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Abstract: Eleven rigid nitroxyl biradicals ha;e been synthesized with -
distances between the radical groups of up to 12 R. The electron spin '
resonance spectra were studied in a variety of solvents and over a range
of temperatures. S-resonances, which permit the electron exchange
interaction (J) to be determined with precision, were observed for all
but one of the biradicals. Spectra corresponding to d =6 G up to J =
172 G were obtéined. The effects of structure on the exchange are com-
plex and do not appear to be consistent with a simple direbt (through
space) mechanism. It is concluded that indirect (through bond) exchange
occurs in these biradicals 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 mechanism, the
exchange is found to be very sensitive to the étructure of the bfradica].
The exchange can also be strongly dependent on solvent. Most of tﬁe
biradicals show an increase in J with solvent polarity, although two
show the oppbsite behavior and two have values of J which were inde-
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 hyperfjne coupling constant; Increases in
temperature can produte either an increase or a decrease in J depending
on the solvent. bThe 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 mav be defined as a molecule containing two unpaired
electrons which are sufficiently separated and localized that they interact
with one another only weak]y.] The interactions which can occur between
the electrons include the electron-electron dipolar interaction and the
electron spin exchange interactid;.

The dipolar interaction is generally well understood, and, if the dis-
tance between the two radical centers is known, it ‘may sdmetimes be accurately |
predicted by assuming the electrons to be localized at two points (the point
dipole approximation).2

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

under two basic mechanisms.]

That most commonly considered is the "direct"
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

4-6

them in studies of membranes and membrane models, of isotropic and

4)7"]0

anisotropic liquids, and of intramolecular motion and conformational
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Some of the studies relied on the dipolar interaction
and others on the exchange interaction for'useful'information._
."Because they can be prepared with 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 maJor1ty of knowgh21rad1ca1s are of a flexible nature and

can provide 11tt1e 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

4,7,10,11,14,15

We have synthesized and studied eleven rigid nitroxyl biradicals,
most of which exhibit easily measurable exchange energy. Several of the
mo]ecu]eé differ from one another only by small changes in the jeining
structure which would have Tittle effect on'the relative positions and

orientations of the nitroxyl groups. The rigid nature of the biraHica]s

has a]so perm1tted us to investigate the effect of solvent and temperature

on the exchange interaction independent of effects on molecular flexibility

/N

or conformation.

Measurement and Mechanism of Electron Spin Exchange

A theoretical discussion of the effects of épin exchange on the esr
spectrum of a nitroxyl biradical has been given by_l_'emaire,.'6 Glarum and

Marsha]],]7

and'others.] 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'g_becomes large and
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move away from the center of the spectrum. Wlhen they are observed, the

exchange energy can be accurately determined from the separation Aﬂd
between the strongest S-resonance and the center of the spectrum:

| J = gy - a%/aH, o (1)
where a is the hyperfine splitting due to the nitroxyl nitrogen.

However, for many biradicals, conformational changes in the molecule result
in a broadening of the S-resonances beyond observation. This results from
a modulation of the exchahge interaction between two or more va]ues.]7'

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

tions ihvo]ving 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 J may sometimes be,estimated from the positions of the

T-resonances . Again, modulation of J can broaden these transitions and ’
18

caution must be observed.
The mechanisms through which the spin éxchénge interaction occurs
can be di?ided into two classesf#airect and indirecé. Direct exchange
is that most commonly treated theoretiga]ly and occurs as a result of
direct overlap of the molecular orbitais which contain the unpaired elec-
trons. It is generally noted that the structure joining the two radical -
centérs does not contribute td direct exchange. ' However, it should be
apparent.that if the jofning stfucture is positioned such that it “"shields"
one radical center from the other, a considerable effect on (but not a V
contribution to) direct exchange can be expected.
Direct éxchange 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 when the distance between electron centers is large. 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 1070 kcal/mole)
vinich is insighificant when compared to most energies of interest. HMurrell

19 have calculated the exchange energies for two hydrogen

and Teixeira-Dias
atoms in various states (2s, 2p) at distances between 7 and 11 R. Even at
11 R the calculated values of J 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 2pn orbital between the
nitrogen and 0xygen.20 For the situation most closely approximating that
of -a nitroxyl biradica] (two hydrogens in 2p states) their results indi-
cate, as one should expect, that the magnitude of J varies strongiy 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 Q.

—

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
contributé to the magnitude of J. Calculation of indirect exchangé is
vastly more complicated than for direct exchange. The former requires a
khow]edge not On]y.of the unpaired electronic distfibution, but also of','
the distributions and interactions of the electrons in the structure
jbining the fadfca] fragments. Efforts to calcu]afe indirect exchange
except for veryAsimple systems can be considered only as order of magni-

tude estimates.z?
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Through'bond spin eXchange is also important to nuclear spfn

_,',_623"23 ~ coupling in. nmr‘22 and to electron-nuclear spin coupling in esr.23

| The bond polarization and hypefconjugation formalisms used to describe

24

;>ué ad ‘these situations” should also be . important to electron spin exchange in

biradicals. Long range nuclear spin coup]ihgs (through 3 to 5 bonds)

25

Né.:zg have been known for some time.> In some cases these long range inter-

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

“é 2 - of the nuclei 1'nvo]ved.26

Other long range couplings are usually asso-
ciated with what is known as a W-plan arrangement of the bonds between
the nuc'lei.24 Unpaired electrons have magnétic 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 effectfve]y 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 W-plan bond arrangement exists between the |
radical centers. The through bdna exchange magnitude will also depend
strbng]y on the extent of overlap of the unpaired electronic orbital and
the molecular orbitals df the joining structure. Thus one can e&pect
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 stfucture should affect the magnitude of indirect exchange.
Results |
iqa-i 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-methy1-1fpropano].and é catalytic amount

of p-toluenesulfonic acid to give the 4',4'-dimethy§oxazo1idine precursor

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

-8~

27 The term
“"doxy1" has been used for the 4',4'—dimethy]oxazo]idine-N-oxy] derivatfve
of a ketone?® and will be used here (g;g;,-biradica].L becomes 3,17-
didoxy1-5a-androstane).

The nitroxyl groups at the 3?, 16-, 17- and 17a-positions are rigidly
attached to the steroid structure, and space filling models indicate that
molecular motion about the C]7—C20 bond of biradicaISFXJ:lébwi1] be greatly
restricted. Most of the biradicals fall into two main series: .L through
Yy and‘!l through‘}ﬁ: Within the two series, homo]ogous changes in the
trans steroid joining structure are introduced, including a change in
steréochemistfyfat the 5-position (cis steroid biradicals 11 and XLI), the
introductidn of a double bond between the 5 and 6 poéitions (ill and Xlll)
and the subsequent oxidation of the double bond to the corresponding |
epoxide (IV andali). Biradicals I and X bear aﬁ homologous relationship
to‘!‘and‘zl where the major difference is in number of carbons in the
steroid D-ring. ) .

For each of the biradicals in Figure 1 except‘él, 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 wfth 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.,‘xz,‘ys) to refer to thevweaker sets of S-resonances
in brder of decreasing J. No subscript or a subscript 1 will be used to
designate the predominant S-resonances. Except forgi,_the biradicals
whiéh could be recrystallized showed only one set of S-reéonances corres-

ponding to the strongest set in the cru&e'compound. The relative concen-

. trations of compounds broduéing the multiple sets of S-resonances could



e
be estimated from the height and width of the strongest transition in
each set after correction for the effect of J on the intensity. The crude
biradicals were nearly always contaminated by varying amounts of mono-
radica], and it is not possible to say whether a biradical with J = 0 was"
presént. Also a biradical with large J and low concentration such that
the S-resonances could not be detected could have been missed. .
Vé]ues of Q_ranging from 6 G (X, in hexane) to 172 G QEJ in acetic
acid) were determined using equation (1) and should be accurate to +1 G.
Fig. 2 Representative spectka are shown in Figure 2. Except for 2(d), only thev ‘
high-fie1d,$-re$bnances 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 times those
of the T—resohances, possib1y due to modulation of J by intramolecular
motions. When the S-resonances'wére difficult to detect, the sigmal-to-
noise ratio can be improved considerably by the use of high microwave -
power (100-250 mW) as in Figure 2(a). This resu]ts'frOm the fact that
transitions having very low transition probabi]ities-can tolerate much
higher microwave power before saturation effécts_become important. The
S-resonance.line widths were not strongly dépendentvon the microwave
power used.
The effect of so]vént on the exchange enefgy was studied in greatest:
detail for biradicals’L and VI and in a variety of solvents for the
TRawe T remaining biradicals. The reSu]ts afe listed in Tab]e'I._ Where more

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



Table I. Exchange energiés for the reported biradicals in various solvents

Solvent 7 RS | 39 ur v L
Jq JZ a | J a J Jy s a J a Jq Js J3 a
;_’ Hexane 60 | 92.4 51.9 14.1 | 25.1 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 e S — e e im e
THF -- | 110.0 -- 14.4| 25.6 14.8 | - -= = - — - T
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 14.4 | 28.4 14.5 117.7 37.6 30.0 14.5 | 48.2 14.6 | 111.4 77.3 61.5 14.7
DMF 68.5 | 127.5 64.8 14.6 | -- - T - .- - e e e
Acetonitrile 71.3 | 129.6 67.0 14.5 | --  -- - e - - — - - e e -
Pyridine 64 133.0 70.0 14.6 - -- -- -- -- - -- -- -- -- -- --
DMS0 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
Ethanol (95%) g1.2 | 155.0 77.2 14.8 | == == | == == == o | == o ee e e -
Me thanol 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

_Ol_

* : v L
The subscripts on J are used to designate results for minor epimers (or impurities) of ‘the indicated biradicals in

order of decreiéing J. Absence of a substript (or a sUbécript 1) implies thevmajor epimer in each case.



Table I (cont.) Exchange energies'for the reported biradicals in variousvsolvents*

Solvent

Hexane
“Ethyl acetate
THF

Xylene
.Acetone

DMF <
Acetonitrile
Pyridine
DMSO
Chloroform
“Ethanol (95%)
Methanol |

Z X pASS JRERS L X
J. a J a J, a J a J] 7J2 a
60 | 32.3 14.2 | 7.0 4.2 | 181 141 | 167 142 | 6.1 35.6 141
- | 35.3 145 | -- - - - - S
- | 367 4.6 | 7.9 144 | - - - - S
63 3.0 14.5 |57 14.5 | 19.5 14.2 | 17.6 14.2 | 6.5 33.7 14.4
65.7 | 36.6 14.6 | 8.8 147 |10.2 14.4 |16.5 14.5 | 8.9 33.2 14.6
68.5 | 38.5 14.7 | --  -- - - - - - - -
71.3 | 39.2 147 | - - - - - - e e e
64 | 40.2 147 | - - - - - - - e
71 39.6 14.8 | 8.0 147 |19.8 14.6 | 16.5 14.7 | 9.3 34.0  14.8
63.2 | 43.9 14.9. (7.2 15.0 |19.6 14.8 | 16.1 14.8 | 15.4 25.0 14.9
8.2 | 434 149 | -- = | - o | - o | L
83.6 | 42.9 15.1 | 9.4 15.2 | 21.1 5.0 |17.0 15.1 | 20.6 22.9 15.2

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

in order of decreasing J. Absence of a subscript (or a subscript 1) implies the major epimer in each case.

..ll_
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. interaction determined from the strongest set and 92 and ga vere determined

from the weaker sets in order of decreasing J. Also included in Table I
are the observed hyperfine interaction (a) and the Kosower Z value for each

so]vent.29

The Kosower Z 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 J with solvent is seen (Ill,, YII, 1X) and in two cases

J decreases wfth solvent polarity (1!,‘1%). Part of the results in Table I

are plotted in Figure 3 for the two homologous series of mo]ecu]esﬂlﬁthrough'

- ,{X and VI through IX.

The eXcHange energies.of most of the biradica]s_were also studied
as a function of temperature in hexane and chlorofokm; the results are
summarizéd fh Table II. Variation of g_wfth temperatdre was essentially
linear over the range examined. Temperature coefficienis varied from
-0,27 to +0.13 Gauss/degree, but were generally small in magnitude‘(<0.05)'
and negative. The efféct of temperature was also studied in xyTene,
where results were essentially equivalent to those'in‘hexane and are not
included in the table. The S-resonances of biradical Xl‘exhibited a
singular behavior at high temperatufe in xylene. As illustrated in
Figure 4, a new_S-resonance appears from beneath oné of the lines present

- : appears to . . . . -, . . .
at lower temperature and,increase in relative intensity with increasing

A

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 biradica]s‘L throughdi.

Biradical v Temperature coefficient (Gauss/degree C)f
hexané ~ chloroform
1 +40.05 4 | -0.27
I ~0.05 -0.06
111 +0.13 ' ) -0.06
11, -0.12 =012
1y -0.12 +0.05
v +0.10 -0.05
v -0.01 . -0.7
Y3 +0.03 | - -0.05
VI +0.03 -0.02
VIl -0.01 - - -0.03
VIII -0.03 004
X -0.04 -0.02
X -0.04 o -om
X +0.04 +0.09

*The temperature range examined was generally 20 to 100° except for
i, 11, ‘\.I~I‘ and VII in hexane and ey u‘ and VII in chloroform (-60

to 60°) and for 1 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 17a-positions of the steroids

~and also atlthe,20—position although in this case the additional problem

of the conformation about the C]7-C20'bond exists. Thus each biradical

30

has a maximum of four possible epimers. Michon and Rassat™ have studied

|
|
the proton hyperfine interactions in 3-doxyl-5a-cholestane and 3-doxyl-58-

cholestane and concluded that in each case only the epimer which has the

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

Marriot g}_gl;?] have studied 3-doxyl-5a-cholestane 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-oxazolidine methylene. protons
of the amine precursors of I, II, V, VI, VII and X appear as a sharp\
Afa VA AA A AN AL _

singlet in the nmr spectra near 3.5 s.

Before considering the stereochemistry of the doxyl group at the
3-positions of biradicals III and VIII and at the 16-, 17-, 17a- and

. ) A A

20-positions, it will be useful to speculate as to the source of the stereo-
chemical specificity observed during oxazolidine formation at the 3-position

30 nor Marriot g;_a1.3]

of cis and trans steroids. Neither Michon and Rassat
have discussed this aspect of the problem. Oxazolidine formation proceeds
most likely via'én iminium ion intermediate following by ring closure

resu]ting from attack by the alcohol OH on the iminium carbon.
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CH CH
Rl 3 + R 3 _ut R H
+H . @ H I N
=0 + NH, CHy ——o—>  S=NH—-CH; T——=
Rz 2 Ry +H* RS Vo

The‘fifst step is driven toward completion by removal of water from ther
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 gf a
steroid (ciS‘or‘trans) the axial position would experience the greatest
stearic interaétion due to the axial protons at positions T and 5. Sincé
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 lll and !lli was from the A4-diketo-

steroids. During the formation of the oxazolidine at position 3 the double :
bond shifts to the A5-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 therevis no hydrogen at
‘Cs and the stearic interactions which could result in predominance of the
38 epimer. have been reduced to one axial hydroéen at C]. As one may pre-
dict from this observation, the ratio of 3o to 38 epimer formed appears to
increase as evidéncé'by the nmr of the 3—0xaio]idine methy]ene protons.
This is most easi]y seen for compound lll, which has only the 3-oxazoliaine, |
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 Xlil’ while lll

exhibited three sets; both 111, and 11, were estimated to be about 4% of

Anan a3
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lll. Thé dependence of J on solvent is the same within experimental error
for ll and 1113 (the behavior in chloroform is unusual for both), and both
may be due to the same biradical. It is unlikely that the précursor of ll
was present as an impurity in that of lil. If not, then reduction of thé
double bond must have occurred, probably during the formation of the oxa-
zolidine ring.. If a biradical equivalent to‘L] were also produced during
this prOce#s; it would not be detected because of the low yield combined
with the very low intensity of the S-resonances for large J.

Biradica1s.lx and l&_were derived directly from Lll and !lll by

treatment with m-chloroperoxybenzoic acid in chloroform. As the oxidation

" proceeds a new set of S-resonances appears, accompénied by the disappearance
of those of the Major isomer. In the case of lll - L&_the S-resonances of

1132 also disappear while the major S-resonance of 1;}3 remains as a shoulder

on that of IV.. The'intensity of the new S-resonanéés are too great to
resu]t.from 1112' If the period of oxidation is extended, the S-resonances
°f\ll disappear.and the appearance of the T-resonance region begin§ to
appreach that of a nitroxy]4monoradica].

The predominant epimer at the 17-position is not known. The nmr spectra

- of the amine precursors of biradica]s‘lx LL and of the monoradical 17-doxyl-

5a-androstan-3g8-01 (XIII) show the methylene protons of the 17-oxazolidine

as one set of non-equivalent protons (one AB qUartet around 3.5 §). Thus

one predominate epimer is indicated. Most steroids having a substituent at
the 17-position exist as the 17g isomer. Brutcher and Bauer32 have ca]cdl
lated that 17g-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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17-oxazolidine, the bulkier amine group would therefdre be expected to
occupy the 178-position, resulting in predominance of the 178-doxyl in
‘L.through le- Expansjon of the D-ring to a ij—membefed ring CK) increases
‘the diaxial interactions, and tﬁe situation’fs more similar to the 3-position.
Biradica] J;exhibité two sets of S-resonances with‘L] predominating about |
'fivefold over‘gz. The ratio of‘.{2 to”I‘1 is much tdo large to be accounted
for by the epimers at position 3 and more likely corresponds to the 35—17a
and 38-178 epimers. Biradica] l&bappears to have only one epimer, the
other perhaps having Jd~r~0ord > a. Three‘sets of S-resonances are also
observed for biradica]dx.withiil predominatihg sixfold over V, and five-
fold over;!3.
‘The two epimers of the 20—doxy1 group of x& 4‘£§ can be designated

Aﬂé 33 in accordance with Fieser33 as the 20a and 208 epimers.

} QH3\ . : } (}H3\

a0 0-=Na i

20a 208
Space fi]]ing molecular models indicate that rotation about the C17—C20
bond is restrictéd and only certain conformations of the_doxy] or of the
oxazolidine can be,exbected. The’ sharp S-resonances at all temperatures
. s for the 20-doxy1_bibadica1s indicate that large amp]itude'osci]]ations
about the’C]7~C20vbond either do not occur, in agreement with the modeTs;
or are sufficiently fast as to completely average J. Only one:major set
of S-resonances are observed for each of‘Xi_— }2&, and the nmr of the 20-

oxazolidine methylene protons consists of one AB quartet around 3.5 &,

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 oxazolidine 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 (Whiéh will be designated A) in which the amine is/befow the
ﬁiane of the steroid on the side opposite the 18-methyl will have fewer
interactions than conformations B which have the amine above the p]ane}
Molecular 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.(A}) of the 20a epimer, in which the N-O bond of the final
doxy1 gfoup is difected'essentia]]y perpendicular to,thé steroid plane,
has somewhat féwer interactions than others (« or,s) and. should be favored.
| A'yery similar Ai conformation of the 208 doxyl is also possible. For
either epimer dther‘ﬂ.conformations can be easily reachéd by rotation
about the C]7-C26 bond, but it is much more difficult to rotate an A into
ag conformation.

Biradical'ﬁ has a doxyl group at the steroid 16-position. The nmr of
the amine precursor of birédica] 2& shows the 16-oxazolidine methylene protons'
- as two AB quartets around 3.5 6, one of the quartets predominating about
fourfo]d. The bfradica1, even after recrystallization, showed tw, sets of
S-resonahces.' The relative proportions cou]d not be'éc¢urate1y determined
but were estiﬁated'to be about 2:1.

Biradica]‘5£ is comparable to‘éibut with the steroid D-ring expandedv
to six carbons. Stearica]iy, the interactions which should lead to an

equatorial nitrbgeh in the 17-oxazolidine are even stronger than those at

the 3-position due to the 18-methyl group. Thus the 17a epimer should -

N
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predominate. As expected, the 18-methyl also makes the formation of +he
17-oxazolidine QEYy difficult and the resulting dioxazolidine is produced
in very low yield. Complete separation of the biradical from accompanying
3-doxyl monoradical was not possible. The best esr spectrum obtained for
51 is i1lustrated in'Figure 5. No S-resonances were observed under any
conditions. The spectrum consists of a 3-line monoradica]'spectrum super-
imposed on a 5-1line biradical spectrum with J >> a..

Effect gf.strutture. For the cis biradicals ll and VII the exchange

is 4- to 6-fold lower than for the analogous trans compoundsal_and Vi.

The diagram below shows the major differences between the isomers.30

The direction of the N-O bond at the 3-position is reversed and the
nitroxy]_groups are held c]osér together in the cis compounds. It is
also apparent that tHé extent of W-plan arrangement 6f the sigma bonds
is greater for the trans isomers and, if the w-plah arrangement is
important to indirect exchange as suggested above, the higher values of
J for the tfans isomeré are quite consistent with an indirect exchange
mechanism. |

The g configuration has been assigned to the 17-doxyl group. The
detrease in g_fronli‘to Ll supports this assignment since for the 17a-

doxyl epimer the cis isomer has the nitroxyl oxygens separated by less
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than 5 ﬂ, which would certainly result in a very strong direct exchange
interaction. For the A; conformation of the 20-doxyl group (see

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

oxygen distance in this conformation of VII would be 7 to 8 B. The
observed exchahge, however, is small, indicating either that the 20-doxy1
is not in the predicted.A] 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, DMSO) the ratio gqu):gjll) is
essentially equal to gjx;):g(!ll). This fact is intuitively acceptable
on the basis of through bond exchange since the ]7—.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 178-doxyl. One of the B conformations of the 208-doxyl approximates
this requirement. If this is the correct conformation, however, it is
difficult to see why the exchange for the 20-coxyl series should be so
much lower than that for the 17-doxyl series.

Introduction of the double bond between C. and C. (III, VIII) tilts
" ~.the 3-doxyl N-0 bond away from the 19-methyl group by more than 10° and
at the same time ﬁrings the N-O group down neaker the plane of the steroid.
If the magnitude of J were mainly determined by the direct mechanism, one
would expect a slight decrease in the exchange for III and VIII as compared

.W ) PN
to I and VI. In contrast, the exchange for III can be larger or smaller
AA AN AN .
than for I, depending on the solvent, while J(VIII) ‘is about half J(VI)
P = AN - " A

in all solvents. These results also appear to be inconsilstent with an
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indirect mechanism since, as argued above for the cis-trans compounds,
one could eXpéct the ratios of J in the two series-fo be comparable, par-
ticularly if the only effect of the unsaturation were distortion of the
W-plan arrangemeht 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 oxidizing the double bond to the epoxide (l!,‘lé) on

" the relationship of the 3-doxyl group to the 17- or 20-doxyl is uncertain.

However, the resu]t{most l1ikely falls somewhere in betWeen the saturated
and unsaturated ana1ogs. The exchange for lx.is as much as threefold

smaller than for 1 or 1}1} while in contrast, there is little difference
between J(lﬁ) and J(!lll). Again the result is not readily explained by
either exchange mechanism but is more consistent with indirect exchange.

Expanding the steroid D-ring from five (I) to six Q!) carbons has

two main effects. First, the NO bond of the 17a8—doky] is tilted away

. from the 18-methyl group by about 30° more than for the 178-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
have on direct exchange since one Shouid tend to couhteracé the other.

The observation that ggvg is less than g&l) except in hexane where they
are equal cannot be considered as more consistent‘with one exchange
mechanism than another. However, 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 (1 R) and the bonding between them is changed very

little.
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Biradical 2& is of interest independent of the other compounds
studied here becauge the evidence clearly indicates two epimers at posi-
tion 16. The interesting effect of solvent will be mentioned in the next
section. The difference between the two epimers is only the configuratfon
of the doxyl group about position 16. Yet the observed exchange can be
either very different (e.g., iﬁ 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.

vBiradica]_j&L 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-
radicé] but high resolution mass spectral ané]ysis gave the correct
molecular ion for 51. This information is reemphasized here because of
the very unusual result obtained forAZE. In contrést to what one would
expect by noting that the relationship between)Land il_is analogous to
that between;L'ahdlés namely, an exchange for XI of between 0 and 30 G, the
only biradical evident has a very large J (>30) G).' This result cannot be
explained by a direct exchange mechanism. It is aiso difficult to accept
on the basis of the indirect mechanism, since X1 has one more bond separating
- ~=the nitroxyl groﬁps than V. »However, it should be pointed out that the
two nitroxyl groups in 38,17a-didoxyl-D-homoandrostane (the expected
epimer of Zl) are connected by an essentially symmetric W-plan arrange-
ment of carbon—éarbon 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(lllz) and J(lﬁ) show no significant variation while other biradicals
can have either an increase (e.g., I, and }J) or a decrease (1V and X,) in

J with increasing solvent polarity. It has been sUggésted that such effects
of solvent on J, which have also been observed with flexible biradicals, are
the result of changes in the most probable conformation of the bir‘adica].]7
However, the rigid molecules presented here should be capable of only very
limited conformational changes on which the solvent can be expected to havé
Tittle effect. Yet the magnitude of the effect of solvent 6n J for I, s Llli,
and‘x] is greater than has been noted previously.  An alternate explanation
is that the changes in J are directly related to changes in the distribution
of the anaired electrons as is reflected in the well known dependence on

vef, 39 solvent of the nitrogen hyperfine interaction (_a__).34 Two resonance forms

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

/

n':—-—o L e— 'N—0
_ R! ,

\

either on the nitrogen or on the oxygen. Polar so]vénts stabilize the
polar resonance form and lead to greater electron density on nitrogen

than do nonpolar solvents. The situation may be considerab]y more cbmf
plex than the above diégram indicates. Several nitroxides have been found’
by crystal structure determination to be non—p1aner and thus the hyﬁ}fdgza-
tion of the orbitals on nitrogen is in question and may be affected by the

so]vent.20
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The Kosower Z-value is an empirical measure of solvent polarity which
was chosen because it had previously been shown to correlate linearly with

34

the hyperfine interaction in several solvents. Biradicals l‘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 J vs. Z show good linearity with the exéeption of hexane,
pyridine, and chloroform. The pyridinium iodide complex used to obtain
Z-values 1is réther'insoTub]e in hexane, which may result in a high value

35a

of Z due to dimerization or other interactions. Dimroth et al. have

used a differehtvpyridinium compound to characterize solvent polarity,

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

Values of ET(30) pTot linearly against Z-values for most solvents, hexane

being an ex_ception.35a

By extrapolating the ET(30) vs. Z plot, one can
estimate that Z for hexane should be 52 rather than the va]ﬁe of. 60 reported‘
by Kosower. The use of Z = 52 for hexane can be seen to considerably
improve the linearity of the J vs: Z plots in Fig. 3. \

In Fig. 3 the points for chloroform are consistently out of line with

the other solvents whenever a significant variation of J with solvent

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

chloroform to form weék hydrogen bonds, a property to which 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 a]cohois, hydrogen bonding
fo otHer so]vent molecules may be such that hydrogen bonding to solute |

36

molecules such as the biradicals is relatively weak. Biradica]dg_was

examined in two other solvents in which hydrogen bonding is expécted to
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be important. In aniline (Z = 70, estimated from a plot of ET(30) vs. Z)
the exchange interaction was 170 G, white in acetic acid (Z = 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 hydrqgen capable of hydrogen bonding, and
the béason J in pyridine is not consistenf with results in most other
solvents is unclear. It may have to do with the structura]-rélationship
between pyridfhe and the'pyridinium compodnds from Which Z and ET(3O) are
derived. Solvent-solute interactions other than dipole-dipole interactions

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

When a is plotted vs. Z, fair linearity-is seen, but again the points.
in chloroform and pvridine fall clearly off the line defined py the other
solvents. When J is plotted vs. a for biradicals I and VI, fair linearity
is again obtained; however, the points for ch]orofofm and pyrjdiﬁe (and
aniline and acetic acid for;L) conform to the line defined by the other
points. These observations provide strong evidence that the so]veht
dependence of'g.and a are closely related. In Fig. 6, JQ&T) is plotted
against J(XL). Very good linearity is obtained, stfong]y indicating that
the mechanism by which solvent affects J is the same in both biradicals.
Other plots likébFig. 6 are much less linear (e.q., 111, liLlh) iﬁdi—
cating that other factors are also important.

A decrease in exchange with increasing solvent polarity has been pre-
].37

viously reported for only one nitroxyl biradica

of such behavior are presented here, 1V and X,. Bifadica] IV should be

TJittle different fronnl‘or 11 in the spacial relationship of the nitroxy?

~gfoups, yet the presence of the epoxide at positions 5,6 results in an

Two further examples =
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entirely different dependence of Qj{!) on solvent polarity. For X the two
biradicé]s obsefved should correspond to the 16a- and 16g-doxyl epimers,
yet the dependence of J on solvent polarity is distinctly opposite for}&
and‘§2. This observation does not generalize to the 3- or 17-positions.
since the minor biradicals Qlé, lllz’.XZ’.M3) should also be epimers of
‘l, 111 ordy,'yet,the exchange interaction either increases with or is
independent of solvent polarity.

The so]vgnt tfends.in either the 3¢17 or 3,20 series shown in Fig. 3
are not consistent with a direct exchange mechanism. Within either seriéé
the relative orientations of the doxyl groups should be similar for each
member and one would expéct that for direct exchange a qualitatively similar

effect of so]?ent would be noted for each. In contrast, even the direction

of the change in J 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‘jq,‘yq and lllz' 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. Sfmi)ar inconsistencies
obtain when comparisons are made between the major and minor biradicals
where multiple sbts of S-resonances were observed.

‘The single consistency is seen in chloroform, where the sign of the
temperature coefficient is positive only when J decreases with increésing‘
solvent polarity. A similar relationship can be noted for flexible biradi-

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

37

(generally below 20°), ) A plausible explanation would be that, because



-27-
the tumbling raﬁe of both solvent and solute incréases with increasing
temperature, the ability of the solvent molecules to interact with the
solute (either through hydrogen bonding or through dfpo]e-dipo]e inter-
actions) decreases, 1eéding‘to a condition of decreasing polarity with
increasing temperature. When g_deéreases with increasing polarity, a
positive temperafure coefficient would result and vice versa. In hexane
thch 1aéks a dipole moment, no similar cbrre]ation is seeh. Here the
effect of increasing intramolecular (vibrational) motions with increasing
temperature may predominate.

For biradical Xl an extra S-resonance becomes apparent as the tem-
perature is increased (Fig. 4) and most 1ikely corresponds to the strongest
S-transition of a second form of the biradical. This observation is pos-
sibly due to thé‘presence of a second epimer of 11 in which the effect of
temperature on J is much less than for the major epimer resu]tin§ in the
resolution at higher. temperatures. However, the ex£fa S-resoﬁance may
actually be increasing in relative intensity as the temperature is' raised
and might correspond to a higher energy conformation of the biradical

reached by rotation about the C”—C20 bond.

Conclusion

The biradicals reported here were synthesized in the hope that they
might provide ihsight into the mechanism of electron Spin exchange in
nitroxyl biradicals. For the most part the results.haVe been considered
to be more in 1ine with the indirect mechanism than with direct exchange.

It should be emphasized, however, that the more complex indirect mechanism

has in large part "won by default" on the basis that many of the results



-28- ©
appear inconsistent with the simpler direct mechanism. It is of course
possib]é’that both exchange mechanisms are of importance in these com-
pounds and together lead to the rather complex depehdence of J on struc-
ture and solvent. The indirect mechanism itself may include contributions
from several mechanishs such>as spin polarization, spin delocalization and
homohyperconjugation, and thus lead to complex behavior.

In discussing direct excﬁqnge, the W-plan arrahgement of bonds, which
appears to be important to long-range coupling in nmr-énd esr and is
apparent in the rigid biradicals presented here, has been emphasized. The
 fact that gﬁgg) is greater than g&!) would not appeér 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 doele. The one property
of ll which stands out when compared with‘!;is the greater symmetry of XI
and suggests that symmetry may be of importance in détermining the magni?

tude of J.

s
.

- The magnitude of J was found to depend also on the solvent polarity
and on the temperature. Depending on the structure of the biradica], the
éffect»of solvent on'J may be large or small, and either an increase or
decrease of g,wfth solvent polarity can result. The correlation of these
changes in J with changes in the nitrogen hyperfine interaction strong]y,‘
Suggests a causeéeffect relationship between solvent-induced shifts in
electron densityton the nifroxy] groups and changes.in‘g, The reasons
the exchangé interaction depends on temperature probably inc]ude‘thé |
kinetic aspects of soiVation and changes in the vibratjoha] 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-3 spectrometer équipbed
with 100 KHz modulation and an X—bahd (9.5 GHz) klystron, and a Varian V-4502
variable temperature accessory was used for variab]e,temperature work.
Samples were prepared at ]0'5 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 geherated radicals
which reacted with the sample. |

Preparation of the Dioxazolidines. The genefa] procedure for the
27

conversion of the steroid diones to the dioxazolidines™ was to reflux the
dione with a 20-fold excess of 2-amino-2-methylpropan-1-01 (Aldrich Chemical j
Co,) in xylene (20 ml per mmole of steroid diketone) with 5 mé 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. Thé
-reaction progress could be easily followed by gas‘chfomatdgraphy on a 6-foot
column of OV-17. In general, complete conversion at the 3-position occurred
in 3 days; however, a 3-week ref]uk was necessary to affect an 80% conversion
at the 17- and 20¥positions._ Reaction at the 17-position of the precursor
of %l‘was exfreme]y slow and after 30 days only a sma}] amount of the
dioxazolidine was formed.

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

with equal volumes of cold saturated sodium bicarbonate solution and then
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with saturated sbdium chloride solution. After drying over anhydrous mag-
nesium sulfate the xylene was removed under reduced pressure. The crude
dioXazo]idines were obtained as viscous oils and not further purified prior
to oxidation to the free radicals.” In some cases the dioxazolidines cbu]d
| be obtained as crystalline compounds by recry;ta]]i;ation.

A simi]ar~procedure was used to prepare the mono-oxazolidine precursors
of monoradicals XII, XIII and XIV. ”

Preparation of the Nitroxyl Radicals. The general procedure for
27

conversion of4oxazolidines to nitroxyl radicals®’ was to dissolve the oxa-
zolidine in ether (10 m1 per mmole). wﬁile stirring and cooling the solu-
tion on icé, a 1.5 mole excess of m-ch]oroperdxybeniofc acid in ether

(5 ml per mmoié) was added dropwise. This mixture (unless otherwise indi-
cated be]ow)VWas allowed to stahd 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 wére obtained as oils and purified by column chromatography

on silica gel, using a solvent of ch]oroform—hexané (10:1). Samples for
esr study and hfgh reso]ution-mass spectroscopy were further purified by

tlc on silica ge1; using a solvent of chloroform-hexane (20:1). In some

cases the biradicals could be crystallized from the appropriate solvent.

3,17-didoxyl-5q-androstane jig. The dioxazolidine precursor prepared
from 5qa-androstan-3,17-dione (Sigma) was oxidized to the biradical as
described above. Crystallization from hexane-methanol yielded yellow

plates; mp 200f201°. .Anal. calced. for C27H44N204: C, 70.40; H, 9.62;
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N, 6.10. Found: C, 70.57; H, 9.35; N, 6.23. Mass spec (M' 460.330869,
for CoHpaN0, & = 1,64 ppm) .

3,17-didoxyl-58-androstane (ll), The dipxazolidine precursor prepared

from 5g-androstan-3,17-dione (Sigma) was oxidized to‘the biradical as
‘described aone. Crystallization f}om héxane-methano] gave Yellow plates; .
mp 188-189°. Anal. calcd. for C,.H,,N0,: C, 70.40; H, 9.62; N, 6.10.
Found: C, 70.24; H, 9.44; N, 6.04.

3117—didoxxj-As-androstene (klil. The dioxazolidine precursor was

4-androsten-3,17-d1’one (Sigma). Oxidation to the biradical

prepared from A
was done at 4° for 24 hr using two equivalents of m—th]oroperoxybenzoic

acid. The radical was obtained as a yellow oil. Mass spec (M+ = 458.314930,
for C27H42N204 4 = -1.02 ppm). |
3,]7—didoxy]—5,6a-epoxyandrostaneAgll). Method A: The dioxazolidine

of A4—androsten-3,]7-dione, when oxidized in the usual manner using a twofold -
excess of m-chloroperoxybenzoic acid, yields a mixture of biradicals llland ‘
1! which can be separated by tlc on silica gel. Method B: Biradical Lll
was treated with one equivalent of m-chloropei oxybenzoic acid in chloroform.
The reaction can be followed by esr and appears to be comp]eteAin 30 min. |
The biradical is isolated as a yellow oil. Mass spec (M+ = 474.305247, for
CoqHaoN,0 A = 8.71 ppm).

27427275 _
3,17a-didoxy1l-5a-D-homoandrostane (!Q. 5a-D-homoandrostan-3,17a-dione,
veb 32 prepared by the method of Goldberg g;_gl;g38'was converted to the oxazoli-

dine and oxidized to the biradical in the usual manner. Crysta]lization
from methanol-water yielded yellow plates; mp 187-190°. Anal. calcd. for
C28H46N204: C, 70.84; H, 9.76; N, 5.90. Found: C, 7]701; H, 9.76;

N, 5.71. |
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3,20-didoxv1-5a-pregnane Q!L). 5a-pregnan-3,20-dione (Sigma) was

converted to the oxazolidine. The oxazolidine cryéta]]ized 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-methano]; mp.202-203°. Anal.
calcd. for CZ9H48N204: 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 A = +3.21 ppm).

3,20-didoxyl-58-pregnane QX};). The dioxazolidine precursor was pre-
pared from 5g-pregnan-3,20-dione (Sigma) and oxidized in the usual manner.
The biradical crysta]]ized'from hexane-methanol; mp 191-192°. Anal calcd.
for C29H48N204: C, 71.27; H, 9.89; N, 5.73. Found:. C, 71.38; H, 9.69;
N, 5.88.

3,20—didoxy]~A5-preqnane (VIL1). Progesterone (Sigma) was converted

P -
L4 4 "y

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 A = -2.32 ppm). .

3,20-didoxy1-5,60-epoxypregnane (}X)- Prepared by either method A

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

P

3,]6-didogy]fSa—androstane (X). Androstan-3,16-dione was prepared

A

39

by the method of Bridgeman et al.,”” converted to the dioxazolidine and

oxidized in the usual manner. The biradica] could be crystallized from
hexane-methanol. Anal. calcd. for C27H44N204: C, 70.40; H, 9.62; N, 6.]0.
Found: C, 70.9; H, 9.4; N, 6.2.

" 3,17-didoxy1-17a-methyl-5a-D-homoandrostane ({L). 17a-methy1-50~D-
1 40

homoandrostan-3,17-dione was prepared by the method of Ramirez et

Conversion to the oxazolidine and oxidation yielded a very small amount

. . + _ -
of biradical. Mgss spec (M = 488.358161, for CogHagN,04 & = 6.66 ppm) .
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3-doxyl-testosterone propionate (KLI). Prepafed from testosterone
propionate in the usuyal manner, Anal. calcd. for C26H41N03: C, 75.14;
H, 9.94; N, 3.37. Found: C, 75.14; H, 9.88; N, 3.26.

17-doxy]—5a-androstan-3séo1 (él;;). 5a—andf05tan-3s*o1 (Sigma) was
converted to thé oxazolidine and crystallized from hexane-methanol; mp 122-
124°. Anal. caled. for CpgHaghO,: C, 76.40; H, 10.87; N, 3.87. Found:
C, 76.36; H, 10.61; N, 3.88. Oxidation gave the monoradical which was
crystallized ffom hexane-methanol; mp 198°. Anal. calcd. for CygHagNO4:
C, 73.36; H, 10.17; N, 3.72. Found: C, 73.50; H, 9.92; N, 3.95.
| 20-doxy]-5a1pregnan—3s-oll(XLV). 5a-pregnan-3g-01-20-one (Sigma) was

converted to the oxazolidine and crystallized from hexane-methanol; mp 151-
152°. Anal. calcd. for C25H43N02: C, 77.065 H, 11.03; N, 3.59. Found:

C, 76.76; H, 10.82; N, 3.59. Oxidation gave the monoradical which was
crystallized from hexane-methanol; mp 180° dec. Anal. calcd. for C25H42N03:‘

C, 74.21; H, 10.465 N, 3.28. Found: C, 73.965 H, 10.18; N, 3.28.
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Fiqure Captions

Figure 1. Structures of the biradicals and monoradicals synthesized.

Figure 2. Representative esr spectra of biradicals in chloroform:
\(a)al at 40°; (b)'}l‘at'room temperature; (c) V1 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 - }5‘(right).
The solvent and biradical designations are given in the figure. The
Kosover ;.ié a spectroscopic measure of solvent polarity (see text).

J
Figure 4. Effect of temperature on the S-resonances of‘!& in‘xyiene.
Only the high-field S-resonances are shown. The biradical was decom-
posihg, sTowly at 100° and rapid1§ at‘200°, such that gain setting$ are

different for each spectrum. The effect was reversible.

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

spectrum appears to contain about 50% monoradical and 50% biradical with

J >> a.

Figure 6. Plot of J(I) vs. J(V1) in different solvents.
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XBL 7410-8062

Fig. 1.
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any warranty, express or implied, or assumes any legal liability or
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.
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