
Lawrence Berkeley National Laboratory
Recent Work

Title
ELECTRON SPIN EXCHANGE IN RIGID BIRADICALS

Permalink
https://escholarship.org/uc/item/3tg0x5v8

Authors
Metzner, E.Kurt
Libertini, Louis J.

Publication Date
1974-12-15

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3tg0x5v8
https://escholarship.org
http://www.cdlib.org/


.-

u ~ 

Submitted to the Journal of the American 
Chemical Society 

LBL-3623 
Preprint t. 

ELEC TRON SPIN EXCHANGE IN RIGID BIRADICALS 

r < .. :.:. c:.;, I V C:= [.) 
E. Kurt Metzner and Louis J. Libertini I ,\'v\/F~I,;I Ii:;: 

11/\ {'I 0 '" , \;1 ,"';U'-l Oq'" 

,; 0) r '-1;" 
f i - \ I ~ 

December 15, 1974 
I, I:.;,"" 'j 't' i'. 1-' " I 

thXJ...J,,~c;,n~, S::C'f!C .' 

Prepared for the U. S. Atomic Energy Commission 
under Contract W-7405-ENG-48 

For Reference 

Not to be iaken from this room 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
Califomia. The views and opinions of authors expressed herein do not nccessarily state or 
reflect those of the United States Govemment or any agency thereof or the Regents of the 
University of California. 



OOjf~d.:J006 I I 

Electron Spin Exchange in Rigid Biradicals 

E. Kurt Metzner and Louis J. libertini 

Contribution from the Laboratory of Chemical Biodynamics, 

Lawrence Berkeley Laboratory, University of California, 

Berkeley, California 94720. Received 



-2-

Abstract: Eleven rigid nitroxyl biradicals have been synthesized vJith 

distances between the radical groups of up to 12 t The electron spin 

resonance spectra were studied in a variety of solvents and over a range 

of temperatures. S-resonances, \,/hi ch permi t the electron exchange 

i nteracti on (~) to be determi ned \,/ith preci s i on, were observed for all 

but one of the biradicals. Spectra corresponding to J = 6 G up to J = - -
172 G were obtained. The effects of structure on the exchange are com

plex and do not appear to be consistent with a simple direct (through 

space) mechanism. It is concluded that indirect (through bond) exchange 

occurs in these bi radi ca 1 s between nitroxyl groups separated by 10-11 

sigma bonds, but the possibility of a combination of the direct and 

indirect mechanisms cannot be ruled out. Independent of mechani~m, the 

exchange ;s found to be very sensitive to the structure of the biradical. 

The exchange can also be strongly dependent on solvent. Most of the 

biradicals show an increase in ~ with solve.nt polarity, although two 

shoh' the oppos ite behavi or and tVIO have values of ~ whi ch were i nde

pendent of solvent polarity. The effects of solvent are attributed to 

changes in the distributions of the unpaired electrons as reflected by 

changes in the nitrogen hyperfine coupling constant. Increases in 

temperature can produce either an increase or a decrease in ~ depending 

on the solvent. The effects are generally small and probably result 

from changes in solvation as well as from changes in the vibrational 

state of the biradicals. 
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A biradical may be defined as a molecule containing two unpaired 

electrons which are sufficiently separated and localized that they interact 

{ , with one another only weakly.l The interactions which can occur between 

the electrons include the electron-electron dipolar interaction and the 

electron spin exchange interaction. 

The dipolar interaction is generally well understood, and, if the dis

tance between the tvlO radical centers is known, it "may sometimes be accurately 

predicted by assuming the electrons to be localized at two points (the point 

dipole approximation).2 

The exchange interaction (~) is much more complex and can be classified 

under two basic mechanisms. l That most commonly considered is the IIdirect ll 

exchange mechanism which involves direct overlap of the molecular orbitals 

in which the unpaired electrons are localized. The character of direct 

exchange is sufficiently well understood that a calculation of the magni

tude would be possible for a biradical if accurate wave functions for the 

free radical groups and their relative positions were known. Less'well 

understood is the indirect mechanism of spin exchange which occurs as a 

result of the structure joining the two radical centers. 

Before the recent development of stable nitroxyl radicals, few 

examples of biradicals were available. A large number of nitroxyl biradi

cals have been nrepared having a wide variety of structures joining the 

nitroxyl groups and with a wide range of interactions as determined from 

the esr spectra. 3 The ease with which such biradicals can be prepared 

and their considerable stability in solution have led to efforts to use 

~ 4,~J~ them in studies of membranes and membrane models,4-6 of isotropic and 

~ '1,'1,9,/0 anisotropic liquids,4,7-l0 and of intramolecular motion and conformational 
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rub. 11,12)13 analysis. 8,9,1l-13 Some of the studies relied on the. dipolar interaction 

and others on the exchange interaction for useful information. 

·Because they can be prepared \'lith a wide variety of structures, 

nitroxyl biradicals provide an excellent opportunity to study the elec-

tron spin exchange interaction and to try and estimate the importance of 

the direct and indirect mechanisms to the magnitude of the exchange. How-
nitroxyl 

ever, the great majority of kno\'l~iradicals are of a flexible nature and 

can provide little information on the effect of structure on the spin 

exchange. The several rigid biradicals which have been reported all have 

. exchange energies which are too large to be determined from the esr 

spectra. 4,7,lO,11,14,15 

He have synthesized and studied eleven rigid nitroxyl biradicals, 

most of which exhibit easily measurable exchange energy. Several of the 

molecules differ from one another only by small changes in the joining 

structure which would have little effect on the relative positions and 

orientations of the nitroxyl groups. The rigid nature of the bira'dicals 

has also permitted us to investigate the effect of solvent and temperature 
major 

on the exchange interaction independent o~ffects on molecular flexibility 

or conformation. 

Measurement and t·lechani sm of El ectron Spi n E'xchanae 

A theoretical discussion of the effects of spin exchange on the esr 

spectrum of a nitroxyl biradical has been given by Lemaire,16 Glarum and 

Marshall,17 and ·others. l The observed esr transitions can be classified 

into two groups distinguished by their responses to changes in the value 

of J. The S-resonances, which are transitions involving a state which is 

predominantly singlet in character, lose intensity as J becomes large and 
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move a\'1ay from the center of the spectrum. 17 l'Jhen they are observed, the 

exchange energy can be accurately determined from the separation 1iliJ 

between the strongest S-resonance and the center of the spectrum: 
2 

~ = ~J - .! / ~J ( 1) 
where a is the hyperfi ne sp 1 i tti ng due to the nitroxyl nitrogen. 
However, for many biradica1s, conformational changes in the molecule result' 

in a broadening of the S-resonances beyond observation. This results from 

a modulation of the exchange interaction between two or more va1ues. 17 

The remaining transitions are termed T-resonances, which are transi-

tions involving a state which is predominantly triplet in character. They 

have positions and intensities which are much less dependent on the value 

of J. When the S-resonances are difficult or impossible to observe, the 

magnitude of ~ may sometimes be,estimated from the positions of the 

T-resonances. Again, modulation of ~ can broaden these transitions and 

caution must be observed. 18 

The mechanisms through which the spin exchange interaction occurs 

can be divided into two classes--direct and indirect. Direct exchange 

is that most corrmonly treated theoretically and occurs as a result of 

direct overlap of the molecular orbitals which contain the unpaired elec

trons. It is generally 'noted that the structure joining the two radical 

center~ does not contri bute to di rect exchange. ' Hm'lever, it shou 1 d be 

apparent that if the joining structure is'positioned such that it II shie1ds li 

one radical centei from the other, a considerable effect on (but not a 

contribution to) direct exchange can be expected. 

Direct exchange is usually considered to be a short range interaction. 

It is very important in the theory of bond formation and also in the 

description of van der Waal's interactions but is rarely considered of 
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importance ~/hen the distance beb/een electron centers is large. 19 However, 

the exchange energies which can be determined directly from the esr spectrum 

of a nitroxyl biradical range from 3 to 300 G (8 to 800 x 10-10 kcal/mole) 

which is insignificant when compared to most energies of interest. Murrell 

and Teixeira-Dias 19 have calculated the exchange energies for two hydrogen 

atoms in various states (2s, 2p) at distances between 7 and 11 R. Even at 

11 R the calculated values of ~ can be greater than 1000 G, depending on the 

relative orientation of the hydrogen 2p orbitals. The electron distribu

tion on a nitroxyl group is considered to be in a 2p1T orbital bet\'>/een the 

nitrogen and oxygen. 20 For the situation most closely approximating that 

ofa nitroxyl biradical (two hydrogens in 2p states) their results indi

~ate, as one should expect, that the magnitude of ~ varies strongly with 

gross changes in the relative orientation of the 2p orbitals. Small changes 

in distance, orientation or electron distribution can be expected to have 

. small but significant effects on .J_. 

Indirect exchange results through the structure which joins the two 

radical centers. It should be noted that this mechanism is not strictly 

limited to exchange transmitted only through bonds. Through space inter

actions between the radical center and the joining structure must also 

contribute to the magnitude of~. Calculation of indirect excha~ye is 

vastly more complicated than for direct exchange. The former requires a 

knowledge not only of the unpaired electronic distribution, but also of· 

the distributions and interactions of the electrons in the structure 

joining the radical fragments. Efforts to calculate indirect exchange 

except for very simple systems can be considered only as order of magni

tude estimates. 2l 

I 
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Through bond spin exchange is also important to nuclear spin 

1 . . 22 d t 1 t 1 . 1 ., 23 coup 1ng 1n nmr an 0 e ec ron-nuc ear sp1n coup 1ng 1n esr. 

The bond polarization and hyperconjugation formalisms used to describe 

these situations24 should also be/important to electron spin exchange in 

biradicals. Long range nuclear spin couplings (through 3 to 5 bonds) 

have been known for some time. 25 In some cases these long range inter-

actions result from a through space coupling due to, the close proximity 

of the nuclei involved. 26 Other long range couplings are usually asso

ci ated w; th ~/hat is known as a U-pl an arrangement of the bonds betv/een 

the nuclei. 24 Unpaired electrons ~ave magnetic moments more than one 

thousand times those of nuclei, and this in combination with their dis-

tribution in space allows them to interact with bonding electrons much 

more effectively than can nuclei. Thus it is expected that through bond 

electron-electron interactions can occur over distances much greater than 

5 bonds, particularly if a ~'l-plan bond arrangement exists between the 
I 

radical centers. The through bond exchange magnitude will also depend 

strongly on the extent of overlap of the unpaired electronic orbital and 

the molecular orbitals of the joining structure. Thus one can expect 

that changes in the distribution of the unpaired electron on the radical 

center and changes in the orientation of the radical center with respect 

to the joining structure should affect the magnitude of indirect exchange. 

Resul ts 

The structures of the biradicals studied are shown in Figure 1. Each 

was prepared from the corresponding steroid diketone by refluxing in xylene 

with a large excess of 2-amino-2-methyl-l-propanol and a catalytic amount 

of p-toluenesulfonic acid to give the 41 .4 1-dimethyloxazolidine precursor 
\ 

of the biradical. The oxazolidine precursors were then oxidized to the 
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nitroxyl biradicals with m-chloroperoxybenzoic acid in ether. 27 The term 

"doxyl" has been used for the 4',4'-dimethyloxazolidine-N-oxyl derivative 

of a ketone28 and \'till be used here (~, biradical I becomes 3,17--
didoxyl-5a-androstane). 

The nitroxyl groups at the 3-, 16-, 17- and l7a-positions are rigidly 

attac'hed to the steroid structure, and space filling models indicate that 

molecular motion about the C17-C20 bond of biradicals!'!-13 will be greatly 

restricted. Most of the biradicals fall into tvlO main series: I through 
. """ 

V and VI through IX. Within the two series, homologous changes in the - - -
trans steroid joining structure are introduced, including a change in 

stereochemistry at the 5-position (cis steroid biradicals II and VII), the - ,-.,-

introduction of a double bond between the 5 and 6 positions (III and VIII) -- ~ 

and the subsequent oxidation of the double bond to the corresponding 

epoxide (IV and IX). Biradicals I and X bear an homologous relationship - -.... - ........ 
to V and XI where the major difference is in number of carbons in the 
~ ---

steroid O-ring. 

For each of the biradicals in Figure 1 except XI, S~resonances were -
clearly observed under all conditions of temperature and solvent examined. 

Before purification, several of the biradicals exhibited multiple sets of 

S-resonances with one set clearly predominant in intensity over the others. 

For reference purposes the compound designations in Figure 1 will be used 

with subscripts (e.g., .12' 13) to refer to the weaker sets of S-resonances 

in order of decreasing~. No subscript or a subscript 1 will be used to 

designate the predominant S-resonances. Except for X, the biradicals -. 

which could be recrystallized showed only one set of S-resonances corres

ponding to the strongest set in the crude compound. The relative concen

trations of compounds producing the multiple sets of S-resonances could 
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be estimated from the height and width of the strongest transition in 

each set after correction for the effect of ~ on the in~ensity. The crude 

biradicals were nearly always contaminated by varying amounts of mono-

radical, and it is not possible to ~ay whether a biradical with ~ = 0 was 

present. Also a biradical with large ~ and low concentration such that 

the S~resonances could not be detected could have been missed. 

Va 1 ues of ~ rangi ng from 6 G (£1 in hexane) to 172 G 'll in aceti c 

acid} were determined using equation (1) and should be accurate to !1 G. 

Representative spectra are shown in Figure 2. Except for 2(d), only the 

high-field S-resonances are included. The T-resonance regions were 

generally symmetric, indicating that tumbling of the biradicals was suffi

ciently rapid to average anisotropic interactions such as the g-value, the 

hyperfine interaction, and the electron-electron dipolar interaction. 

Nevertheless, the 1inewidths of the S-resonances were 1 .5-2.5 ti~es those 

of the T-resonances, possibly due to modulation of ~ by intramolecular . 
motions. When the S-resonances were difficult to detect, the sig~a1-to-

noise ratio can be improved considerably by the use of high microwave 

power (100-250 mW) as in figure 2(a). This results from the fact that 

transitions having very low transit~on probabilities can tolerate much 

higher' microwave power before saturation effects .become important. The 

S~resonance line widths were not strongly dependent on the microwave 

power used. 

The effect of solvent on the exchange energy was studied in greatest 

detail for biradicals I and VI and in a variety of solvents for the - -
remaining biradicals. The results are listed in Table I. Where more 

than one set of S-resonances were observed, ~1 corresponds to the exchange 



. * Table I. Exchange energies for the reported biradicals in various solvents 

Solvent Z I II III IV V - - -- -
~ -

J, J2 a J a J, J2 J3 a J a Ji J2 J3 a 

Hexane 60 92.4 51.9 14.1 25. , 14.2 103.1 37.3 25.2 14. 1 64.2 14.2 92.4 69.2 51.3 14.2 

Ethyl acetate -- 109.6 59.9 14.4 -- -- -- -- -- -- -- -- -- -- -- --
THF -- 110.0 -- 14.4 25.6 14.4 -- -- -- -- -- -- -- -- -- --
Xylene 63 113.2 61.8 14.3 27.4 14.3 116.8 38.9 26.9 14.2 52.9 14.2 103. 1 75.4 60.3 14.2 

Acetone 65.7 117.4 62.5 '4.4 28.4 14.5 117.7 37.6 30.0 14.5 48.2 14.6 111.4 77'.3 61. 5 14.7 

D[~F 68.5 127.5 64.8 14.6 -- -- -- -- -- -- -- -- -- -- -- --
Acetonitrile 71. 3 129.6 67.0 14.5 -- -- -- -- -- -- -- -- -- -- -- --
Pyridine 64 133.0 70.0 14.6 -- -- -- -- -- -- -- -- -- -- -- --
Dr~so 71 133.2 69.0 14.6 30.1 14.6 124.3 37.2 30.7 14.6 43.2 14.8 126.3 85.5 67.9 14.8 

Chloroform 63.2 155.6 75.7 14.8 22.0 14.8 148.0 37.3 22.7 14.8 28.4 14.9 136.9 95.2 75.3 15.0 

Ethano 1 (95%) 81.2 155.0 77 .2 14.8 -- -_. -- -- -- -- -- .-- -- -- --
Methanol 83.6 156.5 67.8 15.0 29.0 14.9 139.4 37.3 28.6 14.9 39.7 15.0 143.4 94.7 75.5 15.0 

* \ ~ . 
The subscripts on ~ are used to designate results for minor epimers (or impurities) of the indicated biradicals in 

order of decreising~. Absence of a substript (or a subscript 1) implies the major epimer in each case . 

• I t I 

...J 

o 
I 
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Table I (cont.) Exchange energies for the reported biradicals in various solvents* 

Solvent Z VI VII VI II IX X 
""'" ""'" ~ -"'- -

J a J a J a J a J1 J 2 a 
0 

Hexane 60 32.3 14.2 7.0 14.2 18.1 14. 1 16.7 14.2 6.1 35.6 14. 1 d 

Ethyl acetate -- 35.3 14.5 -- -- -- -- -- -- -- -- -- ~'f\t' 

THF -- 34.7 14.6 7.9 14.4 -- -- -- -- -- -- -- ( 

Xylene 63 36.0 14.5 5.7 14.5 19.5 14.2 17.6 14.2 6.5 33.7 14.4 .:.~ 

~~ 
Acetone 65.7 36.6 14.6 8.8 14.7 19.2 14.4 16.5 14.5 8.9 33.2 14.6 

0 
DMF ' . 68.5 38.5 14.7 -- -- -- -- -- -- -- -- --

,- 0 

Acetonitrile 71.3 39.2 14.7 -- -- -- -- -- -- -- -- -- c ....... 
I ..... 

Pyridine 64 40.2 14.7 -- -- -- -- -- -- -- -- -- ..... -
DMSO 71 39.6 14.8 8.0 14.7 19.8 14.6 16.5 14.7 9.3 . 34.0 . 14.8 0' 

Ch1orofonn 63.2 43.9 14.9. 7.2 15.0 19.6 14.8 16. 1 14.8 15.4 25.0 14.9 

Ethanol (95%) 81.2 43.4 14.9 -- -- -- -- -- -- -- -- --
Methanol 83.6 42.9 15. 1 9.4 15.2 21.1 15.0 17.0 15. 1 20.6 22.9 15.2 

_._.-

*. 
The subscripts on ~ are used to designate results for minor epimers (or impurities) of the indicated biradica1s 

in order of decreasing~. Absence of a subscript (or a subscript 1) implies the major epimer in each case. 
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. i nteracti on determi ned from the s tronges t set and ~2 and ~3 were determi ned 

from the weaker sets in order of decreasing~. Also included in Table I 

are the observed hyperfine interaction (~) and the Kosower 1 value for each 

solvent. 29 The KosOl",er 1- is an empirical measure of solvent polarity 

based on the observed charge transfer energy of a pyridinium iodide com

plex in the various solvents. In general, the exchange energy is observed 

to increase with increasing solvent polarity, although for some biradicals 

little change in ~ with solvent is seen (1lJ2' XlI, j!) and in two cases 

~ decreases with solvent polarity (~'~2)' Part of the results in Table I 

are plotted in Figure 3 for the two homologous series of molecules I through -
IV and VI through IX. 
"- .- .-

The exc~~nge energies of most of the biradicals we~e also studied 

as a function of temperature in hexane and chloroform; the results are 

summarized in Table II. Variation of ~ with temperature was ess~ntially 

linear over the range examined. Temperature coefficients varied from 

~O.27 to +0.13 Gauss/degree, but were generally small in magnitude «0.05) . 
and negative. The effect of temperature \'/as also studied in xylene, 

where results were essentially equivalent to those in hexane and are not 

included in the table. The S-resonances of biradical VI exhibited a 
AM'> 

singular behavior at high temperature in xylene. As illustrated in 

Figure 4, a new S-resonance appears from beneath one of the lines present 
appears to 

at lower temperature an~increase in relative intensity with increasing 

temperature. The process is reversible and the new line may be the 

strongest S-resonance of a high energy conformation of the biradical . 

--
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Table II. Temperature coefficients of J for biradicals I through X. 
- ----

Bi radi ca 1 * Temperature coefficient (Gauss/degree C) 

hexane chloroform 

I .+0.05 -0.27 -
II -0.05 -0.06 -

III +0. 13 -0.06 -
III 2 -0. 12 -0.12 

IV -0.12 +0.05 -
V +0.10 -0.05 ---
12 -0.01 -0.11 

Ji.J +0.03 -0.05 

VI +0.03 -0.02 -. 

VII -0.01 ~0.03 ....-... 

VI II -0.03 -0.04 --
IX -0.04 -0.02 --
X -0.04 -0.11 -
~ +0.04 +0.09 

* The temperature range examined was generally 20 to 1000 except for 

I, II, VI and ~II in hexane and II, VI and VII in chloroform (-60 --.- ""-' ---
to 60°) and for I in chloroform (0 to 60°). -... 
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Discussion 

Stereochemistry. The stereochemistry at the point of attachment of 

the doxyl group is of considerable interest since it determines the rela

tive positions and orientations of the two radical subunits. Two epimers 

are possible at each of the 3-, 16-, 17- and l7a-positions of the steroids 

and also at the 20-position although in this case the additional problem 

of the conforma~ion about the C17-C20 bond exists. Thus each biradical 

has a maximum of four possible epimers. Michon and Rassat30 have studied 
I 
the proton hyperfine interactions in 3-doxyl-5a-cho1estane and 3-doxyl-5S-

cholestane and conc1~ded that in each case only the epimer which has the 

nitroxyl group in the equatorial position (3e-epimer) is obtained. 

r~arriot et ~3l have studied 3-doxyl-5a-cho1estane trapped in a thiourea 

host crystal and concluded from the observed anisotropy in the g-value 

that only the 3e-epimer was trapped. They further estimate that- the 3e

epimer predominates at least 20-fold over the 3a-epimer. Consistent with 

these findings is the observation that the 3-oxazo1idine methylene. protons 

of the amine precursors of I, 'II, V, VI, VII and X appear as a sharp 
_ - "'" - -- AA' . 

singlet in the nmr spectra near 3.5 o. 

Before considering the stereochemistry of the doxyl group at the 

3-positions of biradicals III _and VIII and at the 16-, 17-, 17a- and - --
20-positions, itwill be useful to spec~late as to the source of the stereo

chemical specificity observed during oxazolidine formation at the 3-position 

of cis and trans steroids. Neither Michon and Rassat30 nor ~1arriot et al. 3l 

have discussed this aspect of the problem. Oxazolidine formation proceeds 

most likely via an iminium ion intermediate follm'/ing by ring closure 

resulting from attack by the alcohol OH on the iminium carbon. 
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The first step is driven toward completion by removal of water from the 

reaction. The reversibility of the second step would result in equilibrium 

concentrations of the two possible epimers with stearic factors leading 

to the predominance of one epimer over the other. At the 3-position of a 

steroid (cis or trans) the axial position would experience the greatest 

stearic interaction due to the axial protons at positions l' and 5. Since 

the secondary amine group is larger than the ether, the nitrogen would be 

favored in the equatorial position. This simple and very probable 

mechanism can explain the reported results. 

The synthesis of biradicals III and VIII was from the 64-diketo-- --
steroids. During the formation of the oxazolidine at position 3,the double 

bond shifts to the 65_position,a~ evidenced by the'fact that the olefinic 

proton in the resulting oxazolidine shows a complex splitting due to the 

protons at C7. Throughout oxazolidine formation there is no hydrogen at 

Cs and the stearic interactions which could result in predominance of the 
, 

36 epimerhave been reduced to one axial hydrogen at Cl . As one may pre-

dict from this observation, the ratio of.3a to 3B epimer formed appears to 

increase as eviderice by the nmr of the 3-oxazolidine methylene protons. 

This is most easily seen for compound XII, which has only the 3-oxazolidine, \ -
where the nmr of the oxazolidine methylene protons indicates two independent 

sets of two non-equivalent protons in an approximate ratio 2:1. 

One set of S-resonances were observed for biradical VIII, while III 
-. ---

exhibited three sets; both ll!2 and l!b were estimated to be about 4% of 
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III. 
~ 

The dependence of J on solvent is the same within experimental error 

for II and 1113 (the behavior in chloroform is unusual for both), and both - -
may be due to the same biradical. It is unlikely that the precursor of II .-
\,/as present as an impurity in that of III. If not, then reduction of the -
double bond must have occurred, probably during the formation of the oxa

zolidine ring .. If a biradical equivalent to.11 were also produced during 

this process, it would not be detected becau~e of the low yield combined 

with the very low intensity of the S-resonances for large ~. 

Biradicals IV and IX were derived directly from III and VIII by 
. - -. - ---

trea tment \'ii th m--ch 1 oroperoxybenzoi c ac; din chloroform. As the' ox; da t; on 

proceeds a new set of S-resonances appears, accompanied by the disappearance 

of those of the major isomer. In the case of III ~ IV the S-resonances of -- --1122 also disappear while the major S-resonance of l!l3 remains as a shoulder 

on that of IV. The intensity of the neh' S-resonances are too gr,eat to 

result from 1112' If the period of oxidation is extended, the S-resonances 

of.IV disappear and the appearance of the T~resonance region begins to - . 
apr-n.?c/i that of a nitroxyl monoradi ca 1 . 

The predominant epimer at the l7-position is not known. The nmr spectra 

of the amine precursors of biradicals I, II and of the monoradical l7-doxyl-
. --... 

5a-androstan-3a-ol (XIII) show the methylene protons of the 17-oxazolidine -
as one set of non-equivalent protons (one AB quartet around 3.5 0). Thus 

one predominate epimer is indicated. Most steroids having a substituent at 

the 17-position exist as the 17a isomer. Brutcher and Bauer32 have calcu"

lated that 17a-methylandrostane should be nearly 3 Kcal/mole lower in energy 

than 17a-methylandrostane, mainly resulting from repulsive interactions 

between the 17a-methyl and the hydrogen at the 14a-position. For the 

--
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l7-oxazolidine, the bulkier amine group would therefore be expected to 

occupy the 17~-position, resulting in predominance of the 178-doxyl in 

I through IV. Expansion of the O-ring to a six-membered ring (V) increases _ ;MI\ ,_ 

the diaxial interactions, and the situation is more similar to the 3-position. 

Biradicall exhibits t\'10 sets of S-resonances with 2..1 predominating about 

fivefold over 12' The ratio of ..12 toll is much too large to be accounted 

for by the epimers at position 3 and more likely corresponds to the 38-17a 

and 3B-178 epimers. Biradical II appears to have only one epimer, the 
~ 

other perhaps having ~ ~ 0 or ~ »a. Three sets of S-resonances are also 

observed for biradical J... \'lith..Yl predominating sixfold over.12 and five

fold over .13. 
The two epimers of the 20-doxyl group of VI - IX can be designated 

- - """" 
in accordance with Fieser33 as the 200 and 208 epimers. 

20a 20{3 

Space filling molecular models indicate that rotation about the C17-C20 
bond is restricted and only certain conformations of the doxyl or of the 

oxazolidine can be expected. The) sharp S-resonances at all temperatures 

for the 20-doxyl biradicals indicate that large amplitude oscillations 

about the C17-C20 bond either do not occur, in agreement with the model~, 

or are sufficiently fast as to completely average~. Only one-major set 

of S-resonances are observed for each of VI - IX, and the nmr of the 20-
~ """" . 

oxazolidine methylene protons consists of ' one AS quartet around 3.5 0, 

both facts consistent with one major epimer and conformation. Unless the 
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shape of the iminium ion intermediate leads to other considerations, the 

equilibrium condition of oxazo1idine ring formation at the 20-position 

should result in the epimer and conformation in which the fewest stearic 

interactions are possible. Models indicate that, for either epimer, con

formations (which will be designated h,) in which the amine is'below the 

plane of the steroid on the side opposite the 18-methyl will have fewer 

interactions than conformations] which have the amine above the plane~ 

~101ecular models of the iminium ion intermediates indicate no reason why 

the A conformation of either epimer could not be formed. One of the A - -
conformations (8.1) of the 20a epimer, in which the N-O bond of the final 

doxyl group is directed essentially perpendicular to the steroid plane, 

has somewhat fewer interactions than others (a or 8) and should be favored. 

A very similar!!l conformation of the 208 doxyl is also possible. For 

either epimer other A conformations can be easily reached by rotation 

about the C17-C20 bond, but it is much more difficult to rotate an A into 

a ~ conformation. 

Biradical X has a doxyl group at tile steroid 16-position. The nmr of - I 

the amine precursor of biradical X shows the 16-oxazolidine methylene protons -
as two AB quartets around 3.5 6, one of th~ quartets predominating about 

fourfo 1 d. The bi radi ca 1, even after recrys ta 11 i za ti on, showed tW·j sets of 

S-resonances. The relative proportions could not be accurately determined 

but were estimated to be about 2:1. 

Biradical XI is comparable to X but with the steroid O-ring expanded 
"""" -

to six carbons. Stearical1y, the interactions which should lead to an 

equatorial nitrogen in the 17-oxazo1idine are even stronger than those at 

the 3-position du~ to the la-methyl group. Thus the l7a epimer should 

"-
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predominate. As expected, the lB-methyl also makes the formation of ~he 
'--17-oxazolidine very difficult and the resulting dioxazolidine is produced 

in very 10\,1 yield. Complete separation of the biradical from accompanying 

3-doxyl monoradical was not possible. The best esr spectrum obtained for 

XI is illustrated in Figure 5. - . 
No S-resonances were observed under any 

conditions. The spectrum consists of a 3-line monoradical spectrum super

imposed on a 5-line biradical spectrum with ~ » ~. 

Effect of structure. For the cis biradicals II and VII the exchange -- """"" 
is 4- to 6-fold lower than for the analogous trans compounds I and VI. 

. - -.. 
The di agram bel 0\'1 shows the major di fferences between the isomers. 30 

The direction of the N-O bond at the 3-position is reversed and the 

nitroxyl groups are held closer together in the cis compounds. It is 

also apparent that the extent of W-plan arrangement of the sigma bonds 

is greater for the trans isomers and, if the W-plan arrangement is 

important to indirect exchange as suggested above, the higher values of 

J for the trans isomers are quite consistent with an indirect exchange 

mechanism. 

The e configuration has been assigned to the 17~doxyl group. The 

decrease in ~ from L to II supports this assignment since for the 17cx

doxyl epimer the cis -isomer has the nitroxyl oxygens separated by less 
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than S ~, whi ch \I/ou1 d certai n1y result ina very strong di rect exchange 

interaction. For the 11,. conformation of the 20-doxy1 group (see 

Stereochemistry) a similar argument should apply since the oxygen-to

oxygen distance in this conformation of VII would be 7 to 8~. The· 

observed exchange, however, is small, indicating either that the 20-doxyl 

is not in the predicted 81 conformation or that the contribution of the 

direct exchange is small even when the nitroxyl groups are closer together 

than in all the other biradicals studied here. 

In several solvents (THF, acetone, Dr-ISO) the ratio ~-'1.l) :~HIV is 

essentially equal to .~.-'~,V:~(~~ll). This fact is intuitively acceptable 

on the basis of through bond exchange since the 17- and 20-doxyl groups 

are distant from the region involved in the change from the cis to trans 

steroid. The equivalent ratios are not expected for a through space 

mechanism unless the 20-doxyl group were oriented in a manner similar to 

the 17B-doxyl. One of the B conformations of the 20B-doxyl approximates 

this requirement. If this is the correct conformation, however, it is 

di ffi cu1 t to see why the exchange for the 20-c\)xylseri es shoul d be so 

much lower than that for the 17-doxyl series. 

Introduction of the double bond between Cs and C6 (ill, llll) tilts 

. ,---the 3-doxyl N-O bond away from the 19-methyl group by more than 10 0 and 

at the same time brings the.N-O group dovin nearer the plane of the steroid. 

If the magnitude of ~ were mainly determined by the direct mechanism, one 

would expect a slight decrease in the exchange for l!l and ~ as compared 

to I and VI .. In contrast, the exchange for III can be larger or smaller - - -' 
than for I, depending on the solvent, while J(VIII} is about half J(VI} - --"" \ --
in all solvents. These results also appear to be incons~stentwith an 
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indirect mechanism sinc~, as argued above for the cis-trans compounds, 

one could expect the ratios of ~ in the two series to be comparable, par

ticularly if the only effect of the unsaturation were distortion of the 

W-plan arrangement of the steroid sigma bonds. However, introduction of 

the double bond is in some ways a more drastic modification than the 

change to the cis steroid and may cause changes in the electronic distri-

butions throughout the molecule. 

The effect of oxi di zi n9 the double bond to the epoxi de (IV, IX) on .- ........ 
. the relatlonship of the 3-doxyl group to the 17- or 20-doxyl is uncertain. 

However, the result most likely falls somewhere in bebJeen the saturated 

and unsaturated analogs. The exchange for IV is as much as threefold -
smaller than for I or III, while in contrast, there is little difference - --
beb'Jeen J(IX) and J(VIII). Again the result is not readily explained by - ---
either exchange mechanism but is more consistent with indirect exchange. 

Expanding the steroid O-ring from five (I) to six (V) carbons has - -
t\'JO main effects. First, the NOb'ond of the 17aB-doxyl is tilted a\'1ay 

from the l8-methyl group by about 30° more than for the 17B-doxyl. 

Second, the angle between the planes of the two doxyl groups decreases 

by about 10°. It is difficult to predict what effect these changes should 
I 

have on direct exchange since one should tend to counteract the other. 

The observation that J(V) is less than J(I) except in hexane where they -- --
are equal cannot be considered as more consistent with one exchange 

mechanism than another. Howeyer, the results in polar solvents do demon

strate that, whatever the mechanism,' J can be very sensitive to the 

spacial relationship of the nitroxyl groups, even when the distance 

between them is large (11 R) and the bonding between them is changed very 

little. 
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Biradical X is of interest independent of the other compounds -
studied here because the evidence clearly indicates two epimers at posi-

tion 16. The interesting effect of solvent will be mentioned in the next 

section. The difference bet\'/een the t\'/o epimers is only the configuration 

of the doxyl group about position 16. Yet the observed exchange can be 

either very different (~, in hexane) or nearly the same (methanol). 

It is very difficult to explain this latter observation on the basis of 

the direct exchange mechanism since the orientation of the nitroxyl is 

considerably different for the two epimers. 

Biradical XI was obtained in very low yield and could not be isolated -
as a pure compound. It appeared to be contaminated by at least 50% mono

radical but high resolution mass spectral analysis gave the correct 

molecular ion fo·r XI. - This information is reemphasized here because of 

the very unusual result obtained for XI. In contrast to \'/hat one would 

expect by noting that the relationship between V and XI is analogous to - -
that between I and X, name 1y, an exchange for XI of betvJeen 0 and 30 G, the ....--
only biradical evident has a very large ~ (>301 G). This result cannot be 

explained by a direct exchange mechanism. It is also difficult to accept 

on the basis of the indirect mechanism, since XI has one more bond separating --
--the ni troxyl groups than V. HOVlevpr, it shoul d be poi nted out that the -

two nitroxyl groups in 3a,17a-didoxyl-D-homoandrostane (the expected 

epimer of XI) are connected by an essentially symmetric W-plan arrange-..-.. 
ment of carbon-carbon sigma bonds which may account for the large exchange 

observed for this biradical. 

Effect of Solvent. The dependence of the exchange interaction on 

solvent for the nitroxyl biradicals studied here is complex. The values 
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of J(!J12) and J(ll) show no significant variation while other biradicals 

can have either an increase (~'.!.l andl.l ) or a decrease (ll and 12) in 

J with increasing solvent polarity. It has been suggested that such effects - ." . 

of solvent on~, ~/hich have also been observed with flexible biradicals, are 

the result of changes in the most probable conformation of the biradical. 17 

HO\'iever, the rigid molecules presented here should be capable of only very 

limited conformational changes on which the solvent can be expected to have 

1 i ttl e effect. Yet the magni tude of the effect of solvent on ~ for 2.1' ill 1 ' 

and!l is greater than has been noted previously. An alternate explanation 

is that the changes in ~ are directly related to changes in the distribution 

of the unpai red electrons as is refl ected in the \'ie 11 knO\\'n dependence on 

solvent of the nitrogen hyperfine interaction (a).34 Two resonance forms 

can-be ''Iritten for a nitroxyl group in which the unpaired electron is 

R ". N-O 
R'/ + -

either on the nitrogen or on the oxygen. Polar solvents stabilize the 

polar resonance form and lead to greater electron density on nitrogen 

than do nonpolar solvents. The situation may be considerably more c6m-
\ 

plex than the above diagram indicates. Several nitroxides have been found 

by crystal structure determination to be non-planer and thus the hybridiza

tion of the orbitals on nitrogen is in question and may be affected by the 

solvent. 20 
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The KosOl'Jer Z-value is an empirical measure of solvent polarity \'Jhich 

was chosen because it had previously been shown to correlate linearly with 

the hyperfine interaction in several solvents. 34 Biradicals I and VI were - ~ 

studied in a number of solvents for which the results are not included in 

Fig. 3. The exchange interactions are listed in Table I. For both biradi

cals, plots of ~ vs. I show good linearity with the exception of hexane, 

pyridine, nnd chloroform. The pyridinium iodide complex used to obtain 

Z-values is rather insoluble in hexane, which may result in a high value 

of Z due to dimerizati6n or other interactions. 35a Oimroth et al. have ---
used a different pyridinium compound to characterize solvent polarity, 

deriving an empirical parameter comparable to I which they call ET(30).35b 

Values of ET(30) plot linearly against I-values for most solvents, hexane 

being an exception. 35a By extrapolating the ET(30) vs. I plot, one can 

estimate that Z for hexane should be 52 rather than the value of. 60 reported 

by Kosower. The use of Z = 52 for hexane can be seen to considerably 

improve the linearity of the ~ vs~ I plots in Fig. 3. 

In Fig. 3 thr> points for chloroform are consistently out of line \'lith 

the other solvehts whenever a significant variation of ~ with solvent 

polarity is observed. This behavior may have to do with the ability of 

chloroform to form \'/eak hydrogen bonds, a property to \'/hich the charge 

transfer transition of the pyridinium compounds may be insensitive. The 

results for methanol, which are consistent with other solvents, do not 

appear to support this suggestion; however, in alcohols, hydrogen bonding 

to other solvent molecules may be such that hydrogen bonding to solute 

molecules such as the biradicals is relatively weak. 36 Biradical I was -
exam; ned in blo other solvents in whi ch hydrogen bonding is expected to 
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be important. In aniline (I = 70, estimated from a plot of ET(30) vs. I) 

the exchange interaction was 170 G, whi~e in acetic acid (I = 79.2) a 

value of 172 G was determined. In ea,:h case the result falls well above 

the line defined by the other solvents. 

Pyridine does not have a hydrogen capable of hydrogen bonding, and 

the reason ~ in pyridine is not consistent with results in most other 

solvents is unclear. It may have to do with the structural relationship 

between pyridine and the pyridinium compounds from which I and ET(30) are 

derived. Solvent-solute interactions other than dipole-dipole interactions 

may be important (~, stacking of solvent and solute). 

When ~ is plotted vs. I, fair linearity-is seen, but again the points 

in chloroform and pyridine fall clearly off the line defined by the other 

solvents. Hhen J is plotted vs. a for biradica1s I and VI, fair linearity 
- -- - - , 

is again obtained; however, the points for chloroform and pyrJdine (and 

aniline and acetic acid for I) conform to the line defined by the other - . 
points. These observations provide strong evidence that the solvent 

dependence of~ and ~ are closely related. In Fig. 6, J~l) is plotted 

against J(vI). Very good linearity is obtained, strongly indicating that ....-
the mechanism by which solvent affects { is the same in both biradicals. 

Other plots 1 i ke Fi g. 6 are much '1 ess 1 i near (~, ill1 vs. ll) i ndi

cating that other factors are also important. 

A decrease in exchange with increasing solvent polarity has been pre

viously reported for only one nitroxyl biradical. 37 Two further examples 

of such behavi or a re presented here, II and 1.2. Biradica1 IV should be 
""'" 

little different from I or II in the spacial relationship of the nitroxyl - -
-groups, yet the presence of the epoxide at positions 5,6 results in an 
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entirely different dependence of J(IV) on solvent polarity. For X the two -- -. 
biradicals observed should correspond to the 16a- and 168-doxyl epimers, 

yet the dependence of ~ on solvent polarity is distinctly opposite for !l 

andl2. This observation does not generalize to the 3- or l7-positions 

since the minor biradicals (!2' Jlh':!.2'].3) should also be epimers of 

I, III or V, yet the exchange interaction either increases with or is - - ~ 
independent of solvent polarity. 

The solvent trends in either the 3,17 or 3,20 series shown in Fig. 3 

are not consistent with a direct exchange mechanism. Within either series 

the relative orientations of the doxyl groups should be similar for each 

member and one would expect that for direct exchange a qualitatively similar 

effect of solvent would be noted for each. In contrast, even the direction 

of the change in ~ with solvent polarity is not the same. 

Effect of Temperature. The temperature coefficients listed'in 

Table II show many inconsistencies. The magnitude of the coefficient 

does not directly relate to the dependence of J on solvent polarity as 

one can see by comparing.ll' 11 and ill2. For a particular biradical, 

the coefficient in hexane can be smaller or larger than that in chloro

form and the signs can be the same or different. Similar inconsistencies 

obtai n when compari sons are made bet\'leen the major and mi nor bit'a'~i ca 1 s 

where multiple sets of S-resonances were observed. 

The single consistency is seen in chloroform, where the sign of the 

temperature coefficient is positive only when ~ decreases with increasing 

solvent polarity. A similar relationship can be noted for flexible biradi-

cals at temperatures for which S-resonances could be clearly discerned 

(generally below 20 0 ).37 A plausible explanation would be that, because 
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the tumbling rate of both solvent and solute increases with increasing 

temperature, the ability of the solvent molecules to interact with the 

solute (either through hydrogen bonding or through dipole-dipole inter

actions) decreases, leading to a condition of decreasing polarity with 

increasing temperature. When ~ decreases with increasing polarity, a 

positive temperature coefficient would result and vice versa. In hexane 

which lacks a dipole moment, no similar correlation is seen. Here the 

effect of increasing intramolecular (vibrational) motions with increasing 

temperature may predominate. 

For biradical VI an extra S-resonance becomes apparent as the tem-
~ 

perature is increased (Fig. 4) and most like~y corresponds to the strongest 

S-transition of a second form of the biradical. This observation is pos

sibly due to the presence of a second epimer of Yl in ~/hich the effect df 

temperature on ~ is much less than for the major epimer resulting in the 

resolution at higher. temperatures. However, the extra S-resonance may 

actually be increasing in relative intensity as the temperature is' raised 

and might correspond to a higher energy conformation of the biradical 

reathed by rotation about the C17-C20 bond. 

Conclusion 

The biradicals reported here were synthesized in the hope that they 

might provide insight into the mechanism of eJectron spin exchange in 

nitroxyl biradicals. For the most part the results have been considered 

to be more in line with the indi~ect mechanism tharr with direct exchange. 

It should be emphasized, hm'lever, that the more complex indirect mechanism 

has in 1 arge part "won by default" on the bas i s that many of the results 
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appear inconsistent with the simpler direct mechanism. It is of course 

possibl~ that both exchange mechanisms are of importance in these com

pounds and together lead to the rather complex dependence of !on struc

ture and solvent. The indirect mechanism itself may include contributions 

from several mechanisms such as spin polarization. spin deloca1ization and 

h~mohyperconjugation. and thus lead to complex behavior. 

In discussing direct exchange. the W-plan arrangement of bonds, which 

appears to be important to long-range coupling in nmr and esr and is 

apparent in the rigid biradicals presented here, has been emphasized. The 

fact that J(XI) is greater than J(V) would not appear to follow from such -- --
considerations since the bonding is mainly the same for both, and XI has ......... 

one more bond separating the nitroxyl groups than does~. The one property 

of XI Nhi ch stands out when compared \'/i th V i's the greater symmetry of XI - -. -... 
and suggests that symmetry may be of importance in determining the magni

tude of J. 

The magnitude of J was found to depend also on the solvent polarity 

and on the temperature. Depending on the structure of the biradical, the 

effect of solvent on~ may be large or small, and either an increase or 

decrease of ~ with solvent polarity can result. The correlation of these 

changes in ! with changes in the nitrogen hyperfine interaction strongly 

suggests a cause-effect relationship between solvent-induced shifts in 

electron density on the nitroxyl groups and changes in~. The reasons 

the exchange interaction depends on temperature probably include the 

kinetic aspects of solvation and changes in the vibrational state of the 

molecules. 
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Experimental 

Nmr spectra were recorded on a Varian Associates Model HR-220 instru

ment~ High resolution mass spectra were run on a AEI MS 9 spectrometer. 

Esr spectra were recorded on a Varian Associates E-3spectrometer equipped 

with 100 KHz modulation and an X-band (9.5 GHz) klystron, and a Varian V-4502 

variable temperature accessory \lIas used for variable temperature work. 

Samples were prepared at 10-5 molar concentrations and degassed in 1 mm 

quartz tubes with nitrogen for 30 sec, frozen in liquid nitrogen while 

purging the tube with nitrogen and then sealed with a torch. Care was taken 

during sealing not to pyrolyze the solvent since this generated radicals 

which reacted with the sample. 

Preparati on of the Di oxazo 1 i di nes. The genera] procedure fo·r the 

conversion of the steroid diones to the dioxazolidines27 was to reflux the 

dione with a 20-fold excess of 2-amino-2-methylpropan-l-ol (Ald~ich Chemical 

Co.) in xylene (20 ml per mmole of steroid diketone) with 5 mg of toluene 

sulfonic acid monohydrate per mmole of steroid. A Dean-Stark trap' packed 

with 4A molecular sieves was used for continuous water removal. The reflux 

time varied depending on the steric hindrance about the ketone group. The 

reaction progress could be easily followed by gas chromatography on a 6-foot 

column of OV-17. In general, complete conversion at the 3-positi6n occurred 

in 3 days; hml/ever, a 3-\I/eek refl ux \lIas necessary to affect an 80% convers i on 

at the 17- and 20-positions. Reaction at the l7-position of the precursor 

of XI was extremely slow and after 30 days only a small amount of the 
AA'" 

dioxazolidine was formed. 

After ref1uxing, the reaction mixture was cooled and washed 4 times 

with equal volumes of ~old saturated sodium bicarbonate solution and then 
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with saturated sodium chloride solution. After drying over anhydrous mag-

nesium sulfate the xylene was removed under reduced pressure. The crude 

dioxazolidines were obtained as viscous oils and not further purified prior 

to oxidation to the free radicals. In some cases the dioxazolidines could 

be obtai ned as. crys ta 11 i ne compounds by recrys ta 11 i zati on . 

. A similar procedure was used to prepare the mono-oxazolidine precursors 

of monoradicals XII, XIII and XIV. 
~ ~ --

Preparation of the Nitroxyl Radicals. The general procedure for 

conversion of oxazo1idines to nitroxyl radicals 27 \'1as to dissolve the oxa

zolidine in ether (10 ml per mmole). Hhile stirring and cooling the solu-

tion on ice, a 1.5 mole excess of m-chloroper6xybenzoic acid in ether 

(5 ml per mmole) was added dropvlise. This mixture (unless otherwise indi

cated belo~) was allowed to stand at room temperature for 48 hr. After 

this time the reaction mixture was washed 4 times with an equal volume of 

cold saturated sodium bicarbonate solution and then once with saturated 

sodium chloride solution. The ether solution was dried over anhydrous 

magnesium sulfate and the ether was removed at reduced pressure. All 

biradicals were obtained as oils and purified by column chromatography 

on silica gel, using a solvent of chloroform-hexane (10:1). Samples for 

esr study and high resolution mass spectroscopy were further purified by 

tlc on silica gel, using a solvent of chloroform-hexane (20:1). In some 

cases the biradicals could be crystallized from the appropriate solvent. 

3,17-didoxyl-5a,-androstane (1). The dioxazolidine precursor prepared 
. IV' 

from 5a-androstan-3,17-dione (Sigma) was oxidized to the biradical as 

described above. Crystallization from hexane-methanol yielded yellow 

. 
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N,6.10. Found: C, 70.57; H, 9.35; N, 6.23. + Mass spec (M 460.330869, 

for C27H44N204 a = -1.64 ppm). 

3,17-didoxyl-5s-androstane (Ill. The dioxazolidine precursor prepared 
,.. < 

from 5s-androstan-3,17-dione (Sigma) was oxidized to the biradical as 

described above. Crystallization from hexane-methanol gave yellow plates; 

mp 188-189°. Anal. ca1cd. for C27H44N204: C, 70.40; H, 9.62; N, 6.10. 

Found: C, 70.24; H, 9.44; N, 6.04r 

3,17-didOXY1-~S-androstene (III). The dioxazolidine precursor was ._-
prepared from ~4-androsten-3,17-dione (Sigma). Oxidation to the biradical 

was done at 4° for 24 hr using two equivalents of m-chloroperoxybenzoic 

( + . acid. The radical was obtained as a yellow oil. Mass spec M = 458.314930, 

for C27H42N204 A = -1.02 ppm). 

3,17-didoxy1-S,6a-epoxyandrostane (IV). Method A: The dioxazolidine .-
of ~4-androsten-3,17-dione, \'1hen oxidized in the usual manner using a twofold 

excess of m-chloroperoxybenzoic acid, yields a mixture of biradicals IIJand --. 
IV which can be separated by tlc on silica gel. Method B: Biradical III - . -
was treated with one equivalent of m-chloropelJxybenzoic acid in chloroform. 

The reaction can be followed by esr and appears to be complete in 30 min. 

The biradical is isolated as a yellow oil. Mass spec (M+ = 474.305247, for 

C27H42N20S ~ = 8.71 ppm). 

3,17a-didoxYl-5a-D-homoandrostane (Y.J. Sa-D-hombandrostan-3,17a-dione, 

prepared by the method of Goldberg et ~,38 was converted to the oxazoli

dine and oxidized to the biradical in the usual manner. Crystallization 

from methanol-"/a ter yi e 1 ded yellow p la tes; mp 187-190°. Ana 1. cal cd." for 

C28H46N204: C,70.84; H, 9.7~; N, S.90. Found: C, 71.01; H, 9.76; 

N,5.71. 
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3,20-didoxyl-5a-pregnane C.~). 5a-pregnan-3,20-dione (Sigma) was 

converted to the oxazo1idine. The oxazo1idine crystallized from hexane; 

mp 159-161°. Anal. calcd. for C29H50N202: C, 75.93; H, 10.98; N, 6.11. 

Found: C, 75.74; H, 10.77; N, 6.25. Oxidation yielded the biradical 

which could be crystallized from hexane-methanol; mp 202-203°. Anal. 

calcd. for C29H48N204: C, 71.27; H, 9.89; N, 5.73. Found: C,71.40; 
+ H, 9.60; N, 5.50. Mass spec (M 488.359849, for C29H48N204 d = +3.21 ppm). 

3,20-didoxyl-5B-pregnane (YII). The dioxazolidine precursor \'/as pre-. ~. 

pared from 5B-pregnan-3,20-dione (Sigma) and oxidized in the usual manner. 

The biradical crystallized from hexane-methanol; mp 191-192°. Anal calcd. 

for C29848N204: C, 71.27; H, 9.89; N, 5.73. Found: C, 71.38; H, 9.69; 

N, 5.88. 

3,20-didoxyl-d5-pregnane (YIIJ). Progesterone (Sigma) was converted v.... N.C 

to the dioxazolidine and oxidized at 4° for 24 hr with two equivalents of 

m-chlorcperoxybenzoic acid to the biradical. Mass spec (M+ = 486.346892, 

for C29H46N204 d = -2.32 ppm). 

3,20-didoxvl-5,6a-epoxypreQnane (lX). Prepared by either method A 
v..s 

+ ' 
or B as described for biradical IV. Mass spec (M = 502). -

3,16-didoxyl-5a-androstane (C). Androstan-3,16-dione \Vas prepared 

by the method of Bri dgeman et a 1 . ,39 converted to the di oxazo 1 i di ne and 

oxidized in the usual manner. The biradical could be crystallized from 

hexane-methanol. Anal. calcd. for C27H44N204: C, 70.40; H, 9.62; N, 6.10. 

Found: C, 70.9; H, 9.4; N, 6.2 . 

. 3,17-didoxy1-17a-methyl-5a-D-homoandrostane (1).). 17a-methyl-5a-D-

t ,",0 homoandrostan-3,17-dione was prepared by the method of Ramirez et a1. 40 

Conversion to the oxazo1idine and oxidation yielded a very small amount 

of biradica1. Mass spec (M+ = 488.358161 ~ for C29H48N204 d = 6.66 ppm). 
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3-doxyl-testosterone propionate (~}.n. Prepared from testosterone 

propionate in the usual manner. Anal. calcd. for C26H41N03: C,75.l4; 

H, 9.94; N, 3.37. Found: C, 75.14; H,9.BB; N, 3.26. 

17-doxyl-5a-andros tan-3S-:-o 1 (~m). Sa-andros tan-3e;..o 1 (Si gma) was 

converted to the oxazo 1 i di ne and crys ta 11 i zed from hexane-methanol; mp 122-

124°. Anal. calcd. for C23H39N02: C, 76.40; H, 10~B7; N, 3.B7. Found: 

C, 76.36; H, 10.61; N, 3.BB. Oxidation gave the monoradical which was 

crys ta 11 i zed from hexane-methanol; mp 1.9Bo. Anal. cal cd. for C23H3BN03: 

C, 73.36; H, 10.17; N, 3.72. Found: C, 73.S0; H, 9.92; N, 3.95. 

20-doxyl-Sa-pregnan-3s-01 (}Jl). Sa-pregnan-3s-01-20-one (Sigma) was 

converted to the oxazolidine and crystallized from hexane-methanol; mp lSl-

152°. Anal. calcd. for C2SH43N02: C, 77.06; H, 11.03; N, 3.S9. Found: 

C, 76.76; H, 10.82; N, 3.59. Oxidation gave the monoradical which was 

crystallized from hexane-methanol; mp lBO° dec. Anal. calcd. for C25H42N03: 

C, 74.21; H, 10.46; N, 3.2B. Found: C, 73.96; H, 10.lB; N, 3.2B. 
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Figure Captions 

Figure 1. Structures of the biradicals and monoradicals synthesized. 

Figure 2. Representative esr spectra of biradi~als in chloroform: 

(a) I at 40°; (b) II at room temper~ture; (c) VI at room temperature; ,- - """" 
(d) VII at room temperature. Except for (d), only the high~field 
~ 

S-resonances are shown. 

Figure 3. Effect of solvent on J for I - IV (left) and VI - IX (right). 
- - -. - """" 

The solvent and biradical designations are given in the figure. The 

Kosol-fer Z is a spectroscopic measure of solvent polarity (see text). 
/ 

Figure 4. Effect of temperature on the S-resonances of VI in xylene. .-
Only the high-field S-resonances are shown. The biradica1 was decom

posing, slowly at 100° and rapidly at 200°, such that gain settingS are 

different for each spectrum. The effect was reversible. 

Figure 5. Esr spectrum of XI in chloroform at room temperature. The 
"'"" 

spectrum appears to contain about 50% monoradica1 and 50% biradica1 with 

J » a. 

Fi gure 6. Plot of J(I) vs. J(VI) in different solvents. 
-..,.; --~ 
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