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The hydrolysis of alkoxy(aryl)(phenyl)-A°-sulfanenitriles in several buffer solutions was found to follow a good
pseudo-first-order kinetic equation, giving the corresponding sulfoximides and alcohols (for the case of the hydrolysis of
neopentyloxy-4 ®-sulfanenitrile, giving a rearranged product, 2-methyl-2-butanol). The dependence of the rate of hydrolysis
on the structure of the alkyl group showed the opposite trend to the usual Sy2 character, i.e. Me < Pr < Bu~Et < i-Pr,
except for neopentyl. The pH-rate profiles indicated that the rate of hydrolysis is also first order in [H*] at pH more than
6.08, and trends to saturate at low pH. According to these kinetic results, a two-step reaction mechanism was proposed
which involves a pre-equilibrium protonation on the nitrogen atom of the alkoxy-A °-sulfanenitriles, followed by a rate-
determining C—O bond cleavage via an Sn2 or Sny1 mechanism on the alkyl carbon atom depending on the structure of
the alkyl group. From a double-reciprocal plot of 1/kes vs. 1/[H*], the pK, value and the rate constant of the second
reaction of neopentyloxy(diphenyl)-A ®-sulfanenitrile were estimated to be 5.02 and 7.02x107* s~', respectively. The
substituent effects on the phenyl group of neopentyloxy(diphenyl)- A ®-sulfanenitrile afforded a large negative p-value
(—1.88) for pK, and positive one (+1.66) for the second reaction at 25.2 °C. The small negative p-values observed at pH
6.27 for diphenyl(propoxy)-4 ®-sulfanenitrile (—0.42) and neopentyloxy(diphenyl)-A ®-sulfanenitrile (—0.26) were found
to be the results of a cancellation of those for the opposite trend of the reactions of the pre-equilibrium and the second
step. The activation parameters for both the pre-equilibrium and the subsequent reactions were also estimated based on
the parameters for the hydrolysis of neopentyloxy(diphenyl)- A¢-sulfanenitrile at pH 6.22 and 2.99. The buffer effect is
due to a nucleophilic attack of the buffer base to the alkyl carbon atom of the protonated alkoxy-A ®-sulfanenitriles. The
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sulfoximide moiety in the protonated A®-sulfanenitrile is revealed to be a very good leaving group.

4.%-Sulfanenitriles are unusual compounds bearing a kind
of sulfur-nitrogen triple bond. Only a few inorganic A°-
sulfanenitriles, such as F3SN, have been known, and their
chemistry has been developed by Glemser et al.! in the field
of inorganic or fluorine chemistry. Meanwhile, examples
of organic A %-sulfanenitriles® had been very few before our
first report concerning the formation of a methoxy(diphen-
yI)-A%-sulfanenitrile in the alkaline hydrolysis of N-bromo-
8,S-diphenylsulfilimide in aqueous methanol.?

In recent years, we have prepared a series of organic A°-
sulfanenitriles,** and have reported on the X-ray structural
analysis of some of these A°-sulfanenitriles.**** Our main
interest for organic A°-sulfanenitriles is how the SN triple
bond activates other sulfur bonds. In our previous paper,* it
was reported that alkoxy-A ®-sulfanenitriles 1 exceptionally
undergo a facile Ei reaction, although A°®-sulfanenitriles are
tetracoordinated hexavalent sulfur compounds like sulfones

# This type of compound was first named as “thiazyne” by Clifford
et al’ previously, and we have also used this name. But be-
cause of confusing with heterocyclic didehydrothiazine etc., the
name, “A®-sulfanenitrile”, is used in this paper based on TUPAC
recommendation.

and sulfoximides. Furthermore, during the synthesis and the
assignment of the structure of these atkoxy-A4 ®-sulfaneni-
triles 1, they were found to be readily hydrolyzed, especially
even under a very week acidic condition, to yield the corre-
sponding sulfoximide 2. For example, methoxy(diphenyl)-
A®-sulfanenitrile (1a) was almost completely hydrolyzed to
give the corresponding sulfoximide by bubbling CO, into a
CD;0D/D,0 solution for | min or stirring with silica gel
in methanol for 23 h.* Therefore, it is very interesting to
elucidate the mechanism for such a very facile hydrolysis.
In order to study the reactivities of alkoxy-4 °-sulfanenitriles
on the hydrolysis, several alkoxy(aryl)(phenyl)-A ®-sulfane-
nitriles 1a—f were prepared,’* and kinetic investigations on
their hydrolysis were carried out in phosphate, borate, and
three Good’s buffer solutions.’

Results and Discussion

Hydrolysis Products:  In order to study the hydrolysis
products, the hydrolysis of alkoxy(diphenyl)-A¢-sulfaneni-
triles 1a—f was carried out in a phosphate buffer or a borate
buffer solution in an NMR tube at room temperature. The
reactions were found to afford the corresponding alcohols
and S,S-diphenylsulfoximide (2) almost quantitatively, ex-
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cept 1f and 1a. The neopentyloxy-A ¢-sulfanenitrile 1f gave
a rearranged alcohol, 2-methyl-2-butanol. The hydrolysis
of methoxy-A ®-sulfanenitrile 1a in phosphate buffer gave an
unexpected alkylation by-product of phosphate anion, that
is, monomethyl phosphate. The results are summarized in
Table 1.

The possible route for the formation of alcohols can be
explained by substitution on the sulfur atom or on the alkyl
carbon atom with water, although in the case of the neo-
pentyloxy derivative the only formation of the rearranged
alcohol suggests a mechanism involving alkyl-O bond fis-
sion. In order to clarify which route is the case, an 80-tracer
experiment was carried out. The isopropoxy-A 6-sulfaneni-
trile 1d was treated with Hy'80 (97.1% '30-atom content)
in dried CD3CN to give the S,S-dipenylsulfoximide in which
no '80 was incorporated. The result reveals that the reaction
proceeds via substitution on the alkyl carbon atom. The for-
mation of monomethyl phosphate for the hydrolysis of 1a in
phosphate buffer also suggests the involvement of C-O bond
fission.

Kinetics:  Effect of Alkyl Group.  The hydrolysis
of alkoxy-/l6—sulfanenitriles la—-c, 1e, and 1f was carried
out in phosphate buffer in pH range of 2.83—6.56. The hy-
drolysis of the isopropoxy-A ®-sulfanenitrile 1d was too fast
to determine its rate in the above pH range, so that in this
case the borate buffer solution in pH range of 8.31—9.35
was used. As the hydrolysis proceeds, the UV spectrum of
each reaction mixture of these alkoxy-A ®-sulfanenitriles 1
changed gradually with two isosbestic points. The rate of
hydrolysis was measured by following the UV absorption
change at a proper wavelength, 2. The hydrolysis reactions
were found to follow a good pseudo-first-order kinetic equa-
tion in all buffer solutions. The observed first-order rate
constants, kops, for la—c, le, and 1f at pH 6.27 and for 1d
at pH 8.72 in the ionic strength of 0.01 are given in Table 2
together with the isosbestic points and A values at which the
rate was followed.

As can be seen in Table 2, the rates of hydrolysis of alkoxy-

Hydrolysis of Alkoxy-AS-sulfanenitriles

AS-sulfanenitriles 1 increase in such an order as 1f < 1a <
1c < 1b~1e < 1d. This sequence is apparently related to
the structure of the alkyl group. The hydrolysis of isoprop-
oxy-A 6-sulfanenitrile 1d showed a much higher reactivity.
The hydrolysis of neopentyloxy-A ®-sulfanenitrile 1f bearing
a bulky group could unexpectedly occur rather facilely at a
rate of 0.17 times that of 1b. The change in the reactivity
with the alkyl groups of the A°-sulfanenitriles is in opposite
order to that for the usual Sy2 reaction® on the alkyl carbon
atom, except for If. In the case of the reaction of 1f, the
formation of the rearranged product apparently reveals that
the mechanism is Sy 1.

The relative rate sequences similar to that of the alk-
oxy-A %-sulfanenitriles 1 (0.53:1:0.85:1.0:580:0.17 for
Me: Et:Pr:Bu:i-Pr:neopentyl in Table 2) have been re-
ported for the solvolysis of alky! p-toluenesulfonates in some
good ionizing solvents, i.e., 1.11:1:51:0.11 for Me: Et:
i-Pr : neopentyl in acetic acid, and 0.56:1:202:1.0 in for-
mic acid.” Bently et al. also reported that the sequence was
1:1:3 for the hydrolysis of methyl, ethyl, and isopropyl
tosylates under neutral conditions, and became 0.34: 1 : 260
in 70% w/w aqueous sulfuric acid.® The more rapid increase
in the rate for secondary alkyl tosylates in aqueous sulfuric
acid was thought to be due to a shift of the transition state
to the more cationic side by protonation of these sulfonates.
The nitrogen atoms of the alkoxy-A %-sulfanenitriles 1 should
have a basicity similar to those of diphenyl(piperidino)-A é-
sulfanenitrile (pK, = 7.47, the protonation site is the unsat-
urated A %-sulfanenitrile nitrogen as discussed previously)*
and triphenyl-A ®-sulfanenitrile (pK, = 7.44).*'H NMR spec-
tra were taken during the hydrolysis in phosphate buffer in
D,0 at pD ca. 3. An observation of a lager down-field shift
from 3.69 to 4.15 of decreasing methylene signals of neopen-
tyloxy(phenyl)(p-tolyl)- A 6-sulfanenitrile (1f-m) also sug-
gests the involvement of the protonated intermediate in the
hydrolysis of alkoxy-A %-sulfanenitriles. The easy protona-
tion of the alkoxy-A ¢-sulfanenitriles 1 makes a good leaving
group even in a high pH range, and leads to the facile hydrol-

Table 1. Hydrolysis Products of Alkoxy-A ®-sulfanenitriles 17

R o F
Ph—ﬁ—Ph —_— Ph—?—Ph + ROH [Me,C(OH)Et for 11]
N N
1a—f 2

[1] R Conditions” Products (yield/%)’
a Me Solvent A, r.t, 1 h 2(99), MeOD (71), CH;OPO(OH), (24)
b Et Solvent A, r.t., 45 min 2 (99), EtOD (86)
[ Pr Solvent A, r.t.,, 1 h 2 (99), PrOD (98)
d i-Pr Solvent C, r.t., 20 min 2(99), i-PrOD (97)
e Bu Solvent B, r.t., 45 min 2 (99), BuOD (98)
f Neopentyl Solvent A, r.t., 1 h 45 min 2 (99), Me,C(OD)CH,CHs (99)

a) Substrate: ca. 0.035 moldm 3.

b) Solvent A: phosphate buffer of D;O/CD3CN (8: 1) at pD ca. 6.1, ionic

strength 0.09, total buffer concentration [B]; 0.065 mol dm—3, fraction of buffer acid 0.84. Solvent B: phosphate
buffer of D;O/CD3CN (5: 1) at pD ca. 6.1, ionic strength 0.19, total buffer concentration [B]; 0.144 mmol dm =3,
fraction of buffer acid 0.85. Solvent C: borate buffer of D,O/CD3CN (8: 1) at pD ca. 8.7, ionic strength 0.10.

c) Yields were determined by 'H NMR analysis.
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Table 2. Rates of the Hydrolysis of Alkoxy-A°-sulfanenitriles 1¥

OR . 0
] H* (H,0) 4
Ph—ﬁ@x _— Ph—§—©—x + ROH [Me,C(OH)Et for 1f)
N NH
1a—f 2
(1] R X Isosbestic points A kops X 107 p-value Relative
nm nm s ! rate”
a Me H 232,246 220 1.1740.01 0.53
b Et H 231, 246 220 2.20+0.02 1
c Pr H 231, 246 220 1.8740.01 —0.42 0.85
c-m Pr Me 237,252 225 2.1740.01
c-c Pr Cl 239, 257 225 1.56+0.01
c-n Pr NO; 258,293 240 0.86140.001
d i-Pr H 229, 247 220 4.82+0.01¢
d i-Pr H 1280% 580"
e Bu H 230, 246 220 2.2040.01 1
f Neopentyl H 230, 245 221 0.37440.001 —-0.26 0.17
f-m Neopentyl Me 235,253 224 0.4324+0.001
f-c Neopentyl Cl 238, 258 225 0.35740.001
f-n Neopentyl NO; 258,293 240 0.24140.001

a) In phosphate buffer at pH 6.27 and ionic strength 0.01,25.2 °C.  b) Rates relative to 1b, and relative rate of 1b = 1, at
pH 6.27 and ionic strength 0.01, 25.2 °C. ¢) In borate buffer at pH 8.72 and ionic strength 0.01, 25.2°C. d) The rate

constant was estimated by extrapolation of the rate constan
°C to the pH 6.27.

ysis in a cation-like mechanism, which results in the opposite
order of the alkyl-group reactivity to the usual Sy2 reactions.®
In this case, the nucleophilic reaction on the primary alkyl
carbon atom of protonated A ®-sulfanenitriles may involve an
open transition state with a small degree of bond formation
and a large extent of bond cleavage proposed by Knier and
Jencks in the reactions of N-(methoxymethyl)-N,N-dimeth-
ylanilinium ion with nucleophilic reagents in water.” The
transition states for the nucleophilic reactions of isoprop-
oxy-A°®-sulfanenitrile 1d may be Sy1 in view of the almost
limiting Sy 1 mechanism in the solvolysis of isopropyl tosyl-
ate in 70% w/w sulfuric acid.® The formation of a rearranged
alcohol, 2-methyl-2-butanol, for the hydrolysis of 1f supports
a mechanism involving a carbocation. Since the substitution
reaction proceeding via the more cation-like transition state
gives the larger relative rate of the neopentyl derivative to the
simple primary alkyl one, as shown in the above examples,
the relative rate (0.17) should be attributed to acceleration for
the other simple alkoxy-A ®-sulfanenitriles by a nucleophilic
assistance of solvents with the Sy2 character.
pH-Dependence of Rate. The effect of the pH on
the rate of hydrolysis was examined. The pH-rate profiles
of these reactions are shown in Fig. 1. In all cases, linear
correlations of log kg, vs. pH with almost the same slope
(—0.92——0.97) were observed for la—c, 1e, and 1f in the
pH range of 6.08—6.56, and for 1d in the pH range of 8.31—
9.35. The relatively slow hydrolysis of 1f made it possible to
determine its rate in a much lower pH region, resulting in the
observation of a saturation of the rate of hydrolysis at lower
pH. A re-examination of the rate of hydrolysis of 1c in the
pH range 5.12—6.08 exhibited a tendency to curve. These
results suggest that all cases have the first-order dependence

t of 1d in borate buffer at pH 8.72 and ionic strength 0.01, 25.2
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Fig. 1. pH-rate profiles for the hydrolysis of 1a—¢, le, and 1f
in phosphate buffer and 1d in borate bufter at ionic strength
0.01,25.2°C.

of the rate on [H*] in the higher pH region and saturation in
the lower pH region; also, the reaction proceeds via a two-
step mechanism involving an initial protonation followed by
a rate-determining substitution on the alkoxy carbon atom.

Since the present data have not yet been considered bufter
effects, a possible participation of some buffer effect should
be examined.

The hydrolysis of 1a, 1c, and 1f was carried out in various
diluted buffers with aqueous LiClO4 maintaining the ionic
strength at 0.01. The buffer effect was obviously negligibly
small. Therefore, the data shown in Fig. 1 and Table 2 are
considered to be free from any buffer effect on the rate of
hydrolysis; for this reason, all of the kinetic data, Hammett-
substituent effects and activation parameters were examined
under these conditions as mentioned later in Fig. 2 and Ta-
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where &} is the pseudo first-order rate constant for the nu- Z o 2153
cleophilic substitution with a water molecule. K,sy is the dis- IS = 2 é’
sociation constant of the conjugate acid of A ®-sulfanenitrile. g 24
Equation 2 shows that 1/ks should be linearly correlated to 0 & 2 -§ 3
1/[H*] with a slope of Kysn/k} and an intercept of 1/k5. A &'oi - |2 < 5 =
typical double-reciprocal plot of 1/kg,s vs. 1/[H*] for the hy- o | 5| 9 2
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g
;W
1 X Kasn x 10° K x 10° K, - 23
(1] SN 9 2‘1 PKasn o III%’G%IIII Tg
mol dm S £
f H 9.60 7.02 5.02 - —| 52
f-m Me 4.33 3.91 5.36 R IEE
f-c a 202 138 4.69 v |SmixssfBLE 38
f-n NO, 275 128 3.56 22 _‘:2, E
2B
o +1.60  —1.88 . F<
—_— v = 5 =
r 0.998 0.998 = EF-JTI :': DTV e ®
a) In phosphate bufter at ionic strength 0.01, 25.2 °C.
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substituent effect on the one phenyl group of alkoxy(diphen-
y1)-A 6-sulfanenitriles was studied for the hydrolysis of 1¢ and
1f in phosphate buffer with the same ionic strength of 0.01.
The obtained Hammett p-value for 1¢ and 1f were —0.42 and
—0.26 at pH 6.27, respectively (see Table 2). Meanwhile,
Hammett plots for both pKysn and &5 for the reaction of 1f
afforded p-values of —1.88 and 1.60, respectively. Under the
condition [H*] <« K,sn, an approximation of the Eq. 1 gives
kobs = k5[H*1/K,sn. In this case, the Hammett p-value for the
kobs 18 considered to be the sum of that for the second reaction
and the pre-equilibrium protonation. Because the p-value for
the pre-equilibrium protonation is identical to that for pK,sn,
the p-value for 1If is estimated to be —0.28 (—1.88+1.60),
which shows good agreement with that of the observed value
(—0.26) at pH 6.27. The slight difference is probably due
to the approximation. The small negative Hammett p-value
of —0.42 for 1c at pH 6.27 is also the result of a similar
cancellation. Since the p-values for pK, of both 1c and 1f are
not considered to be very different, the p-value for the second
reaction of 1c is smaller than that (+1.60) of 1f, suggesting
that the C—O bond fission of 1c¢ is less progressed than that of
1f in the transition state, in agreement with that in the range
of the SN2 mechanism. A slightly larger negative p-value for
the pK,sn of neopentyloxy(diphenyl)- A 6-sulfanenitrile than
that for diphenyl(piperidino)-A ®-sulfanenitrile (p = — 1.67)*
may be the result of development of more positive charge on
the sulfur atom, reflected by the smaller contribution of the
oxygen lone pair to neutralization of the positive charge on
the sulfur atom than that of the nitrogen lone pair.

The activation parameters were calculated from Arrehe-
nius plots for the second-order rate constants obtained by
dividing the kg, values by [H*] for the hydrolysis of la—c
and le at pH 6.27, 1f at pH 6.22, and 1d at 8.72 with the
ionic strength 0.01, respectively, and summarized in Table 4.
The activation enthalpies and entropies at a pH over 6.27
at 25 °C for la—e are in the ranges 62—65 kJ mol~! and
26—90 JK ' mol~', respectively. These values are con-
sidered to be the results of the sum of those for both the
pre-equilibrium protonation and the subsequent substitution
reaction (AHY = AH, +AH§, ASt = AS, +AS§). Meanwhile,
the activation parameters for 1f at pH 2.99 were calculated
using the observed first-order rate constants, k.. A large
activation enthalpy (AH% =96 kJ mol~) and a large positive
activation entropy (AS% = +36 J K~ mol~") are consistent
with the Sy 1 mechanism for the second reaction of 1f, since
most of the A -sulfanenitrile molecules are considered to be
protonated at pH 2.99 and the activation parameters reflect
only the second reaction. Therefore, the enthalpy (AH,) and
entropy (AS)) for the pre-equilibrium protonation are esti-
mated as —16 kJmol ! and 43 JK~' mol™', respectively.
Assuming that these parameters are nearly equal to those for
the other A%-sulfanenitriles la—e, the activation entropies
for the second reaction of 1a—e are estimated to be almost
zero, or small negative values (0——17 JK~!'mol™'), as
shown in Table 4. These values are larger than those of the
usual Sn2 reactions, and may suggest a loose transition state.

Bull. Chem. Soc. Jpn., 73, No. 4 (2000} 961

Buffer Effect.  In order to clarify the stepwise mecha-
nism of the acid-catalyzed hydrolysis, it is important to ex-
amine the buffer effect in a more concentrated buffer system.
Further, in order to estimate the influence of pK, of the buffer
reagents on the buffer effect, three Good’s buffers with the
different pK, values, MES (2-morpholinoethanesulfonate,
pK, = 6.15, 20 °C), MOPSO (2-hydroxy-3-morpholinopro-
panesulfonate, pK, = 6.90) and MOPS (3-morpholinopro-
panesulfonate, pK, = 7.20, 20 °C) buffers, were also used
besides the phosphate buffer. Typical buffer dependences of
the hydrolysis of 1la—c are shown for the MES buffer at pH
6.12 with an ionic strength of 0.1 in Fig. 3. In almost all
cases, the observed rate constants, ks, are linearly depen-
dent on the total buffer concentration ([B],): kobs = ko+kg[Bl:,
where kg is the rate constant extrapolated to zero buffer con-
centration, and kg is the buffer-dependent second-order rate
constant. The ko and kg values for the hydrolysis of 1 in
different buffer solutions are summarized in Table 5. The
kg values for 1d and 1f are actually zero within the exper-
imental error, which is consistent with the Sy1 mechanism
free from the attack of buffer nucleophiles in the transition
state. The kg and kg values for the phosphate buffer in Ta-
ble 5 were obtained from the corrected kb by adjusting the
data to the same pH using the results of the pH-rate profile
obtained in the phosphate buffer at an ionic strength of 0.01,
because in the case of phosphate buffer it is difficult to main-
tain a constant pH in the usual dilution method to change the
buffer concentration using an aqueous solution of salt while
maintaining the constant ionic strength.

As shown in Table 5, the kg values for 1a—f in both phos-
phate and MES buffer show similar relative rates (the values
in parentheses) to those in buffer solutions with an ionic
strength of 0.01, shown earlier in Table 2.

On the other hand, the kp rate sequences for 1a, 1b, and 1c
in MES buffer (6.35:1:0.45) and for 1a, 1b, 1¢, and le in
phosphate buffer (1.35:1:0.67:0.73) are roughly consistent
with the order of the usual Sy 2 reactivity® on the alkyl carbon
atom. These changes in the relative rates are smaller than that
for the usual SN2 reactivity, suggesting the looseness of the

0.006

0.005 | 1b
0.004 [

0.003

k obs / s-l

1a
0.002

0.001 [

0 1 .
0 0.1 0.2
[B];/ mol dm™

Fig. 3. Buffer effect on the hydrolysis of la—c in MES
buffer at pH 6.12 and ionic strength 0.1 maintained with
LiClO4 at 25.2 °C.
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Table 5. Buffer Effect for the Hydrolysis of Alkoxy-A ®-sulfanenitriles 1

Hydrolysis of Alkoxy-A 5_sulfanenitriles

[1] R Buffer® Fraction of pH kox10° 9 ks x 109
buffer acid® s~ ! s 'mol~! dm’

a Me Phosphate® 0.80 6.14 1.9 (0.51)" 0.85 (1.35)"

a Me Phosphate 0.67 6.56 0.8 0.53

a Me Phosphate 0.50 6.87 0.4 0.33

a Me MES 0.80 5.51 75 1.63

a Me MES 0.60 5.94 3.1 1.53

a Me MES 0.50 6.12 2.2 (0.52)¢ 1.27 (6.35)%

a Me MES 0.33 6.45 1.2 0.81

a Me MOPSO 0.50 6.93 0.4 0.33

a Me MOPS 0.80 6.59 0.9 0.43

a Me MOPS 0.67 6.90 0.5 0.38

a Me MOPS 0.50 7.20 0.2 0.23

b Et Phosphate® 0.80 6.14 3.7 (DY 0.63 (1)"

b Et MES 0.50 6.12 42 (1)® 0.20 (1)®

c Pr Phosphate® 0.90 5.79 6.0 0.76

c Pr Phosphate® 0.80 6.14 3.1 (0.84)" 0.42 (0.67)"

¢ Pr Phosphate® 0.68 6.38 1.8 0.14

c Pr Phosphate 0.50 6.87 0.8 —

c Pr MES 0.50 6.12 3.6 (0.86)% 0.09 (0.45)®

c Pr MOPS 0.50 7.20 0.4V —

d i-Pr Borate 0.50 9.24 2.6 0

e Bu Phosphate® 0.80 6.14 3.6 (0.97)° 0.46 (0.73)°

f Neopentyl Phosphate®’ 0.80 6.14 0.7V (0.19)” 0

f Neopentyl MES 0.50 6.12 0.8" (0.19)2 0

a) Determined at 25.2 °C and the ionic strength 0.10 (LiClOy4). Rates of the hydrolysis in MES, MOPS, and MOPSO buffer
solutions were determined by following the decrease in absorption at 260 nm. b) MES: 2-morpholinoethanesulfonate
(pKa 6.15, 20 °C), MOPSO: 2-hydroxy-3-morpholinopropanesulfonate (pK, 6.90), MOPS: 3-morpholinopropanesulfonate

(pK, 7.20,20 °C).

¢) [buffer acid]/total buffer concentration, and in the case of phosphate buffer [H,PO4 ~ J/total buffer

concentration d) The data for phosphate buffer are the corrected values, and the values in parentheses are rates relative to

1b, and relative rate of 1b=I.

¢) lonic strength 0.20 (LiClO4

). ) Rates relative to 1b in phosphate buffer.

g) Rates

relative to 1b in MES buffer.

transition state. The larger change in the MES buffer than that
in the phosphate buffer may be attributable to the different
looseness of the transition state or the bulkier nucleophile
tertiary amine buffer than the phosphate buffer, or both.
The kg values in Table 5 were found to decrease with an
increase of the pK, value of the buffer reagent in the order of
MES, MOPSO, phosphate, and MOPS at the same fraction
of buffer acid, and to increase with the decrease of pH for
the same buffer reagent. Typical plots of kg vs. fraction of
buffer acid for 1a in several buffer solutions are shown in
Fig. 4. There are three possibilities for this buffer behavior.
Orne is a general acid catalysis,'®'" which should involve a
rate-determining protonation step, most likely on the nitro-
gen atom. The almost absence of buffer effects for 1d and
1f in Table 5 and other kinetic behavior suggesting two step
mechanism account for that general acid catalysis is unlikely.
The other one, which refers to the same kinetic equation, in-
volves a specific acid-general base catalysis,'!" in which the
buffer effect arises from the general base catalysis of a buffer
base abstracting a proton from the attacking water molecule.
Also, the third is that the buffer base attacks as a nucleophile
on the alkyl carbon of the protonated A %-sulfanenitriles. Al-
though these mechanisms are indistinguishable only from the
kinetic behavior, the formation of monomethyl phosphate in
the product analysis, shown in Table 1, suggests that the

h) Average value for the rate constants in five different concentrations of buffer.

0.02
A
E 0.01 } phosphate
2
e
MOPS
0 - A 1 '
0 0.2 04 06 08 1
fraction of buffer acid

Fig. 4. Plots of kg for the hydrolysis of 1a vs. fraction of
buffer acid in buffer at ionic strength 0.1 maintained with
LiClO; at 25.2 °C.

third mechanism is the most plausible. The observation of
the SN2 character in the buffer effect toward the kg values
is also consistent with the third mechanism, although the
product analysis of methylated MES was difficult. The pro-
tonated alkoxy-A °-sulfanenitriles may be strong alkylating
agents like |-methyl-3-methoxysulfonylpyridium cation,'? in
view of the very facile attack of even poor nucleophiles such
as water and phosphate anions (H,PO, 7).
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Mechanism for the Hydrolysis: According to the
above experimental results, a two-step reaction mechanism,
as shown in Scheme 1, is reasonably considered, which in-
volves a pre-equilibrium protonation on the nitrogen atom
of the alkoxy-A%-sulfanenitriles 1 followed by a rate-de-
termining C-O bond cleavage via an SN2 or Syl reaction,
depending on the structure of the alkyl group. The proton-
ated alkoxy-A4 ®-sulfanenitriles are subject to a nucleophilic
attack of both water and buffer base in concentrated buffer
solutions.

Kinetic Analysis. A Kkinetic analysis of the reaction
mechanism provides a rate-law:

ky[H*]
Kasn + [H*]

kY Kana[HA]
Kasn +[H*]

kobs = (3)
where &} is a second-order rate constant for the nucleophilic
substitution with a buffer base. K., is the dissociation con-
stant of the buffer reagent. [HA] represents the concentration
of the buffer acid.

When the buffer effect is negligibly small in the case of
the hydrolysis in a very dilute buffer with ionic strength of
0.01, the observed rate constant, ks, is only related to the
first term in Eq. 3, and is linearly dependent on [H*] in the
higher pH region than the pK,sn value, while in the lower
pH region it becomes saturated to k5, consistent with the pH-
rate profiles in Fig. 1.

Kinetic Analysis for Buffer Effect. It is clear that
buffer-dependent second-order rate constant, kg, can be de-
scribed by Eq. 4 from the second term of Eq. 3,

_ kyKiwna [HA]
Kusn+[H*] (Bl

“®

where [B]; is the total buffer concentration. Equation 4
shows a nearly linear dependence of kg on the fraction of
buffer acid ({HAY/[B],) in a higher pH region than the pK,sn
value of the conjugate acid of A°®-sulfanenitrile. The plots of
kg vs. fraction of buffer acid for 1a in the MES and MOPS
buffers in Fig. 4 are in accord with the relationship described
by Eq. 4. The downward curvature (the dotted line in Fig. 4)
in the higher fraction of buffer acid for the MES buffer may
be due to the close pH value to the pK,sn value of 1a. The
upward curvature for the phosphate buffer may be interpreted
on the basis of an acceleration by the additional nucleophilic
function of the increasing acid fraction of H,PO, ~, although
the possible experimental error due to the data by correc-
tion to maintain constant pH value could not be completely
neglected. When the buffer system mainly consists of a
solution of H,PO,~/HPO,?~, the kg is described by Eq. 5

OR
Ph—S—Ph + H3'O + HA Ph— s
N 0

Bull. Chem. Soc. Jpn., 73, No. 4 (2000) 963

considering both of these two anions as nucleophiles:

_ KAH'] [H:POs] . KS[H] [HPOL™]
~ Kusn+[H*] Bl Kusn+[H*]  (B],
_ (K [H'] + k2 Kanaz) [HoPO4 |

T Kasn+[H7] (B,

&)

where k%, and k%, are the second-order rate constants of nucle-
ophilic substitution by H,PO,~ and HPO,2~, respectively.
K,naz is the second dissociation constant of phosphoric acid.
The curve for the phosphate buffer in Fig. 4 is apparently
composed of a linear dependence of the second term on the
fraction of H,PO4 ™ in the low acid fraction region in which
the nucleophilic reaction of HPO42~ is involved and an ac-
celeration factor of the first term in the more acidic region
contributed by the nucleophilic reaction of H;PO4~ as de-
scribed in Eq. 5. The balance of these two factors changes
depending on the acid fraction, resulting in the nonlinear
relationship between kg and fraction of buffer acid.

Although &7 and K,na have complementary character for
a buffer, the increment of k& by changing the buffer is smaller
than the decrement of K 4, because the Brgnsted S-value is
generally smaller than unity, and thus the larger is the K,ya
value the larger is the product k5 K a. Accordingly, there
appears an order of buffer effect, MES > MOPSO = phos-
phate (K,ia2) > MOPS (Table 5) similar to that in a general
acid catalysis. A rearrangement of Eq. 4 at the fraction of
buffer acid of 0.5 gives

1" + k
b=ﬂmw+mDKB (6)

aHA

Thus, the 3-value of Brgnsted-type correlation for the sec-
ond-step nucleophilic substitution is roughly estimated to be
0.28 from a plot of log k5 —log 2(K,sn+[H*]) against pK,pa
in Fig. 5 when log 2(K,sn+[H*]) is nearly constant. Here, the
data for the phosphate buffer were not used, considering its

)

U
T

&
T

logk 2" - log2(K usn+[H'])

A i

w

6 6.5 7 7.5
pKaHA

Fig. 5. Brgnsted-type correlation.

o ke
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7
Ph—?—Ph +ROH + H'
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A K pye

[
S—Ph+ RA
slow Il
N

H

Scheme 1.
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complex effect of more than one basic species. This -value
is in the range of those values, 0.15—0.39, for the aminolysis
of methyl 4-nitrobenzenesulfonate in an aqueous solution."
The loose transition state for the nucleophilic substitution by
the nitrogen buffer nucleophiles makes us expect to the more
loose transition state for the phosphate or water nucleophile
resulting in the opposite reaction order of alkyl structures.

Conclusion

The hydrolysis of alkoxy-A%-sulfanenitriles was found to
proceed via an initial protonation of the nitrogen atom fol-
lowed by a rate-determining C—O bond cleavage via SN2
or Sy1 mechanism on the alkyl carbon atom. In the case
of neopentyloxy(phenyl)(p-substituted phenyl)-4 ®-sulfane-
nitriles, the pK, values of their conjugate acids and their rate
constants for the subsequent reaction were estimated from
the curvature of pH-rate profiles. The sulfoximide moiety of
the protonated alkoxy-A ®-sulfanenitriles was found to be a
very good leaving group to make it possible to proceed via an
Sn1 or a very loose cation-like Sy2 mechanism, even under
mild conditions. The buffer effect is due to a nucleophilic
attack of the buffer base toward the alkyl carbon atom of the
protonated alkoxy-A ¢-sulfanenitriles.

Experimental

Reagents and Instruments:  All reagents and solvents were
obtained commercially, and were further purified by general meth-
ods when necessary.

Buffer solutions were prepared according to the reference.’ The
pH value of the buffer solution was measured by a Horiba F-13 pH
meter.

IR spectra were taken on a Horiba FT-710 spectrometer, and the
"HNMR and "*C NMR spectra were obtained on a JEOL-JNM 400
NMR spectrometer in CDCl3 with TMS or D,O/CD3CN with DSS
as an internal standard. Elemental analyses were performed on a
Yanaco MT-5 CHN CORDER. Mass spectra were obtained on a
JEOL-JMS-D 300 spectrometer. UV spectra were measured by a
Hitachi U-3000 spectrophotometer.

Alkoxy- A °-sulfanenitriles: The alkoxy(aryl)(phenyl)-A°-
sulfanenitriles 1a-f were prepared according to the methods re-
ported in our previous papers.** Three neopentyloxy(phenyl)(p-
substituted phenyl)—l6-sulfanenitriles, 1f-m, 1f-c, and 1f-n, were
prepared by using the method of preparation of 1f.*

Neopentyloxy(phenyl)(p-tolyl)-4 *-sulfanenitrile (1f-m).
Yield 16%; mp 111—113 °C (decomp); IR (KBr) 1334 cm™!
(%n); "HNMR (400 MHz, CDCl3) 6 = 1.00 (s, 9H), 2.39 (s, 3H),
3.67, 3.69 (ABq, J = 8.8 Hz, 2H), 7.26—7.28 (m, 2H), 7.43
7.51(m, 3H), 7.80—7.83 (m, 2H), 7.90-—7.93 (m, 2H); "CNMR
(100 MHz, CDCl3) 6 =21.4,26.6,31.7,70.5, 127.0, 127.3, 128.9,
129.5, 131.8, 142.0; 142.7, 145.5. Found: C, 71.89; H, 7.56; N,
4.76%. Calcd for C1gsH;NOS: C, 71.72; H, 7.69, N, 4.65%.

p-Chlorophenyl(neopentyloxy)(phenyl)-A ®-sulfanenitrile (1f-
¢). Yield 40%; mp 114—115 °C (decomp); IR (KBr) 1337 cm ™!
(vn); 'HNMR (400 MHz, CDCls) 6 = 1.00 (s, 9H), 3.69, 3.71
(ABq, J =9.2 Hz, 2H), 7.43—7.55 (m, 5H), 7.84—7.93 (m, 4H);
PCNMR (100 MHz, CDCl3) & = 26.6, 31.7, 70.8, 127.1, 128.6,
129.1,129.2, 132.2, 138.4, 143.6, 144.8. Found: C, 63.25; H, 6.33;
N, 4.18%. Calcd for C7H;0CINOS: C, 63.48; H, 6.27; N, 4.35%.

Neopentyloxy(p- nitrophenyl)(phenyl)- 4 - sulfanenitrile (1f-
n). Yield 11%; mp 119—122 °C (decomp); IR (KBr) 1348 cem™!

Hydrolysis of Alkoxy-A 6-sulfaneniz‘riles

(vn); '"HNMR (400 MHz, CDCl3) 6 = 1.02 (s, 9H), 3.74, 3.77
(ABq, J =9.2 Hz, 2H), 7.51—7.60 (m, 3H), 7.93—7.95 (m, 2H),
8.07—8.10 (m, 2H), 8.30—8.33 (m, 2H); "CNMR (100 MHz,
CDCl3) 6 =26.6, 30.9, 31.8, 71.2, 124.3, 127.4, 128.1, 1294,
132.8, 143.7, 149.5, 150.8. Found: C, 61.25; H, 6.25; N, 8.29%.
Calcd for C7H20N2038S: C, 61.42; H, 6.06; N, 8.43%.

Hydrolysis Product Analysis:  To a solution of alkoxy-A°-
sulfanenitriles 1 (5.5 mg) in CD3CN (0.06—0.1 ml) in an NMR tube
was added buffer solution (0.52 ml, prepared by mixing the calcu-
lated amounts of salt solutions in DO to give a pD value close to
the desired value shown in Table 1) containing an internal standard,
DSS (5.0 mg) and "H NMR spectrum was taken immediately. Then
its '"HNMR spectrum was measured at an appropriate time inter-
val until the reaction completion. These 'H NMR spectra showed a
gradual disappearance of four o-hydrogen signals of the 1 ®-sulfane-
nitrile and those of the alkoxy group, instead of an increase of new
signals of the sulfoximide and the corresponding alcohols. For 1a,
after the reaction started, a doublet signal at 6 = 3.53 (Jpu = 10.4
Hz) for monomethyl phosphate was simultaneously observed to in-
crease with time. The yields were calculated on the basis of the
conversion of four o-hydrogen atoms of A°%-sulfanenitrile. The
yields of alcohol and other products were obtained based on the
yield of sulfoximide.

Intermediate of Protonated 4 °-Sulfanenitrile: To a solution
of neopentyloxy(phenyl)(p-tolyl)-A 5_sulfanenitrile (1f-m) (5.5 mg)
in CD3CN (0.08 ml) in an NMR tube at 0 °C was added phosphate
buffer solution (0.66 ml) of D,O at pD ca. 3 containing an internal
standard, DSS (5.0 mg) at the same temperature, and 'HNMR
spectrum was taken immediately. A comparative operation was
carried out using D, O instead of buffer solution.

'"HNMR (400 MHz, DO : CD;CN) for hydrolysis of 1f-m in
D,0: 1f-m, 6 =0.99 (s, 9H), 2.37 (s, 3H), 3.69 (s, 2H), 7.39—7 41
(m, 2H), 7.57—7.68 (m, 3H), 7.76—7.79 (m, 2H), 7.87—7.89 (m,
2H); 2-methyl-2-butanol (hydrolysis product) é = 0.87 (t, 3H), 1.17
(s, 6H), 1.48, 1.50, (ABq, J = 7.6 Hz, 2H); sulfoximide (hydrolysis
product) 6 = 2.38(s, 3H), 7.41-—7.43 (m, 2H), 7.56—7.62 (m, 2H),
7.65—7.69 (m, 1H), 7.86—7.88 (m, 2H), 7.97—7.99 (m, 2H).

'"HNMR (400 MHz, D0 : CD;CN) for hydrolysis of 1f-m in
phosphate buffer at pD ca. 3, ionic strength 0.07: Intermediate of
protonated 1f-m, & = 1.06 (s, 9H), 2.48 (s, 3H), 4.15 (s, 2H), 7.61—
7.63 (m, 2H), 7.79—7.83 (m, 3H), 8.01—8.03 (m, 2H), 8.16—8.18
(m, 2H); 2-methyl-2-butanol 6 =0.88 (t, 3H), 1.19 (s, 6H), 1.50,
1.51, (ABq, J = 7.6 Hz, 2H); sulfoximide & =2.40 (s, 3H), 7.44—
7.47 (m, 2H), 7.62—7.67 (m, 2H), 7.72-—7.75 (m, 1H), 7.91—7.94
(m, 2H), 8.03—8.06 (m, 2H).

Reaction with H,'*0:  To a solution of A °-sulfanenitrile 1d (20
mg) in dried CD3CN (0.55 ml) in an NMR tube was added 0.2 ml of
H,'*0 (97.1% '80O-content). The tube was immediately immersed
in an oil bath thermostated at a constant temperature 50 °C (1 °C).
The reaction process was monitored by observing the disappearance
of the signals of the four o-hydrogens and of the isopropoxy group
in terms of the 'HNMR spectra. After the reaction finished, the
predominant product, S,S-diphenylsulfoximide, was shown not to
incorporate with '*0 by GC-MS spectrometry.

Kinetic Measurement: The hydrolysis reaction was started by
adding 2 ul sample of the acetonitrile solution of 1 (0.14 mol dm™?)
to 3.0 ml of a buffer solution in a 10 mm quartz cell equilibrated at
25.240.1 °Cin acell compartment of a Hitachi U-3000 spectropho-
tometer. The variation of the UV absorption of A °-sulfanenitrile at
a proper wavelength (see also Table 2) was automatically recorded
at 10-second intervals. The experimental infinity was decided to be
10-times of the half-life. The data were analyzed by a pseudo-first-
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order kinetic program on a personal computer.

The buftfer effect was examined by measuring the rates of hydrol-
ysis in five concentrations of buffer solutions with the same pH and
the same ionic strength, which were prepared by diluting a stock
concentrated buffer solution with a LiClO; solution.

To accurately attain the activation parameters, the pH values
of the buffer solutions at other temperatures besides 25.2 °C were
adjusted to be the same as that at 25.2 °C. The activation parameters
were obtained from a least-squares treatment of In k against 7' at
three temperatures with an interval 10 °C.
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