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Kinetics and mechanism of desulfurization reaction of 1-methyl-2-(substituted phenyl)-
quinazoline-4(1H)-thiones in sodium methoxide solutions have been studied, giving the cor-
responding 1-methyl-2-(substituted phenyl)quinazolin-4(1H)-ones. The reaction proceeds in
two steps. The first step involves splitting off of sulfur in the form of SH™ and is much faster
than the second step, whose rate is almost independent of the concentration of water in
methanol. At lowest concentrations of methoxide, the rate of the first step increases lin-
early, but at higher concentrations a gradual decrease in the rate takes place. The rate of the
second step, i.e. the transformation of the intermediate formed In into 1-methyl-2-(substi-
tuted phenyl)quinazolin-4(1H)-one (2a-2e), is independent of the methoxide concentration
but increases with increasing concentration of water in methanol. On the basis of the ki-
netic dependences, the mechanism for both steps of desulfurization and the structure of in-
termediate In were proposed.

Keywords: Kinetics; Mechanism; Desulfurization; Quinazolines; Quinazoline-4(1H)-thiones;
Methanolysis; Hydrolysis.

In analogy to the transformation of carbonyl group into thiocarbonyl
group, there exist a large number of reactions involving the opposite pro-
cess, i.e. replacement of sulfur by oxygen. This problem was dealt with in
an extensive review article! in 1998, which also mentions desulfurizations
of heterocyclic compounds. Most often, desulfurization is achieved by the
action of oxidizing agents and by hydrolytic processes combined with treat-
ment with transition metal salts. Besides the review article mentioned,
there exist a couple of papers particularly dealing with the desulfurization
of quinazoline-4-thione derivatives.
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Most preparative desulfurizations involve S-alkylation of quinazoline-
4-thione with methyl iodide?®2, diazomethane?¢, 1-bromo-(2-diethyl-
amino)ethane?d, or 1-(chloroacetyl)piperidine?d, and subsequent hydrolysis
of the 4-(alkylsulfanyl)quinazoline or 4-(alkylsulfanyl)quinazolinium iodide
formed, the hydrolysis being realized in acid or base media, possibly in the
presence of hydrogen peroxide. Other desulfurization methods are based on
the application of benzonitrile oxide and triethylamine in benzene?® or
mercury(ll) acetate in acetic acid?®. However, we are not aware of any refer-
ence of desulfurization mediated by alkoxides.

EXPERIMENTAL

Measurements

Kinetic measurements were carried out on an HP UV/VIS 8453 diode array apparatus. A
1-cm quartz cell was charged with 2 ml of dried methanolic sodium methoxide (water con-
tent 200 ppm) at 25 °C, then 50 pl of a methanolic solution of substrate 1a-1e was injected
and the absorbance at 388 nm was measured. The resulting concentration of substrate ¢ =
1 x 107 mol I"L. After completing the first step, the reaction mixture was treated with aque-
ous sodium hydroxide of the same concentration, and the spectra corresponding to the sec-
ond step were recorded (see Table I11). The values of both observed rate constant (k) were
calculated from the spectral records. The measurements of the effects of water on the first
step were carried out in mixtures of sodium methoxide and sodium hydroxide in methanol-
water (see Table II).

The mass spectra were measured with a mass spectrometer VG Platform Il with chemical
ionization at atmospheric pressure (APCI) and quadrupole analyzer (0-3000 Da). Before the
mass spectrometer, there was a separation unit involving a high-pressure pump Waters 616,
an autosampler Waters 717, UV detector Waters 996, and HPLC column filled with Separon
SGX C18 (150 x 3 mm, particle size 7 um). The mobile phase consisted of a mixture of 70%
acetonitrile and 30% redistilled water. The outlet of the liquid chromatograph was con-
nected directly to the quadrupole mass spectrometer with APCI for recording positive ions.
The data were obtained in the range of m/z 15-600. The ion source temperature was 100 °C,
and that of the APCI probe was 500 °C. The voltage imposed on the conical input electrode
was 10 V.

Procedure

The starting 1-methyl-2-(substituted phenyl)quinazoline-4(1H)-thiones (la-1e) and their
desulfurization products 1-methyl-2-(substituted phenyl)quinazolin-4(1H)-ones were pre-
pared by a procedure described in our previous papere”4 that also included their characteriza-
tion. The desulfurization reaction was carried out for the 4-chloro derivative on preparative
scale as follows:

A 100-ml flask was charged with 2-(4-chlorophenyl)-1-methylquinazoline-4(1H)-thione
(1d; 0.32 g, 1.12 mmol) and 0.35 m sodium methoxide (50 ml). The reaction mixture was
refluxed until decolorization (ca. 30 min) and then cooled and neutralized with acetic acid
to pH = 7-8. Methanol was distilled off and collected in a flask cooled with a dry ice-
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acetone mixture. The residue after evaporation was triturated with water and the undis-
solved portion (0.2 g, 67%) melting at 216-219 °C was recrystallized from a water-ethanol
(2:1) mixture to give white crystals of 2-(4-chlorophenyl)-1-methylquinazolin-4(1H)-one
(2d), m.p. 218-220 °C. The identity of product was verified by *H and 3C NMR spectra. The
distillate was treated with 1-fluoro-2,4-dinitrobenzene (0.42 g, 2.25 mmol) and sodium hy-
droxide (0.1 g, 2.5 mmol). The mixture was left to stand at room temperature for 12 h and
then analyzed by HPLC/MS, which revealed 2,4-dinitrobenzenethiol MS (m/z): [M + H]" -
200.7.

RESULTS AND DISCUSSION

In our previous paper® we studied the kinetics and mechanism of base-
catalyzed cyclization giving derivatives of quinazolin-4(1H)-one and
quinazoline-4(1H)-thione. Studying this reaction, we found out that in the
case of 1-methyl-2-(substituted phenyl)quinazoline-4(1H)-thiones (la-1e),
the desulfurization reactions in methanolic sodium methoxide at room
temperature took place leading to the corresponding quinazolin-4-one. The
aim of our work was a detailed investigation of kinetics and mechanism of
this desulfurization reaction.

The reaction was studied by UV/VIS spectrophotometry in 0.1-1.6 m solu-
tions of sodium methoxide. The desulfurization of compound 1d was also
carried out on preparative scale in order to verify the reaction course. We
found out that the desulfurization proceeds kinetically as a system of two
consecutive reactions. The first, much more faster step produces a de-
sulfurized intermediate, which subsequently decomposes to the final prod-
uct (oxygen-containing derivative) (Scheme 1).
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CH3 Rl CHz ' Rl
la-1e 2a-2e
1,2 ‘ b c d e

a
R! ‘ H OCHs CHs; Cl  NO,
SCHEME 1

At the lowest concentrations of methoxide, the rate of formation of In
depends linearly upon [CH;0O7] (Fig. 1). The second-order rate constants k
corresponding to this reaction step are given by the slopes of the straight
lines (Table I). The dependence of log k on the o constants of substituents is
linear (Fig. 2), the value of reaction constant p = 0.40 + 0.01 being in accor-
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dance with the fact that the attack of the reaction center by the nucleophile
occurs in a large distance from the substituent.

At higher methoxide concentrations, the observed rate constants kg,
become independent of the methoxide concentration, and at [CH;O7] >
0.8 mol I! they decrease (Fig. 1). The presence of water has only a slight
effect on the value of k,,; the rate of formation of intermediate mildly de-
creases with increasing water concentration (Table I1). In agueous solutions
of sodium hydroxide, the rate of desulfurization is very low, about 10 times
lower than that in methanol. The rate of transformation of In into the
product is almost independent of the methoxide concentration, but it
rapidly increases in a linear way with increasing amount of added water
(Table IHI). If the MeOH used had been dried with Mg (water content
200 ppm), then the decomposition of In was very slow, and the formation

TABLE |
Second-order rate constants for la-1le - In

Compound la 1b 1c 1d le

k, I mol s7t 2.15 £ 0.05 2.40 £ 0.05 2.89 + 0.07 3.43+0.11 5.82 £ 0.33

3 -1
10 kobs* S

0.0 I I I
0.0 0.5 1.0 1.5

¢ (CH3ONa), mol L

Fic. 1
Dependence of the observed rate constant (k,,) for desulfurization of 1-methyl-2-
(4-substituted phenyl)quinazoline-4(1H)-thiones 1la (M), 1b (@), 1c (O), 1d ((J) and 1le (A) on
sodium methoxide concentration ¢ at 25 °C. The curves depict the character of the
dependences and are given for better guidance
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of compounds 2a-2e practically ceased: the solution contained only the
unreacted intermediate. Several attempts to isolate the intermediate In
failed. After separation from the reaction mixture, we always obtained only
the starting substance or the desulfurization product.

The low effect of water concentration on the rate of formation of In
(Table I11) and, in particular, its slow decomposition into products, indicate
that the desulfurization itself takes place during the reaction of the sub-

TasLE 1l
Observed rate constants for reaction 1d - In in 0.5 m sodium methoxide with addition of
water

Vol.% H,0 0 5 10 20

Kops X 103, 57 1.40 1.27 1.13 0.92

TasLE I
Dependence of the observed rate constants for reaction In - 2d in 0.5 m sodium methoxide
at various concentrations of water. (Note: the measurements cannot be carried out at water
contents above 5%, because the product crystallizes from the reaction mixture.)

Vol.% H,0 1 2 3 4 5
Kops X 10%, 57 1.68 3.42 5.45 8.31 10.2
0.8 T T T T T T
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Hammett correlation of second-order rate constants
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strate with methoxide in the first reaction step. This is also confirmed by a
low value of A (235 nm), which is typical (Fig. 3) of formation of the tetra-
hedral intermediate In. For the reaction of the substrate with OH- in water,
it is possible to presume the formation of the following intermediates lead-
ing to the products (Scheme 2).
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DL T
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The lifetime of intermediates given in Scheme 2 is substantially lower
than 1 s in the given medium, which means that the transformation of sub-
strate into product by reaction with OH~ does not reveal any spectral mani-
festation of intermediate, as this is the case in the reaction of carbonyl
compounds®. Since from the above-mentioned findings follows that the

SCHEME 2

Absorbance

FiG. 3
Spectra of starting substance (7), intermediate (2) and product (3). The spectrum after reaction
is identical with that of the product prepared by independent synthesis in the same medium
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desulfurization of substrate is exclusively caused by the action of meth-
oxide, In is very stable at the given conditions (zero rate of transformation
into product in the absence of water), it can justifiably be presumed that
In has the structure of a dimethoxy adduct. Its formation including split-
ting off of sulfur in the form of SH™ are presented in Scheme 3.
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SCHEME 3

The relationship (1) for k,,s can be defined on the basis of Scheme 3 on
the assumption that the reacting species is the adduct Ad, which irrevers-
ibly splits off the SH group. As the adduct Ad is highly unstable and its con-
centration is negligibly low compared to those of the reactants, it is possi-
ble to apply the Bodenstein approximation. The concentration of adduct
Ad~ can be expressed by the equilibrium constant K_4; so the final form of
Eg. (1) reads as follows:

Kaa Kk, [CH;ONa]

= . 1
°®*  k_[CH,ONa] +Kk, @)

Since the SH™ concentration in solution is very low, the reverse reaction
practically does not occur. This means that the formation of In is, in fact, a
consecutive two-step reaction consisting of formation of carbocation and
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its reaction with CH;O™ to give In. As the rate constant of formation of In
from carbocation is high, its value cannot be determined. The gradual de-
crease in the slope of the dependence k,,, vs [CH;07] at higher methoxide
concentrations (Fig. 1) can be due either to the fact that practically all the
substrate has reacted with methoxide to give non-reactive negatively
charged species or to a change in the rate-limiting step. Since the negatively
charged adduct of substrate with methoxide Ad~ is an anion of thioacetal,
and the starting substrate 1a-1e is stabilized by delocalization of the elec-
tron pair of N-1 nitrogen, its reverse decomposition is very fast, much faster
than the addition of methoxide to the substrate. This was confirmed by the
fact that the absorption (at A, = 388 nm) of the substrate several seconds
after the addition of substrate to 0.5 M methoxide was the same as that of
the substrate alone (in methanol). This means that the observed decrease in
the slope of the dependence k., vs [CH;07] is due to a change in the rate-
limiting step.

The only alternative that can be taken into account as the rate-limiting
step of the reaction in the region of linear increase is the reaction of nega-
tively charged adduct Ad- with methoxide, which is strongly endothermic
and very slow. Thus the formation of Ad~ is preceeded by a fast established
equilibrium directly proportional to CH;O~ concentration, with small equi-
librium constant K.

In the region where the k,,, constant is independent of methoxide con-
centration, the rate-limiting step consists in splitting off of SH~ from adduct
Ad with concomitant formation of the resonance stabilized carbocation.
The change in rate-limiting step depends on the ratio of the reaction rates
of the reverse and consecutive reactions of Ad (Scheme 3). When the rate of
reverse reaction is lower than that of the transformation into carbocation
(at low [CH307]), the rate-limiting step is the reaction of Ad~ with metha-
nol; in the opposite case it is the rate of splitting off of SH- from Ad to give
the carbocation. When k_;[CH;07] = k,, Ad is transformed back to Ad~ and
forward to the carbocation as well, and k,,,; should have a half value of that
attained at the plateau (zero slope of the dependence kg, vs [CH3O7). In re-
ality, this value is partially distorted by the retardation of reaction due to
the change in medium and, to an increasing extent, due to decreasing val-
ues of o constants of the substituents (see Fig. 1).

On the basis of pK, = 9.43 for phenylmethanethiol®, the equation for cal-
culation of pK, of tertiary alcohols and thiols in water” and methanol®, and
the o, constants of the substituents, we have assessed the difference be-
tween pK, of methanol and adduct Ad in methanol. The difference is 7-8
orders of magnitude, which means that the reaction is strongly exothermic
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and the rate constant of reaction of Ad~ with methanol approaches that of
diffusion-controlled processes (k_; is about 108 s71). As the rough calculation
of methoxide concentrations in the equation k_;[CH;07] = k, gave the val-
ues from 0.12 mol I* (4-NO,) to 0.4 mol I (4-OCHj,), the rate constant k,
of splitting off of SH~ should range from ca. 0.12 x 107 s* (4-NO,) to 0.4 x
107 s71 (4-OMe).

Although it is presumed that acetals and ketals and their thio analogs are
stable in neutral and basic media, a very slow but measurable spontaneous
hydrolysis has been found®1° with some acetals containing good leaving
groups.

A fast spontaneous hydrolysis takes place in the case of 4-H,N-CgH,-
CH(OEt)SCgHs (Kops = 40 s™1); a mechanism with ion pair separation rate-
limiting step was suggested!!. The driving force is (like with Ad) stabiliza-
tion of carbocation by delocalization of the electron pair from nitrogen to
carbon. The delocalization of electron pair is accompanied by increased
aromatization of the six-membered ring.

Generally, the decrease in reaction rates at methoxide concentrations
above 0.8 mol I1 can be due to another change in the rate-limiting step,
but in the present case such a variant is groundless.

The drop in k., at sodium methoxide concentrations above 0.8 mol I is
due to the effect of a change in activity coefficients of the individual reac-
tants and in the transition state of the rate-limiting step. For instance, the
activity coefficient of methanol in 1.6 M sodium methoxide'? y = 0.8.

At methoxide concentrations above 0.8 mol I-1, the rate-limiting step is
splitting off of SH™ from adduct Ad for all the derivatives. In this case, the
reaction mechanism can be described by simplified Scheme 4.

s HS. OCH;
NH NH k
P ~
NJ\©\ N)\©\
RL Ad R1

The change of the reaction medium affects the values of equilibrium con-
stants K. However, the decreases found are substantially larger with the 4-Cl
derivative and much larger with the 4-NO, derivative (inversion of the
dependences), and this means that the change of the medium must have a
considerable effect also on the rate-limiting step, i.e. on the k, constant.
The spontaneous decomposition of 4-(CHj),N-C¢zH,-CH(OEt)SC¢H; in-
volved the rate-limiting separation of the ion pair formed. Although the

SCHEME 4
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splitting off of SH™ is by 5-6 orders of magnitude faster, an internal return
of the ion pair formed in this case obviously takes place, the difference be-
ing in that the rates of internal return and ion-pair separation differ sub-
stantially less. The rate of internal return increases with increasing o con-
stants of substituents, and the separation of carbocation and SH~ becomes
more and more rate-limiting. The rate of separation of SH~ decreases to the
same extent as the stabilization of SH™ by formation of H-bonds. The latter
decreases with increasing methoxide concentration, because the activity
coefficient of methanol is decreasing. A decrease in stabilization of SH-
by H-bonds by a value of 1.6 ki mol~! decreases the reaction rate almost to
one half.

The transformation of intermediate In into product is very slow; its rate
increases only moderately with the methoxide concentration, but it in-
creases linearly with water concentration. In Mg-dried methanol, the trans-
formation proceeded at a negligible rate. This is in accordance with the fol-
lowing reaction sequence (Scheme 5). The process closely resembles the ex-
tensively studied acetal hydrolysis.

®
CH3O_ OCH; O-CHs HO_ OCH;
= O =
N
ﬁ Al O,
CHg R CHs Rl
©
CH3OH || CH50
o® OCH;

d — CH50° /fN
|
ﬁ “ﬁ
CH
2a-2e 3 R?

The Kinetic study of desulfurization of 1a-le in sodium methoxide solu-
tions shows that the reaction proceeds in two steps. At low methoxide con-
centrations, the rate of the first step is determined by the reaction of Ad-
with methanol to give Ad; at higher concentrations, the splitting off of SH-
from adduct Ad becomes rate-limiting. This behavior is supported by the
finding that the observed rate constant first increases with the methoxide
concentration, but then becomes independent of this concentration (de-

SCHEME 5

CONCLUSIONS

Collect. Czech. Chem. Commun. (Vol. 69) (2004)



2222 Hanusek, Sedlak, Keder, Stérba:

creasing with water concentration), which excludes the possibility of mani-
festation of the reaction pathway given in Scheme 2. The intermediate
formed by desulfurization probably has the dimethyl acetal structure and is
in equilibrium with the carbocation. Relative stability of the carbocation is
determined by its proneness to aromatization, and the only pathway of its
decomposition to the final product 2a-2e is the reaction with present hy-
droxide ion and/or water. This interpretation is supported by the fact that
the intermediate decomposition is strongly accelerated in the presence of
water and/or hydroxide.
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