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within 15 min. Related heterocumulenes, PhNCS and 
PhNSO, were completely unreactive in this system. For the 
purpose of comparison, 1 was oxidized using DMSO- 
DCC-HBPO~ (maximum yield, 33% after 30 min), DMSO- 
AczO (86% yield after 2 hr), and DMSO-P~OS (yield uncer- 
tain because of turbid solutions which could not be clari- 
fied; no further increase in absorbance was noted after 5-10 
min). The reaction appeared to proceed as well in benzene, 
toluene, chloroform, carbon tetrachloride, 1,2-dichlo- 
roethane, ethyl acetate, acetone, neat DMSO, dioxane, te- 
trahydrofuran, and 1,2-dimethoxyethane but not in diethyl 
ether or pyridine. The interference of ether in the course of 
this reaction remains a puzzle. Considering the similarities 
between this system and the Pfitzner-Moffatt-type sys- 
tems, we propose the following mechanistic scheme to ra- 
tionalize our results. 
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3 was not formed when 1 was treated with dimethyl sulfil- 
imine 4b.I3 Furthermore, the reaction between DMSO and 
isocyanate alone required 3-5 hr for the formation of the 
sulfilimine to be complete. Thus the initial adduct between 
DMSO and 2 is effectively trapped before it can eliminate 
CO2. This is in keeping with the observed acidity of 1 (solu- 
ble in 50% NH40H) and with the inhibitory effect of pyri- 
dine on the oxidation. 

Experimental Section14 
Genera l  Procedure  fo r  i n  situ Generation of $-Phenyl- 

1,2,4-triazoline-3,5-dione (3). To 1.77 g (0.01 mol) of 4-phenylu- 
razole'O dissolved in 5 ml of dry DMSO (molecular sieves), cooled 
to 0' in an ice-water bath, in a magnetically stirred 25-ml round- 
bottom flask, sealed with a serum cap, was added 1.33 ml (0.01 
mol) of p -  toluenesulfonyl isocyanate (Upjohn Chemical Co.). Care 
was taken to avoid freezing of the DMSO solution. The isocyanate 
addition was made slowly to avoid overheating which leads to for- 
mation of the corresponding sulfilimine (4). Gas evolution was al- 
lowed to subside between additions of drops of isocyanate. After 
the addition of isocyanate was completed the cooling bath was re- 
moved and the mixture was stirred a t  room temperature until gas 
was no longer evolved (-15 min). The chosen diene can he injected 
into the solution of 3 if it  is a liquid, or a DMSO solution of the 
solid diene can be added. Evidence of the completion of the reac- 
tion is the discharge of the characteristic color of 3. The reaction 
mixture is poured into 100 ml of chloroform and the resulting solu- 
tion is extracted with 5% aqueous sodium hydroxide solution and 
then distilled water. The chloroform layer is dried over calcium 
chloride, filtered, and concentrated to  an oil on a rotary evapora- 
tor. Ethanol is added to the oil and the solution is warnled to dis- 
solve suspended solid, if any is present. The product is precipitat- 
ed by addition of water to the ethanol solution and may generally 
he recrystallized from alcohol. 
Ai -Phenyl-2,3-diazabicyelo[2.2.l]hept-5-ene-2,3-dicarbox- 

imide. This compound was obtained from 0.82 g (0.01 mol) of 
freshly preparedI5 cyclopentadiene, according to  the general pro- 

cedure given above, yield 1.42 g (59%), melting point 138-39' (lit.8 
131-133", 142-144',16 142-144'). The nmr spectrum of the prod- 
uct was in accord with that reported in the 1iterature.lfi If a 1 equiv 
excess of isocyanate was added along with 5 ml more of DMSO, the  
yield rose to 79%. 

N, l,4-Triphenyl-1,2,3,4-tetrahydro-l,4-epidioxo-2,3-diaza- 
napthalene-2,3-dicarboximide. This compound was obtained 
from 2.70 g (0.01 mol) of diphenylisoben~ofuran,~~ according to the 
general procedure given above, yield 2.4 g (54%), mp 144'. 
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The substantial variation of the nitrogen hyperfine split- 
ting constants (hfc), A N ,  of nitroxide free radicals as a 
function of substitution pattern or solvent medium has 
commonly been attributed to a change in spin distribution 
in the nitroxide T system. In many cases these effects have 
been rationalized by considering the relative contributions 
of the two main resonance structures, A and B, to the actu- 
al molecular structure.l,2 In these studies it is assumed that 
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Table I 
Medium Effects on Ax and AH Values of Nitroxide 1 in Aqueous Solutions (25”) 

 AN^ ,---A$ ______ 
Solvent Range of c a x 103 b x 103 d K 

- 
H20-MeOH 31.50-78.5 17.3 
HZO-EtOH 26 .&78.5 17.5 
H20-i-PrOH 20 .0--78 . 5  14.7 

H20-p-dioxane 17.5-78.5 15.4 
HnO--t-BuOH 15.5-78.5 12.7 

(1 Pure methanol. 

A N is (nearly) isotropic and is determined by the unpaired 
spin density at  the nitrogen nucleus ()$(0)21) by eq 1 in 
wfiich g and g N  are the electron and nuclear g factors, re- 
spectively, p is the electron Bohr magneton, and p~ is the 

nuclear magneton. Effects that favor structure B relative to 
A will then be associated with an increase in the magnitude 
of A N .  For substituent effects on A N  this treatment may be 
a serious oversimplification since bending from planarity 
around the nitrogen atom is ign0red.3,~ The above rationale 
seems to be more justified for a semiquantitative treatment 
of the environmental perturbations of A N  values. However, 
now the question arises as to the nature of the solvent ef- 
fect: a priori both solvent polarity as well as hydrogen 
bonding capability may play an important role. Both ef- 
fects will exert a similar influence on the relative contribu- 
tions of A and B because hydrogen bonding is expected to 
occur predominantly with an oxygen lone pair in structure 
B.5 Insight into the solvation process is desirable because 
nitroxides have been frequently used as spin-label in stud- 
ies on molecules of biological interest.6 

Previous investigations of the solvent-induced redistri- 
bution of spin density in nitroxides have been mainly limit- 
ed to pure solvents and there exists considerable controver- 
sy regarding which solvent parameter is most suitable for 
correlation with A N. Thus, A N  has been linearly correlated 
with bulk dielectric c o n ~ t a n t , ~  Kosower’s 2 values,s 
Reichardt’s E T   parameter^,^ and dipole moments of the 
solvents.10 Correlation coefficients are sometimes p00r7,gb 
and there is at  least one case in which an excellent correla- 
tion with dielectric constant has been overlooked.ll Only 
very few studies have been performed on nitroxide radicals 
in mixed solvents. l1 Since we anticipated that measure- 
ments of A N  in binary solvent systems as a function of sol- 
vent composition could have a considerable potential in de- 
lineating A p~ solvent sensitivity, we have measured both 
A N as well as A H values of tert-  butyl nitroxide (1) in some 
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mixed aqueous solvents and in some aqueous salt solutions. 
This nitroxide was chosen because of the expected pro- 

pensity for hydrogen bonding interaction, both at oxygen 
(as a H-bond acceptor) and at  N-H (as a H-bond donor). 

We find that in mixtures (S) of water with methanol, 
ethanol, 2-propanol, tert-  butyl alcohol, and p -  dioxane, 
both A N  and A H  values are linearly correlated with bulk 
dielectric constant ( 6 )  through eq 2 and 3. The correlation 

ANS = a€ + b 

13.24 27.9 11.72 0.84 
13.22 24.4 11.97 0.51 
13.39 22.6 12.12 0 .31  
13.56 19.3 12.41 0 . 2 1  
13.47 23.2 12.14 0.39 

has a surprisingly great precision (correlation coefficients 
>0.98) provided that t is not too low. The magnitudes of 
a,b,c, and d, which are characteristic for the particular sol- 
vent mixture, are given in Table I. A high dielectric con- 
stant clearly favors the polar resonance structure B relative 
to A. The observed linear correlation of A N  and A H  with t 
is difficult to reconcile with the assumption that solute-sol- 
vent hydrogen bonding is the dominating solvation factor 
in determining how the hfc’s vary with solvent composi- 
tion. l2 Especially in highly aqueous ter t -  butyl alcohol 
(mole fraction of water between 1.00 and 0.90; t 78.5-52.0; 
25O) there exists a definite trend toward a discontinuous 
variation in solute-solvent H-bond in te ra~t i0n . l~  This is 
not revealed in our data. In fact the medium dependency of 
the hfc’s may be analyzed in terms of a simple model as- 
suming localized complexes between the N-0 T system of 1 
and the organic solvent (SA) or water (SB). Fraenkel and 
his associates14 have proposed that the average observed 
nitrogen splitting (AN)  under conditions of fast exchange 
(on the esr time scale) will be given by 

where A sA and A sB are the A N  values in the pure solvents 
SA and SB, cy is the ratio of solvent concentrations (a  = [SA]/ 
[SB]), A is (A sB - A s,), and K is the equilibrium constant 
for the solvation equilibrium (eq 5). K values obtained by 

this procedure are also given in Table I. They indicate that 
there is a clear tendency for preferential solvation by the 
organic solvent of low charge-solvating ability, resulting in 
a reduced sensitivity of A N (and AH) for bulk dielectric 
constant. 

The hydrophobic nature of 1 is confirmed by the low 
perturbation of A N  and A H  in aqueous salt solutions a t  
25’. For example, A N  varies from 14.55 G in pure water ( E  
78.5) to 14.68 G in 6 N NaBr ( E  42.0) or to 14.26 G in 6 N 
(CH3)dNCl ( E  ca. 38). Apparently, incorporation of 1 in the 
hydration shells of the ions is very unfavorable and conse- 
quently A N scarcely responds to the considerable variation 
in the macroscopic dielectric constant of the solution. 

As noted before, the solvent-induced variation of A x  and 
A H  in the mixed solvents only fits the linear correlation 
lines (eq 2 and 3) above a critical value of E (see Table I). 
For example, in pure dioxane A N  = 12.96 G while eq 2 pre- 
dicts a value of 13.50 G. Apparently, in the strongly apolar 
media the local electrostatic fields induced by the solvent 
in the cybotactic region around the nitroxide function are 
no longer described by a macroscopic solvent parameter 
like the dielectric constant of the bulk solvent. Under these 
conditions, water can hardly compete with organic solvent 
for solvation of 1 and the spin distribution will now re- 
spond to highly specific dipole-dipole and van der Waals 
interactions. 

Finally, we emphasize that A N or A H  values will be no 
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adequate probes for solvent dielectric constant around 
bonding sites of nitroxide spin-labels since the constants 
a-d in eq 2 and 3 are dependent on the nature of the par- 
ticular medium. However, A N  and A H  values may have 
some potential for comparative studies of effects due to 
changes in solvent polarity on solvation phenomena in 
these molecules. 

Experimental Section 
Esr hfc's ( i n  gauss) were determined on a Var ian E - 4  apparatus 

f i t ted  w i t h  a Varian A 1268 variable-temperature controller. Us ing 
opt imal  machine operating conditions, A N  and A H  could be mea- 
sured to wi th in  f0 .04  G. N i t rox ide  l was prepared in situ by oxi- 
dat ion of N-tert-butylhydro~ylamine~~ with PbOz. The smal l  
amount of PbOz introduced i n t o  the solution h a d  a negligible effect 
o n  t h e  magnitudes o f  AP. and A H .  The solutions were deoxygenated 
w i t h  a nitrogen purge. The hfc's o f  1 were measured a t  a t  least nine 
solvent compositions in the range of  e given in Table I. T h e  correla- 
t ion  l ines were obtained by least-squares analysis. T h e  estimated 
error in the K values is ca. 30%. These values have been calculated 
for the solvent composition range where A is most  sensitive for 
variat ion o f  a. 

Supplementary Material Available. Esr hfc's o f  n i t rox ide 1 as 
a funct ion o f  solvent composit ion w i l l  appear fol lowing these pages 
in the microf i lm edit ion of th is  volume o f  the journal. Photocopies 
o f  the supplementary mater ia l  f rom th is  paper only or microfiche 
(105 X 148 mm, 24X reduction, negatives) containing a l l  o f  the 
supplenientary material for the papers in th is  issue may be ob- 
tained f rom the Journals Department, American Chemical Society, 
1155 16th  St., N. W., Washington, D. C. 20036. R e m i t  check or 
money order for $3.00 for  photocopy or $2.00 for microfiche, refer- 
r ing  t o  code number JOC-74-3800. 
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