.0023; c, ap = 64.7 G,  g = 
2.0025; d, ap = 65.7 G,  g--- 2.0028; e, ap = 68.0 G, g = 
2.0032. 

Based on these data, it was concluded that the 
a d d i t i o n  o f  P t (PPh3)  2 to RC60--C60R is not 
regioselcctive. The interaction of  the unpaired electron 
with metal a toms located in various posit ions with re- 
spect to the radical center  is manifested in the variation 
of  the H FC constants  and g-factors.  48 

To identif',, each isomer, it is necessary to determine 
the parameters  of  the fullerenyl radical in which the 
maximum spin density is known to be concentra ted  on 
the carbon a tom,  located in the [3-position with respect 
to the metal  atom. To obtain this fullerenyl radical, we 
used the c o m p o u n d  ( C F 3 ) I C F - - H g - - P t ( P P h 3 ) 2 - -  
C H = C P h 2 ,  whose photolysis  in a saturated toluene so- 
lution of  C60 affords a Pt -centered  radical: 49 

hv 
(C F3)2CF__H g - -P t (pph3 )2 - -CH=CPh2  ~- 

(CF3)2CF--Hg" + "Pt(PPha)2,--CH=CPh 2 

C60 + " P t ( P P h 3 ) 2 - C H = C P h 2  "c is  

• C6oPt(ppha)2~CH=CPh2.ci s 

The Pt -conta in ing  fidlerenyl radical is character ized 
by the followin3 H F C  constants: ap~95 = 52.0 G,  a ( l  P) 
= 30.5 G,  a( l  P) = 3.5 G,  and g = 2.0013. The 
constants  of  H FC with the 31 p nuclei are nonequivalent ,  
since the t r iphenylphosphine  ligands are arranged asym- 
metrical ly with respect to the symmetry  axis of the 
radical: one PPh 3 group is located above a f ive-mem- 
bered ring (the H F C  constant  is 30.5 G) ,  while the other  
group is above a s ix -membered  ring. The obtained 
g-factor  value is much lower than those for the adducts 
of  phosphoryl  radicals with C60 (2.0023); therefore,  
the  m e t a l - c o n t a i n i n g  fu l le renyl  radical  

(PdO)2(O)P--C~,0Pt(PPh3)2 , which accounts  for g = 
2.0017 ( a p =  58.5 G),  may be assumed to be that par- 
t icular isomer in which the phosphoryl  group is located 
most closely to the metal atom. 

Conclusion 

Thus, it was shown by ESR spectroscopy that the 
unpaired electron in the "C60R radicals is mostly delo-  
calized over five carbon atoms: C( I ) ,  C(3),  C(3"),  C(5), 
and C(5") incorporated in the two s ix -membered  rings 
adjacent to the C - - C R  bond. 

It was found that the intensity of  the ESR spectra 
depends on the temperature;  this is due to the occur-  
rence of  the rad ica l - -d i rec t  equil ibrium. 

I11 relation to phosphoryl- ,  borocarboranyl - ,  and 
borylfullerenyl radicals, it was shown that the rate of  
dimerizat ion of  fidlerenyl radicals depends only slightly 
on the structure of  the radicals a t tached to them and is 
apparent ly  l imited by diffusion. 

In the ESR spectra of radical adducts of  C60, dynamic 
effects are manifested, which are associated with the 
exchange of  substituents between positions, nonequivalent o 
with respect to the unpaired electron orbital. 

The  addi t ion of several free radicals affords stable 
fullerenyl radicals,  whose structures depend on the na- 
ture of  the radicals added. In the format ion of  allylic 
structures, e lectrostat ic  and steric factors are significant. 

Of the five possible isomers of  'CToR, three isomers 
are normally formed; one of  them (result ing from the 
addit ion to vertex D) is stable owing to the  substantial 
delocal izat ion of  the unpaired electron. 

The interact ion of the unpaired e lect ron with the 
nuclei of  metal  atoms located in various posi t ions with 
respect to the radical center  is manifested in the values 
of the H F C  constants  and of  the g-factors.  

The rapid development  of  the radical chemist ry  of 
fullerenes brings tip new questions. It may be expected 
that the following t imely problems will be solved in the 
near future: 

- - t h e  rate of  the addit ion of free radicals to C60 and 
C70 will be determined;  

- - the  general regularities of  the addi t ion of  free 
radicals to various fullerene derivatives will be iden- 
tiffed; 

- - a  procedure  will be developed that will make it 
possible to use the constants of H FC with the magnet ic  
nucleus m the radical at tached to fullerene as a "para- 
magnetic reporter," which carries informat ion not only 
013 the structures of radical adducts  but also on the 
addit ion of  functional  groups to fullerene upon hetero-  
lytic reactions; 

- -  the possibili ty will be studied of  using fullerenes as 
thermally stable radical traps, enabling identif icat ion of  
free radicals or atoms at temperatures  of  up to 470 K 
based on the magnet ic-resonance parameters  of  fullerenyl 
radicals; 
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- - fu l le reny l  radicals derived from higher fidlerenes 
and containing metal atoms inside the fullerene sphere 
(endohedral metallocomplexes) will be studied; 

- - s t ab le  nitroxyl radicals bound to fullerene will be 
synthesized (for the investigation of the biological ac- 
tivities of fiJllerenes); 

- -  preparat ive  me thods  for the radical 
functionalization of fullerenes will be developed. 

The work was carried out within the framework of 
the i n t e rb ranch  sc ient i f ic  and technica l  program 
"Fullerenes and atomic clusters" and with the financial 
support of the International  Science and Engineering 
Center  (Grant  079 (B)). 

R e f e r e n c e s  

I.W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. 
Huffman, Nature, 1990, 347, 354. 

2. R. Taylor, J. P. Hare, A. K. AbduI-Sada, and H. W. Kroto, 
J. Chem. Soc., Chem. Commun., 1990, 1423. 

3. J. W. Bausch, G. K. Surya Prakash, G. A. Olah, D. S. Tse, 
D. C. Lorents, Y. K. Bae, and R. J. Malhortra, J. Am. 
Chem. Soc., 1991, 113, 3205. 

4. H. Selig, C. Lifshitz, T. Peres, J. E. Fisher, A. R. McGhie, 
W. J. Romanov, and J. P. McCauley, J. Am. Chem. Soc., 
1991, 113, 5475. 

5. J. M. Wood, B. Kahr, S. H. Hoke, L. Dejarme, R. G. 
Cooks, and D. Bon-Amotz, J. Am. Chem. Soc., 1991, 113, 
5907. 

6. P. J. Fagan, J. C. Calabrese, and B. Malone, J. Am. Chem. 
Soc., 1991, 113, 9408. 

7. V. V. Bashilov, P. V. Petrovskii, V. 1. Sokolov, S. V. 
Lindeman, I. A. Guzev, and Yu. T. Struchkov, Organome- 
tallies, 1993, 991. 

8. R. Taylor and D. R. Walton, Nature, 1993, 363, 685. 
9. P. J. Fagan, B. Chase, J. C. Calabrese, D. A. Dixon, 

R. Harlow, P. J. Krusic, N. Matsuzawa, F. N. Tebbe, D. L. 
Thorn, and E. Wasserman, Carbon, 1993, 8, 1213. 

10. V. 1. Sokolov, lzv. Akad. Naul¢, Ser. Khim., 1993, 10 [Russ. 
Chem. Bull., 1993, 42, 1 (Engl. Transl.)]. 

11. M. Walbiner and H. Fischer, J. Phys. Chem., 1993, 97, 
4880. 

12. P. J. Krusic, E. Wasserman, B. A. Parkinson, B. Malone, 
E. R. Holler, Jr., P. N. Keizer, J. R. Morton, and K. F. 
Preston, J. Am. Chem. Soc., 1991, 16, 6274. 

13. P. J. Krusic, E. Wasserman, B. A. Parkinson, P. N. Keizer, 
J. R. Morton, and K. F. Preston, Science, 1991, 11, 1183. 

14. J. R. Morton, K. F. Preston, P. J. Krusic, S. A. Hill, and 
E. Wasserman, J. Phys. Chem., 1992, 9, 3576. 

15. R. W. Fessenden and R. H. Shuler, J. Chem. Phys., 1965, 
43, 2704. 

16 J. R. Morton and K. F. Preston, J. Magn. Reson., 1978, 
30, 577. 

17. J. R. Morton, K. F. Preston, P. J. Krusic, and 
E. Wasserman, J. Chem. Soc., Perkin Trans. 2, 1992, 9, 1425. 

18. P. J. Fagan, P. J. Krusic, C. N. McEwen, J. Lazar, D. H. 
Parker, N. Herron, and E. Wasserman, Science, 1993, 
5132, 404. 

19. A. G. Davies, D. Griller, and B. P. Roberts, J. Am. Chem. 
Soc_ 1972, 94, 1782. 

20. B. L. Tumanskii, S. P. Solodovnikov, V. Ts. Kampel', L. V. 
Ermanson, N. N. Bubnov, and N. N. Godovikov, 
Metalloorg. Khim., 1991, 4, 941 [J. Organomet. Chem. 

USSR, 1991, 4 (Engl. Transl,)l. 
21. B. L. Tumanskii, V. V. Bashilov, S. P, Solodovnikov, and 

V. I. Sokolov, Izv. Akad. Nauk, S'er. Khim., 1992, 1457 
]Ball. Russ. Acad Sci., Div, Chem, Sci,, 1992, 41, 1140 
(Engl. Transl.)l. 

22. B. L. Tumanskii, V. V. Bashilov, E, N. Shaposhnikova, 
N. N. Bnbnov, S. P. Solodovnikov, and V. I. Sokolov, Izv. 
Akad. Nauk, Ser. Khim., 1996, 2679 [Russ. Chem. Boll., 
1996, 45, No. I 1 (Engl. Transl.)l. 

23. B. L. Tumanskii, V. V. Bashilov, N N. Bubnov, S. P. 
Solodovnikov, and V. I. Sokolov, Izv. Akad. Naak, Set'. 
Khim., 1992, 1936 ]Ball. Russ. Acad. ScL, Div. Chem. Sci., 
1992, 41, 1519 (Engl. Transl.)] 

24. B. L. Tumanskii, V. V. Bashilov, N. N. Bubnov, S. P. 
Solodovnikov, and V I. Sokolov, Izv. Akad. Na,k,  Set. 
Khim., 1995, 1840 [Russ. Chem. Bull., 1995, 44, 1771 
(Engl. Transl.)]. 

25. B. L. Tumanskii, P. M. Valetskii, Yu. A. Kabachii, N. N. 
Bubnov, S. P. Solodovnikov, A. I. Prokofev, V. V. Korshak, 
and M. I. Kabachnik, Izv. Akad. Nauk SSSR, Ser. Khim., 
1984, 2413 ]Bull Acad. Sci. USSR, Div. Chem. Sci., 1984, 
33, 2210 (Engl. Transl.)l. 

26. B. L. Tumanskii, V. V. Bashilov, N. N. Bubnov, S. P. 
Solodovnikov, V. I. Sokolov, V. Ts. Kampel', and 
A. Varshavskii, Izv. Akad. Nauk, Ser. Khim., 1994, 673 
[Russ. Chem. Bull, 1994, 43, 624 (Engl. Transl.)l. 

27. J. A. Baban, Ver. P. J. Marti, and B. P. Roberts, J. Chem. 
Sot., Perkin Trans. 2, 1985, 11, 1723. 

28. M. A. Cremonini, L. Lunazzi, G. Placucci, and P. J. 
Krusic, J. Org. Chem., 1993, 58, 4735. 

29. P. N. Keizer, J. R. Morton, K. F. Preston, and P. J. 
Krusic, J. Chem. Soe., Perkin Trans. 2, 1993, 1041. 

30. J. R. Morton, K. F. Preston, P. J. Krusic, and L. B. 
Knight, Jr., Chem. Phys. Leg., 1993, 5/6, 481. 

31 . J .K .S .  Wan and A. J. Elliot, Accounts Chem. Res., 1977, 
10, 161. 

32. J. R. Morton, K. F. Preston, and F. Negri, Chem. Phys. 
Len., 1994, 221, 59. 

33. P. J. Krusic, D. C. Roe, E. Johnston, J. R. Morton, and 
K. F. Preston, J. Phys. Chem., 1993, 9, 1736. 

34. J. E. Anderson and H. Pearson, J. Am. Chem. Soc., 1975, 
97, 764. 

35. J. E. Anderson and H. Pearson, J. Chem. Soc. B, 1971, 
1209. 

36. P. J. Fagan, P. J. Krusic D. H. Evans, S. A. Lerke, and 
, E. Johnston, J. Am. Chem. Soc., 1992, 24, 9697. 

37. B. L. Tumanskii, V V. Bashilov, N. N. Bubnov, S. P. 
Solodovnikov, and A. A. Khodak, lzv. Akad. Naak, Ser. 
Khim., 1994, 1671 [Russ. Chem. Ball., 1994, 43, 1582 
(Engl. Transl.)]. 

38. Electron Spin Resonance Elementary Theory and Practical 
Applications, Eds. J. E. Wertz and J. R. Bolton, McGraw- 
Hill Book Company, New York, 1972. 

39. J. R. Morton, F Negri, and K. F. Preston, Canad. J. 
Chem., 1994, 7:;, 776, 

40. B. L. Tumanskii, V. V. Bashilov, N. N. But:,,~ov, S. P 
Solodovnikov, and V. I. Sokolov, lzv. Akad. Nauk, Ser~ 
Khim., 1995, 2422 [Russ. Chem. Bull., 1995, 44, 2316 
(Engl. Transl.)l. 

41 . J .R .  Morton, F. Negri, and K. F. Preston, Canad. J, 
Chem., 1994, 72, 776. 

42. J. R. Morton, F. Negri, and K. F. Preston, Chem. Phys. 
Lett., 1994, 467. 

43. R. Borghi, L. Lunazzi, G. Placucci, P. J. Krnsic, D. A. 
Dixon, and L. B. Knight, Jr., J. Phys. Chem., 1994, 21, 
5395. 



2278 Russ. Chem.Bull., Vol. 45, No. I0, October, 1996 Tumanskii  

44. P. N. Keizer, J. R, Morton. and K. F. Preston, J. Chem. 
Soc.. Cbem, Commun., 1992, 1259. 

45. B. L, Tumanskii. V. V, Bashilov, N. N. Bubnov, S. P. 
Solodovnikov, and V. I. Sokolov, Izv, Akad, Nauk, Ser. 
Khim., 1992, 193S [Bull. Russ. Acad. Sei., Div. Chem Sci, 
1992, 41, 1521 (Engl. Transl.)l. 

46. B. L. Tumanskii, V. V. Bashilov, N. N. Bubnov. S. P. 
Solodovnikov, and V. I. Sokolov, Izv. Akad. Nauk, Ser. 
Khim., 1993, 222 [Russ. Chem, Bull., 1993, 42, 203 (Engl. 
Transl.)l. 

47. P. J. Fagan. J, C. Calabrese, and B. Malone, Science, 
t991, 252, 1160. 

48, B, k Tumanskii, V. V. Bashilov, N. N, Bubnov, S. P, 
Solodovnikov, and V I. Sokolov, Izv. Akad. Nauk, Ser~ 
Khim., 1994, 938 IRuss. Chem. Bull., 1994, 43, 884 (EngL 
Transl.)l. 

49 V. V. Bashilov, B. L. Tumanskii, P. V. Petrovskii, and V. I. 
Sokolov, Izv. Akad. Nauk, Ser. Khim., 1994, 1131 [Russ. 
Chem. Bull., 1994, 43, 1069 (Engl. Transl.) l, 

Received December 9, 1995; 
in revised form May 29, 1996 


