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Abstract: A novel method is described which allows the generation of di- and triphenylmethyl radicals by reduction of galvinols 
with a sodium amalgam. The hyperfine coupling constants of these radicals including their signs have been determined by 
EPR, ’H, 2H, I3C ENDOR, and TRIPLE experiments, and assignments to molecular positions are given. A pronounced 
temperature dependence of hydroxy proton coupling constants has been observed and is discussed in term of torsional oscillations. 
The effect of phenyl hyperconjugation is demonstrated in highly twisted phenyl groups; Le., the meta proton coupling constant 
becomes larger than the ortho and para coupling constants. The structures and dynamic behavior of these radicals have been 
investigated and compared with the corresponding galvinoxyl radicals. The mechanism of spin density transfer into alkyl groups 
is discussed. 

Triarylmethyl radicals are commonly prepared by the reaction 
of a triarylmethyl halide with a metal,’ but a variety of procedures 
involving the oxidation of a triarylmethyl carbanion, the reduction 
of a triarylmethyl carbenium ion, and the thermal or photolytic 
decomposition of a suitable precursor are known.2 In this paper 
we report on a novel pathway which provides para-hydroxy- 
substituted di- and triphenylmethyl radicals by the reduction of 
galvinols. Upon oxidation, galvinols yield the well-known gal- 

R- 

‘ ‘OH 

R- C‘ 

vinoxyl radicals, e.g., Coppinger’s radical or Yang’s b i r a d i ~ a l . ~  
Whereas upon reaction with alkali metals in ethereal solvents 
galvinols yield diamagnetic anions or in some cases radical di- 
anions: we have found that persistent neutral radicals are formed 
upon treatment with a sodium amalgam in hydrocarbon solvents. 
Since a multitude of galvinols are accessible via an organometallic 
synthetic pathway,5 this procedure allows the generation of various 
novel triphenylmethyl radicals and of diphenylmethyl radicals with 
bulky alkyl substituents. 

It will be shown that the structure of these radicals can be 
proven by means of EPR and ENDOR spectroscopy in combi- 
nation with deuterium and I3C labeling. Since the prominent novel 
structural feature is the presence of hydroxy groups in the para 
positions and steric interference with the neighboring tert-butyl 
groups might be expected, a detailed analysis of the hydroxy proton 
hyperfine coupling will be given. Thus, its temperature dependence 
and deuterium isotope effects have been studied. Furthermore, 
the fact that a wide variety of substituents can be introduced into 
these radicals allows a systematic investigation of the dependence 
of the structure, the spin density distribution, and the dynamic 
behavior on the nature of the substituent. For instance, it may 
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be expected that the twist angle of a phenyl ring will be increased 
upon introduction of substituents (e.g., methyl or phenyl groups) 
into the ortho positions. It is known that the usual sequence of 
phenyl proton coupling constants (la,l N lap( > la,,$ may be 
altered in highly twisted phenyl groups; Le., the meta proton 
coupling becomes the largest, an effect known as ”phenyl 
hyperc~njugat ion”.~-~ Regarding the alkyl-substituted di- 
phenylmethyl-type radicals, the large r-spin population at the 
central position allows the investigation of spin density transfer 
into alkyl side chains. Finally, the properties of the di- and 
triphenylmethyl-type radicals will be compared with those of the 
respective galvinoxyls which have been studied extensi~ely.~.~ This 
comparison is particularly interesting since the steric requirements 
are the same whereas the electronic structure is quite different 
in these two types of radicals. 

Experimental Section 
Preparation of Compounds. The synthesis of most of the galvinols 

which serve as precursors of the radicals dealt with in the present paper 
has been reported previously, including the I3C-labeled compounds (IC, 
ZC, 5c, 6c, and 9c) (Figure l).S3s -1a  The preparation of selectively 
deuterated galvinols (le and 2e) is described elsewhere.” 

1-[ (3,5-Di-tert-butyl-4-hydroxyphenyl) (3,5-di-tert-butyl-4-oxocyclo- 
hexa-2,5-dienylidene)methyl]-2,4,6trimethylbenzene (4a). A mixture of 
5.0 g (14 mmol) of finely powdered (2,6-di-rerr-butyl-4-bromophen- 
oxy)trimethylsilane, 9 mL of n-butyllithium in n-hexane (20%), and 2.15 
mL of (N,N,N’,N’-tetramethy1diamino)ethane was treated with 1 .OO g 
(5.6 mmol) of 2,4,6-trimethylbenzoic acid methyl ester at -5 OC. Elim- 
ination of the trimethylsilyl groups with methanol/HCl yielded 1.9 g 
(63%) of 4a: mp 198 OC (from acetic acid); mass spectrum (80 eV), m / e  
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Bauer, H.; Gierke, W. J .  Am.  Chem. SOC. 1981, 103, 6280. 
(10) Compound 3s was erroneously described as 2,6-dimethylphenyl- 

galvinol in ref 8. The NMR spectrum establishes that 3s is actually the 
2,4-isomer, l-[(3,5-di-tert-butyl-4-hydroxyphenyl)(3,5-di-tert-butyl-4-0~0- 
cyclohexa-2,5-dienylidene)methyl]-2,4-dimethylbenzene: mp 21 7 O C ,  anal; 
’H NMR (CDCl,) 6 7.31 (d, 1 H, J = 2 Hz), 6.96 (s, 2 H), 6.8-7.0 (m, 3 
H), 6.75 (d, 1 H, J = 2 Hz), 5.40 (s, 1 H), 2.31 (s, 3 H, p-Me), 1.88 (s, 3 
H, o-Me), 1.32 (s, 18 H), 1.24 (s, 9 H), and 1.12 (s, 9 H); mass spectrum 
(80 eV), m / e  526 (M+). The EPR/ENDOR spectra of the galvinoxyl radicals 
3g and 4g are very similar; coupling constants (in megahertz; toluene, 200 K) 
are as follows: 3g, 3.71 (2 H), 3.63 (1 H), 3.52 (1 H), 0.38, and 0.14; 4g, 
+3.75 (2 H), +3.57 (2 H), -0.39, and +0.15. Therefore, the conclusions 
drawn in ref 8 with respect to the dynamic behavior of ‘2,6-dimethyl- 
phenylgalvinoxyl” remain valid. 

(1 1 )  Sordo, M., Diplomarbeit, Freie Universitat Berlin, 1983. Kirste, B.; 
Kurreck, H.; Sordo, M. Chem. Eer., in the press. 
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Figure 1. Numbering scheme of compounds. The following isotopically 
labeled radicals have been investigated: Id, 2d, 5d, 6d, 9d, If, and 2f. 

540 (M+); ’H NMR (CDCI,) 6 7.48 (d, 1 H,  J = 2 Hz, quinoid), 7.07 
(s, 2 H), 6.90 (s, 2 H,  mesityl), 6.72 (d, 1 H, J = 2 Hz, quinoid), 5.45 
(s, 1 H, OH),  2.33 (s, 3 H,p-Me), 2.00 (s, 6 H,  o-Me), 1.40 (s, 18 H),  
1.33 (s, 9 H), and 1.16 (s, 9 H). Anal. Calcd: C, 84.39; H, 9.69. Found: 
C, 84.54; H.  9.53. 

Generation of Radicals. The radicals were prepared by shaking de- 
oxygenated solutions of the galvinols in anhydrous toluene or isopentane 
(ca. mol L-I) with a sodium amalgam for about 2 min. In a com- 
petitive reaction, an insoluble (di-) sodium salt formed. l b  partially 
deuterated at the hydroxylic positions was obtained by treatment of a 
solution of l a  in absolute toluene with finely divided sodium to give the 
disodium salt (under nitrogen; alternatively, the dilithium salt was pre- 
pared by means of n-butyllithium), hydrolysis with D20, separation of 
the organic layer, removal of D 2 0  by azeotropic distillation, and gener- 
ation of the radical as described above. 

Instrumentation. The mass spectra were recorded on a 7 11 Varian- 
MAT spectrometer. The ‘H NMR spectra were taken on a Bruker 
WH-270 in CDC13, internal standard tetramethylsilane. EPR spectra 
were recorded on a Bruker ER 200D EPR spectrometer. The ENDOR 
and TRIPLE spectrometer, basically consisting of a Bruker ER 220D 
EPR spectrometer equipped with a Bruker cavity (ER ZOOENB), 
home-built NMR facilities, and a Nicolet signal averager, has been 
described elsewhere.12 A microwave power level of 2 mW was applied 
and an rf power level of about 30-50 W (field strength 0.3-0.4 mT in 
the rotating frame) in IH ENDOR and 120-180 W (0.7-0.8 mT) in ”C 
ENDOR experiments (not constant over the frequency range). 

Results and Discussion 
Tris(3,5-di-tert-butyl-4-hydroxyphenyl)methyl Radical ( lb) .  

Figure 2 (top) shows the EPR spectrum of the radical obtained 
by treatment of l a  with a sodium amalgam in toluene. The 
well-resolved hyperfine pattern, a septet of quartets, indicates 
hyperfine interaction with two sets of six and three equivalent 
protons, respectively. The spectrum exhibits a remarkable tem- 
perature dependence: The quartet splitting decreases with de- 
creasing temperature; finally each quartet collapses to a single 
line, whereas the septet splitting remains almost unchanged. In 

(12) Kurreck, H.; Kirste, B.; Lubitz, W. Angew. Chem. 1984, 96, 171; 
Angew. Chem., In(. Ed.  Engl. 1984, 23, 173. 
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Figure 2. EPR (top) and ENDOR (bottom) spectra of lb .  

Figure 2 (bottom) the ENDOR spectrum of this radical is de- 
picted, showing two pairs of lines separated by the “septet” and 
“quartet” hyperfine coupling constant, respectively, and a signal 
at the free proton frequency. The latter is attributed to protons 
with a coupling constant smaller than the ENDOR line width (la1 
C 60 kHz). It is noteworthy that ENDOR spectra with an 
excellent signal-to-noise ratio could be obtained throughout the 
temperature range of the liquid phase of toluene (190-370 K; 
optimum ENDOR response at about 220 K), thus allowing an 
accurate measurement of the temperature dependences of the 
coupling constants (lull decreases from 7.19 MHz (190 K) to 7.14 
MHz (370 K), la21 increases almost linearly from 0.14 MHz (200 
K) to 1.10 MHz (370 K), vide infra). Relative signs of the two 
coupling constants were determined by general TRIPLE reso- 
nance13 and turned out to be opposite. Moreover, this technique 
allowed the resolution of the smallest splitting (la31 N 0.03 MHz). 

In order to prove the structure of the radical, isotopic labeling 
experiments were performed. The radical from l e ,  deuterated 
at the six ring positions, gave an ENDOR spectrum showing one 
pair of ’H ENDOR signals ( ~ u D I  = 1.094 MHz, 200 K) instead 
of the pair of ‘H ENDOR signals belonging to the largest splitting 
(IuHI = 7.19 MHz; the ratio CIH/UD = 6.57 corresponding roughly 
to the ratio of the gyromagnetic ratios, YH/YD = 6.5144). Thus, 
it must be concluded that radical l b  (If) has threefold symmetry 
with six equivalent ring protons (or deuterons). Since the radical 
is soluble in nonpolar hydrocarbons such as toluene or isopentane 
(it does not form in protic or ethereal solvents), it can be assumed 
that it is a neutral radical. Therefore, the structure of a tri- 
phenylmethyl radical is proposed, bearing tert-butyl groups in the 
meta and hydroxy groups in the para positions. Deuteration of 
the hydroxylic positions proved to be rather difficult, since an 
excess of D 2 0  (as in most exchange experiments, e g ,  in NMR) 
could not be applied. Starting with l a d , ,  deuterated at  the 
hydroxylic positions, a radical with extensively (but not completely) 
deuterated hydroxy groups was obtained. Thus, the OH and OD 
coupling constants could be measured simultaneously by ENDOR: 
aoH = 0.69 MHz and uOD = 0.062 MHz (300 K), yielding 
CIOH/UOD = 11 f 1. This ratio deviates enormously from the 

(1 3) Mobius, K.; Biehl, R. In “Multiple Electron Rasonance Spectroscopy”; 
Dorio M. M., Freed, J. H.; Eds.; Plenum Press: New York, 1979; p 475. 
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Figure 3. EPR (top) and 13C ENDOR (bottom) spectra of Id (90% 
enrichment of I3C). The ENDOR spectra were taken at  two different 
field settings (A and B). 

calculated ratio (6.5),  i.e., a pronounced isotope effect is observed 
(vide infra). 

Figure 3 (top) shows the EPR spectrum of radical Id which 
is 13C-labeled at  the central position (90% enrichment). It is 
remarkable that the signals of the central septet, due to unlabeled 
radicals (lo%), have about the same height as those of the septets 
in the wings because of larger line widths of the latter. From the 
theory of EPR line widths14 it is known that such a line broadening 
which depends on the nuclear spin state MI (or rather on MI2) 
is caused by a modulation of the dipolar hyperfine interaction 
through molecular tumbling in solution. Consequently, not only 
the isotropic hyperfine coupling of the central I3C atom (lacl = 
63.8 MHz (300 K)) but also the hyperfine anisotropy is large; 
i.e., there is a substantial a spin population at  the central position 
as expected for triphenylmethyl-type radicals. 13C ENDOR 
spectra of Id taken at different field settings are depicted in Figure 
3 (bottom). According to the ENDOR resonance condition 

(1) 

each spectrum shows a pair of 13C ENDOR lines centered about 
ac/2 and separated by twice the free nuclear resonance frequency 
of 13C (vc) since lac/21 > vc. It is evident that the ENDOR signal 
amplitudes depend markedly on the field setting; Le., the high- 
frequency 13C ENDOR signal is more intense than the low-fre- 
quency signal when a low-field EPR component (A) is saturated 
and vice versa for the high-field setting (B). (Since the rf power 
is not frequency-independent in our experimental setup, the ob- 
served amplitudes of the low-frequency signals are too small 
relative to the high-frequency signals.) Such behavior is usually 
found for nuclei exhibiting a large hyperfine anisotropy and is 
caused by cross-relaxation effects Wx2 > WX1.l5 In particular, 
this phenomenon has been observed with the 13C-labeled tri- 
phenylmethyl radical, and a detailed discussion has been given. l6 
As Figure 4 shows, 'H ENDOR signals of Id could also be re- 

VENDOR = Iv, * a/21 

(14) Freed, J. H.; Fraenkel, G. K. J .  Chem. Phys. 1963, 39, 326. 
(15) Leniart, D. S.;  Vedrine, J. C.; Hyde, J. S .  Chem. Phys. Lett. 1970, 

6,637. Dinse, K.-P.; Mobius, K.; Biehl, R.; Plato, M. Mugn. Reson. Relat. 
Phenom., Proc. Congr. Ampere, 17th 1973, 17, 419. 

(16) Fey, H.-J.; Lubitz, W.; Zimmermann, H.; Plato, M.; Mobius, K.; 
Biehl, R. Z .  Nuturforsch., A 1978, 3 3 4  514. 
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Figure 4. 'H ENDOR spectra of Id taken at two different field settings 
(A and B), cf. Figure 3. 
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Figure 5. ENDOR spectrum of l b  exhibiting I3C ENDOR signals in 
natural abundance, obtained with a field setting on a respective satellite 
line in the EPR spectrum. (The broad signal marked by x is not an 
ENDOR line but an image of an EPR peak.) 

Table I. Comparison of IH and "C Hyperfine Coupling Constants 
(MHz) of l b  with Data of Triphenvlmethvl Radicals" 

position l b  TPMb HTB-TPM' 
O-IH -7.1-9 -7.304 7.20 
m-IH (-0.03)d +3.203 
p-'H (+0.14)e -7.997 7.85 
central "C +64.41( +66.879 65.9 
attached I3C 30.68 31.7 
0-I3c 18.2 
m-"C 9.55 9.0 
pJ3C 11.5 

R 2.002 8 18 2.002 58gh 
"Measured by ENDOR, solvent toluene (200 K), accurate within * 

0.01 MHz, unless stated otherwise. Conversion of units: 1 G A 0.1 
mT A 2.803 MHz. 'Triphenylmethyl radical. cTris(3,5-di-tert-butyl- 
pheny1)methyl radical in benzene at 298 K; EPR data from ref 21. 

e Hydroxy protons; this coupling constant is 
strongly temperature-dependent; see text and Figure 10. /At 330 K; 
temperature coefficient da /dT = +18 f 1 kHz/K. gAt 300 K; tem- 
perature coefficient du/dT = +17.0 f 0.3 kHz/K, from ref 16. From 
ref 22; the measured g value of l b  (toluene, 290 K; f l  X has 
been calibrated relative to this value. 

tert-Butyl protons. 

corded, but their detection proved to be much more difficult than 
in the case of the unlabeled radical l b  (cf. Figure 2). Moreover, 
the amplitudes of the 'H ENDOR signals also depend on the field 
setting (A and B in Figure 3); Le., the cross-relaxation effect due 
to the 13C nucleus also influences the 'H ENDOR spectrum. It 
has been shown previously that this effect can be employed for 
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Table 11. Hyperfine Coupling Constants (MHz) of Radicals 2b-Jb" 
position 2b, 210 K 3b, 230 K 4b, 230 K 5b, 210 K 

o-IH -7.24 -8.16 -8.87 -8.71(2 H) 
-7.17(1 H) 
-7.07(1 H) 

p-OH +0.12 +0.25 +0.29 +0.18 
o'-'H -7.05 -4.56 +0.98' -4.80dse 

+2.16' 

+2.60 
m'-'H + 3 . 1 1  +2.70 +2.52 +2.85 

p'- H -7.88 +4.56' +1.55' -4.91d 
central I3C +65.56b +66.98b 
" Measured by ENDOR; solvent, toluene; accurate within *0.01 

MHz. Signs were determined by general TRIPLE. bAt 350 K. '- 
Methyl protons. Assignment might be interchanged. 'Phenyl sub- 
stituent: +0.69 (1 H), -0.38, and -0.24 MHz. 

the determination of relative signs in a way exactly analogous to 
a general TRIPLE e~per iment . '~ , '~  Since the coupling constant 
of the central I3C atom in the triphenylmethyl radical is known 
to be positive,16 this experiment establishes the absolute signs of 
the IH coupling constants in Id; see Table I. 

It should be mentioned that further 13C coupling constants of 
(unlabeled) l b  could be extracted not only from the positions of 
13C "satellite lines" in the EPR spectrum but also from I3C 
ENDOR signals observed in natural abundance. An example is 
given in Figure 5. The assignment of these coupling constants 
to molecular positions (see Table I) is based on the multiplicities 
deduced from the intensities of the EPR satellite lines and on the 
observed relaxation behavior; details of this method will be reported 
e1~ewhere.l~ 

A comparison of the experimental hyperfine data of l b  collected 
in Table I with those of the triphenylmethyl radical establishes 
the structure of lb.  Furthermore, from the fact that the g value 
of l b  is only slightly larger than that of the unsubstituted radical, 
whereas galvinoxyls have g values of about 2.0046,2*22 it can be 
concluded that the a-spin populations at  the oxygen atoms are 
small. Judging from the temperature dependence of the EPR 
signal amplitudes of lb, this radical does not dimerize noticeably. 
The mechanism of the formation of lb, however, could not yet 
be elucidated with certainty. It requires obviously the uptake of 
a hydrogen atom, Le., a one-electron reduction followed by pro- 
tonation. This reaction takes place only in sufficiently dry hy- 
drocarbon solvents and does not proceed quantitatively; in a side 
reaction the (di-) sodium salt forms and precipitates. In alcoholic 
or ethereal solvents, only the latter reaction is observed; the 
diamagnetic dianion is soluble in these solvents. The origin of 
the proton required to form l b  could not be established so far; 
it might be due to traces of water still present in absolute toluene 
(dried over Na/K; sample preparation on a high-vacuum line) 
or alternatively stem from another molecule of l a .  Since no 
deuterium is incorporated when the reaction is performed in 
perdeuteriotoluene, a reaction with the solvent can be ruled out. 

Other Triphenylmethyl Radicals. Apart from l b  which has been 
described in detail in the previous section, a variety of tri- 
phenylmethyl radicals, e.g., 2b-5b, is accessible by reduction of 
(substituted) phenylgalvinols. In Zb, the threefold symmetry found 
in l b  is lost; therefore, the six ortho protons are no longer 
equivalent. An unequivocal assignment of all coupling constants 
to molecular positions could be achieved by means of 'H and *H 
ENDOR studies of the selectivity deuterated radical 2f and 
computer simulations of the EPR spectrum; see Table 11. Since 
the temperature dependence of the coupling constants of the 
hydroxy protons in 2b and all other radicals of this series are 

(17) Lubitz, W.; Nyronen, T. J .  Magn. Reson. 1980, 41, 17. 
(18) Hass, Ch.; Kirste, B.; Kurreck, H.; Schlomp, G.  J .  Am. Chem. SOC. 

(19) Kirste, B., unpublished results. 
(20) Kirste, B.; Kriiger, A.; Kurreck, H. J .  Am. Chem. SOC. 1982, 104, 

(21) Schreiner, K.; Berndt, A.; Bar, F. Mol. Phys. 1973, 26, 929. 
(22) Segal, B. G.; Kaplan, M.; Fraenkel, G. K. J .  Chem. Phys. 1965,43, 

1983, 105,1315. 

3850. 

4191. 

Figure 6. Top: EPR spectra of 3b (left; toluene, 230 K) and 4b (right; 
toluene, 260 K). Bottom: Computer simulations. 

I toluene 

I I 

Figure 7. ENDOR spectra of 3b (top) and of 4b taken at two different 
temperatures (center and bottom). 

similar to that found for lb, their ENDOR signals are easily 
recognized. Relative signs of the proton hyperfine coupling 
constants of all radicals described here have been determined by 
general TRIPLE experiments. The 13C coupling constant of the 
central 13C atom in 2d has been measured by 13C ENDOR; see 
Table 11. 

It was of interest to investigate the influence of steric hindrance 
on the geometries and spin density distributions caused by sub- 
stitution of the ortho positions of the phenyl ring. Therefore, the 
radicals 3b-5b have been studied. The EPR and ENDOR spectra 
of 3b and 4b are depicted in Figures 6 and 7; the data are collected 
in Table 11. Unequivocal assignments of all hyperfine coupling 
constants of these two radicals to molecular positions can be given 
based on the multiplicities accessible from computer simulations 
of their EPR spectra; see Figure 6 (bottom), with the exception 

10 ' '1'4 I 1 '  18 MHz 
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Table 111. Hyperfine Coupling Constants (MHz) of Radicals 6b-lob" 
vosition 6b, 230 K 7b, 250 K 8b, 210 K 9b, 240 K lob,  305 K 

o-'H -10.19 (2 H) -9.14 (2 H) -10.50 (2 H) -7.51 (4 H)' -7.29 (4 H)',g 
-6.50 (2 H) -7.65 (2 H) -6.07 (2 H) 

p-OH +0.55 (1 H) +0.5Y c +0.35 (2 H)  +0.76 (2 H) 
+0.35 (1 H)  

alkyl fi +19.65 ( I  H)  +10.68 (1 H) +21.45 (1 H)  
alkyl y +0.40 (6 H) -1.60 (2 H )  -1.87 (4 H)d +0.52 (9 H) -1.58 (6 H)  

+0.82 (2 H) 
alkyl 6 +0.27 (6 H)  +2.06 (2 H)d +1.63 (3 H)d 

central I3C 74.76 8 1.89' 
+0.33d -0.1 Od 

"See footnote a, Table 11. The number of equivalent protons is given in parentheses. * A t  300 K (EPR). CThe hydroxy protons are probably 
Broad ENDOR signals; see text. 'At 350 K (ENDOR). inequivalent. 

glnequivalence observed at low temperatures; -12.74 MHz (2 H)  at 210 K. 
Assignment to molecular positions not established experimentally. 

I I I I l l  I I 
10 14 18 MHz 

Figure 8. EPR spectrum (top; toluene, 290 K) and ENDOR spectra of 
7b (center and bottom). 

of the two methyl groups in the ortho and para positions of 3b. 
The assignment given in Table I1 is based on a comparison with 
4b, taking into account the relative magnitudes of the coupling 
constants and the relaxation behavior of the ENDOR signals. 
Figure 7 (bottom) shows the ENDOR spectrum of 4b taken in 
toluene at 190 K, Le., in a highly viscous solvent giving rise to 
a long correlation time for rotational diffusion of the radicals. It 
is known from the theory of the ENDOR response23 that only 
ENDOR signals from nuclei exhibiting exceptionally small hy- 
perfine anisotropies can be detected under these conditions. This 
phenomenon has occasionally been employed to identify freely 
rotating methyl groups.24 The spectrum under consideration 
shows two pairs of intense sharp ENDOR signals and a much 
weaker pair in the middle. The intense signals are due to the 
methyl group in the para position of the phenyl ring and to the 
ring protons in the meta positions, the weak signals belong to the 
methyl groups in the ortho positions (vide infra). The relaxation 
behavior of the protons in 3b is similar, although the differences 

(23) Plato, M.; Lubitz, W.; Mobius, K. J .  Phys. Chem. 1981, 85, 1202. 
(24) Mobius, K.; van Willigen, H.; Maki, A. H. Mol. Phys. 1971,20, 289. 
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Figure 9. ENDOR spectra of 10b taken at four different temperatures. 
Note the temperature dependence of the line width and position of the 
high-frequency signal. 

in signal intensities are less pronounced. 
Regarding the ortho-phenyl-substituted radical Sb, a pro- 

nounced inequivalence of the four ring protons in the basic di- 
hydroxydiphenylmethyl moiety is found. Moreover, the widths 
of the respective ENDOR lines are strongly temperature-de- 
pendent, and at 285 K coalescence to a single pair of signals is 
observed. This line-shape effect is characteristic of dynamic 
p r o c e ~ s e s ; ~ ~ , ~ ~  Le., the phenyl substituent causes steric hindrance 
of internal rotations (vide infra). Similarly, the ENDOR spectra 
indicate a hindered rotation of the phenyl substituent itself, but 
this effect could not be traced accurately because of overlapping 
lines, the more so since the hydroxy proton signals with strongly 
temperature-dependent positions appear in the frequency range 
under consideration. The I3C coupling constant of the central 
carbon atom in 5d is somewhat larger than in 2d; see Table 11. 

Diphenylmethyl Radicals. Radicals of the diphenylmethyl series 
(6b-lob) have been generated from several alkyl galvinols. So 
far persistent radicals could only be obtained with voluminous alkyl 
groups. Attempts to prepare these types of radicals from un- 
substituted galvinol or from cyclopropylgalvinol failed, and the 
isopropyl and cyclohexyl derivatives, 6b and 8b, are the least stable 
in this series, decaying rapidly at  room temperature. 

Figure 8 shows EPR and ENDOR spectra of 7b. It is evident 
that the coupling constants of this radical are strongly tempera- 
ture-dependent; however, a dynamic line broadening could not 
be observed up to 305 K. The multiplicities and hence the as- 
signments of the coupling constants to molecular positions have 
been determined by means of computer simulations of the EPR 

(25) von Borczyskowski, C.; Mobius, K.; Plato, M. J .  Magn. Reson. 1975, 

(26) Kirste, B.; Kurreck, H.; Harrer, W.; Reusch, J. J .  Am.  Chem. Soc. 
17, 202. 

1979, 101, 1775.  
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Figure 10. Temperature dependence of the hydroxy proton hyperfine 
coupling constant of Ib .  The experimental data points are denoted by 
circles; the solid line represents the calculated dependence based on a 
theoretical model; see text. 

spectrum. The data are collected in Table 111. Radicals 6b and 
particularly 9b and 10b exhibit dynamic line-shape effects. For 
example, ENDOR spectra of 10b taken at  four different tem- 
peratures are depicted in Figure 9. The ENDOR signals be- 
longing to the four phenyl ring protons, which are only slightly 
broader than the other signals at 350 K, are broadened increasingly 
with decreasing temperature and become too broad to be ob- 
servable at 250 K. At 210 K, a signal can be observed again, but 
the coupling constant is now much larger (1 2.74 MHz) and must 
be assigned to two equivalent protons. The ENDOR lines due 
to the other two protons, which should exhibit a coupling of 
roughly 1.8 MHz, could not be resolved because of overlap with 
neighboring signals. Corresponding to the ENDOR spectra, the 
EPR spectra of 10b show an alternating line-width effect. The 
I3C coupling constants of the central carbon atoms of the labeled 
compounds 6d and 9d have been measured. A comparison of 
Tables I1 and 111 demonstrates that they are significantly larger 
than those of the triphenylmethyl series. Obviously the magnitude 
of this coupling constant increases with increasing steric hindrance. 

Temperature Dependence of Hydroxy Proton Couplings. A 
salient feature of the radicals described here is the pronounced 
temperature dependence of the hydroxy proton couplings. A plot 
for l b  is given in Figure 10, and essentially the same dependence 
is found for the other radicals, provided that different spin pop- 
ulations in the hydroxyphenyl groups are taken into account. At 
first sight it might be assumed that a steric interaction with the 
neighboring tert-butyl groups is responsible for the effect and that 
this interaction forces the hydroxy proton out of the plane. 
However, it will be shown that the potential minimum corresponds 
to a planar conformation. 

Hyperfine coupling to hydroxy protons and its temperature 
variation has been studied extensively in small molecules such as 
h y d r o ~ y m e t h y l . ~ ~ * ~ ~  @-Proton hyperfine couplings generally show 
a pronounced dependence on the torsional angle which is ascribed 
to the hyperconjugative mechanism of spin density transfer, usually 
of the formz9 

a, = (Bo + B2 cos2 8)p, ( 2 )  

where 8 is the dihedral angle between the X-H bond (X = C and 
0) and the 2p, orbital on the a-carbon atom. In order to account 
for the temperature dependence, it is assumed that the rotation 
of the X-H group is restricted by a potential barrier which in the 
case of C2 symmetry can be represented by 

(3) L 

where 80 corresponds to the minimum of the potential well. The 
observed coupling is the average of the expectation values of a, 
for all torsional states weighted by their populations. In the 
classical approach assuming Boltzmann statistics one obtains30 

(27) Krusic, P. J.; Meakin, P.; Jesson, J. P. J .  Phys. Chem. 1971, 75, 3438. 
(28) Sullivan, P. D. J .  Phys. Chem. 1971, 75, 2195. 
(29) Heller, C.; McConnell, H. M. J .  Chem. Phys. 1960, 32, 1535. 

- 
ag = (4) 1: exp(-V(8)/keT)d~ 

It should be mentioned, however, that a rigorous treatment in- 
volving rotating groups with a small moment of inertia requires 
the application of a quantum-mechanical p r o c e d ~ r e . ~ ~ . ~ '  We 
adopt the classical approach to estimate the rotational barrier V2. 
Since meaningful results cannot be obtained by a fit procedure 
if all parameters are allowed to vary, it is necessary to make some 
assumptions. An INDO calculation yielded the following pa- 
rameters for hydroxymethyl (pc E l ) :  Bo = -4.6 MHz and B2 
= 116.2 M H z ; * ~  pc = 0.0810 (po = 0.0058) was obtained from 
an HMO-McLachlan calculation for lb.32 Consequently, the 
potential minimum must correspond to the planar conformation 
(8, = 90': aOH = -0.37 MHz, whereas aOH = 9.04 MHz for Bo 
= 0'). When only V2 was allowed to vary, a reasonable fit of 
the calculated curve to the experimental points could not be 
achieved. Since Bo depends on the spin population at the oxygen 
atom and the above-given value proved to be inadequate; even 
in the case of hydroxymethyl, it was also varied. A least-squares 
fitting procedure yielded Bo = -12.5 MHz and V2 = 8.4 kJ/mol; 
the calculated temperature dependence is depicted in Figure 10 
together with the experimental points. Since the classical approach 
is not strictly adequate, the agreement with the experimental data 
is not perfect and the obtained parameters should only be regarded 
as semiquantitative. Nonetheless, it can be concluded that the 
potential barrier V2 in l b  is considerably smaller than in the 
hydroxymethyl radical (quantum-mechanical approach: 16.7 
kJ/mol, classical approach: 28.9 kJ/m01).*~ In the latter, the 
barrier is probably due to a certain amount of double-bond 
character of the C-O bond which should be smaller in l b  (HMO 
*-bond order: 0.254). In view of the preferred conformation and 
the potential barrier, steric interactions between the hydroxy proton 
and the neighboring tert-butyl groups apparently do not play an 
important role in lb .  

It is noteworthy that both in the hydroxymethyl radical27 and 
in lb,  a pronounced isotope effect is found when the hydroxylic 
position is deuterated, Le., the observed ratio u ~ ~ / u ~ ~  deviates 
considerably from the calculated ratio Y H / Y D  = 6.5144. For the 
hydroxymethyl radical a ratio of 6.05/1.06 = 5.7 has been re- 
ported, whereas for l b  a ratio of 0.69/0.062 = 11 has been de- 
termined. At first sight, the isotope effect seems to operate into 
opposite directions in these cases. However, deuteration has the 
same effect as a decrease in temperature in both cases which is 
reasonable since the excursion of a deuteron from its equilibrium 
position in an oscillating motion is known to be smaller than that 
of a proton owing to its higher mass. Whereas the absolute 
magnitude of aOH in the hydroxymethyl radical increases with 
decreasing temperature (hence uOH/uoD < 6.5), the coupling 
constant actually decreases as in the case of l b  since its sign is 
certainly negative.*' 

An extrapolation of the experimental points plotted in Figure 
10 toward lower temperatures suggests that uOH should change 
signs. This assumption could not be verified, however, since the 
respective ENDOR signals could not be detected below 200 K 
even when the low-melting solvent isopentane was used. This 
failure can be attributed to the fact that the viscosity of the solvents 
becomes too high at low temperatures, giving rise to short re- 
laxation times T2e and thus to a decrease of the ENDOR en- 
hancement particularly for small hyperfine couplings.33 

Evaluation of Twist Angles. Comparison with Galvinoxyls. The 
triphenylmethyl radical has been studied extensively, e.g., by 
EPR,34 EPR in liquid crystals,35 ENDOR,36 and X-ray analysis 

(30) Krusic, P. J.; Kochi, J. J .  Am. Chem. SOC. 1971, 93, 846. 
(31) Bauld, N. L.; McDermed, J. D.; Hudson, C. E.; Rim, Y.  S.; Zoeller, 

J., Jr.; Gordon, R. D.; Hyde, J .  S. J .  Am.  Chem. SOC. 1969, 91, 6666. 
(32) Parameters: X = 1.2, ho = 2.0, kc.o = 0.8, and pi2 = 0.8668 (twist 

angles 3 0 O ) .  
(33) Allendoerfer, R. D.; Maki, A .  H. J .  Magn. Reson. 1970, 3, 396. 
(34) Chesnut, D. B.; Sloan, G. J. J .  Chem. Phys. 1960, 33, 637. 
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Table IV. Calculated Spin Populations for Di- and Triphenylmethyl Radicals with Various Twist Angles" 
triphenylmethyl radicals diphenylmethyl radicals 

01 30' 30' 30' 25' 20' 0' 
82 30' 30D 30' 25' 40° 70' 
03 30' 50' 70' 

central 0.5235 0.5858 0.6491 0.6397 0.6829 0.7765 
0 0.0958 0.1039 0.1107 0.1199 0.1352 0.1631 
m -0.0358 -0.0397 -0.0440 -0.0477 -0.0545 -0.07 12 
P 0.0884 0.0945 0.0986 0.1068 0.1 193 0.1377 
0' 0.0958 0.0560 0.0164 0.1199 0.0877 0.0175 
m' -0.0358 -0.0222 -0.0071 -0.0477 -0.0367 -0.0087 
P' 0.0884 0.0504 0.0143 0.1063 0.0765 0.0140 

"HMO-McLachlan calculation with X = 1.2 and k(0)  = cos 0. 

(tris(p-nitro) d e r i ~ a t i v e ) , ~ ~  and it is now generally accepted that 
the phenyl rings are twisted by about 30' ("propeller" confor- 
mation). Additional evidence for this notion was obtained from 
a 2H ENDOR investigation of perdeuteriotriphenylmethyl dis- 
solved in a liquid crystal.38 These experiments allow the de- 
termination of deuterium quadrupole splittings which depend on 
the deuterium quadrupole coupling constant (essentially constant 
for aromatic C-D bonds, e2qQ/h = 180 f 10 kHz), the order 
parameters, and the orientation of the C-D bond axis. In the case 
of perdeuteriotriphenylmethyl, resolved quadrupole splittings were 
only observed for the para positions (6q  = 35 f 2 kHz), whereas 
an estimate of 6, N 15 kHz for the ortho and meta positions was 
obtained from line-width studies (solvent: smectic A phase of 
4-cyano-4'-octylbiphenyl, 294 K). This result is not compatible 
with a planar structure of the radical but can be explained if 
twisting of the phenyl rings by about 30' is assumed since this 
would reduce the quadrupole splittings for the ortho and meta 
positions appropriately but leave that for the para positions un- 
altered. 

In principle, it should be possible to estimate the twist angles 
in (substituted) triphenylmethyl radicals by comparison of the 
experimental hyperfine coupling constants with data from 
quantum-mechanical calculations. However, an inspection of the 
large number of papers dealing with this problem demonstrates 
that reliable values for the twist angles cannot be obtained in this 
way, at least not from the proton hyperfine data alone.21 Thus, 
the best overall agreement with an HMO-McLachlan calculation 
using standard parameters ( A  = 1.2, QHcH = -2.7 mT in the 
McConnell relationship, eq 5 )  is obtained for a planar structure, 
although the ordering JaJ > lapl is wrongly predicted.j6 

a~ = Q H c ~ p c  

Agreement can also be achieved for a twisted structure (8  N 30') 
provided that unusually large values of QHcH (-3.12 mT)39 or X 
(1 .45)40 are used or an anomalously low electronegativity of the 
central carbon atom is a ~ s u m e d . ~ '  Although these calculations 
correctly predict the meta proton coupling constant, this result 
is actually wrong since it has been recognized that delocalization 
of the unpaired a-electron spin density into the u system of twisted 
phenyl rings ("phenyl hyperconjugation") may not be neglected.42 
Experimental evidence of the fact that the a-spin population in 
the meta positions is indeed smaller than predicted has been 
obtained in the investigation of the tris(m-toly1)methyl radical 

(35) Mobius, K.; Haustein, H.; Plato, M. Z .  Naturforsch., A 1968, 23A, 
1626. Falle, H. R.; Luckhurst, G. R. J. Magn. Reson. 1970, 3, 161. 

(36) Maki, A. H.; Allendoerfer, R. D.; Danner, J.  C.; Keys, R. T. J. Am.  
Chem. SOC. 1968, 90, 4225. 

(37) Andersen, P.; Klewe, B. Acta Chem. Scand. 1962, 16, 1817. An- 
dersen, P.; Klewe, B. Acta Chem. Scand. 1967, 21, 2599. For the structure 
of triphenylmethyl perchlorate, see: Gomes de Mesquita, A. H.; MacGillavry, 
C. H.; Eriks, E. Acta Crystallogr. 1965, 18, 437. 

(38) Kirste, B., unpublished results. For a description of the method, see: 
Kirste, B.; Kurreck, H.; Fey, H.-J.; Hass, Ch.; Schlomp, G. J. Am. Chem. SOC. 
1979, 101, 7457 and references cited therein. 

(39) van der Hart, W. J. Mol. Phys. 1970, 19, 75. 
(40) Allendoerfer, R.  D.; Pollock, A. S.  Mol. Phys. 1971, 22, 661. 
(41) Ishizu, K.; Mukai, K.; Shibayama, A,; Kondo, K. Bull. Chem. Soc. 

(42) Pople, J. A.; Beveridge, D. L. J .  Chem. Phys. 1968, 49, 4725. 
Jpn. 1977, SO,  2269. 

which exhibits an "unusually" small hyperfine coupling constant 
of the methyl protons (2.35 M H z ) . ~ ~  

Nevertheless, a comparison of the experimental data of the 
radicals under study with calculated spin populations should be 
instructive and give an insight into their structures. Results of 
HMO-McLachlan calculations for tri- and diphenylmethyl rad- 
icals with various twist angles are collected in Table IV. For the 
sake of generality, data are given for unsubstituted radicals; when 
the para-hydroxy groups are taken into account,32 the absolute 
magnitudes of the spin populations are reduced by ca. 10% (para), 
5% (meta), and 1% or less for all other positions. In the following 
discussion of the triphenylmethyl derivatives lb-5b, it will be 
assumed that the two (in l b  three) 3,5-di-tert-butyl-4-hydroxy- 
phenyl groups are twisted by ca. 30'. A comparison of the hy- 
perfine coupling constants of l b  and 2b with those of the un- 
substituted triphenylmethyl radical (Tables I and 11) shows no 
substantial deviations; minor differences may be attributed to 
substituent effects. On the other hand, the spin populations in 
the unique phenyl ring are evidently reduced when substituents 
are introduced into the ortho positions of this group (3b-5b, Table 
11). Correspondingly, the ortho proton coupling constants of the 
hydroxyphenyl groups indicate a smaller but significant increase 
of spin population in these groups. Since the para proton coupling 
constants are not affected by a-u de lo~al iza t ion ,~~ they should 
be best suited for estimating the twist angle. In 3b and 4b the 
para position is substituted by a methyl group, but it is normally 
found that the absolute magnitude of the coupling constant of a 
freely rotating methyl group is almost the same as that of a 
respective a proton whereas the sign is opposite. Therefore a 
McConnell-type relation (eq 5 )  with QHCCH, +2.9 mT applies;43 
this relation holds, for example, for the tris(p-toly1)methyl radical3' 
When the data are calibrated relative to the triphenylmethyl 
radical, the following twist angles are obtained for the ortho- 
substituted phenyl groups: ca. 50' in 3b and 5b and ca. 70' in 
4b. Thus, the steric hindrance of an ortho-phenyl substituent is 
about the same as that of an ortho-methyl substituent, but ad- 
ditionally it gives rise to an inequivalence of the two hydroxyphenyl 
groups. 

In contrast to the para proton coupling constants, the meta 
proton coupling constants decrease only from 3.1 1 to 2.52 MHz 
in the series 2b-4b. In 4b the meta coupling is in fact the largest 
coupling in the phenyl group. This is the typical situation of phenyl 
hyperconjugation which has been observed and discussed previ- 
ously, e.g., in studies of the radical anion and cation of rubrene6 
and the radical anion of 9,lO-di~ylylanthracene.~ It should be 
pointed out that the anomalously large meta proton coupling 
constants in highly twisted phenyl rings are only due to u-spin 
density from a--b mixing, whereas the a spin populations at  the 
meta carbon atoms are small as predicted from pure a - M O  
theories. Therefore, the anisotropic hyperfine interaction of the 
meta protons should be small. Evidence for this prediction has 
been obtained in the present study by an investigation of the 
relaxation behavior of the 'H ENDOR signals of 4b. From the 
observation that the meta proton ENDOR signals are unusually 
narrow and intense under experimental conditions, resulting in 

(43) Fessenden, R. W.; Schuler, R. H. J .  Chem. Phys. 1963, 39, 2147. 
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long rotational correlation times (see Figure 7, bottom), it can 
be concluded that the hyperfine anisotropy must be extraordinarily 
small? On the other hand, the ortho-methyl groups exhibit an 
unusually large dipolar hyperfine interaction which is attributed 
to the fact that these groups are located in close proximity to the 
central carbon atom which bears a large a spin population. Finally 
it should be noted that the isotropic ortho-methyl proton coupling 
constants in 3b and 4b are exceptionally small. Although we have 
no definitive explanation for this finding, we attribute it to some 
kind of “through-space” interaction. The same behavior was 
encountered in the study of ditolyl- and dixylylanthracene radical 
anions.’ 

The two hydroxyphenyl groups in the diphenylmethyl radicals 
6b-8b are clearly inequivalent due to different twist angles; see 
Table 111. The same is true for 9b and lob, although an internal 
dynamic process results in an apparent equivalence at elevated 
temperatures. An evaluation of the twist angles has to be based 
on a discussion of the ortho proton coupling constants which convey 
merely information about the differences between the twist angles. 
A comparison with calculated spin populations (Table IV) yields 
the following estimates: 25’/35O in 7b, 2Oo/4O0 in 6b and 8b, 
and 0°/700 in 9b and lob. It should be noted that the coupling 
constants, particularly in 7b, are strongly temperature-dependent 
due to a temperature dependence of the preferred conformation 
and/or torsional oscillations. The radicals 9b and 10b (at low 
temperatures) are actually best described as benzyl-type radicals 
(ortho proton coupling constant in the benzyl radical: 14.43 
M H z ~ ~ ) ;  at elevated temperatures, equilibration of the two hy- 
droxymethyl groups is rapid on the EPR/ENDOR time scale. The 
I3C coupling constants of the central carbon atoms prove to be 
a sensitive probe of the steric hindrance or the transitions from 
a triphenylmethyl- via a diphenylmethyl- to a benzyl-type radical, 
respectively, as the increase from 65.56 to 81.89 MHz in the series 
2b, Sb, 6b, and 9b shows (Tables I1 and 111). This increase is in 
qualitative agreement with the predicted increase in a-spin pop- 
ulation at the central carbon atom (Table IV). 

Regarding the alkyl groups in the radicals 6b-8b, information 
about the torsional angle is accessible from the @-proton coupling 
constant. The angular dependence is described by eq 2, although 
the angular function should be replaced by an average (cos2 e ) ,  
taking into account torsional oscillations. Since the parameters 
in eq 2 are not accurately known, it is a common procedure to 
compare the @-proton coupling constant with that of the corre- 
sponding radical in which the alkyl group is replaced by methyl 
((cos2 0 )  = 1 / 2 ) . 3 1  Actually the methyl proton coupling constant 
of the 111-bis(3,5-di-tert-butylphenyl)-l-ethyl radical, which should 
be a good model, has been published, aCH, = 43.2 M H z . ~ ~  Thus, 
the alkyl groups in the radicals 6b-8b prefer to adopt confor- 
mations with dihedral angles 0 > 45O, and the following average 
values of ( 0 )  (calculated from (cos2 0 ) )  are obtained: ca. 60’ 
for 6b and 8b and ca. 70’ for 7b. 

It is interesting to compare the structures of the di- and tri- 
phenylmethyl radicals lb-lob with those of the corresponding 
galvinoxyl radicals lg-log since any effects of steric hindrance 
are the same whereas the electron spin distribution is completely 
different. Thus, HMO theory predicts a node of the singly oc- 
cupied molecular orbital (SOMO) at the central carbon atom in 
galvinoxyls, whereas the maximum spin population is found at 
this position in the di- and triphenylmethyl radicals. This very 
different behavior becomes evident in a comparison of the I3C 
coupling constants of the central carbon atoms: +64.4 MHz in 
2b vs. -27.7 MHz in 2g9a and +81.9 MHz in 9b vs. -17.0 MHz 
in 9g9b (note the different signs). 

On the other hand, the geometries of the two types of radicals 
are very similar. Thus, the twist angles deduced for the di- 
phenylmethyl radicals +8b do not deviate significantly from those 
of the corresponding galvinoxyls 6g-8g.9b Moreover, the dynamic 
behavior of the radicals Sb-lob is qualitatively similar to that of 

(44) Carrington, A,; Smith, I. C. P. Mol. Phys. 1965, 9, 137. Paul, H.; 

(45) Schreiner K.; Berndt, A. Tetrahedron Lef t .  1973, 4083. 
Fischer, H. Helu. Chim. Acta 1973, 56, 1575. 
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the galvinoxyls 5g-10g.839 In particular, it had been stated pre- 
viously that the two “galvinoxyls” 9g and log are best described 
as equilibrating p h e n o ~ y l s . ~ ~  The present results demonstrate that 
the respective diphenylmethyl radicals (9b and lob) should likewise 
be regarded as equilibrating benzyl radicals. Although a quan- 
titative comparison of activation energies is beyond the scope of 
this paper, it can be concluded that the dynamic behavior of both 
the galvinoxyls and the di- and triphenylmethyl radicals is mainly 
governed by steric effects and not by electronic influences. 

Spin Density Transfer into Alkyl Groups. The P-proton hy- 
perfine coupling constants of the alkyl groups of radicals 6b-8b, 
which can be accounted for by a hyperconjugative mechanism 
of spin density transfer, have been discussed above. In this section 
the y- and &proton coupling constants shall be considered. Since 
the alkyl groups are attached to a center bearing large a-spin 
population, these couplings are relatively large; see Table 111. It 
should be emphasized that the signs of all couplings have been 
determined by means of general TRIPLE experiments and that 
in most cases an assignment to molecular positions could be given 
based on the multiplicities deduced from computer simulations 
of the EPR spectra. 

The two methyl groups (y protons) of the isopropyl moiety in 
6b are equivalent despite the low symmetry of the radical (vide 
supra). Apparently inequivalences are averaged out by torsional 
oscillations. In 7b, the two methyl groups (6 protons) are 
equivalent but the y protons are not. In view of the equivalence 
of the methyl groups in both radicals we conclude that the 
methylene groups in 7b are equivalent whereas the two y protons 
in each methylene group are inequivalent (diastereotopic). An 
unambiguous assignment to positions within the cyclohexyl group 
of 8b cannot be given. In analogy to an INDO study of 9- 
cycl~hexylanthracene~~ and to an investigation of cyclohexyl 
tert-butyl nitr~xide,~’ we assume that the axial and equatorial y 
protons are equivalent. This assignment is supported by the result 
for the adamantyl moiety in 10b where the six y protons are 
equivalent for symmetry reasons and a similar coupling constant 
is found. 

From an inspection of Table 111 it is evident that the y-proton 
coupling constants of radicals 6b-10b vary substantially and even 
change sign. Since the a-spin populations at the central carbon 
atoms are not that much different in these radicals, it must be 
concluded that a strong conformational dependence of the y-proton 
couplings is responsible for this variation. The sterical dependence 
of long-range splittings has long been recognized,@ and y-proton 
coupling constants have been rationalized in terms of different 
spin-density-transfer mechanisms, namely spin polarization and 
spin delocalization (homohyperconj~gation).~~ The latter 
mechanism is most important for the W-plan arrangement giving 

rise to a large positive value, whereas negative y-proton coupling 
constants are found for most conformations including the anti-W 
arrangement. In accordance with this concept, negative y-proton 
couplings have been observed in 8b and in 10b where the geometry 
is approximately anti-W, whereas small positive values have been 
measured for the freely rotating tert-butyl group in 9b and for 
the methyl groups in 6b. 

Conclusions 
Concluding, we can state that para-hydroxy-substituted di- and 

triphenylmethyl radicals which are accessible from galvinols by 

(46),Grein, K., Thesis, Freie Universitat Berlin, 1981, Broser, W.; Kirste, 

(47) Wajer, Th. A. J. W.; Mackor, A,; de Boer, Th. J. Reel. Trau. Chim. 
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(49) Underwood, G. R.; Vogel, V. L. J .  Am. Chem. SOC. 1971, 93, 1058. 
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Ellinger, Y.; Rassat, A,; Subra, R.; Berthier, G. J .  Am. Chem. So t .  1973, 95, 
2372. Ellinger, Y.; Subra, R.; Levy, B.; Millie, P.; Berthier, G. J .  Chem. Phys. 
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reduction have similar structures and exhibit a similar dynamic 
behavior as the corresponding galvinoxyl radicals which are 
generated by oxidation of the parent galvinols. On the other hand, 
the spin density distributions in these two types of radicals are 
completely different. This allows the investigation of different 
properties. Thus, phenyl hyperonjugation can be studied in or- 
tho-substituted triphenylmethyl-type radicals whereas the phenyl 
proton coupling constants in the respective galvinoxyls are too small 
for this purpose. Moreover, the mechanism of spin density transfer 
into alkyl groups can be investigated in diphenylmethyl-type 
radicals because of the large spin population at the central carbon 
atom. In this context, the potential of the general TRIPLE method 
for a determination of signs of hyperfine coupling constants proved 
to be of great value. 
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Abstract: A slow-exchange 2D NMR experiment on tetra-o-tolylcyclopentadienone allows the making of a complete rotamer 
assignment and leads to stronger experimental evidence to the uncorrelated rotation of the o-tolyl rings in the a position as 
the threshold mode. 

Recently we presented a detailed 'H and 13C N M R  study on 
the stereochemistry of tetra-o-tolylcyclopentadienone (compound 
1): We proposed a static stereochemistry, based on a molecular 
framework, in which the four peripheral o-tolyl rings are per- 
pendicular to the central cyclopentadienone ring, a t  least on the 
N M R  time scale. Thus compound 1 exists as a mixture of ten 
rotamers. Their characteristics are given in Table I and in Table 
I of ref 4. Therefore, a total of 16 methyl resonances is expected, 
in achiral solvents4 when internal rotations are frozen out, 8 being 
due to the a o-tolyl rings and the 8 others to the fl  ones. 

In the IH spectra recorded in the slow-exchange region of 1 
(-60 to -30 "C), we observed at  most 14 signals, with important 
overlapping or tailing. It was, therefore, impossible to make any 
assignments of these signals to the rotamers they arise from; 
neither we could assert whether two signals are missing because 
of accidental isochronies or because one of the rotamers is much 
less populated than the  other^.^ 

In a medium-temperature range, we observed four residual5-' 
methyl signals, two almost isochronous low-field a ones and two 
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high field fl  ones, assignable to two residual  isomer^.^ This partial 
coalescence is due to internal rotations of o-tolyl rings becoming 
rapid on the N M R  time scale. This behavior was shown to be 
compatible with only four out of the ten possible modes of internal 
rotations of 1: two three-ring rotations, M7 and M,, and two 
one-ring rotations, M ,  (the a one ring rotation) and M z  (the f l  
one ring rotation). We excluded M7 and M,, though N M R  
indistinguishable from M2 and M I ,  respectively, for steric reasons. 
We preferred M ,  as the threshold mode rather than M z  exclusively 
on the basis of qualitative activation barrier  consideration^.^ 

The aim of this paper is to propose a complete rotamer as- 
signment together with strong two-dimensional N M R  evidence 
for the a one-ring rotation as the threshold mode. 

Figure 1 presents the methyl region of a resolution-enhan~ed~~~~~ 
(Lorentz-Gauss) 500-MHz IH spectrum, recorded in CDC1, at 
-43 "C, with our signal numbering, our rotamer assignment, and 
the constitution a or f l  of the methyl group that the signal arises 
from (see also Table I). Signals with double numbering are pairs 
of isochronous resonances (see below). 

The 500-MHz spectrum of Figure 1 compared fairly well with 
the 270-MHz spectrum at  -40 "C of Figure 4 of ref 4 except for 
two details: (1) the well-separated signals 9 and 10 in the 500- 
MHz spectrum are isochronous in the 270-MHz spectrum of ref 
4; and (2) the two isochronous signals 15 and 16 in the 500-MHz 
spectrum at -43 "C are well separated in the 270-MHz spectrum 
at  -40 "C. We attribute the latter observation to a strong tem- 
perature dependence of the chemical shift of signal 15. 

Figure 2 represents identical contour plots of the slow-exchange 
500-MHz 2D spectrum, recorded at  -43 "C, to which we have 
superimposed the networks, indicating, respectively, which a and 
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