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Abstract: The absorptlon spectra of electron adducts of a number of &, f-unsaturated carboxamades and of methyt methacry-
late, as well as of two isomeric types of protonated electron adducts, have been characterized by means of the techmque o
pulse radiolysis-kinetic absorption spectrophotometry. Spectra of the electron adducts are charactérized by bands/in the'uv
(émax ~ 10% M~! cm™') and in the visible (emax ~ 10° M1 cm™"). The position of the uv band shifts 10-30 na {0 Short

. wavelength upon reversible protonation. Fast reversible protonation of electron adducts takes place at the carbonyl oxygen
The pK, values of the electron adducts vary linearly with the pK, values of the correspending carboxylic acids: for acrylam:
_ide, 7.9; methacrylamide, 8.0; trans-crotonamide, 8.5; 8,8-dimethylacrylamide, 9.5; N.N-dimethylacrylamide, 8.5; rrans-
cinnamamide, 7.2; methyl methacrylate, ~7. Slower irreversible protonation of the electron adducts takes place at the g-car-
bon atom and is sub_]ecl to general acid catalysis which obeys the Brgnsted catalysis law. Uncatalyzed specific rates of § pro-
tonation of anion radicals (il units of 105 sec™!) are: for acrylamide, 1.4; for methacrylamide, 13; for trans-crotonamide

0.22; for 3,8- dimethylacrylam:de 0.21; for N, N-dimethylacrylamide, 3.7; for trans-cinnamamide, <
acrylate, 4.5. The second-order decay of reversibly protonated electron adducts competes with irreversible § protonation.::

‘The technique of pulse radiolysis-kinetic absorption spec-
trophotometry is a convenient means for generating elec-
" tron adducts of various compounds in agueous solution and
studying several aspects of the chemistry of these adducts,
The present paper deals with the kinetics of electron addi-
tion to acrylamide derivatives, the position and kinetics of
protonation of these adducts, the decay of the protonated
electron adducts, and. the oxidation of certain electron ad-
ducts and their protonation products.

Principal chernical equations are exemplified in eq 1-7

H,0 —> H, *OH, e, , H,0%, H,0,, H, (1)

‘OH + (CH,),COH —> ‘CH,C(CH,),0H + H,0 (2)?

e,  + CH=—CHCONH, ~+ CH,CHCONH,””  (3)
CH,CHCONH,” + H,0° *= CH,CHC(OH)NH, + H,0 (4) .
CHZCHCONHZ + HB —» CH;CHCONH, + B~ (5)

2CH20HC(OH)NH2 -~ products {6
CH2CHCONH2 "+ A — CH,—CHCONH, + A~ (7)

'where, ky = 5.2 X 108 M1 gsec™! (ref 2), and A is an oxi-
dant. Cross reactions of the radicals formed in reactions
2-5 are also considered to take place to extents which de-
pend on radicals and conditions.
-Under the conditions employed (see below), the hydroxyl
radicals reacted with tert- butyl alcohol, eq 2. The resulting
CH,C(CH3),0H radical® is known to have a low reactivity
toward a wide variety of (nonradical) substrates so that
teri-butyl-alcohol is very widely used as a scavenger for
OH The abservations reported below appeared to be free of

" viously.>12

‘dimethoxybenzophenone; Matheson, Gold Label ‘Az aad
- Mallinckrodt A.R. 70% HCIO; and tert-butyl alcohol; Bak_erra_

- NayB40-10H;0, KCNS, and NH,CI; Fisher Puri

to the amide by reaction with SOCI; in the cold; oll
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~.01; for methyl'meth-

interference ascribable to use of this scavenger No scave
ger was used to remove H atoms. N

Previous pulse radiolytic-kinetic spectrophoto etric in-
vestigations of electron adducts of &,3-unsdturated ca
compounds include the adducts of acrylamide
maleimide,®’ saturated amides,® acrylic acid ‘derivativ
and a,f- unsaturated ketones.!% I :

Expenmental Section

Pulse radiolysis expenments were performcd usmg singlé: palse:
of 2.3 MeV clectrons of ~30 nséc duration {Febetron: 705 ma
chine). The techmque and conditions havé been des

The following chemicals were used as such Po[yscnen
pure acrylamide; Calbiochem menadione; Aldrich Analyse
anoacetophenone; 99.99+% zone refined benzophenone s
by James Hinton, Columbia, $.C.; Aldrich Anabysed:97%

Adamson A. R. KOH, NaHsPOy4, KHoPO4, NazHPO.;

H20; Aldrick 98%  trimethylamine-HCL;: - Merck. Reag
NaHCO;; Eastman ethylamine-HCI, dicthylamu_ae_-HCl
ethylamire; Matheson Coleman and Bell cyclohe
chem ammonia-free, A grade glycire. _

Matheson Colemar and Bell piperidine and K & K Lab. p
idine were [reshly distilled before use at ~20 Torr: Eas
tical grade methacrylamide was recrystallized three:_tlmgs
cthyl acetate and then sublimed at 20 Torr; mp:107-10
corrected) ([1t 13 [10-111°). Crotonamide was pre]
reaction of ice coid I T. Baker ammonia soiutlon

tilled water and subilmed at 20 Torr: mp-154:
ed) (lit.'* 158°). Aldrich 8,f-dimethylacrylic
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ment with: ammonia: lutaon The resultmg amlde was recrystal-
" fized from' Eastmin’ spcctrograde benzene and then sublimed twice
- at 30 Torrs inp, 106=1082 dee (1it.1* 107-108°). Polyscience N, V-
: _‘-damethyiacryiam:de was dtsuilcd at 15 Torr and a middie fraction

""_I'Nagcog, washed: repeatediy thh water, dried over: MgS8Qy,, and

' - distilled usider. 20 ‘Torr of nitrogen. Its NMR spectrom did not dif- .-

fer from that.reported in the literature.'S Aldrich 97% cinnamam-

. ide was’ recrysta!hzed frorn 90% Eastman spectrograde benzene— L

. 109% ethanol. .
DOSImetry. D s¢ per.

pulse was detcrmmed by measurmg the b

- sorbance at 500 i dué o (CNS)Z- produced by the 1rrad1at10n';‘ S S
“of: Nz(_)-saturated 004 M KCNS soianons ‘taking ‘espg =2 7600
HEP M“ cin™

:_ncl*G[{CNS)z ) _56 molecu!es/lOO eV3 G(% )'.' "

o 3-'; '; R'esillts i

-~ mined by foliowm
- Clean: pseudo-f‘ ir
. "concentrations - of :a
“initial concentratmns of- “Cag
out in 1073'M borate at pH. 9
R BuOH Resu]tmg second -OfFC
~-bled irx Table 1.
- Transie

tder: kinetics. was obtamed by usmg--_.
ide at: ‘least ten. times: as great as-the -
: Measurements were.carried
ini the | ‘presence of ~0.1°M
"'te_constants are. assem- k

. ._Ahsorp_ on Sp ctra. _The initial’ spectra were__.
: .'mcasured d:rectly'~0_l p.sec after the: pulse: In some cases,

extrapolation’ to this time was- made for short-lived species,

- using ﬁrst—order decay data. The spectra of electron dd-

. ducts - were ‘measired in ‘~1073 M borate buffer 4t pH 9-
10.5 and those of the protonated-electron adducts (see Dis-
cussion section) in 2 X 1073 M phosphate buffer at pH 4 —
6. Vilues of pKjfor the reversible protonatnon ‘of the elec=~
tron adducts were determmed by measuring the absorbance
at a fixed wavelength as'a function of pH. Spectra and “ti-
tration curves for acrylam:de methacrylamlde crotonam- :

S Flgure 1 Imua! transzent absorptmn spectra produced by reaction of
e €ag wath 2 “mM- acryfamide at pH 9.2 (O) and 4.0 (A} .in 1.0 M aque-
o obs. £<BuQH under-Ar (1 atm). Total dose 4 krads/puise absorbance
Y mhpasured 0.2 psec after the pulse. Insert: change in absorbance at
300 pim withpH. .

dé: .,8 B.dinﬁéﬁ.iyiacfylam.ide cinnamamide, N,N-dimeth-

' y]acrylamlde, and methyl methacrylate are shown in Flg-—
wures 1-7. Values of Amax, €max, and pK, are assembled in

Table 11, Two bands are apparent in each spectrum; Amax

_"values of the more intense band observed with electron ad-:
E _-_ducts faIl in the range 270-385 nm, with engx in the range:
11,000246,000. M~ cm=!. For each protonated electron

adduct, Anix xs ‘blue shifted ~25 nm compared to the radi-

_:__'cal anion and eyay is about the same, Maxima of the weaker
'bands fall: EOO 150 nim’ to the red from the more intense
_maxima with'&pax in the range 500-4000 M~ cm™".

" Decay Processes, Acrylamide. The decay behavior of the
electron adduct was stidied in the pH range 9.3 to 13, well

-above the pK,-of the adduct. Decay of absorbance was fol-
" lowed to ~90% of completion and was found to be cleanly -
“first order over this range, independent of variation of the
initia] coﬂ'cent-rations of eaq“ from 1t02.5 X 1073 M and of

Table 1. J\max, Emax, pKa, and Decay Kmet]cs of the Imtlai 'I'ransxent Specles Produced by React:on of eaq Wifh Acrylamme Derivatives

Protonated radical Radical Anion
B P LTI SIS _: emax: . 2k" R - o €rnass .
. Substrate - 1. mM" 1} 109M'l sec U UpKy Npaxe A mM P om™ k, 107 sec™"
Acrylamide 7 @T3Gf@{_;.19i&2'ﬂ 290° 13.6 1.4¢
S 380 . 2.3 C
Methacr'ylami'de" k 7. 8.0+0.2 300 11.0 13.0¢
T A o 370 38
:mmcmmmmMe_f' '85+02*' 285 12.2 0.2¢
E - L 410 1.2 i
B Dnnethylacrylamlde 9.5 0. 2 . 270 13.9 0.2
PR : : 440 1.0
J\I,N-Dnnethyiacrylamlde. . ~3 sbo 295° 13.7 3.7¢
zrans-Cinnamamide 172401 385 46.0 ce’
L AT 550 3.0
Methyl methacrylate o : e L 290 13.7 4.5¢

aMeasured second-order specific rate of decay‘ of. absoﬂ:ance bApproxtmate valne due to the relatively fast decay of the product of revers—
* ible protonation. €1 mM borate buffer or m the absenoe of any buffer d By hneax extrapolatmn to zero buffer concentration. € Mixed kmetxcs

k< 10° sec" for ﬁrst—order componem
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Figure 2. Initial transient absorption spectra produced by reaction of
€aq~ With 2 mM methacrylamide at pH 10.0 (O) and 4.9 (A) in 1.0 M
aqueous £-BuQOH under Ar (1 atm). Insert: change in absorbance with
pH at 310 and 370 nm. Absorbances extrapolated to “zero time” at pH
above 8.
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Figure 3. Initial transient absorption spectra produced by reaction of
€aq” with 1 mM trans-crotonamide at pH 10.2 (O) and 6.0 {(A) in 0.5
M aqueous 1-BuOH under Ar {1 atm); total dose 2 krads/puise. Insert:
change in absorbance with pH at 260 nm,

acrylamide from 1072 to 1072 M. The first-order rate of
decay was independent of pH over the measured range
(Table II). It was also independent of ionic strength, as de-
termined by varying the concentration of NaClQy from
0.01 to 0.1 M. The rate was, however, dependent on the na-
ture and concentration of the buffer. It was demonstraied
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Figure 4. Initial transient absorption spectra produced by reaction-of -7
€aq” with 2'mM B,f-dimethylacrylamide at pH 10.4 (O} and 6.7 (A 7
in 1.0 M aqueous {-BuOH under Ar (I atm); total dose 4 krads/pu[se S

Insert: change in absorbance with pH at 290 nm. Y
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Figure 5. Initial transient absorption spectra produced by reaction of - "

€aq~ With | mM N N-dimethylacrylamide in 0.5 M aqueous -BuOH -~ .
at pH 9.95 (O} and 6.1 {A) under Ar (I atm); total dose 6 krads/putse N :
Insert: change in absorbance with pH at 290-nm, ISR
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€ag™ with | mM cinnamamide at pH 10.1 (0) and 5.3 (A} in 0.5'M
aqueous - BuOH solution under Ar {1 atm); total dose I krad/pn]sc

for buffers were determined by evaluating’ the slopesico
sponding to eq 8. Three typical plots are shown L
3. o




Csel T =1
. :
'gl |
X 00— =3
. ;
g
8 )
T :
= - ]
w

. . . ?Ha

sol— o . CH,w CCOOCH, =

250 800 .. ... 350 400

Figure 7. Ihitial transient 'a.Bsbfi)t'i.o:ri spectra produced by the reaction
of ‘¢aq™ with. 1 mM. mithyl methacrylate at pH 9.4 (0) and 4.4 (a) in
1.0 M siqucous r- BuOH under Ar(1 atm); total dose 4 krads/pulse.
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Figure 8. (a) Decay of radical anion of acrylamide catalyzed by tri-
methylammonium ions, The observed decay constants are plotted
against the fraction of acid component of the buffer mixture (total con-
ceatration 5 mM) over -the pH range 103 to 11.8; ¢ = 0.1 M
{NaClQy). (b) Dependence of the first-order decay constant of the rad-
ical anion of acrylamide on the concentration of the acid form of three
typical buffers, NHs+, HCO;™, and HPO4?~,

kowa = g + kHB[HB] o ' (3)

The product’ of decay . was -identified * as  the
CH-:CHCONH,; radical by comparison of its spectrum
with the spectra generated by the reactions shown in eq 9!6
and 10. The resulting spectra are shown in Figure 9. The
spectrum produced by the first-order decay of the electron
.adduct was measured after 7 half-lives of decay at pH 9.8
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350 300 3% 400 4%
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Figure 9. (a) Absorption spectrum of the radical CH;CHCONH,:

formed according to eq 9 {@); normalized transient spectrum measured .

35 psec after the reaction of e;y”~ with 0.5 mM acrylamide at pH 9.8 in
0.25 M aqueous {-BuOH under Ar (A); transient spectrum from the
reaction of H atoms with 2 mAf acrylamide {Q) at pH 0.9 and in 1.0 A

agueous -BuOH under Ar. (b) Secondary transient absorption spec-

trum produced. by decay. of electron adduct of 2 mAf .methzerylamide
in 1.0'M aqueous z-BuQOH at pH 10.0'(a); spectrum produced by reac-

tion of H atoms with 3 mM methacrylamide in 1.0 M aqueous #--

BuOH zt pH 0.9 under Ar {O); total dose 19 krads/pulse. (¢) Tran-
sient absorption spectrum produced by the reaction of H atoms with
0.5 mM methyl methacrylaie in 0.4 M agueous r-BuOH at pH 1.0
under Ar (Q}; secondary transient absorption spectrum produced by

reaction of exq™ with 0.5 mM methylmethacrylate in 0.4 M aqueous

t-BuOH at pH 9.4 under Ar (A); total dose 4 krads/pulse.
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Figure ). Brgnsted correlation of catalytic rate constants for g-pro-
tonation of acrylamide anion radical: 1, H.PQO,=; 2, NHgH 3,
+H3NCH2C02_; 4, (CHj)aNH+; 5, HCO,™; 6, C-C5H11NH3+; 7,
CaHsNHs*; 8, (CaHskhNH™ 9, (CoHs)aNHa* 10, e-CsHioNHy ™
11, e-C4HyNH™; 12, HPOS>; 13, Hy0; 14, B(OH)s

&," + CH,CHCICONH, — CH,CHCONH, + Cl° (9)

“H + CH~CHCONH, — CH,CHCONH, (10) .

(in 1073 M borate buffer). The same spectrum was ob-
tained when the decay was catalyzed by buffers. The inten:
sity of the spectrum produced by decay of the electron ad-
duct is normalized in Figure 9 to the intensities of the spec:

tra produced by reactions 9 and 10. The catalytic rate con-

stants for 12 buffers are presented in Figure 10. Decay of
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the spectrum of the « radical was second order, mdependent '

of dose over a factor of 2.

The decay of the primary spectrom at pH’ 4-6, prcsumed
to be that of the protonated electron adduct (see Discussion
section), followed mixed kinetics. However, it was possible
to show by threefold variation of the dose per pulse, and by
tenfold variation of the initial concentration of acrylamide,
-that the decay was second order.in the transient species and
independent of the concentration of acrylamide over the
first two half-lives (using ~2 X 1073 M phosphate buffer).
Under these conditions the spectrum of a second intermedi-

_ate was not observed during the decay process. Buffer catal-
ysis was observed at this pH as well, In the presence of 5 X
10~? M phosphate buffer, the initial spectrum decayed 10 a
spectrum identical with that shown in Figure 9a.

Methacrylamide. The decay of the electron adduct of
methacrylamide obeyed first-order kinetics with a rate in-
dependent of pH from 10'to 13 (10~2 M borate). and of
ionic strength (NaClO4) over the range 0.01 to 0.1 M. As
shown in Table II, the rate of decay of the electron adduct
was about tenfold faster than that of acrylamide. The prod-
uct of the . first-order decay was . identified as
CH;C(CH3)CONH; by comparison of its spectrum (Fig-
ure 9b). with the hydrogen atom adduct produced in reac-
tion 11. The spectrum produced by reaction 11 was mea-

H + CHZ——C(CH3)CONH2 — C‘H3C(CH3)CONH2 (11)

sured at the end of the pulse. The spcctrum from the ﬁrst-
order decay of the radical anion of methacrylamide was
measured after 7 half-lives of decay, i.e., ~4 usec after the:
pulse; and was normalized to that of the H atom adduct at
370 nm, The spectrum assigned to the CH3C(CH3)CONH2
radical decdyed by a second-order process. -

The decay kinetics at pH 4-6 of the presumed protonated
radical anion was mixed in the presence of 2 X 1073 M
phosphate buffer. A second-order component of the kinetics
was identified by changing the dose per pulse, see Table I1.
The decay was accelerated and the kinetics became clean
first order when the concentration of the phosphate buffer
was increased to 0.1 M. Under these conditions, the secon-
dary spectrum was essentially identical with that in Figure
9b. -

trans-Crotonamide. The decay of the electron adduct in
1073 M borate buffer at.pH 10.2 was cleanly first order
over the observed range, i.e., ~90% decay, independent of
twofold variation in dose per pulse. The presumed proton-
ated electron adduct decayed completely by a second-order
process. As shown in Table 11, the rate of decay of the elec-
tron adduct of crotonamide was ca. six times slower than
that of acrylamide.

8.8-Dimethylacrylamide. In the case of 5, ,6’ dimethylac-
rylamide, both the electron adduct at pH 10.2 (10-3 M bo-
rate) and the presumed protonated electron adduct at pH
6.7 (2 X 1072 M phosphate) decayed with mixed kinetics.
However, the decay of the electron adduct was cleanty first
order in the presence of added buffer. Extrapolation of the
linear dependence of the pseudo-first-order rate of decay on
buffer concentration to zero concentration provided the rate
constant which is reported in Table 1.

N,N-Dimethylacrylamide. Decays of the electron adduct
at pH 10 (0.5 mM borate buffer) and the presumed proton-
ated radical at pH 6.1 were respectively first and second
order. Rates are shown in Table I1.

frans-Cinnamamide. The kinetics of decay of the radical
anion of cinnamamide was mixzed in the presence of 1.0 X
1073 M borate buffer at pH 9.2. However, the decay was
accelerated and became clean first order upon addition of
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Table 1L

Nniaxs €miaxs: and Decay Kmetics of the. Rad1 '
by Addltlon of H Atoms : o .
Substraté - Amaxs TR - te
Acrylamide - . : 370
Methacfylamide' Lo 350
Crotonamide . - 360
B,6-Dimethylacrylamide . 305
N, N-Dimethylacrylamide 460
Cinnamamide 380
) 322 L
Methyl methacrylate 2802

by reaction 9. See ref 16, €« radical formed by g pmto
tron adduct. Measured at 240 am. & Measured at 290 T

T T T T T T T T T

501 P
A H Atom Adducts CH;CH=CH00NH2

(CHgC= CHCONHp
CH,=CHCON(CHy);

40 T
CgHsCH=CHCONHG

1 i - et ' b .' L
250 300 350 400 - 450"
. 7\ nm

Flgure 1. Spcctra formed by reaction of H atom:
namide, ﬁ,B-dlmeth)laCr)’!amldC NN- d1methylacry1am1de ES
mamide in'1 M agueous 7-BuOH at pH L0 (HCEO4) under;
dose 8-19 krads/pulse. L

Methyl Methacrylate. The decay. of ih
of methyl methacry]ate was f‘ir_s_t ordgr :

by comparmg its spectrum with that of the H- ato
formed in acid solution by reaction 12 (Figure 9c)'. The
drogen adduct spectrum was measured. at the ¢
pulse while the secondary spectrum: produced:-from
decay of the electron adduct was measured after4 h

netics of decay were identical. Kinetics of decay of
versibly protonated electron adduct was mixed’ bu th
of a second-order component could be determir
first two half-lives in 2 X 1073 M phosphate buffer.
4.4 by variation of dose per pulse over a twofold:7ang

H Atom Adducts. Table [II summarizes: spectral
teristics of the H atom adducts of the'acrylamide dei
tives measured in the presence of 1.0 M ¢-BuOH at.pH
Extinction coefficients were derived taking G(H) =

Redox Properties. Redox properties:of the electron
ducts of acrylamide and croionamide were’ gx_aml by
technique reported recently.!” Data are present y
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Figure 12, (a) Dépendence of the efficiency of electron transfer in the
oxidation reactions of the acrylamide and crotonamide electron ad-
ducts on the two-electron reduction potentials of oxidants at pH 7.0
(E£%): 10 mM acrylamide and ~10* M or 5 X 10™* M oxidant at pH
9.7 (0) or 4.7 (®); 5 mM crotonaniide and 10~* M oxidant at pH 9.7

(3} or 6.2 (M)}. Experiments carried out in 1.5 M :-BuOH, see also ref -

15. (1) Menaquinone, (2)-9,F0:anthraquinone-2-sulfonate, (3) fluo-
renone, (4) p-cyanoacetophenone, (5) benzophenone, (6) p-chloroben-
zophenone, (7) 4,4"-dimethoxybenzophenone, (8) fumaric acid. (b) De-
pendence upon pH of the effiwiency of electron transfer from the elec-
tron adduet of crotonamide to 4, 4-dimethoxybenzophenone; conditions
as above N

12. En this method the concentration of the substrate, e.g.,
acrylamide or crotonamide, and of the standard oxidant are
adjusted so that virtually all e,q™ is initially capturcd by the
substrate. The quantity plotted as ordinate in Figure 12 is
the percerit of electron transfer from the initial electron ad-
duct species to the oxidant évaluated by measurement of
absorbance at a wavelength characteristic of the oxidant
anion radical. The dependence of percent electron transfer
upon pH is shown for crotonamide in Figure 12b. The value

of the pH at 50% electron transfer, ~8.25, is very similar to

the pK, of the protonated electron adduct given in Table I
AT+ Ox — A + Ox~ (13)

The rate e.f electron transfer, eq 13, was determined for 2
number of oxidants with sufficient excess of oxidant to give

pseudo-first-order kinetics. The rate comstants fell in the
range 0.7-5 X 10% M~ ! sec™

Discussion

Rates of Reaction wnth Electrens AII thc ratc constants
presented in Table I are close to the diffusion controlled
limit. Experimentally significant differences among them
are, however, apparent. Substitution of hydrogen by a
methyl group decreases the rate regardless of where the
methyl group is introduced into the acrylamide structure.
The effect is, however, largest for substitution at the 8 posi-
tion; a second S-methyl group reduces the rate by virtually
exactly the same factor as the. first methyl group does, i.e.,
2.3-2.4, In contrast to the methyl group, the phenyl group
does not significantly affect the rate of electron addition.
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Figure 13, Correlation of pK,, of protonated electron adducts of unsatu-
rated amides RC(OH)NH, with pK, of corresponding RCO:H. R: 1,
CeHs; 2, CH.CH; 3, CHyCCHg; 4, trans-CsHSCHCH; 3, trans-
CH;CHCH; 6, (CH3),CCH.

Spectra. The principal characteristic feature of the spec-
tra of electron adducts is the band in the vicinity of 300 nm
with émax of the order of 10* M~ em™'. Values of Amax of
the much weaker longer wavelength absorption bands are
also presented in Table II (these include a small contribu-
tion due to the radical produced by H atom addition, (& ()
= 0.6 at pH >4).

It can reasonably be assumed that spectral changes in the
initial spectra observed as the pH is changed are due to a
rapid reversible protonation process. The major difference
between the specira of the neutral radical and the radical
anion is a small shift toward the uv of the shorter wave-
length absorption band. Such a shift is characteristic of the
difference between the spectra of a large number of radical
anions and their conjugate acids.!® Spectral data presented
above exclude the possibility that fast reversible protonation
of the anion radical takes place principally at the 8-carbon
i fast »
+———% CH,CHCONH,
reversible
atom, eq 14, since the radical produced by 8 protonation
would be the same species as is produced by addition of H
atom and would have a very different spectrum. Similarly,
protonation at the a-carbon atom, eq 15, would leave an

fast

——— CH,CH,CONH,

reverﬂblc

H* + CH,CHCONH,* (14)

H* + CH,CHCONH,"” —— (15)

isolated unpaired electron at the 8 position. The resultmg
spectrum would be expected to be similar to that of simple
alkyl radicals, i.c., short wavelength end absorption.!®

It is suggested that fast reversible protonation takes place
at oxygen, eq 4. The difference between the spectra of elec-
tron adducts and of protonated electron adducts in the pres-
ent work is similar to the difference between the spectra of
a-hydroxyalkyl radicals, e.g., CH,0H, CH:;CHOH, and
(CH3)»COH, and those of their conjugate bases.?

pK, Values for Reversible Fast Protonation of Electron
Adducts. A limited correlation of pK, values for reversible
protonation of electron adducts of unsaturated amides with
the pK, values of corresponding carboxylic acids is demon-
strated in Figure 13,

Rates of § Protonation of Elecéron Adducts, The rates of
decay of radical anions, summarized in Table II, were
shown to be the rates of protonation at the 8 position. These
rates show a relatively strong dependence on the structure
of the amide which can be interpreted qualitatively on the
basis of simple resonance considerations. Thus, the methyl
group of methacrylamide cannot be significantly involved in
resonance stabilization of the electron adduct. In contrast,
the terminal methyl group of crotonamide does participate
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in such stabilization through hyperconjugataon. In the §-
protonated radicals, (CH3),CCONH, and CH;CH,-
CHCONH,, the a-methyl group in the product from
methacrylamide participates in stabilization of the radical
but the g-methyl group in the product from crotonamide
does not. Consistent with this difference, the electron ad-
duct of methacrylamide is protonatéd zbout ten times as
fast as that of acrylamide while the electron adduct of cro-

tonamide is protonated about one seventh as rapidly as the

acrylamide anion radical. The even'slower rite of proten-

the electron withdrawing effect of the phenyl group. -

The fact that irreversible protonation at 8 carbon'is much e
slower than reversible protonation at oxygen can be as-:
cribed to the requirement for rehybridization of the: 8-car-
bon atom and the absence of this need in the case of proton-'f.

ation at oxygen.
Effect of Reversible Protonation on Rate of B:molecular

Decay. Reversible protonation at oxygen produces a species
which undergoes bimolecular decay so much faster ‘than .
does its conjugate base that this mode of decay becomes
dominant. Two factors contribute to this increased reactivi- "~ (10} J. Lifle aind A. Henglein, Ber. Bunsenges. phy_; Chem., 73, 1?0(1959)
~(11).E. Hayon, T. Ibata, N. N, Lichtin, and M. Simic, J. Phys. Chem. 76, 2072-

ty: elimination of electrostatic repulsion, which can account
for only a'small part of the difference and reduction of reso-
nance stabilization resulting from protonation..- .. . '

Bronsted Correlation of Acid Catalysis of 8 Protonatlon
of CHCHCONH—

log (kgp/p) = Fuyo + alog (t’IKu/P)

-group of acids. Essentially normal. Brgnsted correlation s

ation of the electron adduct of cinnamamide can be as- .edged

cribed to a combination of loss of delocalization ener and-'
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