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Reversible Pair Substitution in CIDNP: The Radical Cation of Methionine
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CIDNP spectroscopy (measurements of chemically induced dynamic nuclear polarization) is applied to the
photoreaction of methionine with 4-carboxybenzophenoned &t varying pH (5.8, ..., 12.2). By using the
polarization pattern of the regenerated amino acid, the interconversion of the different forms of the methionine
radical cation (open-chain protonated, open-chain deprotonated, and cyclic, with a two-center-three-electron
bond between sulfur and nitrogen) is studied. The change of the CIDNP pattern with pH is not due to a
protonation preequilibrium but is a rate phenomenon. To extract rate constants from the pH dependence of
the polarization pattern, the theory of pair substitution in CIDNP is extended to cover reversible reactions
with arbitrary equilibrium constants. This problem is treated with the Fr@&mtiersen reencounter formalism.

Spin dynamics and radical pair dynamics are separated by the assumption of an exchange volume. General
expressions for the spin-dependent recombination probabilities in the strong-exchange limit are derived, as
well as solutions for a specific diffusional model (Noyes’ model); the latter are used to fit the experimental
data. It is shown that neither the assumption of slow (on the CIDNP time scale) protonation/deprotonation
nor that of pH-independent reaction rates can explain the observed effects. When the rate of the backward
reaction is proportional to [H, which follows from the assumption that cyclization of the deprotonated
open-chain radical cation is fast on the CIDNP time scale, a very good fit can be reachedK Faleg for
deprotonation concomitant with cyclization is found to be 8.15. By comparison with model compounds it is
estimated that the equilibrium constant for cyclization of the deprotonated radical cation is about 2.5.

Introduction diamagnetic products (the “polarization pattefréye directly

Of all the methods for probing structure and dynamics of relatgd to and quite frequ_ently identical W.ith the correspondin_g
transient radicals and radical ions in solution, magnetic reso- relatlve hyperflne coupllng ponstants in the paramagnetic
nance techniques yield the most direct information because theylntérmediates. The polarization pattern, therefore, represents
are sensitive to the distribution of the unpaired spin density. & uncalibrated EPR spectrum of the radicals, with the unique
CIDNP! (chemically induced dynamic nuclear polarization) 2advantage of often revealing immediately which hyperfine
spectroscopy is a variant of magnetic resonance that is particu-C0UPling constant belongs to which nucléaswhat is more,
larly well suited for the investigation of complex reaction the polarization pattern can be regarded as a frozen signature
mechanisms involving radical pairs as intermediates. The Of the intermediates because the time frame for CIDNP
observables in a CIDNP experiment are nonequilibrium popula- 9eneration is fixed by the life of the pairs (610 ns), but once
tions (polarizations) of the nuclear spin states in the diamagnetic 9enerated the polarizations persist in the diamagnetic products
reaction products, which manifest themselves as anomalous linefor the spin-lattice relaxation timé; (typically 1-10 s for
intensities in NMR spectra recorded during the reaction or Protons). CIDNP thus responds to faster processes than does
immediately afterwards. CIDNP arises through the interplay EPR, and CIDNP spectroscopy has frequently been3used
of what has been termed spin dynamics and radical pair identify radicals and radical ions that escape detection by EPR.
dynamics. Spin dynamics denotes the evolution of the electronAs a third consequence, which is of central importance for the
spin state of the pairs by coherent precession under the influencepresent work, the polarizations are sensitive to transformations
of magnetic interactions; through the hyperfine interaction, the of the radical pairs into other radical pairs (“pair substitution”)
rate of this evolution depends on the nuclear spin states of thewhen these transformations occur on the time scale of the
radicals. Radical pair dynamics comprises diffusion and CIDNP effect! The evolution of the electron spin state provides
electron-spin selective as well as nonselective chemical reactivityan inherent clock against which the reaction rates can be
of the radicals. Operating in conjunction, spin dynamics and measured.
radical pair dynamics effect a sorting of the nuclear spins  The radical cation of methionirfewhich is an intermediate
between different types of products. of potential significance for long-range electron transfer across

This intricate mechanism has seyeral unusu.al featurgs ;hatce" membranés or oxidative damage of cell componefitss
can be put to good use. For one thing, the relative polarization g, jnteresting candidate for CIDNP studies. On the one hand,
intensities of the different protons or other nuclei in the it js too short-lived in liquid solution to allow observation by

* Author to whom correspondence should be addressed. EPR but can be eas.”y dew(\fteq and. Cha.raCterlzed by CIBNP.

t Fachbereich Chemie. On the other hand, it can exist in quite different structures (see

* Faculty of Chemistry. Chart 1), which is reflected by the polarization pattéihst is
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CHART 1
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established that its primary form in sensitized photooxidations
is an open-chain sulfur-centefédadical cation H-Mc—‘fg (or
its N-deprotonated form Mg, which is still a radical cation
locally).” The open-chain species can undergo cyclization to
give a five-membered ring Mgt with a two-center-three-
electron bond between sulfur and nitrogerhis two-center-

a 7
’ / AN | L
three-electron bond cannot be formed when the amino function JM LL
is protonated because then it cannot act as an electron donor.
As a result, different polarization patterns are observed at low
and high pHee
In the present work, we have quantitatively explored the pH
dependence of the polarization pattern. As we will show, this

pH =12.23

pH=10.93

pH=9.91

dependence cannot be explained by a protonation preequilibrium
alone (i.e., by the protonation equilibrium of the starting amino
acid); reversible protonation of the radical cation contributes
significantly to and takes place within the kinetic window of
the CIDNP effect. The rate of deprotonation and tKg yalue

of the radical cation are obtained from a fit to a theoretical
model. To this end, the theory of pair substitution in CIDNP
is extended to cover reversible transformations of two radical
pairs RP = RP 2 with arbitrary equilibrium constants, which
contains previously given solutichdor pair substitution as
special cases.

pH=8.52

..

| I ! I | |
38 35 3.2 29 26 23

ppm
CIDNP Experiments. CIDNP measurements in the system Figure 1. Background-free¢H-CIDNP spectra (250 MHz) observed
meth'on'ne/4'CarbOXyben20phen9ne were performed p?twe,enduring the photoreactions of 4-carboxybenzophenone with methionine
pH 5.8 and 12.2. Throughout this pH range, the sensitizer is j; p,0 at different pH values (given at the right). Only the relevant
present in its anionic forfwhile the amino acid is present in  spectral region is shown. The methionine resonances of interest are
its zwitterionic form H-Met below Ka2 (9.66, see below) and  polarized in absorption, the signals of Hppearing in the left part of
in its deprotonated form Metabove K. To simplify the the spectra (between 3.18 and 3.70 ppm, depending on pH) and the
nomenclature, we omit the charge on the carboxy group of the Signais of H at the right (between 2.42 and 2.49 ppm). At pH 6.96,

sensitizer; thus, we denote the ketone as CB and its radical aniori?ié'g.?ﬁleofgﬂqﬁ ae)é?fnrgfgomiiki nlt; Spg:g:r%rt'oﬁa'tgg'?gﬁj Raéthe

as CB". Figure_l shows representative CIDNP spectra at gjsplayed at the top. The spectra were normalized with respect to the
different pH in this system. triplet of H.

The protons of the starting amino acid are polarized in
absorption because the precursor multiplicity is triplet, the educts region around 2.0 ppm, where partial cancelation by a large
are regenerated by back electron transfer of singlet radical pairs,emission signal occurs, so they are suited less well for
the g values of all the methionine-derived radicals in Chart 1 quantitative evaluation; besides’ I not appreciably polarized.
(as well as of the hydroxy sulfuranyl specieaye larger than Hence, the spectral range of Figure 1 has been chosen such as
theg value of CB~, and the proton hyperfine coupling constants to include only H and H. They protons (i.e., those at a carbon
in any of them are positive®10 In consequence of the spin  adjacent to sulfur) are seen to be polarized throughout the whole
sorting mechanism of CIDNP, the protons of the other products PH range while thex proton (i.e., that at the carbon attached to
(i.e., of those due to radicals escaping from triplet pairs) are hitrogen) is only polarized at high pH. This reflects the fact
emissively polarized. However, these signals will not be thatall forms of the methionine radical cation (Chart 1) possess

discussed here because they have no bearing on the questioft Substantial spin density on sulfur, but only in the cyclic radi-

pH =6.96

Results and Discussion

as to the structure of the methionine radical cabn.
Decarboxylation of the methionine radical catigns ~ 220
nsP2to give a-aminoalkyl radicals is fast compared to the life

of the free radicals but slow compared to that of the spin-

cal cation Me}, is there a nonnegligible spin density on
nitrogen3¢

Because in the open-chain structures there is no interaction
between the nitrogen and sulfur termini, protonation of the

correlated radical pairs. Therefore, pairs formed by chance amino function cannot influence the spin density distribution

encounters of free radical§ (pairs) only play a role for the

in the thioether group significantly. Hence, the hyperfine

polarizations of secondary products but do not lead to polariza- coupling constant of H must be essentially the same in
tions in the regenerated starting amino acid; on the other hand,H-Met;fp and Mef,, (and also similar in the hydroxy sulfuranyl

the educt polarizations, which stem from pairs with triplet
precursors, are not influenced by the decarboxylation.

The  ando protons of the amino acid (for the notation, see
the formula at the top of the figure) fall into a crowded spectral

radical)/-** and a distinction between these species by CIDNP
is impossible. Of the three protonation/cyclization equilibria

of the methionine radical cation shown in Chart 2, at best only
two are thus accessible to CIDNP experiments. However, the
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Figure 2. Quantitative results of a series of pH-dependent measure-
ments as shown in Figure 1. Filled circles, polarizations rafi®g pH

P,)rel Of the oc andy protons of methionine normalized to a maximum . ) . L .
value of 1.0. The solid line is a fit curve based on a model of reversible Figure 3. Best fits to the pH-dependent experimental polarization ratios

pair substitution (see below). Open circles, chemical shifts®fTHe P./P, (filled circles) of thea. andy protons of methionine for different

broken line is a fit with eq 2. The arrows indicate the pertaining vertical Models. Short dashes, protonation preequilibrium; long dashes, revers-
scale of each curve. ible pair substitution RP £ RP 2 with pH-independent rate constants;

solid line, reversible pair substitution when the rate constant of the
CHART 2 back reaction is proportional to [l For further explanation, see text.

Metop + H* between Ka for protonation and for deuteration is found in
k’a/, \kc the case ofs-(methyl)cysteinéP o _
a k_c The pH dependence of the polarization ratio also has a
Metcy + H* sigmaoidal shape and might thus at first glance be regarded as
k_a a titration curve as well, though this is not corroborated by the
fit results (compare below, Figure 3). In any case, however, it
three equilibrium constants are of course related by is immediately obvious that the associatad, value would
differ noticeably from |K,, of the amino acid. As a corollary,
K, = KK, Q) the pH dependence of the CIDNP pattern cannot simply be due
to a superposition of polarizations from two noninterconverting

Another conspicuous phenomenon in Figure 1 besides theradical pairs, one formed from H-Met and the other from Met
change of the CIDNP intensities is the pronounced high-field There must be a contribution from proton-transfer processes at
shift of the signal of M with rising pH. This is due to  the radical pair stage, and these processes must also be
deprotonation of the amino function in the educt, thproton ~ accompanied by changes of the spin density distribution because
being more deshielded in H-Met than in MetThe influence ~ Otherwise the polarization pattern could not change. Hence,
of pH on the polarization pattern and on the resonance frequencythe observed effects must be related to the equilibria shown in
of He is displayed quantitatively in Figure 2. Absolute CIDNP ~Chart 2. Evidently, these equilibria are at least partly established
measurements are often unreliable, above all because thevithin the kinetic window of CIDNP, so for their theoretical
polarization intensity is directly proportional to the number of ~description and for extraction of parameters from the experi-
radical pairs formed, which in turn is certainly pH dependent Mental data a theory of reversible pair substitution is needed.

for the system under stueycompare the different signal-to- Density Matrix Treatment of Pair Substitution. Pair
noise ratios in the Spectra of Figure 1, which were all recorded substitution in CIDNP has been addressed in the literature for

under identical conditions except for the pH value. Using one or more successive irreversible transformations-RHRIP2

relative CIDNP intensities instead is much less prone to errors. (— --.),* and for the special case of an equilibrium between RP
Therefore, the ratio of the polarizations of Bind H has been 1 and RP 2 with equilibrium constakit= 14 In the following,
plotted in Figure 2. we consider a reaction RP<t RP 2 with arbitrary equilibrium
As shown in the figure, the chemical shift can be excellently constant.
fitted with a function The problem is treated with the FreeBedersen reencounter
formalism® because this yields a particularly transparent
10°Hy + 10 P2y physical description. _Spin dynamics qnd rgdical pair dynamics
o= p up 2) are separated by using the approximation of an exchange
10 PH + 10 PR region’3 Solutions of the equations of motion for the density
vector are derived first, and then assembled with the dynamic
whered, and dy, are the chemical shifts of pure H-Met and  probability function of reencounter. After obtaining general
pure Met, respectively. Equation 2 is simply a titration curve, expressions that are independent of a diffusional model, a
which is characterized byK, of the amino acid. From the  solution for the Noyes mod€lis given, which is finally used
best fit, Ka2 is found to be 9.66, 0.39 units higher than the to fit the experimental data.
literaturé? value. The reason for this discrepancy is that our ~ Spin Dynamics. As usual in high-field radical pair theory,
experiments are carried out in®. Almost the same difference  intersystem crossing betwe¢® Jand | Tolis considered only,

H-Met'gp
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and electron spin relaxation is neglected. Under these condi-correlation and electron spin polarization only. Outside this
tions, the density matrix of an ensemble of radical pairs can be region (i.e., for the most part of a diffusional excursioh)s
written as a vector of four real components, which are physically negligible compared tg, and the latter mixes phase correlation

meaningful quantitie$? and population difference only. A vectgrof four components,
) therefore, completely describes the spin dynamics of the system

PssT P11, total population during a diffusional excursion outside the exchange region. It
Pss~ Pr,T, population difference is under these conditions that the nuclear spin polarizations arise.
; = . In the absence of the chemical reaction RP=1RP 2, the
! - h rrelation . ~. ’
(pToS 'OSTo) phase correlatio evolution ofp’,
pst, Pt electron spin polarizati

Thus, a density vector of dimension eight fully describes the .(Pss_ PrT/RP 1

ensemble of two interconverting radical pairs RP 1 and RP 2. -, ! (pTOS ~ PsT)RP 1

As long as the chemical system is closed (i.e., in the absence

| (ess—p
of geminate recombination of the pairs and escape from the 58 Molg'RP2

cage) the total populationr, F (or,s = Pstre 2
can be regarded as two independent rotations, one in the
_ (psst PTDTO)RP 1 subspace of RP 1 and one in that of RP 2. The interconversion
Prot = (psst P11 )rP2 of the pairs simply couples these rotations. Except for the
0'0

absence of relaxation terms, the situation is completely analo-
are decoupled from the other components. The time-dependencéous to that encountered in dynamic NMR spectroscopy of a
of Brot is given by spin-/2 nucleus jumping reversibly between two sites 1 and 2,
where it possesses different precession frequencies.
d Dot [ Kor T Kok |~ It is advantageous to express the system of four real
Tat \ ke —Kook Prot ®) differential equations forg' as a system of two complex
differential equations by introducing the variabigandz, one
whereki, is the first-order rate constant of the reaction RP 1 for each type of radical pair,
— RP 2 andkyck that of the reverse process. The solution of

eq 3, which is simply the chemical rate law for the concentra- z = (pss— pr,)rej ~ (P15~ Pst)re)y 1=1,2
tions of RP 1 and RP 2, is

F » Boe 1= F(Koero Kror) |
0= (S Heiy e @

where the real part is the population difference and the imaginary
part the phase correlation. In this way, one gets

(Zl) — (_kfor + Iql +kbck ] )(Zl) (7)
with the initial conditiong(0) and the abbreviation z|  \tko Kook T 10 J\2,
Ky expl—(k, + k)t] + &, The solution of eq 7 is
Fliy, kp) = ¥ %)
ey T Ky Z(t) =

This representation of the solution, where the functiors 1 (/‘+ exp (48) —u_ exp ¢-1) ko [exp (v.1) = exp ¢-1)] )7(0)
computed once with the argumerkts: andkoe, in that order, W \Kor [EXP (1) —exp 0 O] u, explr-t) —u_ exp(,1)

and once withki,, and kyex interchanged, has been chosen to (8)

emphasize the symmetry properties; it is also practical for
numerical calculations.

The remaining six components of the density vector fall into w=
two sets of three, one set for RP 1 and one for RP 2. By the 2 2 B
chemical transformation each component (e.g., the population \/[(kfor F Koed” = (G = )T + 2 (Kyese — Kior) (G — O

with the abbreviations

difference) of the first set “leaks” to the corresponding 9)
component of the second set and vice versa. Furthermore, the _ B —
three components within each gedre mixed by the interplay #e = (koo = Keor) 1 (0 = G £ W}/2 (10)

of the exchange interactiodj and the matrix elemend; of
intersystem crossing driven by differential precession frequen-
cies of the two radical®;

Ve = [— (kfor+ kbck) +i (ql + qz) +w}/2 (11)

Simulations of diffusional trajectorié% indicate that for

1 realistic parameters practically complete randomization of phase
q = (91— 92)BB, + Zajirqi - Za‘-kn}k], i=1,2 (6) correlation and electron spin polarization occurs within the

h | exchange region before a reencounter (strong-exchange¥mit).
Hence, for the present analysis the electron spin polarization
may be completely disregarded, while the phase correlation can
be taken to be zero at the start of a diffusional excursion and is
only needed for the intermediate calculations because it is
destroyed upon reencounter. The population differeipggs

In eq 6,9;1 andgj» are theg values of radical 1 and radical 2 in
pairj; a; andmy are the hyperfine coupling constant anspin
qguantum number of nucleusn radical 1 of paif, aj, andmy
those of nucleuk in radical 2 of that pair.

Because of the strong distance dependenck thfe concept
of an exchange region can be introdué&d Within this region ((Pss_ P11 )Re 1)

(pss— pTOTO)RP 2

(i.e., for the short time before or after an encounter when the Pdiff =
two radicals of a pair reside near one another) the spin
Hamiltonian is completely dominated Bywhich mixes phase  are thus obtained from eq 8 by letting the componen® ®f
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to be real and taking the real part #t). The result can be
written as

G (kfor' kbck; ql’ QZ) H (kforv kbck; qlr q2) —

Pair(t) = (H (Kocko Kors G2 ) G (Kogo Keors Gr A1) | d‘“g)z)

where

G (ky, kpy 7, 5) =
A exp (~ut) cos 1) [1 + o (g, iy g, 0,)] +
exp (—u_t) cos @_t) [1 — o (ky, kp; 04, W,)] +
[exp (—u,t) sin (v, t) — exp (—u_t) sin (v_t)] x
Blicy, k3 w1, )} (13)

H («, ky 4, ;) =

K2
{[exp (—u_t) cos @_t) —

RE W+ Im?w

exp (—u,t) cos @ t)] Rew + [exp (—u,t) sin (v t) —
exp (—u_t) sin _H)] (— Imw)} (14)

(k; — k) Rew + (0w, — w,) (— Imw)
RE W+ Im?w

Oky, kg; Wy, W) =
(15)
(0, — wp) Rew — (k; — k) (— Imw)
REw+ Im*w

By, Ky wq, 05) =

(16)
u, = (kfor + kbck + Rew)/2 (17)
v, = [0+, & (— Imw)]/2 (18)

J. Phys. Chem. A, Vol. 102, No. 41, 1998949

In contrast topiwr, Where the equilibrium value remains as
nonzero limit at long times, the elementsdfi; decay to zero
because the (uncorrelated) jumping between RP 1 and RP 2
gradually effects complete phase randomization.

Special cases that were already treated in the literature, such
as an equilibrium constant of unffor a one-sided reactiéf
can be obtained from the solution presented here by leiting
= Kpck OF Koek = O, respectively.

Combining Spin Dynamics and Radical Pair Dynamics.

To describe electron-spin selective geminate reactions of the
radical pairs upon reencounter, it is necessary to transform from
the coupled representatiopg: andpgitr to the representatiop

by the individual density matrix elements,

(Ps9rp 1
(/OTOT0 RP 1
(Ps9rp 2
(pTOTO)RP 2
Let diffusional excursions of an ensemble of radical pairs
(consisting of RP 1 and RP 2) start at an interradical distance
ro at timet = 0 and terminate by a reencounter at distadce
Denote the conditional probability density of a first such
encounter between t ame- dt asr(t, djrg). As the interdiffusion
coefficients of RP 1 and RP 2 might be different and the
transformation of the pairs might remove or create a Coulombic
interaction between the radicaf$t, d|ro) need not be identical
for RP 1 and RP 2. Furthermore, owing to the interconversion
of the pairs, a pair starting out as RP 1 may reencounter as RP
1 or as RP 2. The four possible cases are distinguished by
subscriptsj (i, j = 1, 2), where the second index denotes the
chemical state of the pair at the beginning of the diffusional
excursion, and the first index its state at the reencounter.
Averaging the elements gf over time with the respective
weightsri(t, d|ro) yields an averaged density veciyier that
can be calculated from the density vector before the diffusional

ﬁ:

As in eq 4, the notation has been chosen to bring out the excursion gpefore bY

symmetry properties of the solutions, and to facilitate numerical
calculations. Each function G amtimust be computed twice,

Paster = M Ppefore

once with the variables in the “normal” order, and the second _

time with the two rate constants as well as the two matrix

elements of intersystem crossing interchanged. It is seen that(f;; + g,

the coefficientsa. and f are antisymmetric with respect to

interchange of the two radical pairs (i.e., they change sign upon | p,, — f,; + hy, py, —f
the described permutation of arguments). The real and imagi- h

nary parts of the square roet (eq 9) are given by

A2+ E+2

2

V24 8-

2

Rew = (19)

—Imw= —signé§ (20)

with
A= (kfor + kbck)2 - (ql - q2)2
&= 2(kfor - kbck) (o — @)

Rew and Imw are symmetric with respect to interchange of
the two radical pairs, as are. andv.. In order for the terms
exp (—u-t) to be boundedkfr + kock — Rew) must not become

M =1,

fli—9n Po— fiothy po—fo—hy,
fii— O flut O P fio—hp po—fpt+hy,
21 b21 izz + 0 foo =0
Por — o1 =Ny Py — o+ hyy =0y, foot G
(21)

The elements of the matrix Mre the total probabilities of at
least one reencounter

py = [, Tyt dirg) dt

and the integrals over the terrRgeq 5),G (eq 13), ancH (eq
14),

(22)

fy = J:o F(Kiors Koeid Tt dirg) d t (23)
9i = Jy G (Kon Koee G G it dirg dt - (24)
hii - j(;m H (Korr Kocis O ) Fij (t, drg)dt (25)

The overlined parameterfy, g;, and hj are obtained by

negative. However, it can be shown that this condition is always interchangindksor andkyck, @s well agy andq, in the respective

fulfilled for positive values ofksor and Ky

integrand.
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Finally, the contributions from all reencounters are summed eq 32 is diffusion by steps of lengil (Ap < d) in the absence

up in the usual way by using a geometric series of matrices.
This leads to the quantitiés;;, F7,, F5,, andF;, (eq 26). The
meaning of the indices is the same as before. HeRfeand

F1, give the yields of geminate products from pairs RP 1 for a
singlet reactivity of unity of either pair, and with the system
starting out from the triplet state of RP 1, or of RP 2,
respectively. F, and F;, are the corresponding yields from
pairs RP 2.

Fi=u[E - Mdiag010 1)y ij=1,2
(26)
with
u,=(1000) u,=(0010)

0 0

1 _|o

Ul— 0 U2— 0

0 1

In eq 26, Eis the unit matrix, Mis given by eq 21, and the
exponent- 1 denotes matrix inversion. By inserting the matrix
elements of M one obtains

Flr=[(P12— f1o = hyp) (P — T + E‘Zl) -
(f11 = 910) (f2o + T — 2)N (27)
Flo=2[h(f;; — 1) — (P12 — f12) (91, — DIN (28)
Fo1 = 2[Ny(fo = 1) = (0 — F2) @ — DN (29)

Fo = (P12 — f12 +hyy) (pgl —f— F‘zl) -
(f2o = 8p0) (f11 + 915 — 2)I/N (30)

All these expressions have the same denominsfor
N=4+ (f;; + gy (Ffo + %2~ 2) -
(P12 = frot Do) (P2 —

As shown in ref 13a, arbitrary initial populations (@and
|ToOand singlet reactivities different from unity can be treated
in terms of two key parameters only. One is the spin-
independent total reaction probability of singlets, including all
reencounters, the other is the pertainkig Hence, eqs 27
30 are of general applicability. In particular, they are valid for

for +Nyp) (31)

of an attractive or repulsive interaction between the radicals.
The total probabilityp of reencounter is approximately given
by18

p~ [1+ 21,/(3d)] " (33)
In the Noyes model, the initial distance and the reencounter
distance are identical. This is compatible with the treatment
of the previous sections because in the strong exchange limit

CIDNP is only generated during those segments of the diffu-
sional trajectories that fall outside the exchange region

The use of eq 32 implies neglect of the Coulombic attraction
thatis presentin RP 1 but notin RP 2. However, it is estimated
that this will not lead to a significant error because our
experiments are carried out in the highly polar solvent water.
Furthermore, at the boundary of the exchange region the
Coulombic potential is already shielded by a few solvent layers.
The error resulting from replacing the “mixed” probability
densities of reencountera(t, d|rg) andrzi(t, djro) by eq 32 must
be even smaller because these functions describe situations
where the radicals do not experience a Coulombic interaction
during a considerable part of their diffusional excursions.
Lastly, use of the same function for RP 1 and RP 2 is equivalent
to assuming equal interdiffusion coefficients. As deprotonation
and cyclization of the methionine radical cation leaves the
volume occupied by the molecule almost unchanged, this is
probably a very good approximation.

Calculating the time averages according to eqs23leads
to

f p—f
p—f f

wherep is the total recombination probability (eq 33), ahid
given by

+ K Ko P (L= D) (ki + ko) D] +

Koaid (35)

ﬁtot, Noyes(t) = ( )ﬁtot(o) (34)

1nterchanging the argumerkg, andkyc in this expression yields

Likewise,

any diffusional model as long as the strong-exchange case is

realized.
CIDNP net polarizations are finally obtained from the by

calculating these quantities for all nuclear spin states of a

Bdiff, Noyes(t) (% g)ptot(o) (36)

particular nucleus and summing up their differences over all with

its NMR transitions.

Solution for a Specific Diffusional Model. To obtain

numerical results, a diffusional model must be chosen. Becaused = {exp Cys)cose) (1+a)+

for many of the parameters exact values are unavailable, and

the functional forms of the conditional probability densitigst,
diro) andr(t, dirg) are unknown, all four probability densities

of reencounter were taken to be equal, and approximated by

the Noyes functiol r(t, d|d),

_ N2
f(t, did) =—p(14ﬂg)dt_3’2 exp[— d-prd 4[;) d] (32)

whereD is the interdiffusion coefficient. The model underlying

exp (-y-)cos ) (1 — o) +
[sign (v;) exp (—y,) sin ;) —
sign () exp (=y_) sin )] B} (37)

_ Pkock
= REWT IMEw {[exp (=y-) cos ) —

exp (-y,) cos &,)] Rew + [sign (v,) exp (-y.) sin (z,) —
sign (v_) exp (-y-) sin )] (-Imw)} (38)
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of the splittings of the methylene protons 4.25 mTf° as a
. (v U:Zt + V:Zt +u,) o model compound for a cyclic nitrogen-centered radical cation
y:=(0-p) 2D (39) and applying McConnell-type relationshiféwe find that in
the two-centerthree-electron bond about one third of the
[ 5 2 unpaired spin density is shifted from sulfur to nitrogémnd
z.=(1- p)\/( uy +oi—u)d (40) we arrive at hyperfine coupling constants of 1.43 mT and 1.30
= 2D mT for H* and H in the cyclic radical cation Mg An
exchange volumd of 7 A and an interdiffusion coefficient of
2 x 1075 cn? s71 were assumed. With this value dfand a
length of 1.5 A for a diffusional step, eq 33 predicts a total
probability p of reencounter of about 0.9. All rate constants,
not only those in the arguments of the exponential, cosine, and
sine functions, were expressed in unitsdéD.
No complications can arise from protonation of CBo give
a ketyl radical (K, = 8.2) in our experiments because this
reaction is slower than the radical pair life by several orders of
magnitude?°

wherea, 8, ut, u-, v+, v—, Rew, and Imw have been defined
in eqs 15-20. The quantitieg§ and h are obtained from the
expression fog andh, respectively, by interchanging the rate
constantskir and kper, as well as the matrix elements of
intersystem crossing; and g, everywhere, that is, also in the
coefficientsa and$ (egs 15 and 16).

Because the same function is used for the four conditional
probability densities of reencounter, the matrixdfleq 21 is
transformed into a slightly simpler form, with all the indices

omitted. The same holds for the expressions Ky to F3, A solution for CIDNP in a three-site exchange according to
(egs 27-30). As a further simplification, in this system CIDNP  chart 2 is not available and would also almost certainly be
experiments cannot differentiate betwe&f, and Fj, nor untractable in practice because the complexity of the expressions
betweenF;, andF;, because establishment of the equilibrium  already rises steeply in going from a single irreversible reattion
between the geminate products of RP 1 and RP 2, H-Met andto a reversible one. Nor is it to be expected that such a model
Met", is fast on the NMR time scale. Hence, one detects the would yield more information for the system under study, where
sums the radical pairs containing H-I\/[%t and those containing
" " _ - - Met,, cannot be distinguished by CIDNP. Suitable simplifi-
(F11+ Fidnoyes={T @+ D) +(F=2) @+ h) + catit(c))pns must thus be inqtroduced i/hat allow a description gf this
gg—hh+[2—(Ff+f)—(h—h) —2g p+ pz}/n (41) system in terms of a two-site exchange.
We will first show that a good fit to the experimental data
(F21 + Fonoyes= {f(g+h+@F—-2)@+h) +go— cannot be reached on the assumption that all protonation and
= Z = 2 deprotonation steps are slow on the CIDNP timescale, although
hh+[2 = (f+1) = (h=h) =29 p+p}/n (42) this hypothesis would not appear unreasonable a priori. With

with this scenario, H-M%t remains unchanged during the lifetime
_ _ _ of the radical pairs and only gives rise to polarizations of H
n=4-2[f+f)+@+ogl+f@@+th+f(g+h+ while the cyclization equilibrium between Mgtand Met,

gg— hh+[(f+ ) — (h+ h)] p— p? leads to polarizations of both“Hand H. The initial mole
fractions of H-Mef; and Met, can be described by a pH-

Some further simplification is possible by noting that dependent preequilibrium. The associatédvalue should in
principle be equal to g, of the starting amino acid, but for
f+ f=pexp[—(1 — p)y/(Kq, + Kye)d?/D] complete generality we omit this identification. With this

model, the polarization raticPe/P,) is given by

~ P /P = KP, (Ko K¢y @1, ))
h+ h = h(l £ kg /Ky) (PelP,) = [H¥IP, (0, 0, ;) + KP, (K, K_g; @y, @)

Fit Results. In order to apply these formulas to the (43)
experimental d_ata (Fi_gure 2), magne_tic and diffusional param- whereP; (k, K; w1, wy) is the exchange-dependent polarization
eters of the radical pairs must be provided. ghalue of CB™ of protoni, which can be calculated from the formulas derived

is approximated by they value of the radical anion of iy the preceding sections. In the argument of this expression,
benzophenone, 2.003%theg values of the open-chain sulfur- w1 andw; refer to RP 1 and RP 2, respectivekyis the first-

centered radical cations H-Mgtand Me},, are assumed to be  order rate constant for the transformation RP-RP 2 andk
identical to theg value of the dimeric (i.e., 5S-bridged) that of the reverse reaction. With the present model, RP 1
radical cation ofN-acetylmethionine, 2.009? and for Mel, denotes the radical pair containing Mgtand RP 2 that
we take theg value in solid matrix, 2.005°2 In the open-chain containing Megy; k. and k_ have been defined in Chart 2.

g+ g = plexp(-y.) cosg,) + exp(-y_) cose.)]

radical cations, the hyperfine coupling constant &fislzero; When the ratios; andr, are introduced,

that of H' is estimated to be 1.95 mT, again using the dimeric

radical of N-acetylmethionine as a model compound but N =Py (ks K g, 0))/P, (K, K_g; @y, w))

doubling the (average) value of the hyperfine coupling constants

given in ref 19b to take into account that in our monomeric 1, =P, (K Ko w1, 0))/P, (0, 0y, y)

radical cations the spin density on sulfur is twice as high. For

strong magnetic fields and large differences CIDNP intensi- Equation 43 is recognized as a titration curve with an apparent

ties are directly proportional to the hyperfine coupling consténts, equilibrium constanK’, K' = Kry,

so the limiting polarization ratio at high pH fixes the ratio of

hyperfine coupling constants of tleeandy protons in Megy.5e (P /P)=
. . . . oty

By choosing the radical cation dFmethylpyrrolidone (average

K’
[HIK

ry (44)
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A one-parameter fit of eq 44 to the experimental data, with CHART 3
fixed to the limiting polarization ratio at high pH, gave a value
of 8.96 forpK'. This best fit is shown in Figure 3. Itis obvious
that the fit curve does not reproduce the experimental polariza-
tion ratios well because the transition regime is too narrow. We
stress that this result depends neither on the premisetirat Kfor
eq 43 andK;; of the starting amino acid are identical nor on
any assumptions regarding the magnetic parameters; such 3CB _
. + Met
assumptions would only be necessary to extract rate constants H+
from the best fit values opK' (or ry) andr;. When a two- +
parameter fit (variablesip andr;) is performed, the least-square
deviation decreases slightly, but the high-pH limit of the fit curve RP1: CB*- H-Met'Jp
becomes much too low. — =
Next, we allow for a reaction H-Mgﬁ — Met;, with a rate RP2: CB*" Metcy
that is no longer slow on the CIDNP timescale. To retain a
two-site exchange, one must then assume that the deprotonateduperposition of the weighted titration curves for an acid and
open-chain radical Mgj rapidly reacts to M§} such that as its conjugated base.
far as CIDNP is concerned the system starts out with a mixture  The best fit for such a model has also been included in Figure
of H-Met:fp and Mel, with mole fractions reflecting the 3. Itis evident that it does not represent the experimental data
protonation equilibrium of the educts. This is certainly not an very well. Again, the deviations between the fit curve and the
implausible hypothesis for the following reasons. First, cy- experimental curve are intrinsic to the model: Any contribution
clization of Met,; is an intramolecular process and should thus of the term [H]/([H*] + K"), which is unavoidable when the
have a high frequency factor. Second, from the experimental rate of the reaction RP + RP 2 is nonnegligible, results in a
dat&°5dit seems likely that this step is also exergonic. Third, residual floor of P./P,) at low pH. This shows that a
the intrinsic activation barrier of such a cyclization should be satisfactory explanation of the experimental polarization ratios
fairly low because the structural changes during formation of is impossible by any two-site exchange model withH-
the two-center-three-electron bond are much smaller than, forindependentate constants.
instance, in deprotonation, where a fatbond must be broken In contrast, a very good fit (see the figure) is obtained when
and another one formed. While this model is valid for an the rate constant of the reverse reaction is taken to be
irreversible reaction RP 1+ RP 2, it can also be eXtended, proportiona| to [H] A|though this appears intuitive]y appea]-
without increase of the complexity of the expressions, to cover ing, it must also be backed up by a derivation from the three-

3__. qQ 1_
3CB + H-Met —~ |RP1 =—= RP1| —~

ky [HY] starting
materials

<l
|

— - |FP7 2=

H

—+
+

a reversible two-site exchange RP <t RP 2 with pH-  sjte exchange mechanism of Chart 2. However, such a model
independent rate constarks andk; of the forward and back  jmmediately follows when one assumes that in the sequence
reactions. For the polarization ratio, one obtains H-Met[;’ = Met,, = Met,, attainment of a steady state for the
p P y

_ intermediate species Mgtis fast on the CIDNP time scale.

P JP,) = - ; " .
oy . This is not a very stringent condition but essentially a corollary
[H7TP, (Kyo Kog; @y, @5) + K Py (Koy, Kooy w5, @) to the hypothesis that cyclization of Mgtis fast on the

(45) CIDNP time scale, extensive numerical simulations indicating

HMP, (Ko Koqp 04, @) + K Koy, Kyop 0, @
[H] ”( 12 Kors @1, 2) azp"( 21 Kiz @ ) that after a time on the order oflgthe concentration of M

As indicated by the function arguments, the polarizations in this deviates from the equilibrium concentration by less than 5%.

expression must be calculated once with the variables in normalWhen the steady-state approximation for jjés permissible,
order and once with RP 1 and RP 2 (ilas andky; as well as the problem can be formulated as a two-site exchange between

w1 andw,) interchanged. By rearranging eq 45 and introducing H-Met;) and Met, as shown in Chart 3. As before, the initial

the abbreviations populations of the two radical species are determined by the
protonation equilibrium of the starting amino acid, quenching
_ Polky Koy 0y, @) of 3CB by H-Met leading to H-Méf, quenching by Met
X = P, (Kyp Koy 3, @5) directly (on the CIDNP time scale) to Mgt
With this model, the apparent first-order rate constapiof
P, (Kyy, Ky @5, 07) the forward reaction is given by (for the definition of the

X, = ; microscopic rate constants, see Chart 2)
P, (K1, Kipy @5, 4)

ke
P k 1k 1(0 , W = =+ -
X; = y( 21! 12. 2 1) kfor ka kakc n k'_a[H+]
P, (Ko Ky; 03, 5)
K" = K, X3 Under the condition that; > k’,a[H+], which is in accordance
with the starting assumption of very fast cyclizatioky,
one arrives at becomes pH-independent,
HT " =k, + K 47
(Pa/Py) = _E ] X, + +K X, (46) kfor l% ka ( )
[HT]+ K" [H]+ K"

and the apparent first-order rate constagtof the back reaction
which shows that the polarization ratio is given by the becomes proportional to [H and can be expressed as
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