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The study examined the reactions of hexamethyl phosphorous triamide
(HMPA) 1, dialkyl acetylenedicarboxylates 2, and benzimidazole 3 (NH-
acids) by conducting comprehensive Kkinetic analyses. Kinetics and
mechanistic analysis of the reaction were investigated using theoretical
and experimental methods. UV-Vis technique was employed to track
experimental data whereas ab initio was employed to investigate
theoretical studies revolving around the carbon-carbon double bond
(0CH3-C=F—‘ C-P (NMez2)3) in phosphorus ylides 4a-b. Using UV-Vis
spectrophotometry, the second-order fits were automatically drawn, and
the second-order rate constants (kz) were computed by the standard
equations within the program. Calculations were made for the reaction's
activation energy and parameters (Ea, AH?, AS* and AG"). Likewise, the
gathered data on how the solvent, reactant structure, and reactant
concentration affected reaction rates. The suggested mechanism was
verified through experimental data and the steady state approximation,
the rate-determining step (RDS) found to be the first and the third steps
(k2 and ks3). Three proposed mechanisms were hypothesized through
quantum mechanical calculations. However, the second and the third
mechanisms did not match with the experimental data, while the first
mechanism showed agreement between theoretical and experimental
kinetic data. It was found that the HF/6-31G (d, p) basis set provided
more accurate results for compound 4a than the B3LYP/6-31G (d, p)
basis set did, whereas the latter performed better for compound 4b.
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Introduction

The benzimidazole nucleus holds significant
importance in the field of drug discovery.
Benzimidazole derivatives possess distinctive
medicinal properties such as anti-tumor [1, 2],
anti-Parkinson [3], antimicrobial [4], and anti-
HCV NS3/NS4A serine protease [5] activities.
Furthermore, the utilization of benzimidazoles as
corrosion inhibitors for metal and alloy surfaces
has been widespread [5].
benzimidazole complexes, namely Chromium
(Cr), Manganese (Mn), Iron (Fe), Cobalt (Co),
Nickel (Ni), Zinc (Zn), Palladium (Pd), Platinum
(Pt), Gold (Au), and Rhenium (Re), have been
documented [6-8]. The chemistry field in the 20t
century achieved a notable breakthrough with the
These
compounds have proven to be beneficial in

Several metal

development of phosphorus ylides [9].

numerous reactions that are significant to
synthetic chemists, particularly in the production
of naturally occurring elements, as well as
compounds with biological and pharmaceutical
features [10, 11]. Mutilated phosphorus ylides

(keal/mol)

Px-Cy distance (A)

also serve as reducing agents in coordination
chemistry and have been extensively used in
synthetic chemistry [12-14].

They have gained significant recognition and are
often utilized as reagents for connecting synthetic
building blocks while creating carbon-to-carbon
double bonds and exploring innovative ways to
develop heterocyclic systems [15, 16]. These
results have significantly raised interest in
researching P-ylides and their
synthesis, properties, and structures [17, 18].
Trivalent phosphorus nucleophiles reacting with
acetylenic esters alongside O-H, S-H, N-H, or CH-
acids have been studied in multiple research
topics [19], but in certain circumstances, the ylide
commodities cannot be separated, suggesting that

derivatives

they act as intermediates in the reaction pathway
before generating the final product [20]. While
some of these ylides only contain one isomer,
most of them combine the geometric isomers Z
and E [21, 22]. Furthermore, some display a
dynamic 'H-NMR effect [23-26], which can
provide valuable insights into the rotational
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isomers' exchangeable process, thereby yielding
crucial kinetic data.

We continued our research regarding [26] ylide
compounds by conducting a comprehensive
investigation that included synthesis, full kinetics
analysis, mechanistic investigation, and dynamic
1H-NMR testing.

The study was done in the presence of either
triphenylphosphine or phosphate.
Instead of triphenylphosphine (TPP), we used a
bulkier and less hexamethyl
phosphorous triamide (HMPA) as a nucleophile to
perform similar experiments. Theoretical and
experimental methods are used in an analysis of

triphenyl

reactive

the kinetics and mechanism of the reaction
hexamethyl phosphorous triamide 1, dialkyl
acetylendicarboxylate 2, and benzimidazole 3 was
carried out, complemented by theoretical studies
that focused on the rotation around the carbon-
carbon double bond (C=F: C) in a phosphorus ylide.
Earlier published data revealed that stable
phosphorus ylides with both Z- and E-geometrical
isomers could be prepared by synthesizing the
reaction between hexamethyl phosphorous
triamide, dialkyl acetylendicarboxylate, and N-H
acid 3, and conducting dynamic 1H-NMR studies
(Figure 1) [26].

CO,R
| N\ CO,R
solvent
PINMess  |f| T e N
C No Ne rt H /
| X~ TH
1 RO,C P(NMe,);
CO,R
2 3 4

(R= Me, Et and tBu)

Figure 1: Condensation of stable phosphorus ylides 4

Experimental

Materials and Instruments

The extra-pure solvents 1,4-dioxane and 1,2-
dichloroethane provided by Merck
(Darmstadt, Germany) in addition to the reagents,
which were all purchased from Fluka (Buchs,

were

Switzerland). Throughout the current work,
reaction spectra and kinetic measurements were
made using a Cary UV-Vis spectrophotometer
model Bio-300 with a quartz spectrophotometer
cell with a 10 mm light path and a thermostated
Using the GAMESS program,
theoretical kinetic studies were conducted [27]. It
was assumed that phosphorus ylide 4 (products)
was formed from the hexamethyl phosphorous
triamide reacting with acetylenic ester 2 (Me, Et,
or tBu) followed by protonation of the 1:1 adduct
by the NH-acid 3. The resulting phosphoranes 4

housing cell.

were a product of this reaction. To understand the
reaction (HMPA) 1, dialkyl
acetylenedicarboxylates 2, and benzimidazole 3
to produce stable phosphorus ylides products
(Figure 1), the kinetic evaluation was done with a
UV-Vis spectrophotometer.[28-32].

Method Kinetics

In the pursuit of identifying the suitable
wavelength for monitoring the kinetics of a
reaction, an initial experiment was performed.
Specifically, a quartz spectrophotometer cell was
employed to contain a 1 mL aliquot of the 3x10-3
M solutions of each compound of 1 and 3, as these
compounds do not interact, and then the mixture
received a 1 mL aliquot of reactant 2 (Me), which
is DMAD (dimethyl acetylenedicarboxylates).

After that, for the reaction duration at room
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temperature, the reaction was monitored and
recorded every 7 minutes. In Figure 2, you can see
the reaction's UV-Vis spectra. The most suitable
wavelength, mainly linked to product 4, was
identified as 320 or 330 nm. Importantly, since
compounds 1, 2 (DMAD), and 3 do not exhibit
significant
wavelengths, there was no interference with

absorbance values at these

observing and examining the kinetics utilization

and mechanics to study of the reaction between
HMPA 1, 2 (DMAD), and benzimidazole 3. The
absorbance compound 4
concentrations were found to be linearly related
over the concentration range of (2x10M < M,
<10-3M). The following action was taken after
choosing the appropriate wavelength and
concentration range.

values and

260 280

Abs

300 320 340
Wavelength (nm)

310 320
Wavelength (nm)

Figure 2: Top: The UV-Vis spectra for the reaction of 1, 2 (Me), and 3 in 1, 2-dichloroethane for the generation of
the product 4. (Each of concentration compound is 10-3M). Bottom: Expanded section of UV-Vis spectra

The study investigated the kinetics of a 1:1:1
addition reaction between 1, 2 (Me), and 3 via UV-
Vis absorbance at 15.0 °C and a wavelength of 330
nm, as depicted in Figure 3, 4. The absorbance at
the end of the reaction (Ax), which was
determined from Figure 2 at t=420 min, was
shown as a change in absorbance over time on the
experimental curve (dotted line). The UV-Vis
instrument was used to generate a second-order
fit curve based on the original experimental
absorbance data, and it was found that it perfectly
matched the experimental curve (dotted line).
The resulting second-order rate constant (k2) was
calculated using a standard equation [32] within
the program, and the values at 15.0 °C were
obtained in Tables 1 and 2. Moreover, analogous

to the precedent experiment that used
concentrations of 5x10-3 M and 7x10-3 M for each
reactant; further experimentation was conducted
to investigate the kinetics involved. It was
observed that the second-order rate constant
remained unchanged, exhibiting independence
from the employed reactants concentration. The
explicit rate constant value that was measured
was equivalent to that obtained in the anterior
experiment.
categorized as following a second-order of

Furthermore, the reaction was
reaction based on the experimental data analysis.
The experiment data from Tables 1 and 2 are
consistent with the results at the two wavelengths
A=320 and 330 nm 1 and 2,
respectively).

in Tables
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Figure 3: Original experimental absorbance versus time curve (dotted line) related to the reaction of reactant 1,
2 (Me), and 3 in reacting in 1, 2-dichloroethane (T= 15 °C, A=320, and 330 nm)
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Figure 4: The original experimental curve (dotted line) and second-order fit curve (solid line) related to the
reaction of reactant 1, 2 (Me), and 3 in which proceeded in 1, 2-dichloroethane (T= 15.0 °C, A=320, and 330 nm)

Table 1: Rate constant (kovr) values for reactions of 1, 2 (Me), and 3 (10-2 M) at different temperatures and
solvents under the same conditions (A =320 nm)

. k2.M-1min-!
Reaction € Solvent
15.0°C 20.0°C 25.0°C 30.0°C
2.2 1,4-dioxane 1.95 3.02 6.47 11.12
1,2 (Me),and 3 :
10.3 1,2-dichloroethane 6.19 13.66 20.74 33.21
1,2(tBu) and 3 10.3 1,2-dichloroethane 0.32 0.67 1.07 1.72

Table 2: Rate constant (kovr) values for reactions of (1), (2), and (3) (10-2 M) at different temperatures and
solvents under the same conditions (A =330 nm)

. k2.M-Lmin-!
Reaction € Solvent
15.0 °C 20.0 °C 25.0°C 30.0°C
2.2 1,4-dioxane 1.78 2.65 5.36 10.115
1,2 (Me),and 3 -
10.3 1,2-dichloroethane 5.34 12.85 18.90 31.87
1, 2(tBu) and 3 10.3 1,2-dichloroethane 0.31 0.66 1.05 1.70

Results and Discussion

Temperature and Solvent Effects

This study set out to determine how variations in
temperature and solvent environment would
impact reaction rate. To achieve this objective, a

series of experiments were conducted under
varying temperatures and solvent polarities,
while keeping all other conditions identical to the
previous experiment. To select a suitable solvent,
1, 4-dioxane with a 2.2 dielectric constant was
chosen given its ability to dissolve all compounds
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without any reaction. Based on the findings, it was
observed that the reaction rate increased at
higher temperatures At all
temperatures examined, the rate of reactions
involving 1, 2(Me), and 3 also increased rather
than decreased with a higher dielectric constant
environment (1, 2-dichloroethane) compared to a

in all cases.

lower dielectric constant environment (1, 4-
dioxane). The relationship between the second-
order rate constant (Ln K2) and the reciprocal
temperature for the studied temperature range
was consistent with the Arrhenius equation, from
which the activation energy of the reaction was
obtained using the slope of Figure 5 (See Table 3).

gﬁg ' v = -9.1667x + 33.708
RZ = 0.9774
3/00
< 2/50
= 2/00 -
1/50
1/00 T T T v "
3/25 3/3 3/35 3/4 3/45 3/5
1000/T

Figure 5: Dependence of the second-order rate constant (Ln kz) on the reciprocal temperature for the reaction
between compounds 1, 2(Me), and 3 in 1, 2-dichloroethane, (According to the Arrhenius equation, (A =320 nm))

Influence of Concentration

To establish the reaction order in relation to 1 and
2 (Me, Et and tBu), an inquiry was pursued by
conducting kinetic studies in the presence of an
excessive quantity of compound 3. Due to this
circumstance, the rate equation 1 can be written
as follows:

rate= kobs [1]a [Z]ﬂ s — k2 [3]7/

and Ka (1)

In this work, a second-order fit curve (solid line)
against time at 320 and 330 nm that precisely
matched the experimental curve was obtained
using the original experimental absorbance
versus time data with a concentration of 3x10-2 M
rather than 3x10-3M. The resultant rate constant
was identical to that which was obtained from the
preceding experiment involving a concentration
of 3x103 M. Repetition of the experiments
utilizing concentrations of 5x10-2 M and 7x10-2 M

of 3, respectively, gave the same fit curve and rate
constant. The experimental findings
demonstrated that the pseudo second-order rate
constant (Kkobs) that was observed was equal to the
actual second-order rate constant (kz). This is
only possible if the answer to equation 1 is zero. It
appears that the reaction is zero and second
order, respectively, with regard to 3 (NH-acid)
and the result of 1 and 2, (o + = 2).

To ascertain the reaction order concerning dialkyl
acetylenedicarboxylate 2, an additional phase of
experimentation was carried out accompanied by
an excess of 1, with the rate of
((rate = K'obs [3]" [2]P, K'obs = k2 [1]%) (2)
The initial absorbance versus time data was
utilized to produce a pseudo-first-order fit curve
at 320 nm. As demonstrated in Figure 6, the final
fit curve (dotted line) perfectly matched the
experimental curve.
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Figure 6: Pseudo first -order fit curve (solid line) the reaction of 2 (Me) and 3 in the presence of excess 1 (102
M) at 15.0 °Cin 1, 2-dichloroethane (A=320 nm)

Consequently, owing to the previously and, correspondingly, the order of hexamethyl

determined value of y being equal to zero, it is
plausible to accept that the reaction conforms
with the first-order kinetics concerning
compound 2 (DMAD) (where (8 is equal to one).
Since the combined reaction rate order is two (o +
B + vy =2),itis manifest that o must be equal to one

phosphorous triamide 1 ought to be one. In
addition to (1, 2(Me), and 3), this empirical
observation was also determined for the reactions
between (1, 2(tBu), and 3). As illustrated in Figure
7, the results described above lead to a suggested
reaction mechanism.

ky
1+2 ——» [4
k.2
[ ————» 1+2
k3 .
[[+3 —— = I, +N
Ky

ILb+N —— 4

Figure 7: A description of the reaction mechanism under consideration.

The results of the experiments suggest that the
third step, or the rate constant k3, may show a
significant order of rate. However, it is plausible
to hypothesize that this particular step serves as
the critical factor that determines the overall rate
of the proposed mechanism. If that is indeed the
case, the rate law can be articulated in the
following manner:

rate=k, [1,][3] (3)

The steady-state assumption can be used for [I1],
which is derived from the previous equation 4:

_k,[HMPA][2]

I
L] k_, +k,[3] @

Equation 5 can be reached by changing the value
of [11] in Equation 3.

t k, k; [HMPA][2][3]
e=

k., +k; [3] (5)
The following is a reasonable assumption since k3
was previously believed to be important to the
RDS: k2 >> k3 [3]
The rate low becomes:

k, k; [HMPA][2][3]
rate= "

- (6)
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The order of reactions according to Equation 6 is
three, which is different from the experimental
overall of reaction, which is
Furthermore, the equation suggests that the order
of reaction concerning benzimidazole 3 is one,
whereas

order two.

it has been proven to be zero.
Consequently, it can be inferred that the third step
occurs rapidly. Assuming that the rate constant ks
is the RDS for the proposed mechanism, two ionic
species should be considered in the rate
determining step: phosphonium ion (Iz) and
benzimidazole ion (N-). As depicted in Figures 7 or

8, phosphonium and benzimidazole ions possess
full positive and negative charges and form potent
ion-dipole bonds with 1,2-dichloroethane, a
solvent with a high dielectric constant. However,
the phosphonium and benzimidazole ions that are
fighting each other are dispersed in the charge of
the transition state for the reaction between the
two ions. When compared to the concentrated
charge of benzimidazole and phosphonium ions,
the bonding of the solvent (1,2-dichloroethane) to
this dispersed charge would be much weaker.

R
R-0 0 Kk 0
P[NMe]3 + =4 —2 > 0 (1:1 adduct)
(0] O-R o)
1 2 @ o
[MezN]3HP
I 0
1 O\
R R
0
0 K., R—O 0
® S > P[NMe,]z + }%/<
[Me,N]sHP 0 O0—R
I o 0 1 2
R
R R
0 0
0 0
@ @ = N-
[Me,N] ;3P N-H —— [Me,N];P "
I % I %R
R\
0
0
® N Ky 4 (Product, Ylide)
[MeZN]3P
0
o
I, \R o

I:Intermediate

o b

Figure 8: A mechanism of the reactions 1, 2 (Me, Et, and tBu), and 3 for the synthesis of products phosphorus
ylides has been presented

Figures 7 or 8 demonstrate the existence of
phosphonium and benzimidazole ions, which
possess full positive and negative charges,
respectively. These ions form particularly potent

ion-dipole bonds to 1,2-dichloroethane, a solvent
offering a high dielectric constant. Despite their
efficacy, the transition state for the reaction
involving the two ions carries a dispersed charge,
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divvied up of the attacking benzimidazole and
phosphonium ions. This dispersed charge is less
strongly bonded to solvent (1, 2-dichloroethane)
concentrated charges of
benzimidazole and phosphonium ions. As a result,

than are the

the solvent stabilizes the species ions to a greater
extent than the transition state. Consequently, the
activation energy (Ea) is elevated, leading to a
slower reaction. However, interestingly, in actual
experimentation, the reaction is accelerated by 1,
2-dichloroethane (as provided in Tables 1 and 2).
Thus, the fourth step of the process, which is
independent of the solvent medium, cannot be the
rate-determining step. To suggest a reaction
mechanism using the steady state assumption, the
rate equation governing the creation of the
product (the fourth step) can be written as: rate
=kq [I2] [N].

The resulting equation can be written as follows
by applying the steady-state assumption for [I]
and [N-] and substituting their values into the over
Equation 7:

_ k, ks [HMPA][2][3]
Tk ,+k,[3] )

rate

Changes in the solvent medium do not effect on
the fourth step, ks, since the given equation (7) is
independent of the rate constant of this step (Kka).
Previous studies have suggested that the kinetics
associated with species phenomena,
particularly the fourth step, are rapid [33, 34]. If
the rate-determining step were the initial step
(rate constant k), as observed in Figures 7 or 8,
the lack of charge on the two reactants,
hexamethyl phosphorous triamide 1 and dialkyl
acetylenedicarboxylate 2, would make it
impossible for them to form strong ion-dipole
bonds with the solvent with a high dielectric
constant, such as 1,2-dichloroethane. Due to the
transition state's dispersed charges, which are
divided between the attacking 1 and 2; a stronger
bonding with the solvent than with the reactants
is possible. Due to the solvent's superior ability to
stabilize the transition state compared to the
reactants, this lowers the activation energy Ea and
speeds up the reaction. As determined by the

ionic

results of the experiment, solvents with higher
dielectric constants have a significant impact on
reaction rate, particularly on the initial step of the
proposed mechanism, which has a rate constant of
k.. In contrast, solvents with lower dielectric
constants, such as 1, 4-dioxane, exert an opposite
effect (refer to Tables 1 and 2). These results
collectively provide strong evidence for steps 1, 3,
and 4 of the reaction between 1 and 2 (Me, Et, and
tBu), and 3. Although neither of the two steps
involving 3 and 4 is determining, the combined
effects strongly support the hypothesis that the
first step (kz) of the proposed mechanism is the
RDS. The proposed mechanism is often supported
by a mechanistic scheme based on the steady-
state approximation, which provides a good
kinetic description of the experimental results. By
employing this technique, the rate of product 4
formation based on the reaction mechanism
presented in Figure 8 can be obtained.

di41_diproducd _ ok, [1,1(N"]
dt dt o (8)

The steady-state approximation can be applied to
[Il] and [12];

d[l,]
=k, [HMPA][2]—k_, [1,]1-Kk, [1,]1[3
" [ 1[2] [11-ks [1103] 9)
d[l,] .
=k, [1,1031-k, [1,]1 [N
it [L1B]-k, [1,1IN"] (10)

To derive an appropriate expression for [I;] that
can be incorporated into Equation 5, we may
postulate that, following an initial transitory
phase, the concentrations of [I1] and [I;] stabilize
at a steady state wherein their rates of formation
and disappearance equilibrate. Consequently,
both Equations 9 and 10 would equal zero,
allowing us to determine expressions for [I] and
[11] using the following Equations 11, 12:

ks[1,1[3]

U= N

(11)
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k,[HMPA][2]

1.1=
[ k., +ks[3] (12)

Now that we have the Equation 11 we can replace
[11] to drive the Equation 13.

~ k, k, [HMPA][2][3]
ke IN Tk, +ko [3] 13)

By putting the value of [I;] into Equation 8, the
Rate Equation 14 for the suggest mechanism can
be obtained:

[1.]

K, K3 k,[HMPAJ[2][3][N "]

rate=
k, IN"1[k_, +k, [3]] or
K, ks [HMPA][2][3]
rate=
lk-z +ky [3]J (14)

Given that experimental evidence has shown that
steps 3 and 4 occur rapidly, whereas step 1

proceeds slowly, the following hypothesis makes
sense as a whole:

k3 [3] >> k.z
As aresult, the final equation is:

rate=k, [HMPA][2] (15)

The equation presented, derived from a
mechanistic scheme (illustrated in Figures 7 or 8)
using the steady-state approximation, is
consistent with the observations gathered
through UV-Vis spectrophotometry. Using the
Eyring model in terms of Equation 15, which
shows the overall reaction rate, it is now possible
to calculate the activation parameters for the first
step (the RDS and k) as an elementary reaction.
The results have been tabulated at 298 K and are
provided in Table 3.

Table 3: The activation parameters (initial step k2) for the reactions of (1, 2 (Me), and 3) and (1, 2 (tBu), and 3)

in 1, 2-dichloroethane at 298K (A=320 nm)

Reaction AG*(kcal.mol-1) AH*(kcal.mol-1) AS(kcal.mol-L.K-1) Ea(kcal.mol1)
1,2(Me) and 3 19.22 17.83 0.01 2.59
1,2(tBu) and 3 19.21 27.03 0.03 6.22

Further kinetic investigations

Additional experiments were conducted to
validate the above results using di-tert-butyl
acetylenedicarboxylate 2 (tBu) and the same
setups used in earlier studies. The second-order
rate constant (k) values to the reactions involving
(1, 2(tBu), and 3) as well as (1, 2(Me) and 3) for
all the temperatures and solvents examined, as
indicated in Tables 1 and 2. The original
experimental absorbance curves (dotted line),
accompanied by the second-order fit curves (solid
line), which perfectly aligned with the
experimental curves (dotted line), verify the
preceding observations for the new reaction (1,
2¢, and 3) at wavelengths of 320 nm and 330 nm
and a temperature of 15.0 °C. As illustrated in
Tables 1 and 2, di-tert-butyl
acetylenedicarboxylate 2 (tBu) displays similar
behavior to dimethyl acetylenedicarboxylate 2

(Me) concerning the reaction with hexamethyl
phosphorous triamide 1 and benzimidazole 3.
The latter reaction also occurred more quickly in
environments with higher temperatures and
dielectric constants. However, under the same
conditions, these rates are roughly 18 to 20 times
lower than those observed for the reaction with
dimethyl acetylenedicarboxylate 2 (Me) (typical
at 15 °C; Refer to Table 1).

It appears that both the inductive and steric
factors associated with the bulky alkyl groups in 2
(tBu) serve to reduce the overall reaction rate
(refer to Equation 15). In contrast, the lower steric
and inductive effects exerted by the dimethyl
groups in dimethyl acetylenedicarboxylate 2(Me)
affect the reaction rate significantly.

785 | Page



Ghalandarzehi Y., & Kord-Tamandani H., / Chem. Methodol,, 2023, 7(10) 776-798

Kinetic studies on theory-based

There are several proposed mechanisms for each
of the typical organic reactions, each of which has
its unique mechanism. However, confirming the
mechanism via experimental methods is often
limited by instrumental constraints such as the
inability to trap intermediates or transition states
(TSs). Computational methods offer a more cost-
effective and precise means of confirming
mechanisms. Here, three theoretical mechanisms
were explored for the reaction of 1, 2 (Me), and N-
H acid such as benzimidazole 3 in the gas phase.
The aim was to achieve a better understanding of
the desired mechanism vis-a-vis the speculative
experimental mechanism.

Computation-based methods

The reaction's reactant, product, intermediate (I),
and transition state (TS) geometries were all
optimized at the HF/6-31G(d,p) [35, 36] level of
theory. To account for P and N atoms, an
additional 6-31+G(3df,3pd) basis set
included. Harmonic vibrational frequencies were
computed to verify their respective species, also
at the same level. Static points were categorized
if no fictitious vibrational
frequency was present. The imaginary vibrational
frequency could be applied to describe transition
states. To make sure that reactants, transition
states, and products were connected in each step,
an intrinsic reaction coordinate (IRC) pathway
beginning with the transition states was used
[37]. The single-point energy calculation was
carried out using the higher-level electronic
correlation method B3LYP/6-311 G(d,p) [38, 39],
increase the accuracy of the energetic data on the
minimum energy path (MEP). The GAMESS
program was used to perform all calculations
[27]. Given these circumstances, three speculative
mechanisms (1, 2, or 3) are explored below.

was

as true minima

Theoretical investigation into the proposed

speculative mechanism. No. 1

Theoretical mechanism 1, which is speculative in
nature, remains consistent with a proposed joint

experimental mechanism (as illustrated in Figure
8).

The aforementioned mechanism is also depicted
in Figure 9. The initial step of mechanism 1
(Figure 9), denoted as stepi, involves the
initiation of the reaction via cleavage of the Cy-C,
bond and formation of the Px-C, bond. The first
transition state (TSi.1, see Figure 10) comprises a
Cy-C, bond distance of 1.21 angstroms and a P«-Cy
bond distance of 2.43 angstroms at the point of
bond cleavage and the formation respectively.
Based on calculations of vibration frequencies at
the HF/6-31G (d,p) level, presented in Table 4, it
can be inferred that HMPA, DMAD, and I; (dipolar
phosphonium ion) represent the genuine
minimum points.

It is important to highlight that the TS
optimization was conducted at the HF/6-31G
(d,p) level and its calculated imaginary frequency
(302.121) confirms that it represents a transition
state. During the progression of mechanism 1,
specifically in stepsi.; as illustrated in Figure 9, a
chemical reaction takes place wherein the dipole
phosphonium ion (I1) and benzimidazole combine
to form another intermediate,
phosphonium ion (Iz), through the formation of a
C,-H bond. The second transition state (TSi-,
depicted in Figure 11) is characterized by a
forming C,-H bond distance of 1.30 angstrom.
Notably, TSi2 exhibits a single
frequency at 1337.89i cm'!, as indicated in Table
4.

During the third step (ki) of mechanism 1, as
displayed in Figure 9, the reaction proceeds
between two distinct ionic species, namely

namely

imaginary

phosphonium ion (I;) and benzimidazole ion,
resulting in the production of ylide 4. Despite
repeated attempts to identify a transition state
(TS) within this particular step, we were unable to
do so due to the rapid kinetics exhibited by the
ionic species involved. It is significant to note that
both the phosphonium and benzimidazole ions
collaborate in generating ylide 4. Table 5 presents
the activation energies associated with each step
of mechanism 1, while the full potential energy
profile for the title reaction can be found in Figure
12.
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Figure 9: Generation of ylides 4 through three steps: a hypothetical proposed mechanism 1
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Figure 10: The potential energy profile for the stepi-1 of proposed mechanism 1 at HF/6-31G (d,p) [52] level by
extra 6-31+G(3df,3pd) basis set for P and N atoms
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Table 4: The first stretching frequency for all species (HF/6-31G(d,p) level of theory)

Species (Mechanism1) First stretching frequency

Dimethyl acetylenedicarboxylate (DMAD) 30.88
Hexamethyl phosphorous triamide (HMPA) 28.14
N-H acid benzimidazole 30.11
Ylide 4 10.67
Intermediate I1 49.37
Intermediate I2 22.13

TS1 -302.12

TS2 -1337.89

20.0

11.49
& 150 -
g \/ 21.88
=
< 100 4 | SR, S <
5.0 1 10.39
0.0 l ——
0.5 1.0 1.5 2.0 2.5

H-C, distance (A)

Figure 11: Energy profile for the second step for proposed mechanism 1 at HF/6-31G(d,p) [30] with extra 6-
31+G(3df,3pd) basis set for P and N atoms. When the H atom of benzimidazole is gradually brought near to the
carbanion (C.) of intermediate I for generation of intermediate 12

Table 5: Activation energy for the each steps, HF/6-31G(d,p) level with extra 6-31+G(3df,3pd) basis set for P
and N atoms B3LYP/6-311++G(d,p) level

Mechanism 1(steps) HF /kcal.mol! B3LYP/kcal.mol
stepi-1 (kz2) 28.18 18.58
stepi-2 (ks) 21.88 11.32
stepi1-3 (k) 0.0 0.0
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TS;

16.43

AE (kcal/mol)

HPT+DMAD y '
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TS,

Ylide 4

.

The reaction path

Figure 12: Based on the speculative mechanism 1 at the HF/6-31G(d,p) level of theory and extra 6-
31+G(3df,3pd) basis set for P and N atoms, the total potential surface of the aforementioned reaction is
calculated

Table 6 illustrates the computed activation
parameters, including AG#, AH#, and AS?, for every
step of mechanism 1 (AG* = Grs - (Gure + Gomab),

AH* = Hrs - (HHTP + HDMAD) and AS* = (AHi -

AG#)IT).

Table 6: The activation parameters for the stepi-1and stepi-2in the mechanism 1 of the reaction between 1,
2(Me) and 3 (AG*, AS*and AH?)

AG* AS* AH*
(kcal.mol1) (kcal.mol-1.K-1) (kcal.mol1)
stepi-1(kz) 17.60 -0.008 15.08
stepi-2(ks) 32.76 -0.026 25.11

The information tabulated in Table 5 revealed
that the initial step (rate constant k;) of
mechanism 1 constitutes the RDS. This
observation is in line with the experimental
findings documented in Table 3.

Theoretical investigation into the proposed

speculative mechanism. No. 2

The initial step is the same for both of proposed
mechanisms 1 and 2. As for the second step,
namely step,.; depicted in Figure 13, a concerted
reaction ensues that involves N1-H bond cleavage
as well as the formation of H-Ow and N;-C, bonds.
This progression takes place through a second
transition state (TS:-2) that adheres to a five-

member ring geometry, ultimately leading to the
generation of intermediate 2 (I2).

The transition state (TS:-2) exhibits a separation
measurement of 1.06 angstrom for the breaking of
the Ni-H bond, while concurrently displaying
forming bond distances of 1.56 angstrom for the
H-O. bond and 1.49 angstrom for the N1-C, bond
to generate the intermediate I,. The presence of an
imaginary frequency (1623i) within TSz
substantiates its classification as a transition
state. During the third step of mechanism 2,
intermediate [, undergoes a process of conversion
to form phosphorus ylide 4. This transformation
occurs by passing through a third transition state
(TSz3) that contains a four-membered ring
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structure. The of an
frequency (2349.16i) within TS,.3 confirms its
classification as a transition state. The concerted
reaction is initiated with the cleavage of the C,-C
double bond and O.-H single bond, followed by
the formation of two new bonds, including C-O.,
double bonds and C,-H single bonds. The

activation energies required for each step of

presence imaginary

mechanism 2, namely the first TS,.1(=TS1.1), the
second TS;.,, and the third TS,.3, were calculated
using the same methodology employed for
mechanism 1, which yielded values of 28.18 (kz),
20.04 (ks), and 78.28 (k4) kcal.mol-1, respectively.
[t is noteworthy that step 3, with rate constant ky,
is the rate-determining step in this process.

STEP 2-1 0 0
e l I
c—c_c—c/ P Z/C\
/ \ K MeO N OMe
2 c——cC
0 —— X
w k2 Me,N— P
Me;N k “NMe, Me:N' NMe, 1,
STEP 2-2 NMe,
0 (I)Me e |O| (l)Me N ﬁ ?Me
/u z (lj\ /C y oz Cae C y \
N2 K, | Meo AN —c/ <o \c““c/
c——cC £ ) z=-
X / H ’< X s /I'i >_> X /’
Me,N P+ - Me,N + ZN Me,N—/P™ N 1
€2 5 /N7 : N 1 2 P
B Iy E lzg «
Me;N' NMe, MeN' NMe, Me,N' Nme, N
~ J ylide involving hydrogylgroup
STEP 2-3 MeO
0 OMe - 0 OMe 0
I || | —
C c w

P
/ Me0Z" \y g(\\H
>—> X \

\ ‘H Me,N—FP
N ? L 1 N"\\N
MezN' NMe,
< main ylide

Figure 13: Generation of ylides 4 through three steps: a hypothetical proposed mechanism 2

Theoretical investigation into the proposed

speculative mechanism. No. 3

Comparable to mechanisms 1 and 2's first stages,
also known as stepi.1 and stepz.1, respectively,
mechanism 3's steps.; is the first stage.

During the second stage of mechanism 3, or steps.
2, as illustrated in Figure 14, intermediate I; and
benzimidazole engage in a concerted reaction that
passes through a second transition state (TSs.2).
This process involves a three-membered ring,

along with Ni-H bond cleavage and the formation
of H-C, and Ni-C, bonds instantaneously. The
presence of an imaginary frequency (1472i cm-1)
confirms TS3., as a transition state. The activation
energies required for the two stages of
mechanism 3 were determined to be 28.18 (kz)
and 25.71 (ks) kcal.mol?, respectively. It is
significant to note that, in line with the
experimental results, step one of mechanism 3,
which has a rate constant of k», is the RDS.
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Figure 14: Generation of ylides 4 through three steps: a hypothetical proposed mechanism 3

Based on the findings of the experimental and
theoretical analysis, this study presents the
significant  kinetics thermodynamic
parameters for the rate-limiting step of each

and

hypothetical mechanism derived from UV-Vis
experiments
calculations

mechanical
These

and quantum
(for three mechanisms).

parameters can be found in Table 7.

Table 7: Kinetics and thermodaynamic parameters for proposed experimental and theoretical mechanism along

with rate determining step (r.d.s) at 25 °C

r.d.s Ea AG° AH° AS°
25°C (kcal.mol?) (kcal.mol?) (kcal.mol?) (kcal.mol-L.K1)
Experimental 2 k2 45.2 - - -
T E 1 k2 28.2 -17.47 -21.52 -0.014
aq-z E’ 2 ka 78.3 -10.12 -10.74 -0.0021
E g 3 k2 28.2 -17.47 -21.52 -0.014

*a For 1 and 2 dichloethane solvent

The results of the study indicate that theoretical
mechanism 1, which corresponds exactly with the
experimental kinetic mechanism, is valid for the
following reasons: Firstly, the initial step in both
mechanisms is the rate-determining step (as
indicated in Table 7), indicating compatibility
between the two mechanisms. Secondly, the
second step (kz) is a fast step (refer to Table 5),
which is consistent with the experimental kinetic
mechanism. On the other hand, mechanism 2,
which has high activation energy (78.3 kcal.mol-1)
when compared to mechanisms 1 and 3, is not a

plausible suggestion. In this case, the third step
(k4) is the RDS which involves an ylide containing
a hydroxyl group. This compound must be
transformed into the main ylide through a four-
membered ring transition state (TS) with a rate
constant of ky. This process is exceedingly difficult
and requires high activation energy (78.3
kcal.mol', as indicated in Table 7 and Figure 13).
Furtehrmore, because the ylide (with a hydroxyl
group) in step 4 has a charge, it should be
converted to the main ylide independently of
solvent effects according to the concerted

791 | Page



Ghalandarzehi Y., & Kord-Tamandani H., / Chem. Methodol,, 2023, 7(10) 776-798

mechanism. However, the experimental data mechanism 1. Therefore, mechanism 1 is
show that changes in solvent polarity (high considered more feasible.

dielectric constant) accelerate the reaction.

Therefore, mechanism 2 is not acceptable. In Theoretical calculations for interchangeable
speculative mechanism 3, the second step (ks) is  Process between the two Z-4(a, b) and E-4(a, b)
the rate-determining step, which is inconsistent ~ Isomersin the C¥C bond

with the experimental results indicating that the  pgr reaction involving the two isomers is shown
initial step (kz) is the rate-determining step.  jn Figures 15 and 16.

However, the second step (ks) of mechanism 3 is

more difficult than the second step (ki) of

COzMe
| CO,Me
C Solvent N
PINMes]; + |||+ NH ———
C r.t P[NMe,];
) | CO2Me
CO,Me 3 4
2
34| N
a

Figure 15: The reaction between compounds (1), (2. Me) and (3) for generation of phosphorous ylide 4a-b
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Figure 16: Interchangeable process between the two i) E-4a and Z-4a forms. j) E-4b and Z-4b rotational
isomers
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Their structures were optimized at the HF/6-31G
(d,p) level of theory to identify the theoretical
rotational energy barrier in the processes
allowing the two Z- and E-isomers in ylide 4a-b to
rotate interchangeably. Next, the relative energy
was plotted against the dihedral angle (01C2C3Py,

) 15-4b
12 -
10 -
g s
£ 5.
=
= ]
: Z-4b E-4b
0
0 s0 100 150 200
Dihedral Angle

s
o

as demonstrated in Figure 16), which is presented
in Figure 17. The plot in Figure 17 was generated
using a scanning method at the HF/6-31G(d,p)
level of theory, and each point was fully optimized
in the relevant figures. As indicated in Figure 17,
only one transition state (TS) appears at the
maximum point of this plot (i and j in Figure 17).

=
]

TS-4a

= e e
[ =T ST S - ]

Z-4a

E (kecal/mol)

=T T < = R = ]

E-4

0 -50 -100 -150 -200
Dihedral Angel

Figure 17: i) The dihedral angels of 01C2C3P4 and the relative energy of phosphorus ylide 4a. j) The dihedral
angels of 01C2C3Ps and the relative energy of phosphorus ylide 4b

All of the points (Z, TS, and E) in Figure 17 (i, j)
have corresponding structures, which are shown
in Figures 18 and 19.

Based on theoretical computations and acquired
data from Figures 17, 18, and 19 regarding the
synthesized ylides 4a and 4b, the free Gibbs
rotational energy barrier AG#, AH#, and AS*
encircling the carbon-carbon double bond have

been calculated for all temperatures scrutinized.
These outcomes have been appraised with the
experimental data procured by dynamic H-NMR
data [11] (Tables 8 and 9). Furthermore, the
influence of a solvent medium (CDCI3) has been
scrutinized to compare the gas and liquid
mediums. The resulting data has been amassed in
Tables 8 and 9.

E-4a

Ts-4a

Z-4a

Figure 18: The scheme for the E, Z, and TS points in Figure 17i.
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E-4b

Figure 19: The scheme for the E, Z, and TS points in Figure 17j

Table 8: Selected 'H chemical shifts around the carbon-carbon double bond (NMez)3P-C&£C-0Me) in ylide 4a, a
smaller molecule, were measured at 500.1(MHz, in ppm) and with activation parameters in CDCl3

ASH AH# AG#*
(kcal.mol1. K1) | (kcal.mol?) (kcal.mol?1) Av (Hz) 8 (ppm) e

Experimental? 0.006 17.71 15.65+1 25.00 5.67,5.72 310
Theoretical® -0.001 9.53 9.99 - - 298
Theoretical® -0.002 9.51 9.51 - - 310
Theoreticald(solvent) -0.05 891 10.01 310
Theoretical® -0.002 7.68 8.17 310
Theoreticalf(solvent) -0.002 7.40 8.15 - - 310

a based on reviews of literature [34].
b The ab initio method was used to obtain data for the synthesized ylide 4a at 298 K (HF/6-31G(d,p)).
¢ The ab initio method was used to obtain data for the synthesized ylide 4a at 310 K ( HF/6-31G(d,p)).
d The ab initio method was used to obtain data for the synthesized ylide 4a at 310 K (HF/6-31G(d,p) and solvent

(CDCL3)).

e The ab initio method was used to obtain data for the synthesized ylide 4a at 310 K (B3LYP/6-31G(d,p)).

f The ab initio method was used to obtain data for the synthesized ylide 4a at 310 K (B3LYP/6-31G(d,p) and solvent

(CDCl3)).

Table 9: Selected 1H chemical shifts around the carbon-carbon double bond (NMe2)3P-C C-OMe) in ylide 4b, a
smaller molecule, were measured at 500.1(MHz, in ppm) and with activation parameters in CDCI3

# # #
(kcal.rﬁil'l. K1) (kcaAl.?nol'l) (kczﬁ.?nol-l) (ﬁl;) 8 (ppm) 16y

Experimental? -0.011 11.90 15.03+1 5.00 5.16,5.17 281
Theoretical® -0.004 19.33 25.60 - - 298
Theoreticalc -0.004 19.39 19.90 - - 281
Theoreticald(solvent) -0.003 19.55 20.32 - - 281
Theoreticale -0.028 18.91 18.92 281
Theoreticalf(solvent) -0.002 16.40 17.10 281

a based on reviews of literature [34].
b The ab initio method was used to obtain data for the synthesized ylide 4b at 298 K (HF/6-31G(d,p)).
¢ The ab initio method was used to obtain data for the synthesized ylide 4b at 281 K (HF/6-31G(d,p)).

d The ab initio method was used to obtain data for the synthesized ylide 4b at 281 K (HF/6-31G(d,p) and solvent
(CDCl3)).

¢ The ab initio method was used to obtain data for the synthesized ylide 4b at 281 K (B3LYP/6-31G(d,p)).

f The ab initio method was used to obtain data for the synthesized ylide 4b at 281 K (B3LYP/6-31G(d,p) and solvent
(CDCl3))
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Tables 1 and 2 indicate the Gibbs free energy
values for the C=C bond at HF/6-31G (d, p) level,
for compound 4a (AG# =10.01 kcal/mol, CDCl3as
a solvent). These values exhibit reasonable
agreement with the corresponding experimental
data (AG# =15.65 kcal/mol). Conversely, at the
B3LYP/6-31G (d, p) level with the same solvent,
the activation parameter (AG# =17.1 kcal /mol) for
rotation around the C=C bond of compound 4b
consistency  with  experimental

(AG# =15.03 kcal/mol). This
suggests that for smaller molecules (4b), the
B3LYP/6-31G(d,p) level provides more accurate
mechanical calculations. In contrast, the HF/6-
31G(d,p) level appears to be a better option for
larger molecules.

indicates
observations

Conclusion

In summary, this article reports the primary
findings resulting from the kinetics inquiry of the
reactions presented in the study utilizing both
experimental studies via UV-Vis
spectrophotometer and theoretical studies, which
are listed hereafter:

1) Experiments were conducted that involved UV-
Vis methodology for kinetic evaluation, and
theoretical analyses derived from the ab initio
approach at both HF/6-31G (d, p) and B3LYP/6-
31G (d, p) levels of theory, with the aim of
obtaining greater comprehension of the reaction
mechanism.

2) Based on the gathered empirical data, the initial
step of the proposed experimental mechanism has
been identified as the rate-determining step (k2),
and the validity of the reaction mechanism has
using  the  steady-state
approximation in conjunction with the gathered

been  verified
experimental data.
3) The activation energy (Ea) observed to the
reaction of dimethyl acetylenedicarboxylate
(DMAD) and di-tert-butylacetylenedicarboxylate
(tBu), carried out in the identical solvent 1,2-
dichloroethane, was found to differ significantly.
Specifically, the Ea for the former (2.59 kcal.mol-1)
was observed to be substantially lower than that
of the latter (6.22 kcal.mol1).

4) Based on structural considerations, the
outcomes revealed a propensity for diminished
overall reaction rates in instances where bulkier
and more sterically constrained alkyl groups are
present, thereby accentuating the
impact of the dialkyl acetylenedicarboxylate
structure.

5) The outcomes indicated that the rate of every
reaction rose when situated in a solution of
greater dielectric constant, specifically in 1,2-
This phenomenon
attributed to the diverse degrees of stabilization
that the solvent produces on both the reactants
and the transitional state's activated complex
(solvent effect).

6) To validate the suggested experimental
mechanism, three hypothetical mechanisms
(designated as 1, 2, and 3) have been postulated
through the use of theoretical calculations. The

inductive

dichloroethane. can be

outcomes have demonstrated that only
mechanism 1, which corresponds to the
experimental mechanism, is a viable and

reasonable option, with the initiating step (kz)
considered as the rate-determining factor.

7)  The the
experimentation refuted the proposed mechanism
3, asserting that the rate determining step is
constituted by (k) and (ks).

8) In view of theoretical data, the interchangeable
process that occurs between the two rotational
isomers, namely 4a, 4b (4-E (a, b), and 4-Z (a, b))
can be characterized based on their Gibbs free
energy (AG*) values. The dynamic H-NMR
experimental data obtained at different
computational levels (HF/6-31G (d, p) and
B3LYP/6-31G(d,p) for 4a and 4b, respectively)
indicate that the Gibbs free energy values are
consistent with the theoretical data. These
findings suggest that a higher basis set (B3LYP/6-
31G(d,p)) provides an accurate description of
smaller molecules (4b), whereas a lower basis set
(HF/6-31G(d,p)) is suitable for larger molecules
(4a).
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