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The kinetics of reactions between Z-ary! thiophene-2-carbodithioates and X-pyridines in acetonitrile at 60.0 °C
have been investigated. The Bronsted plots obtained for the pyridinolysis of aryl thiophene-2-carbodithioates
are curved, with the center of curvature at pK, ~ 5.2 (pK,*). The Bronsted plots for these nucleophilic reactions
show a change in slope from a large (f = 0.78-0.87) to a small {x = 0.33-0.35) value, which can be attributed
to a change in the rate-determining step trom breakdown to formation of a zwitterionic tetrahedral intermediate
in the reaction path as the basicity of the pyridine nucleophile increases. A clear-cut change in the cross-
interaction constants, pxz. from +0.92 to -0.23 supports the proposed mechanistic change. The breakpoint at
pK, = 5.2 for R = thiophene ring in the present work is in agreement with those for the pyridinolysis of R = Me

and 2-furyl, and attests to the insignificant effects of acyl group. R. on the breakpoint.
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Introduction

The aminolysis of carbonyl and thiocarbonyl esters has
been a subject of considerable interest in mechanistic as well
as synthetic organic chemistry.' The rate- determining step
and transition state (['S) structure of acyl transfer reactions
in general have been found to depend on the nucleophile,
leaving and nonleaving group, and solvent.' In the amino-
lysis of ary| esters and carbonates, a biphasic dependence of
the rate on the amine basicity is often observed showing a
change of slope from a large (B 2 0.8) to a small (Buu =
0.1-0.3) value at pK,", where the amine {(XN) and leaving
group (LG") have the same expulsion rates from a
zwitterionic tetrahedral intermediate, 1. This has been
attributed to a change in the rate-limiting step from
breakdown to formation of 'I” as the basicity of the amine
increases. The break at pK,” has been interpreted as a
consequence of a change in the rate-limiting step from
leaving group expulsion (4,) from a tetrahedral intermediate,
17, with less basic amines to nucleophilic attack (k) with
more basic amines, eq. (1), where & = (k/k-o)k, = Kk
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The aminolysis of dithio esters. 1, has been teported in
water'® and in acetonitrile’ with various amincs, eg.
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benzylamines, anilines, alicyclic secondary amines. pyridines.
etc. For example. the aminolysis of dithio esters with

benzylaminesS“' in acetonitrile exhibited rather high pX."
values (> 9.0) whereas that with pyridines™” gave low pK.*
values (= 5.0). On the other hand. our recent results on the
pyridinolysis of aryl dithicacetates,” R = Me in 1. and aryl
furan-2-carbodithicates. R = C;H,0 in 1. in acetonitrile at
60.0 “C indicated that the effect of the acyl group. R. on the
pK." value is insignificant with a similar pK,® value of 5.2.
This means that in the acyl group transfer reactions, the
breakpoint, pX.", in a biphasic plot of the rate vs. basicity of
amine depends on the nucleophile and leaving group, but
seems practically independent of the acyl group. This is
quite plausible since pX,” depends on the pX, values of the
nucleophile (amine) and leaving group but should be
independent of the acyl group.

In the present work, we report the result of kinetic studies
on the pyridinolysis of aryl thiophene-2-carbodithioates in
acetonitrile at 60.0 “C, eq. (2). The aim is to complete
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X =4-NH3, 4-Me0, 4-Me, 3-Me, 4-C,H;CH:, H, 3-Ph,
3-MeC0, 3-Cl, 4-MeCQ and 4-CN
7.=4-Me, H, 4-Cl and 4-Br

the previous studies* on the aminolysis mechanism of 2 and
to further clarify the influence of the amine nature on the
pK.® value. As an additional criterion for the elucidation of
the mechanism, we determined the cross-interaction constants,’
pxz. in eqs 3 where X and Z denote substituents in the
pyridine nucleophile and the leaving group. respectively.

log(kxs K} = PxOx + PeGr + Py Ox02 (3a)
Pz~ (}pz f()()'_\' - (}p\ .-"(}(57_ (3b)

Results and Discussion

The reactions in the present work followed the rate law
given by eqs. (4) and (3). where § and Py represent the
substrate and pyridine nucleophile. respectively. The reactions

Rate = &obea [S] (C)]
knhsd - /(N [P}'] (5)

were run under pseudo-first-order condition with a large
excess of pyridine nucleophiles. The values of second-order
rate constant, &, were obtained as the slopes of plots of Aupsa
against [Py]. and are summarized in Table 1

Using the &y and pK, values in Table 1, the Brinsted plots
for the reactions under study were obtained as shown in
Figure 1, The slopes (8x= Bae) are shown in Table 1, where
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Figure 1. Bronsted plot (8y) for the reactions of Z-phenyl

thiophene-2-carbodithioates with X-pyridines in acetonitrile al
60,0 °C.

the Hammett reaction constants, px (= poue) and pz (= o).
and the cross-interaction constant, pxz, are also presented.
We note that the Brinsted plots are biphasic with a change in
the slope. For 7. = H, the slope changes from 8x = 0.87 to
0.33 at pK,’ = 5.2 as the basicity of pyridine increases (see
Figure 1). This breakpoint agrees with that calculated by
means of a semiempirical equation derived by Castro er al.’
The values of by are in accord with the corresponding values

Table 1. The Second Order Rate Constants, &x (x 10* M7 s™'), and Selectivity Parameters px. pz. Pxz. By for the Reaction of 7-Phenyl

Thiophene-2-carbodithioates with X-Pyridines in Acetonitrile at 60.0 °C

X K. / .

’ . 4-ClHl; 1 4-Cl 413 pe
4-NH: 9.12 162 323 700 934 1.75+0.17
4-CH;0 6.47 242 456 97.5 17 1.61+0.10
4-CH; 6.00 16.8 32,0 612 79.1 154 +0.16
3-CH; 5.68 12.1 224 49.5 58.6 163 +0.10
4-CoHsCH: 5.59 10.9 2122 439 53.5 162 +0.12
H 5.17 7.83 16.0 30.0 39.9 1.60+0.18
3-CoHs 4.87 476 8.38 18.5 249 1.66+0.19
3-CH;CO 3.26 0.195 0372 0.875 1.27 1.86+0.23
3-C] 284 0.102 0.228 0.512 0.793 199 +027
4-CH;CO 238 0.0335 0.0752 0.176 0297 2.10+0.32
4-CN 1.90 0.0103 0.0255 0.0617 0.0983 2.19+0.29
o 196 +007 197 £ 0.08 2.0340.10 2,06 +0.10 ot =-023
B 332001 033001 0.34 +0.01 0.35+ 0.0l

ot 451+022 4344021 422402] 407018 7= +0.92
B 0.87+0.02 0.84 +0.04 0.8] +0.02 0.78 4 0.02

“The values were taken from C. Hansch, A, Leo. and R. W Taft. Chem. Rev. 1991, 97. 165, The by value were determining using p&A’, values in 0.
Justitication tor this proedure is provided in rel' 6, The pK, values of pyridine in water al 28 °C were (aken from: (a} Albert, A.: Serjeant, E. I’ The
deternrination of tonizatron Constants: 3nd ¢d.. Chapman and Hall: New York, 1984: pp 1534-155. (b) Dean. .I. A, Hundbouvk of Organic Chemisti,
McGraw-ill: New York, 1987 Chapter 8. (¢} Fischer, Az Galloway. I A Vaughan, ../ Chem. Soc. 1964, 3391 {d) The pk, values of X = 3-Cqlls and
X = 4-CH:CO were taken from rel 18, "For X — 4-N1Hla, 4-CH;0, 4-Cl ;. 3-ClH;. 4-Cal IsCHz, H. “Correlation coellicients are better than 0.996 in all
cases. “Correlation coellicients are better than 0,998 in all cases. “For “X — H, 3-CHs. 3-CH:CO. 3-Cl, 4-CH;CO, 4-CN. ‘Correlation coellicients are
better than $.993 in all cascs. “Corrclation coctticicnts are better than 10.997 in all cases. “Correlation coctlicients are better than 0.977 in all cascs.

‘Correlation cocfficient is 0.991.‘Corelation cocflicient is 0.994.



Nucleopiiilic Substitution Reactions of Arvi Thiophene-2-carbodithioates

found 1n other sunilar anunolysis reactions: the aminolysis
of arvl dithioacetates with anilines and with N ,N-dimethyl-
anilines at 30.0 °C in acetonitrile gave fx = 0.84 and 0.85
(for Z = H). respectively.” The By values at low pK, values
for the pvndinolysis of 2.4-dimtrophenyl and 2.4.6-
trinitrophenv] O-ethyl thiolcarbonates in water were 0.9 and
0.8 with pK,® = 8.6 and 7.3, respectivelv.® and that for 4-
nitropheny] O-ethyl thiolcarbonate in the whole pK, range
(pK, = 3.43-9.87) was fx=0.8.° Similarly. for the pyridino-
Ivsis of 2.4-dinitrophenvl and 2.4.6-trimitrophenyl thiol-
acetates n water, the By values were (.85 and 0.80 with pX,°
= 6.6 and 4.9. respectively, at 25 °C.%

On the basis of the biphasic Bronsted plots and the rate
law obtained in the present work, we propose the reaction
shown in eq. (1), where R = thiophene ring, Y = S. and
amie = pvridine. as the most probable mechamsm for the
present reactions.

In this mechanism for pyvridines of high pX, values, &_, <<
ky so that £, step is the rate-determining step, i.e., kv = 4.
with a smaller Bronsted slope Sy (0.33-0.35). On the other
hand, at low pK, values where 4, >> &y, and &y = (/b )k =
Kk the %, step should be rate limiting with a steeper
Bronsted slope Bx (0.78-0.87). At the center of the Bronsted
curvature, A_; = &y, a pyridine with pX, = pk.° (3.2) has the
same leaving ability from the tetrahedral intermediate. T=. as
that of the leaving group ArS~.

The low pK,® (~5.2) obtained in this work for the dithio
compound (Y = S) is in contrast to the much higher pk.°
value (>9.6) observed for the corresponding thiol series
(Y = 0).% for which the rate-limiting expulsion of ArS~ from
the tetrahedral intermediate, T*. (with By = 1.3-1.6) can be
predicted even at a hugher pX, range (pK, =9.1-9.6). This
may be due to the greater nucleofugality of benzylamines
relative to pyridines and also partly due to the change of
Y = Sto Y = O. Similarly, the depression of pK.° has been
reported for Y = S relative to the corresponding Y = O
series: for the anunolysis of S-phenyl tluoacetate. the
estimated pK.°® was 12.2, which is larger than that calculated
for the same aminolysis of phenyl dithioacetate, pK,.© = 10.""
For the aminolysis of 4-nitrophenv] O-ethy] dithiocarbonate
and S-(4-mitropheny]l) O-ethyl thiocarbonates. the pKk.°
values are 9.6 and 10.7. respectively.!! Again, for the
amnolvsis of 4-nitrophenylbenzoate and the comresponding
thionobenzoate. the reported values were pK,°> > 11 and 9.2
respectively.!- These exanmiples of lower pK,° values with Y
= S than with Y = O clearly support the contention that the
tetrahedral intermediate with Y = S. T* (S), 1s more stable or
that -, and 4, are smaller than those with Y = O. T= (0). The
decrease in A, 15, however, greater than that in 4.

The size of pz in Table 1 also reflects the mechanistic
change. The magnitudes of p; change from larger values. pz
= 1.9-2.2. for less basic pyridines to smaller values, p; = 1.6
for more basic pyvndines, which 1s in agreement with the
decrease m bond cleavage a the rate-determining step
switches from breakdown to formation of the intermediate.
Such decrease in the magnitude of the pz values from large
(pz = 3.0) to small values (pz = 2.3) with the mechanistic
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Table 2. Activation Parameters® for the Reactions of Z-Phenyl
Thiophene-2-carbodithioates with X-Pyridines m Acetomtrile

X oz A AHT -AS*
°C) (X 1P M5y (keal mol™) (cal mol™ K™)
4-CH; 4-CHx 600 168 6.1 53
500 121
40.0 8.69
4-CH; 4-Br 600 79.1 6.1 S0
500 573
400 41.3

3-Cl 4-CH: 60.0 0.102 6.3 62
30.0 (0.0729
40.0 0.0320
3-C1  4-Br 600 (.793 6.4 68
300 0.568
40.0 0.403
“Calculated by the Eyring equation. The maximum errors calculated (by
the methad of K. B. Wiberg. Physical Orgame Chemistry, Wiley, New
York. 1964. p 378.) are = 0.6 keal mol™ and £ 2 e.w. for AH* and AS7,
respectively.

change 1s also reported m the pyridinolysis of aryvl
dithioacetates.”® A rough estimate of the B:(=f,) values
shows a decrease from f3; = -0.5 to -0.3 at the breakpoint
agreement with the change in the rate-determining step.

There 1s a clear-cut change in the pyz value (Table 1) from
a large positive value (pvz = +0.92) for the rate-limiting
expulsion of the ArS™ group from the mtermediate, T=, with
the weakly basic pyridines (X = H-4-CN) to a small
negative value (prz = -0.23) for the rate-limiting formation
of T* with the more basic pyndines (4-NH-—H). Thus. on the
basis of the cross-interaction constants. grz. the mechanistic
change is more clearly defined.” Similar changes in the
cross-nteraction constants accompanying mechanistic changes
have been observed within a senies of nucleophiles used,
especially pyridines" since a biphasic dependence of the
rate upon the basicity of pyridines is often obtamed.

The activation parameters, AH® and -AS® for the
pyridinolysis of 2 are shown in Table 2. Both the AH® and
-AS™ values are rather smaller for more basic pyndine (X =
4-CHj3) than less basic pyridine (X = 3-Cl), albeit the differ-
ences are small but significant enough to be over the error
limits. These trends are m accord with the breakdown step
(for X =3-Cl) requiring larger energy and lower (more
negative) entropy n the transition state due to bond cleavage
to the two 1onic products, eq. (2).

Lastly, examination of the trends of changes in i, oy (5v)
and p; in Table | shows that the fast rate ($iv>0) is
mvariably accompanied by a smaller magntude of selec-
tivity parameters, 9fx < 0, 8oz <0 and §Ipxl <0, ie., the
reactivity-selectivity principle (RSP)'® holds. The adherence
of the rate data to the RSP constitutes another mechamnstic
criterion for the stepwise mechanism with rate-limiting
breakdown of the intermediate.!” T* and provides an
additional support for our proposed mechanism.

In sumumary. the rates of the pyridinolysis of aryl dithio-
methylacetates in acetonitrile show a biphasic dependence
on the basicity of the pyridine nucleophiles. The slope of the
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Bronsted plot changes from a large (fx = Bu. = 0.78-0.87) to
a small (B = 0.33-0.33) value at pK.,° = 5.2 as the basicity of
pyvridine increases. This change 1s accompanied not only by
a decrease in the magnitude of the Hammett reaction
constant from Py = pre =410 -4.5t0 px=-2.0t0 -2.1 but
also by a change of the cross-interaction constant pxz from a
large positive (=0.92) to a small negative (=-0.23) value.
These results are consistent with a change in the rate-
deternuning step from breakdown to formation of a tetra-
hedral mtermediate. This mechanistic change 1s also
supported by a change from adherence to failure of the RSP
as the basicity of the pyridine nucleophile increases.

Experimental Section

Materials, GR acetonitrile was used after three distillations.
The pyndine nucleophiles. GR, were used without further
purification.

Substrates. Preparations and analvtical data are reported
elsewhere

Kinetic Measurement, Rates were measured conducto-
metrically in acetonitrile. The conductivity bridge used in
this work was a homemade computer-automatic A/D converter
conductivity bridge. Pseudo-first-order rate constants, Apsa.
were determined by the Guggenheim method with large
excess of pyridine. Second order rate constants. Ay, were
obtained from the slope of a plot of Xk vs. [Pv] with more
than five concentrations of pyridine. The 4y values in Table ]
are the averages of more than three runs and were
reproducible to within + 3%,

Product Analysis. The substrate p-bromopheny] thiophene-
2-carbodithioate (0.053 mole) was reacted with excess
picoline (0.3 mole) with stirring for more than 15 half-lives
at 60.0 °C in acetonitrile. The salt was filtered and solvent
was removed from the precipitate. Analysis of the product
gave the following results.

(C4H3SC(=S)NC5H4-p-CH3)+[4-Bl‘C6HJS)-Z n.p. 82-84
°C. "H NMR (400 MHz, CDCls). §2.18 (3H, 5, CHz). 6.38-
7.25 (3H, m, thiophene), 7.30 (2H, dd. phenyl). 741 (2H. d.
pvridine), 7.58 (2H. dd. phenyl). 8.47 (2H. d. pyvridine): '*C
NMR (100.4 MHz, CDCl;), 8 232.8 (C=S), 145.2. 136.5.
135.2, 1334, 132.2, 129.5, 120.1, 112.8, 22.8 (CHz3); Vinax
(KBr), 1205 (C=5), 813 (C-H, pyridne), 808 (C-H. phenol).
1558, 1442 (C=C. phenyl). MS m/z 406 (M"). Anal. Caled
for C,7HsBrNS;: C, 50.0: 3.50. Found: 50.2: H, 3.52.
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