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ABSTRACT: Studies were made of the kinetics of methoxide ion-catalysed reactions of seven substituted phenyl N-
(2-thiocarbamoylphenyl)carbamates, 4-methoxyphenyl N-(2-thiocarbamoylphenyl)-N-(methyl)carbamate and five
substituted phenyl N-(4-thiocarbamoylphenyl)carbamates, leading to the respective cyclisation products (i.e. 4-
thioxo-1H,3H-quinazolin-2-one or 1-methyl-4-thioxo-1H,3H-quinazolin-2-one) and/or methanolysis product, i.e.
methyl N-(4-thiocarbamoylphenyl)carbamate. The comparison of the rate constants, (3,,, and p constants of the 2-
thiocarbamoyl derivatives (3, = —1.15, p=3.1 £0.1) and 4-thiocarbamoyl derivatives (p=4.6 £0.2, 3, = —1.55)
shows that the ring closure reaction proceeds by the Ba.2 mechanism with the splitting off of phenoxide anion being
the rate-limiting step, while the methanolysis follows the ElcB mechanism. The ring closure reaction of 4-
methoxyphenyl N-(2-thiocarbamoyl)-N-(methyl)carbamate proceeds kinetically in two steps, the respective rate
constants differing by one order of magnitude. The NMR spectrum, spectral record and computational calculations of
the ring closure reaction indicate that the process involves parallel reactions of two rotamers formed due to hindered
rotation. Copyright © 2005 John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.

wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Carbamates constitute a numerous class of organic com-
pounds that have a number of useful properties and are
applied as agrochemicals,' auxiliary textile agents,” plas-
tics and particularly as important active pharmaceuticals
for the treatment of Alzheimer disease,’ tumours® and
HIV.> Moreover, carbamates can be used in organic
synthesis for protecting amino groups in syntheses of
peptides and proteins.6 An important property of some
carbamates is their ability to undergo ring closure reac-
tions. The base-catalysed ring closure is mediated by an
ionisable group (usually a hydroxyl” or amino® group)
that is connected with the nitrogen atom of carbamates by
means of a chain or a ring. Such ring closure reactions
can provide further biologically active compounds or can
be made use of in the drug control release.”™""

The aim of this work was to study substituent effects on
the kinetics and mechanism of reactions of substituted
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phenyl N-(2-thiocarbamoylphenyl)carbamates in a basic
medium.

RESULTS AND DISCUSSION

We have found that phenyl N-(2-thiocarbamoylphenyl)car-
bamates 1a-h, like the analogous oxygen derivatives,'” in
basic media undergo ring closure reactions giving 4-thioxo-
1H,3H-quinazolin-2-one (2a) or 1-methyl-4-thioxo-1H,
3H-quinazolin-2-one (2b) (Scheme 1).

Product 2a can be formed by three different mechan-
isms (Scheme 2) whose manifestation depends particu-
larly on the nucleophilicity of the attacking nucleophilic
centre (thioamide group) and on the nucleofugality of the
leaving group. It has been claimed'? that if a substituted
phenoxide is the leaving group in the intermolecular
reaction, then the reaction goes via isocyanate as an
intermediate (E1c¢B mechanism). If the leaving group is
an alkoxide, then an unstable tetrahedral intermediate is
formed that rapidly decomposes to the final product
(Bac2 mechanism). The third variant is a concerted
mechanism involving simultaneous formation of a C—N
bond and splitting of a C—O bond. However, studies of
derivatives carrying an ionisable ortho substituent showed
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that the particular mechanism of ring closure does not
depend solely upon the leaving group but also upon this
ionisable substituent. In the cases of easily ionisable
groups such as —COOH (pK,~3-5) and —OH
(pK,~7-12), the Bo.2 mechanism was provedm’15 even
if phenoxide anion was the leaving group. On the other
hand, the E1¢B mechanism takes place'? if there is a weakly
acidic amide group at the ortho position (—CONH,,
pK,~ 15-17). The acidity of the thioamidic group
—CSNH, (pK,~13-15) is somewhere between those
of phenols and amides, hence it could form a borderline
situation between manifestations of the two mechanisms
or the ring closure could go by the above-mentioned
concerted mechanism. Therefore, the main attention in
this paper is focused on the effect of substitution in the
benzene ring of the leaving phenoxide anion.

The reaction was studied by means of UV-visible
spectrophotometry in solutions of sodium methoxide
(concentrations 0.01-0.5M). The only reaction product
resulting from all the phenyl N-(2-thiocarbamoylphenyl)-
carbamates was the product of intramolecular ring
closure, i.e. 4-thioxo-1H,3H-quinazolin-2-one (2a) or
1-methyl-4-thioxo-1H,3H-quinazolin-2-one (2b). Carba-
mate esters,’”> amides'® and thioamides'”'® possess
carbonyl or thiocarbonyl groups highly deactivated by
resonance with the adjoining nitrogen, therefore direct
attack of an external nucleophile (methoxide anion)
does not occur in our case. Moreover, it is well known

Copyright © 2005 John Wiley & Sons, Ltd.

that intramolecular reactions, especially those involv-
ing nucleophile displacements, are faster than corre-
sponding intermolecular reactions by many orders of
magnitude."”

Thus 4-thioxo-1H,3H-quinazolin-2-one (2a) can be
produced by three different mechanisms, whereas 2b by
only two mechanisms (Scheme 2).

It was found that the observed rate constant at first
increases steeply with increasing concentration of the
base used (sodium methoxide), but above a certain
concentration this increase slows and then reaches a
limiting value (Fig. 1).

This course is typical of reactions with fast acid-
base pre-equilibrium. The reaction obeys the general
kinetic equations (1) and (2), in which kg and kg are
the constants in the El1cB and B2 mechanisms, respec-
tively. An analogous equation also applies to the
concerted mechanism.

. __ keKi[CH:ONa] _ k[CH;ONal
71+ (K| + K,)[CH;ONa] 1 + K[CH3;ONa]
(1)
k - kBK2K3 [CH3 ONa} _ K [CH3ONa]
71+ (K| + K,)[CH;ONa] 1 + K[CH;0Na]
(2)
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Figure 1. Dependence of observed rate constant (kqps) of
reaction of 1a (H), 1b ( x), 1c([7), 1d (K), 1e (@), 1f (inset;
1) and 1g (inset; @) on sodium methoxide concentration

The measured data were optimised by means of
Eqn (1) or (2) to provide the rate constants k (or k') and
the equilibrium constants K= K| + K, summarised in
Table 1. The curves in Fig. 1 represent the best fit of
the experimental points using commercially available
software. The value of K, can be estimated by means
of the analogous N-methyl derivative, for which the
value found was K2%2M71, analogous with that of 2-
benzoylaminothiobenzamides.*°

By plotting the logarithms of the optimised rate con-
stants of the ring closure reaction against the o,,, and o,
constants of the individual substituents we obtained the
Hammett dependence with the slope p=3.14 (Fig. 2,
closed symbols). We adopted o, constants because in the
transition state of the rate-limiting step (i.e. expulsion of
phenoxide anion) a partial negative charge occurs on the
oxygen atom. In order to confirm this choice, we tried to
prepare 4-nitrophenyl N-(2-thiocarbamoylphenyl)carba-
mate, whose o, and o, constants differ substantially.
Unfortunately, this derivative is so unstable that it cannot
be prepared in sufficient purity for kinetic measurements.

The Brgnsted dependence (Fig. 3, closed symbols) of
log k vs pK, of phenols in methanol*' gave the value

Table 1. Optimised values of rate and equilibrium constants
for derivatives 1a-g

Compound k(s™h KM
1a 84.040.9 33.14+0.5
1b 95.8+1.1 31.8+0.5
1c 13243 28.040.9
1d 198 +7 320+1.5
le 994 + 32 51.342.0
1f 2658 +52 446+12
1g 33880 + 260 10649.5

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 2. Hammett correlation of optimised rate constants
(k) on o and o, constants for 1a—-g (closed symbols) and
for 3a—e (open symbols)
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Figure 3. Brgnsted correlation of optimised rate constants
of 1a—g (closed symbols) and 3a—e (open symbols) on pK, of
leaving phenols

Bie = —1.15, which also correspondszz’23 with splitting
g

off of phenoxide ion. To determine extent of C—O fission
in the transition state it is convenient to use the normal-
ised /™ value given as Big! Beq- We make the reasonable
assumption that . = —1.8 is the same as that for transfer
of the NH,CO— group between phenolate ion nucleo-
philes.>* The calculated 3™ = 0.64 means that the C—O
bond in the transition step is cleaved from about 64%.

A high value of the reaction constant p ~ 3 was found®
in intermolecular reactions following the E1¢B mechan-
ism, in which the rate-limiting step consisted in the
formation of isocyanate (i.e. splitting off of phenoxide
anion).

However, in our case the reaction is intramolecular and
owing to the steric proximity'® of the nucleophilic centre
and carbonyl group, the tetrahedral intermediate can be
rapidly formed and its decomposition to products is the
rate-limiting step. This presumption is also supported by
the high value of p and the high negative value of .
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From the above facts, it is clear that the reaction can
follow either the E1cB or the Bx.2 mechanism with rate-
limiting splitting off of phenoxide anion. The concerted
mechanism cannot be completely excluded either, as also
in such cases the value of 3= —0.8 was exceptionally
found.?

In order to solve this problem, we focused our attention
on studies of structurally similar derivatives. Therefore, a
kinetic study of analogous substituted phenyl N-(4-thio-
carbamoylphenyl)carbamates (3a—e) was carried out for
comparison in solutions of sodium methoxide (concen-
trations 0.01-0.5 m); here the only product of methano-
lysis was methyl N-(4-thiocarbamoylphenyl)carbamate
(4) (Scheme 3).

It was found by kinetic measurements that the depen-
dences of the observed rate constant on the concentration
of sodium methoxide are linear with zero intercept for all
the derivatives (3a—e) (Fig. 4). This means that the
equilibrium constant (K; + K;)[CH30Na] <« 1 and
Eqgn (1) or (2) is reduced to the form of Eqn (3) or (4):

kobs = kEKl [CH@ONa] = k[CHg,ONa] (3)

kobs = kBK2K3 [CH3ON&] = k/ [CH3ONa] (4)
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Figure 4. Dependence of observed rate constant, kqps (s
on concentration of sodium methoxide [CH3;ONa] (m) for
compounds 3a (@), 3b (), 3c (A), 3d (inset; O) and 3e
(inset; @) on sodium methoxide concentration

Copyright © 2005 John Wiley & Sons, Ltd.

By plotting the Hammett equation for these bimolecu-
lar rate constants (k) obtained from the slopes of plots of
kobs VS [CH30ONa], we obtained a linear dependence (Fig. 2,
open symbols), whose slope value of 4.6 + 0.2 indicates
that the E1c¢B mechanism is operating (Scheme 4) and
k=kgK,. Slow formation of isocyanate and its fast
reaction with methoxide ion is in accordance with the
literature®>® and is also supported by a higher Big =
—1.55 (Fig. 3, open symbols). We also calculated extent
of C—O fission in the transition state using the normal-
ised 3™ value [f™ = Biel Beqs Beq= —1.8].** The calcu-
lated 3" =0.86 means that the C—O bond is cleaved in
the transition step in to a larger extent (by about 86%)
than in the case of 1la—g. The values of the bimolecular
rate constants are given in Table 2.

From the comparison of rate constants of the ortho and
para derivatives, it follows that in the case of the ortho
derivative, both the reaction rate and acidity are distinctly
increased and the p constant is much lower. It has been
stated®’ that, provided the same mechanism operates, the
rate constants of reactions of ortho derivatives are about
eight times as high, but in our case the increase is much
greater (about two orders of magnitude). This means that,
in contrast to compounds 3a—e, in the case of 1a—g the ElcB
mechanism does not operate; instead, the Bs.2 mechanism
operates with rate-limiting removal of phenoxide ion or
the concerted mechanism. The high p value for 1a—g can
be explained as follows. Both K, and kg show p > 0. The

s o’
. H,N X fast
3a-e —=HoNa > 2 J\O\ * Q CHgONa ~ 4
N=C=0 ,Rz

Scheme 4

Table 2. Optimised values of rate constants for derivatives
3a-d

Compound kv ts™h
3a 0.32+£0.01
3b 1.76 £0.01
3c 3.21+0.03
3d 17.3+0.3
3e 67.6+0.9
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Figure 5. Intramolecular hydrogen bond in phenyl N-(2-
thiocarbamoylphenyl)carbamates 1a-g

equilibrium constant for the formation of a cyclic tetra-
hedral intermediate should give p near zero since electron
withdrawal from R? should render NH ~ less negative but
should render C—=0 more positive. Hence a high p value
should be expected for both Bx.2 (1a-g) and for ElcB
(3a—e).

The strong decrease in acidity (K| + K;) of the para
derivatives can be explained by the existence of an intra-
molecular hydrogen bond in the ortho derivative, in a
similar way" as in the case of 2-benzoylaminothiobenza-
mides. Also, computational study of the conjugated base of
1c shows that there exist two stable rotamers (Fig. 5)
differing in Gibbs energy by about 11.3kJ-mol .

In order to obtain further information, we followed the
kinetic behaviour of the ring closure reaction of 4-
methoxyphenyl N-(2-thiocarbamoylphenyl)-N-(methyl)-
carbamate (1h) under the same conditions as above. On
measuring the reaction rate of 1h, it was found that the
absorbance—time dependence is no longer single expo-
nential (Fig. 6). The reaction proceeds kinetically in two
steps, the rate constants of which differ by about one
order of magnitude.

However, this is not a consecutive reaction of the type
substrate — stable intermediate — product, because the
spectral recording shows a sharp isosbestic point (Fig. 7).

If the case were a consecutive reaction sequence, such
a stable intermediate could only be the tetrahedral inter-
mediate; however, its absorption spectrum would lie in

Absorbance at 356 nm

oL . oy
0.0 0.1 0.2

time (s)

Figure 6. Kinetic curve for derivative 1h at 356 nm ob-
tained in 0.1 M CH3ONa solution

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 7. Spectral recording of reaction of derivative 1h
obtained in 0.1 M CH3ONa solution

the region of lower wavelengths and no isosbestic point
would be formed. In addition, it is known that the life-
times of negatively charged tetrahedral intermediates are
in most cases very short.”**

The 'H NMR spectrum of 1h reveals that owing to
hindered rotation® the compound exists in solution in
two unequally populated forms (/ and II) in the ratio 3:4
or 4:3; conjugated bases of these forms undergo ring
closure reactions at different rates (Scheme 5). A similar
case was described®' also in the ring closure of structu-
rally cognate N-methyl-N-phenylamides.

This result is also supported by the fact that the
observed rate constants (k2 and k5IO%) of the two
reactions are dependent on sodium methoxide concentra-
tion (Fig. 8). Their values were determined from Eqn (5)
using commercially available software.*?

fast

A, — As = Me 5! 4 Ne ko't (5)

Another possibility could be the variant in which only
one of the forms undergoes the ring closure reaction,
whereas the other is not cyclised at all, but is slowly
converted into the first form. In such a case, however, the
rate of such transformation of the two forms would be
independent of the sodium methoxide concentration.

Moreover, the computational study of anion of 1h
shows that this species also exists in two unequally
populated forms differing in Gibbs energy by only about
3.2kJ-mol ! (5.6kJ-mol~! for anions). However, the
calculated energy barriers between / and I/ and also
between their anions are very high (AG~76 and
92kJ-mol ', respectively), so that interconversion of
these two forms is very slow.

The two dependences of observed rate constants on
sodium methoxide concentration have the form typical of
a rapid pre-equilibrium (Fig. 8). This reaction can only
proceed via a concerted mechanism or B 2 (Scheme 2).
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Figure 8. Dependence of observed rate constants of paral-
lel formation of 2b from both forms (/ and /l) of compound
1h (O, slower reaction; @, faster reaction)

The ElcB mechanism is excluded owing to the impossi-
bility of formation of the carbamate anion. Optimisation
of the data measured by means of Eqn (2) gave values
of the rate and equilibrium constants k;, ks, Ky and Kj
(Table 3).

The equilibrium constants Ky and K obtained for
derivative 1h are ~ 15 times lower than the correspond-
ing value for derivative 1a, while the rate constant k is
almost the same and k; is 13.5 times higher. The much
higher value of K(1a) results from the fact that the anion
stabilised by the presence of intramolecular hydrogen
bond is more abundant (Fig. 5). The much lower rate

Table 3. The values of optimised constants for slower and
faster cyclisation of 1h

Parameter® Value

ke [s71 1133+ 63
Kr[M '] 2.3840.25
ko [s7'] 97.5+7.18
K, M '] 1.78+0.31

% Subscripts f and s denote faster and slower reaction, respectively.

Copyright © 2005 John Wiley & Sons, Ltd.

constant of 1a compared with k¢(1h) results from the fact
that only the less abundant anion (which is not stabilised
by hydrogen bonding) can undergo the ring closure
reaction. In the case of 1h, stabilisation of the anion by
hydrogen bonding is impossible, but owing to the hin-
dered rotation around the C—N bond there exist two
forms, which cyclise at different rates (Scheme 5).

From all the findings given, it can be deduced that all
the ortho derivatives react by the Bo.2 mechanism with
rate-limiting removal of phenoxide ion.

EXPERIMENTAL

Kinetic procedures. The kinetic measurements were car-
ried out on an Hewlett-Packard Model 8453 diode-array
UV-visible spectrophotometer in 1cm closable cells at
25°C. The cell was always charged with 1 ml of sodium
methoxide solution and, after attaining the chosen tem-
perature, 10 pl of a methanolic solution of the substrate
3a—c were added so that the resulting substrate concen-
tration would be about 5 x 10~*M. The measurements of
reactions with half-lives below 2s (la-h, 3d—e) were
carried out using a diode-array stopped-flow SX.18 MV-
R instrument (Applied Photophysics). The observed
pseudo-first-order rate constants k.,s were calculated
from the measured time dependences of absorbance
with the help of an optimisation program.>>

Computational details. The structures of 1¢ and 1h and
their anions were optimised at the B3LYP**3*/TZVP?
level. The nature of these structures was characterised by
means of the correct number of negative eigenvalues in
the exact Hessian. Solvent effects were computed for the
gas-phase geometries at the same theoretical level by
means of the PCM model®® using the default options
(solvent methanol).

Materials. 2-Aminothiobenzamide and 2-methylaminothio-
benzamide were prepared according to the literature.®’
Substituted phenyl N-(thiocarbamoylphenyl)carbamates
were prepared according to the general procedure described
in the supplementary material, available in Wiley Inter-
science.
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