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Locating Spin Traps in Heterogeneous Media by 13C NMR Spectroscopy. 
Investigations in SDS Micelles, DMPC Vesicles, and Rat Liver Microsomest 
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Complete 'H and 13C NMR assignments of the chemical shifts of a-phenyl-N-tert-butylnitrone (PBN), a- 
(4(dodecyloxy)phenyl)-N-tert-butyInitrone (4-DOPBN), and 5,5-dimethyl-l-pyrroline N-oxide (DMPO) are reported 
in D20 and CDC1,; sodium 5-carboxy-5-methyl-1-pyrroline N-oxide (SCMPO) is reported in D20. The effect 
of solvent polarity on their chemical shifts was studied in a large number of solvents. Of all the 13C resonances 
of these spin traps, the nitronyl 13C chemical shift exhibited by far the largest solvent shift (ca. 15-20 ppm from 
nonpolar organic to aqueous solutions), which is approximately linear with solvent polarity parameters such as 
Reichart's ET(3o) or Kosower's 2 values. From these correlations the micropolarities experienced by the various 
nitrones, as indicated by their 13C-nitronyl chemical shifts, were gauged in the heterogeneous systems sodium 
dodecyl sulfate (SDS) micelles, dimyristoyl phosphatidylcholine vesicles, and rat liver microsomal preparations. 
The dual nature of nitrone spin traps as probes for free-radical events and as markers for solvent micropolarity 
provides a means of investigating the location of spin traps in heterogeneous media such as the SDS and DMPC 
model-membrane assemblies and in related biological systems such as rat liver microsomal preparations. 

Introduction 
Impetus for the work described here stems from an in- 

terest in the use of nitrones to study free-radical phe- 
nomenal in vitro,z in vivo? as well as in live cellular and 
component  system^.^ As a model for these heterogeneous 
systems, we have recently reported on studies with aqueous 
sodium dodecyl sulfate (SDS) solutions and speculated 
upon the residency of various hydrophilic and hydrophobic 
nitrones within these  micelle^.^ The NMR method 
presented herein for the first time correlates the 'H and 
13C chemical shifts of four nitrone spin traps with solvent 
polarity as indicated by several standard polarity param- 
eters. From these correlation results it is possible to use 
the lH and 13C chemical shifts of nitrones to gauge the 
polarity of the microenvironment experienced by the ni- 
trone spin trap in heterogeneous systems. We report on 
our work with sodium dodecyl sulfate (SDS) micelles, 
dimyristoyl phosphatidylcholine (DMPC) vesicles, and rat 
liver microsomal (RLM) preparations. Knowledge of the 
micropolarities surrounding the individual nitrones may 
provide insight about the location of radical processes in 
a biological mi l ie~l -~  since nitrone spin traps can intercept 
transient radicals in solution under biologically relevant 
conditions to produce persistent aminoxyl spin adducts 
whose electron paramagnetic resonance (EPR) parameters 
can identify the trapped radical. 

+ 
R X  + -CH=N- - -CH-N- ( 1 )  

transient radical I I  
species A- R X  0.  

nttrone s p i n  t r ap  aminoxyl (nttroxide) 
s p i n  adduct 

Since the nitrogen hyperfine splittings (HFS's) of most 
aminoxyl spin adductsa and spin labels' increase approx- 
imately linearly with increases in solvent polarity (e.g. 

the location of these species in model-membrane 

'Part of this work was presented at  the 194th National American 
Chemical Society Meeting, New Orleans, LA, Aug 30-Sept 4 (1987), 
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 system^^^^^^ is readily estimated by EPR spectroscopy. 
Additional information on the locations of aminoxyls 

~~~ ~~ 

(1) For six recent reviews on the EPR spin trapping of radicals in 
biological systems, see: (a) Buettner, G. R. Free Rad. Biol. Med. 1987, 
3,259-303. (b) Thornally, P. J. Life Chemistry Reports; Harwood Aca- 
demic: U.K., 1986; Vol. 4, pp 57-112. (c) Mason, R. P. Spin Labeling 
in Pharmacology; Holtzman, J. L., Ed.; Academic: New York, 1984, pp 
87-129. (d) Kalyanaraman, B. Reuiews in Biochemical Toxicology; 
Hodgson, E., Bend, J. R., Philpot, R. M., Eds.; Elsevier, New York, 1982; 
Vol. 4, pp 73-139. (e) Buettner, G. R. Superoxide Dismutase; Oberley, 
L. W., Ed.; CRC Press: Boca Raton, FL, 1982; Vol. 11, pp 63-81. (f) 
Janzen, E. G. In Free Radicals in Biology; Pryor, W. A., Ed.; Academic: 
New York, 1980; Vol. IV, pp 115-154. The following are general reviews 
on EPR spin trapping chemistry: (g) Gasanov, R. G.; Freidlina, R. Kh. 
Usp. Khim. 1987,56,447-465; Russ. Chem. Rev. 1987,56,264-274. (h) 
Perkins, M. J. Advances in Physical Organic Chemistry; Gold, V., Bet- 
hell, D., Eds.; Academic: New York, 1980, Vol. 17, pp 1-64. (i) Zubarev, 
V. E.; Belevskii, V. M.; Bugaenko, L. T. Usp. Khim. 1979,48,1361-1392; 
Russ. Chem. Reo. 1979,48,729-745. 6)  Janzen, E. G. Acc. Chem. Res. 

(2) For example, see: (a) Janzen, E. G.; Towner, R. A.; Haire, D. L. 
Free Rad. Res. Comms. 1987, 3, 357-364. (b) Tomasi, A,; Albano, E.; 
Banni, S.; Botti, B.; Corongiu, F.; Dessi, M. A.; Iannone, A.; Vannini, V.; 
Dianzani, M. U. Biochem. J. 1987, 246, 313-317. (c) Connor, H. D.; 
Thurman, R. G.; Galizi, M. D.; Mason, R. P. J. Biol. Chem. 1986, 261, 
4542-4548. (d) Cambron-Gros, C.; Deltour, P.; Bogegrain, R.-A.; Fer- 
nandez, Y.; Mitjavilla, S. Biochem. Pharmacol. 1986,35,2041-2044. (e) 
Slater, T. F.; Cheeseman, K. H.; Ingold, K. U. Phil. Trans. R. SOC. 1985, 
B311, 633-645. (f) Bray, T. M.; Kubow, S. Enuiron. Health Perspect. 
1985,64,61-67. (9) Cheeseman, K. H.; Albano, E. F.; Tomasi, A.; Slater, 
T. R. Enuiron. Health Perspect. 1985, 64, 85-101. (h) Janzen, E. G.; 
Stronks, H. J.; DuBose, C. M.; Poyer, J. L.; McCay, P. B. Enuiron. Health 
Perspect. 1985,64, 151-170. (i) McCay, P. B.; Lai, E. K.; Poyer, J. L.; 
DuBose, C. M.; Janzen, E. G. J. Biol. Chem. 1984,259, 2135-2143. 

(3) (a) Janzen, E. G.; Jandrisits, L. T.; Barber, D. L. Free Rad. Res. 
Comms. 1987, 4, 115-123. (b) Britigan, B. E.; Rosen, G. M.; Chai, Y.; 
Cohen, M. S. J. Biol. Chem. 1986,261,4426-4431. (c) Samuni, A,; Car- 
michael, A. J.; Russo, A.; Mitchell, J. B.; Riesz, P. Proc. Natl. Acad. Sci. 
U S A .  1986,83,7593-7597. (d) Morgan, D. D.; Mendenhall, C. L.; Bobst, 
A. M.; Rouster, S. D. Photochem. Photobiol. 1985,42, 93-94. 

(4) (a) Janzen, E. G.; Coulter, G. A. J. Am. Chem. Soc. 1984, 106, 
1962-1968. (b) Walter, T. H.; Bancroft, E. E.; McIntyre, G. L.; Davis, E. 
R.; Gierasch, L. M.; Blount, H. N.; Stronks, H. J.; Janzen, E. G. Can. J. 
Chem. 1982,60,1621-1636. 

(5) (a) Okasaki, M.; Sakata, S.; Konaka, R.; Shiga, T. J. Chem. Phys. 
1987, 86, 6792-6800. (b) Okasaki, M.; Shiga, T. Nature 1986, 323, 
240-243. (c) O k d ,  M.; Sakota, S.; Konaka, R.; Shiga, T. J. Am. Chem. 
SOC. 1985,107,7214-7216. (d) Lukac, S.; Harbour, J. R. J. Chem. Soc., 
Chem. Commun. 1982, 154-157. (e) Walter, T. H.; McIntyre, G. L.; 
Bancroft, E. E.; Davis, E. R.; Gierasch, L. M.; Blount, H. N. Biochem. 
Biophys. Res. Commun. 1981,102,1350-1357. (f) Harbour, J. R.; Bolton, 
J. R. Photochem. Photobiol. 1978,28, 231-234. 

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

(7) Knauer, B. R.; Napier, J. J. J. Am. Chem. SOC. 1976,98,4395-4400. 

1971, 4, 31-40. 
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within micelles,lk inverse micelles,Iob and frozen micelles10" 
has recently been obtained by using advanced EPR tech- 
niques such as ENDOR (electron nuclear double reso- 
nance)loaVb and electron spin echo envelope modulation.10" 

In contrast, attempts to ascertain the solubilization sites 
of nitrone spin traps in micellar systems (e.g. by UV 
spec t ros~opy~~)  have been unsuccessful. l1 Thus we de- 
cided to investigate the solvent sensitivity of the nitronyl 
NMR chemical shifts to establish a scale of chemical shift 
vs solvent polarity for use in heterogeneous systems of 
unknown polarity. 

The nitrones used in this study are a-phenyl-N-tert- 
butylnitrone (PBN), (~-(4-(dodecyloxy)phenyl)-N-tert-b~- 
tylnitrone (6DOPBN), 5,5-dimethyl-l-pyrroline N-oxide 
(DMPO), and sodium 5-carboxy-5-methyl-1-pyrroline 
N-oxide (SCMPO). 

+ 
CH=N-C(CH& 

d- 
PEN 

Janzen et al. 

CH3QH N d  -0-C C H 3 G H  

I I1 I CH3 

A- 
DMPO 

8 6- 
SCMPO 

During this study we found that both the nitronyl 'H 
and 13C chemical shifts exhibited increases with increase 
in solvent polarity. It is noteworthy that the I3C NMR 
chemical shifts of certain other solubilizates (e.g. carbonyl) 
can be sensitive to solvent polarity12 and that this feature 
has been employed to probe micelle structure'hb and water 
content of phospholipid b i1a~ers . l~~  

Experimental Section 
The aromatic nitrones, PBN,148 P B N - n i t r ~ n y l - ~ ~ C ' ~ ~  (syn- 

(8) (a) Reichart, c.; Harbusch-Garnert, E. J w t w  Liebigs Ann. Chem. 
1983,721-743. (b) Plieninger, P.; BaumgWl, H. Ber. Bunsenges Phys. 
Chem. 1982,86,161-167. (c) Taft, R. W.; Abboud, J.-L. M.; Kamlet, M. 
J. J. Am. Chem. SOC. 1981,103,1080-1086. (d) Zachariasse, K. A.; Van 
Phuc, N.; Kozankiewicz, B. J.  Phys. Chem. 1981,85, 2676-2683. 

(9) (a) Prem, C.; Somasundaran, P.; Waterman, K. C.; Turro, N. J. J. 
Phys. Chem. 1987, 91, 148-150. (b) Waterman, K. C.; Turro, N. J.; 
Chandar, P.; Somasundaran, P. J. Phys. Chem. 1986,90,6828-6830. (c) 
Baglioni, P.; Ottaviani, M. F.; Martini, G. J. Phys. Chem. 1986, 90, 
5878-5882. (d) Isshiki, S.; Uzu, Y. Bull. Chem. SOC. Jpn. 1981, 54, 
3205-3206. (e) Lim, Y. Y.; Fendler, J. H. J. Am. Chem. SOC. 1979,101, 
4023-4029. (f) Jolicoeur, C.; Friedman, H. L. J. Solution Chem. 1978, 

(IO) (a) Kotake, Y.; Janzen, E. G. Can. J .  Chem. 1988,66,1895-1900. 
(b) Janzen, E. G.; Kotake, Y.; Coulter, G. A.; Oehler, U. M. Chem. Phys. 
Lett. 1986, 126, 205-208. (c) Szajdzinska-Pietek, E.; Maldonado, R.; 
Kevan, L.; Jones, R. R. M.; Coleman, H. J. J. Am. Chem. SOC. 1985,107, 
784-788. 

(11) The UV absorption bands for PBN are solvent sensitive; however, 
peak broadness severely limita their utility. For the UV spectrum of PBN 
in aqueous solution (x,  -288 nm, emu -17000): Ohkuma, T.; Kirino, 
Y.; Kwan, T. Chem. Pharm. Bull. 1981,29, 25-28. 

(12) (a) Maciel, G. E.; Ruben, G. C. J .  Am. Chem. SOC. 1963, 85, 
3903-3904. (b) For solvent and free radical effects on the 13C NMR 
spectra of hydrocarbons: Abboud, J.-L. M.; Auhmani, A.; Bitar, H.; El 
Moutadi, M.; Martin, J.; Rico, M. J. Am. Chem. SOC. 1987, 109, 

(13) (a) Menger, F. M.; Jerkunica, J. M.; Johnson, J. C. J. Am. Chem. 
SOC. 1978,100,4676-4678. (b) Menger, F. M. Acc. Chem. Res. 1979,12, 

(14) (a) Huie, R.; Cherry, W. R. J. Org. Chem. 1985,50,1531-1532. (b) 
Haire, D. L.; Hilborn, J. W.; Janzen, E. G. J. Org. Chem. 1986, 51, 
4298-4300. (c) Menger, F. M.; Aikens, P.; Wood, M., Jr. J. Chem. Soc., 
Chem. Commun. 1988, 180-183. 

7, 813-835. 

1332-1341. 

111-117. 

Table 1. 'H and ' C  NMR Assignments for PBN 
. .  

c + b a  
CH=N-C(CH3)3 

f *  d- 
'H NMR 13C NMR 

position CDC13 D20 CDCIS D20 
a 1.62 1.57 28.30 29.55 
b 70.77 73.47 
C 7.56 8.00 129.69 139.91 
d 130.84 131.35 
e 8.29-8.33 8.24-8.26 128.59 131.96 
f 7.38-7.44 7.52-7.58 128.19 132.78 
g 7.38-7.44 7.52-7.58 129.88 134.67 

Table 11. 'H and 'SC NMR Assignments for 4-DOPBN 

position lH NMR, CDC13 13C NMR, CDC1, 
a 1.57 22.65 

j 
k 

70.05 
7.42 130.83 

123.69 
8.24 130.92 
6.88 114.35 

160.70 
3.98 68.14 
1.20-1.46 31.90 
1.20-1.46 28.30-29.61 
0.88 14.08 

Table 111. 'H and '*C NMR Assignments for DMPO 

b- 
'H NMR 13C NMR 

position CDCl, D20 CDC13 D20 
a 1.43 1.41 24.37 26.16 
b 25.31 26.95 
C 2.14 2.18 34.07 35.13 
d 2.59 2.71 73.55 76.39 
e 6.80 7.19 132.35 145.20 

thesized from ben~aldehyde-carbonyl-l~C, Merck, Sharpe, and 
Dohme), 4-DOPBN,'B as well as the aliphatic cyclic nitrones 
DhP014b and SCMP014b were all synthesized by recently reported 
methods. PBN and DMPO are also available commercially (from 
Sigma or Aldrich). The deuterated solvents were purchased from 
Merck, Sharpe, and Dohme. The SDS was electrophoresis grade 
(from Bio-Rad). 

Large unilamellar vesicles (LUV's) composed of the phos- 
pholipid dimyristoyl phosphatidylcholine (DMPC) were prepared 
by employing an extrusion device similar to  that available from 
Lipex Biomembranes, Inc., Vancouver, B.C. The method was 
similar to that described in the literature.lkb Briefly, dry >99% 
pure DMPC (from Sigma) was vortexed in 0.05 M phosphate 
buffer, pH 7.4. The multilamellar vesicles (MLV's) produced were 
extruded a t  least 10 times through two stacked polycarbonate 
filters, pore size 100 nm (Nucleopore Corp., Pleasanton, CA.) 
employing pressures of up to 800 lb/in.2 of nitrogen gas from a 

(15) (a) Mayer, L. D.; Hope, M. J.; Cullis, P. R. Biochim. Biophys. 
Acta 1986,858,161-168. (b) Hope, M. J.; B d y ,  M. B.; Webb, G.; Cullis, 
P. R. Biochim. Biophys. Acta 1985, 812, 55-65. (c) Kremer, J. M. H.; 
Kops-Werkhoven, M. M.; Pathmamanoharan, C.; Gbman, 0. L. J.; 
Wiersema, P. H. Biochim. Biophys. Acta 1977, 471, 177-188. 
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Table IV. 'H and lSC NMR Assignments for SCMPO 

8 A- 
position 'H NMR, DZO "C NMR, D20 

a 1.59 28.90 
b 177.25 
C 83.78 
d 2.04-2.11 23.87 
e 2.50 35.65 
f 7.10 147.34 

N2 cylinder. Extrusion was conducted a t  30-35 "C above the 
DMPC phase-transition temperature. Aliquots of the vesicle 
solutions were examined by quasi-elastic light scattering and 
freeze-fracture electron microscopy. Quasi-elastic light scattering 
revealed that vesicle diameters were in a narrow range of 70-134 
nm, with a mean diameter of 98 nm. Freeze-fracture electron 
microscopy showed that the extruded vesicles were very uniform 
in size, centered around 100 nm in diameter. They were spherical 
and unilamellar, as indicated by an absence of cross fractures.'" 

The rat liver microsomal (RLM) preparations (in 150 mM 
phosphate buffer, p H  7.4) were isolated according to published 
procedureszb and contained approximately 40 mg/mL of protein. 

The NMR spectra in the various solvents and SDS micelles 
were recorded a t  22 "C on either a Bruker AM 300 (Milton) or 
a Bruker WP 400 (Guelph) spectrometer. The DMPC vesicle 
solutions were studied a t  30 "C because the phase-transition 
temperature for DMPC is close to 22 "C.lL The chemical shifts 
are accurate to within 0.1 ppm. The NMR spectra were generally 
recorded while locked to the deuterium signals of the respective 
solvents. The chemical shifts were measured relative to tetra- 
methylsilane, sodium 2,2-dimethyl-2-silapentane-5-sulfonate 
(external standards), or the known chemical shifts of the neat 
solvents (internal standards). The pure solvent studies were 
performed with 0.05 M (or more dilute) solutions of the nitrones. 
The ratio of SDS to nitrone and DMPC to the nitrone was 25 
to 1 or greater. The nitrone concentration was 0.6 mM (or lower) 
for the RLM's. Typical spectrometer settings (Bruker AM 300) 
for the 13C NMR spectra (e.g. P B N - n i t r ~ n y l - ~ ~ C )  in the DMPC 
or RLM systems were as follows: sweep width = 16000 Hz, 
number of scans = 2500, pulse width = 2.0 ps (using a 20" flip 
angle, Hz/Pt  = 1, acquisition time = 1.049 s. Unambiguous 
assignment of some of the nitronyl and other 13C NMR peaks 
required the use of high-resolution NMR spectroscopy and the 
application of 2D NMR lH-"C correlation sequenceslB and 13C 
labeling" to clarify complex spectral overlap (Tables I-IV). 

The EPR spectrum of di-tert-butylaminoxyl in 5 M aqueous 
LiBr was recorded on a Bruker ER 200D EPR spectrometer 
operating in the standard X-Band mode. The purpose of this 
experiment was to estimate independently (i.e. not by the solvent 
sensitive nitronyl NMR chemical shifts) the solvent polarity 
parameter for a highly ionic aqueous medium (Le. 5 M 
LiBr). 

The hydrophobicity data (i.e. octanol/water partition coeffi- 
cients) for the nitrones, PBN, 4-DOPBN, and DMPO were de- 
termined by GC techniques.18 These data were collected iso- 
thermally (200 "C) with a Hewlett-Packard 5710A chromatograph 
(FID). The columns were 0.25 in. (i.d.) and 8 f t  length (for PBN 
and DMPO), and 2 f t  length (for 4-DOPBN), and packed with 
CSP 633 (a carbowax-type stationary phase). 

(16) Maudley, A. A.; Emst, R. R. Chem. Phys. Lett. 1977,50,36&372. 
In addition nitronyl 'Wabeled PBN (cf. Janzen, et al., ref 17 was used 
to confirm the various peak aesignments and to reduce the spectral ac- 
cumulation times and spectral complexity. 

(17) Janzen, E. G.; Oehler, U. M.; Haire, D. L.; Kotake, Y. J.  Am. 
Chem. Soc. 1986,108, 6858-6863. 

(18) For octanol/water partition coefficients of some related nitrones: 
(a) e.g. 5,5-Dimethyl-l-pyrroline N-oxide (DMPO) and analogues: 
Turner, M. J. 111; Rosen, G .  M. J.  Med. Chem. 1986,29,2439-2444. (b) 
e.g. CSubstituted a-phenyl-N-tert-butylnitrones (PBNs)): Acree, W. E., 
Jr.; Bacon, W. E.; Leo, A. Int. J. Pharm. 1984,20, 209-211. 

v 
c 140 

v1 250 mM SDS 
135 EtOH 250 mM DMPC 

& / ; ; ; ; ; ; ; ; ; l  = 120 
25 30 35 40 45 50 55 60 65 70 75 

ET(30) (kcal/mol) 

Figure 1. Plot of the nitronyl 13C NMR chemical shifts of PBN 
vs the solvent polarity parameter Points with Evm) values 
estimated from the regression line (i.e. 250 mM SDS, 250 mM 
DMPC and RLM) are indicated by triangles. 

8.50 
S 

I I 

E E  7.00 
25 30 35 40 45 50 55 60 65 70 75 

ET(30) (kcal/mol) 

Figure 2. Plot of the nitronyl 'H NMR chemical shifts of PBN 
vs the solvent polarity parameter  ET(^^)).^ 

Results and Discussion 
Since it is known that a polar funct ion wi th  an elec- 

tron-deficient carbon nucleus generally causes an increase 
in the 13C NMR chemical shift,l9 a possible solvent  sen- 
sitivity for the ni t ronyl  13C chemical shif t  could be ex- 
pected; i.e. the resonance form with the greatest charge 
separat ion (Le. 111) should be better stabilized in polar 
solvents than the other two canonical forms (i.e. I and 11). 

- +  + + .. - -CH-N- -CH-N- - -CH=N- 

I A- 0- 
ll 
0 

I I1 I11 

The lH and 13C NMR spectra of PBN i n  16 pure sol- 
vents ranging from tetramethylsilane (TMS) to water were 
obtained. It was found that the nitronyl 13C chemical shift 
showed the greatest sensitivity to solvent polarity. As an 
illustration, the chemical shif ts  of all PBN proton  and 
carbon positions were compared in the solvents CHC13 and 
D,O (Table I). The nitronyl (position C) 13C chemical shift 
showed the most dramat ic  change. 

The 13C ni t ronyl  chemical shif t  of PBN vs solvent po- 
larity ET(30) gives a plot (Figure l) with a reasonably good 

(19) For example, see: (a) Yijima, C.; Tsujimoto, T.; Suda, K.; Ya- 
mauchi, M. Bull. Chem. SOC. Jpn. 1986,59, 2165-2170. (b) Nelson, G .  
L.; Levy, G .  C.; Cargioli, J. D. J. Am. Chem. Soc. 1972,94, 3089-3094. 

(20) Kosower, E. M. J .  Am. Chem. SOC. 1958,80,3253-3260. A plot 
of the nitronyl-13C chemical shift of PBN vs Kosower's 2 values gave a 
line with rz = 0.96. 2 values (in kcal/mol) derived from the UV spectra 
of 1-ethyl-4-carbomethoxypyridinium iodide are the following: di- 
chloromethane (64.2), 2-propanone (65.7), dimethyl sulfoxide (65.7), ni- 
tromethane (71.1), 2-propanol (76.3), ethanol (79.6), methanol (83.6), 
water (94.6). 
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140.0, ,l 

- 2 127.5 
e 
= 125.0 
c 

30 35 40 45 50 55 60 65 7 0  

E ~ ( 3 0 )  (kca1 I"o l )  

Figure 3. Plot of the nitronyl 13C NMR chemical shifts of 4- 
DOPBN vs the solvent polarity parameter (ET(%)).& The ET(3o) 
values for SDS and DMPC were estimated from the regression 
line and are indicated by triangles. The nitronyl-13C NMR 
chemical shift for 4-DOPBN in water was also estimated from 
the regression line and is indicated by a diamond. 

linear correlation (r2 = 0.92). The 13C chemical shift of 
nitrones also correlates quite well with other indicators of 
solvent micropolarity such as Kosower's 2 values (UV 
based), Knauer's uN values (EPR based),'~~' as well as 
Maciel's12a and M e n g e r ' ~ ~ ~ ~  carbonyl I3C chemical shift 
scales (NMR based).22 A plot of the nitronyl lH chemical 
shift vs solvent polarity is more complex (Figure 2). 
Because the correlation between the 13C chemical shift and 
solvent polarity appears to be more well behaved, this 
parameter was selected to gauge the location of the ni- 
trones in the heterogeneous systems. In addition, the 
chemical shift range (tetramethylsilane to water) is much 
larger for the 13C plot (13.5 ppm) than that for the cor- 
responding 'H plot (0.7 ppm). 

The I3C plot (Figure 3) for the hydrophobic nitrone 
4-DOPBN (see Table 11) in tetrachloromethane, tetra- 
hydrofuran, trichloromethane, dichloromethane, 2- 
propanone, 2-propanol, ethanol, and methanol also gave 
a reasonable good linear correlation (r2 = 0.92). 

Quite clearly the '3c NMR data for PBN and 4-DOPBN 
(Figures 1 and 3) indicate that the nitronyl functions of 
these spin traps reside in very polar environments in 
heterogeneous systems. The nitronyl 'H chemical shift for 
PBN (Figure 2) is also indicative of a very polar micro- 
environment for the location of PBN (approximately that 
of a pure ethanol solution). However PBN and 4-DOPBN 
are quite hydrophobic. The octanoljwater partition 
coefficients1* were found to be 15.1 for PBN and - lo4 for 
4-DOPBN. It is noteworthy that although a nitrone may 
be represented by resonance structures with dipolar b'onds 
this functional group is neutral overall and is similar in 
polarity to a ketone group. 4-DOPBN however is so hy- 
drophobic that it is impossible to obtain the I3C NMR 
spectrum in a purely aqueous system! Thus these aromatic 
nitrones prefer to be sequestered within the SDS micellar, 
DMPC vesicular, or equivalent RLM structures23 rather 

(21) The EPR nitrogen hyperfine splittings of di-tert-butylaminoxyl 
(Knauer's aN values) (in Gauss) are the following (cf. ref 7): tetra- 
chloromethane (15.331), carbon disulfide (15.289), 1.4-dioxane (15.452), 
tetrahydrofuran (15.331), trichloromethane (15.863), dichloromethane 
(15.752), 2-propanone (15.527), dimethyl sulfoxide (15.962), nitromethane 
(15.759), 2-propanol (15.973), ethanol (16.030), methanol (16.210), water 
(17.175), 5 M LiBr (17.33) cf. footnote, Table V). Correlation with the 
nitronyl-l8C chemical shift of PBN gave an ? value of 0.91. 

(22) The ~arbonyl-'~C chemical shifts (in ppm) for benzaldehyde were 
determined to be the following: tetramethylsilane (189.27), tetrahydro- 
furan (190.31), trichloromethane (192.45), 2-propanol (192.84), ethanol 
(193.43), methanol (194.24), water (199.17). Correlation with the nitro- 
n ~ l - ' ~ C  chemical shift of PBN yielded an rz value of 0.95. 

Chart I. 4-DOPBN in an SDS Micelle 

n O Q o ,  

" W W  
than dissolved in the bulk aqueous phase. A likely location 
may be the interfacial region around the polar head groups 
of the surfactant (i.e. the sulfate groups for SDS or the 
phosphate groups for the DMPC and RLM systems). 
These results are also consistent with recent findings that 
water penetration into micellar structures" makes these 
regions very polar. 

The nitronyl chemical shifts of the various nitrones may 
represent weighted, time-averaged values (amem, ) due to 
chemical exchange between the membrane (e.g. &S) and 
aqueous phases:25 

bmem/aq = (Xmemsmem + Xaqsaq)/(Xmem + Xaq) (2) 

where smemlaq = the observed, weighted, time-averaged 
nitronyl chemical shift, amem and 6, = the nitronyl chem- 
ical shift in the purely membrane (e.g. SDS) and aqueous 
phases, respectively, and xmem and xaq = the mole fractions 
of nitrone in the purely membrane (e.g. SDS) and aqueous 
phases, respectively. One might therefore suspect that the 
high polarity reported by the various nitrones in SDS 
micelles could be accounted for by simply invoking a small 
nitrone concentration in a relatively nonpolar region of the 
0.25 M SDS micelles with a large nitrone concentration 
in the 55 M bulk aqueous phase. This, however, does not 
appear to be the case because even the extremely hydro- 
phobic nitrone, 4-DOPBN (water solubility - lo4 M) re- 
ports relatively high polarity for the microenvironment of 
its nitrone group in SDS micelles (Figure 3) despite the 
fact that this nitrone should not partition significantly out 
of the membrane phase into the bulk aqueous phase (x, 
terms - 0, 2). The hydrocarbon chain of 4-DOPBd 

(23) The organization of the membranes in liver microsomal prepa- 
ration has been revealed by EPR and 31P NMR to be mainly bilayer 
structures with some free phospholipid, cf.: Utaumi, H.; Murayama, J.-J.; 
Hamada, A. Biochem. Pharmacol. 1986,34,57-63 and references cited 
therein. 

(24) Menger, F. M.; Boyer, B. J. J. Am. Chem. SOC. 1980, 102, 
5936-5938. 

(25) Chemical site exchange of the nitrones between the various 
membrane structures and the bulk aqueous phase is too fast to be de- 
tected by 'H or 13C NMR under these conditions. Values are available, 
however, by EPR where the time frame is inherently faster, for spin labels 
(ref 90 and spin adducts (ref 4) of the same approximate size and polarity 
to the nitrones in uestion. These exchange rate constants generally fall 
into range of - 10 1 to io7 s-l. 



Locating Spin Traps in Heterogeneous Media J. Org. Chem., Vol. 54, No. 12, 1989 2919 

Table V. Nitronyl 'H and lac NMR Chemical Shifts for PBN, 4-DOPBN, DMPO, and SCMPO in Various Solutions and 
Membrane Systems 

PBN SCMPO DMPO 4-DOPBN 
solvent or membrane system ET(m) value& 'H '3C 13c 'H '3C 13c 

tetramethylsilane 30.7 7.36 126.75 6.33 125.00 
cyclohexane 33.2 7.35 127.00 125.89 
tetrachloromethane 33.6 7.39 127.05 126.43 6.51 127.39 
carbon disulfide 33.9 7.34 127.28 131.57 
1,4-dioxane 36.0 7.55 128.10 133.53 
tetrahydrofuran 37.4 7.64 128.35 129.28 127.78 
trichloromethane 39.1 7.56 129.69 130.24 6.80 132.35 
dichloromethane 41.1 7.52 128.36 129.36 131.30 
2-propanone 42.2 7.76 128.99 130.43 129.28 
dimethyl sulfoxide 45.0 7.84 128.52 129.82 
nitromethane 46.3 7.70 130.67 137.53 
2-propanol 46.8 7.78 132.35 132.20 132.53 
ethanol 51.9 7.86 133.54 133.83 136.20 140.25 
methanol 55.5 7.90 135.00 135.38 139.52 141.35 
water 63.1 8.00 139.91 (137.80 est) 7.19 145.20 147.34 
150 mM phosphate 70 140.10 
buffer (PB) 
5 M LiBr (72)' 8.08 140.96 7.29 147.42 149.34 
250 mM SDS 7.82 137.31 134.43 146.50 147.35 
100 mM SDS 137.69 
50 mM SDS 138.17 
35 mM SDS 138.33 
25 mM SDS 138.63 
15 mM SDS 139.20 
10 mM SDS 139.97 
250 mM DMPCb 136.37 133.60 
100 mM DMPC 138.04 
50 mM DMPC 138.88 
25 mM DMPC 139.45 
10 mM DMPC 139.58 
RLM 139.49 

(I Using the linear plot of the EPR nitrogen hyperfine splitting vs the solvent polarity parameter's8 and our value of 17.33 G for di-tert- 
butylaminoxyl, we estimate the value for 5 M LiBr to be -72 kcal/mol. bBecause the phase transition temperature for DMPC is 
around 22 OClb these spectra were recorded a t  30 "C. The nitronyl 13C chemical shift for PBN in 250 mM DMPC at 22 OC is 138.01 ppm. 

probably orients itself toward the hydrocarbon core of the 
micelle with the nitrone group situated somewhere in the 
micellar periphery (Chart I). Therefore, chemical ex- 
change of a given nitrone is expected to occur between a 
polar region of the micelle and the bulk aqueous phase with 
the extent of exchange governed by the hydrophobicity of 
the nitrone. 

The nitronyl NMR chemical shift of PBN was also in- 
vestigated in an aqueous solution that was high in salt 
content (i.e. 5 M LiBr) to simulate the most polar region 
of the headgroup zone of micelles and vesicles. These salt 
solutions cause an apparent increase in solvent polarity 
as judged by the solvent polarity probe, di-tert-butyl- 
a m i n ~ x y l ' ~ ~ ~ ~ ~  and E,,,,,. Both the lH and I3C NMR ni- 
tronyl shifts of PBN In this medium exhibited values that 
were higher than those in pure water. In contrast, the 
effect of weaker salt solutions (e.g. 0.05 M phosphate 
buffer, the control solution for the DMPC vesicles) on the 
nitronyl shift in almost negligible. 

The nitronyl 13C chemical shift was found to be sensitive 
to the surfactant concentration. For instance, as the SDS 
concentration is gradually increased beyond the critical 
micelle concentration (CMC = 8.2 mM)w the nitronyl 13C 
NMR chemical shift for PBN decreases significantly rel- 
ative to the value for pure water (Figure 4). This is in- 
dicative that micellization has commenced and that the 
nitrone is somehow solubilized within the micelle. 

The time-averaged 13C NMR chemical shifts for PBN 
in 10 mM DMPC vesicles is quite close to the value for 
the purely aqueous system or phosphate buffer. When the 
phospholipid concentration is systematically raised to 250 
mM the nitronyl I3C NMR chemical shift for PBN (Figure 
1) is lowered significantly (136.37 ppm for 250 mM 

- 141.0 E 
140.5 CMC FOR S O S  (8.2 mM) 

v 

0- 

PBK 
I + \  ~ 2 139.0 

L 138.5 
0 
0 138.0 

- 137.5 

2 137.0 
c ID. 

136.5 

E 
M - 
2. 

B 

0 25 50 75 100 125 150 175 200 225 250 275 

SDS Concentration (mM) 
Figure 4. Sensitivity of the nitronyl lac NMR chemical shifts 
of PBN to the concentration of surfactant (SDS). 

DMPC), indicating that sequestering of the nitrone into 
the vesicular membrane has occurred. By analogy to the 
SDS micelle results, PBN should prefer to be sequestered 
in the vesicular membrane phase, again in a polar region 
near the headgroup zone. 

The nitronyl chemical shift for PBN in the RLM system 
(139.49 ppm) is significantly lower than that for the buffer 
control solution (140.10), which indicates that PBN has 
become solubilized in the RLM vesicular phase to some 
extent. It should be borne in mind that the nature of this 
vesicular phase may be quite different than the DMPC 
system due to the presence of considerable protein (40 

The 13C plot for the aliphatic cyclic nitrone (DMPO) 
(Figure 5 )  exhibited more scatter (r2 = 0.78) than the 
analogous PBN plot. The same general trend, however, 

mg/mL). 
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Figure 5. Plot of the nitronyl NMR chemical shifta of DMPO 
vs the solvent polarity parameter The  ET(^ value for 
SDS was estimated from the regression line and is indicated by 
a triangle. 

was observed: namely, an increase in solvent polarity 
induces an increase in the nitronyl chemical shift for both 
‘H and 13C (see Table 111). Namely, that an increase in 
solvent polarity induces an increase in the nitronyl chem- 
ical shift for both lH and l3C (see Table III). The chemical 
shift range (tetramethylsilane to water) for the 13C plot is 
likewise much larger (- 20 ppm) than the corresponding 
lH plot (0.8 ppm). 

DMPO is considerably less hydrophobic than PBN (the 
octanol/water partition coefficients are 3.1 vs 15.1, re- 
spectively). Thus DMPO should partition significantly 
into the bulk aqueous phase in membrane-containing 
systems. This notion is borne out by the 13C NMR results. 
In contrast to the nitronyl chemical shifts of the relatively 
hydrophobic nitrone (PBN and 4-DOPBN) which become 
smaller in SDS micelles relative to water (Figures 1 and 
3), the nitronyl 13C NMR chemical shift of DMPO actually 
becomes slightly larger (146.5 vs 145.2 ppm) (Figure 5). 
This finding suggests that the nitrone group of DMPO has 
a significant time-average residency in a region that is 
slightly more polar than water. A 5 M LiBr solution was 
found to cause a significant increase in the nitronyl 13C 
chemical shift of DMPO (147.42 vs 145.20 ppm). Thus it 
appears that DMPO may locate itself in SDS micellar 
water pools in a region which resembles an aqueous solu- 
tion with high salt content, i.e. near the sulfate head 
groups. 

The plot of the nitronyl 13C NMR chemical shift of 
SCMPO vs the solvent polarity parameter is again 
reasonably linear (Figure 6 and Table IV). The paucity 
of data is due to the insolubility of SCMPO in all but the 
most polar solvents. The octanol/water partition coeffi- 
cient for SCMPO is estimated to be SCMPO is 
expected to remain in the bulk aqueous phase, and this 
is apparently observed. Steric repulsion between the 
carboxylate group of SCMPO and the sulfate group of SDS 

SDS 

I I 
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5 135 
3 

Figure 6. Plot of nitronyl 13C NMR chemical shifts of SCMPO 
vs the solvent polarity parameter  ET(^)).% The  ET(^^ value for 
SDS was estimated from the regression line and is indicated by 
a triangle. 

is expected to prevent penetration of this nitrone into the 
aggregate. 

The nitronyl lH and 13C NMR chemical shifts for PBN, 
4-DOPBN, DMPO, and SCMPO, in various solutions with 
pure solvents as well as in the heterogeneous SDS micellar, 
DMPC phospholipid vesicular, and rat liver microsomal 
systems are collected in Table V. 

Conclusions 
In conclusion “the nitronyl chemical shift method” de- 

scribed above indicates that nitrones in general seek out 
the most polar regions of heterogeneous media and thus 
appear to function as amphiphilic molecules themselves. 
This tendency is exhibited to an increasing extent in the 
following order: 

4-DOPBN < PBN < DMPO < SCMPO 
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