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Catalyses by Polymer Complexes. Part 3.t Polymer Micellar Catalysis
of Isoalloxazine (Flavin) Oxidation of Thiols

By Seiji Shinkai,” Reiko Ando, and Toyoki Kunitake," Department of Organic Synthesis, Faculty of Engineer-
ing, Kyushu University, Fukuoka 812, Japan

The effect of cationic polymer micelles on the isoalloxazine (flavin) oxidation of thiols is reported: the polymers
employed were poly-(2-ethyl-1-vinylimidazole) quaternized with ethyl bromide and lauryl bromide [lauryl group
content: 8.8 mol % (L-9). 28.9 mol % (L-29). and 40.9 mol % (L-41)]. Addition of L-29 and L-41 polymers
caused a red shift of the u.v. absorption maximum of thiophenoxide ion and an increase in its acid dissociation
constant, while L-9 polymer scarcely affected these values. Under anaerobic conditions. the oxidation of thio-
phenol and 2-mercaptoethanol by 10-ethyl-3-methylisoalloxazine in the presence of micelle-like polymers (L.-29
and L-41) was 102—105 times faster than the corresponding reaction in a non-polymeric system. whereas L-9, a

polyelectrolyte-like polymer. produced almost no acceleration. The thiolate anion bound to the polymer domain is
activated probably due to the formation of a hydrophobic ion pair. On the other hand. the oxidation of butane-
1.4-dithiol was not much affected by the polymer micelle. The difference in mechanism of dithiol oxidation is
discussed in connection with the microenvironmental effect.

THE reaction environment produced by microhetero-
genous systems is of great interest in relation to enzymic
catalysis.b? Particularly, coenzyme catalysis depends
very much upon the microenvironment of apoenzymes.
We recently found that the reactivity of some aqueous
coenzymes and their analogues is remarkably affected
by the microenvironment of synthetic hydrophobic
aggregates and polymers, and emphasized the crucial
role of the hydrophobic domain in some coenzyme-
dependent reactions.®7 Since the coenzyme binding
site of apoenzymes is said to be situated in relatively
hydrophobic regions,® inspection of the environmental
effect in the model system would have a useful bearing
upon understanding of the coenzyme-apoenzyme inter-
action.

The conversion of thiol to disulphide coupled with
reduction of flavin is interesting as a model reaction for
the catalysis of vitamin B, (riboflavin) requiring proteins.

t+ Part 2, S. Shinkai and T. Kunitake, Makvomol. Chem., 19717,
178, 1613.

1 The abbreviation 1.-9 stands for polymer containing 9 mol %,
laurylated imidazole unit.

1 J. H. Fendler and E. J. Fendler, * Catalysis in Micellar and
Macromolecular Systems,” Academic Press, New York, 1975.

2 E. H. Cordes and C. Gitler, Progr. Bio-org. Chem., 1973, 2, 1.

3 §. Shinkai, R. Ando, and T. Kunitake, Bull. Chem. Soc.
Japan, 1975, 48, 1914.

Several model studies established that this oxidation-
reduction reaction with aliphatic (not aromatic) mono-
and di-thiols is possible even in the absence of apo-
enzymes. These investigations, however, have been
limited to simple aqueous systems, and the environ-
mental effect on the reaction has never been assessed.
Recently, it has been found that the flavin oxidation
of thiophenol to diphenyl disulphide, usually not
possible in nonenzymatic systems, does take place with
an isoalloxazine bound to a cationic micelle.” The
result suggests that the micellar hydrophobic environ-
ment is crucial for the flavin-mediated oxidation—
reduction reaction. In an attempt to establish the
relationship between the efficiency of this reaction and
the hydrophobic environment, we examined the re-
action of thiophenol, 2-mercaptoethanol, and butane-
1,4-dithiol with a flavin compound, 10-ethyl-3-methyl-
isoalloxazine (1) in the presence of polymer micelles.
Polymer micelles can provide the structural character-
istics of both conventional polyelectrolytes and mi-

4 S, Shinkai, R. Ando, and T. Kunitake, Bull. Chem. Soc.
Japan, 1976, 49, 3652.

 S. Shinkai and T. Kunitake, Bull. Chem. Soc. Japan, 1976,
49, 3219.

6 S. Shinkai and T. Kunitake, J.C.S. Perkin II, 1976, 980.

7 S. Shinkai, R. Ando, and F. Yoneda, Chem. Letters, 1977,
147.

8 O. Tsolas and B. L. Horecker, Enzymes, 1972, 8, 276.
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celles, 12 and the hydrophobicity is readily adjustable
through the content of the pendent aliphatic groups.
Therefore, this is one of the most convenient model

J.C.S. Perkin 11

phenoxide ion possesses an absorption maximum at 262 nm
(e 12 300 1 mol™ cm™) in an aqueous system which shifts
considerably to longer wavelengths in dipolar aprotic
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systems for investigating the effect of the environment
on the coenzyme reactivity.

EXPERIMENTAL

Materials—10-Ethyl-3-methylisoalloxazine (1) was a gift
from Professor F. Yoneda (for preparation see ref. 13).
Thiols were distilled under nitrogen before use. Thiophenol
had b.p. 70—72 °C at 29 mmHg (lit.,! 169 °C), 2-mercapto-
ethanol b.p. 154—156 °C (lit.,}* 157 °C), and butane-1,4-
dithiol b.p. 98—102 °C at 17 mmHg (lit.,'® 74.5 °C at 10
mmHg). Preparations of polymer micelles from poly-
(1-vinyl-2-ethylimidazole) (DP 73) have been described.!?
The composition of the polymer micelles is recorded in
Table 1.

TasLx 1
Composition of polymers

Lauryl group Ethyl group

Polymer content (mol 9%,) content (mol %)
L-9 8.8 83
L-29 28.9 67
L-41 40.9 49

Titration of Thiols.—The spectrophotometric titration
was carried out at 30 °C under anaerobic(N,) conditions by
using a modified Thurnberg cuvette. The wavelengths
employed are 270 nm for thiophenol and 240 nm for
butane-1,4-dithiol.

Kinetics.—All kinetic measurements were carried out
anaerobically at 30 4 0.1 °C at a calculated ionic strength
(v 0.02 with KCIl) unless otherwise stated. A modified
Thunberg cuvette was employed to achieve the anaerobic
conditions. In all cases excess of thiols was present, so
that pseudo-first-order rate behaviour was observed up to
three half-lives. The detailed procedure has been described
elsewhere.?

RESULTS

Spectra of Polymer-bound 1 hiophenol Anion.~—Prior to the
kinetic study, the effect of aqueous polymer micelles upon
the u.v. spectra of thiophenoxide ion was examined. Thio-

9 U. P. Strauss and N. L. Gershfeld, J. Phys. Chem., 1954, 58,
747.

10 T. Rudolfo, J. A. Hamilton, and E. H. Cordes, J. Org. Chem.,
1974, 39, 2281.

11 T. Okubo and N. Ise, J. Org. Chem., 1973, 88, 3120.

12 S, Shinkai and T. Kunitake, Biopolymers, 1976, 15, 1129.

13 F. Yoneda, Y. Sakuma, M. Ichiba, and K. Shinomura, J.
Amer. Chem. Soc., 1976, 98, 830.

CzHs

solvents (e.g. 308 nm in dimethylformamide and 285—
299 nm in tetrahydrofuran).® It was expected, therefore,
that the u.v. spectrum of thiophenoxide ion would reflect
the medium polarity.!?

Addition of L-9 (5 X 1073 unit M), a polyelectrolyte-like
polymer, had little effect on the spectrum of thiophenoxide
ion, but there were marked spectral changes upon addition
of L-29 and L-41 micelle-like polymers (Table 2). The » .

TABLE 2

U.v. spectra of thiophenoxide ion in the presence of
polymer micelles at 30 °C &

102 Concentration Amax. /NM Emax.|
Polymer (unit M) 1 mol™ cm™
None 262 12 300
L-9 5.00 263 12 300
L-29 1.21 265 11 000
L-29 2.12 266 9 600
L-29 3.03 268 9 300
L-29 5.00 269 9 200
L-29 6.06 270 9 000
L-29 8.00 271 8 800
L-41 5.00 268 9 360

¢ [Ph$™) 1.16 x 107*M, p 0.02 with KCI, pH 10.0.

value plotted against the concentration of L-29 gave a
saturation curve with a maximal shift of 274 nm. This
corresponds to the red shift of 12 nm from the typical
aqueous value. A similar red shift of thiophenoxide ion
has been noticed in the presence of conventional cationic
surfactants at concentrations above the critical micelle
concentration (c.m.c.).’” The 1 .~ value observed at
[hexadecyltrimethylammonium bromide] 1.5mmM was 271
nm, and thiophenoxide ion was considered to be incorpor-
ated wholly into the micelle phase at a surfactant concen-
tration greater than this. These results suggest that
micelle-like polymers (L-29 and L-41) interact strongly
with thiophenoxide ion, and that the medium polarity
therein is considerably lowered.

Spectrophotometric Titrations.—The acid dissociation con-
stants (K,) for thiophenol and butane-1,4-dithiol were
determined in the absence and presence of 1.-9 and 1.-29.
Absorption maxima at 263 and 240 nm were employed for

14 “ Yuki Kagaku Handbook,” ed. S. Umezawa, Gihido, Tokyo,
1973.

14::6“[. P. Hall and E. E. Reid, J. Amer. Chem. Soc., 1943, 85,

16 T. Miyashita, T. Aoki, and M. Matsuda, Bull. Chem. Soc.
Japan, 1976, 49, 231.

17 H. Chaimovich, A. Blanco, L. Chayet, L. M. Costa, P. M.
Monteiro, C. A. Bunton, and C. Paik, Tetrakedron, 1975, 81, 1139.
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thiophenol and butane-1,4-dithiol, respectively. Titration
of butane-1,4-dithiol at pH 9.0—11.3 resulted in only one
inflection. The molar absorption coefficient observed

0 2 4 6 8
10°[HOCH, CH, SH1; 2/ 1?
Figure 1 Pseudo-first-order rate constant (kus.) versus [2-

mercaptoethanol].2 [(1)] 2.01 x 107%m, [L-9] 1.18 X 1072 unit
M, [L-29] 1.21 x 1072 unit M, [L-41] 1.02 x 1072 unit M, pH 9.0
+ 0.07, 0.02M-borate, . 0.02, 3 vol % ethanol

(3800 1 mol™® cm™) is close to those of aliphatic thiolate
anions (4 000—6 000 1 mol™* cm™).18 Therefore, the ob-
served inflection will correspond to the first dissociation of
the two SH groups.*

The titration results are summarized in Table 3. L-9
TasLE 3
pK, of thiols ¢

Thiol No polymer L-9 L-29

PhSH 6.8 6.8 6.5
(10.4 x 10 (12.1 x 107

unit M) unit m)

HS[CH,],SH 10.7 10.6 10.4
(3.00 x 10  (3.03 x 1073

unit M) unit M)

2 30 °C, u 0.02 with KCIl. Values in parentheses are polymer
concentrations calculated based on the total monomeric unit.

and L-29 polymers exerted different influences upon the
dissociation constants. The pK, values were hardly
changed by L-9 polymer, while they were lowered by 0.3 pK
unit in the presence of L-29 polymer. Since the con-
ventional cationic micelle generally lowers the pK, of
bound acidic species,>2%2! the trend observed here again
supports that L-29 is a micelle-like polymer and L-9 a
polyelectrolyte-like polymer.

Determination of Reaction Order and Rate Constant.—The
reactions of isoalloxazine (1) with thiols were carried out in
water at 30 °C under anaerobic conditions (N,). Final
spectra (>>300 nm) of the reaction mixture were identical
with that of reduced (1) which had been separately prepared
by photoreduction with ethylenediaminetetra-acetic acid.??
Introduction of oxygen into the final reaction mixture
immediately regenerated (1) quantitatively.

When excess of thiol was used, the disappearance of (1)

* However, ¢f. related systems, ref. 19 and G. M. Whitesides,
J. E. Lilburn, and R. P. Szajewski, J. Org. Chem., 1977, 42, 332.

¢ R. E. Benesch and R. Benesch, J. Amer. Chem. Soc., 1955,

77, 5877.
19 1. M. Gascoigne and G. K. Radda, Biockim. Biophys. Acta,

1967, 131, 498.
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monitored at 433 nm [»  of (1)] gave good pseudo-first-
order plots (see Experimental section). Figure 1 shows
plots of the pseudo-first-order rate constant, k., against
the square of the total concentration of 2-mercaptoethanol
{[HO(CH,),SH]p}. Linear plots which pass through the
origin establish that the reaction is second order in 2-
mercaptoethanol.

The reduction of (1) by thiophenol was not detected in the
absence of polymers, and addition of L-9 polymer (11.8 X
10 unit M) was also ineffective. Thus, kg in these
systems is estimated as <1073 s'*.  On the other hand, iso-
alloxazine (1) underwent ready reduction in the presence of
L-29 and L-41 polymers, and plots of Zqs. versus [PhSH]p?
gave good straight lines {data not shown, [PhSH]; =
(3—15) x 10™m}. Therefore, reduction with thiophenol is

TABLE 4

Rate constants for the reaction of (1) and thiols at 30 °C

103 Polymer kg for k,’ for
Concentration &,” for PhSH ¢« HO[CH,],SH ¢/ HS[CH,],SH ¢

(unit M) 12 mol™2s™1 12 mol™2s7? 1 molts™
None No reaction 0.047 1.02
L-9 11.8 No reaction 0.18 2.02
L-29 12.1 11 500 11.1 3.41
L-41 10.2 9 750 7.80 3.37

¢ [(1)] 2.01 x 107%M, [PhSH]r (3—15) x 10™*m, pH 6.77 -
0.03 (0.02mM-phosphate), 3 vol 9% ethanol. ¢ [(1)] 2.01 x 1075Mm,
[HO(CH,),SH]r (5—29) x 107%M, pH 9.00 + 0.07 (0.02M-
borate), 3 vol %, ethanol. ¢ [(1)]4.02 x 107°m, [HS(CH,),SH]x
(6—23) x 10™*M, pH 10.00 4 0.06 (0.02m-borate), 3 vol 9,
ethanol. [L-9] 3.00 x 1072 unit M, [I.-29] 3.03 x 1072 unit M,
[L-41] 3.00 x 1072 unit m.

also second order in thiophenol. These results establish the
kinetic expression (2) where [RSH]r is the total concen-

Uphs, = kobs. [(l)] == ka,[RSH]Tz[(l)] (2)

tration of 2-mercaptoethanol or thiophenol, and &;" is the
apparent third-order rate constant (slope of Figure 1).

10
TU'I
Z st
2]
N
=}
0 L
0 1 2
10°[(HS(CH,), SHIy/ M
F1Gure 2 Pseudo-first-order rate constant (Ko ) versus [butane-

1,4-dithiol]. [(1)] 4.02 x 107°m, [L-9] 3.00 x 107® unit M,
[1.-29]13.03 x 1072 unit M, pH 10.0 £ 0.06, 0.02m-borate, . 0.02,
3 vol 9, ethanol

The k," values thus determined are recorded in Table 4.
The reaction with 2-mercaptoethanol was accelerated only

20 P, Mukerjee and K. Banerjee, J. Phys. Chem., 1964, 68, 3567.

21 T, Kunitake, Y. Okahata, and T. Sakamoto, J. Amer. Chem.
Soc., 1976, 98, 7799.

22 G, Blankenhorn, S. Ghisla, and P. Hemmerich, Z. Natur-
forsch. 1972, 27b, 1038.
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3.8-fold by addition of L-9 polymer. In contrast, marked
rate increases were achieved on addition of 1.-29 and 1.-41

3

log &

pH
Ficure 3 pH Dependence of the oxidation of thiophenol in the
presence of L-29 (1.21 x 1072 unit M). [(I)] 2.01 x 107°m
[PhSH]yp 1.06 X 1073M. The solid curve was obtained from
equation (3) forK.,, 1.26 x 107 and k,; 5.40 x 10* 12 mol2
s71

polymers (236- and 116-fold, respectively). A more pro-
nounced polymer-micellar effect was observed for the re-
action of (1) and thiophenol. Since the lower limit for
detectable £;° value is 1 12 mol™2 s under the reaction
condition employed ([PhSH] < [HOC,H,SH]), the rate
augmentation observed for thiophenol is more than four
orders of magnitude.

As demonstrated already,!®?*»2¢ flavin oxidation of
dithiol is first order in dithiol. In Figure 2, &, for the
reaction of (1) and butane-1,4-dithiol was plotted against the
concentration of butane-1,4-dithiol. The linear relation-
ship observed proves the reaction to be first order in
butane-1,4-dithiol. The second-order rate constants (%,’;
slope in Figure 2) are collected in Table 4. L-9 polymer was
again ineffective. Contrary to expectation, neither L-29
nor L-41 polymer accelerated the reaction appreciably.
The largest rate augmentation which was achieved in the
presence of L-29 was only 3.4-fold.

J.C.S. Perkin 11

within the experimental error (1 100 4 100 12 mol2 s71).
Thus, the oxidation of thiophenol is not subject to general
catalysis. This is in accord with the observation in related
flavin oxidation reactions.”?2®

pH-Rate Profiles.—pH-Rate profiles for the reaction of

(1) with thiophenol (Figure 3) and butane-1,4-dithiol
PR (PhSH][PhS7] Kopp2u 3)
& [PhSI—I]'I2 o (Kapp + a[{)2

(Figure 4) gave bell-shaped curves. Similar profiles have
been obtained in related systems.”?»2® The bell-shaped
profile is most probably expressed by equation (3) where

1

L-29

2

log ¥

10 " 12

pH

Ficure 4 pH Dependence of the oxidation of butane-1,4-di-
thiol in the presence of L-9 (3.00 x 1072 unit M) and L-29 (3.03
X 107 unit M) and without polymer. [(1)] 4.02 x 107%m,
[HS(CH,],SH]r 2.31 x 103m. The dotted curve was obtained
from equation (4) for the following best fit values: Ky 5.01 x
10711 mol 17! (pK,; 10.3), K,p 5.01 X 10712 mol I (pK,, 11.3,
pKae & pKa + 1.0%%), and %, 2.60 1 mol™t s7?

K,pp 1s the apparent dissociation constant of thiophenol,
and % is the third-order rate constant. Curve fitting of

TaBLE 5
Rate constants, association constants, and pH at the rate maximum
PhSH HS[CH,],SH
A - — - -
kzl at pHme_b/ kapn kzl at pHmux.d/ kﬂ’ylmund e/

Polymer PHuax 2 12 mol 2 s71 12 mol™2 s71 Kens®/l mol™ PHpax? ]l mol™s™1 I mol1s1 K¢l mol™!
None 10.9 1.78
L-9 10.4 2.40 3.70 185
L-29 6.9 13 500 236 000 1730 10.3 4.07 5.61 340
L-41 4.81 351

* pH,,.x. was obtained from Figure 3, and is equal to pK,,, in equation (3).
4 Obtained from Figure 4.

and is equal to 0.25k,. ¢ Determined from equation (5).

Effects of Tonic Strength and Buffer Concentration on the
Reaction with Thiophenol.—The rate of oxidation of thio-
phenol in the presence of 1.-29 polymer was markedly
suppressed with increasing salt (KCl) concentration. The
apparent third-order rate constant (k" at pH 6.77) at
p 0.3 was evaluated to be 1010 1> mol™ s7!, which is >10
times smaller than that at @ 0.02 (11 500 12 mol™2 s71).

Subsequently, buffer (borate) concentration was varied
(0.02—0.12m) at a fixed ionic strength (u 0.3). However,
the apparent third-order rate constants were the same

28 T. C. Bruice, L. Main, S. Smith, and P. Y. Bruice, J. Amer.
Chem. Soc., 1971, 98, 7327.

24 E. L. Loechler and T. C. Hollocher, J. Amer. Chem. Soc.,
1975, 97, 3236.

b Apparent third-order rate constant at pHpax. (6.9),
¢ Determined from equation (6).

equation (3) for the data of Figure 3 provides pK,,, 6.9 and
kg 5.40 x 10% 12 mol™ s7! (see caption to Figure 3). The
solid curve was depicted based on these values.

On the other hand, bell-shaped profiles obtained for the
reaction of (1) and butane-1,4-dithiol cannot be completely
described by a single kinetic equation. As shown in IFigure
4 for the data without polymer, the experimental plots
showed positive deviations from the theoretical curve
(dotted curve) which was drawn from equation (4) in the
less alkaline region. The theoretical curve was obtained
based on the most reasonable values of K,, and K, (see

25 I. Yokoe and T. C. Bruice, J. Amer. Chem. Soc., 1975, 97,
450.
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caption of Figure 4). A similar result was reported by
Loechler and Hollocher,?* and they suggested the involve-
ment of the general acid catalysis.

[HS(CH,),57] kot Ko

By =k = 4
z : [HS(CHz)ASH]T “HZ + aI{Kal + KaZKal ( )

The pH value where the rate maximum is observed is
designated as pH, , and collected in Table 5. Addition of
polymers L-9 and L-29 lowered pH, .  for the oxidation of
butane-1,4-dithiol by 0.5—0.6 pH unit. Although pH
conceivably reflects the maximum concentration of the
butane-1,4-dithiol monoanion, pK,, (for the first ionization)
as determined by titration was not affected by addition of
L-9 polymer.

Reaction Rate versus Polymer Concentration.—At given
thiol concentrations, rate constants (k,” for butane-1,4-
dithiol and %, for thiophenol) were determined as a function

of polymer concentrations (Figure 5). Conventional

6 L L-29
T

5 -{10000
D L-29 I
- =
L4 L-41 3
2 2
$3 a
Tn L-9 5000 g
5 2 T
£ =
= £
XM

Oc !

0 5 10 15

10% polymer] /M

FiGure 5 Apparent second-order rate constants for butane-1,4-
dithiol and apparent third-order rate constants for thio-
phenol plotted against the polymer concentration. For bu-
tane-1,4-dithiol : [(1)] 4.02 x 107%M, [HS(CH,),SHjr 2.31 x
107%M, pH 10.0 4 0.07 with 0.02m-borate. For thiophenol:
[(1)] 2.01 x 107°m, [PhSH]y 1.06 x 107m, pH 6.77 -+ 0.05 with
0.02M-phosphate

micellar catalysis generally features sigmoidal dependence
on the surfactant concentration, i.e. the rate constant is
almost independent of the surfactant concentration below
the c.m.c., whereas it rapidly rises or descends above the
cm.c. This pattern was also true in the coenzyme-
catalysed systems we have investigated.®”® On the other
hand, the rate constant showed rapid increase at very low
concentrations of L-29 and L-41, followed by gradual
saturation (Figure 5). Thus, these polymers must possess
a micelle-like domain at very low concentrations.

The saturation kinetics observed strongly suggest the
formation of complexes between polymer micelle and
thiol or isoalloxazine (1). It is known that, if the
isoalloxazine ring is present in the hydrophobic region of
the micelle, A . shifts from ca. 440 nm to longer wave-
lengths by 7—10 nm and a distinct shoulder appears at
460—470 nm.?® This is characteristic of flavins in organic
solvents. However, this spectral change was not detected

26 S, Shinkai, Y. Sakuma, and F. Yoneda, J.C.S. Chem. Comm.,
1976, 986.

27 K. Martinek, A. P. Osipov, A. K. Yatsimirski, and I. V.
Berezin, Tetrakedvon, 1975, 31, 709.
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under the kinetic conditions. The binding constant of
neutral species to the cationic micellar phase is much smaller
than that of anionic species ( >102-fold difference).?” Thus,
the association of undissociated thiols (neutral species) with
the polymer micelle seems to be negligible, and the binding
of thiolate anion onto the polymer micelle as supported by
the spectral change (see above) must be responsible for the
rate saturation. Then the saturation profile for thiophenol
(Figure 5) can be accounted for by Scheme 1, where Kppg-
Ka _ Kpng”
PhSH === PhS™ === PhS 'polymer

kyp[PhSH][(1)]

products
SCHEME 1

is the equilibrium constant for the association of PhS~ with
polymer and %4, the third-order rate constant calculated on
the basis of the concentration of polymer-bound PhS-.
Since an excess of polymer is present in most cases, the
concentration of polymer is assumed to be constant. From
the material balance ([PhSH]y = [PhSH] + [PhS™] +
[PhS™polymer]) and the equilibrium constant (Kppg- =
[PhS~*polymer]/[PhS~][polymer]), equation (5) is derived
in which the polymer concentration is linearly correlated

with ([polymer]/,")1/2. Kpys- 1730 1 moll and kg
[polymer]\ /2
= =
ag v 2( K, | KyKphs- )
— 1 ~—— + ——————— [polymer 5
(kapKaKPhS') + ag + an [polymer] ) (5)

2.36 X 10% 12 mol™2 s! were obtained with correlation co-
efficient 0.992 from the data in Figure 5. The excellence
of the correlation indicates that the assumption, made in
deriving equation (5) is allowable.

It was suggested for the polymer-micelle-catalysed
decarboxylation reaction that added aromatic anions
associate with the head group of the laurylated unit.28 If
Kppg- is calculated on the basis of the laurylated unit
concentration, a value of 6.0 x 10®* 1 mol™? is obtained.
This value is comparable with that obtained in the con-
ventional cationic micellar system (3.0 x 10731 mol™}.7

The reaction mechanism for the oxidation of butane-
1,4-dithiol seems to be complex. We thus evaluated the
apparent binding constants K based on Scheme 2 where

K
HS[CH,],SH + polymer === HS[CH,],SH-polymer

lklﬁ.free [ lk’:.bound [

products products
SCHEME 2

ks tree 1 the apparent second-order rate constant for the
nonpolymeric system and &, ,,0una the apparent second-
order rate constant for polymer-bound species.
k’z.free - 1 + l

ky — Fatee  qK[polymer] ' g

(6)

Equation (6) where ¢ = (ks pound/2 tree) — 1 can be de-
rived for Scheme 2.22 This treatment provided linear rel-

28 T, Kunitake, S. Shinkai, and S. Hirotsu, J. Org. Chem.,
1977, 42, 306.

2 J. A. Mollica, jun., and K. A. Connors, J. Amer. Chem. Soc.,
1967, 89, 308
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ationships with correlation coefficient 0.992—0.999.  %’5 ,ouna
and K calculated from the slope and the intercept are sum-
marized in Table 5.

DISCUSSION

Polymer Micellar Effects—It has been established
that the nucleophilicity of anionic species (involving
thiolate anions) is unusually enhanced in cationic hydro-
phobic aggregates (see refs. 6 and 21, and references cited
therein). The cause of activation is considered to be
desolvation, i.c. the anion included in the hydrophobic
region as a ‘ hydrophobic ion pair * attains its high re-
activity from dehydration relative to an anion in an
aqueous environment. The efficiency of flavin oxidation
of thiols is greatly improved by employing such activated
thiols, since the reaction involves the rate-limiting
nucleophilic attack of thiolate anion on an isoalloxazine
ring.24 25

Spectral data (Table 2), lowering of the pK, (Table 3),
and the relatively large association constants (Table 5)
observed in the presence of L-29 and 1.-41 polymers all
suggest the formation of hydrophobic ion pairs between
the thiolate anion and the ionic head group of the
polymer micelles. On the other hand, addition of L-9
polymer hardly affected these values, indicating that
L-9, a polyelectrolyte-like polymer, is not able to form
the hydrophobic ion pair. This contrasting behaviour is
related to the oxidation rate (Table 4): the reaction is
markedly accelerated by L-29 and L-41 (except for
butane-1,4-dithiol), but not by L-9 polymer. It is thus
concluded that the hydrophobic nature of the polymer is
primarily responsible for the activation of thiol anions
and that the polymeric charges are probably utilized
only for binding the anion to the polymer micellar phase.

Flavins are not able to oxidize thiophenol in non-
enzymatic system.?® Oxidation of thiolphenol by (1)
is not detectable in the nonpolymeric system and also
in the presence of L-9 polymer. According to Yokoe
and Bruice,? an electron-deficient isoalloxazine, 8-cyano-
3,10-dimethylisoalloxazine is able to perform this re-
action with £y 1.5 x 10512 mol2s1 at 30 °C.  Since the
kgp value obtained for the present system (Table 5)
exceeds this value, it can be said that the polymer
micellar environment lowers the free energy of activation
more effectively than the cyano-substituent. It is
important that such a rate acceleration can be achieved
by the secondary valence force, and that the thiolate
anion, but not isoalloxazine, is activated by polymer
micelles.

The pronounced rate enhancement for thiophenol
relative to that for 2-mercaptoethanol may be ascribed
to favourable partitioning of thiophenol in the polymer
micellar phase. It was found from kinetic measure-
ments that the L-29 solution becomes turbid upon
addition of >1.5 x 103m-thiophenol. On the other
hand, 2-mercaptoethanol could be used at concen-
trations one order of magnitude larger (see Figure 1).

30 G. L. Ellman, Avch. Biochem. Biophys., 1958, 74, 443;
1959, 82, 70.
31 T, C. Bruice, Progr. Bio-org. Chem., 1976, 5, 1.
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Reaction Mechanisms in Relation to Environmental
Effects—The kinetic characteristics of the oxidation of
monothiols (second-order in thiol and bell-shaped pH-
dependence) are similar to those reported by Yokoe and
Bruice.? The rate law (3) is in accord with general
acid-catalysed addition to C-4a followed by the nucleo-
philic attack of the second RS~ anion upon the adduct
[equation (7)]. Provided that the breakdown step (k)
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is rate limiting as claimed by Loechler and Hollocher,?*
it follows that the polymer micelles facilitate the reaction:
RS~ 4 (1)-SR —» RSSR -+ (1)~. This is analogous
to the Ellman reaction,® the rate of which is markedly
accelerated by cationic hydrophobic aggregates (un-
published result).

As illustrated in Figure 3, the theoretical curve derived
from equation (3) satisfactorily describes the experi-
mental data. However, pK.p, (kinetic pK, of thio-
phenol, 6.9) does not agree with the titration pK, (6.5).
A similar discrepancy (pKapp > titration pK,) has been
noticed in Yokoe and Bruice’s system 5 and in a con-
ventional cationic micellar system.? Conceivably, K,
consists of a number of kinetic parameters.3!

Strangely, the reaction with butane-1,4-dithiol was not
subject to the polymer micellar effect. In our previous
investigation, a conventional cationic micelle was shown
to accelerate the reaction of (1) and monothiol by factors
of 10%—105-fold, while the reaction with butane-1,4-
dithiol was accelerated only by 18-fold.3® On the other
hand, the lowered pK, values (Table 3 and ref. 32)
indicate that dissociated species of butane-1,4-dithiol
is bound to the (polymer) micellar phase. The re-
activity difference may be explained by the following
factors. First, the difference could arise from a change
in the rate-limiting step. According to the reaction
mechanism proposed for dithiols,?* addition to C-4a
[%. in equation (7)] becomes rate limiting in the pH
region near pH, .. Since the kinetic measurements
were carried out at pH 10.0 and pH_,, is 10.3=10.9
(Table 5), the rate would reflect the &, process. In fact,
the reaction of (1) and butane-1,4-dithiol at pH 10.0 is
accelerated by increasing buffer concentration.®® The
{general) acid catalysed reactions (e.g., acetal hydro-
lysis, imine formation, and hydration of 1,4-dihydro-
nicotinamide) are usually accelerated by anionic micellar
environments, and cationic micelles tend to suppress the
reaction.b®* Since the environment of cationic polymer
micelles is presumably similar to that of conventional
cationic micelles, it is unlikely that the A, process
including general acid catalysis is accelerated by these
polymer micelles. The small rate acceleration may have
been observed because the enhancement in nucleo-

32 S. Shinkai and T. Kunitake, Bull. Chem. Soc. Japan, 1977,
50, 2400.
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philicity of RS~ is cancelled by the inefficiency of the
general acid catalysis.

The second possibility is that monoanionic butane-
1,4-dithiol is not subject to micellar activation due to
intramolecular hydrogen bonding with the undissociated
SH group. It is well known that the reactivity of
anions is markedly reduced in protic solvents due to
hydrogen-bonding with solvent protons.® Since mi-
cellar activation of thiolate anion largely stems from
desolvation of the anion, the nucleophilicity of mono-
anionic species of butane-1,4-dithiol would not be

8 A, J. Parker, Chem. Rev., 1969, 69, 1.
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enhanced despite the formation of a hydrophobic ion
pair.

In conclusion, the present study has established the
importance of hydrophobic environments in the flavin-
mediated oxidation of thiols. It has also been found
that the susceptibility of mono- and di-thiols to the
environment is fundamentally different. Further applic-
ations of these concepts would provide useful model
systems for understanding the function of flavin-
dependent enzymes.
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