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Abstract: A study was carried out on the solvolysis of 1-adamantyl chlorothioformate (1-AdSCOCl,
1) in hydroxylic solvents. The rate constants of the solvolysis of 1 were well correlated using the
Grunwald–Winstein equation in all of the 20 solvents (R = 0.985). The solvolyses of 1 were analyzed
as the following two competing reactions: the solvolysis ionization pathway through the intermediate
(1-AdSCO)+ (carboxylium ion) stabilized by the loss of chloride ions due to nucleophilic solvation and
the solvolysis–decomposition pathway through the intermediate 1-Ad+Cl− ion pairs (carbocation)
with the loss of carbonyl sulfide. In addition, the rate constants (kexp) for the solvolysis of 1 were
separated into k1-Ad+Cl− and k1-AdSCO+Cl− through a product study and applied to the Grunwald–
Winstein equation to obtain the sensitivity (m-value) to change in solvent ionizing power. For binary
hydroxylic solvents, the selectivities (S) for the formation of solvolysis products were very similar to
those of the 1-adamantyl derivatives discussed previously. The kinetic solvent isotope effects (KSIEs),
salt effects and activation parameters for the solvolyses of 1 were also determined. These observations
are compared with those previously reported for the solvolyses of 1-adamantyl chloroformate (1-
AdOCOCl, 2). The reasons for change in reaction channels are discussed in terms of the gas-phase
stabilities of acylium ions calculated using Gaussian 03.

Keywords: 1-adamantyl chlorothioformate; Grunwald–Winstein equation; solvolysis; solvolysis–
decomposition; ionization pathway; carboxylium ion

1. Introduction

The chemistry of the acyl group and its various derivatives occupies an important
place in organic and metabolic reactions [1,2]. In particular, alkyl and aryl haloformate
esters [1–6] are reagents frequently used as precursors, inhibitors and protecting groups in
peptide synthesis. Therefore, it is very important to study the solvolysis reactions of alkyl
haloformate (alkoxy groups) and alkyl halothioformate (alkylthio groups) esters.

In previous studies, it was reported that the solvolysis reaction of 1-adamantyl
chloroformate (1-AdOCOCl, 2) [7] in hydroxylic solvents proceeds with both solvolysis–
decomposition using the Grunwald–Winstein equation [8,9]. All of the reactions in 2 result
in a loss of carbon dioxide to give the relatively sTable 1-adamantyl cation (1-Ad+Cl− ion
pairs). Only in 100% ethanol was a trace of 1-adamantyl ethyl carbonate (1-AdOCOOEt)
observed. The picture for the solvolysis–decomposition of 2 in hydroxylic solvents is
expressed on the right side of Scheme 1, with pathways involving the rate-determining
unimolecular reaction with a loss of carbon dioxide. In a similar reaction, Moss et al. [10]
studied product-determining intermediates on the solvolysis of 3-homoadamantyl chlo-
roformate and 3-homoadamantyloxychlorocarbene in methanol. They demonstrated that
the 3-HomoadOMe and 3-HomoadCl products are formed through an intermediate 3-
Homoad+Cl− ion pair after the loss of carbon dioxide or carbon monoxide occurs.
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Scheme 1. (a) Addition–Elimination pathway through a tetrahedral intermediate, (b) Solvolysis–
Decomposition ionization pathway through a carbocation intermediate.

The solvolyses of 1-adamantyl fluoroformate (1-AdOCOF, 3) [11], unlike the solvolytic
reactions of 2 [7], were observed in two reaction pathways; one is the parallel solvolysis–
decomposition pathway with a loss of carbon dioxide, as in the reaction on the right side
of Scheme 1, and the other proceeds to the addition–elimination pathway including the
bimolecular attack by a solvent at the acyl carbon, shown on the left of Scheme 1.

As described above, the mechanisms of the solvolyses of 2 and 3 differ depending
on the solvent and leaving group. Therefore, it is interesting to study the reactivity of
the tertiary bridgehead alkylthio group substituted with sulfur instead of oxygen in the
alkoxy group.

Queen et al., previously reported the effects of structural changes on the rates of
hydrolysis of a series of chlorothioformate esters [12–14]. They suggested that differences
in the relative rates and reaction mechanisms of the chlorothioformate esters are due to the
change in the electronic structure of the alkylthio group and the electron participation of
the empty d-orbitals of sulfur.

Using the extended Grunwald–Winstein equation, we previously reported that the
solvolysis of alkyl and phenyl chlorothioformates [15–18] in the more nucleophilic pure al-
cohols and aqueous solutions proceeds predominantly by an addition–elimination pathway
(Scheme 1a), with an attack at the carbonyl carbon. Only in solvents of very low nucle-
ophilicity and very high ionizing power was an ionization pathway detected (Scheme 2).

Scheme 2. Solvolysis ionization pathway though a carboxylium ion intermediate.

For ethyl- [16], i-propyl chlorothioformate (i-PrSCOCl, 4) [19] and t-butyl chloroth-
ioformate (t-butSCOCl, 5) [17], in the majority of solvents except methanol, ethanol and
90% ethanol, the ionization pathway was dominant (Scheme 2). However, despite many
studies on alkyl halothioformates, the mechanism of the tertiary bridgehead 1-adamantyl
halothioformate (1-AdSCOX) has not yet been firmly established. In a previous study,
the tertiary bridgehead 2 was an ionization mechanism that proceeds to the intermedi-
ate 1-Ad+Cl− ion pair after carbon dioxide loss in all of the solvents except pure ethanol
(Scheme 1b). Therefore, it is very interesting to study how the reaction of the tertiary bridge-
head 1-adamantyl chlorothioformate (1-AdSCOCl, 1) changes with a variety of solvents.
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Here, we present the rate constants for reactions of 1 under solvolytic conditions, and
the partitioning between the various possible solvolysis products (product selectivity, S).
The reaction mechanism of solvolysis for 1 in a wide range of solvents is analyzed using
the G–W equation. Additionally, as tools to consider the reaction mechanism for solvolysis,
it deals with activation parameters (∆H 6= and ∆S 6=) and solvent isotope effects. We also
consider salt effects to arrive at a reasonable mechanism. Mechanistic interpretations are
compared with stabilities of the acylium ions adjacent to alkoxy and alkylthio groups,
obtained by DFT calculations using Gaussian 03 [20].

2. Results

The rate constants of solvolysis of 1 in all of the 20 solvents at 25.0 ◦C are reported in
Table 1, together with the solvent nucleophlicity (NT) [21,22] and solvent ionizing power
(YCl) [23–25] values. Additionally, the rate constants separated into 1-Ad+Cl− and (1-
AdSCO)+Cl− for the solvolyses of 1 at 25.0 ◦C are presented in Table 1. The solvents
consisted of methanol (MeOH), ethanol (EtOH), 2,2,2-trifluoroethanol (TFE) and binary
mixtures with water of methanol, ethanol, acetone and four binary mixtures of TFE and
ethanol. Since the rates of 1 in three aqueous TFE solvents at 25 ◦C were too high to be
measured by acid titration, the rate constants of 1 at 25 ◦C were obtained by extrapolation
using the Arrhenius equation (Table 2).

For reactions of 1 in MeOH, EtOH, 80% EtOH and 97~70% TFE, the rate constants
were also determined at three and/or four temperatures, and these data are reported in
Table 2, together with data for the solvolysis of 1 in 2-propanol. These values in Table 2
were used to calculate the activation enthalpies and entropies.

Table 1. Rate constants (kexp) of solvolysis of 1-adamantyl chlorothioformate (1) a in pure and binary solvents at 25.0 ◦C,
together with the appropriate solvent nucleophilicity (NT) and solvent ionizing power (YCl) values and the rate constants
separated into 1-Ad+Cl− and (1-AdSCO)+Cl− for solvolyses of 1 at 25.0 ◦C.

Solvent (%) b 104 kexp (s−1) c 104k1−Ad+Cl− (s−1) j 104k1−AdSCO+Cl− (s−1) k NT
d YCl

e

100 MeOH f 2.11 ± 0.05 - - 0.17 −1.17
90 MeOH 11.5 ± 0.1 - - −0.01 −0.18
80 MeOH 40.8 ± 0.1 - - −0.06 0.67
70 MeOH 209 ± 4 - - −0.40 1.46

100 EtOH g 0.116 ± 0.003 0.0411 0.0749 0.37 −2.52
90 EtOH 1.36 ± 0.02 0.899 0.461 0.16 −0.94
80 EtOH 7.62 ± 0.04 5.95 1.67 0.00 0.00
70 EtOH 27.6 ± 0.2 23.3 4.28 −0.20 0.78
60 EtOH 101 ± 2 88.7 12.3 −0.38 1.38
50 EtOH 139 ± 7 128 11.3 −0.58 2.02

90 Me2CO 0.0550 ± 0.001 - - −0.35 −2.22
80 Me2CO 1.20 ± 0.03 0.971 0.229 −0.37 −0.83
70 Me2CO 9.01 ± 0.06 7.73 1.28 −0.42 0.17

97 TFE 5557 h - - −3.30 2.83
90 TFE 5115 h 4803 311 −2.55 2.85
70 TFE 1449 h 1343 107 −1.98 2.96

80T-20E i 456 ± 2 385 71.1 −1.76 1.89
60T-40E i 42.3 ± 0.6 35.5 6.81 −0.94 0.63
40T-60E i 5.01 ± 0.07 3.68 1.34 −0.34 −0.48
20T-80E i 0.724 ± 0.009 0.439 0.285 0.08 −1.42

a Substrate concentration of 4.62 × 10−4 mol dm−3. b Volume/volume basis at 25.0 ◦C, except for TFE–H2O mixtures, which are on a
weight/weight basis. c The average of all integrated rate constants from duplicate runs, with associated standard deviation. d Based on
the rate constant of the S-methyldibenzothiophenium ion. e Based on the rate constant of the 1-admantyl chloride. f Value in MeOD of
(1.55 ± 0.03) × 10−4 s−1, and solvent deuterium isotope effect (kMeOH/kMeOD) of 1.35 ± 0.02. g Value in EtOD of (0.111 ± 0.006) ×10−4 s−1,
and solvent deuterium isotope effect (kEtOH/kEtOD) of 1.05 ± 0.04. h Values obtained using Arrhenius plots with the rate constants reported
at different temperatures. i T-E are 2,2,2-trifluoroethanol-ethanol mixtures. j Values calculated from the percentage sum of 1-AdOH, 1-AdCl
and 1-AdOR in Tables 3 and 4. k Values calculated from the percentage sum of 1-AdSH and 1-AdSCOOR in Tables 3 and 4.
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Table 2. Rate constants and activation parameters (∆H 6= and ∆S 6=) for solvolysis of 1 in pure and aqueous binary solvents
at various temperatures.

Solvent (%) a Temp. (◦C) 104 k (s−1) ∆H 6=298.15, Kcal mol−1 b ∆S 6=298.15, cal mol−1 K−1 b

100 MeOH 25.0 2.11 ± 0.01 c 20.9 ± 0.4 −5.1 ± 1.4
45.0 21.6 ± 0.3
50.0 36.9 ± 0.6
55.0 56.6 ± 0.3

100 EtOH 25.0 0.116 ± 0.003 c 23.5 ± 0.2 −2.2 ± 0.7
45.0 1.57 ± 0.01
50.0 2.76 ± 0.03
55.0 4.73 ± 0.01

80 EtOH 25.0 7.62 ± 0.01 c 20.0 ± 0.1 −5.8 ± 0.4
35.0 23.8 ± 0.4
40.0 40.8 ± 0.5
45.0 67.5 ± 0.5

i-PrOH 25.0 d 0.013 24.4 ± 0.2 −3.7 ± 0.6
60.0 1.05 ± 0.03
65.0 1.85 ± 0.03
70.0 3.16 ± 0.03

97 TFE −10.0 163 ± 5.3
−5.0 327 ± 4.4
5.0 825 ± 0.6

25.0 d 5557 14.9 ± 1.5 −9.8 ± 5.0
90 TFE −5.0 201 ± 7

0.0 344 ± 11
5.0 642 ± 64

25.0 d 5115 16.6 ± 0.8 −4.1 ± 2.8
70 TFE −5.0 65.0 ± 3

0.0 116 ± 4
5.0 201 ± 0.4
10.0 331 ± 10

25.0 d 1449 15.8 ± 0.2 −9.4 ± 0.6
a Volume/volume basis at 25.0 ◦C, except for TFE–H2O mixtures, which are on a weight/weight basis. b With associated standard error.
c From Table 1. d Values obtained using Arrhenius plots with the rate constants reported at different temperatures.

Table 3. Percentages of products formed in the solvolysis of 1 in various hydroxylic solvents at 25.0 ◦C and the calculated
selectivity (S) values.

Solvent (%) a 1-AdOTFE 1-AdOEt 1-AdCl 1-AdSH 1-AdOH 1-AdSCO2Et SS-D
c S1−AdSCO+Cl−

d
3.9 b 4.0 b 4.8 b 6.1 b 9.7 b 33.0 b

100 EtOH 28.326 7.0309 64.644
90 EtOH 34.221 10.165 10.250 21.680 23.683 0.45 0.81
80 EtOH 27.268 9.3617 12.399 41.512 9.4608 0.44 0.60
70 EtOH 22.569 8.8448 11.020 53.082 4.4833 0.50 0.55
60 EtOH 17.789 8.0432 9.7912 61.946 2.4305 0.52 0.52
50 EtOH 14.692 8.0376 8.1526 69.118 trace 0.58

80 Me2CO 8.6036 19.054 72.343
70 Me2CO 7.9451 14.179 77.876
60 Me2CO 7.6772 11.175 81.148

100 TFE 83.983 13.521 2.4967
90 TFE 50.511 10.631 5.9244 32.934 0.78
70 TFE 37.030 9.3801 7.1622 46.428 1.57
50 TFE 25.675 11.252 7.3537 55.719 2.12
a Volume–volume basis at 25.0 ◦C, except for TFE–H2O mixtures, which are on a weight–weight basis. b Retention time (min) under GC
conditions. c Selectivity involved in solvolysis–decomposition (S-D) pathway. d Selectivity involved solvolysis ionization pathway.

The products obtained from reactions of 1 in ethanol, aqueous ethanol, aqueous
acetone, TFE, aqueous TFE and TFE–ethanol mixtures have been determined using gas
chromatography with a flame ionization detector. The results are reported in Tables 3 and 4,
and Scheme 3.
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Table 4. Percentages of products formed in the solvolysis of 1 in 2,2,2-trifluoroethanol (TFE)-ethanol at 25.0 ◦C and the
calculated selectivity (S) values.

Solvent (%) a 1-AdOEt 1-AdOTFE 1-AdCl 1-AdOH 1-AdSCO2TFE 1-AdSCO2Et SS-D
c S1−AdSCO+Cl−

d
13.6 b 14.7 b 15.9 b 26.0 b 40.4 b 53.0 b

80T-20E e 5.5971 67.920 10.018 3.2089 15.382 trace
60T-40E e 18.604 51.805 11.266 2.6036 10.155 5.5678 2.58 1.97
40T-60E e 30.945 31.145 9.2791 2.7028 9.5517 16.379 2.10 1.41
20T-80E e 38.671 11.240 9.5095 2.1470 trace 38.433 1.62

a Volume–volume basis at 25.0 ◦C. b Retention time (min.) under GC conditions. c Selectivity involved in S–D pathway. d Selectivity
involved solvolysis ionization pathway. e T-E are 2,2,2-trifluoroethanol-ethanol mixtures.

Scheme 3. Products in the solvolysis of 1-adamantyl chlorothioformate (1) in pure and binary solvents.

In Tables 3 and 4, the small amounts of 1-AdOH found after solvolyses of 1 in 100% TFE
and TFE–ethanol mixtures are probably due to the reaction of the substrate and moisture
during manipulation. In the calculation of the solvent selectivity value (S) for binary solvent
mixtures, these percentages were first subtracted from each percentage of 1-adamantanol
determined before insertion into the equation, and then the selectivities were calculated
(Tables 3 and 4). For aqueous alcohol solvents and TFE-EtOH binary solvents, the selectivity
values (S) were calculated using Equations (1)–(4), respectively.

SROH[S-D] = [1-AdOR] [H2O]/[1-AdOH] [ROH] (1)

SEtOH[(1-AdSCO)
+

Cl
−

] = [1-AdSCO2Et] [H2O]/[1-AdSH] [EtOH] (2)

STFE-EtOH[S-D] = [1-AdOTFE] [EtOH]/[1-AdOEt] [TFE] (3)

STFE-EtOH[(1-AdSCO)
+

Cl
−

] = [1-AdSCO2TFE] [EtOH]/[1-AdSCO2Et] [TFE] (4)

In all the equations, the product concentrations are divided by the concentrations of
the solvent components that produce them, and all of the concentrations are expressed
as molarities. All the equations for selectivity values (S) are shown in the footnotes of
Tables 3 and 4, respectively.

In order to compare the salt effects of added tetraethyl ammonium chloride (Et4NCl),
the rate constants and product percentages of the solvolysis reaction of 1 in pure ethanol at
25 ◦C are reported in Table 5.

Table 5. Effect of added tetraethylammonium chloride (Et4NCl) upon the rate constants of reaction
and percentage of reaction with solvolysis for reaction of 1 a in ethanol at 25.0 ◦C.

% Composition as a Function of X in 1-AdX b

104 k (s−1) c
[Salt], M –OEt –Cl –OCO2Et

0.00 28.552 7.0869 64.361 0.116 ± 0.003
0.01 32.914 7.7458 59.340 0.158 ± 0.004
0.02 34.499 8.0563 57.445 0.159 ± 0.005
0.04 40.509 9.3071 50.484 0.185 ± 0.003
0.08 40.309 9.2941 50.397 0.202 ± 0.006

a Substrate concentration of 5.20 × 10−4 mol dm−3. b Percentage of products. c The average of all integrated rate
constants from duplicate runs, with associated standard deviation.
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3. Discussion
3.1. Kinetic Studies

The rate constants of 1 have been studied in hydroxylic solvents. In Table 1, the
rates of solvolysis of 1 are similar to those obtained with solvolyses of 4 and 5 previously
reported to proceed through the ionization pathway [17,19]. The tools that provide very
useful information for evaluating the reaction mechanism of solvolysis reactions include
the use of the simple Grunwald–Winstein (G–W) equation (Equation (5)) and the extended
Grunwald–Winstein equation (Equation (6)), as follows:

log (k/ko) = mYCl + c (5)

log (k/ko) = lNT + mYCl + c (6)

In Equations (5) and (6), k and ko are the rate constants of solvolysis in a given
solvent and in 80% ethanol (EtOH), respectively; m is the sensitivity to changes in the
solvent ionizing power (YCl) [23–25], a scale of solvent ionizing power based on the rate
constants of solvolysis of 1-adamantyl chloride; l is the sensitivity to changes in the solvent
nucleophlicity (NT) [21,22], a scale of solvent nucleophilicity based on the rate constants of
solvolysis of the S-methyldibenzothiophenium ion; and c is a constant (residual) term.

The correlation between the YCl and NT of the solvent was analyzed using the G–W
equation for the rate constants of 1 shown in Table 1. Through these analyses, the values
of m (a measure of bond breakage) and l (a measure of bond formation) were obtained.
The sensitivities obtained in these correlations are reported in Table 6, together with the
values previously obtained for alkyl chloroformate esters, and some sulfur-for-oxygen
substituted derivatives.

Table 6. Correlations of the rate constants of reaction of chlorothioformate esters and haloformate esters and using the
simple and extended Grunwald–Winstein equations.

Substrate n a l b m b c b R c Mechanism v

1-AdSCOCl (1) d 20 k - 0.84 ± 0.03 0.11 ± 0.06 0.985 I
20 k −0.15 ± 0.09 (0.087) v 0.76 ± 0.05 0.03 ± 0.07 0.986 I
14 l - 0.86 ± 0.04 0.03 ± 0.06 0.989 I
14 m - 0.64 ± 0.05 0.04 ± 0.08 0.966 I

1-AdOCOCl (2) e 15 - 0.47 ± 0.03 0.03 ± 0.05 0.985 I
1-AdOCOF (3) f 10 n 2.78 ± 0.21 1.01 ± 0.06 0.09 ± 0.16 0.987 A–E

16 o - 0.70 ± 0.01 −0.02 ± 0.05 0.999 I
i-PrSCOCl (4) g 19 p 0.38 ± 0.11 0.72 ± 0.09 −0.28 ± 0.10 0.961 I
t-BuSCOCl (5) h 19 q - 0.73 ± 0.03 −0.10 ± 0.05 0.988 I

19 r 0.13 ± 0.09 (0.17) u 0.80 ± 0.06 −0.03 ± 0.07 0.989 I
MeSCOCl i 12 n 1.48 ± 0.18 0.44 ± 0.06 0.08 ± 0.08 0.949 A–E

8 s 0.79 ± 0.06 0.85 ± 0.07 −0.27 ± 0.08 0.987 I
EtSCOCl j 19 t 0.66 ± 0.08 0.93 ± 0.07 −0.16 ± 0.11 0.961 I

a Number of solvent systems included in the correlation. b Using Equations (1) and (2), with standard errors for l and m values and with
standard errors of the estimate accompanying the c values. c Correlation coefficient. d This study. e From reference [7]. f From reference [11].
g From reference [19]. h From reference [17]. i From reference [15]. j From reference [16]. k From the G–W Equations (5) and (6). l From the
rate constant of 1-Ad+Cl− ion pair in Table 1. m From the rate constant of (1-AdSCO)+Cl− in Table 1. n Solvents of high nucleophilicity and
low ionizing power. o Solvents of low nucleophilicity and high ionizing power. p All of the solvents without 100% EtOH. q From G–W
Equation (5). r From G–W Equation (6). s Solvents of very low nucleophilicity and very high ionizing power. t All of the solvents without
EtOH, 90% EtOH and MeOH. u Probability value (p-value); values greater than 0.001 are accompanied by the probability that the lNT term
is not statistically significant. v I: ionization mechanism. A–E: addition–elimination mechanism.

An analysis using the simple G–W Equation (5) for the rate constants of 1 in all of
the 20 solvents, including the values of the rate constants of the three TFE-H2O solvents
calculated at 25 ◦C using the Arrhenius equation (Table 2), has a good linear correlation with
values of 0.84 ± 0.03 for m and 0.985 for the correlation coefficient (R) (F-test value = 603)
(Figure 1). For the extended G–W Equation (6), the values of 0.76± 0.05 for m, −0.15± 0.09
for l and 0.986 for the correlation coefficient (F-test value = 341) are obtained (Figure 2),
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which corresponds to a 0.087 probability that the lNT term is not statistically significant. The
m value for 1 is essential similar to the value (m = 0.73 ± 0.03) obtained for the solvolysis
of 5 in all of the solvents (Table 6). This suggests that the established ionization pathway
(Scheme 2) for the solvolysis of 5 also applies to 1 in this range of solvents. In Table 6,
the 1 shows the negative sensitivity (−0.15 ± 0.09) to changes in solvent nucleophilicity
and high sensitivity (0.76 ± 0.05) to changes in solvent ionizing power when the extended
G–W equation (6) is applied. Here, the negative l-value (−0.15 ± 0.09) suggests even less
nucleophilic participation by the solvent than in the solvolyses of 1-adamantyl chloride
(l = 0.00, by definition) [23,24]. As described in Table 6, the correlation coefficient is almost
unchanged from 0.985 to 0.986 when the simple and extended G–W equations for the rate
constants of 1 in all of the 20 solvents are applied. Thus, it can be seen that the solvolyses
of 1 correlate well using the simple G–W equation (5) in all of the solvent ranges studied
and proceed through an ionization process similar to that of the solvolyses of 2. That is, in
the extended G–W equation for the solvolysis of 1, the high value of m and the negative
value of l are probably the result of ionization fragmentation similar to the reaction of
2 with very little assistance in nucleophilic solvation [7]. In addition, from the results
obtained in the product study (Tables 3 and 4), the experimental rate constants (kexp) for the
solvolysis of 1 were separated into k1−Ad+Cl− and k1−AdSCO+Cl− , and the l and m values
were calculated using the G–W equation (Table 6). From these results, the m value of
k1−Ad+Cl− (m = 0.86 ± 0.04) was higher than that of k1−AdSCO+Cl− (m = 0.64 ± 0.05). This
means that in the solvolysis of 1, the 1-Ad+Cl− pathway is more sensitive to changes in the
solvent ionizing power than the (1-AdSCO)+Cl− pathway.

Figure 1. The plot of log (k/ko)exp for 1-adamantyl chlorothioformate (1) against YCl in all of the
20 solvents at 25.0 ◦C. YCl is the solvent ionizing power, R is correlation coefficient.
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Figure 2. The plot of log (k/ko)exp for 1-adamantyl chlorothioformate (1) against −0.15NT + 0.76YCl

in all of the 20 solvents at 25.0 ◦C. NT is the solvent nucleophilicity, YCl is the solvent ionizing power,
R is correlation coefficient.

At the m and l values shown in Table 6, the primary methyl chlorothioformate [15]
and ethyl chlorothioformate [16] and the secondary i-propyl chlorothioformate [19] previ-
ously studied proceed through dual competing reaction channels depending on various
solvents, but the solvolyses of tertiary butyl chlorothioformate [17] and tertiary bridgehead
1-adamantyl chlorothioformate proceed only through the ionization pathway. Addition-
ally, in Table 6, the m-values for the solvolyses of 2 and 2-adamantyl chloroformates
(2-AdOCOCl, 6, excluding data points for 100% and 90% ethanol and methanol) proceed-
ing through the ionization pathway were also presented [26].

The activation parameter values for the solvolyses of 1 in seven solvents are tabulated
in Table 2. The entropies of activation, in the range of −2.2 to −9.8 cal mol−1 K−1, are
consistent with the ionization nature of the proposed rate-determining step. These val-
ues are essentially similar to those previously observed for the ionization pathway of 4
(∆S 6= = −5.6 to −10.4 cal mol−1 K−1) and 5 (∆S 6= = −12.2 to −14.5 cal mol−1 K−1) [17,19].

As a useful tool to investigate the reaction mechanism, it can be obtained through the
solvent deuterium isotope effect caused by the isotope substitution reaction. The solvent
deuterium isotopic rate ratios on the solvolysis of 1, in methanol (kMeOH/kMeOD) and
ethanol (kEtOH/kEtOD) at 25.0 ◦C, are shown in the footnotes of Table 1. The solvent deu-
terium isotopic rate ratio was obtained somewhat low with the values of kEeOH/kEeOD = 1.05
in ethanol and kMeOH/kMeOD = 1.35 in methanol. These are known as a characteristic of
the unimolecular reaction because solvent isotope substitution does not have a significant
effect on the rate. The solvent deuterium isotope effect has previously been studied for
the solvolyses of haloformate esters and chlorothioformate esters. In pure methanol, the
kMeOH/kMeOD values were 1.39 for t-butyl chlorothioformate [17] and 1.26 for t-butyl fluo-
roformate [27], which was previously studied by the unimolecular pathway. Additionally,
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values in the range predicted for a bimolecular pathway were reported for kMeOH/kMeOD
of 2.17 for n-propyl chloroformate [28] and 2.42 for p-nitrobenzyl chloroformate [29], and
1.87 for 6 [26]. In general, the kMeOH/kMeOD ratios of the ionization pathway are lower
than the bimolecular pathway values. Therefore, the solvolysis reaction of 1 in all of the
solvents is dominated by the ionization pathway.

3.2. Product Studies and Effects of Added Salt

The percentages of the observed products are reported in Tables 3 and 4. In
100% ethanol, only 1-adamantyl ethyl thiocarbonate, 1-adamantyl ethyl ether and 1-
adamantyl chloride were observed, and for solvolyses in the five aqueous-ethanol solvents,
these products were accompanied by 1-adamantanethiol and 1-adamantanol.

In 100% TFE, the solvolysis products of 1-adamantyl 2,2,2-trifluoroethyl ether and 1-
adamantyl chloride were observed, and in the three aqueous TFE solvents, 1-adamantanethiol
and 1-adamantanol were additionally observed. There is no evidence for the formation of
1-adamantyl 2,2,2-trifluoroethyl thiocarbonate. In a previous study, for the solvolysis of
2 and 6 in the TFE–water mixtures, the percentages of 1-adamantyl chloride, formed by
the loss of carbon dioxide and collapse, fall from 58.9% in 100% TFE to 19.8% in 50% TFE.
However, the 1-adamantyl chloride product of solvolysis of 1 decreased slightly from
13.5 to 11.3% under the same conditions.

In 80% TFE–20% ethanol, only the two ether (1-adamantyl 2,2,2-trifluoroethyl ether
and 1-adamantyl ethyl ether) and two carbonate (1-adamantyl 2,2,2-trifluoroethyl thiocar-
bonate and 1-adamantyl ethyl thiocarbonate) products, and 1-adamantyl chloride were
observed. With a higher ethanol content, increasing amounts of 1-adamantyl ethyl thiocar-
bonate, formed by solvent molecular attack at the acyl carbon, were observed, and indeed,
this became the dominant product in 20% TFE–80% ethanol. The 1-adamantyl chloride
product obtained by the decomposition of 1 in the TFE–ethanol solvents was almost similar
to the value obtained in the aqueous TFE solvents. In 100% TFE and four TFE–ethanol
mixtures, a small amount of 1-adamantanol (av. 2.6%) was found (Tables 3 and 4), and
since no 1-adamantanol was found for the reaction in 100% ethanol, this would appear
to be due to the presence of a small concentration of water in the TFE. This value is
deducted from the reported 1-adamantanol percentages prior to the calculation of the
selectivity value (S value). In three aqueous acetone solvents, only 1-adamantyl chloride,
1-adamantanethiol and 1-adamantanol products were observed. As described above, as
the solvent ionizing power increased, the product ratios of 1-adamantyl alkyl thiocar-
bonate and 1-adamantanethiol decreased and the products of 1-adamantyl ethyl ether,
1-adamantyl chloride and 1-adamantanol increased. These are studied in detail by the salt
effect. From the products (Tables 3 and 4) and the values of l and m (Table 6) obtained
above, it can be inferred that the solvolysis reactions of 1 in a variety of pure and binary
solvents react competitively through the ionization of the R+ component (carbocation) and
the (RSCO)+ component (carboxylium ion).

The overall picture of the obtained products from the reaction of the solvolysis of 1 is
shown in Scheme 3. Unlike the reaction of the solvolysis of 1-adamantyl chloroformate (2),
where only solvolysis–decomposition was observed in Scheme 1b, the solvolysis of 1, from
the m and l values of the Grunwald–Winstein equation (Table 6), the entropy of activation
(Table 2) and the results of the product (Tables 3 and 4), can be expressed as a pathway
involving substitution in the carboxylium ion of acyl carbon ((1-AdSCO)+Cl−, Scheme 2)
and a pathway involving the loss of carbonyl sulfide (1-Ad+Cl−, Scheme 1b).

The rate constant and product of the solvolysis of 1 in pure ethanol containing chloride
ion (tetraethylammonium chloride, Et4NCl) are reported in Table 5. In pure ethanol, the
rate gradually increases as the concentration of Et4NCl increases (increasing ionic strength),
and the percentages of 1-adamantyl ethyl ether and 1-adamantyl chloride also increase.
However, 1-adamantyl ethyl thiocarbonate decreases significantly. Therefore, when salt is
added to the solvent, it is more important to proceed to the 1-Ad+Cl− intermediate with
loss of carbonyl sulfide (Scheme 1b) than to proceed to the (1-AdSCO)+Cl− intermediate
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(Scheme 2). This is consistent with the proposal that a carboxylium ion attacked (solvolysis
ionization pathway) by solvent at the acyl carbon is in competition with an ionic process
with loss of carbonyl sulfide (solvolysis–decomposition pathway), with the ionic process
preferentially favored by increases in solvent ionizing power (YCl).

In Tables 3 and 4, the nature of the solvolysis product of 1 has been studied for aqueous
ethanol and for mixtures of TFE with water or ethanol. In aqueous ethanol, the selectivity
(S) values represented by the two competition reactions slightly increase from 0.45 to 0.58
for the reaction proceeding to 1-Ad+Cl− and decrease from 0.81 to 0.52 for (1-AdSCO)+Cl−

as the water content increases. In aqueous TFE, the selectivity (S) values gradually in-
crease from 0.78 to 2.12 as the TFE content decreases. These values are very similar to
the values observed from reactions of 2 (SEtOH-H2O = 0.60~0.88 and STFE-H2O = 1.03) [7],
6 (STFE-H2O = 0.62~0.99) [26] and benzyl chloroformate (STFE-H2O = 1.05~1.20) [29] be-
lieved to be the unimolecular reaction (1-Ad+Cl− ion pair) with the loss of carbon dioxide
(Scheme 1b).

As the ethanol content in the TFE–ethanol mixture increases, the selectivity for TFE
relative to ethanol indicates a smaller preference shown by bridgehead adamantyl deriva-
tives for attack by TFE molecules than ethanol molecules (Table 4). These selectivity
values (S) decrease from 2.58 to 1.62 for the reaction proceeding to 1-Ad+Cl− and from
1.97 to 1.41 for (1-AdSCO)+Cl−. As shown in Schemes 1b and 3, and Table 4, all of the
products of the solvolysis of 1 in TFE–ethanol mixtures can be represented by the following
two competition reactions: an ionization pathway involving the loss of a chloride ion to
give a carboxylium ion with appreciable stabilization by nucleophilic solvation, and a
solvolysis–decomposition pathway with the loss of carbonyl sulfide. From these results,
in solvents of high ionizing power and relatively low nucleophlicity, it is preferentially
favored that the solvolysis reaction of 1 proceeds to the 1-Ad+Cl− pathway than proceeding
through (1-AdSCO)+Cl−.

In the solvolysis of 1 in aqueous alcohol, unlike the reactions of the solvolysis of 2, the
products of 1-AdSH and 1-AdSCOOR were additionally obtained through intermediate
(1-AdSCO)+Cl−. These results appear to be due to the fact that in the resonant hybrid
(stabilization by the positive mesomer effect) formed with the initial acyl ions in the tran-
sition state, sulfur can transfer positive charges better than oxygen [14,19,30]. That is,
because the sulfur atom supports a positive charge better than oxygen, and oxygen exerts
a strong affinity for electrons in the R-O bond. All the structures for 1 and 2 were fully
optimized using the Gaussian 03 and density functional theory (DFT) calculations at the
6–31G(d) level by B3LYP, and then the charge, distance and energy between the atoms were
calculated. Sulfur has a smaller electronegativity and a larger radius than oxygen. There-
fore, the induction effect on carbonyl carbon is less; therefore, the carbonyl carbon around
sulfur has a smaller positive charge (1-AdSC*=O, electric charge (EC) = 0.143, 1-AdOC*=O,
EC = 0.478) (Table S1, Figure S2). From the above experiments, it was confirmed that the
rate-determining step of solvolysis of 1 proceeds as a unimolecular ionization reaction. It is
possible to predict the reaction pathway that forms a resonance-stabilized carboxylium ion
intermediate, a resonance structure in which electrons of sulfur of alkyl chlorothioformate
are easily transferred to the carbonyl carbon then formed a π bond (Scheme 2). On the other
hand, in 2, which is a tertiary bridgehead structure, since the electronegativity of the oxygen
atom of alkoxy groups is large, the resonance structure of the alkoxy groups (1-AdO*-C=O)+

is somewhat more unstable than the alkylthio groups (1-AdS*-C=O)+ in transferring elec-
trons to the carbonyl carbon. Therefore, in the solvolysis of 2, after carbon dioxide loss
becomes decomposition, 1-Ad+Cl− ion pairs are formed, and the solvolysis reaction pro-
ceeds to obtain a more stable reaction. It is very similar to the proposed process for N2O
loss for the solvolysis of substituted benzyl azoxyarenesulfonates reaction by Maskill [31],
and for carbon dioxide or carbon monoxide loss for the solvolysis of 3-homoadamantyl
chloroformate and 3-homoadamantyloxychlorocarbene reaction by Moss [10].
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4. Materials and Methods

The synthesis of 1-adamantyl chlorothioformate (1-AdSCOCl, 1) was prepared sim-
ilarly to the synthesis of 1-adamantyl chloroformate (1-AdOCOCl, 2) as previously de-
scribed [7]. The 1-adamantanethiol (1-AdSH, Sigma-Aldrich, St. Louis, MO, USA) was used
as received. All of the substrates were recrystallized from ligroin before using. Solvents
were purified as described previously [7]. The rates for the solvolytic reaction of 1 were
followed using the potentiometric titrations method, and the kinetic experiments and the
products were carried out as described previously [29]. The rate constants were obtained
by averaging all of the values from, at least, duplicate runs. The products from the reactions
of 1 under solvolytic conditions were analyzed after 10 half-lives by gas chromatography
(GC-9A, Shimadzu, Kyoto, Japan) using a 2.1-m glass column containing 10% Carbowax
20M on ChromosorbWAW80/100, as previously described (Figures S3–S26) [29]. Simple
and multiple regression analyses were carried out using the OriginPro 2016 from the
OriginLab Corporation.

5. Conclusions

The solvolysis of 1 gives a good linear correlation (R = 0.985 and F value = 603) using
the simple (one-term) G–W Equation (5) in all of the solvent ranges studied, and the m
value (0.84 ± 0.03) of 1 is moderately similar to the values obtained for the solvolyses
of 3 and 5 demonstrated by the ionization mechanism (Table 6). The reactions of the
solvolysis–decomposition ionization pathway, 1-Ad+Cl−, and the solvolysis ionization
pathway, (1-AdSCO)+Cl−, were separated from the experimental rate constant (kexp) of
the solvolysis of 1. From these results, it was found that the reaction of the intermediate
1-Ad+Cl− (m = 0.86 ± 0.04) was more sensitive (m-value) to changes in the solvent ionizing
power (YCl) than the reaction of (1-AdSCO)+Cl− (m = 0.64 ± 0.05) (Table 6). Additionally,
the values for the entropies of activation in the range of −2.2 to −9.8 cal mol−1 K−1 and
the solvent deuterium isotope rate ratio, kEtOH/kEtOD = 1.05 and kMeOH/kMeOD = 1.35 are
consistent with the natures of ionization reaction.

In addition to 1-adamantyl alkyl thiocarbonate (1-AdSCOOR) and 1-adamantanethiol
(1-AdSH), the solvolysis products of 1 have the following three additional types of products
formed with the loss of carbonyl sulfide: 1-adamantyl chloride (1-AdCl, decomposition
product), 1-adamantanol (1-AdOH) and 1-adamantyl alkyl ether (1-AdOR). Compared to
the product of 2, these additional types of formation, 1-AdSCOOR and 1-AdSH, are favored
in solvents of high nucleophilicity and/or low ionizing power. The products formed after
the carbonyl sulfide loss are very similar in character to those formed from 2. The selectivity
values (S) of 1 are a moderately similar to the values observed from reactions of 2, 6 and
benzyl chloroformate, believed to be the ionization reaction with the loss of carbon dioxide
(intermediate 1-Ad+Cl−, Scheme 1b). Additionally, in solvents of high nucleophilicity and
low ionizing power, 1 forms a more stable carboxylium ion ((1-AdSCO)+, Scheme 2) than 2
because it can transfer a positive charge better than oxygen in a resonance hybrid in which
sulfur is formed as an initial acyl ion.

In the present study, the solvolysis reaction of 1 in all of the solvents confirmed that
there are the following two major ionization pathways: a parallel solvolysis–decomposition
ionization pathway (Scheme 1b) involving the loss of carbonyl sulfide (1-Ad+Cl−), such as
the solvolysis of 2, and a solvolysis ionization pathway (Scheme 2) in which a nucleophilic
solvent reacts with a resonance-stabilized carboxylium ion, (1-AdSCO)+.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22147394/s1, Table S1: Calculated energy, charge and distance for 1-adamantyl chlorothio-
formate (1) and chloroformate (2), as calculated at B3LYP/6-31G(d) level theory, Figure S2: Optimized
molecular structures of (a) 1-AdSCOCl and (b) 1-AdOCOCl using B3LYP/6-31G(d), Figure S3: IR
spectrum of 1-adamantyl chlorothioformate showing characteristic C=O peak at 1754 cm−1, Figure S4:
1H NMR spectrum of 1-adamantyl chlorothioformate, Figure S5: 13C NMR spectrum of 1-adamantyl
chlorothioformate, Figure S6: IR spectrum of 1-adamantyl ethyl thiocarbonate showing character-
istic C=O peak at 1708 cm−1, Figure S7: 1H NMR spectrum of 1-adamantyl ethyl thiocarbonate,
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Figure S8: 13C NMR spectrum of 1-adamantyl ethyl thiocarbonate, Figure S9: G.C. analysis sheet of
1-adamantyl ethyl thiocarbonate, Figure S10: IR spectrum of 1-adamantyl 2,2,2-trifluoroethyl thiocar-
bonate showing characteristic C=O peak at 1708 cm−1, Figure S11: 1H NMR spectrum of 1-adamantyl
2,2,2-trifluoroethyl thiocarbonate, Figure S12: 13C NMR spectrum of 1-adamantyl 2,2,2-trifluoroethyl
thiocarbonate, Figure S13: G.C. analysis sheet of 1-adamantyl 2,2,2-trifluoroethyl thiocarbonate,
Figure S14: 1H NMR spectrum of 1-adamantyl ethyl ether, Figure S15: 13C NMR spectrum of 1-
adamantyl ethyl ether, Figure S16: G.C. analysis sheet of 1-adamantyl ethyl ether, Figure S17: 1H NMR
spectrum of 1-adamantyl 2,2,2-trifluoroethyl ether, Figure S18: 13C NMR spectrum of 1-adamantyl
2,2,2-trifluoroethyl ether, Figure S19: G.C. analysis sheet of 1-adamantyl 2,2,2-trifluoroethyl ether,
Figure S20: G.C. analysis sheet of product of 1-adamantyl chlorothioformate solvolysis in 80% EtOH,
Figure S21: G.C. analysis sheet of product of 1-adamantyl chlorothioformate solvolysis in 60% Me2CO,
Figure S22: G.C. analysis sheet of product of 1-adamantyl chlorothioformate solvolysis in 70% TFE,
Figure S23: G.C. analysis sheet of product of 1-adamantyl fluorothioformate solvolysis in 100% EtOH,
Figure S24: G.C. analysis sheet of product of 1-adamantyl fluorothioformate solvolysis in60% EtOH,
Figure S25: G.C. analysis sheet of product of 1-adamantyl fluorothioformate solvolysis in 70% TFE,
Figure S26: G.C. analysis sheet of product of 1-adamantyl fluorothioformate solvolysis in 60T-40E.
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