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The radicals produced by reaction of hydroxyl radicals with some amines, amino acids, and related compounds
in aqueous solutions have been studied by esr. Irradiation with high-energy electrons was carried out directly
in the esr cavity, In most cases aminoalkyl radicals were formed by hydrogen abstraction from the carbon
bearing the amino group. The radicals CH,NH,, CH,NHCH;, and CH,N (CHy): produced from mono-, di-,
and trimethylamine have been observed in the pH range 7-13.5. In acid solutions no radicals with the ex-
pected structure ROCHNH,* have been observed. In the cases of di- and trimethylammonium ions secondary
reactions leading to radicals of the type R\NH™ take place. The radical found in acid solutions of glycine
is best deseribed by the structure NH,CHCOOH as supported by experiments in D,0. In alkaline solutions
of all amino acids radicals of the type H,NCRCO,~ were observed. In the case of a-aminoisobutyric acid a
different radical, probably of type RNH, was also observed at pH 13 and low concentration of solute. The
results are consistent with a mechanism involving the reaction RCH,NH;+ + H or OH — RCHNH,;* + H,
or H,0 in acid solution and the two competing reactions ROH,NH,; + OH — RCHNH, + H;0 and RCH,-
NH, -+ OH -» RCH,NH 4 H,0 in alkaline solution. The latter reaction must be followed by a fast secon-
dary step, RCH,NH + RCH,NH, -~ RCH,NH, + RCOHNH:, wheh causes the disappearance of RCH.NH in

most cases.

Introduction

The radicals produced from amines and amino acids
have been studied under various conditions. Both
v radiolysig?—® and photolysist” of single crystals?—5
and polyerystalline and glassy samples®~8 have been
used for the formation of radicals which were subse-
quently studied by esr. Direct, in stfu esr observation
has been employed fo study the radicals produced from
such materials by the Ti?+—H,0, method?—1% in aqueous
solutions. Aqueous solutions of amines' and amino
acids®® have also been investigated by the pulse radioly-
sis technique utilizing kinetic spectrophotometry to
follow the radicals produced initially by the electron
pulse. Finally, product analysis of vy-irradiated solu-
tions has been used to infer the mechanisms of forma-
tion and reaction of the amino acid radicals.” Al-
though the latter two methods have provided a con-
siderable amount of information, they lack the speci-
ficity of radical identification which is obtained by esr.

Esr studies of radicals in aqueous amino acid solu-
tions have been carried out using Ti3+-H,0, to generate
OH in acid solutions®®1? and Ti*+-EDTA-H:0, in
neutral and slightly alkaline solutions.!:1* Generally
it was found that in alkaline solutions hydrogen ab-
straction takes place from the position « to the amino
group, whereas in acid solution the abstraction is
mainly from positions further away from the ammonium
group which strongly deactivates the adjacent position.

In acid solutions of methylamine the radical -CHz&H3
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has been observed by pulse radiolysis'® but could not
be detected by esr.® A similar difference exists for
acid solutions of glyeine where the results of pulse
radiolysis experiments suggest’® the radical +HsNCH-
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COOH while the esr spectrum has been attributed to
the species H;NCHCOOH. 10.12

Esr spectroscopy has been used in this laboratory for
the study of a number of radicals during continuous
in situ radiolysis of agueous solutions.®*~2!  Radiolytic
generation of radicals was found to have the advantage,
relative to other chemical or photochemical means, of
permitting the study of reactions of e,,~ and of applica-
bility over the full pH range. We have recently re-
ported® an esr study of the deamination of a number of
amino acids by e,,~. A disadvantage of this technique
compared to pulse radiolysis is noticeable in those cases
where secondary reactions can take place to form radi-
cals which are long-lived compared with the primary
radicals. In these cases only the secondary radicals
are observed. The two methods are thus complemen-
tary to each other. We intend in this study to examine
the reactions of OH radicals with amines and amino
acids in aqueous solutions, with special emphasis on
those points which could not be fully resolved by pulse
radiolysis.

It should be noted that in cases where comparison of
results is possible the esr spectra obtained here are
essentially identical with those obtained with the Ti%+-
H,0, system., 1In these cases (namely, with the amino
acids previously studied) we have, therefore, only ex-
tended the results to higher pH. In terms of signal
intensity (i.e., radical concentration) our method is
somewhat inferior to the use of Ti*+-H,0, although our
resolution is somewhat better. The results reported
here for amines are all new and provide important
reference points for discussing the several problems
encountered in interpretation of the amino acids re-
sults.

Experimental Section

The amino acids used were of the purest grade com-
mercially available from Calbiochem, Cyclo Chemical,
and Baker. (Gaseous amines were obtained from
Matheson. All the inorganic materials were Baker
Analyzed reagents. Water was doubly distilled®® and
in the second distillation the vapor was passed with
oxygen through a silica tube at ~600°. The pH was
adjusted using potassium hydroxide, perchloric acid,
sodium phosphates, and sodium tetraborate. Solutions
were deoxygenated by bubbling with nitrous oxide.
At pH > 3, N2O scavenges practically all the hydrated
electrons to form OH radicals. At lower pH values the
competing reaction of e,,~ with HyO+ takes place to
form H atoms. Both OH radicals and H atoms can
abstract hydrogen from the organic solutes, At pH
> 3, ~90%, of the reacting radicals are OH, and at pH
< 2, ~509%, are OH. In most cases of hydrogen ab-
straction the same radical is expected to be formed by
either OH or H attack.

The irradiation was carried out in the esr cavity as
previously described.’®' A flat silica cell of 0.5-mm

internal spacing was used, and during irradiation the
solution was driven through the cell at a flow rate of 1
cm?/sec. In most cases no effect of flow rate on the
spectrum could be observed at rates between 0.5 and
3 cm?®/see. The solution was cooled slightly, before
entering the cell, and all measurements pertain to
about 15°. The total electron beam current was ~8 uA
and that collected at an electrode in the solution was
~1 pA. Second-derivative speetra were recorded by
use of two modulation frequencies. This method
helps to minimize the interference by the signal from
the silica cell so that only the region from 3 to 10 G
above the center of the radieal spectrum is obscured.

Results and Discussion

The two most probable paths for reaction of OH
radicals with the basie form of amines and amino acids
are hydrogen abstraction from either the «-alkyl group
or the amino group ‘

/,RCHNHz (1a)
\ + H;0
RCH,NH (1b)

The amino alkyl radical can also be formed indirectly
by

RCH,NH + RCH,NH, —
RCH,NH, + RCHNH, (2)

Chemical analysis of irradiated aqueous solutions of
aimines and amino acids'™-?? shows that most products
are formed from radicals of the type RCHNH,. There
is, however, also some evidence from this source?? for
reaction 1b. The oceurrence of both (1a) and (1b) is
supported by recent pulse radioclysis experiments, 616
Reaction 2 is expected to be relatively more important
in these esr experiments than in pulse radiolysis be-
cause in the present esr work radical lifetimes are much
longer (~1 msec) so that reaction 2 can compete more
effectively with radical-radical reactions.

Because there will be considerable discussion of the
dissociation constants of various amine radicals, it is
useful to review the existing data. Pulse radiolysis
studies of amino acids'® and amines' utilizing the
initial optical absorption of the transient have been
carried out. These studies show a change in absorption
centered at about pH 5 for solutions of CHNH;+ and
attributed the change to the equilibrium CH,NH;+ =
CH,NH, + H+ With glycine two partially compen-
sating changes in absorption oceur between pH 3 and

RCH,NH; + OH

(18) K. Eiben and R. W. Fessenden, J. Phys. Chem., 72, 3387
(1968).

(19) XK. Eiben and R. W. Fessenden, wbid., submitted.
(20) P. Neta and R. W. Fessenden, ibid., 74, 2263 (1970).
(21) P. Neta and R. W. Fessenden, 1bid., 74, 3362 (1970).

(22) G. G. Jayson, G. Scholes, and J. J. Weiss, J. Chem. Soc., 2594
(1955).
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Table I: Structure and Coupling Constants of Radicals Produced in Irradiated Aqueous Solutions of Amines”
Amire pH Radieal g factor al ang agH aght v
Monomethylamine 7-13.5 CHzNHg 2,00282 4.98 4.40 (2) 15.30 (2)
Dimethylamine 7-13.5 QH;;NHCHg 2.00280 5.84 6.35 (1) 10.91 (2) 4.21 (3)
Trimethylamine 7-13.5  CH,.N(CHy),  2.00274  7.03 11.61 (2) 4.06 (6)
.
NH
/N
Dimethylamine 1 CH,—CH, (1) 2.00360 19.22 21.90 (1) 33.56 (4)
.t
Trimethylamine 1 CHs~-NH-CH;  2.00360 20.53 F28.28 (1) 28,56 (6)

e Hyperfine constants are given in gauss and are accurate to ==0.03 G. The g factors are measured relative to the peak from the

silica cell and are aceurate to about ==0.00005.
(1962)].
this hyperfine constant must have a sign opposite that of aBH.

The number of hydrogen atoms displaying the hyperfine constant is given in parentheses.

Second-order corrections have been made [R. W. Fessenden, J. Chem. Phys., 37, 747

¢ From the second-order pattern

6. These changes have been interpreted as arising
from the two protonations of H,NCHCO,~. The
change of the pK associated with the amino group in
going from the parent compound to the radical seems
to lie in the range 4-6 units. On the basis of these
studies it appears that the radieal in acid solutions of
glycine is *H,NCHCO.H.

Amines, amino acids, and several related compounds
have been irradiated in aqueous solutions saturated
with nitrous oxide at different pH values, and the esr
spectra were recorded during the irradiation. For every
compound the known?® or estimated rate constants
for reactions with OH radicals and H atoms have been
used to choose a concentration high enough to ensure
scavenging of most of the primary radicals. In many
cases several different concentrations were used to
verify that full scavenging occurred. In certain com-
pounds no spectra could be observed, eg., from
isopropylamine,  fert-butylamine,  tetramethylam-
monium hydroxide, acetylalanine, and aminomalon-
amide. This result is thought to be due to the large
number of splittings which divide the intensity among
many lines and as a result reduce the line intensities to
near or below the noise level. Another possible reason
for the abgence of lines from aecid solutions is the chemi-
cal exchange of the protons of the ammonium group.
As discussed below, this exchange can cause line broad-

ening in radieals having the structure >('31<TH<, and in
fact no radical of this type has been observed in solu-
tion. Such radicals are expected to be formed in acid
solutions of mono-, di-, and trimethylamine and some
amino acids. In contrast, spectra were detected when
the amino group was in a position further away from
the unpaired slectron or when the amino group was in
the basic form.

Amines. The structure and coupling constants of
the radicals observed in irradiated aqueous solutions of
amines are summarized in Table I, and two representa-
tive spectra are presented in Figure 1. The esr spectra
observed with neutral and alkaline solutions of mono-,
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di-, and trimethylamine could be assigned to the amino-
alkyl radicals formed by hydrogen abstraction from a
methyl group.

CH;NR, + OH —> CHoNR, + H,0 (3)

This assignment is based on the number of equivalent
protons of each type and on the magnitudes of the
hyperfine constants. The symmetry implicit in these
groupings and the consistency of the hyperfine con-
stants for these three radicals make it very probable
that the spectra belong to the expected reaction prod-
ucts. These hyperfine constants parallel those found
here and in previous work!* for the radicals in neutral
and basic solutions of amino acids. In particular the
value of a ¥ is quite small (10-15 G) and a¥ is ~5 G.
Both the small a,® and the large a.® can be taken to
indicate a relatively large spin density on the nitrogen
and a consequent lowering of the carbon spin density.
However, it seems unlikely that this spin density
could be as low as 0.5 (using Q, =< 23 G), and it is possi~
ble that the three bonds around the carbon are not in
plane. The pronounced effeet of substitution of the
nitrogen in reducing a, ¥ from 15.3 to 10.9 G seems also
to support this idea. Such a large change seems un-
likely for a planar radieal site, but if the substitution
were to change the departure of the radical from plan-
arity, & much larger effect on a, might occur. The
greater electron donating power of ~-NHCH; as com-
pared to ~NH; would favor a more bent structure.

Because no change in the spectra of CH;NH,, CHe-
NHCH;, and CH,N (CH;), could be found between pH
7 and 13.5, it can be concluded that over this region the
radicals are always in the basic form as a result of
the lower pK of the radical as compared to that of the
parent molecule.’* The appearance of radicals of the
type CH,NR, at pH 7 demonstrates that reactions 4
and 5 must occur.

CH,NHR; + OH —> CH,NHR; + L0  (4)

(23) M. Anbar and P. Neta, Int. J. Appl. Radial. Isotopes, 18, 493
(1967).
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Becond-derivative esr spectra of aqueous solutions of monomethylamine (top) and trimethylamine (bottom) saturated

with N.O at pH 12 during irradiation with 2.8-MeV electrons. Magnetic field increases to the right. The stick spectra show the

relationship of the lines.
gain 100 times less than the other portions.

a somewhat higher signal-to-noise ratio, but no continuous scan of that is available.

The large signal from the silica cell is seen just above the center of the spectrum and is recorded at a
The low-field portion of the bottom spectrum was also recorded under conditions giving

Both of these spectra show a proncunced

intensity effect in that the high-field lines are considerably stronger than their low-field counterparts.
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Figure 2. A schematic representation of the spectrum observed during radiolysis of a 0.1 M solution of trimethylamine at pH 1.

Because of the large number of line groups, it is not possible to reproduce a continuous scan.
Similar line groups were observed at the other designated positions.

second-order structure are shown.

CH,NHR, —> CH,NR, + H+ ()

Although the reaction of OH with methylamines in
acid solutions must form aminoalkyl radicals (eq 4) the
protonated forms of the radicals could not be observed
(possibly as a result of the line broadening by chemical

exchange of the NH protons). Instead, the esr
spectra observed in strongly acid solutions of dimethyl-

Portions of the spectra with resolved

amine and trimethylamine could be assigned to radicals
produced by secondary reactions.

The spectra detected from irradiated acid solutions
(pH 1) of di- and trimethylamine (~0.1 M) are dif-
ferent from those found in all other cases in that a large
nitrogen splitting of about 20 G is evident (see Table I
and Figure 2). These spectra clearly cannot be assigned

to the radicals CH;NH;CH, and CH,NH(CHy);. The

The Journal of Physical Chemisiry, Vol. 756, No. 6, 1971



742

“/\’MW

Hp N CH COOH

| ‘l il

|

P. NETa AND Ricuarp W. FrsSENDEN

it s
l}ll | |

h—»nﬁﬂ;slsg Gl <1 | 77—+
fe——0" <6386 ——s]

Figure 3. Esr spectrum of an aqueous solution of glycine (0.1 M) at pH 1 during irradiation.

stick spectrum excepting one to the left of the center group.

most likely radieals with such a splitting are of the
type RgN+. The species NH;* and (CHg)sN™ are
known from work on irradiated solids and the hyperfine
constants are a¥ = 19.5, axg® = 25.9%¢ and o¥ = 18.0,
acg® = 26.7 G,% respectively, for the two radicals.
In the case of trimethylamine the speetrum consists of
24 line groups and well-resolved second-order structure
is present. From the number of line groups there must
be one nitrogen splitting (20.53 G) and seven approxi-
mately equal proton splittings of about 28 G. The
second-order structure is typical of six equivalent pro-
tons, however. This situation can arise if there are
six equivalent protons with a coupling eonstant of one
sign and another of nearly the same magnitude but of
opposite sign.” The radical (CH;)sNH* seems uniquely
to satisfy these requirements (¢, should be negative
while g is positive). From the coupling constants
for *NH; and (CH;);N* it is clear that such a chance
equivalence of the magnitudes of the « and 8 constants
would be possible,

The speetrum from solutions of dimethylamine also
shows second-order structure (typical of four equivalent
protons), and this spectrum ean be fit to a high degree of
accuracy by the hyperfine constants given in Table 1.
The previously developed computer program? was used
for this purpose and using 36 of the total of 54 lines an
rms deviation of 0.02 G was obtained. This deviation
is about that expected from the accuracy of the line
position measurements. The nitrogen hyperfine con-
stant and g factor of this radieal are very similar to those
of the radical discussed immediately above so that the
structure must be similar. To have four equivalent
protons a structure of the type RCH,N *HCH;R seems
most probable and the lack of any further splittings
suggests (EI_IgN +HCH,. The value of azH is larger than

——

for the methyl protons in the same position as is the
case when either a cyelic or straight-chain radical is
compared to ethyl radical.?® The splitting for the

The Journal of Physical Chemistry, Vol. 76, No. 6, 1971

All lines are explained by the

(presumably) NH proton is somewhat smaller than in
(CHy),NH+or NH;*. Itshould be noted that the cyclic
structure is isoelectronic to cyclopropyl radical which
has the abnormally low a,® of 6.5 G. If the cyclic
structure is in fact correct, the bonds at the radical site
must be more nearly in a plane than is the case for
eyclopropyl radical.?® The lack of exchange of the
NH* proton in both radicals is consistent with the re-
sults on N,H,*.2¢

The radicals from di- and trimethylamine can hardly
be the result of any simple reaction and some secondary
process is necessary. In support of this contention a
reduction in signal height with increased flow rate is
observed. No reasonable mechanism has been found
for the formation of either of the two radicals suggested
to explain the spectrum from solutions of dimethyl-
amine. In the case of trimethylamine, however, a
rather tentative mechanism can be suggested. It has
been noted that the radical -CH.N+H({CH,), must
be formed in acid solutions although its spectrum is not
observed (probably because of its broadened esr lines).
If this radical undergoes disproportionation the com-
pound CHy==N +(CHj,), should be formed as suggested
for amino acids.”” The double bond will be very reac-
tive toward OH addition so that this intermediate prod-
uct can compete with the unreactive parent ammonium

(24) T. Cole, J. Chem. Phys., 35, 1169 (1961),
(25) A.J. Tench, ibid., 38, 593 (1963).

(26) With the values given in Table I overlap of pairs of second-
order patterns (from the six equivalent protons) will occur in such a
way as to give essentially no new lines. (A partially resolved line of
unit intensity should appear between the first and second lines of each
group in Figure 2.) This is possible because the second-order
patterns all have common splittings. Some attempts at synthesizing
the line shapes have been made, and although exact agreement has not
been obtained no serious discrepancies are evident at this time.

(27) R. W. Fessenden, J. Mag. Res., 1, 277 (1969).

(28) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147
(1963).

(29) J. Q. Adams and J. R. Thomas, ibid., 39, 1904 (1963).
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ion CHy=N+(CH;); + OH - HOCH,N+(CHy)..
Because this species has both a hydroxyl group and a
nitrogen on the same earbon some transformation such
as HOCH,N+(CHj), - OCH, + HN+(CHj); could
occur leading to the observed radical. The acid eon-
ditions (pH 1) might contribute by catalyzing the re-
action.

Amino Acids. The spectrum obtained from an
irradiated. solution of glycine at pH 1 is presented in
Figure 3; the coupling constants (Table II) are in good
agreement with previous values.’*'? With this com-
pound no lines could be observed at pH 3. However,
at pH 5-7 the alkaline solution speetrum was present
with many additional lines. Because of the complex-
ity of the spectrum and weakness of the line intensities,
no sucecessful analysis of the additional contribution
was possible. In acid solutions (pH 1-3) of imino-
diacetic and nitrilotriacetic acids no spectra could be
observed, again possibly as a result of the exchange of
protons of the ammonium group.

The radical produced by the reaction of OH with
glyeine in acid solution seems to be NH,CHCOOH as
concluded in several previous studies’®'? and in the
present work., The hyperfine constants for this species
are similar to those for the radical HONCHCOO— which
is formed in basie solution, but the two NH protons
appear equivalent and have a somewhat larger coupling
constant (the two NH protons in H,NCHCOO- are
not equivalent). Protonation of the carboxyl group
could readily account for the difference. This result
is not in agreement with the conclusions drawn from
the pulse radiolysis experiments discussed earlier which
suggest that the radical should exist in the form +H,-
NCHCO,H. The assignment of the esr spectrum ob-
served at pH 1 to the radical H,NCHCOOH would
imply & pK < 1 and a change of the pK of the NH;*
group of rore than 8 units from the parent compound.
This disagreement is serious enough to require a
search for alternative explanations.

One possibility is that the lines of *H;NCHCOOH
are broadened by exchange of the —-NH;* protons and
that the spectrum observed is from some other radical,
possibly a product of secondary reactions. Reference
to the hyperfine constants of Table II shows that it is
possible for the CH, protons of a radical of the form
RCH,NHCHCOO- to have a coupling constant of the
size assigned to the NH, protons of H,NCHCOOH.
To test if such a radical were responsible for the spec-
trum in acid solutions of glycine an experiment was
performed with a 12,0 solution to determine if the pro-
tons having the 5.59-G hyperfine constant would be
-exchanged. The spectrum obtained in this case did
in faet, have the 5.59-G proton triplets replaced by 0.87-
G quintets of intensity 1:2:3:2:1 as expected for two
deuterinm nuclei. This result shows that the protons
in question are located on a nitrogen because of their
ready exchange and further substantiates the interpre-
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tation of the spectrum in terms of the hyperfine con-
stants. Based on the esr results alone there seems
little doubt, therefore, that the radical detected in acid
solutions of glyeine is H,NCHCOOH.

It should be noted that in no ecase (neither from
amines nor amino acids) have radicals of the form Hs-

NCR; been observed in aqueous solution. No radicals
were detected from methylamine and iminodiacetic
and nitrilotriacetic acids and from di- and trimethyl-
amines the only radicals found seemed clearly to be the
result of secondary reactions. Similar results have
been reported for other systems.’0:'* The possibility
that spectra of radicals with an o-NH;* group are unde-
tectable because of line broadening caused by exchange
of the NH;* protons has been mentioned above. Here
we would like to discuss this point more fully.

The hyperfine constants for radicals of the type
+H,NCR, as found in irradiated solids®? are quite dif-
ferent from those for the basie forms, and depending on
the kinetics of the proton exchange process this dif-
ference could lead to a large increase in line width.
Proton exchange in aleohol radicals has been considered
several times,* 3 but in those cases the splitting by the
exchangeable proton is small (~1 G). Furthermore
the exchange is acid-catalyzed ROH + H+ = ROH,+
and can be made very rapid in strong acid. In the
case of a radical RNH;* the exchange reaction should be

b
RNH;+ :.‘;': RNH, + H+
If the pK of the acid form is like that determined from
the pulse work on methylamine, then the equilibrium
will be to the left at pH 1 and the lifetime of the spin
state of the radical RNH;+ will be limited by the first-
order dissociation. To estimate this rate we will use
the relation & = k/k’ where K is the equilibrium con-
stant. With the values & = 10 and K = 10~%
becomes 10°. To cause a line width increase to 1 G
the first-order rate would have to be approximately 2
X 107 sec~! (the equivalent of 1-G line width in radians
sec™ ). - With a lower pK and a higher value for ¥’ such
a value of k is possible. On the basie side of the equi-
librium the lifetime of the spin state of RNH, is limited
by the protonation rate, £’. 'To avoid line broadening
to 1 G the product %’'[H*) must be less than 2 X 107,
or at pH 1 &/ must be less than 2 X 108 M~? sec— L.
Again line broadening is possible. At this time it is
not clear if such a line broadening is in fact occurring,.
The structure and coupling constants of the radical
produced in irradiated alkaline solutions of several
other amino acids are summarized in Table II, and
some representative spectra are presented in Figures
4-9. With all of the amino acids which give sufficiently

(30) H. Fischer, Mol. Phys., 9, 149 (1965).
(31) H. Zeldes and R. Livingston, J. Chem. Phys., 47, 1465 (1967).
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intense spectra to be analyzed the aminoalkyl radical is
observed. Furthermore, abstraction oceurs to produce
the a-aminoalkyl radical R,CNH, whenever a hydrogen
o to the amino group exists. In the case of a-aminoiso-
butyric acid no such hydrogen is available and abstrac-
tion is at the 8 position producing CH,C(NH,)(CHj;)-
COO~. Some of these radicals (from glycine, a-ala-
nine, nitrilotriacetic acid, and acetylglycine) were pro-
duced previously by the Ti*+—EDTA-H,0, method,?

Esr spectrum of an aqueous solution of iminodiacetic acid (0.01 M) at pH 13 during irradiation.

and the coupling constants reported here are in good
agreement with those values. We have followed the
assignments given by Paul and Fischer'® for most of the
amino acids and from the consistency of the values
among the various radicals see no reason to question
their assignments. All of the amino acids studied were
also irradiated at pH > 13; in most cases no changes in
the spectra were observed. However, a different
spectrum than that found in neutral solution was ob-
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Figure 6.

Esr specirum of an agueous solution of
nitrilotriacetic acid (0.01 M) at pH 13 during irradiation. The
varying peak heights reflect in part, varying line widths which
are assumed to be a result of hindered internal rotation. No

complete interpretation has been made. This spectrum is
similar to that found by Paul and Fischer!? but
is better resolved.

served with strongly alkaline acetylglycine (see be-
low).

The results obtained here are consistent with the
overall mechanism given above, but because of the
effect of reaction 2 there is little evidence of reaction 1b.
In order to demonstrate the occurrence of reaction 1b
it is necessary to choose a compound with a relatively
slow reaction 2. It is reasonable to assume that the
rate of reaction 2 would parallel that of (1a) and also
be effected by the activating amino group. Compounds
having no CH bonds in a position « to the amino group
would be less reactive. For this reason a-aminoiso-
butyric acid and {-butylamine were chosen to demon-
strate this effect after the experiments with glycine and
alanine at low concentrations failed to show the RNH
radicals. Unfortunately, the spectrum obtained with
t~butylamine did not have strong enough lines to be
analyzed {(see above). With solutions containing only
low concentrations of a-aminoisobutyric acid a second
spectrum was observed in addition to that of CH,C-
(NH,)(CH;)COO~ (Figure 7).  As well as can be deter-
mined this radical has six equivalent protons with a
hyperfine constant of 1.28 G and a nitrogen with oN =
10.44 G. The size of the proton splitting seems clearly
to indicate that these nuclel are in a v or comparably
distant position and the size of the nitrogen splitting
suggests a new type of radical. The only radical with
this configuration which can be produced without con-
siderable rearrangement is HNC(CH;),COO— or its
dissociated form ~NC(CH;),COO—. These species
are also suggested by the chemical arguments given
above. The latter radical must be considered because
of the absence of a splitting in the spectrum by the NH
proton. This radiecal, however, is isoelectronic to an
alkoxy radical and might be expected to have a large
g-factor anisotropy and broad lines even in solution.??
The form HNC(CH):COO~ should show an extra
splitting from the NH proton, but it is quite possible
that rapid exchange of this proton could average this
splitting to zero. In this connection it should be men-
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tioned that the splitting by the OH proton of (CHg),-
COH is averaged out'® at a pH of about 10, two units
below the pK of this radical. It does not seem possible
at this time to estimate the pK of the radical HNC-
(CH;).COO~ and so to choose on this basis between
these two alternatives. The fact that a nitrogen cen-
tered radical is observed only at millimolar concentra-
tions demonstrates the importance of reaction 2 in our
experiménts.

Relatively little is known about this type of nitrogen
centered radical. Recently Danen and Kensler?® have
reported solution speetra of R:N radicals formed photo-
lytically. These possess nitrogen splittings of 14 G
consistent with our assignment here. It should be
noted that the radieals R,C==N also have similar nitro-
gen splittings.?! Species with the structure RNH
have been invoked to explain the esr spectra observed
from photolyzed frozen amines’ and nitrogen hyperfine
constants of ~30 G rather than the 10 G seen here were
required to explain the speetra. This apparent diserep-
ancy can be explained by reference to the full hyperfine
tensor for nitrogen in the radical H,C=N. This
radical has an isotropic hyperfine constant in the solid?*
of ~9.5 G, but the splitting in the powder speectrum
corresponds to the parallel value of the hyperfine tensor,
namely 344 G. It is reasonable to assume a similar
anistropy for radicals of the type RNH. Thus the
isotropie hyperfine constant of 10.44 G assigned here to
the radical HNC(CH;),COO~ and the ~30-G splitting
found for RNH in the solid are both of the magnitude
one should expect.

Amides. Experiments were performed with acet-
amide and N-methylacetamide because the hyperfine
constants of the radicals CH,CONH, and CH,CON-
HCH, (Table II) were considered useful in deciding
what radical is formed from acetylglycine. The radical
from acetamide has been observed previously,® and our
hyperfine constants as given in Table II are in good
agreement. The radical from N-methylacetamide
could be either CH;,CONHCH, as indicated or CHy-
CONHCH;. Chemical arguments favor the former in
that the hydrogens of the CH; group on nitrogen are
more activated. Recent pulse radiolysis experiments?®
support this view. A comparison of hyperfine con-
stants of other radicals derived from amides'®® also
leads to this choice. The absence of a splitting from
the NH proton does not seem disturbing because of the
small size and variable nature of this type of splitting
(the radical from a-alanine shows only one splitting).

(32) M. C. R. Symons, J. Amer. Chem. Soc., 91, 5924 (1969).
(33) W. C. Danen and T. T. Kensler, tbid., 92, 5235 (1970).

(34) J. A. Brivati, K. D. J. Root, M. C. R. Symons, and D. J. A.
Tinling, J. Chem. Soc. 4, 1942 (1969).

(35) R. Livingston and H. Zeldes, J. Chem. Phys.. 47, 4173 (19867).

(36) E. Hayon, T. Ibata, N. N. Lichtin, and M. Simic, J. Amer.
Chem. Soc., 92, 3898 (1970).
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Figure 8. Esr spectrum of an aqueous solution of acetylglycine
(0.01 M) at pH 8 during irradiation.

At pH 8 acetylglycine gives a radical with hyperfine
constants similar to those of the radical from N-methyl-
acetamide. The radical must be CH,CONHCHCOO-.
Paul and Fischer'® have also detected this radical and
give the same assignment. In stronger base (pH 13)
a different spectrum is obtained (Figure 9), This spec-
trum has similar parameters to those found in the less
alkaline solution (without the splitting by the NH pro-
ton) but is distinguished by having only a triplet split-
ting of ~3 G rather than the quartet from the terminal
CH, group. At this time it is not clear whether thisis a
different form of the same radical or a new radical

formed in some secondary reaction. Because no trans-
formation of the starting material occurs in this pH
range it is difficult to see why the species CH;CON-
HCHCOO- would not be formed. Therefore, either
this radical undergoes some change or for some reason
the lines become broad and unobservable while a new
radical is formed. The first alternative seems the more
reasonable. The species CHy==C(O-)NHCHCOO-
which is equivalent to dissociation of the OH proton
from enol form CH=C(OH)NHCHCOO- is suggested
as at least consistent with the hyperfine constants.

Conclusion

The results obtained are consistent with the radical
formation mechanism defined by reactions 1a, 1b, and
2. Because reaction 2 is usually fast, there is little
direct evidence for reaction 1b in most cases. Ounly in
the case of a~aminocisobutyric acid was a nitrogen cen-
tered radical detected which is believed to come from
reaction 1b. In general the results obtained in very
alkaline solutions of amines and amino acids are not
different than those obtained in milder base (~pH 9)
both in this work and previously.®

In agreement with previous results no radicals of the
type R:CNH;+ were found in acid solutions of amino
acids. - This observation has been extended to solutions
of the methylamines. The absence of such a spectrum
cannot be explained by a lack of reactivity on the part
of the acid form of the amine because secondary product
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radicals were observed in the cases of di- and trimethyl-
amine. It is possible that proton exchange in the
radical R,CNH;* broadens the lines of the esr spectrum
making them unobservable. Finally, we are forced to
agree with earlier workers that the esr spectrum ob-
served in strongly acid solutions of glyeine is best attrib-
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Esr spectrum of an aqueous solution of acetylglycine (0.01 M) at pH 13.5 during irradiation.

uted to the radical H,NCHCOOH although this as-
signment does not seem in agreement with the results
of pulse radiolysis experiments. We believe this dis-
agreement merits further investigation.
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