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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. I n  most cases aminoalkyl radicals were formed by hydrogen abstraction from the carbon 
bearing the amino group. The radicals CH2NH2, CH2NI3CH3, and CHzN(CM3)2 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 RCHNH3+ have been observed. In  the cases of di- and trimethylammonium ions secondary 
reactions leading to radicals of the type R&H+ take place. The radical found in acid solutions of glycine 
is best described by the structure NHzCHCOOH as supported by experiments in DzO. In alkaline solutions 
of all amino acids radicals of the type H2NCRC02- were observed. In  the case of a-aminoisobutyric acid a 
different radical, probably of type RfiH,  was also observed a t  pH 13 and low concentration of solute. The 
results are consistent with a mechanism involving the reaction RCH2NH3+ + H or OH + RCHNH3+ + Hz 
or YizO in acid solution and the two competing reactions RCHzNH2 + OH -+ RCHNHZ t HzO and RCH2- 
NE& + ON -+ RCH2NH + H 2 0  in alkaline solution. The latter reaction must be followed by a fast secon- 
dary [step, RCHzfiH + RCH2NH2 + RCH2NH2 + RCHNH2, whch causes the disappearance of RCHzkH in 
most cases 

Introduction 
The radicals produced from amines and amino acids 

have been studied under various conditions. Both 
y and p h o t o l y ~ i s ~ ~ ~  of single ~ r y s t a l s ~ - ~  
and polycrystalline and glassy have been 
used for the formation of radicals which were subse- 
quently studitd by esr. Direct, in situ esr observation 
has been employed 1 o study the radicals produced from 
such materials by 1 he  Ti3+-&!& meth0d9-I~ in aqueous 
solutions. Aqueous solutions of amines14b15 and amino 
acids16 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 y-irradiated solu- 
tions has been used to infer the mechanisms of forma- 
tion and reaction of the amino acid radica1s.l' 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 sludies of radicals in aqueous amino acid solu- 
tions have been caryied out using Ti3+-H202 to generate 
OH in acid solutions10g12 and Ti3+-EDTA-H202 in 
neutral and s'ightll alkaline  solution^.^^^ I 3  Generally 
it waa found that in alkaline solutions hydrogen ab- 
straction takes place €rom the position a to the amino 
group, whereas in acid solution the abstraction is 
mainly from posit ions further. away from the ammonium 
group which a5rangly deactivates the adjacent position. 

In  acid solutiom of methylamine the radical . CH&H3 
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has been observed by pulse radiolysisl6 but could not 
be detected by esr.I0 A similar difference exists for 
acid isolutions of glycine where the results of pulse 
radiolysis experiments suggesP the radical +H3?JeH- 

(1) Supported in part by the U. S. Atomic Energy Commission. 
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Chem. SOC., 1869 (1970). 
(3) R. P. Kohin and P. G. Nadeau. J .  Chem. F'hys., 44, 691 (1966). 
(4) P. B.  Ayscough and A. K. Roy, Trans .  Faraday Soc., 64, 582 
(1968). 
(5) H. C. Box, E. E. Budzinski, and H.  G. Freund, J. Chem. Phys . ,  
50, 2880 (1969). 
(6) D. Cordischi and R. Di  Blasi, Can.  J .  Chem., 47, 2601 (1969). 
(7) S. (3. Hadley and D.  H. Volman. J. Amer Chem. SOC., 89, 1053 
(1967). 
(8) JV, Snipes and J. Schmidt, Radiat.  Res . ,  29, 194 (1966). 
(9) IT. A. Armstrong and IT-. G. Humphrey,  Ca7~.  J .  Chem., 45, 
2589 (1967). 
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and T. Maruyama, J. Phys .  Chem., 72, 1926 (1968). 
(11) R. Pouplto, B. L. Silver, and A. Lowenstein, @hem. Commun. ,  
453 (1968). 
(12) P. Smith, W. M. Fox,  D. J. McGinty, and E. D. Stevens, 
Can.  J. Chem., 48, 480 (1970). 
(13) H. Paul and H. Fischer, Ber. Bunsengcs. Phys. Chem., 73,  
972 (1969). 
(14) A. Wigger, W. Gruenbein, A. Henglein, and. E. J. Land, Z. Natur- 
forsch. B ,  24, 1262 (1969). 
(15) XI. Simic, P. Neta, and E. Hayon, Int. J .  Radiat.  Phys. Chem., 
in press. 
(16) P. Neta, ICI. Simic, and E. Hayon, J. Phyls. Chem.,  74, 1214 
(1970). 
(17) See review by W, M. Garrison in "Current Topics in Radiation 
Research," M. Ebert and A. Howard, Ed., North-Holland Publish- 
ing Co., Amsterdam, 1968, p 43. 



Esn OF RADICALS PEODUCED FROM AMINES AND AMINO ACIDS 739 

COOH while the esr spectrum has been attributed to 
the species HzX&fICOOH. lo l 2  

Esr spectroscopy has been used in this laboratory for 
the study of a number of radicals during continuous 
i n  situ radiolysis of aqueous solutions. 18-z1 Radiolytic 
generation of radicals was found to have the advantage, 
relative to other chemical or photochemical means, of 
permitting the study of reactions of esq- and of applica- 
bility over the full pH range. We have recently re- 
portedz0 an esr study of the deamination of a number of 
amino acids by easi. A disadvantage of this technique 
compared to gu'se 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  tliese csses only the secondary radicals 
are observed. The t cvo 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 idenhical with those obtained with the Ti3+- 
H20z system. In 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 (Le. ,  radical concentration) our method is 
somewhat inferior to the use of Ti3+-H2O2 although our 
resolution is somewhat better. The results reported 
here for amines are all new and provide important 
reference points €or discussing the several problems 
encountered in interpretation of the amino acids re- 
sults. 

Experimental ~~~~~0~~ 

The amino acids used were of the purest grade com- 
mercially available from CaPbiochem, Cyclo Chemical, 
and Baker. Gaseous amines were obtained from 
Matheson. All the inorganic materials were Baker 
Analyzed reagents. Water wax doubly distilledla and 
in the second distillation the vapor was passed with 
oxygen throug'n 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 p R  > 3, Nr8 scavenges practically all the hydrated 
electrons to form O H  radicals. At lower pH values the 
competing reaction of earl- with H30+ takes place to 
form H atoms. Both OH radicals and H atoms can 
abstract hydrogen from the organic solutes. At pH 
> 3, -90% of ?he reacting radicals are OH, and at pH 
< 2,  -50% are ON. In  most cases of hydrogen ab- 
straction the same radical is expected to  be formed by 
either O E  or €3 attack. 

The irradiation mas carried out in the esr cavity as 
previously ~ d e ~ c r i b e d . ~ * ~ I ~  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 
cm3/sec. In  most cases no effect of flow rate on the 
spectrum could be observed a t  rates between 0.5 and 
3 cm3/sec. The solution was cooled slightly, before 
entering the cell, and all measurements pertain to  
about 15". The total electron beam current was -8 pA 
and that collected a t  an electrode in the solution was 
-1 PA. Second-derivative spectra 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 radical spectrum is obscured. 

Results and Discussion 
The two most probable paths for reaction of OH 

radicals with the basic form of amines and amino acids 
are hydrogen abstraction from either the a-alkyl group 
or the amino group 

(fa> 

RCHzNHz + OH fRCHNK, -t. I120 

\"RCWzfiH Ob) 
The amino alkyl radical can also be formed indirectly 
by 

RCI-IJkH + RCH,NHz + 

RCHzNHz + RcHIP;H2 (2) 

Chemical analysis of irradiated aqueous solutions of 
amines and amino acidsl7rZ2 shows that most products 
are formed from radicals of the type R&C"T2. There 
is, however, also some evidence from this sourcez2 for 
reaction lb. The occurrence of both (la) and (Ib) is 
supported by recent pulse radiolysis experiments. 16,16 

Reaction 2 is expected to be relatively more important 
in these esr experiments than in puke 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. fWse radiolysis 
studies of amino acidsI6 and smines'j utilizing the 
initial optical absorption of the transient have been 
carried out. These studies show a change in absorption 
centered a t  about pH 5 for solutions of CHsKH3+ and 
attributed the change to the equilibriiim cHLXH3+ e 
dlHnNHz + H-k. With glycine two partially compen- 
sating changes in absorption occur between pII 3 and 

(18) K. Eiben and R. W. Fessenden, J .  Pltys. Chem., 72, 3387 
(1968). 
(19) K. Eihen and R. 77'. Fessenden, ibid. ,  submitted. 
(20) P. h'eta and E. W. Fessenden, ibid., 74, 2263 (1970). 
(21) P. Neta and E. IT. Fessenden, ibid,, 74, 3362 (1970). 
(22) G. G. Jayson, G. Scholes, and J. J. Weiss, J .  Chem. SOC., 2594 
(1956). 
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Table 1: Stiuctrire and Coupling Constants of Radicals Produced in Irradiated Aqueous Solutions of Amines" 

Amine PH Radical Q factor aN W H H  saH abR QyH 

Monomethylamine "-13.5 CHzNHa 2,00282 4.98 4.40 (2) 15.30 (2) 
Dimethylamine 7-13.5 CHtNHCH3 2.00280 5.84 6.35 (1) 10.91 (2) 4.21 (3) 
Trimethylaniine 7-13.5 CH2N(CHa)$ 2.00274 7.03 11.61 (2) 4.06 (6) 

I& 

Dimethylamine 1 CHz-CH2 (7) 2,00360 19.22 21.90 (1) 33 56 (4) 

Trime thylamme 1 CH3-N6-CHa 2.00360 20.53 T28.28 f 2 8 . 5 6  (6) 

a Hyperfine constamts are given in gauss and are accurate to iZ0.03 G. 

/ \  

The g factors are measured relative to the peak from the 
Second-order corrections have been made [R. W. Fessenden, J ,  Chem. Phys., 37, 747 

From the second-order pattern 
silica cell and are accwrate to about iZO.00005. 
(l962)]. 
this hyperfine constant must have a sign opposite that of abH. 

Thc numb(ar of hydrogen atoms displaying the hyperfine constant is given in parentheses. 

~ - ~ ~ - - ~ ~  

6. These changes have been interpreted as arising 
from the two protonations of HzN~HCOZ-.  The 
change of the D K  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 radical in acid solutions of 
glycine is +I~[~KCIICOJI. 

Amines, amino acids, and several related compounds 
have been irradiated in aqueous solutions saturated 
with nitrous oxide a t  different pH values, and the esr 
spectra werc recorded during the irradiation. For every 
compound Ihe knownzd or estimated rate constants 
for reactions with OH radicals and H atoms have been 
used to  choissr a concentration high enough to ensure 
scavenging of moert of the primary radicals. In  many 
cases several dif? ererit concentrations were used to 
verify that full scavenging occurred. In  certain com- 
pounds no spectra could be observed, e.g., from 
isopropylamine, teyt-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 arid as a result reduce the line intensities to 
near or belos llze noise level. Another possible reason 
for the absence of lines from acid solutions is the chemi- 
cal exchange of the protons of the ammonium group. 
As discussed bciow, this exchange can cause line broad- 

ening in radicals having the structure >CNH<, 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 giwup was in a position further away from 
the unpaired dectmn or when the amino group was in 
the basic form. 

Amines. ' fhe  structure and coupling constants of 
the radicals observed in irradiated aqueous solutions of 
amines are siiirrimariaed in Table I, and two representa- 
tive spectra :%re presented in Figure 1. The esr spectra 
observed with neu tral and alkaline solutions of mono-, 

. +  

di-, and trimethylamine could be assigned to the amino- 
alkyl radicals formed by hydrogen abstraction from a 
methyl group. 

CH3Nh + OH + CH~"R~ + HzO (3) 

This assignment is based on the number of equivalent 
protons of each t,ype 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 workl1r13 for the radicals in neutral 
and basic solutions of amino acids, In  particular the 
value of uaH is quite small (10-15 G) and a N  is -5 C.  
Both the small uaH and the large 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 &, S 23 G), and it is possi- 
ble that the three bonds around the carbon are not in 
plane. The pronounced effect of substitution of the 
nitrogen in reducing amH from 15.3 to 10.9 G seems also 
to support this idea. Such a large change seems un- 
likely for a planar radical site, but if the substitution 
were to change the departure of the radical from plan- 
arity, a much larger effect on a, might occur. The 
greater electron donating power of -N€ICHs as com- 
pared to -KHz would favor a more bent structure. 

Because no change in the spectra of cH2NH2, CHz- 
NHCHg, and eHzN(CH3)z could be found between pN 
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 The appearance of radicals of the 
type cMzKc'Rz at pH 9 demonstrates that reactions 4 
and 5 must occur. 

CHsNHRz C OH --3 CH2kEIR2 3. HzO (4) 

(23) M. Anbar and P. Neta, Int. J .  Appl .  Radiat. Isotopes, 18, 493 
(1967). 
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Figure I. 
with h'zd at pII 12 during irradiation with 2.8-MeV electrons. 
relationship of the lines. The large signal from the silica cell is seen just above the center of the spectrum and is recorded a t  a 
gain 100 times less than the other portions. 
a somewhat higher signal-to-noise ratio, but no continuous scan of that is available. Both of these spectra show a pronounced 
intensity effect in that the high-field lines are considerably stronger than their low-field counterparts. 

Second-deuiva tive esr spectra of aqueous solutions of monomethylamine (top) and trimethylamine (bottom) saturated 
Magnetic field increases to the right. The stick spectra show the 

The low-field portion of the bottom spectrum was also recorded under conditions giving 

.+ 
C H ~ - - N H  - cn, 

IC--------* aN * 20.53 G - a& = 28.28 G - a&; 28.56 G 

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 B continuous scan. 
second-order structure are shown. Similar line groups were observed a t  the other designated positions. 

Portions of the spectra with resolved 

amine and trimethylamine could be assigned to radicals 
(5)  Droduced bv secondarv reactions. 

Although tho 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 a8 a result of the line broadening by chemical 

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

The spectra detected from irradiated acid solutions 
(pH 1) of di- and trimethylamine (-Q.I 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 

to the radicals CH2hH2CIP8 and CE&H(CH&. The 

+ and Figure 2 ) ,  These spectra clearly cannot be assigned 

The Journal of Physical Chemistry, Vol. 76, No. 6, 1971 
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i ' - a / j ~ ; 5  59 G *+----- a!"= I I 7 7G---------"i 
Jt-aN=6.3f3G+ 

Figure 3. 
stick xpectxuin excepting one to the left of the center group. 

Esr ppectruim of an aqueous solution of glycine (0.1 M )  at pH 1 during irradiation. All lines are explained by the 

most likely radicals with such a splitting are of the 
type RaP\'-?. The species NH3+ and (CH3)3N+ are 
known from work om irradiated solids and the hyperfine 
constants are aN =I 19.5, aNHN = 25.924 and a N  = 18.0, 
czCNT3 = 26.7 G,25 respectively, for the two radicals. 
In  the case of trimethylamine the spectrum consists of 
24 line groups and well-resolved second-order structure 
is present. From the number of line groups there must 
be one nitrogen splxtting (20.53 G) and seven approxi- 
mately equal protein splittings of about 28 G. The 
second-order &ructure is typical of six equivalent pro- 
tons, however. This situation can arise if there are 
six equivalent protons with a coupling constant of one 
sign and another of nearly the same magnitude but of 
opposite sign."; The radical (CH&NH+ seems uniquely 
to satisfy these requirements (aaH should be negative 
while aaR is positive). From the coupling constants 
for +MI8 and (CN3)3T\'+ it is clear that such a chance 
equivalence of the magnitudes of the CY and p constants 
would be possibte. 

The spectrum from solutions of dimethylamine also 
shows second-order structure (typical of four equivalent 

;his spectrum can be fit to a high degree of 
accuracy by tlie hyperfine constants given in Table I. 
The previously developed computer program2' 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 
i s  about that expected from the accuracy of the line 
position measurements. The nitrogen hyperfine con- 
stant and g factor of this radical are very similar to those 
of the radical discussed immediately above so that the 
structure mtust be idmilar. To have four equivalent 
protons a structure of the type RCHzN +HCH2R seems 
most probable and the lack of any further splittings 
suggests CHzN +HCH2. The value of apH is larger than 

for the methyl protons in the same position as is the 
case when either a cyclic or straight-chain radical is 
compared to  ethyl radical.28 The splitting for the 

i--- A 

(presumably) NH proton is somewhat smaller than in 
(CH&hSH+ or KHS+. It should be noted that the cyclic 
structure is isoelectronic to cyclopropyl radical which 
has the abnormally low aaH of 6.5 6. If the cyclic 
structure is in fact correct, the bonds st the radical site 
must be more nearly in a plane than is the case for 
cyclopropyl radical.28 The lack of exchange of the 
NH+ proton in both radicals is consistent with the re- 
sults on N2Hq+.Zg 

The radicals from di- and trimethylamine can hardly 
be the result of any simple reaction and some secondary 
process is necessary. I n  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 diniet,hyl- 
amine. In  the case of trimethylamine, however, a 
rather tentative mechanism can be suggested, It has 
been noted that the radical .cI%T\T+13(cI-13)2 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 CH2=N+(CHa)2 should be formed as suggested 
for amino acids.'T 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 OCCUT 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 a t  synthesizing 
the line shapes have been made, and although exact agreement has not 
been obtained no serious discrepancies are evident a t  this time. 
(27) R. W. Fessenden, J .  Mag. Res., 1, 277 (1969). 
(28) R. Tir. 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 C Hz=:\T+(ClH3)2 + OH +. HOCH&+(CH3)2. 
Because this species has both a hydroxyl group and a 
nitrogen on the same carbon some transformation such 
as BOC&:C+((GI&)2 -+ OCHz + HN+(CH3)2 could 
occur leadirig to  the observed radical. The acid con- 
ditions (pH 1) might contribute by catalyzing the re- 

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 glycine is HzN&3C0014. 

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

action. 
Ammo Ac ids .  The spectrum obtained from an 

irradiated solution of glycine at  pH 1 is presented in 
Figure 3; the coupling constants (Table 11) are in good 
agreement with previous values.'O# l2  With this com- 
pound no lines could be observed a t  pH 3. However, 
a t  pH 5-7 the alkaline solution spectrum was present 
with many additional lines. Because of the complex- 
ity of the spectrum and weakness of the line intensities, 
no successful 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 amnionium group. 

The radical produced by the reaction of OH with 
glycine in arid solution seems to be NH&HCOOH as 
concluded in several previous studieslo l2  and in the 
present ~ v m k  The hyperfine constants for this species 
are similar to thorn €or the radical H,NCHCOO- which 
is formed in basic solution, but the two NH protons 
appear equivalent and have a somewhat larger coupling 
constant (tEe two KN protons in HJTCHCOO- are 
not equivalmt). 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 +H3- 
NcIICQ2lJ. The assignment of the esr spectrum ob- 
served at p B  1 to the radical H2NCHCOOH would 
imply a pK < 1 and a change of the pK of the NH3+ 
group of moi'e than 8 units from the parent compound. 
This disagrcwnent is serious enough to require a 
search for alternative explanations. 

One por,sibiMy is that the lines of +H3NeHCOOH 
are broadencd by iexchange of the -NH3+ protons and 
that the spectrum observed is from some other radical, 
possibly a psoducl of secondary reactions. Reference 
to the hyperfine constants of Table I1 shows that it is 
possible for the G 7 protons of a radical of the form 
RCEI-I,NH(%COO - to have a coupling constant of the 
size assignec, to the KIIz protons of HzNeHCOOH. 
TO test if sush SL radical were responsible for the spec- 
trum in acid solutions of glycine an experiment was 
performed with a 1420 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 fact, have the 5.59-@ proton triplets replaced by 0.87- 
G quintets of intensity I : 2 : 3 : 2 : 1 as expected for two 
deuterium nuclei. This result shows that the protons 
in question rve located on a nitrogen because of their 
ready exchange and further substantiates the interpre- 

+ 
NCR2 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. The possibility 
that spectra of radicals with an a-NH3+ gloup are unde- 
tectable because of line broadening caused by exchange 
of the KH3+ protons has been mentioned above. Here 
we would like to discuss this point more fully. 

The hyperfine constants for radicals of the type 
+H3NcR2 as found in irradiated  solid^^,^ are quite dif- 
ferent from those for the basic 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 alcohol radicals has been considered 
several t i m e ~ , ~ O ' ~ l  but in those cases the splitting by the 
exchangeable proton is small (-1 G). Furthermore 
the exchange is acid-catalyzed ROH + 
and can be made very rapid in strong acid. In  the 
case of a radical RNH3+ the exchange reaction should be 

k 

k'  
RNH3+ RXNz + 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 a t  pH 1 and the lifetime of the spin 
state of t,he radical RNH3+ will be limited by the first- 
order dissociation. To estimate this rate we will use 
the relation K = k /k '  where K is the equilibrium con- 
stant. With the values k' = IO1* and K = IOW4k 
becomes loG. To cause a line width increase to  1 G 
the first-order rate would have to be approximately 2 
X lo7 sec-' (the equivalent of l-G line width in radians 
sec-'). With a lower pK and a higher value for IC' such 
a value of k is possible. On the basic side of the equi- 
librium the lifetime of the spin state of RSHz is limited 
by the protonation rate, 12'. To avoid line broadening 
to 1 G the product k'[H+] must be less than 2 X lo7, 
or at pH 1 L' must be less than 2 X IOx A1-l sec-I. 
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 11, and 
some representative spectra are presented in Figures 
4-9. With all of the amino acids which give sufficiently 

(30) H. Fischer, Mol. Phus., 9 ,  149 (1965). 
(31) H. Zeldes and R. Livingston, J .  Chem. Shys., 47, 1465 (1967). 
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F - 4  a: ip . i !  87G 

I--------+ ~ ~ ~ , ~ ~ . ~ ~ ~  

t=+------ a!n=13 76G--q 

Figure 4. 
the stick spectrum) were resolved a t  a lower modulation as shown above the spectrum. 

Esr spectrum of an aqueous solution of glycine (0.01 M )  a t  pH 12 during irradiation. The fourth and fifth lines (of 

jcO:,;5.61G- 

i--o"= s %34G -+ 
+- a;,,; I 2.77~--------/ 

Figure 5 .  Esr spectrum of an aqueous solution of iminodiacetic acid (0.01 M) a t  pH 13 during irradiation. 

intense spectra t u  be analyzed the aminoalkyl radical is 
observed. Furthermore, abstraction occurs to produce 
the a-aminoalkyl radical R2C:NH2 whenever a hydrogen 
a to the amino group exists. In  the case of a-aminoiso- 
butyric acid no such hydrogen is available and abstrac- 
tion is a t  the I !  position producing CH&(NHz) (CH3)- 
COO-. Some of these radicals (from glycine, a-ala- 
nine, nitrilotriaxetic acid, and acetylglycine) were pro- 
duced previously by the Ti3+-EDTA-H202 method, la 

and the coupling constants reported here are in good 
agreement with those values. We have followed the 
assignments given by Paul and FischerI3 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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, CH COO- 
N; CH, COO- 

CH, COO- 

Figure 6. Esr spectrum of an aqueous solution of 
nitrilotriaoetic acid (0.01 M )  a t  pH 13 during irradiation. 
varying peak height,3 reflect in part, varying line widths which 
are assumed to be a result of hindered internal rokation. 
complete interpretation has been made. 
similar to t,hat found by Paul and FischeP but 
is better resolved. 

The 

No 
This spectrum is 

served with strongly alkaline acetylglycine (see be- 

The results obtained here are consistent with the 
overall niechanisia given above, but because of the 
effect of reaction 2 there is little evidence of reaction lb. 
In  order to demonstrate the occurrence of reaction l b  
i t  is necessary to choose ZL compound with a relatively 
slow reaction 2 .  It is reasonable to assume that the 
rate of reaction 2 would parallel that of (la) and also 
be effected by the activating amino group. Compounds 
having no CH bonds in a position Q to the amino group 
would be less reitctivr. For this reason a-aminoiso- 
butyric acid and t-butylamine were chosen to demon- 
strate this effect after the experiments with glycine and 
alanine at low concentrations failed to show the KNI-1 
radicals. Unfortunately, the spectrum obtained with 
t-butylamine: did not have strong enough lines to be 
analyzed (st e above). With solutions containing only 
low concenl rations of a-aminoisobutyric acid a second 
spectrum was obeerved in addition to that of CH2C- 
(NET2)(@H3)CO0 - (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 aN = 
10.44 G. The size of the proton splitting seems clearly 
to indicate that these nuclei are in a y or comparably 
distant position and the size of the nitrogen splitting 
suggests a n m  type of radical. The only radical with 
this configuration which can be produced without con- 
siderable remmigement is HNC(CH&COO- or its 
dissociated forin -T\’G(CH3)&OO-. 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 radical, however, is isoelectronic to an 
alkoxy radical and might be expected to have a large 
g-factor anisotropy and broad lines even in solution.32 
The form HY(’(CHa)2COO- 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 ZITQ. In this connection it should be men- 

lour). 

tioned that the splitting by the OH proton of (CH,),- 
COH is averaged at  a pH of about 10, two units 
below the pK of this radical. It does not seem possible 
a t  this time to estimate the pK of the radical HNC- 
(CH&C00- and so to choose on this basis between 
these two alternatives. The fact that ZL nitrogen cen- 
tered radical is observed only a t  millimolar concentra- 
tions demonstrates t,he importance of reaction 2 in our 
experimints. 

Relatively little is known about this type of nitrogen 
centered radical. Recently Danen and KensleF have 
reported solution spectra of R& radicals formed photo- 
lytically. These possess nitrogen splittings of 14 G 
consistent with our assignment here. It, should be 
noted that the radicals R&=N also have similar nitro- 
gen splittings.21 Species with the structure R S H  
have been invoked to explain the esr spectra observed 
from photolyzed frozen amines7 and nitrogen hyperfine 
constants of -30 G rather than the 10 G seen here were 
required to explain the spectra. This apparent discrep- 
ancy can be explained by reference to the full hyperfine 
tensor for nitrogen in the radical 
radical has an isotropic hyperfine constant in the 
of -9.5 G, but the splitting in the powder spectrum 
corresponds to the parallel value of the hyperfine tensor, 
namely 34.4 G. It is reasonable to 
anistropy for radicals of the type 
isotropic hyperfine constant of 10.44 G assigned here to 
the radical HKC(CH&COO- and the -30-(1; splitting 
found for RKH 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 CH2CONH2 and CH3CON- 
HCHz (Table 11) were considered useful in deciding 
what radical is formed from acetylglycrne. The radical 
from acetamide has been observed previously, 36 and our 
hyperfine constants as given in Table I1 are in good 
agreement. The radical from N-methylacetamide 
could be either CH3CONHCN2 as indicated or CH2- 
CONHCH,. Chemical arguments favor the former in 
that the hydrogens of the CHJ group on nitrogen are 
more activated. Recent pulse radiolysis  experiment^^^ 
support this view. A comparison of hyperfine con- 
stants of other radicals derived from a m i c i e ~ ‘ ~ , ~ ~  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 onl3- one splitting). 

(32) M. C. R. Symons, J .  Amer. Chem. Soc., 91, 5924 (1969). 
(33) R. C. Danen and T. T. Kensler, ibid. ,  92, 6235 (1970). 
(34) J. A. Brivati, K. D. J. Root, M.  C. It. Symons, and D. J. A .  
Tinling, J .  Chem. Soc. -4, 1942 (1969). 
(35) K.  Livingston and R. Zeldea, J. Chem. Phys.. 47, 4175 (1967). 
(36) E. Hayon, T. Ibata, N. N. Lichtin, and SI. Simic, J. Amer. 
Chem. Soc., 92, 3898 (1970). 
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iHhll c-4tuW*2 1 1  376 L A L A U  
0~,;072G4 I-------- ----O~n'21 94G 4 

p-i aH.1.28G p-----aN - 10.44 0 -+ 
Figure 7 .  
stick spectrum at the top shows the relationship of the lines of the *CH,C(rVH,)(CH,)COO- radical which is present, at  both 
concentrations. The stick spectrum at the bottom shows the lines of the HNC(CH3),COO- radical formed only at 

Esr spectra of aqueous solutions of cu-aminoisobutyric acid (top, 0.1 M; bottom, 2.5 X 10-3 $1) at pH 13.3. The 

the low concentratioii. 

a Z 4 2  74G '+ 

o ~ H = i 3 1 G ~  i- 

o N = 0 5 0 G q  i- 

Figure 8. 
(0.01 M )  at pR 8 during irradiation. 

Esr !spectrum o f  an aqueous solution of acetylglycine 

At pN R acetylglycine gives a radical with hyperfine 
constants similar to those of the radical from N-methyl- 
acetamide. 'The radical must, be CH&OKHcHCOO-. 
Paul and Fisch~:~'~ have also detected this radical and 
give the same assignment. In  stronger base (pH 13) 
a different spec1 rum is obtained (Figure 9). This spec- 
trum has similar parameters to those found in the less 
alkaline solution (without the splitting by the KH pro- 
ton) but i s  distlaiguislhed by having only a triplet split- 
ting of -3 G re tlier than the quartet from the terminal 
CH, group. AI, this lime it is not clear whether this is 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,CQN- 
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 CHz=C(O-)N€IcHCQO - 
which is equivalent to dissociation of the OH proton 
from enol form CH2=C(OH)NHCHCOQ- is suggested 
as a t  least consistent with the hyperfine constants. 

Conclusion 
The results obtained are consistent with the radical 

formation mechanism defined by reactions la ,  Ib, and 
2. Because reaction 2 is usually fast, there is little 
direct evidence for reaction l b  in most cases. Only in 
the case of a-aminoisobutyric acid was a nitrogen cen- 
tered radical detected which is believed to come from 
reaction Ib. 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.13 

In agreement with previous results no radicals of the 
type RzcNH3+ 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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C H ~ = I C - N - C H  coo” 

Figure 9. :Esr spectrum of an aqueous solution of acetylglycine (0.01 M )  at pH 13.5 during irradiation. 

radicals were observed in the cases of di- and trimethyl- 
amine. It is possible that proton exchange in the 
radical RzCNWB-’- 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 glycine is best attrib- 

uted to the radical H2NcHCOOH 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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