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Alkylhydrazyl radicals R-NH-N-R are formed in the photochemical reaction of
2,2"-azobis(2,4-dimethylvaleronitrile) (AMVN) and 2,2’-azobis(propane-2-carb-
oxamidine) dihydrochloride (APCH) in methanol in the presence of sensitizers
such as p-hydroquinone. The radicals from AMVN exhibited a nine-line EPR
spectrum due to interaction with two non-equivalent "N nuclei (ay, = 1.22 mT;
an->=0.854 mT; g =2.0038). The radicals from APCH exhibited an 18-line spec-
trum by interaction with two non-equivalent '*N nuclei and one hydrogen nucleus
(an, = 1.20 mT; ay, =0.83 mT; ay = 0.21 mT). The addition of HCI changed the
spectra to five-line patterns, indicating an interaction with two equivalent '*N
nuclei (ay = 1.04 mT). At the same time, the doublet splitting of the spectrum of
APCH disappeared. The reactions involve an equilibrium between two identical
states I and II.

R-N'H-N>-R 3 » R-N'-N2H-R
1 1l

As long as the interconversion is slow, the spectrometer shows two non-equiva-
lent N nuclei. When the exchange rate is increased (acid), the two '*N nuclei
are registered as equivalent. The sensitization is believed to involve a one-electron
transfer to the azo compounds from an excited state of the sensitizer, followed by
the addition of a proton to the azo anion radical.

(propane-2-carboxamidine) dihydrochloride

pounds R-N=N-R (R = alkyl), i.e., substances such as
azoisobutyronitrile, into alkyl radicals and N,, eqn. (1),

R-N=N-R » 2R + N, (1)

or UV

is a general method for initiating radical reactions.' The
radicals R - which are very reactive and not observable
directly by the EPR technique, start further radical re-
actions by the abstraction of hydrogen atoms from sub-
strate molecules.

In connection with some experiments performed on
lipid peroxidation initiated by the azo compounds 2,2'-
azobis(2,4-dimethylvaleronitrile) (AMVN) or 2,2 -azobis-
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and a study of the antioxidative properties of a number
of indole and carbazole derivatives,” it was found that
radicals are formed which are derived from the azo com-
pounds. The EPR spectra of these radicals which ap-
peared when the reactions were initiated by UV irradia-
tion at room temperature, indicated an interaction of the
unpaired electron with two '*N nuclei. It is suggested that
the radicals are alkylhydrazyl radicals with the general
structure R-NH-N-R (R = alkyl). The hydrazyl radicals
derived from the azo compounds were formed only in the
presence of the carbazole/indole derivatives. No radicals
were observed in the dark. Most of the experiments were
carried out with 8-methoxy-6-methyl-4b,5,9b,10-tetra-
hydroindeno[ 1,2-b]indole (H 290/51). However, further



experiments showed that a number of other substances
were effective as photo-sensitizers, especially p-hydro-
quinone (see Table 1).

It should be pointed out that a closer study of these
hydrazyl radicals is of interest from the point of general
radical chemistry, and also for studies of lipid peroxida-
tion initiated by UV irradiation of azo compounds.

Experimental

The EPR spectra were recorded using a Varian E-9 EPR
spectrometer as previously described.> The samples were
irradiated with UV light (no filters) from a mercury lamp
(Osram HBO-200) in situ in the EPR cavity.

The g-value of the radicals was evaluated by com-
parison with the EPR spectrum of p-semiquinone
(g =2.00468)* when p-hydroquinone was used as the sen-
sitizer. In samples containing a very small amount of al-
kali, the p-semiquinone spectrum was present in the dark.
On irradiation with UV light, this spectrum disappeared
and was replaced by the nine- or 18-line spectra.

The linewidths I were evaluated by measuring peak-
to-peak widths of the recorded derivative curves, i.e.,
AH,, and the relation I' = AH_ \/3/2.

pp?
The chemicals used were obtained from Aldrich, Fluka
AG, or Polyscience Inc. H 290/51 was synthesized at

Astra-Hissle AB, MoIndal, Sweden. Removal of O, was
achieved by bubbling the reaction mixtures with N,.

Results and discussion

Fig. 1(a) shows the EPR spectrum obtained by irradia-
tion with UV light in situ in the EPR cavity, of a solution
of AMVN in methanol (0.1 M) together with p-hydro-
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quinone (0.1 M). The spectrum consists of nine lines of
equal intensity, which indicates an interaction of the un-
paired electron with two non-equivalent '*N nuclei. The
coupling constants are: ay, = 1.22 mT; ay, =0.854 mT;
g=2.0036. The radicals appeared after 10-20 s of irra-
diation, and disappeared when the light was shut off.
Identical nine-line spectra were observed in the presence
of substances such as carbazole and a number of indole
derivatives and anthraquinone (‘sensitizers’). The radicals
were observed with ethanol, acetone or dimethyl sulfox-
ide, in addition to methanol, as solvents. Table 1 lists the
sensitizers which gave rise to radicals.

Fig. 1(b) shows the EPR spectrum obtained with
AMVN (0.1 M) and p-hydroquinone (0.1 M) in methanol
containing 0.12 M of HCI. The spectrum still consists of
nine lines. However, the three spectral components with
the magnetic quantum numbers M;= +1,+1;0; - 1,-1
are sharp, whereas the remaining six components are
broadened.

Fig. 1(c) shows the spectrum observed with a 0.4 M
concentration of HCIL. The spectrum exhibits five lines
due to the interaction with two equivalent "*N nuclei.
However, the spectral components M;= +1 are broad-
ened, whereas M;= +2; 0 are sharp.

Fig. 2(a) shows the EPR spectrum obtained with
APCH dissolved in methanol (0.1 M), together with
H290/51 (0.05 M) when irradiated in situ in the EPR
cavity. The spectrum consists of 18 lines of equal inten-
sity, which indicates an interaction with two non-
equivalent '*N nuclei and one hydrogen nucleus
(3 x3x2). The coupling constants are: ay, =1.20 mT;
an, =0.83 mT; ayy =0.21 mT; g=2.0038. Identical spec-
tra were obtained with sensitizer substances such as
p-hydroquinone. When the reaction was performed in
10:1 ethanol-d,-D,0, a nine-line spectrum was observed.
Evidently, hydrogen had been exchanged for deuterium.

Table 1. Radicals observed in the photochemical reaction of the azo compounds AMVN and APCH at room temperature in the

presence of sensitizers.

No. of lines in the

Azo compound Sensitizer EPR spectrum Solvent
AMVN Carbazole 9 Methanol
2-Hydroxycarbazole 9 Methanol
3-Methylindole 9 Methanol
Indol-3-ylacetic acid 9 Methanol
Phenazine 9 Methanol
H 290/51 9 Methanol
p-Hydroquinone 9 Methanol
p-Hydroquinone 5 Methanol—HCI
Anthraquinone 9 Methanol
2,6-Dimethylpiperidine 9 Methanol
APCH H 290/51 18 Methanol
H 290/51 9 Ethanol-d,—D,0
p-Hydroquinone 18 Methanol
p-Hydroquinone 5 0.1 M HCI
No sensitizer No radicals Methanol
AMVN No sensitizer No radicals Methanol
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Fig. 1. The EPR spectra obtained by irradiation with UV light
in situ in the EPR cavity of a solution of 2,2’ -azobis(2,4-
dimethylvaleronitrile) (AMVN) 0.1 M in methanol containing
0.1 M p-hydroquinone. The magnetic quantum numbers are
given in the figures. (a) No HCL (b) 0.12 M HCL. (c) 0.4 M
HCI.

However, the deuterium triplet expected to appear in
place of the hydrogen doublet could not be resolved
(4p=0.21/6.5=10.033 mT).

Fig. 2(b) shows the EPR spectrum observed with
APCH (0.1 M) dissolved in 0.1 M HCI together with
p-hydroquinone (0.1 M). The spectrum exhibits five
lines with the intensity distribution 1:2:3:2:1 due to
the interaction with two equivalent "N nuclei;
any = any = 1.04 mT. When the pH was brought back to
about 5, the 18-line spectrum reappeared.

It is considered that the general structure of the radi-

672

\M Ui .
ﬂ

EEE T -

Fig. 2. The spectra obtained with 2,2'-azobis(propane-2-
carboxamidine) dihydrochloride (APCH) 0.1 M. (a) In metha-
nol and H 290/51 (0.05 M). (b) In 0.1 M HCI and p-hyd-
roquinone 0.1 M.

cals that give rise to the spectra of Figs. 1 and 2 is
R-NH-N-R (1), where R is the alkyl part of AMVN and
APCH, ie, H-C(CH;),-CH,-C(CH;)}(CN)- and
H,N = C(NH,)-C(CH,),-. The structural formulae of
AMVN and APCH are given below. The reaction leading

M 0 s ¢
H—C—CH,—C—N=N—C—CH,—C—H
f 2 ] 2

CH3 CN CN CH3

2,2'-azobis(2,4-dimethylvaleronitrile) (AMVN)

D G N -
H,N=C—C—N=N—C—C==NH 2 Cl
277 R 2
HZN CH3 H3C NHZ

2,2’ -azobis(propane-2-carboxamidine) dihydrochloride (APCH)

to the observed radicals is suggested to involve a one-
electron reduction of the azo compounds, followed by
protonation of the radical anion [eqn. (2)].

+c +H .
R-N=N-R — [R-N = N-R]- —— R-NH-N-R (2)
1
The spectrum of the radical from APCH [Fig. 2(a)] is

consistent with this mechanism, i.e., an interaction with
two non-equivalent '*N nuclei and one hydrogen nucleus.



In the case of AMVN [Fig. 1(a)], it is believed that the
expected doublet splitting is too small to be resolved, pos-
sibly due to a steric arrangement that gives rise to an
unfavourable interaction with this nucleus. Alternatively,
the doublet might be obscured by a very fast exchange of
the proton.

Owing to the high symmetry of the molecules involved,
it is expected that the protonation of N' and N? will take
place with equal probability, i.e., two identical states I
and II are present [eqn. (3)]. As long as the exchange rate
of the proton attached to N! or N? is slow, the EPR
spectrometer will record two non-equivalent '*N nuclei
and the doublet splitting from the hydrogen nucleus
[Figs. 1(a) and 2(a)]. When the exchange rate increases
in more acidic media, the spectrometer recognizes the
two "N nuclei as equivalent [Figs. 1(c) and 2(b)]. At the
same time, the hydrogen doublet disappears due to the
short time the proton spends attached to each of the ni-
trogen atoms.’

R-N'H-N’-R 3 »R-N'-N’H-R (3)
I II

The spectra of Figs. 1(b) and 1(c) represent transitory
states between slow and fast exchange. Fig. 1(b) still
shows nine lines but exhibits linewidth alternations due to
an increasing rate of exchange. The five-line spectrum of
Fig. 1(c) also shows linewidth alternations, since the two
"N nuclei are not recognized as wholly equivalent.®
Fig. 3 gives the ratio between the amplitudes of the spec-
tral components M;=+1,-1 and M;=0, ie,
A(+1,-1)/A(0) of the nine-line spectra plotted against
the concentration of HCl in the samples. The derivative
amplitude and the ratio A(+ 1, - 1)/4(0) are a sensitive
measure of the relative variations of the mean lifetime of
the states I and I, since this amplitude is inversely pro-
portional to the square of the linewidth. Fig. 3 shows that
rather small amounts of HCI have a large influence on the
ratio A(+ 1, — 1)/4(0). At about 0.6 M HCI, the ratio ap-
proaches zero, a concentration at which the nine-line
spectra are converted into five-line patterns.

A quantitative estimate of the mean lifetime t of the
radicals in the states I and II in samples with varying
concentrations of HCl was made by measuring the line-
width (in Gauss) of the spectral components with
M= +1,-1and M,=0, i.e. ['(+ 1,- 1) and I'(0), using
the formula in eqn. (4), valid in the limit of slow con-
version.’

r(+1, -1)=T(0)+ 1/2 ty.) 4)

In this equation v, is the magnetogyric ratio of an elec-
tron, and equal to 1.76 x 10" rad s~ ' G~ !, The results are
shown in Table 2. By use of the field shift of the lines and
eqn. (4), the lifetime t at the coalescence of the line
M= +1,-1 with M, =0 was evaluated and found to be
equal to 0.24x 1077 s.°

(BHZ - 8H2)> = \/2/(xv.) (5)
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Fig. 3. The ratio between the amplitudes of the spectral
components M,=+1,~1 and M=0 of nine-line spectra
obtained with AMVN plotted against the concentration of
HCl in the samples. The reaction mixtures consisted of
AMVN (0.2 M)+ p-hydroquinone (0.2 M) in methanol,
400 pl+ 100 pl of varying amounts of HCl in H,0.

In eqn. (5), 8H, is the line separation in the absence of
interconversion and 8H, the separation when the con-
version is taking place, in this case 6H,=3.38 G and
0H. =0 G.

The doublet splitting of the OH proton in the radical
- CH,OH is clearly resolved at high pH, but as the pH
is lowered, the doublet lines broaden, coalesce, and fi-
nally collapse into a single line. The OH proton ex-
changed rapidly with H* ions in solution.’

The lifetime at the pH value (1.04) of collapse of the
doublet was found to be 0.95x 10~ 7 s evaluated from

Table 2. The mean lifetime T and the second-order rate con-
stant k, for the radical derived from AMVN in the presence
of different concentrations of HCI. T was evaluated from eqn.
(4), k, from eqn. (6).

HCI M /1077 s k,/10% Imol™ " 57"
0 0 0]

0.1 1.25 0.80

0.3 0.34 0.79

0.4 0.32 0.78

0.5 0.24° 0.83

Mean value 0.80

® Evaluated from egn. (5).
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eqn. (4). The second-order rate constant k, was esti-
mated from the relation in eqn. (6),” and found to be
1.75x10% 1 mol ' s .

ky=1/(x-[H;O* ]) (6)

Here [H,0 "] is the concentration of hydrogen ions.’
By use of eqn. (6) the rate constant &, of the protonation
of the radicals derived from AMVN was evaluated and
found to be 0.80 x 10* I mol ' s~ ' (see Table 2). Thus,
there is rather good agreement between the constants k,
found for protonation of - CH,OH and the radicals de-
rived from AMVN.

It should be emphasized that the hydrazyl radicals of
this series have only been obtained, so far, in the pho-
tochemical reaction in the presence of sensitizer sub-
stances given in Table 1. No radicals were observed with
rather weak reductive reagents sodium dithionite
(Na,S,0,) or ascorbate in the dark or with UV irradia-
tion.

An alternative interpretation of the EPR spectra of this
series involves the formation of diazenyl radicals of the
type R—N = N - hitherto observed in the photoirradiation
of cyclopropane solutions of 1-aryl-2-(arylthio)diazenes.
1-aryl-3,3-dimethyltriazenes and 1,2,3-benzothiadiazoles
at low temperature. However, such radicals are too un-
stable to be observed above about — 100°C. A charac-
teristic of diazenyl radicals is their very low g-value,
about 2.0003. The two nitrogen coupling constants are
very different: one 2.5 mT and the other 0.95 mT.®

A further alternative might involve the formation of hy-
drazoyl radicals, R'(R})N-N(O+)R*? (R', R? R® aryl,
alkyl).” However, the unsymmetrical structure of such
radicals, in this case R'NH-N(O -)R!, is not consistent
with the finding of alternating linewidths and equalization
of the two "N nuclei described here.

The reactions leading to the alkylhydrazyl radicals
seem to be related to the one-electron reduction of are-
nediazonium ions (2), eqn. (7).

+ €

+
Ar-N=N » [Ar-N=N-]— Ar- +N, ()

2 3 4

Radical 3 decomposes to the aryl radical 4 and nitro-
gen. The intermediate radical 3 has not been observed by
the EPR technique, at least not at room temperature (cf.
above), whereas the aryl radical 4 has been detected by
spin trapping. A large number of reagents are able to
partake in the reduction of arenediazonium ions, among
others hydroquinones and quinones.'®"'? In these reac-
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tions, semiquinone radicals were presumably the species
directly responsible for the reduction of the arenediazo-
nium ions.'"!?

It is possible that similar mechanisms prevail in the
formation of the alkyl hydrazyl radicals. The results ob-
tained with p-hydroquinone and anthraquinone as sensi-
tizers are consistent with this suggestion. Semiquinones
might be formed from excited states of these sensitizer.
The species directly active in the reactions with the
indole/carbazole derivatives (see Table 1) are less obvi-
ous. It might be radicals formed from these sensitizers,
via their excited states, and/or the solvent.

It is considered that the symmetry of the alkylhydrazyl
radicals derived from AMVN and APCH, and their pro-
tonation will contribute to a higher stability than that of
the intermediate radical 3 so that detectable alkylhydrazyl
radicals are produced in a steady state before their decay
by dediazoniation.
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