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Structural effects on kinetics and a
mechanistic investigation of the reaction
between DMAD and N-H heterocyclic
compound in the presence of triphenylarsine:
spectrophotometry approach

Sayyed Mostafa Habibi-Khorassani’, Mehdi Shahraki” and Mahdieh Darijani

Abstract

Kinetics and a mechanistic investigation of the reaction between dimethyl acetylenedicarboxcylate (DMAD) and
saccharin (N-H heterocyclic compound) has been spectrally studied in methanol environment in the presence of tri-
phenylarsine (TPA) as a catalyst. Previously, in a similar reaction, triphenylphosphine (TTP) (instead of triphenylarsine)
has been employed as a third reactant (not catalyst) for the generation of an ylide (final product) while, in the present
work the titled reaction in the presence of TPA leaded to the especial N-vinyl heterocyclic compound with differ-

ent kinetics and mechanism. The reaction followed second order kinetics. In the kinetic study, activation energy and
parameters (Ea, AH*, AS* and AG*) were determined. Also, the structural effect of the N-H heterocyclic compound
was investigated on the reaction rate. The result showed that reaction rate increases in the presence of isatin (N-H
compound) that participates in the second step (step,), compared to saccharin (@another N-H compound). This was

a good demonstration for the second step (step,) of the reaction that could be considered as the rate- determining

step (RDS). As a significant result, not only a change in the structure of the reactant (TPA instead of TPP) creates a
different product, but also kinetics and the reaction mechanism have been changed.
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Introduction

Most compounds that are designated as drugs and are
natural have a nitrogen atom. N-vinyl heterocyclic com-
pounds with applications in polymers, natural product
analogs, polymeric dyes, pharmaceuticals, etc. are an
objective for the organic and medicinal chemist [1-3].
The synthesis of diastereospecific (Z)-N-vinyl com-
pounds previously reported from the reaction between
dialkyl acetylenedicarboxylate and N-H heterocyclic
compounds such as saccharin or isatin in the pres-
ence of triphenylarsine (TPA), (Fig. 1) [4]. TPA as an
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organoarsenic compound is applied in organic synthesis
(for example alkene synthesis) [5]. TPA with high nucle-
ophilic properties plays the role of catalyst in the titled
reaction. Also, the two N—H heterocyclic compounds
that have been used were saccharin and isatin. These
heterocyclic compounds and their derivatives have bio-
logical and pharmacological effects [6-9]. The similar
reactions in the presence of triphenylphosphine (TPP)
indicated that they have different products [10-12]. The
difference between TPP and TPA is in their nucleo-
philic properties. Arsonium ylides are more nucleo-
philic and have more instability than phosphonium
ylides [13]. Arsonium ylides react better in the some
reactions due to p orbital of carbon has a less overlap
with d orbital of adjacent arsenic atom, compared to
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Fig. 1 The three-component synthesis of a N-vinylheterocyclic compound [19]

phosphor atom, thus arsenium ylides are not appeared
much more in a form of ylide [14]. Although, kinetics
and a mechanistic investigation of some reactions with
triphenylphosphine have been reported [15-22], pre-
viously. Nevertheless, it has not reported any attempts
for similar reactions with triphenylarsine. In this article
we report the kinetics of the formation of N-vinyl com-
pound from reaction between dimethyl acetylenedicar-
boxylate 1 (DMAD) and triphenylarsine 2 (TPA) with
saccharin as a N—H heterocyclic compound. Synthesis
of this reaction has been investigated, previously [4].

Experimental chemicals and apparatuses used

All acquired chemicals were used without further puri-
fication. Dimethyl acetylenedicarboxcylate (1), triph-
enylarsine (2) saccharin and isatin as the two N-H
heterocyclic compounds were supplied by Merck (Darm-
stadt, Germany), Acros (Geel, Belgium) and Fluka
(Buchs, Switzerland). Extra pure methanol and ethanol
were also obtained from Merck (Darmstadt, Germany).
A Cary UV-vis spectrophotometer model Bio-300
with a 10 mm light-path quartz spectrophotometer cell
equipped with a thermostated housing cell was used to
record the absorption spectra in order to the follow reac-
tion kinetics.

General procedure

For the kinetic study of the reaction with a UV spectro-
photometer, first it was necessary to find the appropri-
ate wavelength to follow the absorbance change with
time. For this purpose 107> M solution of each reactant
containing (1) and N-H compound and 5 x 107> M of
compound (2) were prepared in methanol solvent. The
UV-vis spectra of each compound were recorded at 18 °C
over a wavelength range of 200-800 nm. Figure 2 shows
the spectra of compounds (1), (2) and N-H compound.
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Fig. 2 The UV spectrum of 107°M of (1), (N-H) compound and
5 x 1073M of (2) as a catalyst in methanol

In the second experiment, the reaction mixture was
started in a 10 mm quartz spectrophotometer cell with
mentioned solutions of reactants (1), 2 compound and
(2) with respect to the stoichiometry of each compound
in the overall reaction. The absorbance changes of the
mixed solution versus wavelengths were recorded until
the reaction was finished (Fig. 3).

All kinetic measurements were performed by monitor-
ing the absorbance increase at 305 nm because at this
wavelength, reactants (1), (2), 1 compound have no rela-
tively absorbance values (see Fig. 2). For a linear relation-
ship between absorption and concentration, the UV-vis
spectra of compound (3) was measured over the concen-
tration range (1072 and 103 M). In the third experiment,
under the same concentration to the previous experi-
ment, we measured the increases of the absorbance
of the product with time at an 18 °C temperature and
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Fig. 3 Absorption changes versus wavelengths for the reaction
between (1) (1072 M), (2) (5 x 107> M) and (2) (107 M) in methanol
for the generation of product 3 at 5 min intervals up to 60 min; the
upward arrow indicates the direction of the reaction’s progress

a wavelength of 305 nm (Fig. 4). The second-order rate
constant is automatically calculated using the standard
equations [23] within the program at 18 °C. In this case,
the overall order of rate law can be written as: a + ¢ = 2
and the general reaction rate is described by the kinetic
following equation:

Rate = ko, {1]3[2}" [N—Hr.

[2] is catalyst and constant, then, the rate law can be
expressed:

Rate = K,p[1] [N — H] (1)

Kops = Kour[2] b

0 20 40 60 80 100
Time (min)
Fig. 4 The original experimental absorbance curve versus time at a
selected wavelength of 305 nm for the reaction between (1) (1072 M),
(2) (5 x 1073 M catalyst) and (N-H) (1072 M) in methanol. The dotted
curve shows experimental values, and the solid line is the fitted curve
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Results and discussion

In order to determine the partial order with respect to
saccharin (N-H compound) kinetic measurements were
performed under pseudo-first-order conditions with
twofold excess of DMAD (1) by plotting the UV-vis
absorbance versus time at a wavelength of 305 nm for the
reaction between (1) (1072 M), (2) (5 x 1072 M) and (N—
H) (5 x 107M) at 18 °C in methanol.

Rate = Ko, [1]2[2]°[N — H]

Rate = Kops[N — H]%Kops = Kour[11°[2]°

The original experimental absorbance versus time
data provide a pseudo first order fit curve at 305 nm,
which exactly fits the experimental curve (dotted line)
Fig. 5. It is obvious that the reaction is of the first order
type with respect to saccharin N-H, ¢ = 1. From the
second experiment the sum of a and ¢ was obtained
two: +c = 2.

From the later experiment, c, is one.

So, order of reaction with respect to DMAD (1) is one
(a=1).

Effects of solvents and temperature

The two parameters, dielectric constant and polarity of
solvent influence the relative stabilization of the reactants
and the corresponding transition state in the solvent
environment which in turn effects the rate of the reaction
[24, 25]. For examining the effect of the solvent on the
rate of reaction, the same kinetic procedure is followed in
the presence of ethanol at 18 °C.

The reaction rate is increased in metha-
nol (k,, = 3.0 min' M%) compared to ethanol
(k,,, = 0.74 min' M%) as the dielectric constant

decreased from 32.7 to 24.5 [26], respectively.
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Fig. 5 Plot of absorbance versus time at 305 nm for the reaction
between (1) (1072 M), (2) (5 x 107> M) and N-H (5 x 107> M) in
methanol. The dotted curve shows experimental values, and the solid
line is the fitted curve
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Effect of temperature
The important factor that affects the rate of a chemical
reaction is temperature. The influences of temperature
on the reaction rate were studied in the range of 18-28 °C
with 5 °C intervals for each reaction and the values of
second-order rate constants were determined. Table 1
shows kinetic data.

The temperature dependency of the rate reaction rate is
expressed by the Arrhenius Eq. 2:

k= Ae%ETa )
Plotting the graph of /n k versus the reciprocal of the

temperature (1/T) yields a straight line with a slope of
E,/R and an intercept of /n A (Fig. 6).

Table 1 Reaction rate constants (k,,, min' M~2) at different
temperatures (£ 0.1) under the same conditions for the
reaction between (1) (1072 M), (2) (5 x 1073 M’ and N-H
compound (1072 M)
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On the basis of Eyring Eq. 3 [27] and linearized form of
the Eyring Eq. 4 [28]:

k AH$  AS* kg
2 __ 24T, 20 2B 3
lnT =T + 2 +In Y (3)
k AH* ASF kg
Tlh— = | ——— T( — 4+In—
nT < R ) + < R + In o ) (4)

Plotting the graph of /n k/T versus the reciprocal of
the temperature 1/T and also T Ink/T against T yields a
straight lines, from which, the values for AH (activation
enthalpy), AS" (activation entropy) can be determined
(see Fig. 7; Table 2).

The Gibbs activation energy has been evaluated from
the following form of the Gibbs—Helmbholtz Eq. 5:

AG* = AH* — TAST (5)

The Gibbs activation energy is essentially the energy
requirement for a molecule (or a mole of them) to
undergo the reaction. It is of interest to note that the

Mnm Solvent 18°C £ 0.1 23°C 28°C 33°c  Gibbs activation energy is positive. The Gibbs activation
205 Vethanol 0 34 0 s energy changed with enthalpy and entropy. Sometimes
cthano AH" is the main provider, and sometimes TAS" consider
162
1.4 -
1.2 -
1 4
-
£ 0.8
E
0.6 o
Ink,,, = InA — —
0.4 RT
a
0.2 o
0 T T ]
3.25 3.3 3.35 3.45
1000/T
500 2
400
300
=
£ E,
200 4 Tink,,, = TlnA — Fa
100 b
O L L L] :I
290 295 300 305 310
T
Fig. 6 a Dependence of second order rate constant (Ink,,, against 1/7) on reciprocal temperature for the reaction between reactants (1), (2) and
(N-H) in methanol measured at wavelength of 305 nm in accordance with the Arrhenius equation for obtaining % from the slope. b A linearized
form of Arrhenius equation (T Ink against T) in order to obtain In A from the slope
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. ) ) tion bet 1), (2) and (N-H dsinth thanol
Fig. 7 Eyring plot (In k,,/T versus 1/T) according to Eq.5 for the reac- reaction between (1), (2) and ( ) compounds in the methano
tion between (1), (2) and (N-H) compounds in the methanol

the main provider in Eq. 5 that refer to enthalpy or
entropy-controlled reaction, respectively.

As can be seen from the Table 2, TAS
(51.17 k] mol'K™) is much greater than AHF
(17.5 k] mol™!) which implies that the reaction is
entropy-controlled.

Effect of N-H compounds
This section focuses exclusively on the effects of the dif-
ferent structural of N-H compounds on the reaction
rate for generation of a N-vinyl heterocyclic compound.
A plot of absorbance vs. time, is shown in Fig. 8 for the
reaction with isatin as another N—H heterocyclic com-
pound under same condition with previous experiment.
The rate of reaction speeds up in comparison with sac-
charin. This experiment indicated that N-H compounds
(saccharin or isatin) participated in the rate-determining
step (RDS) of the reaction mechanism (step,).

Mechanism
On the basis of experimental results and reports on lit-
eratures [4] a speculative mechanism is represented in
Fig. 10.

To investigate which step of the reaction mechanism is
a rate determining step (RDS), further experiments were
performed as follows:

A series of experiments, containing two-compo-
nent reactions between dimethyl acetylenedicarboxy-
late (DMAD) (1) and triphenylarsine (TPA) (2) (Re. 1),

dimethyl acetylenedicarboxylate (1) and N—H compound
(Re. 2), and then N-H compound and triphenylarsine (2)
(Re. 3) were carried out under the same concentration of
each reactant (1072 M) at 18 °C. Both reactions (Re. 2 and
Re. 3) had no progresses, in fact, there were no reactions
between N—H compound (isatin or saccharin) and (2)
or (1) due to the lack of progress. The Re. 1 was moni-
tored by recording scans of the entire spectra with 5 min
intervals reaction time (5 min) at 18° C (Fig. 9). Accord-
ing to these observations, starting reaction between reac-
tants (1) and (2) is the more rapidly occurring reaction
amongst competing reactions (see step;, Fig. 10).

This step (k;) containing the reaction between (1) and
(2) (k; = 6.18 min~! M) is faster than the overall reac-
tion (k,,, = 3.0 min~! M~?) between (1), (2) and N-H
heterocyclic compound. Hence, step; could not be a
RDS. Step; (k;) is an intramolecular reaction between
two ionic species (I, and N7) which is inherently fast in
a liquid phase (methanol) [29-31]. Step, (k,) is also fast
because of [1, 2] hydrogen-shift process (I5). In addition,
steps (k;) is an intermolecular reaction between the two
parts of a dipole component (I,) which is a rapid reaction.
Perhaps, step, (k,) is a rate determining step. In order
to check this possibility, the rate law is written using the
final step of the proposed mechanism in Fig. 10 for the
generation of product 3:

Rate = ks[I4] (6)

By applying the steady state assumption in obtaining
the concentration of intermediates (I,, I3, I, and I;) the
calculated overall rate law equation is:

Table 2 Activation parameters (AS*, AH*, AG* and In A) at 18 °C for the reaction between (1), (2) and N-H compounds

AH* KJ mol ™!

AS* kJ mol~'K™!

TA S*kJ mol™! E2 kJ mol™! E2kJ mol~’ AM™'min™’

Arrhenius Eq. 2. and Eyring Eq. 3 174+£05 —1758 £ 17

—=51.17 199£05 198 £0.5 1.1 % 10*

AG*=68.59 + 1.02at 18°C
2 From Arrhenius Eq. 2
® From equation E, = AH* 4RT
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Fig. 9 The original experimental absorbance curve versus time
at a selected wavelength of 305 nm for the reaction between (1)
(1072 M), (2) (5 x 107> M) and isatin (N-H) (1072 M) in methanol. The
dotted curve shows experimental values, and the solid line is the fitted
curve at 18 °C

_ koki[1][2][N — H]
B k_1+ ky[N — H]

Rate (7)

Equation 7 doesn’t involve k3, k, and kg, hence steps 3,
4 and 5 cannot be the rate determining step, nevertheless
the rate law contains k; and k,, and therefore, there is two
possibilities for the rate determining step. If k, is a rate
determining step, the speculation that k_; > k[N — H]
is logical, and thus the rate law can be stated as:

_ kek[]2]IN ~ H]

Rate
k-1

koky [2]
k_1

Due to compound (2) is a catalyst, its concentration is
constant, and so the rate law can be stated:

Kobs =

Rate = kops[1][N — H] (8)

This Eq. 8 is compatible with the second-order experi-
mental rate law (Eq. 1) which means that step, (k,) is the
RDS.

Another possibility is considered for step; (k;) as a rate
determining step, in this case, it is reasonable to accept
this assumption, k_; < kz[N — H],, under this condition

the rate law can be written as:Rate = %%ﬁ]_m and
then,

Rate = kq[1][2]

Compound (2) is a catalyst and its concentration is
constant, so the rate law can be expressed:

kobs = k1[2]

Rate = k,ps[1] 9)
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Equation 9 is a rate law for the first-order kinetic reac-
tion that is not agreement with the experiment results
(Eq. 1). The acceptable rate law, Eq. 8, involving N-H
compound and compound (1) is a rate determining step
which depends on the concentration of N-H compound.
In previous section, can be seen that the different struc-
tures of N-H compound (containing saccharin or isatin)
with their different ability of acidity and geometries had a
great effect on step, (k).

Although, I, (intermediate) in step, can be stabilized
easily by dipole—dipole interactions in the presence of
solvent with higher dielectric constant which reduces
the reaction rate. Nevertheless, a proton from N-H
compound can be transferred easily towards intermedi-
ate I, (see Fig. 11), in the presence of a less hindrance
solvent such as methanol, compared to ethanol. This
phenomenon increases the rate of reaction. It seems that
less steric effect of solvent such as methanol in step, of
the reaction has a more effect on enhancement of reac-
tion rate, compared to its dielectric constant that can be
stabilized more I, species and subsequently reduces the
reaction rate. For the present work, the reaction rate in
the presence of methanol is 4.5 times more than ethanol.

Conclusions

(1) Kinetics for the formation of the N-vinyl heterocyclic
compounds was examined in the presence of triph-
enylarsine (TPA) as a catalyst, (DMAD) and N-H
heterocyclic compound in methanol using UV-vis
spectrophotometer technique. The results demon-
strated that the overall order of the reaction is two
and the partial orders with regard to each reactant
(1) or N—H heterocyclic compound is one.

(2) Previously, in a similar reaction, with triphenylphos-
phine (TPP) (instead of triphenylarsine (TPA) in the
current work), the generated product was an ylide,
while in this work is a N-vinyl heterocyclic compound.

(3) Different behavior of both reactants (TPP or TPA)
provides a different mechanism and kinetics for both
the previous or present works.

(4)In the previous work, the reaction followed second-
order kinetics and step, of reaction was recognized
as a rate determining step. The rate law depended
on concentration of (DMAD) and (TPP) and was
independent of concentration of N—H heterocyclic
compound, while in present work, step, of the reac-
tion is a rate determining step (RDS) and the rate
law depends on concentrations of both (DMAD)
and N-H heterocyclic compound. Herein (TPA)
has a catalyst role in the reaction medium.

(5)In the present work, the structural effect of N—H het-
erocyclic compound on the reaction rate was investi-
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Fig. 10 Speculative mechanism for the reaction between (1) and (N-H) compound (saccharin)in the presence of a catalyst (2) for generation of
N-vinyl heterocyclic compound 3 in methanol

gated in the presences of isatin as another N-H com-
pound that participates in the second step (step,), ature and the dielectric constant of solvent.

compared to saccharin. This is a good demonstration (7) Also, enhancement of the steric effect on the struc-
for the second step of the reaction (step,) that could ture of solvent from methanol to ethanol can be
be considered the RDS. considered as an effective factor for a proton trans-

(6)Reaction rate is accelerated by increasing the temper-
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Fig. 11 Comparison between the steric effect of CH;OH or C,H;OH on a proton transfer process between the N-H and I,
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