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A new group of cyclic nitroxides 2, 9, and 10 are described. Many of these radicals are highly stable and
undergo reactions at sites of high spin density without decomposition. Hyperfine splittings of the two ring nitro-
gens are changed in opposite directions by changes in the substituent. Hammett ¢, and ot correlations are
obtained. The new radicals are basic and the conjugate acids undergo proton exchange that is rapid on the esr

time scale except in very acidic solutions. In bromo and iodo substituted derivatives, infrequently observed
coupling to halogen was resolved.

Part A

Recently there has been described a new class of
stable chemically versatile free radicals, the nitronyl
nitroxides 1.1:3 In this paper we deseribe the prepara-
tion, chemistry, and speectral properties of related highly
stable imino, amidino, and carbamoyl nitroxides. Al-
though the esr spectra of some related linear radicals
have been reported, the compounds were unstable and
could not be chemically characterized.*?

Heating nitronyl nitroxides 1 with triphenylphos-
phine in benzene or treatment with nitrous acid affords
4,4 5 5-tetramethylimidazoline-1-oxyls 2 in high yields.
Most of these compounds are stable, low-melting orange
solids which, in several cases, R = C¢H;, CH;, and CH-
(CHs),, have been reconverted to the starting nitronyl
nitroxides with m-chloroperbenzoic acid. The com-
pounds are weak bases by virtue of the imino nitrogen

o
111* N;
Y~k = Mg
1 ¥
O O
1 2

and may be reversibly protonated without decomposi-
tion or disproportionation; pK, (2, R = C¢H;) = 1.9
* (.1,

The unsubstituted derivative 2, R = H, undergoes
deuterium exchange at C, within 6 hr at pH 7. The
absence of a dramatic rate inerease up to pH 13 suggests
a nonbase-catalyzed exchange process possibly involv-
ing the radical zwitterion intermediate 3. Similar non-
radical intermediates have recently been implicated in
exchange reactions of other heterocycles.! Formation
of 3 may also account for the spontaneous decomposi-
tion of 2, R = H, which occurs when the pure solid is
permitted to stand for 24 hr at room temperature.
Two products were obtained, both in 709, yield. Iden-

* To whom correspondence should be addressed.
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tification of the hydroxyurea 4 [vxm, 1700 em—!
(C=0)] was confirmed by an independent synthesis
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through reduction of the zwitterion 6% with triphenyl-
phosphine in methanol. The radical product 5 showed
esr coupling similar to the other imino nitroxides 2
(Table I). Despite the absence of coupling with the

TasLr 1

HyYPERFINE SPLITTING (GAUSs) OF IMING AND
AMIDINO NITROXIDES IN BENZENE

Compd aN (1) aN (3) 33

2, R = NHCH(CH,), 10.80 3.15

2, R = N(CHy), 10.44  3.12

2,R = NH, 10.40  3.38

5 10.25 3.25

2, R = OCH; 9.55 3.20

2, R = C(CH;) 9.48 3.94

2, R = CH; 9.25 3.9 1.95 (CH;)
2, R = CH,CH(CHj;), 9.24 4.00 1.50 (CHo»)
2, R = CH(CH,): 9.25 4.00 1.25 (CH)
2, R = CgH; 9.10 4.37

2,R=H 8.80 4.40 1.5 (H)
2,R=1 8.90¢ 4.18e 3.9 ap

2, R = Br 8.80 4.25 1.9 (Br)

2, R = COOCH; 8.50 4.33

2,R = ON 8.00  4.63

¢ Determined from a seven-line pattern in toluene at —70°.
b Separation of the two lines due to iodine at 77° in benzene (see
text).

nonradical ring nitrogens, attachment of the nonradical
ring in 5 through a nitrogen atom is supported by the
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Errect oF pH on HYPERFINE SPLITTING (GAUSS) OF IMINO,
AmipINO, AND CARBAMOYL NITROXIDES IN WATER

]
e

Compd
2, R = NHCH(CHj;)»#

aN(y
11.45
12.97¢
11.03
8.9
11.00
8.7
12.55¢
9.90
6.60
10.4
12.08

2, R = N(CHs)

2,R = NH;

2, R = CeH;

|
w0 o

9

—
WO TT R O©N O T ©

¢ 8pectrum in acid complex and uninterpreted.

compound a solvent correction of 0.45 G must be added to obtain coupling in water.
/ Determined from spectra taken in D,O.

invariant. ¢ Determined from spectrum of 2, R = ¥N(CH,),.
appearance of an olefinic proton in the nmr spectrum of
its hydrogenation (Pd-C) product 7.

Treatment of 2, R = H, with sodium methoxide in
methanol in the presence of air gave 2, R = OCHj, in
269, yield. This radical formed in higher yield (62%)
from methoxide treatment of 2, R = Br. Similarly,
aqueous potassium hydroxide converted 2, R = Br, to
the radical anion 8 which on neutralization afforded the
unisolated carbamoyl nitroxide 9 (pK, =~ 11.0). The
identity of 9 was established by hydrogenation to give 4
from which it eould be regenerated with sodium perio-
date.

i i
N, N, N.
§_0— = >= 0 = >=O
) 1 i
O O OH
8 9 4

Stable amidino nitroxides 10 were prepared by reflux-
ing 2, R = Br, with aqueous amines followed by lead
dioxide reoxidation of the partially reduced products.
Nitrous acid reduction of amino nitronyl nitroxides 1,
R = NR;R,,’ also gave the amidino nitroxides 10.
These orange radicals are moderately strong bases (10,
R, = R, = H, pK, 6.4, 10, R, = R; = CH;, pK, 6.8)
which reversibly form stable yellow radical cations 11.
It is also possible to form blue radical anions 12 from 10,
R; = H, by treatment with potassium tert-butoxide in
dimethyl sulfoxide.

H
N, N, IL*
il\}—ﬁm = ‘ S—NRR, = :‘: Y—NR.R,
N N
| l 1y

O O
12 10 1

The esr spectra of the new radicals (Tables I and II)
display several interesting characteristics. Rarely ob-
served coupling with heavy halogen atoms is present in
the spectra of 2, R = Br and I. Prior reports of bro-
mine and iodine coupling are confined to some o-imi-
noxyl radicals® and the = radical 1, R = Br.®* The

(7) Unpublished observations of L. Call.

b Dimethyl sulfoxide-potassium tert-butoxide.

aN(8) AN (exo0) QH(8) aX(exo)
3.06 <0.5

1,754 <0.5

3.12 <0.5

1.7 1.3/ 2.0ef 1.7 (CHj)ef
3.31 <0.5

2.0 <0.5 3.8/ 1.0 HY
2,14 <0.5

4.35

4.60 4.6

1.60 1.90¢

2.64

¢ Based on solvent shifts of neutral
4 Coupling of neutral compound nearly solvent

spectrum of 2, R = Br, is fully resolved in most solvents
at room temperature except in water and dimethyl sul-
foxide where only two of the four bromine lines (I =
3/2) are observed. The spectrum of 2, R = I, is highly
sensitive to solvent and temperature. Only two of the
six lines expected due to iodine coupling (I = 5/2) are
observed even under the best conditions for spectral res-
olution (Table I). The ability to resolve halogen hy-
perfine interactions in these and other halo radicals may
be related to d orbital bonding which may reduce the
electric field gradients at the halogen nuclei.

Hyperfine coupling of the ring nitrogens in 2 and 10
correlate with the electronic properties of the 2 substit-
uents. Coupling with the nitroxide nitrogen decreases
with substituent electron-withdrawing +capacity (op)

due to coulombic destabilization of the N-O resonance
form. On the other hand, electron-donating capacity
of the substituents decreases coupling to the imino nitro-
gen through reduction of the C=N bond order. The
approximate fraction of nitrogen spin density located on
N; [vis., axw/(anw + ane)] correlates best with o+

The esr spectra of the amidino nitroxides 5 and 10 are
unusual in that only two nitrogens show coupling. The
dependence of Nj coupling on C=N bond order and the
absence of coupling with substituents on the exocyeclic
nitrogen suggest that coupling occurs only with the ring
nitrogens. Surprisingly, even when there is multiple
bond character toward both N; and the exo nitrogen as
in the ions 11, R; = R, = H, and 12, R; = H and CH-
(CHy)s, there is coupling to only two nitrogens. Al-
though coupling to all nitrogens occurs in the cations 11,
R]_ = R2 == OHs and R1 = H, Rg = CH(CH3)2 (Table
I1) at least in the former, coupling is weaker to the exo
nitrogen than to N;.  The reason for weak exo nitrogen
coupling in 11 and 12 is uncertain, Possibly angular
distortions at C, and N; imposed by the five-membered
ring have a strong influence on the distribution of spin
density although transannular spin transmission
through space or through ¢ bonds cannot be ruled out.

Part B

Preparation and Chemical Properties.—Members of
the new class of imino nitroxides 2 were first observed

(8) (a) W. M. Fox and W, A, Waters, J. Chem. Soc., 4628 (19658); (b)
R. O. C. Norman and B, C. Gilbert, J. Phys., Chem., T1, 14 (1967); (c)
B. C. Gilbert and R. O. C. Norman, J, Chem. Soc., B, 981 (1967); (d) dbid.,
123 (1968).
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as by-products during the synthesis of nitronyl
nitroxides® 1 from lead dioxide or sodium periodate
oxidation of N,N’-dihydroxyimidazolidines 13. These
compounds are the first examples of stable imino ni-
troxide radicals. Chemical evidence for their strue-
tures is provided by ready interconversions with the

(l)H
NHOH N JH
+ RCHO — ><

NHOH ITT

13

fp_m :p_a

1 2

corresponding nitronyl nitroxides 1 which occur under a
variety of conditions. Thus, in addition to the above
described deoxygenation of 1 with triphenylphosphine
or nitrous acid, the imino nitroxides 2 are also formed
from 1 with active acid derivatives such as acid chlorides
or anhydrides or sulfonylisocyanates, with lead dioxide
and acetic acid in dimethylformamide, and occasionally
simply by heating. The absence of rearrangement
during these reactions is confirmed by reoxidation of the
imino nitroxides 2 to nitronyl nitroxides 1 with m-chlo-
roperbenzoic acid or with hydrogen peroxide and a cata-~
lytic amount of phosphotungstic acid.

Except for the use of triphenylphosphine, none of the
above conditions had been predicted to lead to the for-
mation of imino nitroxides, and only limited evidence is
available concerning the course of the reactions. Al-
though the formation of imino nitroxides during oxida-
tion of the irnidazolidines 13 obviously requires a dehy-
dration step, the mechanistic details are uncertain. On
the other hand, partial evidence for the active species
in the deoxygenation of nitronyl nitroxides 1 with
nitrous acid is available from the observation that nitric
oxide alone effects this reaction.

0~ ONO
i |
. N
\>_R o, />_R — >R + NO,
) 1 |
O 0~ O
1 2

The ability of active acid derivatives to deoxygenate
nitronyl nitroxides 1 is consistent with the weak basic
properties of these compounds.? Thus an acyl deriva-
tive 14 may initially be formed which could then accept
an electron from unreacted 1 with formation of the
known cation 16. Heterolytic cleavage of the acyl
product 15 followed by a second electron transfer could
account for the imino nitroxide produet.

Partial evidence in support of the latter mechanism
was obtained from room temperature reaction of 1,
R = CH;, with p-toluenesulfonyl isocyanate in meth-
vlene chloride to give a 489, conversion to 2, R = CsHj.
When this reaction was stopped prior to completion a

J. Org. Chem., Vol. 35, No. 11, 1970 3625

i ||
C'Y (I)CR’ OCR/ (I)‘
NS N N N
>R — " YR "] >R +_| >R
N N N, g
| | | [
o o o
1 14 15 16

16 2

vellow, highly polar intermediate was observed. Since
this intermediate underwent reaction with ethers and
aleohols to give 1, R = CgH;, it was very probably the
cation 16, R = CgH;.%2 The latter compound is a very
strong oxidizing agent and even reacts slowly with water
to give back the nitronyl nitroxide 1, R = C¢H;. The
formation of the imino nitroxide 2, R = Cg¢Hj;, in greater
than 33% yield may be due to slow reduction of 16,
R = C¢H;, by solvent impurity or by the as yet unde-
fined produet derived from the sulfonyl isocyanate rea-
gent.

The imino nitroxides 2 have equal or greater thermal
stability than the nitronyl nitroxides 1, and many of
them survive heating above 100° in neutral or alkaline
solutions without appreciable decomposition. Like the
nitrony! nitroxides 1, imino nitroxides 2 can be quanti-
tatively reduced by catalytic hydrogenation with the
uptake of one atom equivalent of hydrogen. The re-
sulting reduced modifications can in prineiple exist in
two tautomeric forms. The phenyl derivative 17, R =
CeH;, has been studied in this regard. It appears to
exist principally in the amidino oxide form 17b, R =
CgH;, since in dilute solutions its ultraviolet absorption
is nearly identical with that of the reduced nitronyl ni-
troxide 18, R = C;H;. However, asits solutions do not
obey Beer’s Law, the distinction between the two forms

i T
N N N
YR = )—R )—R
S S
OH 0 0
17a 17b 18

in concentrated solution may be obscured by intermo-
lecular hydrogen bonding. The reduced imino nitrox-
ides 17 are less readily reoxidized than their nitronyl
nitroxide counterparts 18% as demonstrated by their
relative stability in air and the inability of 17b, R =
CeH;, to reduce the phenyl nitronyl nitroxide 1 R
CeHs.

Esr Spectra.—The imino nitroxides 2 and 10 display
coupling to both nitrogens. These couplings give rise
to nine major lines which frequently overlap to give a
seven-line pattern (Figures 1-3). Coupling with the
gem-methyl hydrogens is weak (~0.2 G) and usually
unresolved. Alkyl substituents at the 2 position dis-
play a-hydrogen coupling which decreases in the order

It
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BB,
Figure 1.—Esr spectra of (a) carbamoyl nitroxide 9 in water;
(b) 9 in 0.1 N NaOH; (c) imino nitroxide 2, R = H in benzene;
(d) 2, R = NH,in pH 9 buffer; (e) 2, R = NH, in pH 2 buffer;
(f) 2, R = NH;in pD 2 buffered D-O.

methyl > methylene > methine (Table I) due un-
doubtedly to increased steric hinderance to overlap of
the C—H bonds with the C; = orbital.

Previously reported spectra of linear imino nitrox-
ides* also display coupling with both nitrogens. In
these less stable derivatives, the nitrogen coupling con-
stants are strongly affected by steric factors which in-
terfere with coplanarity of the system. Previously re-
ported linear amidino® and earbamoyl® nitroxides dis-
play coupling with only one nitrogen presumably for
similar reasons. In the present cyclic compounds, co-
planarity is assured and the effects of substituents and
solvents can be attributed primarily to their electronic
properties. Examination of these effects reveals that
2 and 10, like simple nitroxides,® show an increase in the
nitroxide nitrogen coupling constants axqy with in-
creasing solvent polarity (Table III). This is consis-

+ —
tent with the expected increase in stabilization of N-O
resonance contributors in more polar media. With the
exception of the amino derivatives 10, increased solvent

9) A. R. Forrester, J, M. Hay, and R. H. Thomson, ‘‘Organic Chemistry
of Stable Free Radicals,” Academic Press, New York, N, Y., 1868, p 198.
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Figure 2.—Esr spectra of imino nitroxide 2, R = CiH;, in (a)
pH 7.6 buffer; (b) pH 1.4 buffer; (¢) 6 N HCL

TasLe III

EFrECT OF SOLVENTS ON NITROGEN HYPERFINE
CovpLiNg (Gauss) IN 2, R = C(CH;);

Solvent B¢ aN(y aN @)
Water? 63.1 10.20 4.23
Formamide 56.6 9.84 4,12
Ethanol® 51.9 9.47 4.08
Acetonitrile 46.3 9.70 3.93
Methylene chloride 41.1 9.65 3.98
Chloroform 39.1 9.65 3.98
Ethyl ether 34.6 9.40 3.80
Benzene 34.5 9.48 3.94
Carbon tetrachloride 32.5 9.32 3.90
n-Hexane 30.9 9.30 3.87

« Solvent polarity parameter: see C. Reichardt, Angew. Chem.,
Int. Ed. Engl., 4, 20 (1965). ? Protonic solvents may have un-
representative coupling due to hydrogen bonding to N; which
shifts free spin density away from Njy.

polarity produces a similar effect on ax@ due to partial
resonance delocalization of the increased N; spin den-
sity (¢f. Tables I-III). The effect of introduction of
electron-donating substituents at the 2 position also is
to increase anq, but now there is a decrease in Nj
coupling (Table I).

Interpretation of these results is simplified by as-
suming that the spin density in 2 is distributed only on
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e 108

L

Figure 3.—Esr spectra of imino nitroxide 2, R = I in toluene
at (a) —70°; (b) 18°; (c) 77°.

0O, N;, and N; Based on the simplified Xarplus—
Fraenkel expression (eq 1),%!! coupling to Ny is given

ax = Q¥ex + ZQ¥w e 1)
i

vy = QR oxvey + QBx (1 — pney — pxea) @)
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Figure 4.—Effect of substituents on hyperfine coupling of N,
in the imino nitroxides 2. oy values taken from H. C. Brown
and Y. Okamoto, J. Amer. Chem. Soc., 80, 4979 (1958).

by eq 2. Since QN1 is 10-20 times!? greater than
QgN, and pn(y is expected to be greater than pn),
coupling to N should be approximately proportional to
its spin density pwqy. The observed correlation of
ancy with o, values of the 2 substituents (Figure 4) is
consistent with this relationship and suggests that spin
density at N; is controlled by substituent inductive
effects.

Distribution of spin density to N3 might, on the other
hand, be expected to depend primarily on the C=N
bond order. This should be reduced by resonance in-
teractions with the 2 substituents. The effect is exem-
plified by the substituent effects given in Table I, the
reduction in the axy coupling of 10 on either protona-~
tion or deprotonation, and the increase in ane) of the
carbamoyl nitroxide 9 upon deprotonation (Table II).
The small ay sy solvent dependence of the amino deriv-
atives 10 (¢f. Tables I and II) also fits this picture.
Higher N; spin density in more polar solvents would be
expected by partial distribution of the increased N,
spin. This is offset by transmission of a smaller frac-
tion of the spin to Nj because the same solvents increase
resonance delocalization of the amino group and reduce
the C==N bond order.

The spin density pnes) is expected to be approxi-
mately proportional to axe (eq 3).!!2 Since spin

aNE = Q§<a)PN<a) 3)
angy = QﬁmpN(n 4)

distribution to N will be reduced by the donation of
electrons into the C=N bond, we might expect a corre-
lation of ax@y with o, Although an) does indeed
correlate better with p,* than with other Hammett pa-
rameters, the correlation is only fair (correlation coeffi-
cient 0.847). It is found that the ratio awe/lanq)
+ an@] correlates significantly better (Figure 5).
The result is rationalized by use of eq 4 where the small
QO terms in (eq 2) have been neglected. If we assume
that Qﬁu) =~ Q%(g), then aN(g)/[aN(l) + CLN(3)] be-
comes a measure of the spin distribution between N;

(10) E. W. Stone and A, H, Maki, J. Chem. Phys., 89, 1635 (1963).

(11) P. H. Rieger and G. K. Fraenkel, ¢b:d., 89, 609 (1963).

(12) (a) A. Carrington and J. dos Santos-Veiga, Mol. Phys., 8, 21 (1962);
(b) P. B. Ayscough and ¥, P. Sargent, J. Chem. Soc. B, 907, (1966).

(18) For a discussion of correlations of nitrogen coupling constants with
Hammett parameters, see E, G. Janzen, Accounts Chem. Res., 279 (1969).
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PFigure 5.—Effect of substituents on the hyperfine coupling
ratio an/[oxw + an@] in the imino nitroxides 2. op* values
taken from H. C. Brown and Y. Okamoto, J. Amer. Chem. Soc.,
80, 4979 (1958).

and N; and should be sensitive to the C=N bond
order. !4

Halogen Coupling.—The esr coupling to halogen in
the imino nitroxides 2, R = Br and I, will be described
in detail elsewhere.’® Failure to observe halogen
hyperfine coupling in most bromo and iodo radicals
arises from the large halogen nuclear quadrupole
moments. Fluctuations in the electric field gradients
at the halogen nuclei due to molecular tumbling gen-
erally produce nuclear spin relaxation rates that are
greater than the hyperfine splitting, and spectral aver-
aging of the nuclear spin states occurs. Structural
features that reduce electric field gradients at the halo-
gen nuclei should favor the observation of halogen cou-
pling. In the present examples the nuclear field gradi-
ents caused by the asymmetric halogen ¢ bonds are pos-
sibly partially offset by back bonding of the symmetri-
cal halogen d orbitals with the = system or bonding
through space with the nitroxide oxygen. A similar ex-
planation could account for the halogen coupling in the
iminoxyl radicals.®

pH Dependence.—The imino nitroxides 2 are weak
bases which can be protonated without loss of free-
radical character. The esr spectrum of 2, R = C¢Hs,
was studied as a function of pH. Resolved spectra
showing coupling to both nitrogens but not to the
added proton were obtained above pH 1.0. At lower
pH line broadening was observed and in 6 N hydro-
chloric acid coupling to the added proton became
resolved (Figure 2). The coupling constants ax() and
axe) changed gradually with pH giving typical titra-
tion plots from which was obtained the pK, 1.9 = 0.1.
On lowering the pH the Nj coupling decreased and the
N; coupling increased (Figure 6).

The change in ay with pH suggests that protonation
oceurs on the imino nitrogen. The inductive effect
should reduce coupling to N; and increased N; coupling
should oceur by additional resonance delocalization of
spin to N;. By contrast, protonation of simple nitrox-
ides occurs on oxygen and is known to produce increased

(14) This assumption is consistent with estimates of Q§ of 23-28 G for
imino nitrogens! and 23-36 G for nitroxide nitrogems.“"”3

(15) J. R. Bolton in “Radical Ions,” E. T. Kaiser and L, Kevan, Ed,,
Interscience, New York, N, Y., 1968.

(16) E. F. Ullman and L. Call, J. Amer. Chem. Soc., in press,
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Ny

Figure 6. —Effect of pH on hyperfine coupling of 2, R = C¢Hj:
anqy, open circles; an), closed circles,

nitroxide nitrogen coupling.” The observed gradual
changes in nitrogen coupling without the appearance of
two spectroscopically identifiable species require that
the protonated and unprotonated radicals are in rapid
equilibrium. Spectroscopic averaging is expected when
1/7 > +/2 n6» where = is the mean lifetime of the two
species and v is the line separation in hertz.!®* Since
an( undergoes an overall change of 3.9 G on protona-
tion, both protonation and deprotonation can be esti-
mated to proceed with first-order rate constants of
>5 X 107 sec~l. The base causing deprotonation is
not imino nitroxide since spectral averaging oceurs even
at very low concentrations (10~% 3/). Hydroxide ion
also cannot act as the base as its low concentrations also
cannot account for the fast exchange rates. Accord-
ingly, the acid counterion or water probably acts as the
base.

The absence of proton coupling in protonated 2,
R = C¢H;, at pH > 1 is also consistent with a rapid ex-
change process. However, the appearance of proton
coupling at pH < 0 requires a mechanism which per-
mits acid inhibition of the proton exchange despite high
counterion and water concentrations. Similar inhibi-
tion of proton exchange in very acidic solutions of am-
monia and amines has previously been observed.!®
The behavior has been attributed to a reduction in the
equilibrium concentration of hydrogen bonded free base
which is the species postulated to undergo exchange. A
similar explanation where acid lowers the concentration
of the hydrogen bonded species 20 may account for the
present observation. This mechanism is supported by
the similar magnitudes of kg’ for the amines!® and that

}II---OH.Z HOH H,0
i*N N by N
IT\>_CGH5 T IT\>_C6H5 == II\J\ Cells
o o o
20

(17) B. M. Hoffman and T. B. Eames, ¢bid., 91, 2169 (1969).

(18) J. A, Pople, W. G, Schneider, and H. J. Bernstein, ‘‘High Resolution
Nuclear Magnetic Resonance,” MeGraw-Hill, New York, N. Y., 1959, p
223.

(19) M. T. Emerson, E. Grunwald, M. L. Kaplan, and R. A. Krombhout,
J. Amer. Chem. Soc., 82, 6307 (1960).
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TasLre IV
Prysical PropERTIES OF IMINO NITROXIDES 2

Substituent Mp, °C® ¥ (om 5P Amax, mx {€¢ (l. mol~lem~1)
NHCH(CH;)¢ ¢ 46-48 (CHCls) 1641, 1367 (EtOH) 232 (6080), 464 (1230)
N (CHj) 40 s (CHCL) 1610, 1370 (EtOH) 246 (3700), 465 (510)
NHyde 141-144 (KBr) 1685, 1367 (EtOH) 238 (4080), 440 (1100)
OCHj;4:e 58-59 (CHCIs) 1630, 1370 (CeH4) 243 (6500), 372 (1220)
CH(CH;), I (CHCls) 1590, 1370
CH,CH(CHj,).¢ f (CClLy) 1588, 1365
C(CHj)ste 44-46 (CCL) 1576, 1365 (CeHy2) 263 (7850), 371 (660),
530 (26)

CeHjd:e 27-28 (CHCY;) 1600, .1370 (CeH14) 230 (16,200), 273
(3500), 304 (4300), 442
(440), 502 (190)

H4 53-54

Id.e 95-97 (CHCls) 1500, 1368 (CeHiz) 267 (3800), 399 (345),
522 (19)

Brd.e 54 (KBr) 1520, 1370 (CeHye) 274 (6150), 387 (550),
521 (23)

ONe 110-113 (CHCL;) 1545, 1370, (CsHia)e 300, 346, 436, 496

2245 (C=N)
NN ¢ .
- 70-71 (CHCl;) 1600, 1370

¢ Sublimation accompanies melting in most compounds.
and vibrational structure not recorded.
firmed by mass spectroscopy.
tensity changes on dilution.

estimated for 20 (5 X 109 sec™1) by determining the pH
(—0.7) that produces line coalescence.

The base strengths of the amidino nitroxides 10 were
determined from optical spectroscopy (see Part A). At
pH’s where these compounds were only partially pro-
tonated, averaging of the nitrogen coupling in the esr
was again observed. At lower pH’s coupling to the
added proton was also resolved. Analysis of the spec-
tra of acidic solutions of 10, Ry = Ry = Hand R; = Ry-
= CHj;, was achieved by use of deuterium oxide sol-
vent, and in the latter case by the incorporation of N
at the 2 position (Table IT). It has not been possible
to interpret the spectra of acidie solutions of 10, Ry =
CH(CH;),, R; = H.

Optical and Mass Spectra.—The infrared spectra of
2 and 10 display strong characteristic absorption at
1365-1378 cm—! attributable to the nitroxyl stretch-
ing frequency.® The C=N stretching peaks appear
at 1576-1600 em—1! in the alkyl and phenyl derivatives
but move higher with the amino and methoxy substit-
uents and lower with electron-withdrawing substit-
uents. The ultraviolet and visible spectra of these
compounds are quite variable. The strongest absorp-
tion maximum is generally found in the range 230-300
my with a second weaker maximum in the 370-470 mu
range. Resolution of additional maxima seems to de-
pend strongly on substitution, and many of the spectra
display long wavelength tails extending to near 600 mgy.
The halo, tert-butyl, and phenyl derivatives give well
resolved spectra with long wavelength maxima at 500~
530 mu (e ~20) and longer wavelength shoulders which
may be due to n,7* transitions (see Table IV),

Mass spectral fragmentation patterns of 2 and 10 dis-
play molecular ion peaks plus characteristic major frag-
ments at m/e 114 and 84. These may be accounted for
by loss of RCN followed by loss of NO.

(20) A. XK. Hoffman and A. T. Henderson, J. Amer. Chem. Sov., 83, 4671
(1961), report the N-O frequency at 1345 cm ™! for di-tert-butyl nitroxide.

b Peaks for C==N and N-O stretching, respectively, are given.
¢ Satisfactory elemental analysis for C, H, and N (>0.3%, error).

7 0il, freezes below room temperature.
Association product probably diamagnetic since the esr spectra were not distorted.

¢ Shoulders
¢ Empirical formula con-
¢ Aceurate extinction coefficients not obtained due to slow in-

Experimental Section

Representative procedures are given below for the preparation
of imino nitroxides, 2. The triphenylphosphine and nitrous acid
reductions of nitronyl nitroxides 1 have general applicability, and
the physical propertles of the imino nitroxide products of these
reactions are given in Table IV. Catalytic hydrogenation of the
imino nitroxides to their reduced modifications 17 and reoxidation
with lead dioxide or sodium periodate also have general utility.

The esr spectra were recorded using a Varian I3 spectrometer
which operates at 9.5 G Hz. Several imino nitroxide spectra
were distorted with abnormally intense outermost lines. The
behavior was dependent on concentration, temperature, and sol-
vent and could be avoided by sufficient dilution. Association of
these radicals in solution was also detected by deviations from
Beer’s Law at high concentrations.

2-Phenyl-4,4,5,5-tetramethylimidazoline 3-Oxide (17b, R. =

CeH;)—To a solution of 1.0 g of 2-phenyl-4,4,5,5-tetramethyl-
imidazoline-1-oxyl 8-oxide® (1, R = Cg¢H;) in 100 ml of absolute
ethanol was added 7.5 ml of concentrated HCI over 15 min at
room temperature. The solution was warmed on a steam bath
until it became colorless (~1 hr). It was evaporated in vacuo;
the residue was taken up in methanol and neutralized with sodium
carbonate. Evaporation of the solvent and extraction of the
residue with chloroform yielded 0.43 g (46%,) of the product:
mp 189-190° dec; nmr (DMSO) r 2.26 (5 Ar H, m), 5.97 (NH,
5), and 8.85 (4 CH;, 8); AooH 238 my (e ~15 ,000) and 325
(~5000) (concentration dependent).

Anal. Caled for CsHeN,0: C, 71.51; H, 8.31; N, 12.83.

Found: C, 71.37; H, 8.25; N, 12.70.

2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl (2, R = C¢Hj).
A —2-Phenyl-4,4,5,5-tetramethylimidazoline 3-oxide (17b, R =
CeHys), 0.200 g, in 100 ml of benzene was treated with 4 g of lead
dioxide with vigorous stirring at room temperature for 35 min.
After filtration, the solution was evaporated in vacuo and the
orange-brown oil chromatographed on silica gel with benzene.
The orange band was collected, and evaporation of the solvent
ylelded the pure crystalline product (75%).
B.—2-Phenyl-4,4,5,5- tetramethyhmldazohne 1-oxyl 3- oxxde
(1, R = C¢Hs), 47 mg, was dissolved in 5 ml of dry dimethyl-
formamide, and 0.25 g of sodium nitrite and 3 drops of concen-
trated hydrochloric acid were added. On heating the mixture on
a steam bath for 10 min, the original blue color changed to orange
brown. After cooling, the solution was diluted with 35 ml of
benzene and stirred with 2 g of lead dioxide for 5 min at room
temperature in order to reoxidize the partially reduced product.
After filtration and concentration in vacuo, the residue was
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chromatogaphed on silica gel with 1:1 benzene-ether to yield
40 mg (919%) of the radical.

This product could be reconverted to the starting nitronyl
nitroxide 1, R = C¢H;, by stirring in a methylene chloride solu-
tion containing m-chloroperbenzoic acid for a few minutes at
room temperature. Alternatively the imino nitroxide 2, R =
CeH;, was stirred for 3 days in 39, hydrogen peroxide containing
a catalytic amount of phosphotungstic acid (5%, of the weight of
2, R = C¢H;). However, the conversion is slow and incomplete
under the latter conditions.

C.—To a solution of 112 mg of 2-phenyl-4,4,5,5-tetramethyl-
imidazolidine-1-oxyl 3-oxide (1, R = C¢H;) in 10 ml of dry meth-
ylene chloride was added 95 mg of p-toluenesulfony! isocyanate.
The reaction mixture was stirred for 16 hr under nitrogen at room
temperature. The brown residue obtained by evaporation of the
solvent n vacuo was chromatographed on silica gel with ether.
The imino nitroxide 2, R = C¢H;, was obtained in 489, yield
(50 mg).

Interruption of the reaction before completion and thin layer
chromatography of the reaction solution on silica gel gave a
yellow spot which did not migrate with methylene chloride,
acetonitrile, or hydrocarbon solvents. However, it became blue
with alcohols and ethers. This blue product was indistinguish-
able from the starting nitronyl nitroxide 1, R = C¢H..

2-tert-Butyl-4,4,5,5-tetramethyl-2-imidazoline-1-oxyl [2, R =
C(CH,)] —2,3-(Bishydroxylamino)-2,3-dimethylbutane (1.48 g)
and 2.20 ml of pivalaldehyde in 10 ml of methanol were allowed
to stand at room temperature for 1 day. Evaporation of the
mixture 7n vacuo yielded a partly crystalline residue which was
suspended in 500 ml of water containing 2.0 g of NaHCO;. A
golution of 3.20 g of NalOs in 50 ml of water was added to this
solution with cooling in an ice bath. After the addition was
complete, the mixture was stirred for 30 min in the dark at room
temperature and then extracted with four 100-ml portions of
methylene chloride. The combined organic phases were dried
over Na;SO; and evaporated and the crystalline residue chro-
matographed on silica with ether. In addition to the isolation
of 1.0 g of 2-tert-butyl-4,4,5,5-tetramethyl-2-imidazoline-1-oxyl
3-oxide {1, R = C(CH,);], there was obtained 400 mg (199%) of a
brown-red oil. Sublimation n vacuo at 30° gave 370 mg of 2,
R = C(CH,)s.

4,4,5,5-Tetramethylimidazoline-1-oxyl (2, R = H). A.—To
a benzene solution (125 ml) of 1.57 g of 4,4,5,5-tetramethyl-
imidazoline-1-oxyl 3-oxide (2, R = H) was added 3 g of triphenyl-
phosphine. The reaction mixture was boiled for 15 min by which
time the deep purple color was replaced by orange. The solvent
was removed in vacuo and the residue chromatographed over
silica gel, first by elution with CH,Cl; and then with ether. The
solvent was removed in vacuo from the pure orange product,
0.675 g (48%) which could be stored in ether solution at Dry
Ice temperature. The product was completely decomposed upon
standing overnight at room temperature.

B.—To 1 ml of a benzene solution containing several milligrams
of 4,4,5,5-tetramethylimidazolidine-1-oxyl 3-oxide (1, R = H)
was added two drops of pyridine and one drop of methanesul-
fonyl chloride. This mixture was maintained at 70° for 5 min
and then allowed to stand for 1 hr at room temperature. The
resulting solution was washed several times with water. The
above product was separated by tle.

1-Hydroxy-4,4,5,5-tetramethylimidazolidin-2-one (4). A.—
A sample of 0.35 g of 4,4,5,5-tetramethylimidazoline-1-oxyl (2,
R = H) which was allowed to stand overnight at room tempera-
ture was extracted with ether to leave a white ether-insoluble
erystelline compound. Recrystallization from methanol-ether
gave the product in 709 yield (92 mg): mp 225-230°; vxs:
1700 (C==0), 3210 ecm~! (NH, OH); nmr (DMSO) = 8.93 and
8.98 (4 CH;, d), 3.36 (1 H exchanged with D;0, s), 1.47 (1 H
exchanged with D;0, s).

Anal. Caled for C;HuN,0s: C, 53.14; H, 8.92; N, 17.71;
mol wt, 158. Found: C, 53.01; H, 8.81; H, 17.50; m/e
158 (M™). .

B.—A solution of 4,4,5,5-tetramethylimidazolidin-2-one-1-
oxyl anion (8) was prepared by heating 55 mg of 2-bromo-4,4,5,5-
tetramethylimidazolidine-1-oxyl (2, R = Br) in 10 ml of 2 N
KOH at 70° for 20 min. Potassium borohydride (10 mg) was
added and the solution stirred for 3 min at room temperature.
The reaction mixture was then neutralized with 2 N HCIl and
taken to dryness in vacuo. Continuous extraction of the residue
with ethyl acetate and evaporation of the extracts yielded 25 mg
of the product.

Uriman, CALL, AND OsIECKI

Alternatively, a solution of the anion 8 was brought to pH 7
with HCl and extracted with ethyl acetate. This solution of
radical 9 was dried over MgSO, and hydrogenated at atmospheric
pressure over palladium on charcoal to give the hydroxyures
product.

C.—4,4,5,5-Tetramethylimidazolidin-2-one 1,3-dioxide (6)%
(86 mg) was dissolved in 5 ml of methanol and 131 mg of triphenyl-
phosphine was added at 0°. The orange color of 6 faded very
rapidly. The unreacted triphenylphosphine was removed by
filtration and the solution concentrated in vacuo. The residue
was purified by preparative tle on silica gel with ether to give 25
mg (32%) of 1-hydroxy-4,4,5,5-tetramethylimidazolidin-2-one
(4).
2-(4,4,5,5-Tetramethylimidazolidine-1-yl)-4,4,5,5-tetramethyl-
imidazolidine-1-oxyl (5).—A sample of 0.35 g of 4,4,5,5-tetra-
methylimidazoline-1-oxyl (2, R = H) which was allowed to stand
overnight at room temperature was extracted with ether. The
residue was nearly pure 1-hydroxy-4,4,5,3-tetramethylimidazo-
lidine-2-one. The extracts were concentrated in vacuo and puri-
fied by chromatography on silica gel with ether. The solid orange
product was obtained in 709, yield (0.152 g) by evaporation of
the solvent and recrystallization from chloroform.

Anal. Caled for CHa:N4O: C, 63.36; H, 9.50; N, 21.11;
mol wt, 265. Found: C, 62.85; H, 9.52; N, 20.65; m/e 265
(M)*, 266 (M -+ 1)*.

Reduction of 30 mg of this compound in 5 ml of ethyl acetate
with hydrogen and palladium on charcoal yielded a white dia-
magnetic solid 7. The nmr spectrum (CCL) showed signals at
T 8.9, 8.84, and 8.62 (8 CH;) which obscured a one-proton signal
(NOH) that disappeared on addition of D;O. An additional
singlet at r 2.38 (N=CH) was unaffected by D,0. On stirring
a benzene solution of this product (7) with lead dioxide for a few
minutes at room temperature, the radical 5 was regenerated.

4,4,5,5-Tetramethylimidazolidin-2-one-1-oxyl (9).—Several
milligrams of 1-hydroxy-4,4,5,5-tetramethylimidazolidinone (4)
dissolved in methylene chloride were shaken with aqueous sodium
periodate sclution. The yellow organic layer, after drying over
MgB0, displayed a strong characteristic esr spectrum of the radical
anw 10.15 G, ax@ 1.60, ax 1.65. (For coupling in water, see
Table I1.} In alkaline solutions the proton coupling disappeared
(Figure 1a and 1b).

Alternatively, solutions of 9 could be prepared by stirring
solutions of 4 with lead dioxide or by heating 2-bromo-4,4,5,5-
tetramthylimidazolidine-1-oxyl (2, R = Br) in base, as described
above, followed by neutralization with acetic or hydrochloric
acid. The radical decomposed on attempted isolation.

2-Methoxy-4,4,5,5-tetramethylimidazoline-1-oxyl (2, R =
OCH;). A.—To 0.11 g of 2-bromo-4,4,5,5-tetramethylimidazo-
line-1-0xyl (2, R = Br) dissolved in 8 ml of methanol was added
0.10 g of sodium methoxide. After 1 hr the solvent was removed
in vacuo and the residue was chromatographed on silica gel with
ether to yield 0.052 g (629,) of the crystalline product. The
sample was purified by recrystallization from ether—chloroform.

B.—A methanol solution containing 0.16 g of sodium methoxide
and 0.30 g of 4,4,5,5-tetramethylimidazolidine-1-oxyl (2, R = H)
was boiled for 40 min. The solution was then neutralized with
1 N HCI and evaporated to dryness in vacuo. Chromatography
on silica gel with ether—chloroform gave 93 mg (269%,) of the
nearly pure radieal.

2-Bromo-4,4,5,5-tetramethylimidazoline-1-oxyl (2, R = Br).?*—
2-Bromo-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (1, R =
Br)® (5 g) was dissolved in 200 ml of dimethylformamide and
stirred at room temperature with 20 g of solid sodium nitrite.
The color almost immediately turned from purple to orange
without addition of acid. The solid sodium nitrite was filtered
off and 500 ml of benzene was added to the filtrate. After stirring
for 4 min with 50 g of lead dioxide, the solution was filtered and
concentrated ¢n vacuo. The orange solution was diluted with
700 ml of water and extracted with benzene. Removal of the
benzene n vacuo and chromatography of the residue on silica
gel with ether gave 3.73 g (809,) of the product.

2-Amino-4,4,5,5-tetramethylimidazoline-1-oxyl (2, R = NH;).
—~2-Bromo-4,4,5,5-tetramethylimidazoline-1-oxyl (2, R = Br)
(1.0 g) was heated at reflux in 100 ml of ammonium hydroxide
while bubbling ammonia gas into the solution. The solution was
heated for 5 hr, cooled, partially concentrated in vacuo, and then
stirred for 15 min with 20 g of lead dioxide. After filtration

(21) We thank Dr. D, G. B. Boocock for the preparation of this com-
pound.
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through Celite and extraction of the solution with five 50-ml
portions of methylene chloride, the combined organic phase was
dried and evaporated in vacuo. The semicrystalline residue re-
crystallized from hexane to give 500 mg (70%) of the nearly pure
product.

This compound displayed the following absorption maxima:
A0 (pH 8) 232 myp (e 4200), 451 (1050); Amo (pH 1) 233 mpu
(e 3920), 383 (1070); Apmso (KO-tert-bu) 668 mu (e 590).

2-Dimethylamino-4,4,5,5-tetramethylimidazoline-1-oxyl {2, R
=  N(CH;),] —2-Bromo-4,4,5,5-tetramethylimidazoline-1-oxyl
(2, R = Br) (500 mg) was heated under gentle reflux with 20 ml
of 409, aqueous dimethylamine. After 90 min the solution was
almost colorless. Most of the excess amine was removed by
evaporation in vacuo and the residual solution was reoxidized by
stirring for 15 min with 10 g of PbQ,. After filtration through
Celite and extraction with three 50-ml portions of CH,Cl,, the
combined extracts were dried over Na,S0; and evaporated to
leave 230 mg of the brown liquid radical. An analytical sample
was obtained by molecular distillation at 0.05 mm.

This compound displayed absorption maxima at: Amo (pH 8)
246 mp (e 4200), 475 (600); Mmoo (pH 1) 244 mpu (e 3800), 427
(900).

2-Isopropylamino-4,4,5,5-tetramethylimidazoline-1-oxyl [2, R
= NHCH(CHj;),] —2-Bromo-4,4,5,5-tetramethylimidazoline-1-
oxyl (2, R = Br) (250 mg) dissolved in 25 ml of isopropylamine
and 25 ml of water were heated under gentle reflux (55-60°) for
4 hr. The almost colorless solution showed only a very weak esr
signal. After cooling to room temperature the solution was con-
centrated in vacuo and then stirred for a few minutes with 10.g of
PbO,;. The solution was filtered through Celite and the filtrate
extracted with five 50-ml portions of CH;Cl,. The combined
organic phases were dried and evaporated in vacuo to leave a
brown oil. Chromatography of this residue on silica gel with
ether yielded 100 mg (44%,) of the pure radical.

“This compound displayed absorption maxima at: Amo (pH
%) 233 mu (e 5250), 268 (sh) (2200), 480 (1020); Amo (pH 1)
235 mu (e 3670), 270 (sh) (1970), 401 (1270); xpmso (KO-
tert-bu) 698 mu (e 430). _

2-Amino-1-hydroxy-4,4,5,5-tetramethylimidazoline (17, R =
NH,).—2-Amino-4,4,5,5-tetramethylimidazoline-1-oxyl (2, R
= NH,) (70 mg) in 50 ml of methanol containing 5 mg of platinum
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oxide was stirred under a hydrogen atmosphere at room tempera-
ture until the solution became colorless. It was then filtered
through Celite and evaporated ¢n vacuo. The slightly yellow
residue was recrystallized from methanol-acetone to give 20 mg
of the product, mp 141-144°. The compound reoxidized slowly
to the starting radical on standing in air. A satisfactory analysis
was not obtained.
2-Dimethylamino-1-hydroxy-4,4,5,5-tetramethylimidazoline

[17, R = N(CH;),].—2-Dimethylamino-4,4,5,5-tetramethyl-
imidazoline-1-oxyl [2, R = N(CH;),] (50 mg)in 50 ml of methanol
containing 5 mg of platinum oxide was stirred under a hydrogen
atmosphere at room temperature until the solution became color-
less. The solution was then rapidly filtered through Celite and
evaporated n vacuo. The residue was recrystallized from acetone
to give 15 mg of product (sublimes without melting above 190°).
The compound displayed characteristic infrared absorption at
vrs: 3100 (OH) and 1605 ecm~! (C==N).

Anal. Caled for CHpN,0: C, 58.34; H, 10.34; N, 22.68.
Found: C, 58.33; H, 10.27; N, 22.47.

2-Cyano-4,4,5,5-tetramethyl-2-imidazoline-1-oxyl (2, R = CN).
—A finely ground mixture of 300 mg of sodium cyanide and 300
mg of 2-bromo-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide®
was heated in 3 ml of dry dimethylformamide at 70° for 15 min.
The solution was then diluted with ether, filtered, and evaporated
in vacuo. The residue was purified by preparative tle (silica
gel-ether) to give 66 mg (319,) of the radical.

Registry No.—2 (R = NH,), 26682-07-5; 2 [R =
N(CH,);], 26682-08-6; 2 [R = NHCH(CH,),], 26682-
09-7; 2 (R = OCHj), 26682-10-0; 2 [R = C(CH);],
26682-11-1; 2 (R = CH,), 26682-12-2; 2 [R =
CH,CH(CH;);], 26682-13-3; 2 [R = CH(CHy),],
26682-14-4; 2 (R = CgH;), 26731-64-6; 2 (R = H),
26682-15-5; 2 (R = I), 26682-16-6; 2 (R = Br),
26682-17-7; 2 (R = COOCH,), 26682-18-8; 2 (R =
C=N), 26682-19-9; 4, 26682-20-2; 5, 26682-21-3; 9,
26682-22-4; 17 (R = NH,), 26682-23-5; 17 [R =
N(CHjy).], 26682-24-6; 17b (R = CeHs;), 18390-03-0.

Iminophosphoranes from the Reaction of Ylides with Nitriles

ENGELBERT CIGANEK

Coniribution No. 1732 from the Ceniral Research Department, Experimental Station,

E. I. du Pont de Nemours and Company, Wilmington, Delaware

19898

Received July 24, 1970

Benzonitrile and o-(triphenylphosphoranylidene)toluene react to give the stable iminophosphorane a-[(tri-
phenylphosphoranylidene)amino]stilbene (3) which was also prepared by reaction of cis~ or frans-e-azidostilbene

with triphenylphosphine.

A wide variety of resonance-stabilized phosphoranes and iminophosphoranes, while

not reacting with unactivated nitriles, undergo the analogous reaction with cyanogen and trifluoroacetonitrile.

The resulting iminophosphoranes (e.g., 4 and 20) are air stable and quite resistant to hydrolysis.

are formed in a number of cases.

Two isomers

The reaction of nitriles with phosphoranes is believed to proceed by a mecha-~

nism analogous to that of the reaction of phosphoranes with activated acetylenes.

Part A

The nucleophilic character of phosphorus ylides has
long been recognized and reactions of this class of com-
pounds with a wide variety of electrophilic reagents
have been reported.! Among these, however, reactions
with nitriles have received less attention. McEwen
and coworkers? found that nonresonance-stabilized
vlides'a® react with aliphatic and aromatic nitriles to
give ketones after hydrolysis of the unidentified inter-

(1) (a) A. Maercker, Org. React., 14, 270 (1965); (b) A. W. Johnson,
‘“Ylid Chemistry,” Academic Press, New York, N. Y., 1966; (¢) H. J.
Bestmann, Angew. Chem., 77, 850 (1965), and preceding reviews.

(2) (a) R. G. Barnhardt, Jr., and W, E. McEwen, J. 4mer. Chem. Soc.,
89, 7000 (1967); (b) A, Bladé-Font, W, E, McEwen, and C. A, VanderWerf,

ibid., 82, 2646 (1960); (¢) A. Bladé-Font, Ph.D. Thesis, University of
Kansas, 1960,

mediates. We have isolated and characterized the
intermediate in one such case and extended the scope to
include reactions between resonance-stabilized!®? ylides
and the activated nitriles, cyanogen and trifluoroace-
tonitrile.

a-(Triphenylphosphoranylidene)toluene and benzo-
nitrile reacted slowly in refluxing ether-benzene to give
a 1:1 adduct in 689, yield. It was identified as a-[(tri-
phenylphosphoranylidene)amino Jstilbene (3) by inde-
pendent synthesis from triphenylphosphine and either
cts- or trans-a-azidostilbene. On hydrolysis, 3 gave de-
oxybenzoin and triphenylphosphine oxide as reported
previously.? Attempts to add nitriles to resonance-sta-
bilized ylides, i.e., those carrying electron-withdrawing
groups on the ylide carbon, were unsuccessful. How-



