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Methylation of a Benzene Ring as a Chemical Signal.
Marked Changes in the Pattern of Temperature Dependence of the
Selectivity in Oxidation of a Pair of Associating Thiols
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Temperature dependence of the selectivity [the ratio of an unsymmetrical disulfide to symmetrical one] has
been studied in oxidation of a pair of associating thiols, each with the recognition site [CgH,N(CH,), and R},
with O, in 80%, (v/v) acetonitrile-209,, water in the range of —10 to 70 °C. The selectivity for R'=CgH,CH,
shows a minimum at 35 °C, whereas for R1=CyH; the selectivity exhibits a maximum at 35 °C; for R'=C,H,C,H,
plots of the selectivity against temperature shows a sigmoid-like curve. The selectivity in oxidation of a pair
of non-associating thiols, 2-(dimethylamino)ethanethiol and a para-substituted benzenethiol, remains practi-
cally unaltered with temperature in the same solvent. Though thiol-disulfide exchange reaction proceeds slowly
below 35 °C, the selectivity in the exchange differs entirely from that in the oxidation. It has been found that
changes in hydrophobicity with R! and temperature cannot explain dramatic alterations in the selectivity with
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R and temperature.

Highly specific molecular recognition underlies liv-
ing systems. Proteins such as restriction endonucleas-
es) and modification methylases!) can recognize the
methyl group. The enzyme-catalyzed methylation of
DNA,? proteins,® and phospholipids?) is among the
biological control mechanisms,? and has been inves-
tigated extensively: (1) methylation of nucleotide bases
(5-methylcytosine and NS-methyladenine) lying within
the recognition sequence serves to protect the cell’s
own DNA from being degraded by its restriction en-
donucleases,® (2) methylation, for example, of cyto-
sine is involved in gene regulation and differentia-
tion,” (3) most eukaryotic, but not bacterial, messen-
ger RNAs contain a methylated guanosine (7-methyl-
guanosine) —— the “cap” at their 5’-ends,® and
(4) methylation of protein-carboxyl groups (e.g., y-
carboxyl group(s) of glutamic acid residue(s)) is as-
sociated with the control of chemotactic behavior and
with signal transduction in both prokaryotes and
eukaryotes.?

It is striking that biological systems make use of
quite a “simple” chemical modification, methylation, in
their control mechanisms as described above. In spite
of biological significance, the problem of methylation
has not so far been examined from a chemical point
of view of, for example, what influence the methyla-
tion exercises on chemical events as well as of how
noncovalent weak interactions are altered upon meth-
ylation. We report here that the methylation of a
benzene ring remote from the reaction site radically
alters the pattern of temperature dependence of the
selectivity in oxidation of a pair of associating thiols.

In this study we used two reaction systems: the
associating system (system A) and non-associating sys-
tem (system N). These two systems are structurally
related to each other except for the ability to associate.
System A consists of a pair of thiols (1 and 2)'® which
can associate mainly through intermolecular hydrogen
bonding.! Thiols 1 and 2 each have the three sites

—— thereaction site (SH group) where model reac-

O
tion takes place, the binding site (—éNH(”]NH—,
acylurea bond) that can participate in intermolecular
hydrogen bonding,!) and the recognition site [C¢H,N-
(CH,), or R'] that can participate in the selective
recognition. System A is further divided into system
A, (1 and 2p), system A, (1 and 2t), system A, (1
and 2e), and system A, (1 and 2a). System N is
made up of a pair of thiols, 2-(dimethylamino)eth-
anethiol (3) and a para-substituted benzenethiol (4);
this system is also divided into system N, (3 and 4p)
and system N, (3 and 4¢).

Q o ,CH,
HSCHZCNHCNH—< >—N
=/ " \cH,
1

o o
I Jii
HSCH,CH,NHCNHC-R!
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2t RI:—<— ~-CH,
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CH —
7 — —
HSCH,CH,N HS <=> R?
“CH, 4p R:=H
3 4t R°=CH,

As a model reaction, oxidation of system A or N
with oxygen was chosen. Oxidation of system A gives
three disulfides, two symmetrical disulfides (5 and 7)
and an unsymmetrical disulfide (6) as shown in Eq.
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1; similarly, oxidation of system N gives the corre-

0, S-X S8-X  S8-Y
HS-X + HS-Y — |  + |  + | (1)
S-X  §-Y  S-Y

1 or 2 or 5 or 6 or 7 or
4 3 8 9 10

O O
(SCHzéNH("]NH—<:>—N(CH3)z)z
5
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i 1} SR
SCHZCNHCNH—< M-N(CH),
o o
SCH,CH,NHCNHCG-R?

«r O

6t R1:—<i>—CH3

6e R1=—<:>—02H5
o o

(SCH,CH,NHCNHG-RY),

e

7¢ R1:—< -CH,

7e R1:-< >-02H5

sponding three disulfides (8—10) (Eq. 1). The deter-
mination of the products in the case of oxidation of
system A was made according to our method'® which
took advantage of separation by thin-layer chro-
matography (TLC) and UV absorption due to the
moiety ~-HNC H,N(CH,),.!® The selectivity (R) —a
measure of molecular recognition —— in this oxidation is
represented by the ratio of the yield of 6 (or 9) to
that of 5 (or 8) [R=6/5 for system A or 9/8 for sys-
tem NJ.13:14)

TaBLE 1.
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Results

Selectivity in Oxidation of a Pair of Thiols. The
temperature dependence of the selectivity (R) in oxi-
dation of system A was examined in 809, (v/v) aceto-
nitrile-209, water within the temperature range from
—10 to 70 °C. The results are shown in Table 1
and Tig. 1: (1) each of the three curves for systems
A,, A, and A, shows considerable symmetry around
35 °C; (2) the selectivity for all the three systems in-
creases in going from 0 to —10 °C; (3) even at 70 °C
the R values do not approach 2 (the statistically ex-
pected value'® for this type of reaction) except in
the case of system A, this result contrasting sharply
with the fact'® that for system A, where R'=i-C;H,,
and n-Cz;H;; the R values at 70 °C were 2.9 and 2.3,
respectively.

Control experiments were performed at 20, 35, and
70 °C using oxidation of system N. The R values
were found to vary only slightly (i.e., from 1.6 to 1.8)
in both systems N, and N, within this temperature

Selectivity (6/5)

Temperature / °C

Fig. 1. Temperature dependence of the selectivity
(6/5) in oxidation of system A with O, in 809, (v/v)
CH,;CN-209%, H,O.

O: System A, (1+2p), @:
system A, (142e).

system A; (14+2t), A:

YieLDS OF DISULFIDES (5 AND 6) AND THE SELECTIVITY IN OXIDATION®) OF sySTEM A wrtH O,

System A, (1+2p)

System A, (1+2t)

System A, (1+2e)

—_—N— —_—— —
Temp/°C Yield®)/9%, Selectivity Yield®/9%, Selectivity Yield®/%, Selectivity
—— (6/5) —— (6/5) —— (6/5)
5 6 5
—10 14 67 4.8 2.9 89 31 11 75 6.8
0 16 61 3.8 5.9 84 14 22 54 2.5
20 14 68 4.9 13 70 5.4 21 56 2.7
30 9.5 77 8.1 30 38 1.3
35 8.1 81 10 34 29 0.85 14 70 5.0
40 14 66 4.7 32 33 1.0
50 16 64 4.0 22 46 2.1 8.6 79 9.2
70 18 61 3.4 9.0 80 8.9 7.5 81 11

a) The time required for the oxidation was 1.5h for 70°C, 3h for 35°C, and 50 to 70h for 0°C. b) Yields
are calculated in such a way that (1) when 1 and 2 are converted exclusively to 5 and 7, respectively, the yields
of 5 and 7 are both 50% and (2) when 1 and 2 are converted exclusively to 6, the yield of 6 is 1009,
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range.

Selectivity in Thiol-Disulfide Exchange Reaction. We
studied thiol-disulfide exchange reaction, known to take
place generally as shown in Eqs. 2 and 3,'” in order
to elucidate whether or not the exchange affects the

experimental results illustrated in Fig. 1. The ex-
HS-Y + XS-SX == XS-SY 4+ HS-X )

2 5 6 1
HS-Y 4 XS-SY = YS-SY 4 HS-X 3)

2 6 7 1

change was carried out mainly between thiol 2 and
disulfide 5 at 0, 35, and 70 °C for the same time as
with the corresponding oxidation. Since resulting thiol
1 (Egs. 2 and 3) could not be separated from disulfide
5 by TLC in the solvent required to separate the
three disulfides 5—7 from one another, 1 was con-
verted to the corresponding sulfide having the carbamo-
yl group (11), by treatment with iodoacetamide and
Et;N (Eq. 4),!® so as to be determined by the meth-
od!? described above.

o o
EtsN
HS-X + ICH,CNH, ——— XSCH,CNH,  (4)
—Et3N-HI
1 11

In Table 2 are listed the experimental data: (1)
at 0 °C the exchange reaction is slow in all cases;
(2) at 35°C the exchange proceeds to some extent
except in the case of 2t and 5; (3) at 70 °C the reac-
tion is fast; (4) the rate of the reaction increases pro-
gressively with increasing temperature as exemplified
by the yield of 5.

The exchange was also performed between thiol 1
and disulfide 7 for the same time as with the corre-
sponding oxidation (Table 2). In view of the results
with the exchange between 2 and 5, the reaction tem-
perature to be examined was limited to 35 and 70

TasLE 2. YIELDS OF 3, 6, AND 11 AND THE SELECTIVITY
IN THIOL-DISULFIDE EXCHANGE REACTION®)

Yield»/,

o eactant PN Selectivity
Temp/°C R 5 . i (6/5)
0 2p+5 42 ~0 9.5 ~0
0 2t +5 33 24 4.9 0.73
0 2e +5 33 25 5.7 0.76
35 2p+5 20 22 31 1.1
35 2t +5 9.0 43 33 4.8
35 2e +5 27 22 22 0.81
70 2p+5 ~0 10 87 ~0co
70 2t +5 3.7 21 65 5.7
70 2e +5 2.5 32 59 13
35 1+7p 4.5 13 75 2.9
35 1+7¢ 2.5 3.8 88 1.5
70 1+7p ~0 11 87 ~ 00
70 1+7¢ 0.6 1.0 94 1.7

a) The exchange reaction time was the same as with
the oxidation; see footnote a in Table 1. b) The yields
of 5 and 6 are calculated as in Table 1. The yield
of 11 is calculated in such a way that when 5 is con-
verted exclusively to 1, the yield of 11 is 100%,.
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°C, and disulfide 7 to 7p and 7t. As a result, 75
to 949, of 1 was found to remain unreacted in all
cases. From the data shown in Tables 1 and 2, it
has been demonstrated that the selectivity in the ex-
change differs entirely from the sclectivity in the oxi-
dation.

Further, we examined disulfide-disulfide exchange re-
action between 5 and 7t at 35.0 °C in the presence
of Et;N, but in the absence of a thiol, for 3h (Eq.
5). The exchange proved not to occur practically, as

XS8-8X + YS-SY — 2 XS-SY (5)
5 7t 6t

indicated by the observation that recovery of 5 was
929%, with the yield of 6t being <19,; this agrees
well with the generally accepted view.'7)

Physicochemical Properties of the Associating Thiols.
The degree to which molecules self-associate in solu-
tion can be represented, for example, by the “degree
of association” (f): the f value for the solute is ob-
tained by dividing the stoichiometric mole fraction of
the solute by the effective mole fraction of the solute.!?
The data (in benzene at 36.0 °C) in Table 3 exhibit
that thiols 1 and 2 are similar in f values to each other
and that f values for 2 increase with increasing num-
ber of the carbon atoms introduced at the para po-
sition of its benzene ring.

The solubilities of 1 and 2 in aqueous acetonitrile,
the same solvent as in the oxidation, in the range of
20 to 50 °C are illustrated in Fig. 2 and partly in
Table 3 for comparison with the melting points of
1 and 2. Figure 2 shows that (1) the solubility in-
creases with increasing temperature for each thiol, (2)
the solubility of 2 increases in the order 2t<2e<2p
at all temperatures studied, and (3) 1 is approximately
equal in solubility to 2t at all temperatures. There
exists an empirical rule that solubilities decrease with
increasing melting-points for a series of homologs.2®

PUYSICOCHEMICAL PROPERTIES
oF THIOLS 1 AnD 2

TasrLe 3.

Chemical shift®

Thiol £ S‘(’é‘gbélc‘:‘)‘/b) ;\:7% H
(or H”) (or H?)
1 1.31 3.06 173 9.50  10.17
2p 1.30  13.4 148 8.73  8.85
2 1.33 3.15 187 8.58  9.02
2e 1.41 5.36 165 8.56  8.92

a) The values at 36.0°C and 0.010M (1 M=1moldm-3)
in benzene. For the definition, see the text. b) Expressed
in mmol per 100g of 80% (v/v) CH;CN-209% H,O.
c) Obtained from the DTA curves. d) The chemical
shifts for the individual thiols in CDCI; at 34 °C and
0.020 M. The values are in ppm downfield from
TMS. Greek letters (o, B, y, and §) indicate assign-
ments as given in Fig. 4. When 1 and 2 were mixed
together in equimolar amounts (0.010 M each) in
CDCl, at 34 °C, the chemical shifts of the NH* proton
were 9.39, 9.36, and 9.38 ppm for systems A,, A;, and
A,. respectively, those of the NH? proton being 8.67,
8.58, and 8.58ppm for systems A, A, and A, re-
spectively.
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Fig. 2. Temperature dependence of the solubility for
1 and 2. The solubilities are expressed in mmol/100
g of 809 (v/v) CH,CN-20% H,O.

: 1, O: 2p, @: 2t, A: 2e.

The data in Table 3 show that this rule holds true
for thiol 2.

Using surface tension measurement, we have ex-
amined whether or not system A forms micelles in
aqueous acetonitrile. As a result, it has been found
that in 809, (v/v) acetonitrile—209, water surface ten-
sion for systems A,, A,, and A, all remains constant
(32.0£0.2 dyn/cm) over the concentration range of
1.3x10-% to 1.0 x 10-2 M.21)

Figure 3 provides the temperature dependence of
the NH proton chemical shifts for system A in CDCI,.
The results shown in Fig. 3 reveal that the chemical
shifts are more sensitive to temperature for the NH*
and NH'" protons (Fig. 4), each participating in inter-
molecular hydrogen bond, than for the NH? and NH?
protons (Fig. 4), each participating in intramolecular
hydrogen bond. Furthermore, chemical shift changes
with the structure of R! proved to be larger for the
NH’ proton than for the NH* proton.

Discussion

The most striking feature of the results reported
above is the radical changes in temperature-selectivity
profiles from one pattern to another around 35 °C
from a maximum-having curve to minimum-having
one (or to sigmoid-like one) on methylation (or
ethylation) of the benzene ring in 2 at the para po-
sition.?2) This observation would imply that methyla-
tion of a benzene ring can function as a chemical signal
(or information) in an associating system. In what fol-
lows, we would like to discuss some factors which have
the possibility of affecting the temperature dependence
of the selectivity on methylation and ethylation.

Intermolecular Association. Table 3 clarifies that
1 and 2 associate strongly with themselves in ben-
zene. In Fig. 4 are given the association patterns??
of three dimers, two homodimers (12 and 14) and a
heterodimer (13), the association patterns being as-
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Fig. 3. Temperature dependence of the NH proton
chemical shifts for a 1:1 mixture of 1 and 2 (0.010
M each) in CDCI; at 34 °C.

O: System A, (142p), @: system A, (14-2t), A:
system A, (1+2e). For Greek letters, see Fig. 4.

p-...H
HSCH~C, N<)-NMe
N-GC, z
H 0
i 12
6§
MeN4 )N C—CH,SH
0.8
HSCH,~ € PN )-NMe,
0(!'4 \\:0
O v 13
N, 1
HSCH,CH, N £ —R
8
R'— "-CH,CHyH
N-C,
H O
%
A
C=N, 1
HSCH,CH,~N  C—R
Hodf

Fig. 4. Association patterns of three dimers 12—14.

signed mainly on the basis of the NMR results (Fig.
3) as in our previous work,»™) Moreover, our study
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Fig. 5. Association schemes of tetramers 15—19 formed
by dimerization of dimers 12—14.

dimers, ----: noncovalent weak interactions respon-
sible for stabilization of tetramers. The symbols X’
and Y’ represent CgH,N(CH,), and R, respectively.

has indicated that dimers 12—14 would dimerize to
form tetramers (Fig. 5) two homotetramers (15
and 16) and three heterotetramers (17—19)23:24)
in equilibrium with dimers 12--14 and monomers (1
and 2) and that oxidation of system A, proceeds
through these tetramers 15—19. Since the f value
of 1.41 for 2a (R!'=:-C;H,,) is similar to those for
2p, 2t, and 2e under the same conditions as in Table
3, it seems reasonable to assume that oxidation of
systems A, A,, and A, proceeds also through tetramers
15—19. There is substantial evidence for the pres-
ence of tetramers?”) and for their participation in bi-
ological reactions.1l)

Simple thiols are reported to be capable of forming
very weak hydrogen bonds with themselves.?®) How-
ever, considering that f values even for the amide
derivatives of 2 (20) which can form a single hydro-

o
HSCH,CH,NHC-R®
20

gen bond are less than 1.05 in benzene at 36.0 °C
and 0.010 M,?7 it is probably fair to say that thiols
3 and 4 are present mainly as monomers in dilute
solutions.28)

The selectivity remained approximately constant,
when oxidation of system N was performed at 20,
35, and 70 °C. This finding together with the data
in Fig. 1 demonstrates the importance of intermo-
lecular association in molecular recognition, in agree-
ment with our previous conclusion.1®)

Seeman et al. studied how the base pairs in double
helical nucleic acids could be recognized by proteins,
and concluded that using two hydrogen bonds, fidel-
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ity of base pair recognition might be achieved, whereas
a single hydrogen bond was inadequate for uniquely
identifying any particular base pair.28)

Possibility of Micelle Formation in Aqueous Acetonitrile.
It is recognized that when the concentration of a sur-
factant in an aqueous solution is increased, surface
tension is initially reduced with its concentration, for
example, to ca. 25 dyn/cm,?® and then kept approxi-
mately constant beyond the critical micelle concentra-
tion (cmc).?® In contrast, surface tension of system
A in aqueous acetonitrile did not alter over the con-
centration range of 1.3 x10-% to 1.0 x10-2 M, the lat-
ter corresponding to the concentration of a nearly sat-
urated solution. This result clearly demonstrates that
no micelle formation occurs for system A in the same
solvent as in the oxidation.

Solubility Differences and Heterogeneity of Reactions.
System A was homogeneous at higher temperatures in
809, (v[v) CH3;CGN-209%, H,O under argon in the pres-
ence of a catalytic amount of EtN: system A, was
completely soluble above 40 °C, and systems A, and
A, above 50 °C. Accordingly, differential solubilities
of 1 and 2 at lower temperatures may influence the
selectivity in oxidation of system A in such a way
that the larger the solubility differences between 1
and 2 are, the smaller the R values become. Since
solubility differences between 1 and 2 vary monoto-
nously with temperature, the temperature dependence
of solubility differences between 1 and 2 has no ap-
preciable correlation with that of the selectivity for
system A (Figs. 1 and 2).

Rys reported the mixing effects on the product dis-
tribution in competitive consecutive or parallel reac-
tions.3!) This problem was not examined directly in
the present case. However, if diffusion effects influ-
ence the selectivity, the temperature-selectivity profiles
for systems A, A,, and A, all should become similar
in pattern to one another as temperature increases.
As is clear from Fig. 1, this does not hold true, sug-
gesting that the selectivity would not be disguised by
diffusion effects.

Exchange Reactions. It is generally accepted that
thiol-disulfide exchange reaction occurs easily if a base
is present and that the rate of the exchange increases
with temperature.’ In contrast, in this study thiol-
disulfide exchange has been found to take place to
a small extent below 35 °C (Table 2), and no ap-
preciable disulfide-disulfide exchange has occurred. It
seems probable, therefore, that the exchange reactions
have not so great influence on the selectivity in the
oxidation of system A at least below 35 °C, judging
from the fact that (1) there is a remarkable differ-
ence in the selectivity between the exchange and the
oxidation (Tables 1 and 2) and (2) the amount of
the thiols which can participate in thiol-disulfide ex-
change is reduced as the oxidation proceeds.

Hydrophobic Interaction.®® The strength of hydro-
phobic interaction (hydrophobicity)?® appears to in-
crease with increasing surface area®) of the nonpolar
group removed from contact with water:3) The AG°
value for the transfer of solute from the pure liquid
to aqueous solution increases in the order benzene

(4.61 kcal/mol) < toluene (5.33 kcal/mol) < ethylben.
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zene (6.07 kcal/mol).?®) Furthermore, hydrophobicity
represented by AG° for the transfer is known to in-
crease progressively with temperature.3®

The temperature dependence of R described above
was investigated in acetonitrile containing a given
amount (209, (v/v)) of water. In addition, using ace-
tonitrile with varying amounts (10 to 509, (v/v)) of
water as solvents, oxidation of system A  was perform-
ed similarly at 35.0 °C; R values were plotted against
the volume percent of water. As a result, R values
were found to show a maximum at 209, of water.3?)
If hydrophobic interaction is responsible for the selec-
tivity changes with temperature on methylation and
ethylation, the R values for all of systems A, A,
and A, should vary progressively with volume percent
of water and with temperature because of progressive
increment of hydrophobicity with these two factors.
This does not coincide with the experimental results.
These arguments indicate that marked changes in the
selectivity with temperature on methylation and eth-
ylation (Fig. 1) cannot be interpreted at all in terms
of hydrophobic interaction.

Evidence is now presented to force reexamination
of the concept of hydrophobic interaction.38-4%)
Lawaczeck and Wagner?®) pointed out that this inter-
action, though consistent with the behavior of proteins
or nonpolar amino acids, failed to account for the
thermodynamic data in the nucleic acid field — the
large positive entropy values obtained for nucleic acid
melting and for transfer of nucleobases from organic
solvents to water. Cramer III3® showed that hydro-
phobic interaction was incompatible with relationships
between the structures of various nonpolar solutes and
their solvation energies by water and 1-octanol. More-
over, based on adhesion and surface free energy data
to indicate that the forces between hydrocarbons and
water in contact with each other are attractive and
not repulsive, Hildebrand?® has argued against the
use of the word ‘“hydrophobic” to describe the rela-
tive lack of attraction between water and nonpolar
substances.

Three-dimensional Shape-specific Weak Interactions.

We have recently suggested that weak interactions
specific for three-dimensional shape of nonpolar groups
are responsible for selective molecular recognition in
oxidation of system A .*Y) This type of interactions
are assumed to possess the following features: (1) they
have energies smaller than that for hydrogen bond,
(2) they are made up of individual interactions be-
tween groups, between a group and an atom, or be-
tween atoms, and (3) they can reflect three-dimen-
sional shape of nonpolar groups such as alkyl groups.4?

The data in Fig. 3 indicate that there is inappreciable
difference in the pattern of temperature dependence
of the NH® proton chemical shifts on methylation and
ethylation. Hence it seems difficult to consider that
specific weak interactions?® are reflected in the NH*
proton resonance.

Abraham reported that the major contribution to
the hydrophobic CH, free-energy increment (AG°=
0.54 kcal/mol at 298 K) was an enthalpic effect (AH°=
0.46 kcal/mol) and not an entropic effect (—TAS°=
0.08 kcal/mol), by dissecting the gas—>water CH, con-
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tribution into a favorable normal solvent effect and
a true (unfavorable) hydrophobic effect.#) Abraham’s
conclusion stimulates our view that the selectivity
changes on methylation are better to understand by
three-dimensional shape-specific weak interactions
rather than by hydrophobic interaction.

Conclusion

The pattern of temperature dependence of the selec-
tivity in oxidation of a pair of associating thiols varies
radically from a maximum-having curve to a mini-
mum-having one (or to a sigmoid-like one) upon meth-
ylation (or ethylation) of a benzene ring remote from
the reaction site. This is not the case with the oxida-
tion of a pair of non-associating thiols. These experi-
mental results would mean that methylation of a ben-
zene ring can function as a chemical signal in an as-
sociating system.

Further, any of the factors discussed in this work
—— solubility differences, exchange reactions, hydro-
phobic interaction, and three-dimensional shape-specif-
ic weak interactions alone cannot, at present, sat-
isfactorily explain the dramatic alterations in the selec-
tivity with temperature on methylation and ethylation.

Experimental

Determination of Physicochemical Properties of Thiols and Di-
sulfides. Melting points were obtained from the DTA
(Differential Thermal Analysis) curves recorded with a
Shimadzu DT-20B thermal analysis apparatus. The samples
were finely powdered, diluted with fine-grained quarz wool
in the specimen holder, and heated in a stream of nitrogen
with a heating rate of 10 °C/min.

The effective mole fraction of the solute required to cal-
culate the degree of association (f) was determined on
a Hitachi Perkin-Elmer 115 molecular weight apparatus
using a differential vapor pressure method at 36.0 °C and
0.010 M in benzene.

The solubility was measured gravimetrically by evaporat-
ing a saturated solution of 1 or 2 to dryness under reduced
pressure. The saturated solution of 1 or 2 was prepared
by vigorous stirring of the two-phase mixture for 8 h in a
well-stirred water bath held at constant temperatures con-
trolled to +0.1 °C. Further stirring caused no increase in
solubility. Separate experiments containing different ratios
of residual solid solute to solvent yielded the same equi-
librium solubility. The solubility recorded for a given tem-
perature is the mean value of at least four measurements
which did not deviated more than 49,.

Surface tension for three systems A,, A,, and A, was meas-
ured on a Kyowa surface tensiometer CBVP-A3 using a
counter balance and vertical plate method in 809, (v/v)
CH,CN-209%, H,O at 25°C. The concentrations of each
thiol employed for this measurement were 1.3x10-6,
2.6x1075 52x10-% and 1.0x10-2 M; the concentration
of 0.010 M corresponds to that of a nearly saturated
solution of system A. The uncertainty in surface tension is
+0.2 dyn/cm.

IH NMR spectra were measured on a Hitachi R-20B
spectrometer at 60 MHz. The chemical shifts for the NH
protons shown in Fig. 3 were measured precisely by the
sideband method with the aid of a frequency counter. The
uncertainty in chemical shifts is #+0.01 ppm.

Materials. Acetonitrile was dried and purified by dis-
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tillation from calcium hydride and phosphorus pentaoxide,
and stored over molecular sieves. Water was distilled after
deionization. Precoated TLC plates (silica gel 60 Fy;,) were
purchased from Merck Darmstadt.

Thiol 1 was prepared as described before!® and had the
following properties (the melting point and NH proton
chemical shifts are listed in Table 3): R; 0.69 [silica, Et,O—
EtCO,H-MeOH (30:3:1) and Et,0O-EtCO,H-MeOH-
AcOEt (60:6:1:1)]; NMR (CDCl;) ¢=2.10 (1H, t, /=9.0
Hz, SH), 2.94 (6H, s, N(CH,),), 3.38 (2H, d, J=9.0 Hz,
HSCH,), 6.6—7.6 (4H, m, ArH). Found: C, 52.45; H,
6.10; N, 16.64; S, 12.69%; M+, 253.

Thiol 3 was prepared by reaction of its hydrochloride
(Tokyo Kasei Kogyo Co., Ltd.) with an excess of tetraethylene-
pentamine and purified by distillation (bp 57—58 °C (80
mmHg**)); satisfactory spectral data were used to support
the assignment of 3. Thiol 4 was obtained from Tokyo
Kasei Kogyo Co., Ltd. and purified by distillation before
use. Thiol 20 was synthesized as reported before.2?)

Preparation of Thiol 2. Freshly sublimated cysteamine
(10 mmol) was dissolved in 35 ml of tetrahydrofuran (THF)
under argon by heating. This solution was cooled to 0 °C.
To the cold solution was added an acyl isocyanate (10.5
mmol) at 0°C under argon with stirring. The reaction
mixture was stirred for 2 h at room temperature under argon,
evaporated to dryness, and recrystallized from benzene for
2p and from acetonitrile for 2t and 2e. Thiol 2 had the
following properties (the melting points and NH proton
chemical shifts are listed in Table 3).

2p: NMR (CDCl;) 6=1.44 (1H, t, J=7.6 Hz, SH),
2.72 (2H, m, HNCH,), 3.54 (2H, m, CH,SH), 7.2—8.3
(5H, m, ArH). Found: C, 53.78; H, 5.42; N, 12.44; S,
14.289;,; M+, 224. Caled for C;,oH;,)N,0,S: C, 53.57; H,
5.39; N, 12.50; S, 14.27%; M, 224.

2t: NMR (CDCl;) ¢6=1.44 (1H, t, J=8.6 Hz, SH),
2.44 (3H, s, ArCHy), 2.74 (2H, m, HNCH,), 3.56 (2H, m,
CH,SH), 7.2—8.1 (4H, m, ArH). Found: C, 55.28; H,
5.82; N, 11.82; S, 13.17%; M+, 238. Calcd for C;;H;;N,-
0,S: C, 55.45; H, 5.92; N, 11.76; S, 13.43%; M, 238.

2e: NMR (CDCl;) 6=1.26 (3H, t, J=7.5Hz, CH,),
1.45 (1H, t, J=8.0Hz, SH), 2.5—2.9 (4H, m, CH,NH
and CH,CH;), 3.56 (2H, m, HSCH,), 7.1—8.1 (4H, m,
ArH). Found: C, 57.24; H, 6.42; N, 11.16; S, 12.729%;
M+, 252. Caled for C;,H;4N,O,S: C, 57.13; H, 6.39; N,
11.11; S, 12.69%; M, 252.

Preparation of Disulfides. Symmetrical disulfides 5 and
8 were easily obtained by treatment with O, in the pres-
ence of Et;N in CH;CN at room temperature; disulfide
5 was recrystallized from CH;CN-DMF. Satisfactory spec-
tral data were used to support the assignment of disulfides
5—10. Unsymmetrical disulfides 6 and 9 were prepared
as described before,*®) recrystallized from CH;CN for 6,
and had the following properties (NMR spectra of 5 and
6 were measured in Me,SO-d; at 34 °C and 0.040 M).

5: Mp 210°C; R; 0.67 (silica, Et,0-EtCO,H-MeOH,
30:3:1) or 0.70 (silica, Et,O-EtCO,H-MeOH-AcOEt, 60:
6:1:1); NMR 6=2.89 (12H, s, N(CH,),), 3.81 (4H, s,
SCH,CO), 6.5—7.5 (8H, m, ArH), 10.02 (2H, s, NH®),
10.65 (2H, s, NH#). Found: C, 52.09; H, 5.58; N, 16.67;
S, 12.95%. Calcd for Cy;H,NO,S,: C, 52.37; H, 5.59;
N, 16.66; S, 12.69%,.

6p: Mp 187 °C; R; 0.83 (silica, Et,O-EtCO,H-MeOH-
AcOEt, 60:6:1:1); NMR ¢6—=2.7—3.8 (4H, m, SCH,CH,N),
2.84 (6H, s, N(CH,),), 3.72 (2H, s, SCH,CO), 6.5—8.3
(8H, m, ArH), 8.88 (IH, t, /=6 Hz, NH?), 10.03 (lH,

** ] mmHg=~133.322 Pa.
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s, NH*), 10.68 (2H, s, NH? and NH’). Found: C, 52.89;
H, 5.33; N, 14.60; S, 13.549%. Calcd for C,H,;;N;0,S,:
G, 53.04; H, 5.31; N, 14.73; S, 13.489%,.

6t: Mp 192 °C; R; 0.84 (silica, Et,O-EtCO,H-MeOH,
30:3:1); NMR 6=2.37 (3H, s, ArCH,), 2.83 (6H, s, N-
(CHy),), 2.6—3.8 (4H, m, SCH,CH,N), 3.72 (2H, s,
SCH,CO), 6.5—8.1 (8H, m, ArH), 8.89 (1H, t, /=6 Hz,
NH?), 10.04 (1H, s, NH*), 10.60 (1H, s, NH#), 10.67 (1H,
s, NH”), Found: C, 54.15; H, 5.58; N, 14.47; S, 13.079,.
Caled for C,,H,;N;0,S,: C, 53.97; H, 5.56; N, 14.30; S,
13.10%.

6e: Mp 195°C; R; 0.81 (silica, Et,0-EtCO,H-MeOH,
30:3:1); NMR 6=1.19 (3H, t, J=7.5Hz, ArCH,CH,),
2.6—3.8 (6H, m, SCH,CH,N and ArCH,), 2.82 (6H, s,
N(CH,),), 3.71 (2H, s, SCH,CO), 6.5—8.1 (8H, m, ArH),
8.89 (1H, t, /=6 Hz, NH*), 10.03 (IH, s, NH*), 10.60
(1H, s, NH#), 10.64 (1H, s, NH"). Found: C, 54.68;
H, 5.77; N, 13.83; S, 12.53%. Caled for C,H,N;O,S,:
G, 54.86; H, 5.81; N, 13.91; S, 12.719%.

2-( Dimethylamino)ethyl Phenyl Disulfide (9p): Oil; R; 0.38
(silica, n-C¢H,;,~EtOH, 17:2); NMR (CDCl,;) 6=2.20 (6H,
s, N(CHy),), 2.4—3.0 (4H, m, SCH,CH,N), 6.8—7.8 (5H,
m, ArH); M+, 213,

2-( Dimethylamino ) ethyl p-Tolyl Disulfide (9t): Oil; R 0.39
(silica, n-C¢H,,~EtOH, 17:2); NMR (CDCl,) §=2.18 (6H,
s, N(CHj),), 2.28 (3H, s, ArCH,), 2.3—2.9 (4H, m,
SCH,CH,N), 6.8—7.8 (4H, m, ArH); M+, 227.

Preparation of Sulfide (11). To a mixture of iodo-
acetamide (10 mmol) and Et;N (11 mmol) in 100 ml of
CH,CN was added 1 (10 mmol) with stirring at 0 °C under
argon. Stirring was continued for 1 h at room tempera-
ture. The reaction mixture was evaporated to dryness,
washed with water, dried under reduced pressure over phos-
phorus pentaoxide, recrystallized from CH,CN to give a
pale yellow crystal, and had the following properties (NMR
spectra were measured in Me,SO-d; at 34 °C and 0.040
M): mp 195°C; R; 0.40 (silica, Et,0-EtCO,H-McOH,
30:3:1) or 0.37 (silica, Et,O-EtCO,H-MeOH-AcOEt, 60:
6:1:1); NMR ¢=2.84 (6H, s, N(CH,),), 3.24 (2H, s,
SCH,CONH), 3.45 (2H, s, SCH,CONH,), 6.5—7.5 (6H,
m, CONH, and ArH), 10.06 (1H, s, NH®), 10.58 (1H, s,
NH?#). Found: C, 50.41; H, 5.87; N, 18.31; S, 10.55%.
Caled for C;3H,;(N,0,S8: C, 50.31; H, 5.85; N, 18.06; S,
10.319%,.

Oxidation of a Pair of Thiols. A mixture of 1 (0.50
mmol) and 2 (0.50 mmol) [or of 3 (0.50 mmol) and 4 (0.50
mmol)] in 12.5ml of 80% (v/v) CH,CN-209%, H,O was
stirred vigorously under oxygen for 15 min in a well-stirred
water bath (for 20 to 70 °C) or methanol bath (for —10
and 0°C) which was thermostated to +0.1 °C for 20 to
50°C and to 0.5 °C for —10, 0, and 70 °C. To this mix-
ture was added Et;N (0.05 mmol), and vigorous stirring
was continued for the time required to complete the oxi-
dation. When the oxidation was completed, the reaction
mixture was evaporated to dryness. In the case of the
oxidation of system A, the yields of 5 and 6 were determin-
ed by the use of their absorption at 310 nm (¢=20300 for
5, 10300 for 6p, 10500 for 6t, and 10400 for Ge in 909,
(v/v) THF-10% H,O) after separation by TLC [2 mm x 1.2
cmX5cm E. Merck precoated silica gel plates (60 F,,),
Et,0-EtCO,H-MeOH (30:3:1) for systems A, and A, or
Et,0-EtCO,H-McOH-AcOEt (60:6:1:1) for system A,] fol-
lowed by elution with 90%, (v/v) THF-10% H,0.1» The
yield shown in Table 1 represents the mean value of four or
more measurements, and was reproducible to <39, average
deviation from the mean. With oxidation of system N,
the yields of 8 and 9 were determined gravimetrically after
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separation by preparative TLC [1 mm X 20 cm X 20 cm silica
gel plates (E. Merck 60 PF,;,), n-CH,,~EtOH (17:2)] fol-
lowed by elution with CH,Cl, for 8 and with CH,CN for 9.

Thiol-Disulfide Exchange Reaction. A mixture of 2 (0.50
mmol) and 5 (0.25 mmol) was stirred in 12.5ml of 809
(v/v) CH;CN-20% H,O vigorously under argon for 15 min
in a well-stirred water bath or methanol bath which was
thermostated as in the oxidation. To this mixture was
added Et;N (0.05 mmol), and vigorous stirring was con-
tinued for the same time as with the corresponding oxida-
tion under argon. To this mixture were added iodoacet-
amide (0.55 mmol) and Et;N (0.55 mmol). After vigorous
stirring for 10 min at 35 and 70 °C or for 20 min at 0 °C,
the resulting mixture was evaporated to dryness. The yields
of 5, 6, and 11 (¢=10300 at 310 nm in 909 (v/v) THF-
109% H,0) were determined as described with the oxida-
tion. The yield of the corresponding sulfide derived from
2 could not be determined by the method!® because of its
small molar extinction coefficient (e=ca. 30 in 90% (v/v)
THF-10% H,O at 310 nm). Similarly, the exchange re-
action between 1 and 7 was carried out. The yield shown
in Table 2 represents the mean value of four or more meas-
urements, and was reproducible to <39% average devia-
tion from the mean.

Disulfide-Disulfide Exchange Reaction. A mixture of 5
(0.25 mmol) and 7t (0.25 mmol) was stirred vigorously in
12.5ml of 809% (v/v) CH;CN-20% H,O for 15min in a
well-stirred water bath held at 35.0 °C controlled to =+0.1
°C. To this mixture was added Et;N (0.025 mmol), and
vigorous stirring was continued for 3 h. The resulting re-
action mixture was evaporated to dryness, and the yields
of 5 and 6t were determined as described above.
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