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Abstract

The reaction kinetics among isoquinoline, dimethyl acetylenedicarboxylate, and indole (as NH-
acid) were investigated using ultraviolet (UV) spectrophotometry. The reaction rate equation
was obtained, the dependence of the reaction rate on different reactants was determined, and
the overall rate constant (k.,) was calculated. By studying the effects of solvent, temperature,
and concentration on the reaction rate, some useful information was obtained. A logical
mechanism consistent with the experimental observations was proposed. Also, comprehensive
theoretical studies were performed to evaluate the potential energy surfaces of all structures
that participated in the reaction mechanism. Finally, the proposed mechanism was confirmed by
the obtained results and the probable and logical reaction paths and also a correct product
configuration were suggested based on the theoretical results.
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Introduction

Multicomponent reactions (MCRs) have been recognized as strong tools in modern drug dis-
covery procedure since these types of reactions make it easy and rapid to access the structural
variation and complexity of compounds through single-step conversions.'* Such reactions
are rapid, well-diversified, efficient, atom-economic, and environment-friendly.>* Due to the
advantages mentioned above, developing new MCRs with environmentally benign protocols
has been recognized as one of the most important topics in synthetic chemistry.>’ MCRs dis-
play many of the most desired features for an organic synthesis,® ' and they have been inten-
sively studied in recent years.'''* Heterocyclic rings are the fundamental components in the
skeleton of more than half of the biologically active compounds produced by nature.'> As an
example, aza-aromatic compounds that are activated by acyl chlorides or dimethyl acetylene-
dicarboxylate (DMAD) are important intermediates for the synthesis of a variety of biologi-
cally active nitrogen-containing alkaloids.'®!” This is why great efforts have been made to
discover and optimize methods to construct new heterocycles.

Isoquinoline skeleton can be found in a large number of naturally occurring and
biologically synthesized active heterocyclic compounds.*** In particular, 1,2-dihydroiso-
quinoline derivatives act as delivery systems that transport drugs through the highly
impermeable blood—brain barrier.”*>> These compounds also exhibit sedative,?® antide-
pressants,?’ antitumor, and antimicrobial activities.”®*’ With wide kinetic studies been
done in the synthesis of phosphorus ylides,*** the structural effect of the reactant (differ-
ent NH-acids and dialkyl acetylenedicarboxylates) on the reaction rate has been well
investigated. Changes in the reactant structure that participates in the reaction, eventuates
changes in the overall reaction rate. Evaluating these changes could reveal many facts
about the confirmation of the reaction mechanism. A number of our projects, including
the theoretical and experimental studies of chemical reaction kinetics, have been com-
pleted.**' Now, by the synthesis of the novel compounds via a pseudo-three-component
reaction, in the presence of isoquinoline 1, DMAD 2, and different NH-acids 3, an
opportunity has been achieved to investigate the effect of changing the structure of the
first component participating in the reaction (i.e. isoquinoline instead of triphenylpho-
sphine) along with the effect of changing the structure of the NH-acids on the kinetic
parameters and reaction mechanism. Using available information and based on well-
established chemistry of trivalent phosphorus and nitrogen nucleophiles,** ¢ it is reason-
able that the product results from initially adding the isoquinoline to DMAD (2) and sub-
sequent protonation of the 1:1 adduct by the NH-acid 3 to form the product (Figure 1).
To gain further insight into the reaction mechanism, a kinetic study, including determin-
ing the preferred kinetic path, investigation of intermediate structures and transition
states in the reaction path, determination of the kinetic and thermodynamic stabilities of
products, recognition of rate-determining step, calculation of the reaction rate and finally,
identifying and confirming the reaction mechanism are the issues that have been first
explored for this class of reactions using ultraviolet (UV) spectrophotometry. Also,
another goal of this project was to investigate the effect of substituted groups on the struc-
ture of NH-acid. Therefore, to investigate the effect of the substituted methyl group as an
electron donor group, the results of this study will be compared with the results obtained
in the presence of NH-acid 3-methyl indole*® and will be examined.
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Figure |. The reaction among isoquinoline I, dimethyl acetylenedicarboxylate 2, and indole 3 for the
synthesis of N-amino esters.

Materials and methods

DMAD, isoquinoline, and indole, purchased from Fluka (Buchs, Switzerland), were used
without further purifications. All the other pure solvents including dichloromethane and
acetone were purchased from Merck (Darmstadt, Germany). A Cary UV/Vis spectrophot-
ometer model Bio-300 (Australia) was also applied throughout this work. All geometrical
structures were optimized at B3LYP/6-311++ G (2d, 2p) level of theory using the Gamess
suite software package.*” The corresponding frequencies of the structures were estimated at
the same level of theory to check the stationary points without imaginary frequencies and
the transition states with only one imaginary frequency. Also, the intrinsic reaction coordi-
nate (IRC) approach®®* was followed to ensure that the given transition state is related to
the corresponding reactants and products. The solvent effect on complex stability was exam-
ined using the B3LYP/6-311 ++ G (2d, 2p) method by applying the polarizable continuum
model (PCM).
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Figure 2. The plot of absorbance versus wavelength of the solution 3-mM isoquinoline | (red line),
dimethyl acetylene-dicarboxylate 2 (green line), and indole 3 (blue line) in dichloromethane.
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Figure 3. Expanded section of UV spectra (an increasing absorption) over the wavelength range 280—
400 nm for the reaction among | (30 mM), 2 (3 mM), and 3 (3 mM) in dichloromethane.

Results and discussion

Experimental studies

The first step in investigating the reaction kinetics is to determine the appropriate wave-
length. So, for this purpose, the UV spectra of 3-mM dichloromethane solution of com-
pounds 1—3 were recorded separately over the wavelength range of 190400 nm (Figure 2).
In the second step, the UV spectrum was recorded for the reaction among a higher concen-
tration of 1 (30 mM) with 2 and 3, every 25 min (Figure 3). A comparison of the results
obtained in Figures 1 and 2 shows that the spectrum recorded in the range of 330-380 nm is
part of the product 4 spectrum where the reactant lacks any absorption spectrum. It should
be noted that a specific concentration of reactants must be used, which provides a normal
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Figure 4. The experimental absorbance changes (dotted line) versus time accompanied by the second-
order fit curve (solid line) for the reaction among | (30 mM), 2 (3 mM), and 3 (3 mM) at 15.0°C and
370 nm in dichloromethane.

absorption of the product (0.8-1.2) in the wavelength range of 330-380 nm. Selecting
370 nm in the wavelength range of 330-380 nm, which has a good absorption value (0.9),
would be a suitable choice for kinetic measurements.

The reaction kinetics were then followed by plotting UV absorbance versus time for the
reaction among 1 (30 mM), 2 (3 mM), and 3 (3 mM) at 15.0°C. The time dependency of this
absorbance is represented in Figure 4. The absorbance at reaction completing time (4. ) can
be obtained from this plot at + = 950 min. Under this condition, the rate equation can be
expressed as

Rate = kops[2]P [3]"and kobs = koy[1]* (1)

Using nonlinear regression analysis,® the data of original experimental absorbance versus
time provided a pseudo-first-order curve (solid line) that exactly coincides with the experi-
mental curve (dotted line), as shown in Figure 4. The pseudo-first-order rate constant (ko)
was also calculated at 15.0°C. The observed pseudo-first-order rate constant (ko) indicates
that the order of reaction concerning the sum of compounds 2 and 3 is equal to one
B+ y=1.

Continuing the experiments, the reaction among 1 (3 mM), 2 (30 mM), and 3 (3 mM) at
15.0°C was conducted, in which the rate equation can be expressed as

Rate=k’, [1]*[3]and k., = kov[2]° (2)

The data of original experimental absorbance versus time were used to provide a pseudo-
first order fit curve (solid line) at 370 nm, which exactly coincides with the experimental
curve (dotted line). In this case, the observed pseudo-first order rate constant (k) indicates
that the order of reaction concerning the sum of compounds 1 and 3 (¢« + y = 1) is equal
toone. Given (8 + y = 1)and (@ + y = 1), it is obvious that y = 0 and the order of the
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Table I. Values of the overall second-order rate constant (k) for the reactions of 1-3 in the presence of
solvents such as dichloromethane and acetone, respectively, at all temperatures, investigated.

Solvent koM™ min™!

15.0°C 20.0°C 25.0°C 30.0°C
Dichloromethane 5.5 = 0.1 84 + 0.2 122 = 04 178 = 04
Acetone 64 + 0.1 9.0 = 0.3 13.3 £ 0.2 19.1 £ 0.3
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y = 0.5x + 2E-05
0.008 1
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0.006 -
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Figure 5. Observed rate constant (ko) versus concentration of reactant | at 370 nm and 15.0°C in
dichloromethane. [11=3 X 1072-54 X 1072 Mand[2] =[3]=3 X 10> M.

reaction with respect to indole 3 is equal to zero. The above results show that the overall
reaction order isequal totwo (@ + B + y = 2).

To further confirm the above results, all kinetics were studied in the presence of isoquino-
line 1 at different concentrations (ranging from 3.6 X 102 to 5.4 X 10> M) with a constant
concentration of 2 and 3 (3 mM). The straight line obtained from the plot of observed
pseudo-first-order rate constant (ko) versus [1] (Figure 5) proved that the reaction is of
first-order concerning compound 1 (o« = 1). The overall rate constant (k,,) was calculated
based on the slope of the line in Figure 5 and was reported in Table 1. The same results
obtained in the presence of DMAD 2 at different concentrations (ranging from 3.6 X 102
to 5.4 X 1072 M) indicating the reaction is of first-order to the compound 2 (8 = 1). As a
result, since (8 + ¥y = 1) and (¢ + y = 1) (as determined previously), it is obvious that
v = 0 and order of reaction to indole 3 must be equal to zero. All the above results indicate
that the overall reaction order is equal to two (¢ + B + v = 2).

To determine the effects of temperature and solvent environment on the reaction rate, a
set of experiments was conducted at different temperatures and solvent polarities with other
conditions being the same as those of the previous experiments. For this purpose, acetone,
with the dielectric constant of 20.7 was replaced by dichloromethane with a dielectric
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Figure 6. Proposed mechanism for the reaction among I, 2, and 3 for the generation of N-amino esters 4.

constant of 8.9. Based on the results, the rate of reaction was accelerated in an environment
with a higher dielectric constant (acetone). Also, at all the investigated temperatures, the
results indicate an increase in reaction rates at higher temperatures (Table 1). In the studied
range of temperatures, the reaction activation energy was calculated from the slope of the
pseudo-second-order rate constant (log k) versus reciprocal temperature (1/7).

Rate equation. Based on the above results, a simplified proposed reaction mechanism is
depicted in Figure 6. Unlike the experimental results, it may be assumed that the second step
is the rate-determining step for the proposed mechanism. In this case, the rate equation can
be expressed as follows

kaks[1][2][3]

Rate=
ko

(3)
The final equation indicates that the overall order of the reaction is three which is not
compatible with experimental overall order of reaction (= 2). Besides, according to this
equation, the order of reaction to indole 3 is one, whereas it was shown to be equal to zero.
For this reason, it appeared that the second step is fast.
If we assume that the third step (rate constant k) is the rate-determining step for the pro-
posed mechanism, in this case, there are two ionic species to consider in the rate-determining
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Table 2. Activation parameters for the reactions 1-3.

Solvent Ea (k] mol™) AH* (k) mol™) AS* () mol™" K™ AG# (k) mol™)
Dichloromethane 56.6 = 2.3 542 * 22 -765 + 2.8 76.8 = 2.7
Acetone 533 + 1.8 50.8 + 1.8 -86.9 + 2.7 76.5 = 2.6

step (I2 and N7) (Figure 6), have full positive and negative charges and form very powerful
ion—dipole bonds to the acetone as a higher dielectric constant solvent. However, the transi-
tion state for the reaction between two ions carries a dispersed charge and bonding of solvent
(acetone) to this dispersed charge would be much weaker than the reactants. The solvent,
thus stabilizes the ionic species, more than it would the transition state. Therefore, the acti-
vation energy could be raised and slow down the reaction. However, in practice, acetone
speeds up the reaction and for this reason, the third step could not be the rate-determining
step. Furthermore, the rate law can be expressed as

Rate:kz k3 k4 [l} [2} [3} (4)

The final equation also indicates that the overall order of the reaction is three, and the
order of reaction for indole 3 is one, which is not compatible with experimental results.

If the first step (rate constant k,) was the rate-determining step, in this case, bonding of
solvent to the dispersed charge in the transition state is much stronger than the uncharged
reactants. The solvent thus stabilizes the transition state more than it does the reactants and
speeds up the reaction. Our experimental results show that the solvent with higher dielectric
constant exerts a powerful effect on the rate of reaction (see Table 1). Results indicate that
the first step (k») of the proposed mechanism could be the rate-determining step. However, a
good kinetic description of the experimental result using a mechanistic scheme based upon
the steady-state approximation is frequently taken as an evidence of its validity. By applica-
tion of this, the rate of the formation of product 4 from the reaction mechanism (Figure 6)
is given by

d4] _d [product]

o 7 =rate=k4[L][N 7] (5)
By replacing the value of [I1] and [12]
Rate =k, [1][2] (6)

This equation is compatible with the results obtained by UV spectrophotometry. For
equation (6) that shows the overall reaction rate, the activation parameters involving AG”,
AS*, and AH” could be now calculated for the first step (rate-determining step), as an ele-
mentary reaction, based on Eyring equation. The results are reported in Table 2.

The activation parameters (AG”, AS*, and AH") of the first step (rate-determining step),
as an elementary reaction, can be calculated based on the Eyring equation. The results are
reported in Table 2.
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Figure 7. The potential energy profile of the reaction in paths a and b (data of dichloromethane are in
parentheses and data of acetone are in italic form).

Theoretical study

The overall order of reaction and the order of reaction to different reactants, solvent, and
temperature effect and also the detection of rate-determining step, and finally, the reaction
mechanism as well are determined in the experimental section. Now, to gain more insight
into the reaction mechanism, we intend to consider the mechanism of this reaction using the-
oretical calculations.

In this section, we will evaluate the potential energy levels, different kinetic paths, and
energy levels of different products. Also, we intend to determine the preferred thermody-
namic product, the kinetic preferred path, and to confirm the rate-determining step, as out-
lined in the experimental section. All structures were optimized by density functional theory
at B3LYP/6-311+ G (2d, 2p) level of theory. Two different pathways (a and b) were pre-
dicted for this reaction. Potential energy profiles for the pathways a and b are presented in
Figure 7. Also, the optimized geometries of all structures are presented in Figure 8. As can
be seen, the reaction path b includes four steps. The first step initiates with a nucleophilic
attack of atom N17 in the structure of isoquinoline (R2) to atom C8 of DMAD (R1) to form
I1, via passing through Ts1. The second step includes an intramolecular proton transfer from
atom C32 to atom C9, via Ts2b, to form I2b. Then, I3b structure can be formed by the
hydrogen bonding interaction of I12b and R3. The third step includes an intermolecular pro-
ton transfer from atom N34 of indole (R3) to atom C32 in the structure of Ts3b, to form I4b.
In the fourth step, once the indole ion attacks atoms C18 or C21, stable products, P1 and P2
are formed, respectively. The fourth step proceeds without any activation barrier. This result
seems to be due to the high tendency of indole ion for bonding to C18 or C21. The two path-
ways, a and b, also lead to the formation of identical products. The path a includes three
steps with the first step being the same as that of the path b and the second step including a
direct intermolecular proton transfer from atom N34 in indole (R3) to atom C9 within the
structure of Ts2a, to form I3a. The very high tendency of the indole ion towards forming
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Figure 8. Optimized geometries of all structures in pathways a and b of the reaction accompanied by
geometrical parameters.

N34-C18 or N34-C21 bonds caused the third step of the reaction to proceed without produc-
ing any activation barrier, as same as the path b.

Investigation of the potential energy surfaces in the pathways a and b shows that the first
step of the two pathways a and b with an energy barrier of 70.68 kJ/mol was recognized as
the rate-determining step. Because this step of the reaction is a common step for two kinetic
paths a and b, no kinetic preference was observed in these pathways. Also, because both
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kinetic paths lead to the same products (P1 or P2), no thermodynamic preference was
observed. Despite these, the path a, because of less exhausted energy, is more preferable. In
addition to the experimental results which imply the absence of the product P2, theoretical
studies also show that the product P2 is considerably more unstable than P1, by the value of
103.32 kJ/mol, which can be a factor in the absence of this product.** Also, the geometrical
structures in Figure 8 show that C18 is more accessible for nucleophilic attack in the last
step of the reaction.

To check the effect of solvent on the potential energy surfaces, dichloromethane was sub-
jected to condensed phase calculations carried out using the PCM. As shown in Figure 6,
the energy barrier of the first and the third step of the pathway b has decreased, but that of
the second step considerably increased, both in dichloromethane and acetone. In this condi-
tion, the second step of the reaction is determined to be the rate-determining step which is in
contrast to what was obtained in the experimental section and the gas phase. Both energy
barriers of the pathway a decreased and results show that the first step of the reaction is
determined to be the rate-determining step. Results indicate that pathway a has a consider-
able kinetic preference rather than that of b. Also, the only path is compatible with the
increasing of the reaction rate with increasing of dielectric constant of the solvent in experi-
mental results. Similar results were obtained from theoretical investigations. The product P2
is more unstable than the P1, both in dichloromethane and acetone, by the value of 89.96
and 90.11 kJ/mol, respectively and it suggests that products P2 cannot exist. Although the
calculations in the gas phase do not show any superiority between the two paths, but in the
solution phase, the path a is preferable because of the matching with experimental results
and kinetic superiority to path b. Theoretical results illustrate how the first step of the reac-
tion is the rate-determining step and show the effect of solvents with higher dielectric con-
stant in reducing the energy barrier of this reaction.

Conclusion

Mechanistic investigation of the reaction among isoquinoline 1, DMAD 2 in the presence of
NH-acid, such as indole 3 was investigated both experimentally and theoretically. The results
are summarized below.

The kinetics of the reaction were studied by measuring the increase in the product absorp-
tion rate. The overall reaction order follows the pseudo-second-order kinetics with the first-
order dependent on the concentration of isoquinoline 1 and DMAD 2. The reaction activa-
tion parameters were calculated by measuring the rate constant at different temperatures.
Recognizing the first step of the reaction (k;) as the rate-determining step, a mechanism was
proposed for the reaction based upon experimental and theoretical results. For all reactions,
the rates were increased by increasing the dielectric constant of the solvent. The effect of tem-
perature on the reaction rate is much more than that of the solvent dielectric. The computa-
tional results in solution do not show any thermodynamic priority between the two studied
kinetic pathways, but the pathway a, because of the more kinetic preference, is more prefer-
able than the pathway b. Comparing the results obtained in this project with the results
obtained in our previous project in the presence of isoquinoline 1, DMAD 2, and 3-methyl
indole 3% shows that as expected, the reaction in the presence of the methyl electron donor
group has more activation energy. The electron donor groups reduce the acidic strength of
NH-acid. Therefore, it has slowed down the overall reaction rate.
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