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Abstract: The addition of several photochemically generated aryl and fluoroalkyl radicals to fullesgn@€studied

by electron spin resonance and the results were compared with those obtainedowithit@le simple alkyl radicals

afford only three of the five expected Rgregioisomers, the more reactive aryl and fluoroalkyl radicals give rise

to four, except for the trifluoromethyl radical which yielded for the first time the ESR spectra of all five expected
isomers. Semiempirical MO calculations and density functional theory calculations were carried ougfoamtC

for the five HG¢ regioisomers as models for the corresponding alkyl, aryl, and fluoroalkyl analogs in order to
describe the unpaired electron distribution in these radical species and as an aid in the assignment of the observed
spectra to specific Rfg regioisomers.

Introduction adducts were identified by ESR and muon spin rotatid®R),

respectively. More recently, all five possibled®u isomers

were observed by transverse figl®R? In our work we also

observed the formation of only three isomerig @onoadducts

' with simple alkyl radicals€.g.methyl). The more reactive and
electrophilic phenyl, trifluoromethyl, and pentafluoroethyl radi-
cals, however, yielded four monoadducts in comparable relative
abundances. Hoping to learn more about the elusive fifth
isomeric adduct we examined in greater detail the addition of
other aryl radicals to ¢ and G.

In a preliminary communicatidnwe reported an ESR study
of the radical species obtained by single addition of a select
number of simple free radicals, including the hydrogen atom
to fullerene Gy, and we compared the results with those for
the analogous monoradical adducts derived frogm @nlike
Ceo Where by virtue of its spherical symmetry only one
monoadduct is obtaine€tiadical addition to ellipsoidal {5 can
give rise to five isomeric R¢ adductsA, B, C, D, andE,
named after the five distinct carbon atoms ot @ which a
radical can add (abundances 10:10:20:20:10). Initial work with
alkyl radicals €.g. tertbutyl)* and with muon® revealed the
formation of only three of the possible five isomeric radical
adducts. Later, four hydrogen atébrand muonium (MW
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implemented in the program system MOPAC The semiempirical
molecular orbital calculations were done with a spin restricted formalism
because of problems in obtaining convergence of the spin unrestricted

J. Am. Chem. Soc., Vol. 118, No. 32, 199609

Table 1. ESR Parameters of the Radical Adducts—Aky @

wave functions. Final energy and spin density calculations were done
with the density functional theory program DGatissn a Cray-C90
computer. The polarized doubighasis sét for C is of the form (721/
51/1) (DZVP2) with a [7/3/3] fitting set and for H of the form (41/1)
with a fitting basis set of the form (4). The calculations were done
with an unrestricted spin formalism at the non-local (gradient-corrected)
level with the non-local exchange potential of Betkmgether with

the non-local correlation functional of PerdéWBP/DZVP2).

Experimental Section

The aryl and fluoroalkyl bromo derivatives employed in the present
investigation were commercially available. The 3,5-dideuteriobro-
mobenzene was prepared by reaction of 2 equiwldtyllithium with
1,3,5-tribromobenzene subsequently quenched wi®.DSaturated
solutions ¢0.002 M) of pure G or Cro (>99% purity, obtained from
Dynamic Enterprises, Ltd., Hanwell, Banbury, UK) in benzentedr
butylbenzene containing from 1 to 20 equiv of aryl halides (Br, 1) were
prepared free of oxygen either by the use of previously carefully dried
and degassed solvents in a nitrogen-flushed glovebox (Vacuum
Atmospheres Co.) or by careful degassing in a high-vacuum system.
The gaseous fluoroalkyl bromides were handled in a vacuum system
and were metered in a flask of known volume. The pressure was read
by an MKS Instruments Inc. Baratron capacitance manometer. The
desired number of moles calculated from the ideal gas law were
condensed in a sample tube equipped with a Teflon high-vacuum
stopcock. The samples contained in 4- or 5--mm o.d. quartz tubes were
irradiated in the standard X-band microwave cavity of the ESR

radical Ar a1 (G) ar (G) g factor
1 phenyl 0.22 (2H) 2.00222
1 3.5-dideuteriophenyl 2.00222
2 3-methylphenyl 0.23 (1H) 2.00222
3 3,5-dimethylphenyl 2.00221
4 4-methylphenyl 0.22 (2H) 2.00222
5 3,5-difluorophenyl 0.60 (2F) 2.00229
6 3-fluorophenyl 0.29 (1H) 0.50 (1F) 2.00223
7 4-fluorophenyl 0.20 (2H) 2.00230
8 1-naphthyl 0.25 (2H) 2.00229
9 2-naphthyl 0.18 (1H) 2.00220
10 9-phenanthryl 0.26 (1H) 2.00226

2 |n benzene solution at 298 K. At very high resolution two smaller
splittings of 0.07 and 0.03 G, each due to a single proton, are also
detected.

tracking gaussmeter and of the microwave frequency with a 5350B
Hewlett-Packard frequency counter. The difference in magnetic field
between the gaussmeter probe location and the center of the cavity
was established by means of a perytéfemncentrated k80, standard

in a capillary tube § = 2.002569):° The errors are believed not to
exceed+0.00003.

Results

Electron Spin Resonance.Intense UV photolysis of dilute
benzene solutions containinggand GHs—X (X = Br, |, or
HgCsHs) produces the radical adducsds—Ceo® (1, Table 1)
whose ESR spectrum is a 1:2:1 triplet (0.22 G) due to the

spectrometer, equipped with a quartz insert for variable-temperature NYPerfine interaction of the unpaired electron with the pair of
work, with the focussed light of a 500-W high-pressure mercury lamp Phenyl protons in the meta position. This assignment is
(Bologna) or of a 500-W Cermax Xenon llluminator (DuPont). The established by the spectral changes that are observed when these
light was filtered through a 5-cm path of either circulating distilled protons are replaced by various substituents. Thus, addition of
water (strongest signals) or circulating aqueous Kasha filter (240 g/L the aryl radicals obtained from 3-methylbromobenzene and 3,5-
of NiSO,-6H,0, 45 g/L CoS@7H:0) to reduce the heating of the  dimethylbromobenzene tosgyields the adduct® and3 whose
samplel’ The temperatures read by the variable-temperature apparatusspectra display a doublet and a singlet since only one hydrogen
were corrected for heating caused by irradiation. ESR spectra Were o none are left in the meta position, respectively. A binomial
obtained by using Varian E4 (Bologna) or Bruker ESP-300 spectrom- triplet is observed again for radicalobtained by photolysis of
eters. Because of the extremely narrow widths of the spectral lines, Ceo and 4-methylbromobenzene as both meta protons are

very low microwave powers<{200 W) and magnetic field modula- " -
tions (<80 mG) were used. The relative factors of the various present. As expected, substitution of both meta protons with

isomeric Go radical adducts and their relative populations were WO deuterons inl’, obtained by photolysis of & and
established by careful computer simulation of each composite spectrum.3,5-dideuteriobromobenzene, yields a single-line ESR spectrum.
The g factors of the G adducts were measured by comparison with A relatively strong hyperfine interaction in the meta position
the line due to the & excited triplet, whosg factor is 2.001338 which and no measurable interaction in the ortho and para positions
can be detected simultaneously when substoichiometric amounts of arylis revealed also by fluorophenyl analogs. Thus, 3,5-difluoro-
bromides were used. Thgfactors of the GO.adducts were meqsured bromobenzene reacts withgdo give adducs displaying only
relative to the spectrum of the corresponding-Rky radical derived 5 pyperfine interaction of 0.60 G for two equivalent fluorines,
from Ceo either present as low-level impurity in-€or added in e 3 fyorobromobenzene yields radidaith a doublet-
controlled amounts to the/gsolutions. At DuPont theg factors were .
determined by precise measurement of the magnetic field with a Bruker of-doublets for_one meta fluorine (0'50 G_) and one meta proton
(0.29 G). A slightly larger F hyperfine interaction compared
with a proton interaction in the same position in aromatic
radicals is well established. Finally, no fluorine hyperfine
splitting is detected for radical, derived from 4-fluorobro-
mobenzene, since the fluorine now occupies the para position,
and only the splitting due to two equivalent meta protons is
observed.

The products of photoreaction ofgCwith 1- and 2-bro-
monaphthalene agree with the above behavior of hyperfine
splittings. In radical8 the 1-naphthyl substituent bears two
meta-like protons in positions 3 and 8 and thus displays a triplet
spectrum (0.25 G, Figure 1). At much higher resolution the
equivalence is not complete, as evidenced by a broadened central
line of the 1:2:1 triplet, and two additional smaller splittings
(0.07 G and 0.03 G), each due to single protons, can be
discerned. In radicab, on the other hand, the 2-naphthyl

(11) (a) Stewart, J. J. B. Comput. Chenl989 10, 209. (b) Stewart,
J. J. PJ. Comput. Cheml989 10, 221.

(12) Stewart, J. J. P. QCPE Program 455, 1983; Version 5.0.1.

(13) (a) Andzelm, J.; Wimmer, E.; Salahub, D. Fhe Challenge of d
and f Electrons: Theory and Computatid®alahub, D. R., Zerner, M. C.,
Eds.; ACS Symposium Series, No. 394; American Chemical Society:
Washington, DC, 1989; p 228. (b) Andzelm, JDansity Functional Theory
in Chemistry Labanowski, J., Andzelm, J., Eds.; Springer Verlag: New
York, 1991; p 155. (c) Andzelm, J.; Wimmer, E.Chem. Physl992 96,
1280. (d) DGauss is a density program available via the Cray Inichem
Project.

(14) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,dn. J.
Chem.1992 70, 560.

(15) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. D. In
The Challenge of d and f Electrons: Theory and Computatalahub,

D. R., Zerner, M. C., Eds.; ACS Symposium Series, No. 394; American
Chemical Society: Washington, DC, 1989; p 166. (c) Becke, AnD.J.
Quantum Chem. Symf989 23, 599.

(16) Perdew, J. PPhys. Re. B 1986 33, 8822.

(17) Kasha, M.J. Opt. Soc. Am1948 38, 929.

(18) Closs, G. L.; Gautman, P.; Zhang, D.; Krusic, P. J.; Hill, S. A;;
Wasserman, EJ. Phys. Chem1992 96, 5228.
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Figure 1. ESR spectra of 1-naphthylCsc (8) (top) and 2-naphthyt

Cso” (9) radicals in benzene at 295 K. Only the meta-like hydrogens,
responsible for the triplet and doublet splittings, respectively, are shown
in the structures.

substituent has only a single meta proton in position 4 that
accounts for the observed doublet spectrum (Figure 1). Simi-
larly, the photoreaction of g with 9-bromophenanthrene yields
radical 10 which displays a doublet spectrum since the proton
in position 1 of the 9-phenanthryl moiety is the only one which
occupies a meta-like position.

The reasons for the relatively large meta splittings ac-
companied by negligible splittings in the ortho and para positions
are unclear. It should be recalled, however, theddicals, such
as the benzoyl radical gEls—CO, similarly display ortho and
para proton splittings much smaller than those of meta pro-
tong21and that unusual long-range interactions were observed
for the adamantyl and bicyclooctyl ¢¢ radical adduct8
suggesting that effects similar to those described by the VW%lan
in long-range hyperfine interactions are operative.

Similar photoreactions of aryl bromides, iodides, and aryl
mercury compounds with £ yielded composite spectra from
which the individual spectra of four isomeric species could be
dissected. The correctness of this analysis was verified by
careful computer simulations which yielded the precise spectral
parameters of four regioisomers, including their relagjfactors
and their relative abundances. The latter do vary somewhat
with the temperature and sample composition and cannot be
taken as reliable indicators of the relative thermodynamic
stabilities of the isomers. The analysis was made possible by
the unusual narrowness of the spectral lines together with the
small but significant changes in thiefactors for the different
isomers which noticeably shift the component spectra one with

respect to the other. The splitting patterns are the same as those

of the Gsp analogs differing only slightly in the magnitudes of
the splittings.

The spectrum obtained in the photoreaction g @ith
diphenylmercury in benze&is shown in Figure 2A together

(20) Krusic, P. J.; Rettig, T. AJ. Am. Chem. S0d.97Q 92, 722.

(21) Grossi, L.; Placucci, Gl. Chem. Soc., Chem. Comma885 943.

(22) Russell, G. A.; Chang, K. YJ. Am. Chem. Sod.965 87, 4381.
Russell, G. A.; Chang, K. Y.; Jefford, C. W. Am. Chem. Sod.965 87,
4383. Norman, R. O. C.; Gilbert, B. Q. Phys. Cheni967, 71, 14. King,
F. W. Chem. Re. 1976 76, 157.
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Figure 2. Composite ESR spectra (benzene, 295 K) and their computer
simulations of four isomers of glsCy¢(11) (A), CsDsCro (B), and
2-naphthyt+C;¢(15) (C).

Table 2. ESR Parameters of the Radical Adducts-A&¥¢ @

radical Ar rel % a4 (G) a-(G) gfactor

11 phenyl 1 (45) 0.18 (2H) 2.00248
Il (25) 0.24 (2H) 2.00266

Il (20) 0.24 (2H) 2.00207

IV (10) 0.27 (2H) 2.00272

12 3,5-difluoro- 1 (45) 0.60 (2F) 2.00251
phenyl Il (31) 0.64 (2F) 2.00268

Il (10) 0.78 (2F) 2.00215

IV (14) 0.71 (2F) 2.00277

13 3-fluorophenyl 1 (46) 0.24 (1H) 0.46 (1F) 2.00242
I (33) 0.26 (1H) 0.52 (1F) 2.00261

Il (13) 0.30(1H) 0.56 (1F) 2.00202

IV (8) 0.16 (1H) 0.33(1F) 2.00283

14 1-naphthyl 1 (15) 0.27 (2H) 2.00240
Il (25) 0.27 (2H) 2.00262

Il (35) 0.28 (2H) 2.00201

IV (25) 0.31(2H) 2.00266

15 2-naphthyl I (57) 0.17 (1H) 2.00243
Il (27) 0.20 (1H) 2.00262

Il (10) 0.22 (1H) 2.00201

IV (6) 0.25(1H) 2.00269

16  9-phenanthryl | (67)  0.27 (1H) 2.00244

0.16 (1H)
Il (7) 0.34 (1H) 2.00262
Il (19) 0.29 (1H) 2.00206
0.08 (1H)
IV (7) 0.30(1H) 2.00269

a |In benzene solution at 298 K.

with the computer simulation based on the parameters in Table
2 for four isomersl, I, Il , and IV, labeled in the order of
decreasing relative abundances. Each isomer gives rise to a
triplet for two meta protons with a splitting that is very similar

(23) An analogous spectrum was obtained using iodobenzene.



Addition of Aryl and Fluoroalkyl Radicals to Fullerene,C J. Am. Chem. Soc., Vol. 118, No. 32, 199611

.|
CF3-C7o’ v, 320 K UV on
A — i W
B —

/4

o

=

CF3CF2-Cro’

+
Il
4/\/V\
v 360 K UV off

/

—}

Figure 4. ESR spectrum obtained by UV irradiation of¢@nd Ck-
CRBr in 1,2,3-trichlorobenzene at 380 K (A). The spectrum was

accounted for in the simulation (B). (C) ESR spectrum and its simulation Simulated (B) with the parameters of Table 3 as a superposition of the

(D) obtained by raising the temperature to 360 K in the dark after UV spectra (_)f f_our d|§t|nct regioisomers of EHCro'. Th_e arrows _p(_)lnt
irradiation at room temperature showing a fifth quartet labeled with © & crucialinflection revealing the lack of symmetry in one regioisomer
the symbols V belonging to the fifth isomer of §Eq. (see te_xt). The_ spectrum of one regioisomer (p@)t persists on
shuttering the light (340 K). This isomer also lacks symmetry since
the spectrum reveals two differet €fuorines (doublet-of-doublets,

see inset).

3

=

Figure 3. (A) ESR spectrum and its computer simulation (B, using
the parameters in Table 3) obtained during UV irradiation gf d&d
CFRsBr in benzene showing four quartets labeled with Roman numerals
belonging to four regioisomers of @&¢". The lines of quarteli are
marked with circles and those of quart@t with crosses. The triangle

in A denotes a weak quartet belonging tosCk which has also been

to that observed for the dg analog, but onlyl1(lll) has ag
factor that approaches that ofs—Cso® (2.00207vs 2.00222)
while the fourth and least abundant isomé(1V) has ag factor

which is by ESR standards quite different (2.00272) (Table 1). tolysis of the corresponding bromo derivati#eslso add readily

Figure 2B shows the composite spectrum of the deuteratedto Croas they do to 25 Simulation of the composite spectra

analogs wherein each triplet has collapsed to a broader single,_. g .
. ; , L - . (Figures 3 and 4) shows the presence of four regioisomers in
line since the meta deuterons’ hyperfine interaction, a quintet

for two equivalent = 1 nuclei, is reduced by a factor of 6.5144 comparable abundances during UV irradiation. The spectra of

(the proton-deuteron magnetic moment ratio) relative to the the .C'% Cro ISomers are al quart(.ats.(Tgble 3) for three
. . . . equivalent fluorines above 285 K indicating that at these
corresponding proton interaction. The observation of detectable ) L ; .
Ay . . g temperatures the GRgroup in all four regioisomers is rotating
amounts of @s—Ceq (line marked with a circle in Figure 2B), g o1 "0 the bond connecting it to theoGurface. Isomers
in spite of the high purity of the starting;6; gives qualitative y 9 % )

; . L [, 11,111, andlV have exactly the same relative disposition of
?z;/('j?far]ge of the much higher reactivity ofsdtoward free theg factors as the aryl adduckghroughlV and are therefore

Analogous composite specta were obtained whems ¢SS SRS U2 PN SO 8 T e
reacted with several other photochemically generated aryl ~/° yp

radicals and were similarly analyzed by computer simulation slightly temperature dependent: the temperature coefficients

o flstted i Figue 2C fo e 2naphinte somerc (105 110K &e tegaure o posibe o, nedee o
radical adducts. In each case the spectra were due to four_’ P b P P

] — o (o 25¢
isomeric adducts whose ESR parameters are gathered in Tablé:OemCIent of [a(F)| for CFs=Ceg" (~0.75 mG/K)™=¢ Upon

2. The labeling of the isomers using Roman numerals maintainsflgltjtéggcgtégev\:;ﬁg t titess?oelétrtﬂri i)%ergtlrvasl?rz li! téigidlvaﬁiiea
the same ordering af factors observed for the regioisomers of P . Y, .
CeHs—Cyo although this ordering does not always correspond new weaker quartet spectrum appears W'th the relat|vel_y high
to decreasing relative abundances. The behavior aj thetors g factor of 2.00280 and a GHluorine splitting of 0.33 G with

ordered in this fashion is striking: an average increase of 0.0002 positive temperature co_effluent. If the temperature s now
19(+2) (standard deviation in the last digit) fromto Il is raised with no further irradiation to 360 K the spectra of isomers

Trifluoromethyl and pentafluoroethyl radicals from the pho-

followed by an average decrease of 0.000458(from Il to (24) Perfluoroethyl radicals were also generated by photolysis or
I, which in turn is followed by another average increase of thermolysis of perfluoropropionyl peroxide;&s-C(0)O-O(O)C-GFs.
0.000 67¢6) from Il to IV. We conclude that the isomers ~_ (2°) (& Fagan, P. J.; Krusic, P. J.; Mc Ewen, C. N.; Lazar, J.; Parker,

. D. H.; Herron, N.; Wasserman, Bciencel993 262, 404. (b) Morton, J.
with the same Roman numeral are structurally analogous to eactR : preston, K. FJ. Phys. Chem1994 98, 4993. (c) Krusic, P. J.; Kleier,

other. D, To be submitted for publication.
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Table 3.b ESR Parameters of the Radical Adducts®g and Cro'(I) and CRCR—Cy¢(Il') demands that these two radicals,
Re-Cro @ and consequently all homologous isomeend|l, be without
radical rel % ar (G, absvalues) gfactor T(K) a plane of symmetrgnd that the fluoroethyl group be not free
CECo 0.070(3F) 200235 320 to rotate around the bond connecting it to thg Surface even
0.145 (3F) 380 at temperatues as high as 470 K. The latter agrees with the

CRCr¢ 1 (37) 0.05 (3F) 2.00251 320 behavior of fluoroalkyl radical adducts ofsghigher than the

I1(26)  0.25(3F) 2.00271 320 trifluoromethyl adduct, such as perfluoroethyl, perfluoroisopro-

I (16)  0.13 (3F) 2.00218 320 pyl, perfluoron-butyl, and perfluoraert-butyl, in which the

IV (21) 0.13 (3F) 2.00283 320 : ; ; _

I (35) 0.035 (3F) 200251 360 fluoroalkyl substituent is essentially locked in a preferred

I '(16)  0.273 (3F) 200271 360 staggered conformation relative to thep@amework below it

I (7)  0.100 (3F) 2.00218 360 on the time scale of the ESR experiment~1 us) as

IV (22)  0.165 (3F) 2.00283 360 appropriate for barriers of the order of 10 kcal/rfti2®

V (20) 0.330 (3F) 2.00280 360

. ] Because of these high barriers to internal rotation i Bs¢"
CRCRCe 0.35 (ZF)f 2.45 (3F) 260 radicals, the observation of two equivalent,Glaorines inlll
0.53 (2F); 2.25 (3F)  2.00235 4%0 .
CRCRCrs ¢ 1 (31) 0.20 (1F):0.04 (IF)  2.00240 380 andlV cannot be due to fr_ee rotation but rather to the presence
1.35 (3F) of a plane of symmetry in the isomers of typé andIV.
Il (26) 0.58 (1F); 0.63 (1F)  2.00260 380 Unfortunately, we were not able to detect the fifth isomer of
I (20) %11%3(';)':) 227(3F) 200202 380 CRCR—Cy¢ by shuttering the light. Instead, a quality spectrum
IV (23) 053 (2F);é.52 (3F) 500273 380 of CRCF,—Cy¢(I) unencumbered by the spectra of other

isomers was recorded at 340 K (Figure 4C) underscoring the
2 Generated in benzene solutions by photolysis of the correspondingreluctance of isomers of typeto dimerize.
fluoroalkyl bromide unless noted otherwigeLine widths~ 30 mG.

¢ In tert-butylbenzened In 1,2,4-trichlorobenzene. The striking regularity in the disposition gffactors used to
w place the G radical adducts discussed so far into isostructural
I, 1, andIV grow in affording a composite spectrum fofe groups labeled by the same Roman numeral can be extended

CF; fluorine quartets (Figures 3C and 3D). We assign the new to other Go radical monoadducts including the;gdnonohy-
quartet (marked with V symbols in Figure 3C) with the high ~ drides (Table 6) and the metRyand thetert-butyl* adducts.
factor of 2.00280 and fluorine hyperfine splitting of 0.33 G Based on eleven sets oFH7¢" isomers, radicals of typehave
(Table 3) to the elusive fifth isomer which is evidently unstable an average factor of 2.00246t 6 x 10~%, those of typdl of
under UV irradiation under our experimental conditions possibly 2:00265+ 5 x 107>, those of typell of 2.00207+ 8 x 10°%,
due to reversible addition of the GFadical. The photochem-  and those of typ&/ of 2.00276+ 7 x 107°. The only existing
istry in these systems is quite complex. With excessl @kd C7o radical adduct of typ&/ has theg factor 2.00280. The
Ceoin benzene, for example, we detected by mass spectrometryfactor is thus determined more by the regiochemistry of the
substantial hydrogenation of the (QEGO products and the radical adduct than by the nature of the aIkyI or fluoroalkyl
formation of appreciable amounts @ftrifluorotoluene?5@ The group that has attached itself taC Probably this is because
above behavior indicates that isomérslll , andlV dimerize of the very small unpaired electron delocalization onto the R
readily on shuttering the light to diamagnetic dimers invisible and R: groups as judged by the very small proton and fluorine
by ESR that can dissociate back into paramagnetic monomershyperfine splittings in these radicals.
by raising the temperature in a fashion analogous to thgjr C Electronic Structure Calculations. (a) Semiempirical MO
analogs® The persistency off and V at relatively low Calculations. Although it would be desirable to calculate
temperatures and in the absence of UV irradiation also indicatesgeometric and electronic structures of molecules with as rigorous
that isomers of this type are intrinsically less prone to dimer- a theory as possiblab initio molecular orbital (MO) or density
ization than those of typ#, Il , andIV. functional theory (DFT) methods with reasonable basis sets
The more complicated composite spectrum of thg@H;— would be computationally too expensive to use to fully optimize
Cy¢" isomeric adducts is again the superposition of the spectrathe geometry for open-shell systems such as thegHébmers
of four isomers as can be verified by computer simulation with little or no symmetry as models for otherf&;¢ radical
(Figures 4A and 4B). Theig factors fall exactly into the adducts. We therefore carried out geometry optimizations with
familiar pattern found above for the previous adducts so that a semiempirical method and then used these geometries for DFT
they can also be numbered with Roman numerals denotingcalculations of the spin densities and energies. Calculations
isostructural isomers (Table 3). The spectra of isoriiérand were carried out with the PM-3 parametrization of the MNDO
IV have the same splitting pattern as thg &halog: a quartet-  Hamiltonian using the MOPAC program system for the five
of-triplets for three equivalent GFluorines and two equivalent  isomersA, B, C, D, andE of the HG¢ radical. We have
CF, fluorines up to 470 K (high-temperature experiments in previously reported the results of similar calculations ors$iC
1,2,3-trichlorobenzene solvent). Isomeendll, however, are and other G adducts?®

different: in 1 only one of the two CF fluorines interacts The optimized structures are shown in Figure 5 together with
appreciably (0.20 G at 340 K) while the second has a splitting that of HG from our previous work® A detailed examination

that can barely be resolved (0.040 G at 273 K with the light of the bond lengths shows that the only significant structural
off, inset in Figure 4C) while ifll the two CF, fluorines are  changes relative tofand Go upon H atom addition occur in

equivalent at 450 Kbut notat 380 K (0.58 and 0.63 G). the immediate vicinity of the carbon bearing the hydrogen. The
Though the inequivalence is very slight, it nevertheless causescarbon bonded to H extrudes somewhat from the ellipsoidal or
an unmistakable break in the line indicated by an arrow in Figure

4A. The observation of two distinct GFuorines in CRCH— (28) The claim in ref 25b that in (GJ2CF-Cs¢' there is rapid exchange

between two asymmetric conformations even at 150 K is erroneous and
(26) Morton, J. R.; Preston, K. F.; Krusic, P. J.; Hill, S. A.; Wasserman, counterintuitive and affects catastrophically the considerations concerning

E.J. Am. Chem. S0d.992 114 5454. the signs of the fluorine hyperfine coupling constants and of their
(27) Elevated temperatures using 2,3,5-trichlorobenzene as solventtemperature coefficients based on this assumgfion.

produced spectra of higher intensity in this case because the dimerization (29) Matsuzawa, N.; Dixon, D. A.; Krusic, P. J.Phys. Chem1992

equilibrium is shifted in favor of the radical monomers. 96, 8317.
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Figure 5. Unpaired spin densities (greater than 1% except foghiC
by density functional theory calculations in BC(top left) and in the
five distinct HG¢ regioisomersA throughE). The structures showing
one hemisphere are MNDO/PM-3 energy optimized. FordHEop
left), isomerA, and isomeB the page is the plane of symmetry, for
the plane of symmetry is perpendicular to the page, an€CfandD
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Table 4. MNDO/PM-3 and NLDFT Relative Energies of the
HC7¢ Isomers in kcal/mol

isomer AAH(PM-3) AE(NLDFT)
A 1.6 0.0
B 25 12
C 0.¢¢ 1.9
D 0.4 0.4
E 15.6 7.8

2 AHs°(calc) = 885.8 kcal/mol? Egec = —2668.710558 au.

distributions ¢ide infra), as well as the presence of a plane of
symmetry forA, B, andE and no symmetry element f@ and
D.

The relative energies calculated at the MNDO/PM-3 level
for the five isomeric forms of Hg are presented in Table 4.
Since small energy differences at this level of computation are
not significant, one can only say that there are four isomers of
approximately the same energy, all of which are substantially
more stable than the equatorial addu#et This order of
stabilities was found previously°?-32and the same order was
predicted for the analogous isomers of the anionic7dC
hydride3® The result that isomeE is the least stable isomer
can be rationalized by consideration of the Kékstieicture of
C70** shown above. While there is a clear distinction between
single and double bonds, that is long and short bonds, near the
polar caps that most resemblgyChe distinction is lost at the
equatorial belt made up of fused six-membered rings. The five
six-membered rings on the equator are essentially equilateral
and therefore benzene-like. Consequently, radical addition to
the equatorial carboris leads to a cyclohexadienyl-like radical,

a picture that is supported by the spin density calculatiick (
infra), and therefore to the loss of local aromatic resonance
stabilization.

(b) Density Functional Theory Calculations. Due to
convergence problems at the UHF level fapl® and GgH®,
the semiempirical calculations were carried out at the ROHF
level which does not allow for negative spin densities. Since
the total spin density must sum to unity, neglect of negative
contributions will necessarily underestimate the positive spin
densities. We performed, therefore, density functional theory
calculation®® for HCgo® and for the five isomers of Hfg at

there is no symmetry. The smaller numbers next to the circles the spin unrestricted level which does allow for negative spin
representing carbon atoms are the unpaired spin densities for the carbongensities using the PM-3 optimized geometries described above.

directly below on the opposite hemisphere. The shading identifies

carbon atoms with more than 5% positive unpaired spin density.

spherical surfaces offgand Go, respectively, as expected for

Previous DFT calculations have shown that reliable spin
densities can be predicted at this le¥el.
The relative energetics calculated at the non-local DFT

an essentially sphybridized carbon connected to three contigu- (NLDFT) level again show four low-energy isomers through
ous carbons on the curved surfaces by typical single bonds (1.52D) and a less stable isomer (Table 4). However, the NLDFT
+ 0.02). This localized geometrical distortion has emerged from energy difference between the most stable isomeikaisconly

other semiempiricaP3° andab initio calculationg! on HG,¢

and HGo and their muonium analogs. Although the CC bond
lengths are as expected, the CH bond lengths at the PM-3 level

are longer than in alkanes (1.1#60.001 A except foiE for

whichd(CH) = 1.123 A). These values are in good agreement
with the value of 1.113 A calculated for the unique hydrogen

(eclipsing the singly occupied orbital) in GBH,* of Cy,

half of that calculated at the PM-3 level. The ordering of the

(32) In ref 8 isomerA was found to be the least stable.

(33) Karfunkel, H. R.; Hirsch, AAngew. Chem., Int. Ed. Engl992
31, 1468.

(34) Cf. for example: (a) Baker, J.; Fowler, P. W.; Lazzaretti, P.;
Malagoli, M.; Zanasi, RChem. Phys. Letl.991, 184, 182. (b) Matzusawa,
N.; Dixon, D. A. J. Phys. Chem1992 96, 6241. For an experimental
structure, see: Nikolaev, A. V.; Dennis, T. J. S.; Prassides, K.; Soper, A.

symmetry at the nonlocal DFT level. Figure 5 also shows quite K. Chem. Phys. Letl994 223 143.

clearly the great structural similarity between §gGind HG¢
(B) and the dissimilarity between HE and HG¢(A) at the

(35) (a) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989. (b) Labanowski,
J., Andzelm, J. EdsDensity Functional Methods in Chemistigpringer

polar cap, that is also reflected in the unpaired spin density Verlag: New York, 1991. (c) Seminario, J., Politzer, P., EMmdern

(30) (a) Percival, P. W.; Wlodek, £hem. Phys. Lettl992 196, 317.
(b) Reid, I. D.; Roduner, BHyperfine Interact1994 86, 809. (c) Morton,
J. R.; Negri, F.; Preston, K. FEan. J. Chem1994 72, 776.

(31) (a) Claxton, T. A.; Cox, S. F. Zhem. Phys. Lettl993 207, 31.
(b) Claxton, T. A.; Graham, J. Chem. Physl993 97, 4621. (c) Estreicher,
S. K.; Latham, C. D.; Heggie, M. I.; Jones, R.b&gChem. Phys. Lett.
1992 196, 311.

Density Functional Theory. A Tool for Chemistisevier: Amsterdam,
1995.

(36) See for example: (a) Zheludev, A.; Grand, A.; Ressouche, E.;
Schweizer, J.; Morin, B. G.; Epstein, A. J.; Dixon, D. A.; Miller, J/Ahgew.
Chem., Int. Ed. Engl1994 33, 1397;J. Am. Chem. S0d.994 116, 7243.

(b) Lim, M. H.; Worthington, S. E.; Dulles, F. J.; Cramer, C. JOansity-
Functional Methods in ChemistnACS Symposium Series; Laird, B. B.,
Ziegler, T., Ross, R., Eds., in press.
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Table 5. NLDFT Reaction Energies (kcal/mol) for the Addition of
H* to CHa, Cso, and Go

C2H4a Ceob C70(A)C C70( E)
AE(elec) —45.9 —49.9 —46.6 —38.8
AE(zpe) 5.6
AH(corr) —-15
AHca298K) —41.8 —45.8 —42.5 —34.7
AHex(298K) —36.2+ 0.8

a E(C,Hs) = —78.615552 auE(C;Hs") = —79.187109 auE(H*) =
—0.498413 auP E(Ce) = —2286.894078 alE(CedH") = —2287.472012.
¢ E(CroA) = —2668.137992 au.

most stable isomers at the NLDFT level is different from that
at the PM-3 level. The most stable isomer is predicted té be
whereasC, which was the most stable at the PM-3 level, is
now the least stable of the four most stable isomers. Both
methods predict thad is the second most stable isomer and
that A is more stable thaB by about 1 kcal/mol. Geometry
optimization at the NLDFT level could change the ordering of
the four most stable isomers but would not change the result
thatE is clearly substantially less stable than the other isomers.
The binding energy of a hydrogen tosdCand Go can be

calculated from the available data (Table 5). First we calculate

Figure 6. Pictorial representation of the unpaired spin densities iggHC
calculated by density functional theory showing that the unpaired
electron resides in radial p-type orbitals on certain carbon atoms. The

the energy of binding Hto ethylene to form the £s" radical dark lobes represent positive spin densities and the gray lobes negative
as this energy is known eX_pe”ment_a”y- Furthermo_re, WE Can spin densities. The orientation of BECin this figure matches that of
use the calculated zero-point energies for the reactigdty G the diagram in the text.

H* — C;Hs* to estimate the corrections for the addition oftbl

Ceo and Gq. The calculated value at the BP/DZVP2 level for
adding H to GH4 is —41.8 kcal/mol which is 5.6 kcal/mol
more exothermic than the experimental value-#6.2+ 0.8
kcal/mol37 Our calculated values for the addition of té Cs
and G could similarly be~5 kcal/mol too exothermic. For
H* + Cgo our value is 45.8 kcal/mol, which is 4 kcal/mol more
energy than released on binding t&6 CH4 at this level of
calculation. A similar result has been reported for fluorine atom
addition to GH4 and G: the latter was found to be 12 kcal/ L .
mol more exothermic than the form&r. The addition of Hto In HCs¢", and by extension in Ré adducts, the highest
Cro to form the most stable isome is exothermic by 42.5  Positive spin density resides on C1 and most of the remaining
kcal/mol and by 34.7 kcal/mol to form the least stable isomer POSitive spin density is found on just a few carbon atoms: 3,

E. Thus, H atom addition to{gto form the most stable isomer 3, 5, B, and the carbons marked with asterisks. These are the
is less exothermic than the same addition g CThese results ~ carbons on which one would place unpaired spin by drawing

are similar to those reported for the more exothermic addition conventional canonical resonance forms. The highest negative
of fluorine atoms to G and Go. spin densities, on the other hand, reside on carbons 2, 2,

The total spin density on each atom, which is obtained by ©: and the two carbons between carbons 3 aati@the carbons
taking the difference between the densities for thand 3 marked with asterisks. This distribution is consistent WD

electrons, is entered as a percentage number in Figure 5. FoESR data fortert-butyl)Ce” which indicated that the unpaired
the five isomers of H&s only spin densities greater than 1% e]ectron cannot'be apprguably delocallzeq beyond the two fused
are shown, and when these densities belong to carbon atomsSix-membered rings having the alkyl substituent (or the hydrogen

on the hidden hemisphere they are shown as smaller number&tom) at one of the p_oints of_f_usi@ﬁ.lt is alsq consist_ent with
near the circled carbon atoms directly above the hidden ones.the observed 3,6 radical additions across adjacent six-membered

The shading identifies carbons with greater than 5% positive NS (more conventionally referred as 1,4 additions) leading
unpaired spin density. Except for the hydrogen atom, the 0 @lylic RsCeo* and cyclopentadienyl &g radicals® as the

contributions of the s orbitals to the spin densities are very small. €&rbons with the second highest spin density are the symmetry-

A more pictorial representation for R is presented in Figure  related C3 and C3which are diagonally accross the site of
6, which can be compared with the Kekw&ucture shown initial radical attachment in the six-membered ring. Because

below, where the dark lobes represent positive spin densities®f the relative high spin density on the 3@rbons, and the
and the gray lobes negative densities greater than a practicaPte”Cal inaccessibility of C1 when the hydrogen is replaced by

threshold consistent with clarity. The figure clearly shows that & Pulky alkyl substituent, dimerization of RE radicals will

the unpaired spin density resides in radially-oriented p-type OCCUr at these carbon centéfs. S o
orbitals. The unpaired spin distribution in isomBris strikingly similar

to that in HGy. Together with the structural similarity at the
(37) De More, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.. polar cap, this indicates that of all isomeBss the closest to

Kurylo, M. J.; Howard, A. R.; Ravishankara, A. R.; Kolb, C. E.; Molina, HCwt. | A. which at first gl | bl
M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric 60" IsomerA, which at first glance also resembles &C

Modeling. Braluation No.11 Jet Propulsion Laboratory, California Institute IS really different because the carbon with the highest positive
of Technology: Pasadena, CA, 1994; p 194.

(38) Dixon, D. A.; Smart, B. E.; Krusic, P. J.; Matsuzawa J\NFluorine (39) Krusic, P. J.; Wasserman, E.; Keizer, P. N.; Morton, J. R.; Preston,
Chem.1995 73, 209. K. F. Sciencel99], 254 1184.
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Discussion

A

The existing discussions concerning the assignment of the
observed spectra, the electronic structure, and the relative
stabilities of the isomeric fgradical monoadducts have centered
on the hydrogen atom adducts and on their muonated analogs.

B The experimental analysis has been hampered, however, by the
observation of only four of the expected five regioisomers. With
the detection of a fifth muoniumC;o adduc? and five trifluo-
romethyl radical adducts of; it is appropriate to review some

of the arguments presented and to compare the published MO
calculations based on semiempirical methods with our density
functional theory (DFT) results.

The muonium isotropic hyperfine interactions for all five
isomers as well as for Mugg, expressed in Gauss and reduced
by the muonium/proton magnetic moment ratio, are compared
with the corresponding proton interactions in Table 6. The latter
also shows our assignment of the regioisomers labeled with
Roman numerals to the structural types labeled with leters
throughE. This assignment is based on the following consid-
erations which will be further justified below.

Isomersl andll must have either structui2 or C because
the latter are the only isomers lacking a plane of symmetry and
we have proven that all isomers of typeand |l are without
symmetry. All calculations indicate th& is the most delo-
calized HG¢ radical, and we assign this structureltaince
HC7¢(1) and MuGg(l) have the smallest proton or muonium
Figure 7. Structural comparison of the spheroidal segment ofgthe ~ hyperfine interactions. Consistent with this assignmeett-(
isomer of HGy comprising most of the unpaired spin density (A, with ~ butyl)Cro*(1) and CHC7¢'(1) also have the smalle¥iC coupling
carbon-hydrogen bonds replacing the cut carbaarbon bonds with for the tertiary carbon of theert-butyl group and for the carbon
d(CH) = 1.09 A) with the more planar MNDO/PM-3 optimized  of the methyl group, respectivef?. This leaves isomers of type
structure of the radical resulting by H atom addition to the internal || with structureC. All isomers of typdll haveg factors that
carbon of pyrene (B). The projections C of B and D of A show the are closest to thg factors of their Gy analogs and we assign
unp_alred spin densmes_ cal_culated by density functional theory for these to them structur® which is by far the closest to that of HE.
radlcal structures. _PrOJectlon C a]so shows the double bonds and the.l.he assignment dv andV to A andE, respectively, is less
unpaired electron in one of the six canonical resonance structures. - . . . ’ ’ .

certain. In making this choice we assumed that the elusiveness
of the fifth isomer is probably related to the predicted relative
instability of HG;¢*(E). We were also influenced by the recent
observation of a fifth muonated-gradical which displays the
predicted largest hyperfine interaction expected for strudture
although its size falls short of expectations.

The isotropic muoniumelectron hyperfine constant for the
d fifth muonated Go radicaf (365.7 MHz) allows one to predict
the proton hyperfine splitting of the corresponding, still missing
HC;¢ isomer. Table 6 shows that the muonium couplings,
expressed in gauss and reduced by the gyromagm#ticatio,

spin density C1 is positioned on the side of thg €llipsoid

with lower overall curvature. The spin density Ancan thus
spread out onto more carbon atoms (without visible effect on
the spin density on the hydrogen atom), and a small amount is
even predicted to be at the opposite pole.

The cyclohexadienyl nature & is quite apparent from the
spin densities in Figure 5E in the equatorial region highlighte
with a curved line denoting electron delocalization. On closer
inspection, however, the area comprising the majority of the
unpaired spin density irE resembles much better the yet . ;
unknown radical that would result by addition of a hydrogen &€ on the average 1.10& 0.0025 times bigger than the
atom to pyrene. Figure 7 compares the relevant part of isomercorrespo_ndm_g proton interactions. This increase is due to a
E (Figures 7A and 7D) dissected from the MNDO/PM-3 substantial vibrational isotope efféttcaused by the smaller
optimized structure of Hg (E) (with hydrogen atomsd(CH) mass_of the muon relative to thqt of_ the prpton (1/9).. The
= 1.09 A) replacing the excised carbon atoms) with the MNDO/ y|brat|onal averaging of the hyper.fme .|nteract|qn in the I!ghter
PM-3 optimized structure of the pyrene H atom adduct (Figure |soto.pomers.W|II take place over vibrations of Wlder amphtude;
7B and C) showing one of the six canonical resonance structures!®ading to slightly different averages. Reduction of the experi-
The dramatic difference due to curvature is obvious. mentala(Mu)/3.1834 by the 1.103 factor produces'V|brat|onaIIy

IsomersC and D have no symmetry and have the most corrected values'(Mu) that can be compared with treH)
delocalized unpaired electron distributioB. is clearly the most values (Table 6). The excellent agreement forsit@nd four

delocalized radical of all judging by the many carbon atoms on _HC7°' isomers allows one to predict th_at the missing fifth#tC

the opposite hemisphere to that shown in Figure 5 that receive!SCMer should have a proton hyperfine splitting of 37.2 G at
appreciable spin density. Although also has the lowest °0M temperature_(TabIe 6). This agreement also _|mpI|es that
s-orbital spin density on the hydrogen atom (3.8%) of all the muonated radicals labeled as in Table 6 are isostructural
isomers, the latter is an imperfect indicator of unpaired electron With all other RGg' regioisomers with the same Roman numeral.
delocalization sinc€, itself quite delocalized, has a very similar !t follows that protonated and muonated isomeasidil cannot

spin density on H to those found f&randB. Rather, the spin (40) (@) Boxwell M. A.: Claxion, T. A+ Cox, S. F. 3. Chem. Soc
density on the hydrogen atom is an indicator of the spin densities paraday Trans1993 89, 2957. (b) Morton, J. R.; Negri, F.; Preston. K. F.
on the adjacentt carbon atoms as discussed below. Phys. Re. B 1994 49, 12446.
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Table 6. Comparison of Proton and Muonium Isotropic Hyperfine Splittings (Gauss) and Computational ResultsfoMilCsg, and the
Five Isomers of Hg® and MuG¢

a(Mu)ab

a(H)? Re R R R
radical a(H) 3.1834 a(Mu)e (DFT) (DFT) (RR) (AJ) (MNP)
CeoH/Mu 33.1 36.4 33.0 33.1 1.207 0.905 0.83 0.70
(33.1) (33.1) (33.1) (33.1)
/DX 27.9 30.9 28.0 28.6 0.986 0.508 0.47 0.35
(27.0) (18.6) (18.7) (16.6)
Ih/c 343 38.1 345 35.4 1.120 0.656 0.57 0.46
(30.7) (24.0) (22.7) (21.8)
I /B 36.0 39.7 36.0 36.1 1.251 0.903 0.84 0.69
(34.3) (33.0) (33.5) (32.6)
IV /A 36.8 405 36.7 36.1 1.258 0.807 0.69 0.61
(34.5) (29.5) (27.5) (28.8)
VIE (37.2) 41.0 37.2 54.2 1.775 1.187 1.16 1.10
(48.7) (43.4) (46.3) (52.0)

a |sotropic muonium-electron hyperfine coupling constant expressed in Gauss (2.802 MHz/G) divided by the muon/proton magnetic moment
ratio.? Reference 9¢ a(Mu)/3.1834 in column 3 divided by 1.103 to compensate for vibrational effects (see4éXBT spin densities multiplied
by 752.27.¢ This work.” Reference 301 Reference 8" Reference 7. Reference 2. Values in parentheses are calculated proton hyperfine
splitting from a = kR normalized so that the value fors¢El* equals the experimental valie Roman numerals denote isostructurab€ and
CzoMu- isomers followed by the structural assignmeénErom ref 7.™ Predicted value based on correspondif{@/u).

have a plane of symmetry and must be associated with eithertwo o carbon atoms with unpaired spin density, as in the

structureC or D. cyclohexadienyl radical, or three as in fullerene radicals, one
The predicted value od(H) for isomerV/E of HC;¢ (37.2 cannot replace”™. simply with the sum of the™.'s of the a

G) is quite surprising. Since most calculations to date indicate carbon atoms. Instead?. should be replaced with the factor

that isomerE is the least stable (see Table 4), it has been

assumed that the missing isomer would also be of &pd-or R= (zp_llz)z

this isomer, however, a substantially larger proton hyperfine !

interaction was expected on the basis of two types of consid- . . -
erations elaborated below In other words, one sums the atomic p orbital coefficients and

The isotropic hyperfine interaction measured in the ESR n?t the spin densities..Since in.fullerene.radi.cﬂalsnecess.arily
experiment is proportional to the s character of the MO at a 0+ the proton isotropic hyperfine coupling in the hydrides of
particular nucleus. The DFT spin densities in 1s orbitals of Ceo@nd Go should be given by eq 2.
the hydrogens in Hgz and the five isomers of Hfg in Figure
5 can be converted to isotropic hyperfine interactions by a(0) = (Zpillz)z(A' + B') = R(A' + B 2)
multiplication by 504 G, the hyperfine interaction of the isolated
hydrogen atom with unit spin density. The values obtained
in this manner are systematically too loetd.22.2 G for HGg
vs 33.1 G experimentally), and they are even lower using the
results of semiempirical calculations. Relative to each other
however, they are quite satisfactory for k§CGand the first four
isomers of HGy' as can be seen in Table 6 where the DFT H
spin densities were scaled so as to obtain agreementgkith
for HCg¢ (33.1 G). Only the H hyperfine interaction for isomer
E is conspicuously too large (54.2 G).

A different approach attempts to estimate the isotropic proton
hyperfine interaction from the spin densities on the adjacent

The DFT results in Figure 7 for the almost planar pyrenyl

radical and for the curved pyrenyl radical as the model of¢C

(E) indicate that the above equation is inadequate. Although

' theR factors calculated from the DFT spin densities on the three
carbons adjacent to the carbon bearing the hydrogen in Figure
7 are similar to each other (2.0152.063), the DFT calculated
spin densities on the hydrogens, and therefore the corresponding
isotropic couplings, are not (0.11%0.068): that for the curved
structure is only about half as large as that for the more planar
pyrene H adduct. This result has its origin in the much reduced

. : . orbital overlap in the curved structure, and it indicates the need
gsci?]ri)ﬁg (;atﬁ)yrlnrsa.ldiLchli,) 2:;33(15 %; ﬁ;;;;%ﬁ%gi%%egn%t%rgs(;ndsfor an additionallcurvature fact@nin eq 2which will be different
on orbital overlap between the singly occupied p-type orbital [OF different orbital averlaps and curatures
on thea carbon and the s orbitals on tRénydrogens. Equation
1 has been widely used for simple alkyl radica:is the a(e) = k(Zpillz)Z(A' +B)=kRA +B) (3)

H J— — T [ U
a'(6)=A+Bcos 6 =p"(A+B cos6) (1) TheR factors calculated with the DFT total spin densities in

the radial p-type orbitals on the carbons in Figure 5 (the s
orbital contribution is small) are shown in Table 6 together with
the R factors from previous semiempirical calculations. As
mentioned above, the latter calculations necessarily seriously
Tinderestimate the positive spin densities yielding therefore much
lower values ofR. To calculate the isotropic H hyperfine
interactions from eq 3 (witl' + B' ~ 45 G for tertiary radicals),
one could estimate a very approxim&t&om the reduction in

(41) See for example: Fessenden, R. W.; Schuler, R. Bhem. Phys. proton spin densities for the planar and curved pyrenyl radicals

dihedral angle between the axis of the singly occupied p orbital
on thea carbon and th¢g CH bond direction an@™. is thex

spin density at the. carbon. The constartis relatively small
and has often been neglected. A value of 50 G has been take
for B for primary radicals while for tertiary radicals a smaller
value of 45 G was found more appropridte As noted by
Whiffen*® and later by Percival and WlodéRtwhen there are

1963 39, 2147. . . of Figure 7 k = 6.8/2.063:11.1/2.015 0.598). For HGg we
Ch(e‘lr?l%%i f?g?ﬂgwe' Krusic, P. J.; Meakin, P.; Jesson, J. Phys. obtain 1.207x 45 x 0.598= 32.5 G which, neglecting the

(43) Whiffen, D.Mol. Phys.1963 6, 223. temperature dependence afH), compares well with the
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experimental value of 33.1 G at 340*K.We prefer, however, Our observation of a fifth C&Cy¢" isomer does not provide
to calculatek(A' + B') from eq 3 using the experimenta(H) decisive help in the unambiguous assignment of the observed

and the calculated? for HCsy, and then to multiply the  spectra to specific regioisomers although its higfactor
remainingR factors of Table 6 by this value (27.42 G) to obtain  (2.00280) is consistent with expectations for an isomer of type
the proton hyperfine interactions for the five HCisomers. E resembling a cyclohexadienyl radical. AIHZ;¢" isomers
These calculated(H) values are shown in parentheses under haveg factors that display a substantial positive shift relative
the corresponding factors in Table 6 for DFT and semiem-  to the free electron value of 2.00232 except isomers of type
pirical MO calculations. It is seen that the DFT-calculaRd  whoseg factors are the closest to those of their ;¢ analogs.
factors and the curvature factor extracted from the data for The latter observation has been used to assign isomers of type
HCgo® account fairly well for the magnitudes and the trend of || to structureB which is the most grlike. A positiveg factor
a(H) of the HG¢' isomers except for isomeE where a(H) shift indicates a mixing of the SOMO witfilled molecular
calculated in this fashion is still too large (48.7:637.2 G). orbitals connected by the spiorbit coupling and in this
The same procedure using the semiempiriEctors by other  jnstance can be loosely correlated with delocalization of the
authors gives less satisfactory results especially in the lastynpaired electron. Qualitatively, the latter will lower the energy
column of Table 6. of the SOMO bringing it closer to the filled MO of appropriate

By using a single curvature or orbital-overlap factowe symmetry. This will increase the positigefactor shift since
tacitly assumed that the curvature in the immediate vicinity of e |atter is inversely proportional t\E separating the

the 3 carbon bearing the hydrogen is the same fgyahd Go molecular orbitals connected by the spiorbit interaction. On
hydrides. Consideration of the MNDO/PM-3 optimized struc- ;g pasis one would expect the smallest posit\vfactor shift

tures of HGo an(: the HGg isomers indicates fthat this  for isomer B which is the least delocalized, although the
assumption is true for Hiy and isomers\, B, andC of HCrg', substantial difference ig factors forA andB is still puzzling.

less true for isomeD, and inadequate for isomét. As a . o .
In our preliminary repoftwe noted that the positively shifted

measure of this curvature we take the average of the three X ) ;
HCsCq angles. They are 111.39111.58, 111.63, 111.63 g factors for isomers of typ8/, which can be detected easily
o . . . ’ . 1 . ’

110.45, and 108.93 for HCs® and the isomer# throughE with aryl and fluoroalkyl radicals but not with s.imple alkyl
of HCyg, respectively. Itis clear that the curvature at the carbon radicals, resemble those of relat_ed cyclohexadienyl radicals.
bearing the hydrogen iE is slightly less than for the other ~Ndeed, theg factors of cyclohexadienyl (2.0026%)1-phenyl-
hydrides and that we cannot use, therefore, the same curvaturéyclohexadienyl (2.00270),and 1-trifluoromethyl-3,5-dtert-
factor k for isomerE that was used for the other hydrid®s. butylcyclohexadienyl (2.0029)are remarkably close to those
There are two other features that set isomeapart from the ~ ©f HCzo(IV) (2.00274)] CeHsCrg'(1V) (2.00272), and CfEre
other hydrides that also affect the orbital overlap determining (IV) (2.00283). Furthermore, we noted that phenyl and fluo-

the B proton isotropic hyperfine interaction and the fackor ~ roalkyl radicals, unlike nucleophilic alkyl radicals, add readily
One is that the CH fragment i is situated at the fusion of  t0 benzené? On that basis we concluded that isoméys

three six-membered rings, whereas in all other hydrides it is Should be identified with the energetically less favored structure
situated at the fusion of two six-membered rings and one five- E, formed under kinetic control, which is essentially a cyclo-
membered ring. This means that the thre€§C, bond angles hexadienyl radical resulting by radical addition to the benzene-
are more or less equal f&, whereas for the other hydrides the like equatorial six-membered rings. Having a fifth £fS7¢
bond angle that is part of the five-membered ring is substantially isomer whosg factor (2.00280) is extremely similar to that of
smaller than the other two that are part of six-membered rings. isomer IV (2.00283) inclines us, not without misgivings, to
The other feature unique Bis that the MNDO/PM-3 geometry  accept the largg factor difference between isomefsandB
optimizations yielded a longer CH bond f&r(1.123 A) than and to assign isomers of typ¥ to structureA and the new

for the other hydrides (1.116 0.001). All of this is consistent ~ isomerV of CR;—Cgg® to structurek.

with our conclusion that a single factde in the modified
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