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We examined the importance of electrostatic interactions be- 
tween active site residues of triosephosphate isomerase and portions 
of the substrate dihydroxyacetone phosphate. Our results indicate 
that the charge interactions examined contribute equally to binding 
in the wild-type and Asp 165 mutant enzymes. This is consistent 
with the experimental observation that substrate binding does not 
change substantially upon replacement of Glu 165 by Asp. 
Furthermore, our results suggest that less effective interactions 
between Lys 13 and the non-phosphate portion of D H A P  in the 
mutant transition state for enolization may, a t  least partially, 
explain the observed drop in catalytic activity upon mutation of 
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Glu 165 to Asp. Other explanations for the observed drop in k,, 
have been proposed, and more simulations and the X-ray structure 
of the mutant are required to differentiate between the possibilities. 
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Abstract: Structure and long-range hyperfine interaction in 2-adamantyl, 5,7-dimethyl-2-adamantyl, and the various 2-substituted 
radicals (substituent = CH3, CH2SiMe3, OSiMe3, SSiMe3, CH2GeMe3, etc.) were studied by ESR. The origin of the long-range 
hyperfine interaction is discussed on the basis of the comparison between experimental and theoretical hfs values. The pyramidality 
of the radical center introduced by a proper substituent at the 2-position of 2-adamantyl radicals has been found to exert significant 
influence to the long-range interaction. The analyses of hfs values for persistent 2-bis(trimethylsilyl)methyl-2-adamantyl radical 
and the 5,7-dimethyl derivative were made by the assistance of the ENDOR spectrum. The very small hfs values observed 
for the bis(trimethylsi1yl)methyl methine protons not only show almost perpendicular arrangement of the C,-H, bond to the 
singly occupied p~ orbital but also suggest that the constant A in the Heller-McConnell equation would be positive on the 
basis of the positive temperature dependence. 

The electronic and geometric structure of organic radicals has 
been usually discussed on the basis of the ESR hyperfine splitting 
(hfs) values. Among them, the hfs values due to the (Y and p 
protons are of primary importance since the mechanism of the 
interactions has been well established theoretically and these hfs 
values can be related to the empirical expressions such as the 
McConnel12 and the Heller-M~Connell~ equations. The hfs values 
for more remote protons (y ,  6 ,  etc.) have also been known to 
depend on the radical geometry! Considerable effort has centered 

on establishing the reasonable relationship between the long-range 
proton hfs and the radical s t r u c t ~ r e . ~  Recent experimental6 and 
theoretical' studies have shown that the long-range hfs values are 
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actually promising as a structural probe for the geometry of the 
distant region from the radical center. 

2-Adamantyl radicals may constitute one of the most suitable 
models for not only experimental but also theoretical studies of 
the long-range hyperfine interactions as they possess a rigid hy- 
drocarbon framework with minimum strain. In addition, by 
introducing a proper substituent at  the 2-position of the 2-1 
adamantyl radical, the effect of pyramidality of the radical center 
on the long-range hfs values would be examined. In spite of a 
number of ESR studies on 2-adamantyl radicals in adamantane 
matrix* as well as in ~ o l u t i o n , ~  the hfs parameters had not been 
determined accurately before we accomplished the present study.I0 
Moreover, y-irradiation of adamantane studied by different groups 
has produced conflicting  result^.^ We now report the first detailed 
study of the ESR spectra of 2-adamantyl and 2-substituted 2- 
adamantyl radicals and discuss the long-range hyperfine inter- 
action in this system. It should be stressed that the main difficulty 
in assigning the hfs values of 2-adamantyl radical has been 
overcome by comparing the ESR parameters with those of 5,7- 

(8) (a) Gee. D. R.; Fabes, L.; Wan, J. K. S. Chem. Phys. Lett. 1970, 7, 
311. (b) Ferrell, J. R.; Holdren, G. R., Jr.; Lloyd, R. V.; Wood, D. E. Ibid. 
1971, 9, 343. (c) Lloyd, R. V.; Rogers, M. T. Ibid. 1972, 17, 428. (d) 
Hyfantis, G. J.; Ling, A. C. Cun. J .  Chem. 1974, 52, 1206. (e) Migita, C. 
T.; Iwaizumi, M. Chem. Phys. Lett. 1980, 71, 322. (fJ Lloyd, R. V.; Di- 
Gregorio, S.; DiMauro, L.; Wood, D. E. J .  Phys. Chem. 1980, 84, 2891. 

(9) (a) Scaiano, J. C.; Ingold, K. U. J .  Am. Chem. SOC. 1976, 98,4727. 
(b) Conlin, R. T.; Miller, R. D.; Michl, J. Ibid. 1979, 101, 7637. (c) Ieli, S. 
Chim. Acta Turc. 1979, 7, 261. (d) Waltman, R. J.; Ling, A. C.; Bargon, 
J. J .  Phys. Chem. 1982, 86, 325. 

Kira, M.; Watanabe, M.; 
Ichinose, M.; Sakurai, H. J .  Am.  Chem. SOC. 1982, 104, 3762. 

(10) For preliminary communication, see: 

0002-7863/89/1511-8256$01.50/0 0 1989 American Chemical Society 



2-Substituted 2-Adamantyl Radicals 
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Figure 1. ESR spectrum of l a  at -137 O C .  

- 
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Figure 2. (a) Higher-field half of an ESR spectrum of l a  at -137 "C 
recorded by using low modulation frequency. (b) Simulated spectrum 
by using hfs values shown in Table I. 
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Figure 3. (a) Higher-field half of an ESR spectrum of Ib at -133 O C .  

(b) Simulated spectrum by using hfs values shown in Table I. 

dimethyl-2-adamantyl radicals which advantageously lack the hfs 
due to 6 protons in the ESR spectra. 

Results and Discussion 

ESR Spectra. The following 2-adamanty1, 5,7-dimethyl-2- 
adamantyl, and 2-substituted radicals in cyclopropane solution 
were generated photochemically a t  low temperatures in an ESR 
cavity. The observed and simulated ESR spectra of some of these 
radicals are shown in Figures 1-10. Ring protons are  labeled 

18. X =  H: Za. X =  OSIYe3: 

X 3a. X =  ssine3: 4a. x= C H ~ S I M ~ ~ :  

5a. X =  CH(SIYe31Z: 6. X= CH3: 

7 ,  X =  CHzSf(f-Pr)3; 8 ,  X =  CHZGeneg; 

9 .  X =  CHZOBU-t. 

lb. X =  H. Zb. X =  OSIYeg. 

3b. X =  SSiYe3. 4b. X= CHZSlVe3 

5b. X =  CH(SiWe3IZ 
M e  

Me 

conventionally as shown in Figure 11. All the hfs values analyzed 
for these radicals are listed in Table I. The assignments are based 
on the following discussion. 
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Figure 4. (a) ESR spectrum of 2a at -12 O C .  (b) Simulated spectrum 
by using hfs values shown in Table I .  

Figure 5. (a) ESR spectrum of 3a at -10 OC. (b) Simulated spectrum 
by using hfs values shown in Table I. 

The ESR spectrum of l a  was analyzed expectedly into a doublet 
of three sets of triplets further split into two sets of quintets. The 
hfs values obtained for l a  were 20.73 (1 H), 2.78 (2 H), 1.93 (2 
H), 0.12 (2 H), 4.06 (4 H), and 0.98 (4 H) G at -137 O C .  A 
doublet was assigned unambiguously to H,. The smallest hfs value 
(0. I2 G) can be assigned to H,, while the hfs was often unresolved 
in the spectra of other 2-substituted 2-adamantyl radicals. An 
essential point in discussing the long-range coupling of 2-adamantyl 
radicals is to distinguish the two triplet hfs values due to H, and 
H6. The assignment was ensured by comparing the hfs patterns 
between l a  and lb: the hfs values of lb  were found to be 20.55 
(1 H), 1.93 (2 H), 3.90 (4 H), and 0.94 (4 H) G at -133 OC. The 
hfs values were very similar between l a  and lb, except for missing 
a triplet hfs in the latter. If we reasonably assume that the 
perturbation of two methyl groups on the spin population of l a  
may be ignored, two large hfs values of the triplets in l a  are 
assigned to the two 6 protons. The only ambiguity may remain 
on the assignment of the two quintets due to two sets of y-protons. 
We assigned the larger hfs to the y-eq rather than the y-ax protons 
since the former protons are in a W-plan arrangement with the 
half-occupied orbital and, therefore, should have relatively large 
positive hfs values. Another basis is that the smaller hfs of the 
two quintets did not change significantly through a series of 
2-substituted 2-adamantyl radicals. Whereas INDO-UHF 
calculations" predict the small but positive hfs for y-eq protons 
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Figure 6. (a) ESR spectrum of 3b at -19 O C .  (b) Simulated spectrum 
by using hfs values shown in  Table I. 

I 

Figure 8. (a) ESR spectrum of 4b at -10 OC. (b) Simulated spectrum 
by using hfs values shown in Table I. 

Figure 7. (a) ESR spectrum of 413 at -1 1 OC. (b) Simulated spectrum 
by using hfs values shown in Table I. 

against the present assignment, failure of the estimation of the 
y-proton hfs values may be regarded as an intrinsic inclination 
of the I N D O  method (vide infra). 

An ESR spectrum of 2b was analyzed into four sets of triplets 
at  -137 O C ;  the hfs values were 5.07, 4.42, 1.24, and 0.62 G. As 
the solution warmed to -8 OC, the splitting pattern of the spectrum 
changed to a triplet (4.94 G) further split into two quintets (2.23 
and 0.93 G). Apparently, two pairs of triplets for y-ax (1.24 and 
0.62 G) and y-eq (4.42 and -0 G) protons at  -137 OC are  
averaged into two quintets a t  -8 OC (0.93 and 2.23 G, respec- 
tively). The P-proton hfs values of 2a and 2b are significantly 
larger than those of l a  and lb, indicative of partial eclipsing of 
the Cp-H bond with the half-occupied orbital on C,. The ESR 
spectra of 2a and 2b showed selective line-width broadening a t  

Me3Si0 a: 
A A'  

(1 1)  Pople, J .  A.; Beveridge, D. L. Approximate Molecular Orbital The- 
ory; McGraw-Hill: New York, 1970. 

Figure 9. (a) ESR spectrum of 8 at -10 "C. (b) Simulated spectrum 
by using hfs values shown in Table I. 

the intermediate temperatures due to the two equivalent structure 
A and A'. The exchange rates were determined by comparing 
the experimental spectra to the simulated spectra obtained by 
solving the modified Bloch equations for the two-jump system.12 
From a plot of In ( k / T )  versus 1 /T ,  the following Eyring pa- 
rameters for 2b were obtained: AH* = 4.2 kcal/mol; AS* = l .2 
eu. The detailed analysis for the conversion was described in a 
previous communication.I0 

The assignment of the hfs values due to ring protons for other 
2-substituted 2-adamantyl radicals was made rather readily after 
the procedure mentioned above for la  and l b .  It should be 
interesting to note.that the g value of 3a (2.0031) was comparable 
with that of t-Bu2CSSiMe3 (g = 2.0033)13 but significantly smaller 
than those of usual a-thioalkyl radicals (g = -2.004-2.005).'4 

INDO MO Calculation. In order to investigate the hfs values 
and the dependence on the configuration of l a  and 2a, semi- 
empirical INDO-UHF calculations" were carried out for l a  and 
2-hydroxy-2-adamantyl radical (10) as a model of 2a. The results 
are shown in Tables I1 and 111. Throughout the calculation, 
standard C-C and C-H bond lengths and tetrahedral H-C-H 

(12) Sullivan, P. D.; Bolton, J.  R. Adu. Magn. Reson. 1970, 4, 39. 
(13)  Scaiano, J.  C.; Ingold, K. U. J .  Am. Chem. SOC. 1976, 98, 4727. 
(14) (a) Kawamura, T.; Ushio, M.; Fujimoto, T.; Yonezawa, T. J .  Am. 

Chem. SOC. 1971, 93, 908. (b) Biddles, I.; Hudson, A,; Wiffen, J. T. Tefra- 
hedron 1972, 28, 867. (c) Gilbert, B. C.; Larkin, J .  P.; Norman, R. 0. C. 
J .  Chem. SOC., Perkin Trans. 2 1913, 272. 
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Figure 10. (a) ESR spectrum of 5b at -77 O C .  (b) Simulated spectrum 
by using hfs values shown in Table I. 

and C-C-C bond angles were used except for the parameters 
around the radical center, C.  The Cu-C-Cd bond angle and the 
bond length of C-H were assumed to be 109.5O and 1.08 A, 
respectively, The calculated hfs values did not depend seriously 
on the C,-C-C,, angle. The C - 0  and 0 - H  bond lengths and 
C-0-H bond angle were taken to be 1.43 A, 0.96 A, and 109.5O, 
respectively. For the radical 10, the hfs values were calculated 
for the following four different structures: (i) planar configuration 
with the hydroxy hydrogen eclipsed by the singly occupied px 
orbital on C, (ii) planar configuration with the 0 - H  bond per- 
pendicular to the p x  orbital, (iii) pyramidal configuration with 
the hydroxy hydrogen a t  the eclipsed position for the front-side 
lobe of the singly occupied orbital, and (iv) pyramidal configu- 
ration with the hydroxy hydrogen at  the anti position for the lobe. 
At the pyramidal configuration, the angle that the C - 0  bond 
makes to the ring was taken as 36’ from the a b  initio study of 
1 -hydroxycyclohexyl radical. The action of the annihilation op- 
e r a t o r ~ ’ ~  reduced the absolute values of hfs uniformly but did not 
change seriously the trends found by the calculation without 
annihilation. The INDO calculation predicts that the hfs values 
of the ring protons in 2-adamantyl radicals depend strongly on 
the pyramidal nature of the radical center. As expected, the 
a-proton hfs values are calculated to be smaller for the pyramidal 
than for the planar conformation, while the 0-proton hfs values 
are  larger for the pyramidal configuration. The long-range hfs 
values are also influenced by the pyramidalization. The hydroxy 
rotation around C - 0  bond does not change effectively the hfs 
values of the ring protons in 10. 

Planarity of the Radical Center. The angular dependence of 
@-proton hfs values can be represented by the following Heller- 
McConnell e q ~ a t i o n , ~  where 8, means the dihedral angle between 
a singly occupied px orbital at  the radical center and a C,-H, 
bond: 

a, = A + B cos2 0, (1 )  

Values of 0-5 and 40-50 G have been suggested for constants 
A and B, respectively.16 Very small 0-proton hfs values for both 

(15) Schug, J. C.; Brewer, D. A,; Lengsfield, B. H. Program CINPLO QCPE 
1976, No 323. 

( b l  

Figure 11. Labelling scheme for ring protons of 2-adamantyl radical. 

l a  and lb  suggest strongly a planar geometry around the radical 
centers with the /.?-proton lying in the nodal plane of the half- 
occupied orbital on C,. The hfs of the a-proton in l a  and l b  
(20.73 and 20.55 G, respectively) are consistent with INDO values 
for the planar 2-adamantyl radical. Moreover, negative tem- 
perature gradients of the absolute values of the a-proton hfs values 
(-4.5 X and -3.6 X G/K for l a  and l b ,  respectively) 
are also compatible with the planar configuration. The planarity 
of the radical center has been recently discussed rather extensively 
on the basis of the Frank-Condon envelope observed in the 
photoelectron spectra of la .”  
On the other hand, 2-trimethylsiloxy-2-adamantyl radicals, 2a 

and 2b, should be pyramidal as indicated by the relatively large 
@-proton hfs and the line-width alternation in the ESR spectra. 
In addition, the observed hfs values of 2b at -137 OC are in good 
agreement with I N D O  calculations for the pyramidal 2- 
hydroxy-2-adamantyl radical (10). It is interesting to compare 
the hfs values of /.?- and y-eq protons of 2b at -137 OC with those 
of the pyramidal 1-adamantyl radical reported by Krusic, Rettig, 
and Schleyer.18 The 0- (6.58 G) and y-proton (4.66 G) hfs values 
of 1-adamantyl radical correspond rather nicely with those of 2b. 
Therefore, 2b may be taken as pyramidal to an extent comparable 
with the 1-adamantyl radical; there are a wealth of ESR data 
supporting the nonplanarity of mono-, di-, and trialkoxyalkyl 
r ad i~a1s . I~  The origin of the effects of the electronegative sub- 
stituents on the pyramidality of the carbon-centered radicals has 
been understood by focusing attention on the following two 
electronic factors: (a) the u inductive effect of the electronegative 
atom20 and (b) the x conjugative effect of the electronegative 
atom.21 Dewar and Bingham have proposed that a t  least two 
conjugative substituents are  required to enforce the radical 
pyramidalization.2’ In contrast, a b  initio analysisZZ suggests that 
the inductive effect is primarily responsible for the pyramidali- 

(16) Fisher, H. Free Radicals; Kochi, J. K., Ed.; Wiley: New York, 1973; 
Vol. 11, Chapter 19. 
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( 1  8) Krusic, P. J.; Rettig, T. A,; Schleyer, P. v. R. J .  Am. Chem. Soc. 1972, 

94, 995. 
(19) (a) Fessenden, R. W. J .  Phys. Chem. 1967, 71, 74. (b) Livingston, 
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P. J.;  Meakin, P.; Jesson, J.  P. J .  Phys. Chem. 1971, 75, 3438. (d) Dobbs, 
A. J.; Gilbert, B. C.; Norman, R. 0. C. J .  Chem. Soc. A 1971, 124. ( e )  Dobbs, 
A. J.; Gilbert, B. C.; Norman, R. 0. C. J .  Chem. Soc., Perkin Trans. 2 1972, 
786. (f) Kobayashi, S. 0.; Simamura, 0. Chem. Len. 1973, 695, 699. (9) 
Brunton, G.; Ingold, K. U.; Roberts, B. P.; Beckwith, A. L. J.; Krusic, P. J. 
J .  Am. Chem. Soc. 1977.99.3177, (h) Gaze, C.; Gilbert, B. C. J .  Chem. SOC., 
Perkin Trans. 2 1977, 1161. (i) Malatesta, V.; McKelvey, R. D.; Babcock, 
B. W.; Ingold, K. U. J .  Org. Chem. 1979, 44, 1872. (j) Malatesta, V.; Ingold, 
K. U. J .  Am.  Chem. SOC. 1981, 103, 609. 

(20) Pauling, L. J .  Chem. Phys. 1969, 51, 2767. 
(21) (a) Bingham, R. C.; Dewar, M. J.  S. J .  Am.  Chem. SOC. 1973, 95, 

7180, 7182. (b) Krusic, D. J.; Bingham, R. C. Ibid. 1976, 98, 230. 
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F.; Cherry, W.; Shaik, S.; Epiotis, N. D. Ibid. 1978, 100, 1352. 
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Table I .  Hfs Parameters of 2-Adamantyl Radicals 

Kira et al. 

'H hfs/G 
R X compd T/OC "B 0 f - W  ay-ar: 0 6  a, ax 

H OSiMe, 2a -12 5.07 2.33 0.93 1.88 0.10 

H H l a  -1 37 1.93 4.06 0.98 2.78 0.12 20.73' 
Me H l b  -133 1.93 3.90 0.94 20.55" 

Me OSiMe, 2b -8 4.94 2.23 0.93 
-1 37 5.07 4.42 1.24 

(0.04)' 0.62 
H SSiMe, 3a -10 2.32 3.02 0.84 2.32 

H CH2SiMe3 4a -1 1 2.48 3.52 0.88 2.48 1 6.62' 
Me CH2SiMe3" 4b -16 2.48 3.26 0.85 16.63' 
H CH(SiMe3)2E 5a -6 1.09 3.51 0.93 2.55 1.48' 

-77 1.05 3.51 0.90 2.51 1 .16  

Me SSiMe, 3b -19 2.21 2.96 0.80 

3.55 

3.37 

5b 3.35 

3.37 

Me CH(SiMe,)2g -16 1.09 3.51 0.93 1.42f 

-77 1.05 3.51 0.90 1.06f 

H CH3 6 -145 2.50 3.38 0.93 2.50 23.22 
H CH,Si(i-Pr), 7 -10 17.70 
H CH,GeMe, 8 -10 2.33 3.53 0.89 2.33 16.63 
H CH,OBu-t 9 -10 2.51 3.53 0.98 2.5 1 13.00 

" 'H  hfs of Ha. 'Estimated; see text. "H hfs of methylene protons. "aSi/G = 33.15. 'aSi/G = 30.67 at -77 OC. f 'H  hfs of a methine proton. 
gasi/G = 31.55 at -77 OC. 

Table 11. INDO-UHF Calculated Hfs Values of 2-Adamantyl 
Radical" 

Table 111. INDO-UHF Calculation of the Hfs Values of 
2-Hvdroxv-2-adamantvI Radical 

'H hfs/G 

configuration a, ay-ax ay-eq ab a, 
planar' -20.48 1.16 -1.41 0.96 4.07 -0.15 
planar',' -19.23 1.08 -1.32 0.93 3.62 -0.12 
pyramidal" -14.2 1.86 -1.19c -0.40F 3.OOc -0.14 

-1.43f 2.56 4.66 
"Standard C-C and C-H bond lengths and,tetrahedral H-C-H and 

C-C-C bond angles were used. The C,-C-Cd is assumed jo be 
109.5O. 'The angle (8') which the C-H, bond makes to the C,-C-C, 
was taken to be 0'. 'Annihilation operator method was applied by 
using CINPLO, QCPE, No. 323.15 "Rather arbitrarily, 8' was taken 
to be 20°. CHfs values for the protons at the same side of the front- 
side lobe of the SOMO. fHfs values for the protons at the opposite 
side of the front-side lobe of the SOMO. 

zation. Present experimental results indicate the pyramidal 
configuration may arise from introducing only one electronegative 
group a t  the radical center, being incompatible with the De- 
war-Bingham model. The barrier of the pyramidal inversion 
increases monotonously with the number of the alkoxy substituents: 
observed AH* values were 4.6 kcal/mol for 2b, 5.7 kcal/mol for 
2-methyl-l,3-dio~olane-2-y1,~~' and more than 10 kcal/mol for 
2-methoxy- 1,3-dio~olanyl. '~j  

Since the pyramidality may be reflected on the @-proton hfs 
values which depend on the extent of the direct spin delocalization 
due to hyperconjugation, the &proton hfs values can be a good 
indication of the pyramidality of the radical center. Sizable 
&proton hfs values were observed for the radicals, 3a,b, 4a,b, and 
6-9, indicative of the shallow pyramidal configuration in these 
radicals. Pyramidal configuration deduced for 4-9 may give 
support for the similar configuration of tert-butyl radical which 
has long been disputed.23 The very small @-proton hfs values for 
5a,b are suggestive of favoring the planar configuration because 
of the steric bulkiness of the 2-substituent. 

Long-Range Hyperfine Interaction. A number of theoretical 
studies on the y-proton hfs have been carried out for planar 
n-propyl radical as a simplified model by using IND0,5a9b VB,SC 
and a b  initio' methods. The y-proton hfs should depend on the 

(23) Inter alia: (a) Wood, D. E.; Williams, L. F.; Sprecher, R. F.; Lathan, 
W. A. J .  Am. Chem. SOC. 1972, 94, 6241. (b) Griller, D.; Ingold, K. U.; 
Krusic, P. J.; Fischer, H. J .  Am. Chem. SOC. 1978, ZOO, 6750. (c) Claxton, 
T. A.; Platt, E.; Symons, M. C. R. Mol. Phys. 1976,32, 1321. (d) Paddon- 
Row, M .  N.; Houk, K. N. J .  Am. Chem. SOC. 1981, 103. 5046. 

radical 
structure 'H hfs/G 

8'/deg cx/deg a6 a7.ax 08 a, 
0 0 1.26 -1.32' -1.18' 3.72' -0.14 

-1.28' 0.57' 3.48' 
0 90 1.15' -1.27 0.90' 3.40 -0.13 

36 0 3.18 -1.15" 3.62d 4.04" -0.10 

36 180 4.06 -1.14" 3.54" 4.08" -0.09 

1.21' 0.82' 

-0.79' -1.01' 1.62' 

-0.72e -1.01' 1.31' 
"The adamantane ring structure was assumed to be the same as the 

parent 2-adamantyl radical. The angles 8' and a. were defined to be 
the angle which the C-0 bond makes to the C,-C-C,, plane and the 
dihedral angle between the OH bond and the (front-side) lobe of the 
SOMO, respectively. The bond lengths of C-0 and 0-H, and the 
bond angle of C-0-H were taken to be 1.43 and 0.96 A, and 109.5'. 
respectively. 'Hfs values for protons at the same side of the hydroxy 
hydrogen. 'Hfs values for protons at the opposite side of the hydroxy 
hydrogen. "Hfs values for protons at the opposite side of the front-side 
lobe of the SOMO. FHfs values for protons at the same side of the 
front-side lobe of the SOMO. 

Os, the dihedral angle between the C,-Cs bond and the half-oc- 
cupied 2p7r orbital, and Or, the dihedral angle between the C,H, 
bond and the CC& plane. An empirical expression has been 
derived by I N D O  calculations as a function of the two angles, 
Os and t$. The most prominent feature is the large positive 
contribution to the hfs in the W-plan conformation, Le., 6, = Oo, 
Or = 180°, due to the direct homohyperconjugation mechanism. 
Whereas the spin polarization contribution to the y-proton hfs 
values is conformationally dependent, its magnitude is predicted 
by the INDO method to be negative for all %r.5"b The discrepancy 
of the y-proton hfs values between observed and INDO calculated 
may be attributed to this insufficient estimation of the spin po- 
larization contribution. On the other hand, Ellinger et  al.' have 
more recently reported the conformational dependence of the 
y-proton hfs values of n-propyl radicals calculated by the a b  initio 
method. The y-proton hfs values depend on Os and Or also in the 
a b  initio analysis, but the most striking feature is the indirect 
contribution change in sign a t  Or = 120'. The ab initio conclusion 
was supported by recent experimental results of the ESR study 
of the acyclic aliphatic r ad icak6  In the planar 2-adamantyl 
radical, the yax and yq protons are  in the conformations, %, = 
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Table IV. Comparison of the y-Proton Hfs Values of 2-Adamantyl 
Radicals with the ab Initio Calculated Values for n-Propyl Radical in 
the Appropriate Conformation 

y-proton Hfs 
radical position Wdeg BJdeg calcd" obsd 

planar y-eq -30 180 3.21 (2.52) 4.06b 
y-ax -30 60 -0.77 (-0.77) 0.98* 

pyramidald y-eq -120 -180 0.89 (0.28) -Oc 
y-ax -120 -60 -0.49 (-0.62) 0.62' 
y-eq' 0 -180 4.37 (3.59) 4.42' 
y-ax' 0 60 -0.69 (-0.64) 1.24' 

"Calculated y-proton hfs values for n-propyl radical. The data are 
taken from Table XIV of ref 7a, where the quasi-localized MO's are 
used for the calculation of the indirect contribution. The value in 
parentheses is based on the calculation by using the canonical MO's. 
bobserved values for la  at -137 "C. 'Observed values for, 2b at -133 
"C. dThe angle a formed by the C-H bond with the C,-C-C,' plane 
is taken to be 54.5", by assuming the tetrahedral geometry around the 
radical center, while the actual CY for 2b may be much smaller than the 
value. See text. 

-30°, 0, = 60° and 8, = -30°, 8, = 180', respectively. In this 
situation, a b  initio calculations estimate the hfs values of -0.70 
and 3.21 G, respectively, being nicely in agreement with the 
observed values for l a  (0.98 and 4.06 G, respectively). 

The discussion is extended to the nonplanar radical 2b. W e  
assume here the change of hybridization influences only the di- 
hedral angles, 8, and 8,, and therefore the above relationship for 
the y-proton hfs values is applicable to the nonplanar radicals, 
2a,b. Taking the half-occupied orbital as sp3 hybridized, yq' and 
Tax'-protons a t  the same side of the rear-side lobe of the orbital 
make the angles as follows by the definition in the literature: 8, 
= -120' and 8, = -180°, and 8, = -120' and 8, = -60°, re- 
spectively. The other yq and yax protons have the angles: 8, = 
0' and 0, = -180°, and Os = 0' and 8, = 60°, respectively. In 
spite of rough approximation, the estimated y-proton hfs values 
are in nice accord with the observed values for 2b, as shown in 
Table IV. The results suggest that  the Ellinger's a b  initio cal- 
culation method' would be promising as a method for better 
prediction of the long-range coupling constants. 

and a7.q, in the 
pyramidal configuration is found smaller than the corresponding 
value for the planar radical not only theoretically but also ex- 
perimentally. The averaged for 2-substituted 2-adamantyl 
radicals studied here decreased actually with increasing a, as the 
measure of the pyramidality. 

Small 2-substituent effects were observed on 6-proton hfs for 
2-substituted 2-adamantyl radicals. Hfs values for &-protons have 
been known to depend largely on the conformation, which influ- 
ences the through-space and through-three-bond interaction be- 
tween the singly occupied orbital a t  the radical center (do) and 
the C,-Hs u-bonding orbital (dCH), as revealed by Kawamura 
e t  al.24 In 2-adamantyl radicals, the through-bond interaction 
would determine the hfs value, while the through-space interaction 
may be unimportant. Since the interaction of the dCH with the 
C,-C, u-bonding orbital (dCc) is regarded to be constant among 
the substituted 2-adamantyl radicals, the substituent effect may 
be determined by the change of the interaction between dCc and 
do which depends on the configuration of radical. Observed small 
decreases of the 6-proton hfs values in the pyramidal radicals may 
thus be understood on the similar basis of the discussion for the 
y-proton hfs values. 

Observation of the Invisible &Proton Hfs Values in Sa and 5b. 
Prolonged irradiation of a mixture of 2-methyleneadamantane, 
a large excess of trimethylsilane, and di-tert-butyl peroxide 
(DTBP) gave a persistent 2-bis(trimethyIsilyl)methyl-2-adamantyl 
radical (5a). Similarly, the ESR spectrum of the 5,7-dimethyl 

It should be noted that the average of 

CHSiMe, CH(SiMe& 
4 a . b  -H a a 

R R 
R 5a.b R 

(24) Kawamura, T.; Matsunaga. M.; Yonezawa, T. J .  Am. Chem. Sot. 
1978, 100, 92. 
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Figure 12. ENDOR spectrum of 5b at -70 "C. ENDOR signals are 
denoted by a-e., while apparent signals denoted by X were not reprodu- 
cible. 

derivative (5b) is obtained as shown in Figure 10. These radicals 
would be formed by similar reaction pathways to the generation 
of a persistent radical, t-Bu2CCH(SiMe3)2, reported by Ingold 
et aLZ5 

While the ESR spectra a t  low modulation revealed the existence 
of the hfs of ca. 0.15 G due to methyl protons of two trimethylsilyl 
groups, the spectral patterns were rather simplified by overlapping 
hfs lines and depended on temperatures. Although the analyses 
of the hfs values were very difficult, they were made with the 
assistance of the ENDOR spectrum of 5b (Figure 12), which 
showed the existence of five proton hfs values: 3.52, 3.39, 1.03, 
0.88, and 0.12 G, a t  -70 O C .  With reference to these hfs values, 
the final hfs values for 5a and 5b were determined by ESR spectral 
simulation, as shown in Table I .  

The hfs value due to a unique methine proton of bis(tri- 
methy1silyl)methyl group is unambiguously determined to be ca. 
1 G. The hfs value increased with increasing temperatures. Ingold 
et  al. have reported several persistent radicals with the type of 
R,CCH(SiMe3)2 whose (?-proton hfs values are too small to be 
determined and therefore are specified as ''invisible'! @hydro- 
gens.25*z6 The very small (?-proton hfs values observed by our 
hands not only show almost perpendicular arrangement of the 
C,-H, bond to the singly occupied p~ orbital but also suggest 
that the constant A in eq 1 would be positive on the basis of the 
positive temperature dependence. 

Experimental Section 
General. 'H and "C NMR spectra were recorded on a Varian EM- 

390 and on a JEOL FX-90Q instruments, respectively. Infrared spectra 
were recorded on a Hitachi EPI-G, spectrometer. Mass spectra were 
measured on a JMS-D 300 spectrometer. 

ESR Spectroscopy. ESR spectra were recorded on a Varian E-12 
instrument (9.5-GHz frequency, 3300-G magnetic field, and field mod- 
ulation of 100 kHz). Temperature was controlled by the use of a Varian 
variable-temperature accessory and was calibrated with a copper- 
constantan thermocouple. The field sweep of the spectrometer was 
calibrated with an anthracene cation radical solution in H,S04. ENDOR 
spectra were recorded on a Varian E-1 12 spectrometer with an ENDOR 
accessory. 

The following solutions were prepared for the generation of the per- 
tinent radicals: for Ia,b and 6, the corresponding 2-bromoadamantane, 
trimethylsilane, and DTBP in cyclopropane (ca. 1:1:1:2 v/v); for 2a.b and 
3a,b, the corresponding adamantanone (or adamantanethione), tri- 
methylsilane, and DTBP in cyclopropane (ca. 1:1:1:2 v/v);  for 4a,b, the 
corresponding methyleneadamantane, trimethylsilane, DTBP in cyclo- 
propane (ca. 1:0.5:1:2 v/v);  for 7 and 8, methyleneadamantane, the 
corresponding metal hydride, DTBP in cyclopropane (1 :0.5: I :2 v/v) ;  for 
9, methyleneadamantane and DTBP in cyclopropane (1:l : l  v:v). Pho- 
tolysis was carried out in a cavity of the ESR spectrometer with a 500-W 
Ushio super-high pressure mercury arc lamp. The ESR spectra of 4a and 

( 2 5 )  Griller, D.; Ingold, K. U .  J .  Am. Chem. SOC. 1974, 96. 6203 
(26) (a) Griller, D.; Ingold, K .  U. Act. Chem. Res. 1976, 9, 13 (b) Griller, 

D.; Cooper, J .  W.; Ingold, K. U. J .  Am. Chem. Sot. 1975, 97, 4269 
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4b changed gradually to those of 5b and 5b during the irradiation, re- 
spectively, while the rates depended on the relative concentration of 
trimethylsilane and the methyleneadamantane. The spectra of pure Sa 
and 5b were obtained by prolonged irradiation of a solution in a large 
excess of trimethylsilane. 5a and 5b were so persistent that the ESR 
spectra from -1 19 to 0 OC and the ENDOR spectra at around -70 O C  

were observed even after turning off the light. 
Materials. Adamantan~ne,~' 2-brom0adamantane,~~ 2-bromo-2- 

meth~ladamantane,~~ meth~leneadamantane,~~ and adamantanethi~ne~l 
were prepared by similar methods reported in the literature. 5,7-Di- 
methyladamantanone was prepared by the following route. The syn- a i 32  & ___r i i 3 3  & - iii14 - 

Me Me Me 

& B r z &  Me - H M e  
0 

thetic procedure of each step is known in the literature, but modification 
was required especially for steps ii and iv. Thus, the methylation of the 
corresponding 1 -bromoadamantane was achieved with methylmagnesium 
bromide in n-butyl ether, instead of the use of methyl Grignard reagent 
in diethyl ether in a pressure bottle at 100 O C .  

I-Methyladamantane. To a methyl Grignard reagent prepared from 
magnesium (17 g, 1.1 mol) and excess methyl bromide in n-butyl ether, 
I-bromoadamantane (60 g, Q.28 mol) was added and the mixture was 
heated gradually and maintained at around 70 O C  to control the gas 
evolution and salt precipitation. Stirring at 90-100 OC was continued 
for a further 0.5 h; the usual workup gave the title compound (39 g, 93% 
yield), bp 112 OC (75 mmHg) (lit. 195 0C).36 

Similarly, 1,3-dimethyladamantane was prepared in 78% yield, bp 126 
OC (100 mmHg) (lit. 201.5 0C).37 

5,7-Dimethyl-2-adamantanone. According to the literature, a mixture 
of 1,3-dimethyladamantane ( I O  g, 61 mmol) and concentrated H,SO, 
(150 mL) was stirred vigorously for 5 h. After the usual workup, the 
residual organic materials was treated with a silica gel column with first 
hexane, and then a mixture of hexane and ether (4:1, then 3:l). Pure 
5,7-dimethyl-2-adamantanone was obtained in a yield of 0.61 g (5.6%):38 
'H NMR (CCI,) 8 0.92 (s, 6 H), 1.53 (m, 2 H), 1.73 (m, 8 H), 2.48 (m. 
2 H); 13C NMR (CDCIJ b 2.87 (q), 30.7 (s), 44.8 (t), 46.1 (d), 50.4 (t), 

Kira et al. 

(27) Geluk, H. W.; Schlatmann, J. L. M. A. Tetrahedron 1968,24, 5361. 
(28) Hock, W.; Strating, J.; Wynberg, H. Red .  Trav. Chim. Pays-Bas 

(29) Cuddy, B. D.; Grant, D.; Karim, A.; McKervey, M. A.; Rea, E. J. 

(30) Schleyer, P. v. R.; Nicholas, R. D. J.  Am. Chem. SOC. 1961,83, 182. 
(31) Greidanus, J. W. Can. J .  Chem. 1970, 48, 3530. 
(32) Schleyer, P. v. R.; Nicholas, R. D. Tetrahedron Lett. 1961, 305. 
(33) Osawa, E.; Majerski, Z.; Schleyer, P. v. R. J. Org. Chem. 1971, 36, 

(34) Gerzon, K.; Krumkalns, E. V.; Brindle, R. L.; Marshall, F. J.; Root, 

(35) Lenoir, D.; Mison, P.; Hyson, E.; Schleyer, P. v.  R.; Saunders, M.; 

(36) Stetter, H.; Schwarz, M.; Hirschon, A. Chem. Ber. 1959, 92, 1629. 
(37) Koch, H.; Franken, J. Chem. Ber. 1963, 96, 213. 
(38) Farcasin, D.; Marino, G.; Rose, K. D. J. Org. Chem. 1983, 48, 2762. 

1966, 85, 1045. 

F. J. Chem. Soc., Perkin Trans. 1 1972, 2706. 

205. 

M. A. Med. Chem. (Wiley) 1963, 6, 760. 

Vogel, P.; Telkowski, L. A. J .  Am. Chem. SOC. 1974, 96, 2157. 

218.3 (s). Selective decoupling showed the coupling of 4.9 Hz (triplet) 
for the signal of the carbonyl carbon: IR (CCI, solution) 1728 cm-I 
( ~ ~ 0 ) ;  MS m / r  (re1 intensity) 178 (M', loo), 107 (96.4); HRMS m / z  
178.1349 (calcd for CI2Hl8O, m / z  178.1356). 

2-Bromo-S,7-dimethyladamantane. To an ether ( I O  mL) solution of 
5,7-dimethyl-2-adamantanone (0.48 g, 2.7 mmol) was added an ether ( I O  
mL) suspension of lithium aluminum hydride (0.17 g, 4.5 mmol). After 
stirring for 2 h at rwm temperature, hydrolysis, and then extraction with 
ether, the organic layer was dried over MgSO,. The residual after 
evaporating solvents was analyzed by GLC and GC-MS and found to 
be mostly the expected 2-hydroxyadamantane. Without further purifi- 
cation, a mixture of the residual and an HBr aqueous solution (47%) was 
refluxed for 11 h at 80 OC. After extracting with dichloromethane, the 
usual workup afforded 2-bromo-5,7-dimethyladamantane (0.62 g, 94%): 
'H NMR (CDCI,) 6 0.83 (s, 3 H), 0.88 (s, 3 H), 1.29 (m. 4 H), 1.59 
(m, 4 H), 2.00 (m, 1 H), 2.18 (m, 3 H), 4.52 (m, 1 H); IR (CCI,) 2913, 
2844, 1448, 1193,956, 784, 765, 720 cm-I; MS m / r  (re1 intensity) 244 
( I  .9), 242 (2.9), 163 (1 00); HRMS m / z  242.0671 (calcd for C12H1~9Br, 
m / z  242.0671). 

5,7-Dimethyl-2-adamantanethione. To a mixture of 5.7-dimethyl-2- 
adamantanone (0.446 g, 2.5 mmol) and pyridine (3 mL), was added 
P,Slo (0.14 g, 0.31 mmol) at 90 OC portionwise. After refluxing for 
further 11 h, the reaction mixture was poured into pentane (40 mL). 
Usual workup and then purification with preparative TLC afforded 
5,7-dimethyl-2-adamantanethione (0.26 g, 54%): IH NMR (CCI,) 6 0.96 
(s, 3 H), 1.56 (m, 8 H), 1.78 (m, 2 H), 3.38 (m, 2 H); MS m / z  (re1 
intensity) 194 (IOO), 138 (32.1). 107 (39.4), 104 (50.3); HRMS m / z  
194.1145 (calcd for ClZHs32S, m / z  194.1129). 
5,7-Dimethyl-2-methyleneadamantane. To a THF ( I O  mL) solution 

of 5,7-dimethyl-2-adamantanone was added trimethylsilylmethyl Grig- 
nard reagent prepared from chloromethyltrimethylsilane (0.83 g, 6.7 
mmol) and magnesium (0.16 g, 6.7 mmol) in THF. The mixture was 
refluxed for 2 h. Hydrolysis, ether extraction, drying over MgSO, ,  and 
then evaporation of the solvent gave 0.5 g of residual. To the residual, 
which was dissolved in THF (3 mL), was added n-butyllithium in hexane 
(1.35 M, 6.2 mL) at -30 O C .  After stirring for 10 min, addition of 
methanesulfonyl chloride (0.24 g, 2.1 mmol) and then stirring for 12 h 
at room temperature, the usual workup gave the title compound in 25% 
yield (0.15 g): IH NMR (CCI,) b 0.92 (s, 6 H), 1.37 (m, 2 H), 1.55 (m. 
8 H), 2.58 (m, 2 H), 4.53 (m, 2 H); MS m / z  (re1 intensity) 176 (44.8), 
161 (37.4). 105 (IOO), 91 (20.8); HRMS m / z  176.1571 (calcd for C13- 
H20, m / z  176.1565). 
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