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The novel 13C-labeled compound a-phenyl-N-tert-butyl [13C]nitrone (PBN-nitr~nyl-l~C) is introduced as an 
improved spin trap for the electron paramagnetic resonance (EPR) spectral identification of transient radicals. 
A series of approximately 30 nonpolar as well as polar radical adducts of PBN-ni t rot~yl-~~C have been prepared 
in organic and aqueous solutions. We have found that the a-13C hyperfine splitting (HFS) provides a better 
indication of the radical center than the N HFS and also is less sensitive to solvent polarity effects. For instance, 
the d 3 C  HFS’s for halogen-centered radicals are smaller than 1 G; oxygen-, nitrogen-, and sulfur-centered radicals 
are between 3 and 5 G; carbon-, silicon-, and germanium-centered radicals (except NC’) are between 5 and 6 
G, while phosphorus-centered radicals are larger than 6 G in typical organic solvents such as toluene or benzene. 
Both the N and a-13C HFS exhibit useful trends with respect to the dipolar nature of the radical addend; however, 
neither correlate in a simple linear manner with standard substituent constants such as Taft’s UI scale. Some 
speculation on the origin of the EPR HFS trends or lack thereof is also included. The p-H HFS does not exhibit 
any consistent trends with respect to either the dipolar or steric nature of the added radical. The utility of three 
spectral parameters, namely, the 14N, a-H, and a-13C HFS’s, to provide signatures for radical adduct structures 
has also been explored. 

Detection of transient free radicals in solution at am- 
bient temperatures by EPR is often hampered by low 
steady-state radical concentrations or by adverse electronic 
relaxation behavior. A successful means to overcome these 
difficulties is the spin-trapping whereby ni- 
trones such as a-phenyl-N-tert-butyl nitrone (PBN),4 or 
5,5-dimethyl-l-pyrroline N-oxide (DMPO),5 or C-nitroso 
compounds (such as 2-methyl-2-nitrosopropane (MNP12 
yield persistent radical addition products (spin adducts) 
that ideally permit facile identification of the added rad- 
ical. 
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In contrast to C-nitroso compounds, nitrone spin traps 
produce stable radical adducts with a wide range of carbon- 
as well as heteroatom-centered (e.g., S, N, 0, halogen) 
radicals including the biologically relevant hydroxyl and 
superoxide/ hydroperoxyl radicals. Determination of the 
structure of these radical adducts of nitrones, however, 
may sometimes be difficult because hyperfine splittings 
(HFS’s) from the radical addend are usually not detecta- 
ble.6-s Thus, it is necessary in general to rely on HFS’s 
originating from the spin trap moiety (i.e. the N and /3-H 
HFS’s) to act as spectral fingerprintsgJO for the added 
radical. 

The spin trap PBN-nitronyl-13C (I) was synthesized with 
the anticipation that the a-13C HFS’s from the resulting 
adducts might provide valuable additional information 
about the structure of the added radical. Although the 
P-H HFS is a very useful marker in the identification of 
PBN spin adducts, its magnitude is not likely to vary in 
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an easily predictable (i.e. systematic) manner. This is 
because the P-H HFS exhibits a dihedral dependence (with 
respect to the aminoxyl pr orbital, see 1V)lJl and is thus 
susceptible to radical addend conformational changes that 
might arise from steric effects or intramolecular interac- 
tions between the radical addend and the aminoxyl 
function (e.g. intramolecular H bonding).l2 The P-H HFS 
is also prone to solvent polarity effects.13J4 

(1) Janzen, E. G. Acc. Chem. Res. 4, 31-40 (1971). 
(2) For a general review of EPR spin trapping, see: Perkins, M. J. In 

Aduances in Physical Organic Chemistry; Gold, V., Bethel, D., Ed.; 
Academic, New York, 1980; Vol. 17, pp 1-64. 

(3) (a) Davies, M. J. Chem. Phys. Lipids 1987, 44, 149-173. (b) 
Thornalley, P. J. Life Chem. Rep. 1986,4,57-112. (c) Rosen, G. M. Ado. 
Free Rad. Biol. Med. 1985, 1, 345-375. (d) Macon, R. P. In Spin Labeling 
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87-129. 
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9, 510-512. 
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T h e  N and a-13C HFS’s may not be as sensitive t o  these 
kinds of conformational considerations; therefore, these 
HFS’s might be expected t o  better reflect t h e  nature (i.e. 
polar vs nonpolar) of t h e  added radical. Even though i t  
has been recognized for years that t h e  magnitude of t h e  
N HFS was often suggestive of the  type of radical trapped 
by PBN (e.g. oxy1 adducts generally exhibit lower N HFS’s 
than their  alkyl  counterpart^)'-^ a systematic a t t empt  t o  
correlate these effects with a standard chemical substituent 
constant (e.g. aI15J6) has yet t o  appear.”J8 We decided 
t o  explore t h e  variation of t h e  N and a-13C HFS’s with 
substi tuent in t h e  hopes that the  latter might prove t o  be 
more sensitive t o  the  radical addend structure because the  
radical addend is directly bonded t o  t h e  13C nucleus. 

T h e  simplified t rend of expected behavior is as follows: 
spin adducts with electron-donating radical addends (i.e. 
-ve ai's) should favor t h e  resonance form (111) and there- 
fore should exhibit larger N HFS’s along with larger a-13C 
HFS’s (since spin is assumed to originate at the 13C nucleus 
by a spin polarization transfer mechanism from the ami- 
noxyl nitrogen). The converse should also b e  t rue  (i.e. 

Haire e t  al. 

from hexaphenyldigermane, trichloromethyl from bromotri- 
chloromethane, trifluoromethyl from iodotrifluoromethane, 
tert-butyloxyl from di-tert-butyl peroxide, 2-methyl-1-propyloxy1 
from 2-methyl-l-propylnitrite, chlorine atom from hexachloro- 
ethane and hydroxyl from hydrogen peroxide, cyanyl from (tri- 
methylsily1)cyanide. 

A number of carbon radical adducts were made by alkyl and 
aryl Grignard additions to the nitrone in toluene, followed by 
quenching with water to form the hydroxylamine. Oxidation to 
the aminoxyl was possible with the addition of lead dioxide or 
by purging the solution with OP4 The hydrogen atom adduct was 
likewise prepared by hydride addition (from sodium borohydride). 
The carbazol-N-yl adduct was prepared by oxidation of the amine 
with potassium superoxide in benzene, and the azidyl radical was 
prepared by photolysis of a mixture of tetra-n-butylammonium 
azide and tetrabromomethane in benzene. 

The remaining radicals were generated mainly by H-abstraction 
reactions. Symbols for the radical abstractors are designated as 
follows: thermolysis of DBPO to tert-butyloxyl (Al), or sodium 
persulfate to sulfate anion radicals (Az); photolysis of di-tert- 
butylperoxide to tert-butyloxyl (A3), or hydrogen peroxide to 
hydroxyl (A4); photoexcitation of benzophenone to its triplet (A5). 

Triethylsilyl radicals were generated from triethylsilane (A,), 
hydroxylalkyls from alcohols (A5), propanoyl and benzoyl from 
aldehydes (A,), tert-butylperoxyl from tert-butyl hydroperoxide 
(A,), dicyclohexylphosphinyl from dicyclohexylphosphine (A,), 
diethylphosphityl from diethylphosphite (A,), carbon dioxide 
anion radical from sodium formate (A,), aminoformyl from for- 
mamide (A,), aminyl from ammonia (A,), hypophosphityl radical 
anion from sodium hypophosphite (A,) and azidyl by oxidation 
of sodium azide with sodium persulfate (A2). Please note that 
further details on conditions for these experiments can be found 
in references listed in the tables. 

Spectral g values were determined either by comparison with 
Fremy’s salt (sodium aminoxyldisulfonate) in saturated sodium 
bicarbonate in a capillary taped to the EPR cell (g = 2.005 50)’l 
or with a small solid sample of l,l-diphenyl-2-picrylhydrazyl 
(DPPH) (g = 2.0037).22 The EPR spectrometer calibration was 
also determined by the use of Fremy’s salt whose N HFS is known 
to be 13.091 G.21 HFS’s are reproducible to within 0.05 G. The 
title spin trap, a-phenyl-N-tert-butyl [13C]nitrone (PBN- 
nitr~nyl-’~C),  was synthesized from benzaldehyde-c~rbonyl-~~C 
(from MSD isotopes) and 2-methyl-2-nitropropane by a recently 
published procedure.23 5,5-Dimethyl-l-pyrrolidine N-oxide 
(DMPO) was obtained as commercial grade from Aldrich or Sigma 
and was purified by distillation under reduced pressure prior to 
use. 

Results and Discussion 
A wide range of t h e  P B N - n i t r ~ n y l - ~ ~ C  radical adducts  

were prepared in order t o  provide a good selection of uI 
values for comparison purposes24 (i.e. with a range of 
radical addend polarities). Since t h e  various HFS’s can 
be quite sensitive t o  solvent polarity,13 t h e  collection of 
EPR spectral da ta  was restricted t o  one organic solvent 
(benzene, Tables I and 111) and water (Tables I1 and  IV). 

Radical Adducts of PBN-nitr~nyl-I~C. EPR spectra 
of a nonpolar radical adduct (e.g. CH3 with q -0.01) as well 
as that of a very polar example (e.g. C1, ‘TI 0.47) both exhibit 
readily resolvable a-13C HFS’s (Figures 1 and 2). It is 
notable tha t  the N and d 3 C  HFS’s are both significantly 
smaller for the  C1 atom adduct. This  is expected because 
in the chlorine adduct the polar resonance structure of the 
aminoxyl should be disfavored. An advantage of the  use 
of t h e  a-13C HFS is that i ts  range of values is approxi- 
mately twice tha t  of comparable N HFS’s (compare CH3 
vs F) a n d  therefore is potentially more diagnostic. 

I1 I11 

smaller N and a-13C HFS’s) for spin adducts  with pro- 
gressively stronger electron-withdrawing groups (i.e. in- 
creasingly more +ve q’s) because the importance of t h e  
polar resonance form (111) should diminish as  a result of 
unfavorable dipolar interactions. 

Experimental Section 
The EPR spectra were recorded in the X-band mode on either 

a Varian E-104 spectrometer or a Bruker ER 200D spectrometer. 
The latter is interfaced to an Aspect 2000 (ER 140) data system. 
Hyperfine splittings of PBN-nitronyl-13C radical adduct spectra 
with degenerate lines, as well as those comprising spin adduct 
mixtures were routinely extracted via computer simulation 
 technique^.'^ In situ photolyses were conducted with an Oriel 
Model 6137 75-W low-pressure xenon lamp. 

Radical adduct generation in benzene was accomplished by 
thermolysis a t  room temperature or photolysis of the appropriate 
precursors. Generally, approximately 1-2-mL solutions containing 
-50 mM nitrone and -10 mM radical precursor (or anion) were 
used. Examples of thermal radical sources include: 2-methyl- 
2-propyl from azo-tert-butane (tert-butyldiazene), 2-cyano-2- 
propyl from 1,l’-azobis(isobutyronitri1e) (AIBN), phenyl from 
(phenylazo) triphenylmethane (PAT), 2-cyano-2-propyloxyl from 
AIBN plus traces of oxygen, tert-butyloxyl from di-tert-butyl- 
peroxalate (DBPO): benzoyloxyl from benzoyl peroxide, fluorine 
atom from silver difluoride, and ethylthiyl from ethylthionitrite.20 
Radicals from the various photolyses include: triphenylgermanyl 

(13) Janzen, E. G.; Coulter, G. A,; Oehler, U. M.; Bergsma, J. P. Can. 
J .  Chem. 1982, 60, 2725-2733. 

(14) For the  ET(^^) solvent polarity values for over 200 solvents, see: 
Reichart, C.; Harbusch-Gornert, E. Justus Liebigs Ann. Chem. 1983, 
721-743. 

(15) For the q substituent scale, see: Topson, R. D.; Charton, M. In 
Progress in Physical Organic Chemistry; Taft, R. W.; Ed.; Wiley: New 
York, 1987 and 1981; Vol. 16 and 13, pp 193-235 and 287-315; and 

(16) Taft, R. W.; Lewis, I. C. J .  Am. Chem. SOC. 1958,80,2436-2443. 
(17) For a correlation of Hammett substituent constants with aryl and 

benzoyl aminoxyls (nitroxides), see: Janzen, E. G. Acc. Chem. Res. 1969, 
2, 279-288. 

(18) For a correlation of Hammett substituent constants with aryl 
radical spin adducts of 5,5-dimethyl-l-pyrroline N-oxide (DMPO), see: 
Church, D. F. J .  Org. Chem. 1986, 51, 1138-1140. 

(19) Oehler, U. M.; Janzen, E. G. Can. J.  Chem. 1982,60,1542-1548. 
(20) Josephy, P. D.; Rehorek, D.; Janzen, E. G. Tetrahedron Lett. 

119-633. 

1984, 25, 1685-1688. 

(21) Adams, J .  Q.; Thomas, J. R. J .  Chem. Phys. 1963,39,1904-1906. 
(22) Weil, J. A,; Anderson, J. K. J .  Chem. SOC. 1965, 5567-5570. 
(23) Huie, R.; Cherry, W. R. J .  Org. Chem. 1985,50, 1531-1532. 
(24) For a recent compilation of EPR parameters of radical spin ad- 

ducts of nitrones and C-nitroso compounds, see: Buettner, G. R. Free 
Rad. Biol. Med.  1987, 3, 259-303. 
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Table I. EPR Hyperfine Splittings for Radical Adducts of P B N - n i t r ~ n y l - ~ ~ C  in Benzene" 
radical addend UIb a N  a, '3c g value ref. 

Si(cpH~h' -0.11 14.67 6.00 5.14 P-29Si, - 13.0 2.0062 30 
Ge(C&)3 14.66 6.27 5.40 

-0.01 14.85 3.53 5.29 2.0062 8 
-0.01 14.66 2.32 5.49 

CH3 
C(CH3)3 
H 0.00 14.87 7.41 5.38 4 
C(CH3)zCN 14.28 3.29 5.18 31 
CH(CH& 0.01 14.67 2.59 5.30 32 
CH2CH=CHp 0.02 14.64 3.27 5.38 33 

0.03 14.45 2.54 5.68 32 
C H 0 H C H 2 0.04 15.1 4.7 5.4 12 

0.04 15.1 5.4 5.8 12 
CHpOH 0.11 14.88 6.51 5.74 12 
CH=CH2 0.11 14.85 2.68 5.31 

0.12 14.37 2.18 5.53 2.0061 34 
C(O)CzH6' 0.28 14.27 3.14 5.90 
C(O)CBHS~ 0.28 14.30 4.54 5.79 13 
CC13 0.36 14.01 1.77 5.82 35 

0.40 13.97 1.85 5.92 7-3F, 1.54 4 
14.65 4.64 4.64 P-N, 4.40 36 

CF3 
NC12HB 

12 
N3 
OCH3 0.27 13.59 1.84 4.55 
OCHpCH(CH3)d 0.27 13.72 1.97 4.56 
OC(CH3)zCN' 13.93 2.16 4.70 26 
OC(CH3)3'' 0.27 14.28 2.03 4.91 2.0061 37 
00C(CH3)3 13.25 1.15 4.65 37 

P(C-CgHii)z 14.39 3.35 6.33 p-P, 12.11 
P(O)(OCzH& 0.32 14.65 3.06 6.16 8-P, 24.33 2.0063 39 
SCHpCH,' 0.30 13.80 2.00 4.90 20 

CH2CsH6 

CsH5 

0.43 13.95 1.92 3.47 6-N, 1.78 . 

OC(O)CI& 0.43 13.29 1.48 3.17 38 

c lj 0.47 12.25 0.70 0.70 ,!L3%l, 6.15 2.0064 40 
0.47 12.25 0.70 0.70 8-37c1, 5.12 2.0064 40 

CN 0.56 14.84 1.76 3.40 40 

"All the EPR data are from this work unless otherwise noted. The spectra were recorded at room temperature. The hyperfine splittings 
(HFS's) are given in Gauss (G). References are to recent papers where the radical spin adducts were detected in benzene or solvents of very 
similar solvent polarity (eg. according to ET(30) scale, ref 14) such as toluene. bPlease note: uI values (in contrast to Hammett's u scale) are 
appropriate when the substituent is bonded to a tetrahedral center &e. where inductive (through-bond) and field (through-space) effects are 
dominant and delocalization minimal). Positive UI values indicate electron-withdrawing groups (EWG's) whereas negative UI'S define elec- 
tron-donating groups (EDG's) (with respect to H as the internal standard, uI = 0), see ref 15 and 16. uI value actually for PJ~(CH~)~ ,  see ref 
15. d A  mixture of two diastereomeric spin adducts are resolvable in this solvent. e uI value actually for C(0)CH3, see ref 16. f UI value 
actually for O(CH2)&H3, see ref 15. #This radical addend is assigned as OC(CH,),CN, which presumably is formed from the decomposition 
of the peroxyl radical obtained from the reaction of 'C(CH3)&N with 02. " uI value for OCH(CH3)z, see ref 15. ' (TI value for SCH3, see ref 
15. jThe HFS's for a common oxidation product of PBN-nitr~nyl-~~C, benzoyl [c~rbonyl-~~C]tert-butylaminoxyl in benzene are: uN = 7.98, 
a:C(carbony') = 4.76 G (for comparison with the I2C analogue, see ref 41). kEstimated HFS's (from a very weak spectrum obtained in benz- 
ene). 'PBN-nitronyl-%Cl in acetonitrile exhibited the following HFS's: aN = 12.65, ua13c = 1.00, and usF = 46.21 G. mThe difluoro adduct 
of PBN-nitron 1 C (Le. 1,l-difluorophenylmethyl [l-13C]tert-butylaminoxyl) was also detected and exhibited the following HFS's in benzene: 
aN = 12.55, a!;= 3.94, and 

Fk-m 0.54 -12.4 -0.8 -0.8 P-F, -46.21 

= 21.35 G (for comparison with the I2C derivative, see ref 42. 

Table 11. EPR Hyperfine Splittings for Radical Adducts of P B N - n i t r ~ n y l - ~ ~ C  in Water" 
radical addend UIb aN a8n am"C aother g value ref 

-0.01 16.49 3.61 6.05 2.0059 
-0.01 16.25 3.12 6.04 

CH3 
C(CH3)3 
H 0.00 16.61 10.79 6.44 2.0054 43 
CHOHCH3 0.04 15.58 3.63 6.23 12 
CHzOH 0.11 15.99 3.80 6.09 2.0058 12 

0.12 16.02 4.26 6.07 2.0057 13 
44 

CBH6 cop- 0.19 15.80 4.63 6.65 2.0058 
c ( o ) N H ~ ~ ~ ~  0.28 15.73 3.27 5.86 P - W ,  10.53 2.0058 
NHZ' 0.17 16.06 3.54 5.32 P-N, 0.82 2.0059 

OH 0.24 15.46 2.70 4.36 2.0057 46 
OC(CH3)3e 0.27 15.69 4.11 5.65 2.0059 
PHOZ- 15.90 1.99 6.40 0-P, 16.15 2.0058 

S03-f 0.15 15.02 1.95 6.92 

0.43 15.25 2.35 4.37 P-N, 2.00 45 N3 

7-H (on P), 3.17 

a All the EPR data are from this work unless otherwise noted. The spectra were recorded at room temperature. The hyperfine splittings 
are given in Gauss. References are to recent papers where the spin adducts were detected in aqueous solutions. For the UI values, see ref 
15. 'These HFS's correspond to the dideuterio analogueb). dThis adduct is also produced from NaCN and NazSzOB in water, Rehorek, D., 
University of Leipsig, DDR (unpublished results). e uI value for OCH(CH3)z, see ref 15. f See the paper by Motten, A. G.; Levy, L. A.; 
London, R. E., submitted for publication in J. Mugn. Reson. 

A plot of the N HFS vs cI for the same substituents is 
shown in Figure 3. A line with slightly negative slope 
through the carbon-type radical adducts (i.e. from C-, H-, 

Si-, and P-centered radicals) may be envisaged. Radical 
addends from the more polar heteroatom-centered radicals 
(i.e. from S-, N-, 0-, C1- and F-centered radicals and atoms) 
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Table 111. EPR Hyperfine Splittings for Radical Adducts of DMPO in Benzene" 
radical addend d aN a8H aothsr g value ref 

C(CH,)n -0.01 14.23 20.88 
CH3 -0.01 14.25 20.64 2.0059 5 

I I 

H. 0.00 14.30 
CHzOH 0.11 14.71 
CBH6 0.12 13.78 
C (0) C&' 0.28 14.18 
CC13 0.36 13.17 
CF3' 0.40 13.22 
OC(CHS)~~ 0.27 13.19 
OC(O)CeH6' 0.43 12.24 
P(O)(OCzHdz' 0.32 13.2 
SCHZCHZOH' 0.30 13.8 

18.80 2.0061 
21.66 2.0057 
19.21 2.0062 
14.18 
15.28 
15.54 
8.16 7-H, 1.97 2.0061 
9.63 

16.9 p-P, 45.0 
14.2 7-2H, 0.7 2.0061 

5 
12 
47 

5 

5 
13, 48 

5 
49 
20 

All the EPR data are from this work unless otherwise noted. The spectra were recorded at room temperature. The hyperfine splittings 
are given in Gauss. References are to recent papers where the spin adducts were detected in benzene or organic solutions of similar solvent 
polarity based on ET(30), e.g. toluene, (see ref 14). bFor the UI values, see ref 15. 'EPR parameters are literature values, see: individual 
references at the right. uI value for OCH(CH&, see ref 15. 

Table IV. EPR Hyperfine Splittings for Radical Adducts of DMPO in Water" 
radical addend glb aN aoH aother g value ref 

CH3 -0.01 16.35 23.71 2.0054 50 
H 0.00 16.55 22.61 2.0055 51 

CBH6 0.12 15.63 23.12 2.0058 52 
CHzOH 0.11 15.92 22.56 12 

C02-' 0.19 15.8 19.1 53 
NHZ' 0.17 15.9 19.3 P-N, 1.60 54 
N3' 0.43 14.8 14.2 P-N, 3.1 45 

SO3* 0.15 14.7 16.0 2.0056 55 

OH 0.24 15.01 15.01 2.0060 46 
OC(CH3)sd 0.27 14.8 16.0 13 

"11 the EPR data are from this work unless otherwise noted. The spectra were recorded at  room temperature. The hyperfine splittings 
For the uI values, see ref 15. are given in Gauss. References are to recent papers where the spin adduct was detected in aqueous solutions. 

EPR parameters are literature values, see: individual references at the right. uI value for OCH(CHa)2, see ref 15. 

produce N HFS's that are much smaller than predicted 
from the values of uI. These polar adducts, indicated by 
darkened squares, may lie on a curve that falls away from 
the line through the carbon-like adducts. Qualitatively 
both these observations are consistent with destabilization 
of the polar resonance form of the aminoxyl function as 
the radical addend becomes more polar. Because the 
cyanyl adduct contains a very polar radical addend (aI = 
0.56), the observed N HFS of 14.84 G is apparently 
anomalously large. This N HFS is within the range of 
values expected for the family of carbon-centered type 
radical adducts. 

A plot of the d 3 C  HFS vs uI (Figure 4) could also 
perhaps be best accommodated with two traces: a straight 
line and a curve! The cd3C HFS's for increasingly polar 
addends are expected to decrease as the radical addend 
becomes more polar, and this is observed for the strongly 
electronegative heteroatom-centered adducts (i.e. from S, 
N, 0, C1, and F radicals and atoms). The trend with the 
carbon-type adducts (i.e. from C-, H-, P-, and Si-centered 
radicals), however, may be a line with a slightly positive 
slope. This trend for the carbon-type adducts obviously 
cannot be accounted for by the simple picture of dipolar 
stabilization of the aminoxyl resonance structures (I1 or 
111). The cyanyl adduct seems to be a special borderline 
case. Here, features of a carbon-centered type adduct are 
reflected in the N HFS (i.e. 14.85 G) whereas the aJ3C 
HFS (Le. 3.40 G) is suggestive of the electronegative 
heteroatom series. 

An interpretation of this latter anomaly as well as the 
lack of linearity in 13C (as well as N) HFS vs uI plots may 
arise from the complex interrelationship between the effect 
of spin-density distribution on planar vs nonplanar ami- 
noxyl nitrogen and a-carbon atoms upon introduction of 
radical addends of different electronegativity. Steric ef- 
fects for the same type of bond (e.g. carbon) do not play 

10 Gauss 

Figure 1. (A, top) EPR spectrum of the methyl radical adduct 
of PBN in benzene. (B, bottom) EPR spectrum of the methyl 
radical adduct of P B N - n i t r ~ n y l - ~ ~ C  in benzene. 

an important role; the aJ3C HFS for the methyl and 
tert-butyl adducts are very similar (5.3 vs 5.5 G, respec- 
tively). 

A plot of the P-H HFS vs UI should show the influence 
of both the effect of polarity of the radical addend as well 
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Variat ion o f  the N HFS with Radical  Addend ( in  Benzene) 

+ 10 Gauss 

Figure 2. (A, top) EPR spectrum of the chlorine atom adduct 
of PBN in benzene. (B, middle) EPR spectrum of the chlorine 
atom adduct of P B N - n i t r ~ n y l - ~ ~ C  in benzene. (C, bottom) 
Computer simulation of PBN-nitr~nyl-~~C-Cl (i.e. a 3 to 1 mixture 
of 36Cl and 37Cl adducts): aN = 12.25, uSH = 0.7, a,'SC = 0.7, agsscl 
= 6.15 G (spin = 1.5), and aN = 12.25, a - 0.7, a,1SC = 0.7, a s7c1 
= 5.12 G (spin = 1.5). A 1 to 3 ratio o!beizoyl [carbonyl-'~C]- 
tert-butylaminoxyl (vs PBN-ni t r~nyl- l~C-~Cl)  was also included 
in the simulation: aN = aal* = 4.76, Ag = -1.09 G. The linewidth 
was 0.4 G and the lineshape was 0.7 Lorenhian (and 0.3 Gaussian) 
for all three components. 

as the  steric requirements of the total system in achieving 
an equilibrium conformation at room temperature.  T h e  
0-H HFS is expected to exhibit a dependence upon the  
dihedral angle (0) (1V).lJ1 Scatter is expected and cer- 

C(CH3)3 

H5c6 4 IV R 

tainly found (Figure 5). A plot of P-H vs N HFS has 
similar attributes and has previously been used to suggest 
the  best choice of spin trap for separating patterns of lines 
in mixtures of spin adducts  (scatter plots5). 

Since the spin adducts of PBN-nitronyl-13C provide for 
t h e  first t ime a series of aminoxyls with three sets of pa- 
rameters i t  is of interest to  present a three-dimensional 
scatter plot showing these data (Figure 6). Thus ,  i t  is 
possible to evaluate the  uniqueness of a given set  of pa- 
rameters to assist in  the  assignment of spectra. 

Carbon- vs Oxygen-Centered Radical Addends. One 
potentially useful feature of the  C U - ~ ~ C  HFS (at least in  

15.5 1 

2.0 1 \ 
\ 
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-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Subst i tuent (Radical Addend) Constant (uI ) 

Figure 3. Variation of the N HFS of the radical adducts of 
PBN-nitronyl-13C in benzene with the substituent constant (aI). 
Lightened squares refer to the carbon-like C-, H-, Si-, and P- 
centered radical adducts whereas the darkened squares correspond 
to the very polar S, N, 0, C1, and F heteroatom centered radical 
and atom adducts. R value for line = 0.5, slope = -0.9. 

Variation of the a-l 3C HFS with Radical Addend ( in  Benzene) 
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Figure 4. Variation of the (u-l3C HFS of radical adducts of 
PBN-nitr~nyZ-~~C in benzene with the substituent constant (q). 
Lightened squares refer to the carbon-like C-, H-, Si-, and P- 
centered radical adducts whereas the darkened squares correspond 
to the very polar S, N, 0, C1, and F heteroatom (and cyanyl) 
radical and atom adducts. R value for line = 0.82, slope = +1.5. 

Variat ion of the P-H HFS with Radical Addend ( i n  Benzene) 
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Figure 5. Variation of the (3-H HFS's of radical adducts of 
PBN-nitr~nyl-l~C in benzene with the substituent constant (aI). 
Lightened squares refer to the carbon-like C-, H-, Si-, and P- 
centered radical adducts whereas the darkened squares correspond 
to the very polar S, N, 0, C1, and F heteroatom centered radical 
and atom adducts. 
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a decrease in the 0-H HFS, and this is found. The reso- 
nance hybrid shown below, wherein spin is transmitted to 
the a-carbon by a delocalization mechanism (VI(c)) could 
conceivably contribute some spin of opposite sign (to that 
from the usual spin polarization mechanism) and thereby 
reduce the net magnitude of the d 3 C  HFS. If the aJ3C 

t 

a-”C HFS (Gauss) 

Figure 6. Three dimensional EPR “spectralscape” generated from 
the P-H, a-13C, and N HFS’s of the radical adducts of PBN- 
nitronyl-13C in benzene. The carbon-like C-, H-, Si-, and P- 
centered adducts exhibit d 3 C  HFS’s above the line at 5.0 G. In 
contrast, the very polar S, N, 0, C1, F heteroatom (and cyanyl) 
radical and atom adducts exhibit d 3 C  HFS’s below this value. 

benzene solution) is that carbon-centered radical adducts 
generally exhibit HFS’s significantly greater than 5 G (i.e. 
5.3-5.9) whereas oxygen-centered adducts display values 
below 5 G (i.e. 3.2-4.9). In contrast, the ranges of N HFS’s 
for C- and 0-centered radical adducts overlap (e.g. 
14.0-14.8 vs 13.3-14.2 G, respectively). Since differences 
in g values for carbon- vs oxygen-centered adducts are very 
small, it is difficult to differentiate them in this way.% It 
is noteworthy that g values, however, do change signifi- 
cantly with solvent polarity and that the change is in an 
opposite direction to that of the change in a-13C and N 
HFS’s: namely, the g value decreases with increasing 
solvent polarity (e.g. PBN-CH, in benzene, g = 2.0062; in 
water, g = 2.0059; (Tables I and 11). 

We decided to utilize PBN-nitronylJ3C to clarify a 
spectral assignment in the literature. Ohto et aLZ6 reported 
EPR parameters for the 2-cyanopropyl adduct of PBN 
that appeared very similar to those of a typical oxyl adduct 
(i.e. aN = 13.87, aaH = 2.09 G). We repeated this experi- 
ment and found an a-13C HFS at 4.70 G (Table I), which 
strongly points to an oxyl adduct. In all likelihood the 
2-cyano-2-propyl radical (from 1,l’-azobis(isobutyronitri1e) 
(AIBN)) reacts with traces of oxygen in solution to give 
the 2-cyano-2-propyloxyl radical, which is trapped by PBN. 
We have found that the intensity of the EPR signal as- 
sociated with the a-13C HFS of 4.70 G is strongly de- 
pendent upon the dissolved oxygen concentration. Fur- 
thermore, we have obtained definitive GC/MS structural 
evidence for the intermediacy of the 2-cyano-2-propyloxyl 
radical adduct. Details of these observations will be in- 
cluded in another manuscript that is in preparation. 

Specific Radical Addend-Aminoxyl Interactions. 
The very electronegative halogen addends (e.g. C1 and F) 
are expected to exhibit smaller a-13C HFS’s, but the ob- 
served values (- 1 G) are considerably lower than those 
predicted by crp One explanation for this phenomenon may 
be that the hybridization at  the a-carbon atom could be 
substantially altered by bonding to the strongly electron 
withdrawing halogen atoms VI. This change should cause 

(25) Spectral mixtures of various radical spin adduds may occasionally 
be distinguished by very small differences in g value, e.g. PBN-alkyl vs 
PBN-alkyloxyl: Janzen, E. G.; Towner, R. A.; Haire, D. L. Free Rad. Res. 
Commun. 1987. 3. 3.57-364 .. , . , - - - - . 

(26) Ohto,-N.; Niki, E.; Kamiya, Y. J. Chem. SOC., Perkin Trans. 2 
1977, 1770-1774. 

V I  
H 

V 
X X. X- 

\ - >C=N /O*  
+ \  - /C=N + \  + \  

V I ( a )  V I ( b )  V I ( C )  

HFS in the difluoro adduct also obtains some spin in this 
way the net a-13C HFS may actually be opposite in sign 
to that of the other adducts (Le. -3.94 G, Table I). We 
attempted to obtain the sign of a-13C HFS’s for some of 
these adducts by triple resonance but found that the 13C 
endor lines did not saturate as easily as the corresponding 
‘H lines.8 

The electropositive silicon-centered addend (SiR,) with 
the most negative crI value (Table I) should exhibit the 
largest (u-13C HFS. However, the observed value 5.14 G 
is even lower than that of its carbon-based equivalent 
group, tert-butyl, which is 5.49 G. The large p-29Si HFS 
(13.0 G) along with the P-H HFS of 6.0 G suggests that 
the PBN-SiR3 radical adduct adopts the conformation 
shown below (VII). In this conformation withdrawal of 

c x3 

V I 1 1  
SIR:, 

V I 1  

V I I - S I R  , R=alkyl, dihedral angle-3’ (estimated based on B-H HFS): 
V I 1 1  = CX3, X = halogen, dihedral angle- 15’ (estimated based on B-H 
HFS) 

electron density from the aminoxyl function by the SiR, 
group (i.e. via p,-d, interactions) may account for the 
lowering of the a-13C HFS. 

The strongly electronegative halogenated carbon-cen- 
tered addends (e.g. CCl, and CF,) on the other hand 
display a-13C HFS’s which are much higher than expected. 
The large radical addend pJ3C HFS due to the CX, moiety 
(e.g. - 10 G for cC13)27 and the relatively small P-H HFS 
suggest that this group also eclipses the aminoxyl pr orbital 
(VIII); however, an explanation for the larger a-13C HFS 
in this situation is not obvious. 

Radical Adduct Substituent Constants (the um. 
Scale). The lack of a good linear correlation between the 
N or the aJ3C HFS (of PBN-nitronyl-13C adducts) and 
(uI) (Figures 3 and 4) may be due to a multitude of reasons. 
Specific radical addend-aminoxyl group interactions or 
related intermolecular effects, or perhaps even deficiencies 
in u t 8  may all contribute. For the polar heteroatom-cen- 

(27) Janzen, E. G. Can. J. Chem. 1984, 62, 1653-1657. 
(28) For some critical discussion on substituent constants including 

UI values (e.g. incomplete separation of field and resonance contributions, 
effects of solvent, charged groups, etc.), see: Reynolds, W. F.; Topson, 
R. D. J.  Org. Chem. 1984,49, 1989-1992 and the four following papers 
in that issue. 
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Figure 7. Variation of the N HFS of radical adducts of PBN- 
nitronyl-"C in benzene with the corresponding d ' C  HFS. 
Lightened squares refer to the carbon-like C-, H-, Si-, and P- 
centered radical adducts whereas the darkened squares correspond 
to the very polar S, N, 0, C1, F heteroatom (and cyanyl) radical 
and atom adducts. R value for line = 0.8, slope = +0.41. 

tered radical adducts the general trend of decrease in N 
and d 3 C  HFS with increase in crI also holds for aqueous 
solutions (Table II), although even more scatter is observed 
(possibly due to specific H bonding with the radical addend 
or aminoxyl groups). In an attempt to circumvent these 
difficulties we decided to test the N or a-13C HFS of radical 
adducts as possible alternative scales for substituent con- 
stants. In contrast to the 6,. substituent scale recently 
devised by the Arnold group,29 which is based upon spin 

(29) Dust, J. M.; Arnold, D. R. J. Am. Chem. SOC. 1983, 105, 

(30) For PBN-Si(CH& in hexane: Chandra, H.; Davidson, I. M. T.; 
Symons, M. C. R. J. Chem. Soc., Perkin Trans. 2 ,  1982, 1353-1356. 

(31) Bevington, J. C.; Fridd, P. F.; Tabner, B. J. J. Chem. SOC., Perkin 
T r a m .  2 1982, 1389-1391. 

(32) For PBN-CH(CH&, PBN-CH2CeH, and DMPO-H in toluene: 
Maillard, P.; Massot, J. C.; Gianotti, C. J .  Organomet. Chem. 1978, 259, 
219-227. 

(33) For PBN-CHoCH=CHo in tetrachloromethane: Matsuzaki. T.: 

1221-1227. 

Uda, T.; Kasusaka, A.; Keu1ks;G. W.; Howe, R. F. J .  Am. Chem. Soc: 
1980,102, 7511-7513. 

(34) Halpern, A. Chem. Phys. Lett .  1985, 119, 331-334. 
(35) Davies, M. J.; Slater, T. F. Chem.-Biol. Interact. 1986, 58, 

(36) For some related N-centered aryl radical adducts of PBN: Ku- 
bow, S.; Bray, T.; DuBose, C. M., Jr.; Janzen, E. G. Biochem. Biophys. 
Res. Commun. 1983,114,168-174. 

(37) Niki, E.; Yokoi, S.; Tsuchiya, J.; Kamiya, Y. J .  Am. Chem. SOC. 

(38) Kotake, Y.; Okazaki, M.; Kuwata, K. J. Am. Chem. Soc. 1977,99, 

(39) Brunton, G.; Gilbert, B. C.; Mawby, R. J. J. Chem. SOC., Perkin 
T r a m .  2 1976,650-658. 

(40) Walter, T. H.; Bancroft, E. E.; McIntire, G. L.; Davis, E. R.; 
Gierasch, L. M.; Blount, H. N.; Stronks, H. J.; Janzen, E. G. Can. J .  
Chem. 1982,60, 1621-1636. 

(41) Janzen, E. G.; Davis, E. R.; Nutter, D. E., Jr. Tetrahedron Let t .  
1978, 3309-3312. 

(42) Janzen, E. G.; Knauer, B. R.; Gerlock, J. L.; Klabunde, K. J. J. 
Phys. Chem. 1970, 74, 2037-2038. 

(43) Lai, E. K.; Crossley, C.; Sridhar, R.; Misra, H. P.; Janzen, E. G.; 
McCay, P. B. Arch. Biochem. Biophys. 1986,244, 156-160. 

(44) Conner, H. D.; Thurman, R. G.; Galizi, M. D.; Mason, R. P. J. 
Bid .  Chem. 1986,261,4542-4548. 

(45) Kalyanaraman, B.; Janzen, E. G.; Mason, R. P. J. Biol. Chem. 

(46) Mottley, C.; Connor, H. D.; Mason, R. P. Biochem. Biophys. Res. 

(47) Augusto, 0.; Kunze, K. L.; Ortiz de Montellano, P. R. J. Biol. 

137-147. 

1983,105, 1498-1503. 

5198-5199. 

1985,260,4003-4006. 

Commun. 1986,141, 622-628. 

Chem. 1982,257, 6231-6241. 
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Figure 8. (A, top) Plot of the N HFS of radical adducts of DMPO 
vs the corresponding N HFS of PBN in benzene. R value for line 
= 0.8, slope = +1.11. (B, bottom) Plot of the N HFS of radical 
adducts of DMPO vs the corresponding N HFS of PBN adducts 
in water. R value for line = 0.94, slope = +1.25. 

delocalization effects (in a-substituted benzyl radicals), the 
generation of a um. ("radical adduct") scale would be es- 
sentially based on spin polarization effects (in a-substi- 
tuted aminoxyl radicals). 

A plot of the N HFS vs the a-13C HFS (as the substit- 
uent constant) of PBN-nitronyl-13C radical adducts ex- 
hibits some linear character although there is still signif- 
icant scatter (Figure 7). This result suggested that some 
of the apparent idiosyncrasies of the aminoxyl-radical 
added substituent effects might be factored out in plots 
of aminoxyl EPR parameters against each other for dif- 
ferent spin adducts. In Figure 7 one readily observes the 
superiority of the a-13C HFS (vs the N HFS) for elucida- 
tion of the radical center. For all the very polar hetero- 
atom-centered radical adducts (i.e. from S, N, 0, C1, and 
F radicals and atoms), the d 3 C  HFS's clearly fall below 
5 G whereas for the carbon-type adducts (i.e. from C, H, 

(48) Halpern, A.; Knieper, J. Z. Naturforsch., B Anorg. Chem., Org. 
Chem. 1985,408, 850-852. 

(49) Tordo, P.; Boyer, M.; Friedmann, A.; Santero, 0.; Pugol, L. J. 
Phys. Chem. 1978,82, 1742-1744. 

(50) Augusto, 0.; Alves, M. J. M.; Colli, W.; Filardi, L. S.; Brener, Z. 
Biochem. Biophys. Res. Commun. 1986, 135, 1029-1034. 

(51) Makino, K.; Imaishi, H.; Morinishi, S.; Takeuchi, T.; Fujita, Y. 
Biochem. Biophys. Res. Commun. 1986, 141, 381-386. 

(52) Sinha, B. K. J. Biol. Chem. 1983, 258, 796-801. 
(53) Mossoba, M. M.; Guttierrez, P. L. Biochem. Biophys. Res. Com- 

mun. 1985,132,445-452. 
(54) Chignell, C. F.; Kalyanaraman, B.; Sik, R. H.; Mason, R. P. 

Photochem. Photobiol. 1981, 34, 147-156. 
(55) Mottley, C.; Mason, R. P.; Chignell, C. F.; Sivarajah, K.; Eling, 

T. E. J. Biol. Chem. 1982, 257, 5050-5055. 
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P, and Si radicals) the values are clustered above 5 G. The 
only anomalous carbon-centered radical adduct is the very 
polar cyanyl species with its a-13C HFS value of 3.40 G, 
which is consistent with the pseudohalide nature of this 
substituent. 

It is also possible to plot the N HFS's of a-substituted 
aminoxyls from various radical adducts for two different 
spin traps, DMPO and PBN. These plots in benzene and 
water are shown in Figure 8. Despite the considerable 
differences in the parent structures of these radical ad- 
ducts, both the benzene and water plots exhibited sig- 
nificant linear character. These results suggest that the 

N HFS's of radical adducts of PBN or DMPO may them- 
selves serve as viable substituent scales (uRA.) for the de- 
termination of the substructures of other a-substituted 
aminoxyls. Spectral correlations of this type between the 
radical adductsz4 of PBN and DMPO analogues or C- 
nitroso compounds may also prove to be useful. 
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By the proper choice of methyl group transferring organometallic reagents (Me4A1Li, Me4A1Li/MeLi (l:l), 
Me2CuLi, Me& Me2Mg) it is possible to selectively introduce a methyl group into the 2- or 3-position via epoxide 
ring-opening of four easily available benzyl 2,3-anhydro-4-0-(tert-butyldimethylsilyl)pentopyranosides (2,6, 8, 
12). The resulting 2-deoxy-2-C-methyl- and 3-deoxy-3-C-methylglycosides (14-21) were obtained in 84-35% yield 
and may be useful as chiral starting materials in organic synthesis. 

In connection with work on the total synthesis of natural 
products, we required access to suitably protected 2- 
deoxy-2-C-methylpentopyranosides. As far as we know, 
no efficient method for the preparation of these potentially 
valuable chiral synthons' has hitherto been described. It 
has been reported that catalytic hydrogenation of 2-C- 
methylenepentoses gave moderate yields of 2-deoxy-2-C- 
methyl s u g a r ~ . ~ J  However, the stereoselectivity was low 
and the diastereomers were not easily separated. A more 
convenient approach would be to introduce the methyl 
group via a regio- and stereoselective oxirane ring-opening. 

The nucleophilic opening of conformationally rigid 
2,3-anhydrohexopyranosides, notably the 4,6-di-0- 
benzylidene and 1,ganhydro sugars, predominantly yields 
the trans-diaxial products, in accordance with the Furst- 
Plattner r ~ l e . ~ , ~  Among the carbon nucleophiles, orga- 
nocuprates, dialkylmagnesiums, and functionalized alky- 
nylalanes have proven effective.6 Organolithiums as well 
as Grignard reagents, with the exception of allylmagnesium 
halides,' lead to considerable amounts of various reduction 

(1) For a recent review, see: Inch, T. D. Tetrahedron 1984,40, 3161. 
Examples are also found in: Hanessian, S. Total Synthesis of Natural 
Products: The Chiron Approach, Pergamon: New York, 1983. 

(2) Rosenthal, A.; Sprinzl, M. Can. J .  Chem. 1970, 48, 3253. 
(3) Depezay, J. C.; LeMerrer, Y. Carbohydr. Res. 1980,83, 51. 
(4) For a review, see: Williams, N. R. Adu. Carbohydr. Chem. Bio- 

chem. 1970, 25, 109. 
(5) Grindley, T. B.; Reimer, G. J.; Kralovec, J.; Brown, R. G.; Ander- 

son, M. Can. J.  Chem. 1987,65, 1065. 
(6) For examples, see: (a) Fraser-Reid, B.; Magdzinski, L.; Molino, B.; 

Mootoo, D. R. J .  Org. Chem. 1987,52,4495. (b) Parker, K. A.; Babine, 
R. E. Tetrahedron Let t .  1982,23, 1763. (c) Kochetkov, N. K.; Sviridov, 
A. F.; Ermolenko, M. S. Tetrahedron Let t .  1981,22,4315. (d) Hicks, D. 
R.; Fraser-Reid, B. Can. J.  Chem. 1975,53, 2017. 

(7) (a) Sunay, U.; Fraser-Reid, B. Tetrahedron Let t .  1986, 27, 5335. 
(b) Challenger, S.; Procter, G. Tetrahedron Let t .  1986, 27, 391. 

Scheme Io 

'HC, 'HCO 

Curved arrows indicate the preferential site of attack by a nu- 
cleophile according to the Filrst-Plattner rule. 

and elimination products, as well as to halohydrins.s 
Due to the ease of interconversion between the two 

half-chair forms of 2,3-anhydropentopyranosides (Scheme 
I), the regiochemistry of their opening is likely to be more 
sensitive to steric and coordinative properties of the 
reagent, as compared to the hexoses, and lack of selectivity 
is often f ~ u n d . ~ , ~  In the few cases reported of carbon 
nucleophiles, i.e., with various organolithiums,1° cyanide," 

(8) Inch, T. D.; Lewis, G. J. Carbohydr. Res. 1970, 15, 1. 
(9) See, for example: (a) Janairo, G.; Kowollik, W.; Voelter, W. Liebigs 

Ann. Chem. 1987,165. (b) Mia,  N.; Malik, A.; Voelter, W. J.  Chem. Soc., 
Perkin Trans. 1 1983,1349. (c) Paulsen, H.; Patt, H. Liebigs Ann. Chem. 
1981,1633. (d) Dwivedi, S. K.; Khare, A.; Khare, M. P. Carbohydr. Res. 
1981,91, 159. (e) Lemieux, R. U.; Watanabe, K. A.; Pavia, A. A. Can. J .  
Chem. 1969,47, 4413. 

(10) Feast, A. A. J.; Overend, W. G.; Williams, N. R. J .  Chem. SOC. 
1965, 7378. 

(11) (a) Davison, B. E.; Guthrie, R. D. J.  Chem. Soc., Perkin Trans. 
I 1972, 658. (b) Williams, N. R. J.  Chem. Soc., Chem. Commun. 1967, 
1012. 
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