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valent anions or other inhibitors. This spectrum shows a single, 
broad (~300 Hz) line centered at about 228 ppm from aqueous 
Cd(II) at infinite dilution. Under no experimental condition 
at 25 0C have we observed a resonance more narrow than ~250 
Hz for uninhibited "3Cd11HCAB. This is at variance with a 
recent report9 of a rather sharp (28 Hz) resonance centered 
at 146 ppm for"3Cd11HCAB at pH 9.6. Our studies on com
plexes of Cd(II) with heterocyclic nitrogen ligands result in 
"3Cd resonances in the range 200 to 270 ppm.10 In the pH* 
range 7.3-9.7 we have consistently observed a broad peak of 
~300 Hz or greater line width, generally centered at about 200 
ppm at lower pH* values and about 230 ppm at higher pH* 
values. 

Figure 1B shows the effect of addition of 2 equiv of NaCl. 
The resonance sharpens to ~60 Hz, and the chemical shift 
value is 238.6 ppm. The addition of several more equivalents 
of NaCl has no discernible effect. The effect of a single 
equivalent of NaCl has not yet been determined. Assuming the 
presence of a single, tight Cl - binding site with at least 90% 
occupancy, we calculate a Cl - dissociation constant of 7 X 
10 -4 M or less. With the reported inhibition constant K\~&2 
XlO - 2M for Cd11HCAB,6 it is unlikely that Cl - binds directly 
to Cd(II) under the conditions of Figure IB. There is ample 
evidence for the existence of two strong anion binding 
sites313'1'—one which inhibits enzyme activity, presumably by 
direct metal binding, and an even tighter but noninhibitory 
binding site which is probably within ~4 A of the metal ion. 
The presence of Cl - bound near the metal has apparently af
fected whatever exchange process is responsible for the peak 
broadening in uninhibited 113Cd11HCAB. 

Any '' 3Cd resonance of line width less than ~45 Hz in the 
proton-coupled ' ' 3Cd11HCAB spectrum must be viewed cau
tiously considering the presence of five C(2) and C(4) protons2a 

with vicinal Cd-N-C-H spin-coupling constants (10-13 Hz 
in analogous compounds12). 

Figure IC shows the "3Cd11HCAB spectrum after addition 
of 1 equiv of K'3CN (>90% isotopic enrichment, Merck). The 
resonance splits into a doublet centered at 410 ppm with a 
separation JQ&C = 1.060 Hz and line width ~50 Hz. This is the 
largest known cadmium coupling constant and indicates a 
Cd-C bond of lifetime > 10-2 s. Addition of a second equiva
lent of K13CN produced no further change.13 There has been 
considerable speculation regarding the existence of stable 
pentacoordinate Zn(II) in HCA.14 Considering the larger ionic 
radius of Cd(II), we conclude that there is probably only one 
available binding site for C N - in Zn11HCAB. A large excess 
of 13CN - has not yet been tried on ' 13Cd11HCAB, although 
this was apparently not necessary to produce the pentacoor
dinate species in Co11HCAB.i4b 

Our experiments to date indicate T\ values of 2-3 s for' 13Cd 
in Cd(II)HCAB based on flip angle optimization. In agree
ment with a previous report,9 we find that proton decoupling 
leads to a loss of the ' ' 3Cd signal. These results and our dipolar 
T\ and N.O.E. calculations based on five carbon-bound im
idazole protons at 2.8 A distance from "3Cd(II) in a molecule 
having a rotational correlation time of 10-8 s (and a negative 
gyromagnetic ratio for 113Cd) are consistent with a purely 
dipolar relaxation mechanism. 

Acknowledgments. This research was initiated under the 
National Institutes of Health Special Research Fellowship 
l-F03-GM-54,907-01 (1972-1973) at the Biochemistry De
partment, University of Gothenburg, Sweden, and was sup
ported by National Science Foundation Grants GP-38122 and 
MPS72-05123 A02. The U.C.R. Bruker WH90D-18 multi-
nuclear FTNMR spectrometer was provided by Bio-medical 
Sciences Grant 5 S05 RR07010-09 from the NIH, and NSF 
Grant MPS75-06138. An intramural grant was provided by 
the U.C.R. Committee on Research. 

We are deeply grateful to Dr. Sven Lindskog, Dr. Lou 
Henderson, and Professor Bo Malmstrom for their advice on 
preparation and handling of HCA, and for a gift of HCAB. 
We are grateful to Professor Paul Ellis for open discussions, 
and to Toni Keller for the use of Bruker facilities, summer 
1975. 

References and Notes 

(1) Reviewed by S. Lindskog, L. Henderson, K. K. Kannan, A. Liljas, P. O. 
Nyman, and B. Strandberg in "The Enzymes", 3rd ed, Vol. V, P. D. Boyer, 
Ed., Academic Press, New York, N.Y., 1971, pp 587-665. 

(2) (a) K. K. Kannan, B. Notstrand, K. Fridborg, S. Lovgren, A. Ohlsson, and 
M\ Petef, Proc. Natl, Acad. Sc;. U.S.A., 72, 51 (1975); (b) A. Liljas, K. K. 
Kannan, P.-C. Bergsten, I. Waara, K. Fridborg, B. Standberg, U. Carlbom, 
L. Jarup, S. Lovgren, and M. Petef, Nature {London), New Biol., 235, 131 
(1972). 

(3) (a) H. Steiner, B.-H. Jonsson, and S. Lindskog, Eur. J. Biochem., 59, 253 
(1975); (b) P. L. Yeagle, C. H. Lochrriuller, and R. W. Henkens, Proc. Natl. 
Acad. Sci. U.S.A., 72, 454 (1975); (C) S. Lindskog and J. E. Coleman, ibid., 
70, 2505 (1973); R. G. Khalifah, ibid., 70, 1986 (1973); S. H. Koenig and 
R. D. Brown, III, ibid., 69, 2422 (1972); A. Lanir, S. Gradstajn, and G. Navon, 
Biochemistry, 14, 242 (1975); J. M. Pesando, ibid., 14, 681 (1975); Y. 
Pocker and L. J. Gullbert, ibid., 13, 70 (1974). 

(4) See, for example, natural abundance 13C protein spectra by A. Allerhand, 
R. F. Chllders, and E. Oldfield, Biochemistry, 12, 1335 (1973). 

(5) (a) A. D. Cardin, P. D. Ellis, J. D. Odom, and J. W. Howard, Jr., J. Am. Chem. 
Soc., 97, 1672 (1975); (b) G. E. Maoiel and M. Borzo, J. Chem. Soc, Chem. 
Commun., 394 (1973); R. J. Kostelnik and A. A. Bothner-By, J. Magn. 
Assort., 14, 141 (1974); R. A. Haberkorn, L. Que, Jr., W. O. Gillum, R, H. 
Holm, C. S. LIu, and Fl. C. Lord, lnorg. CHEM/= [5= 24]— (1976). 

(6) R. Bauer, P. Llmkilde, and J. T. Johansen, Biochemistry, 15, 334 
(1976). 

(7) "3Cd NMR spectra were obtained at ~19,97 MHz on a multlnuclear (4-37, 
84, 90 MHz) Bruker WH 90D-18 using 15 mm o.d. tubes and internal or 
external 2H field-frequency lock. The 18 In. wide-gap magnet accommo
dates up to 20 mm o.d. tubes with Dewarlng, and the spectrometer has 
quadrature phase detection on all nuclei. 

(8) HCA was prepared from erythrocytes by the method of L. E. Henderson 
and D Henrlksson, Anal. Biochem., 51, 288 (1973), and apoHCAB by the 
method of S. Lindskog and P. O. Nyman, Biochem. Blophys. Acta, 85,462 
(1964), 113Cd-HCAB was made by direct addition to the apoenzyme of 1 
equiv o*113CdSO4, the latter prepared by dissolving 113CdO (96 % enriched, 
Oak Ridge National Laboratories) In a slight excess of dilute H2SO4 followed 
by neutralizing with TrIs. High concentrations were obtained by prior Iy-
ophlllzatlon of 113Cd-HCAB or apoenzyme. 

(9) I, M. Armitage, R. T, Paler, A. J. M, Schoot Ulterkamp, J, F. Chlebowski, 
and J. E. Coleman, J. Am. Chem. Soc, 98, 5710 (1976). 

(10) Cd(II) 0.3 M (as sulfate or perchlorate), plus ligands In fully basic form: (a) 
large excess of Imidazole (pH~12), [Cd(Im)6J

2+, 201 ppm; (b) 0.6 MhIs-
tldlne methyl ester, [Cd(MeHIs)2]

2+, 224 ppm; (c) 0.9 M hlstldlne methyl 
ester, [Cd(MeHIs)3]

2+, 254 ppm; (d) 0.9 M 1,10-phenanthrollne, [Cd(O-
phen)3]2+, 266 ppm. 

(11) J. A. Verpoorte, S. Mehta, and J. T. Edsall, J. BIoI. Chem., 242,4221 (1967); 
A. Lanir and G. Navon, Biochlm. Blophys. Acta, 341, 75 (1974). 

(12) For example, in precisely stoichiometric Cd11 EDTA2" at pH ~8.5 J, L, 
Sudmeler and C. N. Rellley, lnorg. Chem., 5, 1047 (1966), and R. J. Day 
and C. N. Reilley, Anal. Chem., 36,1073 (1964). These coupling constants 
broaden the 113Cd spectrum of Cd11EDTA2" to ~100 Hz In a multlplet signal 
at 100 ppm. 

(13) The 13C spectrum at pH* 7.5 shows the bound 13CN" as a sharp (<10 Hz 
line width) doublet (J0dc = 1.060 Hz) centered at 145 ppm downfield of 
Me4SI, and any excess 13CN - as a broader (~25 Hz) singlet at 116 ppm. 
The 13C chemical shift of bound 13CN" in Cd11HCAB agrees within 1.2 ppm 
of the value reported for Zn11HCAB (J. Feeney, A. S. V. Burgen, and E. Grell, 
Eur. J. Biochem., 34, 107 (1973). 

(14) (a) B. L. Vallee and R. J. P. Williams, Proc. Natl. Acad. Sci. U.S.A., 59, 498 
(1968); K. K. Kannan, I. Vaara, B. Notstrand, S. Lovgren, A. Borell, K. 
Fridborg, and M. Petef in "Proceeding on Drug Action at the Molecular 
Level", G. C. K. Roberts, Ed., The Macmlllan Press, In press; E. Grell and 
R. C. Bray, Biochim. Blophys. Acta, 236, 503 (1971); (b) J. S. Taylor and 
J. E. Coleman, J. Biol. Chem., 246, 7058 (1971). 

James L. Sudmeier,* Stuart J. Bell 
Department of Chemistry, University of California 

Riverside, California 92521 
Received February 1, 1977 

Electron Spin Exchange in Rigid Biradicals 

Sir: 

We have prepared six nitroxyl biradicals in which the extent 
of conformational change is strongly limited by the rigidity of 
the structure connecting the radical groups. These biradicals 
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Table I. Exchange Energies for the Reported Biradicals in Various Solvents 
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Solvent 

Hexane 
Xylene 
Acetone 
DMSO 
Chloroform 
Methanol 

Z 

60 
63 
65.7 
71 
63.2 
83.6 

I 

J 

92.4 
113.2 
117.4 
133.2 
155.6 
156.5 

a 

14.1 
14.3 
14.4 
14.6 
14.8 
15.0 

II 

J 

25.1 
27.4 
28.4 
30.1 
22.0 
29.0 

a 

14.2 
14.3 
14.5 
14.6 
14.8 
14.9 

III 

J 

32.3 
36.0 
36.6 
39.6 
43.9 
42.9 

a 

14.2 
14.5 
14.6 
14.8 
14.9 
15.1 

J 

7.0 
5.7 
8.8 
8.0 
7.2 
9.4 

IV 

a 

14.2 
14.5 
14.7 
14.7 
15.0 
15.2 

V 

J 

92.4 
103.1 
111.4 
126.3 
136.9 
143.4 

a 

14.2 
14.2 
14.7 
14.8 
15.0 
15.0 

J\ 

6.1 
6.5 
8.9 
9.3 

15.4 
20.6 

VI 

Ji 

35.6 
33.7 
33.2 
34.0 
25.0 
22.9 

a 

14.1 
14.4 
14.6 
14.8 
14.9 
15.2 

should prove very useful in understanding the effects of 
structure, solvent, and temperature on the spin exchange en
ergy. Each biradical was prepared from the known corre
sponding steroid diketone1 by the method of Keana2 and pu
rified by column and preparative TLC on silica gel. 

S resonances3 were clearly observed for all reported birad
icals4 and were used to calculate the exchange energy (J) from 
the separation AH between the strongest (high or low field) 
S resonance and the center of the spectrum: 

J= AH - Q1IAH (D 
where a is the hyperfine splitting due to the nitroxyl nitrogen. 
Values of J ranging from 6 to 172 G were determined using 
eq I and should be accurate to ±1 G. 

Prior to crystallization the compounds exhibited multiple 
sets of S resonances with one clearly predominating.5 This is 
expected since four diastereomers are possible for each com
pound. Upon crystallization the biradicals exhibited only one 
set of S resonances corresponding to the major set in the 
mixture with the exception of VI which showed both sets 
present before crystallization.6 These are listed in Table I. 

The recent studies of Michon and Rassat7 and others have 
allowed us to assign structures to the major isomers of I-VI 
as being the isomers with equatorial N-O groups in the 3 and 
17a positions. The stereochemistry at the 17 position of I and 

R = OCH 

H, R= /9H 

M, R=OLH 

IZ1R= |3H 

11 is not known with certainty but is most likely the 17/3 isomer 
since the bulky amine group should prefer the less hindered /3 
configuration during the oxazolidine ring formation.8 Com
pound VI appears to be a mixture of isomers, differing in 
configuration at C-16, which cannot be separated by crystal
lization. Biradicals III and IV with the position-20 nitroxyl 
groups at first may not appear "rigid", but space-filling models 
indicate that rotation about the C17-C20 bond is quite hindered. 
Support for this conclusion is given by the observation that the 
much less bulky acetyl side chain of 20-ketopregnane has a 
preferred conformation.9 

It can be seen from Table I that changing from the 5a con
figuration as in the case of I and III to the 5/3 configuration in 
the case of II and IV results in a 4- to 5-fold decrease in J. Since 
the distance between N-O groups is less in the 5/3 isomers, this 
would seemingly imply that an indirect, through-bond, ex
change mechanism may be important in these biradicals. It is 
interesting to note that the extent of W-plan arrangement10 

of the (j bonds is greater for the 5a isomers and, if the W-plan 
arrangement is important to indirect exchange as it is for spin 
coupling in NMR, the higher values of J for the 5a isomers are 
consistent with an indirect exchange mechanism. 

By comparing biradicals I with III and IV it appears that 
increasing the number of a bonds separating the N-O groups 
by one results in a 3- to 4-fold decrease in J. This also appears 
to be consistent with a through-bond exchange mecha
nism." 

The exchange energy of I and V are similar as would be 
expected since the connecting bridges are very much alike. 
However, by comparing biradical I with VI (either isomer), 
it appears that J is extremely sensitive to the position of the 
oxazolidine ring on the steroid bridge and that predictions of 
J based on structure must be approached with caution. 

The effect of solvent on these rigid biradicals is similar to 
that reported for flexible biradicals.12 The exchange energy 
and hyperfine interaction, a, tend to increase with increasing 
solvent polarity as measured by the Kosower Z value. One 
isomer of VI shows a decrease in J with increasing Z which 
complicates the discussion of the effects of solvent on J. 
However, the rigid nature of these biradicals makes it unlikely 
that conformational changes alone are responsible for the large 
solvent effects. One possible explanation is that the changes 
in J are directly related to changes in the distribution of the 
unpaired electrons as is reflected in the dependence of a on 
solvent polarity.13 Indeed the exchange energy may be found 
to be useful as a sensitive solvent polarity probe. 

The exchange energies of the biradicals were also studied 
as a function of temperature in hexane, xylene, and chloroform. 
Variation of J with temperature was essentially linear over the 
range examined.14 Temperature coefficients were small and 
varied from —0.1 to +0.1 G/°C with the exception of I in 
chloroform which showed a coefficient of —0.27 G/°C. These 
small changes in J with temperature are possibly due to 
changes in solvation with temperature since conformational 
changes would be expected to result in modulation of J and 
consequently 5-resonance broadening.12 
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For the most part the results have been considered to be 
more in line with the indirect, through-bond mechanism since 
many of the results appear inconsistent with the direct ex
change mechanism. However, it is possible that both exchange 
mechanisms are of importance and together lead to the rather 
complex dependence of J on structure, solvent, and tempera
ture. 
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Nuclear Magnetic and Electron Spin Resonance 
Evidence for the Strength and Site of Attachment 
of V-Methylphenazonium Cation Radical to 
Sodium Dodecyl Sulfate Micelles1 

Sir: 

7V-Methylphenazonium (NMP+) cation salts2 have been 
shown to be highly efficient promoters of cyclic photophos
phorylation in photosynthetic systems.3 Ample evidence exists 
to show that artificial cofactors, such as NMP+, which are 
capable of stimulating the production of adenosine triphos
phate (ATP) are lipophilic4 and are able to translocate protons 
across a membrane.5 The A'-methylphenazonium cation rad
ical (NMPH+-), obtained by one-electron reduction of NMP+ 

(reaction 1), is in principle capable of carrying a proton across 

4.5 4,0 1.5 

CC + H + *= 

CH,, 

NMP + 

1 
•N-

N' 

CH3 

NMPH-+ 

(D 

a membrane since, on oxidation of NMPH+-, a proton is re
leased. An a priori objection to involvement of NMPH+- in 
photophosphorylation is that as a cation it would be expected 

1.0 

PPM(S) 

Figure 1. The 220-MHz NMR spectrum (Varian model HR220) of 0.1 
MrfvlaLS solutions in D2O containing 10 -2 M NMP+ under conditions 
of varying photolysis time. There is no change in the HDO resonance 
during the course of these experiments and it is accordingly shown only 
once. The chemical shift indicated is in parts per million from TMS (ex
ternal standard). NMR conditions for all spectra: sweep time 500 s, sweep 
width 1000 Hz, receiver gain 30 db, rf field level 20 db, signal amplitude 
8.0 (for a-CHj) and 3.2 (other resonances), frequency response 2 Hz. 
Photolysis time: (a) 0 s, (b) 5 s, (c) >3 min. 

to be hydrophilic and should therefore not readily interact with 
the hydrophobic part of the membrane. In an effort to under
stand the mechanism by which NMP+ stimulates cyclic pho
tophosphorylation we have now investigated the interaction 
of NMPH+- with sodium dodecyl sulfate (NaLS) micelles. We 
have chosen micelles as perhaps the simplest model for the 
membrane-water interface. In this communication we report 
ESR and NMR results which bear on the strength of the in
teraction and the site of attachment of NMPH+- to the NaLS 
micelle. 

The ESR spectrum of NMPH+- in water (produced either 
by visible light photolysis or sodium borohydride reduction of 
solutions of NMP+ is rich in hyperfine structure, consisting 
of 5832 theoretical lines, over one hundred of which are re
solved.6^8 In contrast, the ESR spectrum of NMPH+- in 0.1 
M NaLS shows nine broad lines in which the small hyperfine 
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