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Abstract: The photoreactions of cysteine derivativewith 4-carboxybenzophenone in,© were investigated by
measurements of chemically induced dynamic nuclear polarization (CIDNP). The quenching mechanism is electron
transfer from sulfur at every pH; even if the amino groufd @ deprotonated, electron transfer from nitrogen does

not participate. Decarboxylation bf" to give a-aminoalkyl radicald/* occurs on the CIDNP time scale and causes
strong cooperative effects. The decarboxylation rate is increased significantly by deprotonation of the amino function;
this is due to product controlv* decays by two competing pathways. Fragmentation of theShond inV* yields
vinylamine, which is hydrolyzed to acetaldehyde at gH.25, and thiyl radicals, which then attack the sensitizer

to give combination products. Oxidation ¥ by ground-state sensitizer leads to sulfur-containing aldehydes or
other products, depending on pH. Relative rates of fragmentation and oxidation were determined from CIDNP
signal intensities. From the temperature dependence of the polarizations, the activation erfefiggnfentation

was estimated to be 54 kJ mdl

The photoreactions of sulfur-containing amino acids with tonation at @ by the sensitizer anion to give anthioalkyl
4-carboxybenzophenone have received some attéfti@rause radical, which amounts to a net hydrogen abstraction, also plays
of the biological importance of these substrates and the modelsome rolé& The mechanisms of these photoreactions are
character of these reactions for the damage of cell compoffents. therefore rather complex and involve several paramagnetic
It has been shown that the primary photochemical process isintermediates.
electron-transfer quenching of the excited triplet state of the  One of the most versatile methods for the study of complex
sensitizer by the amino act@® While these molecules contain  radical reactions is the measurement of chemically induced
two possible donor sites, the thioether group and the amino dynamic nuclear polarizations (CIDNP)CIDNP denotes the

function, the observation of dimeric radical catidls] SThas occurrence of anomalous NMR line intensities (enhanced
provided evidence in several cases that the electron is transferre@PSorption or emission) in the products of chemical reactions
from sulfur?2 One of the most important reactions of the radical caried out in a magnetic field. This effect is caused by nuclear
cations is elimination of C®to give a-aminoalkyl radicals spin selective intersystem crossing in intermediate radical pairs.
which are key intermediates with respect to the secondary The high diagnostic value of CIDNP experiments draws on five
chemistry in these systerdd2¢3 o-Aminoalky! radicals are sources: First, the diamagnetic reaction products are observed
strongly reducing speciéd? and their oxidation by surplus ~ PY high-resolution NMR, so their identification is often straight-
4-carboxybenzophenone, which finally leads to aldehydes, forward. Further advantages in this respect are that species with
provides one of their major decay pathways. Apart from lifetimes exceeding a few tenths of a second are detectable with

decarboxylation of the sulfur-centered radical cations, depro- Pulsed spectrometers and that the signal enhancement by the
CIDNP effect mitigates the low sensitivity of NMR. Second,

* Author to whom correspondence should be addressed. Presentthe polarization patterns, i.e., relative polarization intensities and
ﬁﬂ?{_e,\jg'th';ifgﬁ:gg“fg‘?ggi%i”;ﬂ;gg‘aelre'yggg Biidle-Wittenberg,  phases of different protons, contain similar information as the
t Technische UniversitaBraunschweig. EPR spectra of the radicals involved and therefore allow
;Adam Mickiewicz University Poznan. identification of the intermediates as well. Since the generation
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Table 1. Formulas, Abbreviations, and<g. of the Cysteine NH
Derivatives Used |3
Ie: “OOC—CH—CH;~S—CH~CH-CO0O" II. CDH—CHO
'?“' 4 3 2 1 2 1
I R—5—CH;—CH—000- H
! Ile: "0OOC—CH;~CH~§ E oo
R abbreviation Ka? pKa? 4 3 I
H
CHs— la 9.16+ 0.08 8.80 -
CHy—CHy,— Ib 9.11+004 865 IVe: "00C~CH;-CH~ S‘CHz_CHO
(CHs)sC— Ic 8.80+ 0.10 c 4 3 2
~OO0C—-CH,— Id 9.39+ 0.06 8.89

~“O0C-CH;—CH; le 9.28+ 0.06 9.08
aThis work, in D,O. ° In H,0O (Smith, R. M.; Martell, A. ECritical
Stability ConstantsPlenum Press: New York, 1974, 1989; Vol. 1, 6).
°No literature data available.
processes of radical pairs and reactions of free radicals can beI ! IVe-1
separated by their time dependence. Lastly, the polarizations * 2
can be employed as labels to trace the pathways from the IVe-3
IVe-2

intermediates to the products because the polarizations are
created at an earlier stage than they are detected.

Despite these advantages, so far there seems to have been
but a single CIDNP investigation of sensitized photoreactions Ie~3
of chemically unmodified sulfur-containing amino acids in CB-o Te—2
which any polarizations could be detected, and in that $tudy fe=t le—4
(methionine sensitized by flavin) only extremely weak CIDNP JHL
signals of the starting material were observed and none of any —
reaction product. Methionine residues in a protein were also -—— \ ‘ . )
found to give rise to such polarizatiofs. 1098 7 40 3.5 3.0 2.5 2.0
In this work, we use CIDNP experiments to study the 6 / ppm
photoreactions of five derivatives of cysteine with 4-carboxy-
benzophenone in aqueous solution. As we will show, electron Figure 1. Top trace, background-free pseudo-steady-state CIDNP
transfer occurs from sulfur only, even in basic medium where spectrum observed in the photoreaction of 4-carboxybenzophenone (CB)

. Lo . with S(carboxyethyl)cysteinel€) in D,O (pH 6.39) at room temper-
the a_mlno funqtlon is deprotonated. Howe.ver,.de.protonatlon ature. Bottom trace, NMR spectrum of the same system recorded in
of this group influences the overall reaction indirectly, by

the dark. Only the spectral ranges of interest are shown. Experimental
increasing the decarboxylation rate through stabilization of the parameters: [CBE 8 x 103 M, [le] = 2 x 102M. The assignment

resulting radical. Our CIDNP results further reveal that of the resonances of the produdes 11, llle, andIVe refers to the
p-fragmentation of thex-aminoalkyl radicals competes with  structural formulas given at the top. The numbering of the protons
oxidation by surplus sensitizer and provides a major decay has been chosen to emphasize their correspondence in the different
pathway of these intermediates. The polarization intensities products. CBa denotes the signal of thertho andorthd’ protons of
allow us to determine the rates of fragmentation and oxidation. the sensitizer CB.

IITe—-3

spectrum ofe at pH 6.39, which is given in Figure 1, provides
a typical example of the polarizations found below pH 7. Owing
Substrates and Protonation Equilibria. The amino acids  to the experimental technique employed (pseudo-steady-state
employed, their abbreviations used in this work, and thg;p  measurement$)this spectrum, as well as all other spectra of
values of their cysteine groups are given in Table Ky palues this work, shows pure polarizations without background signals.
were determined from the turning points in plots of the chemical Line intensities are undisturbed by nuclear spin relaxation in
shift of H! vs pH. Since BO was used as the solvent, th¢:p the diamagnetic reaction products including cross-relaxation.
values differ slightly from the values inJ®, by 0.2-0.5 unit. Apart from resonances of the starting material, the CIDNP
In almost all experiments of this work, pH was larger than spectrum of Figure 1 exhibits several polarized signals that are
6.0, so the sensitizer 4-carboxybenzophenone was present irjue to three new products,, llle, andIVe. The structural
its anionic form? the cysteine fragments of the amino acids formulas of these compounds are displayed in the figure. The
were present in their zwitterionic forms at pH beloWpand connectivity of their spin systems was determined by combining
in their anionic forms at higher pH. To simplify the nomen- CIDNP and double-resonance experiments. The same aldehyde,
clature, we will omit the charges of the carboxy and amino |l is formed with all five amino acids. Addition of acetaldehyde
functions. Thus, for instance, we denote the anion of 4-carb- to the samples showed the chemical shifts of this compound
oxybenzophenone by CB and the radical dianion of this and those oll to be identical; however, the splitting pattern
compound by CB'. revealed thall is in fact CDH.CHO. llle and the correspond-
CIDNP Spectra below pH 7. Strong nuclear spin polariza-  ing products in the other systems are stable and were identified
tions are observed in these systems upon irradiation, indicatingto be combination products of the sensitizer with-RSvhere
the occurrence of radical pairs in the photoreactions. The R is the respective substituent at sulfur in the cysteihée
appearance of the CIDNP spectra strongly depends on pH. Theand the analogous compounds with the other amino acids were
(6) Stob, S.; Kaptein, RPhotochemPhotobiol 1989 49, 565-577. very unstable and could not be detected in the reaction mixture
(7) Stob, S.; Scheek, R. M.; Boelens, R.; KapteinFEBS Lett 1988 directly after irradiation. Our characterization of these products

239 99-104. as aldehydes RS—CH,—CHO which are known to be formed
(8) Inbar, S.; Linschitz, H.; Cohen, S. G. Am Chem Soc 1981, 103
7323-7328. (9) Goez, M.Chem Phys Lett 1992 188, 451-456.

Results and Discussion
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Table 2. Chemical Shifts, Multiplet Patterns, and Polarization (g = 2.0037) the hyperfine coupling constants afprotons
Phases of the Polarized Protons in the ProdUttandIV? in a sulfur-centered radical cation are positi#e. The absorption
R n -3 V-1 V-2 V-3 signal observed for Hand H of le is thus consistent with
CHo— 1.88(s, E) 9.28(m, A) 3.24(d,E) 2.29 (s, E)  "egeneration of the reactants by spin-allowed back electron-
&Hﬁ;%Hz— k2)-44 (9, E) 99-3357((m, AG) 334?13(Ejd’EIE))t) 2.65(9,E)  transfer of singlet pairs""CB"".
3)3L— . m, . , . . .
~00C—CHp— 3.04 (s, E) 9.34(m, A) 3.30(d, E) 3.22 (s, E) The polarization pattern of the reaction produttandIVe

~00C—CH,—CH,— 2.57 (t, E) 9.33(m, A) 3.30(d, E) 2.78(t, E) IS obviously different from that of the starting amino acid,
showing opposite phases for vicinal protons. This pattern is
compatible with CIDNP generation, at least to some degree, in
alkyl radicals, wheres—sr spin polarization serves to induce a
negative spin density at*+and hyperconjugation a positive spin
density at .15 From the know#2¢ pathway of formation of
aldehydedV in these systems, via decarboxylation of the sulfur-
g centered radical cations" to givea-aminoalkyl radicals R S—

fragment like the one contained in the combination prodilict CH,—CHNH; (V*) which are then oxidized by surplus CB,
That these two moieties belong to the same product is radical pairs containiny* appear as the most natural explana-

established by our observation that the relative polarizations of tion for the observed polarization pattern. This mechanism has
the protons in these two fragments are constant regardless ofhree implications. First, the other radical contained in the pairs

the experimental parameters, whereas, for instance, the ratio ofMust still be the radical anion CBof 4-carboxybenzopherlgne
these polarizations to the polarizations lbfor 1l strongly because this is left unchanged by the decarboxylatioft’of
depends on the sensitizer concentration (see below). Second, the aldehyde protonIdf must have been attached to

The NMR parameters of compounts andIV are listed in thg radical center iV*; hence, for this protorma is. negativg.
Table 2. Lowering pH led to no changes in the relative Third, the aldehydes$V are products of_ free radicals having
intensities of the CIDNP signals. Experiments below pH  €Scaped from the cage, se= —1. Thus it would follow from

4.5, the K4 value of the sensitizéf were impracticable because €9 1 that theg value ofv* is larger than that of CB. Thisis.
the protonated form of CB is hardly soluble in water. contrary to expectation based on the data for similar radicals

Identification of the Paramagnetic Intermediates. Forthe ~ (for instance, theg value of CRCHNE® is i%oticeably smaller
regenerated starting compoute| protons H and H, which than that of the benzophenone radical aniénfn explanation

are connected to the carbon atoms adjacent to sulfur, are seef?’ this apparent discrepancy will be given below.

to be polarized with equal phase and intensity whereas the more The magnitudes of the hyperfine coupling constantst.of
remote protons Hand H* are unpolarized (Figure 1). This andg-protons ina-aminoalkyl radicals are comparable, wherea_ls
polarization pattern is in accordance with the spin density More remote protons only possess extremely weak hyperfine
distribution in a sulfur-centered radical catibri (compare the ~ coupling constant¥’ In contrast, the aldehyde protont idf
datd for structurally similar radical cations). The basis of this V€ is much more weakly polarized than the aliphatic protons

reasoning is provided by the known fact that sign and magnitude H* and the polarizations of Hare found to be as strong as
of the polarizationP; of protoni in the products reflect sign ~ those of H. The polarization pattern observed therefore cannot

and magnitude of the hyperfine coupling constanbf this be due solely to CIDNP generated in paif8CB"~. Rather
proton in the paramagnetic intermediates; often, there is eventhere must be a significant contribution of the primary pairs
direct proportionality betweeR; and a;.>

According to Kaptein’s rule for CIDNP net effects,

aFor the general structures Bf andlV and the numbering of the
protons, see Figure 2.Not applicable.

in these reactions%is based on the following evidence. From

chemical shifts and multiplet patterns, two product moieties are
identified. One is an—-S—CH,—CHO fragment that is inde-
pendent of the amino acid employed, the other is an-R

I"CB"", in which polarizations of equal sign and magnitude
are generated for Hand H; the emissive phase of these
Q) polar@zations is in line with aldehyde formation by an escape
reaction.
Radical pair type CIDNP means spin sorting, so polarizations
of escape products must be accompanied by opposite polariza-
tions of cage products. It seems strange that no resonances can

TI', = sgrg; x SOMg x u X €

the polarization phas&’(= +1, absorption]; = —1, emission)

of proton i is determined by magnetic parameters of the
intermediate radical pairs (sgnsign of the hyperfine coupling
constant of protoit sgnMg, sign of the difference of thgvalues ~ be assigned to cage products of the radical paIGB™ (Il is

of the two radicals of the pair, where the radical counted first also an escape product; see next section). Two factors may
contains protori) and by the entry and exit channels of the provide an explanation for this anomaly. First, geminate

pairs « = +1, pair formation from triplet precursorg;= —1, recombination ofV'CB'™ will occur at G of V*, so one
pair formation from singlet precursorg; = +1, product  expects merely a small influence on the chemical shift &f H
formation from S|ng|et radical pairs, which in our case means and practica"y none on that Of3Hhence' the most Strongly

in a cage reactiorg, = —1, product formation from triplet pairs,  polarized signals of the cage products may be obscured by the
i.e., via radicals escaping from the cage). 4-Carboxybenzophen-gquct resonances. Second, this recombination must yield a

one reacts from its electronic triplet state s +1 in all our carbanion; owing to the reactivity of this intermediate, the
experiments. Sulfur-centered radical ions are known to possesgyolarizations might be distributed among several products and
very highg values ¢ > 2.01)!P13whereas the value of CB~ would thus be correspondingly weak.
cannot differ much from that of the benzophenone radical anion  pq Figure 1 shows, the aromatic region of the CIDNP
(10) Hurley, J. K.; Linschitz, H.; Treinin, AJ. Phys Chem 1988 92, spectrum is dominated by a strong absorption signal oCiBf
5151-5159.
(11) (a) Eastland, G. W.; Rao, D. N. R.; Symons, M. C.JRChem (14) Aarons, J. L.; Adam, F. CCan J. Chem 1972 50, 1390-1400.
Soc, Perkin Trans 2 1984 1551-1557. (b) Rao, D. N. R.; Symons, M. (15) Carrington, A.; McLachlan, A. D.ntroduction to Magnetic
C. R.; Wien, B. W.J. Chem Soc, Perkin Trans2 1984 1681-1687. ResonanceHarper & Row: New York, 1969; pp 8685.
(12) Kaptein, RJ. Chem Soc, Chem Commun 1971, 732-733. (16) Goez, M.; Sartorius, 0. Am Chem Soc 1993 115 11113-11123.
(13) Petersen, R. L.; Nelson, D. J.; Symons, M. C.JRChem Soc, (17) McLauchlan, K. A.; Ritchie, A. 3. Chem Soc, Perkin Trans 2

Perkin Trans 2 1978 225-231. 1984 275-279.
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the ortho andorthd protons of the sensitizer; the other protons hydrogen abstraction from the solvent; owing to the small radical
are almost unpolarized. There are also some weaker newconcentrations in our experiments, disulfide formation would
signals, which are most probably due to combination products not be expected to be significant. For the same reason, and
but which we did not assign. The polarization pattern found because it is an escape produdt, must stem from attack of
for regenerated CB is in accordance with the intermediacy of R—S' to ground-state sensitizer, not to €B As shown in eq
radical anions CB becauseortho and orthd are the only 2, the olefin resulting from &-S cleavage o¥/* is an enamine
positions in these radicals for which one expects substantial (vinylamine), so hydrolysis of this compound is an obvious
proton hyperfine couplings. With the known sign afy pathway to acetaldehyde. The exclusive incorporation of a
(minus)?® and the known multiplicitites of precursors and pairs single deuterium atom in thgposition of acetaldehyde supports
undergoing back electron-transfex & +1, ¢ = +1), the the intermediacy of an enamine and thus cleavageVof
absorptive polarization of #f indicates that thg value of CB~ according to eq 2 because it is well knaithat the first step

is smaller than thg value of the sulfur-containing radical, which  of enamine hydrolysis is protonation af,@hereas this position

is consistent with the above results obtained from the polariza- is not involved in the later stages of this reaction. As will be
tion patterns of the starting compoune and the cysteine-  shown below, in experiments at higher pH the enamine is also
derived product moietieB —IVe. observed directly in the CIDNP spectra.

The same behavior as fte, with respect to both educt and Rates of Radical Fragmentation. Cleavage and oxidation
product polarizations, was also observed for the other amino by ground-state CB should be competing reactions of the
acids. radicalsV*

Mechanism of Radical Fragmentation. The formation of
acetaldehydd on the one hand and of a combination product g 111
llle of the sensitizer with the cysteine substituent R on the other,

which are both spin-pqlarized, i_mplies fragmentation at sulfur (In eq 3, the primary products resulting from these two processes
of one of the intermediates. Given the structural formulas of p5ve peen omitted for clarity.) It is therefore to be expected
Il andllle ,*®itis natural to assume that the two products result hat relative rates of these reactions can be obtained from relative
from the same €S cleavage step. That this is indeed the case prodyct yields. Since the aldehyddsare rather unstable, such

is borne out by the observation that for all our systems the ratio an analysis of the product distribution is not feasible with the
of polarizations of protond -2 andlll -3 does not depend on  |,s;al methods.

experimental conditions such as sensitizer concentration or However, the same information is accessible from the CIDNP
temperature, whereas, for instance, the ratio of polarizations of gpectra because polarization intensities are proportional to the

— &y ROy (3)

protonsll -2 andlV -2 does (see below).

As Figure 1 shows, the polarization pattern of protting,
II-2, andllle -3 is identical with that of protonb/e-1, IVe-2,
andIVe-3 (medium absorption, strong emission, strong emis-
sion, relative intensities being about-B:—10 in both cases).
Hence, the polarizations Ih andllle must have the same origin
as those ofVe, that is, they must stem from a superposition of

CIDNP arising in the primary pairs "CB'~ and, to a smaller

degree, of CIDNP arising in paiké’CB’"; furthermore|l and
Il are escape products, asli6. The same result was found

for the other cysteine derivatives; there, however, the amounts

of polarizations fromV°*CB"™ are somewhat larger than in the
systemle/CB.
The fact that the relative contribution of polarizations from

pairs V'CB" to the total polarizations is the same for the

amount of the respective product formed. The validity of this
approach is based on the condition that the constant of
proportionality is identical for the signals compared. This
requirement is met under the following circumstances.

First, the polarizations considered must stem from the same
source. This does not imply that the reaction may only proceed
via a single radical pair; with more complex reaction mecha-
nisms, as in our case, this is still fulfilled if each type of radical
pairs makes the same relative contribution to these polarizations.
The latter has already been shown in the preceding section;
moreover, it seems to be ensured for our systems because
pathways from the sulfur-centered radical catibfisto one of
the productsll, 1ll, or IV that bypass thex-aminoalkyl
radicalsV* are hardly conceivable from a chemical point of
view. As long as this condition holds, the polarizations present
in V* are simply partitioned between the products, and every-

fragmentation products and the products of oxidation of escaping thing that influences concentrations and polarizations at a stage

V* by ground-state sensitizer shows that scission of th&sC
bond does not occur in the sulfur-centered radical catiohs
but in thea-aminoalkyl radicalsv*. S-Thioalkyl radicals are
indeed known to undergo cleavage of the bond betwéean@
sulfur to give an olefin and a thiyl radic#. This reaction,
CH;=CHNH; (VI) — II
R—S—CH,—CHNH; (V*) — n )

R—S* — JII

provides a straightforward rationalization both of the products

formed in our systems and of their polarizations. Thermody-
namic considerations indicate that the thiyl radicatsSRshould
terminate preferentially by reaction with the aromatic rings of
the sensitizer, which eventually leads ltb, rather than by

(18) As indicated in Figure 1, the structure of the combination products
Il is not yet known completely. However, this does not invalidate any of
our mechanistic conclusions that follow.

(19) Huyser, E. S.; Kellogg, R. Ml. Org. Chem 1966 31, 3366—-3369.

of the reaction up to and involving®, in particular such factors
as the different efficiencies of CIDNP generation in the pairs

I**CB"~ andV'CB"", affects the polarizations of all products
in exactly the same degree. As a further consequence of the
requirement that the polarizations evaluated have the same
origin, only protons that were identical in the radicals should
be compared, as, for instandk;2 andlV -2 orlll -3 andIV -3.
Second, errors due to nuclear spin relaxation must be avoided.
With respect to the diamagnetic products, this poses no problems
because of the experimental technique used (pseudo-steady-state
CIDNP measurement8)yut in our case the products of interest
are formed via free radicals, and nuclear spin relaxation in these
rather long-lived paramagnetic intermediates may not always
be neglected. However, ondlifferencesf the relaxation rates
count, so relaxation iN* is circumvented by considering protons
that were identical irv*, as already mentioned; the same holds
for relaxation in free radicals™. Even so, on the route tdl

(20) March, J.Advanced Organic Chemistry2nd ed.; McGraw-Hill:
Tokyo, 1977; p 807.
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0.8 i Table 3. Rate Constants of the Secondary Reactions of the
W W ' - Cysteine-Derivedr-Aminoalkyl RadicalsV* at Room Temperature
oos | | (R is the substituent at sulfur)
T kor? Kon/Kirag? Kirag
Nl | R 1°Mts? (MY (10's™
1.3 26 40 53 8.0 ’ CHs— 1.27 73 1.74
g CH3;—CHy— 1.08 84 1.28
W W = 0.2 | () 7 (CH3)3C_ 78
Q “O0C—-CH,— 0.78 68 1.14
0.0 L ! 1 L L L 1 1 1 7OOC_CH2_CH2_ 096 79 121
012345678910

[CB] / mM
Figure 2. Left, dependence of the polarization intensities of the
p-protons in the oxidation produt¥e and the fragmentation product
Il (upper trace, CIDNP signal dVe-2; lower trace, that ofl -2) on
the sensitizer concentration, [CB] (given between the traces; ig 10
M). Right, ratioP(IVe-2)/P(Il -2) of these polarizations as a function
of [CB]. PolarizationsP were determined by integration over the
multiplets. Experimental parameterde][= 1 x 1072 M, pH = 6.8,
room temperature.

an additional paramagnetic species, the thiyl radical, is successo
to V*, whereas after the stage @f formation of bothll and
IV involves diamagnetic species only. Hence, comparison of
the signaldl -2 andIV -2 eliminates all effects of nuclear spin
relaxation in the radicals, whereas comparison of the signals
Il -3 and1V -3 would be less reliable.

Third, none of the products may decompose significantly
during the time needed for acquisition of its free induction decay.

aFrom ref 2a; estimated errar 20%.° This work; +10%. ¢ Error
+ 30% owing to low signal-to-noise ratio of the signtls2 andlvd -2
caused by predominant reaction at the substituent R.

6 T T T

In (kox/kfrag)

r

1 . . . .
2.8 3.0 3.2 3.4

1000K/T

Figure 3. Plot according to eq 4 for compouni@. For further
explanation, see text.

3.6

Even forlV, which is unstable, this appears to be fulfilled in  observed when the photoreactionlafwas sensitized with 2
our case because no manifestations (line broadening or disper-, 10-4 M N-(9-methylpurin-6-yl)pyridinium catio# or when

sive signal componenté)of such a fast secondary reaction could pyise radiolysis experiments witla were performed in the
be observed.

To test whether eq 3 holds, e.g., whether the prodlicasd
Il on the one hand an¥ on the other are formed via a simple
competition between fragmentation and oxidation ofdkhemi-
noalkyl radicalsV*, we varied the concentration of CB. An
increase of [CB] should favor oxidation, hence formation of
the sulfur-containing aldehyd& , over fragmentation, which
is formation of monodeuterated acetaldehiidand combination
productlll . From the spectra at the left in Figure 2, which
display the resonances t¥e-2 andll -2 as functions of the
sensitizer concentration, this is seen to be qualitatively true.
According to eq 3, the ratio of polarization intensiti€%|V -
2)/P(I1 -2), of these two signals should be equalkg[CB]/
kirag, SO @ plot of this polarization ratio vs [CB] should be linear,
with vanishing intercept. This plot is given at the right in Figure
2. As is evident from it, the above assumption is also
quantitatively true; furthermore, it shows the validity of the
described evaluation procedure of relative CIDNP intensities.
The ratioskoy/kirag Obtained for our cysteine derivatives are
listed in Table 3. The rate constarks for oxidation of V*
by ground-state CB are knowtfrom pulse radiolysis experi-
ments in which the rates of secondary formation of CBere
measured as functions of [CB]; they have also been compiled
in the table. With these datkgag can be computed. As Table
3 shows, the values &g are very similar for the amino acids
employed, as are those kf. Hence, the substituent R has no
significant influence on the fragmentation ¥f nor on the
oxidation of this radical by CB.

presence of 2.5 10~° M methylviologent

Activation Energy of Radical Fragmentation. Assuming
Arrhenius behavior, plots of lke/kirag Vs 1/T should be linear,
with slopes that are determined by the differences of the
activation energie&, of fragmentation and oxidation of*
and intercepts that reflect the ratios of the preexponential factors,
A, of both processes:

kox on
kfrag Afrag

In Figure 3, such a plot is shown for the derivatiee From
this graph, one obtains a value of 38:50.7 kJ mot™ for the
differenceEa frag— Eaoxand of about 1x 105 M for the ratio
AoxlArag. The activation energies for oxidation v by CB
are not known. However, calculation of the rate conskant
of a diffusion-controlled reaction by the Smoluchowski equation:

E
+

E

afrag

R

a,ox 1

T

In =In

(4)

8RT
Kaitr = 3,7

), ®)

modified by the Debye factoy to take into account the
Coulombic interactions between ions of chamend z,,

_zz€ 1
4reqe dKT explz,z,€%(4me e, dkT)] — 1

4 (6)

Even in the absence of an electron acceptor such as CB, thevields a value of about & 10° M~ s™* for a reaction in water

lifetimes 1kqag Of the radicalsv* are seen to be about 70 ns
only. This short life can fully rationalize why no oxidation of
the a-aminoalkyl radicalVa* by ground-state sensitizer was

(21) Ernst, R. R.; Bodenhausen, G.; Wokaun Phinciples of Nuclear
Magnetic Resonance in One and Two Dimensi@farendon Press: Oxford,
1987; pp 21%+215.

between two ions of chargel with an assumed encounter
distanced of 4—5 A. This is not much larger than the
experimental value df, in the systerme/CB (compare Table

3); moreover, the Smoluchowski equation usually overestimates

(22) Marciniak, B.; Hug, G. L.; Rozwadowski, J.; Bobrowski, KAm
Chem Soc 1995 117, 127-134.
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Figure 4. CIDNP spectra of the system 4-carboxybenzopher&®ne/
(ethyl)cysteine (CBb) at different pH (bottom trace, pH 6.29; center
trace, pH= 7.63; top trace, pH= 11.43). For the assignment of the
resonances df andVI, see the formulas in Figure 1 and this figure,
respectively. Signalv' andVIl are explained in the text. Experi-
mental parameters: [CB} 2 x 1072 M, [Ib] = 2 x 1072 M, room
temperature.

kair slightly. Hence, we assume that the oxidation\ofby
CB is practically diffusion controlled in this case and ap-
proximateE, ox by the activation energy of the viscosityof
water, which is 15.6 kJ mol.2* Thus, we arrive at an activation
energy of 54 kJ mott for the fragmentation o¥/* according to
eqg 2, which may be uncertain by a few kilojoules per mole
owing to the approximation involved.

Comparable values &, frag — Eaox Were also obtained for
the other cysteine derivatives.

CIDNP Experiments in Basic Solution. Interesting changes
of the product signals and of their polarization patterns occur
when pH is raised. Figure 4 shows CIDNP spectrdbofas
examples.

Above pH~ 7.25, the signals from acetaldehylilevanish,

J. Am. Chem. Soc., Vol. 118, No. 12, 199887

a-aminoalkyl radicals produced in the sensitized photoreactions
of tertiary aliphatic amines, although the mechanism is quite
different in those instances, hydrogen abstraction being followed
by reaction of theo-aminoalkyl radicals with surplus sensi-
tizer16.25 Raising pH leaves unchanged the chemical shifts of
VI. This shows that the amino group is not protonated for pH
> 7.25, so the K4 value of this group must be lower than about
7.

As can be seen in Figure 4, the polarization patterwlo&t
pH ~ 7.6 (absorption for M emission for H?) is qualitatively
and quantitatively identical with that of at lower pH. This
is consistent with formation of the aldehydeby acid-catalyzed
hydrolysis ofVI. Moreover, the observation &fl provides
direct evidence for thes-fragmentation of the radical¥*
according to eq 2.

At the high magnetic field employed in our experiments, the
polarizations of the protons in a particular product should be
approximately proportional to the hyperfine coupling constants
of these protons in the radicals weighted with their nuntber.
The ratio of hyperfine coupling constants of the and
B-protons-i.e., those corresponding to'tdnd H in V*—in the
model compound CECH,CHN(n-Pr), is —1:1.3617 so for VI,
one would expect a polarization ratR(HY):P(H%2) of about
—1:2.7. The experimental ratio is larger than this (abolit4
in Figure 4, center and bottom traces), thus again indicating
that the polarizations df1 and its secondary produlit partly

arise in paird""CB'~ as well, which yield emissive polariza-
tions for H2 but none for H. With Ib these polarizations are

seen to stem predominantly from the pait’CB""; this is also
found for the other cysteine derivatives excégt for which

polarizations from *"CB'~ have already been shown to prevail
(P(HY):P(H??) ~ —1:8; compare Figure 1). Common to all
systems investigated is the unexpected sigh@bf the pairs

V*CB" under these experimental conditions that is obtained
from the polarization phases with eq 1. Both this result and
the behavior ofle that is different from the other substrates
with respect to the relative amounts of polarizations from the
two radical pairs are related; these effects will be discussed
below.

At high pH (top trace of Figure 4), the reaction still leads to
the vinylamineVI, but under these circumstancék displays
the opposite polarization phases as at medium pH, namely,
emission for H and absorption for H This change of phase
with pH is paralleled by an inversion of the CIDNP signal GB-
due to theortho andorthd protons of the sensitizer. Both these
observations can be rationalized with predominant generation

at high pH of the polarizations ofI in the pairsV'CB", the
polarization phases now indicating a “normafvalue differ-
ence. On the basis of the hyperfine coupling constants, one
would expect the absorption signals ofHin VI to be larger

by a factor of about 3 than the experimental intensities. This
shows that at high pH there is still an emissive contribution

and a characteristic ABX pattern appears instead. From fgm the pairsl*"CB'~ to the polarizations of these protons.

chemical shifts and coupling constand§H®) = 6.10,6(H?) =
3.80,(5(H2’) = 4.10;2\]22 ~0 Hz, 3J12 =9.6 HZ,3J12 =15.5
Hz), the product giving rise to these signals was identified as
vinylamine {/I), CH;=CHNHy; the spectral parameters listed
are quite similar to tho3&25of substituted vinylamines. There

is ample precedent for formation of the latter compounds from

(23) As the K, value ofa-aminoalkyl radicals is about 3*¢he amino
group ofV* is deprotonated under our experimental conditions.

(24) Calculated from the values gfin Weast, R. C., EdHandbook of
Chemistry and Physics, Student Editi@RC Press: Boca Raton, FL, 1988;
p F-19.

In principle, the dependence of the polarization patterns of
VI on pH might be caused by a change of the exit channel
leading to this product. At pkt 7, no signals from the aldehyde
IV are detectable (see below), so determinatioa foir VI by
comparison of its polarization phases with thosd\6f which
is by necessity an escape product, is not possible any longer.
However,e can also be obtained from the phases of CIDNP

(25) (a) Roth, H. D.; Manion, M. LJ. Am Chem Soc 1975 97, 6886~
6888. (b) Roth, H. D. In ref 5d, pp 531. (c) Goez, M.; Frisch, 1J.
PhotochemPhotobiol A 1994 84, 1-12.
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Figure 5. CIDNP multiplet effects in the system 4-carboxybenzo-
phenoned-(methyl)cysteine (CB4A) at pH 10.3. Other experimental

parameters were as in Figure 4. Shown are the resonafthekgleft)

andVI-2', VIl -1, andVI-2 (right). The structural formula ofl and

the assignments are given in Figure 4. The spectrum was obtained by bl
subtracting a set of free induction decays acquired with a flip apgle

of 135 from a set acquired witlp = 45°.26 For an explanation on

why the two inner lines o¥I-1 are missing, see ref 16, note 40.

multiplet effects, even if the sign afg is unknown. As|Ag|

for I'TCB'” is estimated to be larger than>9 10-3, whereas ‘ ‘ ! ‘ : ‘ ‘ ‘
— i 6.5 6.0 55 45 4.0 35 3.0 25 2.0
the value forV'CB'™ should be about A 1074, multiplet

effects from the former pairs should be vanishingly srhald 6 / ppm
no ambiguity is expected to arise from the participation of two Figure 6. CIDNP spectra of the system 4-carboxybenzopher®ne/
radical pairs in the reaction. Kaptein's riddor a multiplet (carboxymethyl)cysteine (CRY) at different pH (bottom trace, pk
effect of protons andj: 6.33; top trace,_pH: 11.11). Only the spgctral_regions of interest are
shown. The signald/lll —XI are explained in the text. For the
rij =L X € X SQrB X SQrg x ngij x 0y ) assignment of the other CIDNP signals, see preceding figures.

Experimental parameters: [CB} 2 x 1073 M, [Id] = 2 x 1072 M,
connects the multiplet phasgj(= +1, E/A, i.e., emission at ~ foom temperature.
the low-field edge of the multiplet, absorption to high field; ) _ _ o
= —1, A/E) with the sign of the hyperfine coupling constants We tentatively assign these signals to the imine-fR CH,—
of both nuclei and the sign of the nuclear spapin coupling ~ CH=NH) formed by oxidation o¥/* by ground-state CB. When
constant); in the product. The parametey takes into account ~ PH is raised furtherV'-2 decreases but does not change phase;
whether both nuclei were contained in the same radical of the for pH = pKap, IV'-3 is buried under the educt signia2, which
intermediate pairss; = +1), or in different radicalsdj = —1); is shifted toward higher field by the deprotonation of the amino
u ande have the same meaning as in eq 1. group. ) _

Net and multiplet effects were separated by their dependence ~ The position and phase of the signtls-3 stemming from a
on the flip anglep of the observation pulse. Two sets of spectra combination product. between CB and the thiyl radicals resulting
were acquired withg being 43 and 133, respectively.  from the fragmentation o¥* are unaffected by pH. However,
Subtracting the second set from the first yields pure multiplet the intensity of these peaks decreases with increasing pH. The

effects, which are shown in Figure 5 for the compotamdThe same is o_bserveq fo_r the polarizations of the start_ing amino
polarization pattern is seen to be an E/A multiplet. The signs acid: Their polarization pattern (enhanced absorption for H
of the hyperfine coupling constants¥ are known, as ig; 3J and H, no polarizations for the other protons) is independent
is positive?’ In the present case;; must be+1; furthermore, of pH, but the S|gnal intensities relative to those of the products
this variable can be eliminated by a combined evaluation of areé smaller at high pH.
net and multiplet effect?® which leads to the same result,  Lastly, we mention for completeness that at pHpKa2 a
namely, thatVl is an escape product also at high pH. further ABX pattern appears/(l -1, 6 = 3.96 ppm, absorption;
The aldehyde#V behave in a manner similar tb: Above VIl -2,2, 6 = 2.30 ppm, emission), which has not been identified
pH ~ 7, the signallV -2 vanishes and is replaced by another Yet. Its spectral parameters are identical in all systems
signal,IV’-2. The latter is a doubletl= 5.2 Hz) that is high- investigated, so it must be attributed to a reaction of the cysteine

field shifted by about 0.1 ppm; it displays the same phase Moiety. From the phase of the multiplet effect (A/E, compare
(emission) and the same relative intensity with respect to the Figure 5),VIl is seen to be a cage product. The fact that these
educt signals as before. The signal that was diié 18 remains ~ Signals are not observed below pH pKaz nor other signals
almost at the same position. The fate of the sigiall. cannot that can be related to them, leads us to infer that this product is
be determined owing to its extremely low intensity. The peaks dué to a reaction of the deprotonated amino function.

IV'-2 andIV -3 replacing the aldehyde signals at pH exhibit CIDNP Spectra of S-(Carboxymethyl)cysteine (Id). The

the same dependence on the concentration of CB d¥ dd quencheidd shows a slightly more complicated behavior than
and1V-3 at low pH. While so far we have not been able to the other four amino acids because its photoreactions also take
identify the new product unambiguously, we explain these place at the carboxymethyl substituent, not only at the cysteine
changes in the same way as for, by the stopping of the function. This manifests itself by the occurrence (compare

reaction at the stage of an “earlier” diamagnetic product, and Figure 6, bottom trace) of four new CIDNP signalgli( -3,
IX -3, X-3, andXI -3) that are also found in the photoreactions

19((52_€‘>2)1?50h'aa|blin, S.; Hdhener, A.; Ernst, R. Rl. Magn Reson1974 13, of CB with compounds possessing an HOOCH,—S— group
(27) Reference 15, p 67. but no cysteine moiety, as, for example, thiodiglycolic acid,

(28) Goez, M.; Frisch, 1J. Am Chem Soc 1995 117, 10486-10502. S(CH,COOH),. If the CIDNP spectrum ofd is shifted by
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about 0.05 ppm toward higher field such that the signal of the token, to changes of relative decarboxylation rates. An effect
methylene protons of HOOGCH,—S— in Id coincides with of pH on decarboxylation of th&carboxymethyl substituent
that of the corresponding protons in thiodiglycolic acid, the seems hardly conceivable, since this group is deprotonated
signalsVIll -3, IX-3, X-3, andXI -3 in both systems coincide  throughout the pH range investigated. Hence, it must be
as well; moreover, relative polarization intensities are very concluded that abovelp, cysteine decarboxylation is signifi-
similar. All this clearly shows thaVIll —XI are products of cantly faster than belowka..

reactions at HOOECH,—S~. Decarboxylation Pathway. Two explanations are conceiv-

A detailed discussion of the new products is outside the scopegpje for the increase of the decarboxylation rates of the cysteine
of this work, which is focused on the reactions of the cysteine gigties above pH: pKap.

moiety, and will be given elsewhef. Pertinent to the present
investigation is, however, what intermediate these polarizations
stem from. Time-resolved experiments shdlll , which gives

rise to the strongest CIDNP signal in Figure 6, bottom trace,
and also by far the largest of the four new signals, to be a cage
product € = +1). According to eq 1, the term sy x sgra
must thus be negative, which cannot be reconciled with

On the one hand, the deprotonated amino group stabilizes
the resulting alkyl radicals much better than does sNH
AM133 calculations gave a difference in the heats of formation
of CH3CHNH, and CHCH,NH, of 81 kJ mot?; for
CHzCHNHs*™ and CHCH,NHs™" this difference was computed
to be 134 kJ moi'. Hence, deprotonation of the amino function
should increase the driving force of decarboxylation by more
generation of these polarizations in radical pal$"CB" than 50 kJ mot® and, unless the mechanism were different for
because the sulfur-centered radical cationpossess very high  the anionic and zwitterionic forms of our amino acids, should
gvalues (i.e.Ag > 0) and positive hyperfine coupling constants |ower the activation barrier accordingly.
for the protons of interest, ##1t However, radical cations of On the other hand, the deprotonated amino group is also a
structure HOOG CH,—X*"—R, where X is a heteroatom such  ential electron donor, so it would be natural to assume that
asN, O, orS, eagly lose Gb glyeq-subs_tltuted alkyl radlcqls for pH = pK42 a pathway via nitrogen-centered radical cations
*CH,—X—R. Thls decarquylatlon is rapid on the CIDNP time I+, R—S—CH,—CH(N"*H,)COO", becomes accessible, i.e.,
sca_le?_o hence, 'F oceurs within na_nosecopds oreven faster. Thethat the first step of the reaction is electron transfer from nitrogen
emissive polarization oWIll -3 is consistent with CIDNP instead of sulfur. As the findings of the preceding section
generation in pairsCH,—S—R CB": The g value of the suggest, decarboxylation &f* might be considerably faster

a-thioalkyl radical is certainly larger than that of €B(for than decarboxylation at the cysteine moiety of the sulfur-
instance;CH,SCH; has$! g = 2.0049), the hyperfine coupling  centered radical catioris*, both processes, though, leading to
constants of the protons at the radical center are neg&tare] the samex-aminoalkyl radicals.

the productVIll contgalns a—CH,—S group instead of the The polarization patterns again allow a clear-cut distinction
carboxymethyl groups between these two alternatives, increase of the decarboxylation

Atlow pH (see Figure 6, bottom trace), the CIDNP spectrum rate by product control or an additional reaction channel.
of Id is dominated by the signalll -3. The polarizations of  Amjinjum cations!’* possess substantial hyperfine coupling
the starting amino acrdvyh|ch were the strongest S|g_nals_ in constants of thex-protons (i.e., M), whereas the hyperfine
the other systemsare noticeably smaller, and the polarizations - ¢qpling constants of these protons in the sulfur-centered radical
of the products of reaction at the cysteine group are very weak. ations|*+ are negligible. Unless the decarboxylation! 6f

The polarization pattern of the educt (absorption for H and were very fast on the CIDNP time scale, polarizations from
H3, no polarizations of H is the same as in the other systems, —

. . . et — .
indicating the intermediacy of sulfur-centered radical cations Primary radical pairs” CB" should thus be detectable in the
Id**. Likewise, the polarization pattern ¢if (absorption for regenerated starting amino acid. Experimentally, however, we
HZ, emission for H) is identical with that observed with the ~did not observe polarizations dt1 in any case, so either
other amino acids. These observations showdkaminoalkyl ~ aminium cationd"" are not formed in these reactions or they
radicals are indeed formed at pH 7, so decarboxylation at ~ decarboxylate extremely rapidly as to prevent back electron-
the cysteine moiety occurs, but decarboxylation of the car- transfer after intersystem crossing of the paftsCB"".

boxymethyl substituent prevails. _ _ To test the latter hypothesis, we used alanine Alag€H
_At pH above [Kq, (top trace of Figure 6), the picture is  cpNH,COOH) as a model compound, which bears an obvious
different. Under tgese circumstances, the emission sighia3 structural similarity to our cysteine derivatives but for which
IS still prominent” and still the strongest of gll the CIDNP electron transfer is only possible from nitrogen. Part of the
signals that are caused by decarboxylation at HOOC CIDNP spectrum obtained in the photoreaction of this amino

grgig_ However, thedmost irr:ten_selprq%:cthsignaldin the acid with CB at pH 12 is displayed in Figure 7. As is seen in
fd sg)ectlrut(n IS r}oglr\]/ ue tto_t e;/lnytgml A’t ti product i the figure, proton M of Ala is polarized in absorption, but no
of decarboxylation ol the cystene function. As the magnetic polarizations can be detected for protong. HThis is in

paorlamleters of thet 'nie"ﬂﬁ.mafﬁth'oﬁlkyl and a'amg]égglryl accordance with the spin density distribution expected for the
r:’; icals a:cre (I:otqs an IWI' |r;_ e F,z “?;.”ge c_ct)rr]1$|H ’St b radical cation Ala". The polarization phase of'Hs consistent
change of relative polarization INtensities with pr must be ., regeneration of the educts by in-cage back electron-transfer
related to changes of relative product yields and, by the same(lu = 11,e=+1,Ag > 0, as > 0)?5 the fact that no CIDNP

(29) Goez, M.; Rozwadowski, J.; Marciniak, B. Manuscript in prepara-  signals are observed for pK pKa2 further corroborates electron-

tior(‘éo) Bowers, R. P.. McLauchlan, K. A Sealy, R. ©.Chem Soc transfer quenching. Thus, nitrogen-centered raditeatsare
Perkin Trans 2 1976 915-921. T ' formed in the alanine experiment and give rise to polarizations

~ (31) Gilbert, B. C. InSulfur-Centered React Intermediates in Chem-  of H! in the substrate. No such polarizations are observed in
istry and Biology Chatgilialoglu, C., Asmus, K.-D., Eds.; Plenum Press:  ihe cysteine systems; hentg? is not an intermediate in these

New York, 1990; pp 135154. ! " . .
(32) The fact thaVIll -3 is an AB system at pH pKazand a singlet at reaction$* The increased decarboxylation rate at pH above

pH > pKj,2 is due to an interaction between -CO®f the 4-carboxy-
benzophenone moiety and -NHof the cysteine function, which restricts (33) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
rotation?? Am Chem Soc 1985 107, 3902-3909.
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Ala—1 Chart 1

Ala-2 %o

polarizations attributable to RP1) than decarboxylation of the
cysteine moieties of the sulfur-centered radical catibhsat
pH =< pKaz (significant polarizations from RP1). Thisisin line
Ala-1 with expectation because in the former instance decarboxylation
,,JUL_ occurs at am-position with respect to the heteroatom, so there
is a direct interaction, whereas in the latter case decarboxylation
occurs at €. It is knowr?® that sulfur-centered radical cations
bearing carboxy groups at’Gire stabilized by formation of
five-membered rings possessing a two-center three-electron bond
between S and O (see Chart 1). It seems very likely that
p-decarboxylation also proceeds via this intermediate. For
completeness, we mention that for radical structures as shown
in Chart 1 the spin density att$hould be negligible, so pairs
6 / ppm containing these intermediates would not give rise to polarization
Figure 7. Top trace, part of the CIDNP spectrum of the system Patterns that differ substantially from those caused by the open-
4-carboxybenzophenone/alanine (CB/Ala) at pH 12.0. Bottom trace, chain cationd**.
the NMR spectrum of the same system in the dark. Only the resonances Third, the polarizations of the products of RP2 are not simple
of the educt protons (left, Ala-1, = 3.17 ppm; right, Ala-2¢ = 1.08 superpositions of polarizations from RP1 and RP2. Rather, they
ppm) are shown. Experimental parameters: [68] x 1073 M, [Ala] can be described as arising in a radical pair with the combined
=1 x 1072 M, room temperature. properties of RP1 and RP2 weighted with the respective
lifetimes. These so-called cooperative effects are well known,
PKaz must thus be due to the stabilizing influence of the and examples have even been reported where neither RP1 nor
deprotonated amino group on the alkyl radical produced by Rp2 on its own causes polarizations but in combination they
decarboxylation of**. do35b¢ The seemingly anomalogsvalue difference of the pairs
Decarboxylation of I*" and CIDNP. Fast chemical trans-
formations of radical pairs, RP1, into other radical pairs, RP2,
affect the CIDNP signals if these reactions occur on a time scale
1k of some 1020—10°6 s35 First, the polarizations in the  (*9 x 1073 for RP1,1""CB"", and smaller by more than a
products of RP1 decrease with increasknecause both the  factor of 10 and negativex( —7 x 10%) for RP2. Since the
yields of these products decrease and the shorter life of thetransformation RPi> PR2 is not extremely fast on the CIDNP
primary pairs reduces the probability of intersystem crossing time scale under these experimental conditions, the positive
by Zeeman and hyperfine interactions, i.e., interferes with the contribution of RP1 to the effective value Ay outweighs the
generation of nuclear spin polarizations in RP1. A manifestation hegative contribution of RP2. With respect to the hyperfine
of this effect is the low relative intensity of the polarizations of coupling constants, the effect is smaller because the coupling

the starting amino acid that is observed in the photoreactions constants have comparable magnitudes in both radical pairs.
of Id. At high pH, the decarboxylation is significantly faster, so the

Second, the products of RP2 exhibit polarizations from both influence of RP1 is correspondingly smaller, and the anomaly
radical pairs, their relative amounts depending on the magneticiS Not observed. ) ) )
parameters of RP1 and RP2 andlonThis effect is found for L|I_<eW|se, t_he t_)ehawor ofe, for which RP1 influences the _
the decarboxylation products. From the relative contributions "elative polarizations of the products to a larger degree than in
of RP1, it can be inferred that the decarboxylation of the the case of the other amino acids although the hyperfine coupling
carboxymethyl substituent itd** is much faster (almost no ~ constants should be almost identical, is rationalized by a lower

rate of decarboxylation. The carboxyethyl group can effect a

(34) A referee raised the question whether the observation of exclusive stabilization of the sulfur-centered radical cation in the same

electron transfer from sulfur in our systems could be explained with \yay as the cysteine substituent can (Chart 1),laris the only

electrochemical or gas-phase ionization data. As electrochemical oxidations . L
of both amines and thioethers are irreversible, equilibrium potentials are one of our substrates that is capable of such an additional

inaccessible, and the measured peak potentials deviate from them by arstabilization. It should be noted that this compound provides
amount depending on the rates of charge transfer and/or the rates offurther evidence that decarboxylation is governed by product

subsequent chemical reactions of the radical cations. While correlations . ot ;
within a class of compounds may thus still be permissible, comparison of control: Forle*”, decarboxylation of th&carboxyethyl group

such data for compounds from different classes is certainly problematic. WOl_J|d be conceivable as well as decarbo_xy|ati0n_ Of_the_CVSteine
With respect to gas-phase data, the ionization potentials (IPs) of simple moiety; however, the CIDNP spectra give no indication that

S”OIEC‘?'L?&“”E;’#”‘?S'F?%B’I—E ::d;_PLn'\IIt%v ?ri%eg ,(L,\i/la;iasrdev-\?/ E‘é‘gr’:‘yesssv the first pathway is taken. This is consistent with the fact that
Chem Ref Data 1988 17 (Suppl. 1)) and 8.63 eV (Aue, D. H.; Webb, H.  decarboxylation of th&carboxyethyl substituent would yield
M.; Bowers, M. I.J. Am Chem Soc 1976 98, 311-317), respectively, a primary alkyl radical;CH—CH,—S—R, which is much more
indeed seem to indicate a preference of electron transfer from sulfur. ynstable tharve".

However, the difference of these values is comparable to the precision of -

the measurements and the changes of the IPs with the substituents at S or In .prInCIpIe, the rates_ of.the proce;ses RPRP2 could bp

N. Hence, we are reluctant to draw definitive conclusions from the IPs. Obtained from a quantitative evaluation of the CIDNP signal

3.2 3.0 1.2 1.0

V'CB" (RP2) at low pH can be explained in this way. In
these reactions)g is expected to be very large and positive

(35) (a) Kaptein, RJ. Am Chem Soc 1972 94, 6262-6269. (b) den intensities®® Unfortunately, this is not very accurate at present
Hollander, J. A.Chem Phys 1975 10, 167-184. (c) Kaptein, R. In ref
5d, pp 257266. (d) den Hollander, J. A.; Kaptein, Rhem Phys Lett (36) Marciniak, B.; Bobrowski, K.; Hug, G. L.; Rozwadowski JJPhys

1976 41, 257-263. Chem 1994 98, 4854-4860.
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Scheme 1 is oxidation by surplus ground-state sensitizer, which ultimately

I +3CB leads to a sulfur-containing aldehydé¢ or another product,
depending on pH. Relative rates of these two pathways were
determined by evaluating CIDNP intensities at different sensi-
tizer concentrations; by experiments at variable temperature, the
‘Fop — IIW — - 1:CB activation energy of fragmentation could be estimated.

Imz ‘.002 Conclusions

g o e sage products Ovying to the upique features.of QIDNP spectroscopy,.it was
koxlc,Bl/ Xﬁag possible to obtain some new insight into the mechanism of

photooxidations of cysteine derivatives in this work.

IV,IV' RS +VI On the one hand, the polarization patterns, which can be
/ \""*“-25 regarded as frozen signatures of short-lived intermediates that
i \ may be difficult to observe directly, provided unambiguous
evidence that the first step of these reactions is electron transfer
from sulfur, even under conditions where electron transfer from
nitrogen could also occur. An order of the rates of the
of-magpnitude estimation of the decarboxylation rates. Decarb- decarboxylation processes that limit the life of the resulting
oxylation of theS-carboxymethyl substituent ifd** is fast on sulfur-centered radical cations could_ be established, and esti-
the CIDNP time scale but not as fast as to suppress all mates of the rate constants could be given, because the correlated

polarizations of the starting amino acid, so it must proceed on lifé of the radical pairs fixes a temporal window.

a time scale slightly shorter than about 1 ns. In contrast, atpH On the other hand, the analytical potential of the detection
< pKaz decarboxylation of the cysteine moieties in our sulfur- method, the signal enhancement by the CIDNP effect, and the
centered radical cations is fairly slow on the CIDNP time scale, possibility to observe “early” diamagnetic products allowed
as evidenced by the strong cooperative effects; on the other handdetermination of relative rates of fragmentation and oxidation
an upper limit is given by the life of the resultimgaminoalkyl of the a-aminoalkyl radicalsv* produced by decarboxylation
radicals, about 5870 ns. Hence, this decarboxylation must of the radical cations. While this would in principle also be
occur on a time scale of some 104i§? Cysteine decarbox-  feasible by analysis of the final products once the decay
ylation in basic medium falls in between these extremes. The pathways ofV* are known' the advantages of CIDNP Spectros_
ability of this reaction to compete successfully with decarbox- ¢opy are that it affords precisely the latter information alongside
ylation of the S-carboxymethyl group ind*" indicates that it \yith the kinetic data and thus enables one to judge the validity

proceeds on a time scale of about 1 ns. _ of the obtained kinetic parameters.
Reaction Mechanism. All our experimental observations

are in accordance with the mechanism displayed in Scheme 1. . )
Quenching of electronically excited CB by electron transfer is EXPerimental Section
the first step of the reaction, as already inferred from other
experlment§?vb Electron tran§fer occurs from sulfur at every and the sensitizer CB were obtained commercially in the highest purity
pH, electron transfer from nitrogen can b.e ruled QUI' Aft.er available £99%) and used as received. Solutions of the reactants in
intersystem crossing of the resulting triplet radical pairs D,O were deoxygenated by bubbling purified nitrogen through them;
|'+CB“, spin-allowed back electron-transfer regenerates the then the NMR tubes were sealed. pH values were measured with a
starting materials, which bear polarizations from the primary glass electrode.

owing to the unavailable magnetic parameters of the radical
pairs involved. However, the CIDNP effects allow an order-

Chemical Substances and Sample PreparationAll amino acids

pairs. CIDNP Measurements. The experiments were performed on a
The sulfur-centered radicalst of the amino acid undergo  Bruker WM-250 NMR spectrometer. For data acquisition and experi-
decarboxylation of the cysteine moieties to gov@minoalkyl mental control, an 80486-based multitasking workstation equipped with

radicalsV*; these processes mostlyccur within the correlated & Keithley AD converter and a home-made programable pulse generator

life of the radical pairsk ~ 108 s'%) and become significantly =~ Were employed. An excimer laser (XeGl,= 308 nm) that was

faster k ~ 10° s~1) when the amino group is deprotonated. triggered by the pulse generator served as light source. Samples were
Lastly, two competitive pathways of deactivation are open illuminated from the side and within the active volume only; for this,

to thea-aminoalkyl radicals. One is fragmentation of the-G a modified prob& was used. A few millijoules were absorbed in the
bond to give vinylaminevi which is hydrolyzed to acet- samples per flash, as determined actinometrically. The pulse sequences

. . . for th - - IDNP h i
aldehydell below pH~ 7.25, and a thiyl radical, which then or the pseudo-steady-state C measurements have been described

f . ith th - h h previously? This technique allows virtual elimination of background
orms a combination produdit with the sensitizer. The other signals and yields CIDNP signals that are undistorted by nuclear spin

(37) As a consequence, decarboxylation may also take place to somef€laxation in the diamagnetic reaction products.
extent in free radical$'t, which then act as random phase precursors to
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