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86. Hisashi Nogami, Jun Hasegawa, and Noriko Ikari*' : Thiamine
Derivatives of Disulfide Type. V.** The Exchange Reaction
between Thiamine Propyl Disulfide and L-Cysteine.

(Faculty of Pharmaceutical Science, University of Tokyo*®)

Expemmental condltxons for the kinetic study of exchange reaction between th1am1ne
propyl disulfide (TPD) and - L-cysteine were examined where the possible side reactxons
shown in Chart 1 proved by thin-layer chromatography could be 'safely 1gnored The
following conclusions were drawn from the results obtained. :

1) It was proved that .the formation of thiamine was the main product and the
formation of propylmercaptan was negligible when the reactants were mixed in a molar
ratio of 1:1 and an initial concentration of 1x1073~5x 10~% molar.

2) The exchange reaction followed second order kinetics examined from half-life, the

- plot of integrated equation, and the result of pseudo first order reaction converted by
experimental conditions. ~The rate constants observed were 1.723 and 444.4L. mole™
min.~ at 15° and pH 4.6 and 8.0, respectively.

3) The rate constant of the thiamine formed from TPD and propylmercaptan which
was the largest side reaction among the various possibilities, was 0.607 L. mole~! min.™! at
pH 4.6 and 15° as a second order reaction.

(Received November 19, 1966)

The merits of thiamine derivatives of disulfide type, i.e., higher and longer lasting
blood level and much higher availability estimated from analyses of urinary excretion
then the or1g1nal compound, thiamine, have been reported by many investigators.b
However, the mechanism as to why the compounds show the favorable effects has not
been discussed in detail. Since the formation of free thiamine in the blood stream
following the administration of the compounds has been reported, it is reasonable to
consider that the scission of the sulfur-sulfur bond in the animal body would be impor-
tant to the development of the thiamine effect of the compounds. In previous reports
of this series,** the kinetic study of drug absorption in vitro using rat intestine was
carried out, the conversion mechanism to thiamine discussed, and the conclusion reached
that the exchange reaction between disulfide and thiol was the first step of the con-
version. Therefore, the kinetic study between thiamine propyl disulfide (TPD) and
L-cysteine, as an example of the most common SH derivative in the body, was planned
with the view to understanding the exchange reaction in the animal body. '

The following reactions, (A) and (B), may be considered as the possible exchange
reaction that takes place between unsymmetrical disulfide and thiol.

R-SS-R’ + R”S™ —— R-SS-R” + R'S” (A)
R-SS-R’ + R"S™ —> R-SS-R” + RS~ "(B)

Matsukawa and Yurugi®? have reported that in terms of synthetic chem1stry, the
reaction between TPD and L-cysteine may be shown by Eq. (1), which is also used for
the determination of thiamine derivatives of the disulfide type.» The same reaction
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mentioned above was studied by Utsumi, ef «/.?, and the reversible reaction shown by
Eqgs. (2) and (3) was reported

TPD + Cy-SH —— B, + Cy-SS-Pr (1)
TPD + Cy-SH = B, + Cy-SS-Pr (2)
TPD + Cy-SH —=  Pr-SH + B,-SS-Cy (3)

where B, is thiamine, Cy-SH cysteine, Cy-SS-Pr cysteine propyl disulfide, Pr-SH pro-
pylmercaptan and B,-SS-Cy thiamine cysteine disulfide.

The reaction between TPD and L-cysteine would not be as simple as that shown
by, the equation above, since the reaction would not be limited by the first and second

steps of the exchange reaction. For
TPD +cysteine

decomp. o 00 ____ T e O 19 _ decomp. example, the one between cysteine
3) 2) 1) {cystine etc.) .
//;4)\\ y(g)e ' and Cy-SS-Pr or B,-SS-Cy, which
B;:SS-Cy+Pr-SH==B;+ Cy-SSPr oy are formed by Eq. (1) or Eq. (3) and
decomp. =~wJ A — TR ATPE TG < decomp. q q
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Cy$SPr+TDS/ | \@  /BrSSCy+PrSSPr| o on the initial molar ratio of the reac-
oo / . pv d;\wmp ;’mp . p; tants or the rate constant of the

(PrSSPr ete) (TDS ete) ' _individual reaction step. Moreover,

Chart 1. the oxidation reaction to disulfide on

exchange reaction (—): (-SS- + S-, -SS + -SS$9), cysteine,5> thiamine,‘*’” and PI‘~SH,8)
- decomposition (—--). the decomposition reaction of disulfide

TDS : thiamine disulfide, PrSSPr : propyldisulfide. . geq s
by hydroxyl ion,” and the equilibrium

state between disulfide’® have been reported. Therefore, the very complex reaction
system shown by Chart 1 might be assumed.

The exchange reaction between disulfide and thiol has been examined by Parker,
et al.™ They concluded that the active species was mercaptide ion, and that the rate
of reaction was related to the steric circumstance of the compound and to the electronic
density of the disulfide. It is considered that the steric hindrance of the thiamine group
in TPD is not important in view of the fact that the reaction of thiamine disulfide
(TDS) and L-cysteine proceeded quite rapidly as will be reported later in this series of
study.’® Although both sulfur atoms of TPD are electropositive, it would be seen that
nucleophilic attack would more likely occur at the sulfur attached to the thiamine which
has a lower electronic density.'®

Moreover Parker demonstrated that the reactions were equilibria, with the positions
of equilibria determined by the nucleophilicity toward sulfur of the displaced mercaptide
and displacing nucleophiles, and that the cleavage was controlled by the comparative
nucleophilicities of the entering group and of the leaving mercaptide group, with the
bond-breaking step, rather than the bond-making one, being the critical factor.
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The purpose of the present study, therefore, is to investigate the exchange reaction
between TPD and L-cysteine based on the assumption that the main reaction is shown
by Eq. (1) under the suitable experimental condition where side reactions can be neglected,
and to evaluate the magnitude of the reaction shown in Chart 1 and the S-nucleophilicity
of thiamine, cysteine and Pr-SH.

Experimental

Materials——TPD : m.p. 128°(decomp.). Thiamine hydrochloride : m.p. 248° TPD and Thiamine
hydrochloride were supplied by the Takeda Chem. Ind., Ltd. Cysteine propyl disulfied : m.p. 205°(decomp.),
colorless flakes, synthesized by the method reported by Matsukawa and Yurugi. Propyl disulfied: b.p.
192.5°,1%) colorless oil, propylmercaptan was mixed with equimolar of 309 H:0., allowed to stand for 1day,
extracted by ether, and distilled under reduced pressure after removing the solvent. 1-Cysteine : analytical
grade, Nihon Rikagaku Co. Cystine : -analytical grade, Nihon Rikagaku Co.

Thin-layer Chromatographic Procedure——Qualitative Estimation of the Reactions: The reactants
were dissolved in 1ml. of buffer solutions as shown in Table I, mixed, and allowed to- react at 50° for
5minutes. After adding a few drops 109%-HCI, the reaction mixtures were spotted at the origin of the
plate. The plates were prepared with a 250 p layer of silica gel, Wako Gel B.

Taste I. Reactants and Observations up'onk Reaction with Disulfides and Mercaptants

Concentration of reactants Conditions of reaction mixtures

Reactants _ ;
molar ratio (mg.) : (mg.) pH 4 pH 8.5

35.6:12.1 p.p.t. (white’ crystals) p.p.t. (white crystals)

TPD: cysteine 1:1 and smell of mercaptan. - and smell of mercaptan
Cy-SS-Pr : B,HCI 1:1 19.5:33.7 smell of mercaptan
Cy-SS-Pr: cysteine - 1:1 19.5:12.1 smell of mercaptan smell of mercaptan
TPD: Pr-SH 1:1 35.6: 7.6 turbidity turbidity

Pr-SH : cystine 1:1 7.6:24.0

Developing Solvents——-N-HCI aq. sol. : Cysteine and cystine were found closely at Rf 0.9. Water:
Cystine and Cy-SS-Pr were found at Rf 0.55. Cysteine and cystine were identified by two dimensional
chromatographic procedures using water and N-HCl. The Rf value of TPD was lower than thiamine when
the development solvent was water, but the reverse was the case when N-HC! was used. The spot of
propylmercaptan was not recognized by TLC, probably due to the high vapor pressure of the ccmpound.

Detection of Spot——UV-light Detector : (Osawa Shigaisen Kogyo Co., UV-LSDP) used for TPD,
thiamine, and B;-SS-Cy. Sodium Dichromate in Sulfuric Acid: (3g. of NaCrsO; in 20 ml. of water and
10 ml. of H,SO,) used for TPD, thiamine, cysteine, Cy-SS-Pr and cystine. Iodine Vapor : also used for
TPD, thiamine, cysteine, Cy-SS-Pr and cystine. Ninhydrine Reagent : (0.3 g. of ninhydrine was dissolved
in 95ml. MeOH and 5ml. of collidine was added) used for cysteine, cystine, Cy-SS-Pr and B;-SS-Cy (in
purple) and thiamine (in yellow). Dragendorff Reagent: (Solution A : 17g. of basic bismuth nitrate and
200 g. of tartaric acid were dissolved in 800 ml. of water. Solution B: 160g. of KI was dissolved in
400 ml. of water. 50 ml. of equivclume mixture of solution A and solution B, 100g. of tartaric acid, and
500 ml. of water were mixed) used for TPD, thiamine and B;-SS-Cy.

Buffer Solution——Acetate buffer solution (pH 4.0): Dilute mixture of 200ml. of 0.1N Na-acetate,
500 ml. of 0.1N AcOH and 4g. of NaCl with water to make 1liter. Phosphate buffer solution (pH 7.0):
Dissolve 250 ml. of 0.2M KH,PO; aq. soln. and 138.2ml. of 0.2N NaOH in water to make 1liter. Phosphate
buffer solution (pH 8.0): Dilute mixture of 250 ml. of 0.2M KH,PO, aq. solu. and 234 ml. of 0.2N NaOH
aq. soln. with “water to make 1liter. Phosphate-borate buffer solution (pH 8.5): Mix 68ml. of 0.2 M -
KH,PO, ag. soln. and 132ml. of 0.1M borax aq. solution.

Determination of Thiamine!'® Oxidized by 1% BrCN solution and determined O.D. at 368 mp.

Determination of Cysteine and Propylmercaptan——According to Ellman’s procedure;®) the O.D. of
5-mercapto-2-nitrobenzoic acid at 412 mp formed by reaction with 5,5'-dithiobis-2-nitrobenzoic acid (DTNB)

14) K. Kawahara: Yakugaku Zasshi, 77, 964 (1957).
15) Y. Kochi, S. Kasahara: Vitamin, 7, 513 (1953).
16) G.L. Ellman :* Arch. Biochem. Biophys., 82, 70 (1959).
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in a phosphate buffer solution (pH 8.0) was determined using a spectrophotometer (Hitach-Parkin Elmer 139).
Its log ¢ was 4.1329 (reported logs : 4.1335).

Separation of Cysteine and Propylmercaptan——From the test solution acidified by adding 10% HCl,
Pr-SH was extracted with a suitable volume of cyclohexane. The extract was caused to react with DTNB
phosphate buffer solution by shaking and O.D. of the buffer layer was determined at 412 mp. The acidified
aq. layer was adjusted to pH 8.0, allowed to react with DTNB, and the cysteine amount was determined.

Kinetic Procedure——TPD and L-cysteine were dissolved in buffer solutions which were bubbled with
nitrogen to remove oxygen. A suitable aliquot of TPD and of cysteine solutions were mixed at a fixed
temperature in nitrogen atmosphere in a concentration varying from 1x 1073 to 5x 10" mole/L. Samplings
of this mixture were drawn at predetermined intervals, and the quantities of thiamine and cysteine were
determined.

Result and Discussion

Qualitative Determination of the Reaction by Thin-Layer Chromatography——The
reaction was carried out using TPD and cysteine in equal concentration and the result
is given in Fig. 1. The spots of TPD, cysteine, thiamine, Cy-SS-Pr and cystine were
detected on thin-layer chromatograms and the smell of mercaptan readily recognized
in the reaction mixture of pH 4.0. The formation of B,-SS-Cy was detected through
the forming of a small spot at pH 7.0 and pH 8.5. It may be concluded from the above
that the reaction might not be represented solely by Eq. (1), that the course shown by
Eq. (3) cannot be ignored even though the existence of a reversible reaction could not
be detected from the results. _ ,

The existence of side reactions, the ones between a) thiamine and Cy-SS-Pr, b)
Cy-SS-Pr and cysteine, ¢) TPD and Pr-SH, d) Cy-SS-Pr and Pr-SH and e) disulfides
formed in the main reaction, were examined by mixing these reactants in a molar ratio
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Fig. 1. Composite Representation

of Thin-layer Chromatograms on
the Reaction Mixture Solution of -

TPD and Cysteine at pH 4.7 and
8.5

Developing solvent : N-HCl aq.
soln, o

Detecting reagent :

I : iodine vapor;

N : ninhydrine;

D : dragendorff,

Control: a) TPD, b) BiHCl,
c) Bi-SS-Cy, d) Cy-SS-Pr, e)
Cysteine, Cystine,

Fig. 2. Composi%e Representation of
Thin-layer Chromatograms on the -
Reaction Mixture Solutions of Di-
sulfides and Mercaptans at pH 4.0
and 8.5

2), 4): By+Cy-SS-Pr, 5): Cysteine+
CySS-Pr, . 5): Cystine+PrSH, 6):
TPD+PrSH, 8): Bj, 9):
Cy-SS-Pr, 10): Cysteine, 11): Pr-
SH, 12): Control :
i) TPD, ii) By, iii) Cy-SS-Pr,
iv) Cysteine, Cystine.
Numbers in the parentheses indicate
reactions explained in Chart 1.
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of 1:1 at pH 4.0, 7.0, and 8.5. The results are given in the thin-layer chromatogram
shown in Fig. 2. The formation of slight quantities of Pr-SH and cysteine from b) and
thiamine and propyl disulfide (Pr-SS-Pr) from c) were detected at pH 4.0. Moreover at
pH 7.0 and at pH 8.5, the formation of cysteine and Pr-SS-Pr from d) and of a very
small amount of Pr-SH, B,-SS-Cy and cysteine from a)as side reactions were confirmed.
The stability of each reactant and substance formed by the reaction was examined
by thin-later chromatography at a pH of 4.0 and of 8.5 with the temperature maintained
at 50°. TPD was found to be stable since no increase of thiamine was found after 20
minutes at pH 4.0 and pH 8.5. However, cysteine was found to be not as stable where
only one spot was observed within the first 5 minutes but the formation of cysteine was
recognized after 20 minutes at pH 8.5 by two dimensional chromatography. Thiamine
was not stable since a new small spot was found around Rf 0.15. Cy-SS-Pr was not
stable since a new spot was found at Rf 0.9 which reacted positively to ninhydrine
reagent. Even where the purity of the Cy-SS-Pr used was supported by melting point
and  elemental analysis, a sample of the compound obtained from the spot on thin-
layerchromatogram developed two spots in subsequent thin-layer chromatogram.
Summarizing the thin-layer chromatographic results, it can be concluded that the
main reaction between TPD and L-cysteine was represented by Eq. (1) in Chart 1 but
that the contribution of the reactions shown by Eq.(2) to Eq. (11) could not be ignored.

TPD + cysteine ' % B, + Cy-SS-Pr (1)(2)
TPD + cysteine — Pr-SH + B,-SS-Cy (3)
Cy-Ss-Pr + B, = ——=  PrSH + B-SSCy (4)
Cy-SS-Pr. + eysteine ‘ ﬁ - Pr-SH + ‘cystine (5)
TPD + Pr-SH . =S=> B; + Pr-SS-Pr (6)
B,-SS-Cy + cysteine | =3 B, + cyseine'® ’ (7)
B,, Cy-SS-Pr, cysteine. m——— decomp. (2 spots) (8)(9) (10)
Pr-SH ' . ‘decomp. (1 spot) (11)
Where the arrow sign indicate the magnitude of the reaction rate at pH 8.5, greater
reactivities in the order of => > and —, and the circles on the arrow

show that the same reaction was also observed at pH 4.0.
Quantitative Determination of Main and Side Reactions

The effect of side reactions on the main reaction between TPD and cysteine was
examined by observing the quantitative decrease of the each reactant and the corres-
ponding increase of newly found compounds as follows.

At equal TPD and cysteine concentration, the formation of thiamine and the disap-
pearance of cysteine at pH 4.5 and at pH 8.0 were shown in Fig. 3, where the formation
of thiamine had the same rate as the disappearance of cysteine. As seen in Fig.4, the
second order plot of the thiamine formation from TPD and cysteine formed a straight
line up to the point where the reaction was about 90% complete and the rate constant
was 444.4 L. mole™ min™ as given in Table II.

Tasre I. Second Order Rate Constant on the Reaction of TPD
and Cysteme at 15° pH 3.98 and 8 00

pH 3.98 time (min.) 10 15 40 60 100 163 aver. ,
o E(L.mole’. min™Y)  0.54 0.57 0.53 0.58 ~0.53 0.52  0.545
pH 8.00 time(min) @~ 3 5 79 11 16 aver.

k(L.molel, minl) 439 448 446 456 444 433 4444
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Fig. 4. Second Order Rate Equa-
tion Plots on the Reaction of TPD
and L-Cysteine (1:1)at 15°% pH 8.0
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T
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Fig. 3. Reaction of TPD and Cysteine
(1:1) at pH 4.5 and 8.0 at 37°

A——A pH 4.5, O——O pH 8.0

The second order nature of the reaction was examined in the followign way; i.e.,
an excess amount of TPD or cysteine was added and the pseudo first order formation
of thiamine was observed in the individual experimental condition as given in Table I

Taste . Pseudo First Order Rate Constant on the Reaction
of TPD and Cysteine at 15°, pH 8.0

(TPDJ, {Cysteine]o pH k
(mole/L.) (mole/L.) (min~t)
1x10-3 1x 10 8.00 0.44
1x10-3 7x 1078 8.05 0.44
1x10-2 5x 10-% 8.05 0.46
1x 104 1x10-3 8.00 0.40
7x1075 1x10-3 8.00 0. 44
5x 1075 1x10-3 7.95 0.45
aver. 0.44

The rate constant was 0.44 min™, and this was calculated in the second order rate
constant, 440 L. mole™ min™, which agreed with the one obtained for the reaction at
equal TPD and cysteine concentration. The order of the reaction was also examined,
using the half-life of the reaction according to the Eq. (12)'"

1 JoB{(6/6) -1} |
R i) w2

where #n is the order of reaction, and #, and ¢, are two successive half-life periods in
a single run. The results closely agreed with the second order kinetics.

When TPD and cysteine were allowed to react in a molar ratio of 1:2 at pH 8.0,
the recovery of Pr-SH was 16 per cent at the maximum concentration and a gradual

17) A. Frost, R.G. Pearson : “Kinetics and Mechanism,” p. 43, New York, London, John Willy & Sons, Inc.
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decrease was observed after that. The formation of Pr-SH can be presumed from the
Eq. (4) or (5). Since the smaller effect of the side reaction, Eq. (3), on the main reaction
was expected, the formation of Pr-SH by Eq. (4) was examined. The cysteine and Cy-
SS-Pr were mixed in a molar ratio of 1:1. The recovery of Pr-SH was 13 per cent at
15° and pH 8.0, which was nearly the same as the result mentioned above, and a gradual
decrease was also recognized after the peak. '

According to the literature on this subject, the rapid oxidation of Pr-SH to disulfide
might be expected. As seen in Fig. 5, nearly the same decrease was observed although
a deviation greater than the usual kinetic result from a straight line may be seen.
This is probably due to the relatively higher vapor pressure of the compound. From
the result given in Fig. 5, it may be concluded that the main reaction 1nvolved in the
decrease in recovery is due to the ox1dat10n of Pr—SH

—3.6{ "
4001

300}
a(a—’x5

200 /
o

100 -

log concentration (mole./1;:)

A%
/oo
O pb
10 20 30 40 50 100 200
Time (min.) ) Time (min,)
Fig. 5. First Order Decomposition Fig. 6. Second Order Rate Equation
of Propylmercaptan at 37°, pH 8.0 Plots on the Reaction of TPD and
O——0O: in phosphate buffer, Mercaptan (1:1) at 15°, pH 4.6
A——/A ¢ in reaction mixtl:lre O——Q: Cysteine,
?1f~ ;I;PD andi-cysteine A———A ¢ Propylmerceptan,

[——1: in reaction mixture
of Cy-SS-Pr and r-cy-
steine (1:1).

Since the greatest reactivity among the possible side reactions was expected in the
formation of thiamine from Pr-SH and TPD from thin-layer chromatographic results,
this reaction was measured to determine the formation of thiamine. The result obtained
was a rate constant 0.607 L. mole™ min™ calculated as second order reaction at pH 4.6
and 15° is given in Fig. 6. The thiamine formation from TPD and cysteine, k=1.723
L. mole™ min™* under the same condition, is also given for comparison.

Comparing these rate constants, the reaction between TPD and Pr-SH should not
be neglected as a side reaction, assuming that a substantial amount of Pr-SH is formed
during the reaction between TPD and cysteine. As mentioned above, however, since
a) the formation of thiamine is in close agreement with the second order kinetics
throughout the whole process of the reaction, b) the recovery of Pr-SH was 2 per cent
at the maximum concentration when reactants were mixed in molar ratio of 1:1, and
c) the main reaction in the Pr-SH decrease was thought to be due to the oxidation to
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disulfide, it can be concluded that the reaction between TPD and and Pr-SH does not
affect the formation of thiamine from TPD and L-cysteine.

The stability of the reactants and the possible compounds formed by the main and
side reactions were examined quantitatively under the same conditions as in the quali-
tative test. The decrease of thiamine and L-cysteine was under 3 percent at pH 4.0
and 8.0. Neither the formation of thiamine from TPD nor the formation of mercaptan
from Cy-SS-Pr was observed in appreciable amount.

From the above mentioned results, although some side reactions were observed by
thin-layer chromatography, it can be concluded that the effect of side reactions may
be ignored as far as the main reaction is concerned where the formation of thiamine
from TPD and rL-cysteine takes place under the following experimental conditions :
i.e., a)in molar ratio 1:1, b) the initial concentration of reactants 1x1073~5x 10~% molar,
and c) under the atmosphere of nitrogen. Since the leaving group was thiamine in the
exchange reactions between TPD and L-cysteine and between TPD and Pr-SH, the
weaker S-nucleophilicity of thiamine as compared with that for L-cysteine or Pr-SH
may be concluded from the concept of Parker, ef al.
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