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 In this study, a comprehensive kinetic and mechanistic analysis was 
carried out for the reaction between diethyl acetylenedicarboxylate 
(DEAD) and phthalimide in methanolic media using UV–Vis 
spectroscopy. The effects of temperature, solvent environment, and the 
structure of dialkyl acetylenedicarboxylates on the reaction behavior 
were systematically examined. The kinetic data indicated an overall 
second-order process in which both DEAD derivatives and phthalimide 
contributed fractional orders close to unity. Further analysis revealed 
that the second stage of the transformation governs the overall rate of the 
reaction. Unlike reports employing triphenylphosphine (TPP), where 
distinct mechanistic pathways were proposed, triphenylarsine (TPA) in 
this system functions predominantly as an effective nucleophilic catalyst, 
accelerating the initial interaction and modifying the subsequent 
mechanistic profile. Thermodynamic parameters (ΔG‡, ΔS‡, ΔH‡, and Ea) 
were evaluated using  temperature-dependent studies, providing deeper 
insight into the reaction pathway and the associated energy 
requirements. 
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Introduction 

N-vinyl heterocyclic compounds constitute 

essential structural motifs in numerous natural 

products and exhibit valuable photochemical 

characteristics [1,2]. These compounds serve as 

key building blocks in the synthesis of polymeric 

dyes, polymeric materials, catalysts, natural 

product analogs, ion-exchange systems, 

agrochemicals, and pharmaceuticals, and they also 

find applications in metal separation, extraction of 

polar compounds, cosmetics, and pigment 

refinement [3-5]. Members of this compound class 

have additionally been utilized as promising liquid 

electrolytes, eco-friendly solvents, and protective 

functional groups [6-8]  .have been explored for 

their potential as liquid electrolyte candidates, 

environmentally friendly solvents, and protective 

functional groups [9]. Phthalimide and its N-

substituted derivatives constitute a significant 

category of bioactive species  molecules and 

display a wide spectrum of pharmacological 

properties, with notable anti-inflammatory, 

antimicrobial, antitubercular, tumor-inhibitory, 

antiviral, histone deacetylase (HDAC) activity, and 

angiogenesis inhibitory properties [10-12].  

       

In fact, the shift from PPh₃ to AsPh₃ in the present 

system highlights the catalytic role of TPA within 

the reaction medium. Differences in the 

nucleophilic characteristics of arsenic and 

phosphorus lead to distinct reaction pathways, 

ultimately altering the mechanistic sequence. 

Arsenic exhibits stronger nucleophilicity than 

phosphorus, which directly influences the course 

of the reaction. 

In ylide structures containing arsenic, the overlap 

between the arsenic p-orbitals and the adjacent 

carbon orbitals is noticeably weaker than in the 

corresponding phosphorus ylides. As a 

consequence, arsenic-based ylides generally show 

reduced stability and typically appear only as a 

single observable form, unlike the broader range 

of phosphonium ylides reported in the literature  

[19,20]. A preliminary communication of the 

reaction between DEAD, phthalimide, and TPA 

was previously reported in a conference abstract. 

However, that report did not include any kinetic 

measurements, temperature-dependent studies, 

activation parameters, solvent effects, or 

mechanistic analysis. The present study provides 

the first comprehensive and detailed kinetic and 

mechanistic investigation of this reaction system 

(Figure 1).

 

Figure 1: The condensation process involving acetylenic esters and phthalimide carried out in methanol in the 

presence of TPA as the catalyst

G R A P H I C A L A B S T R A C T  
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Experimental 

General Procedure 

Kinetic experiments were performed by following 

the temporal variation in absorbance with a Cary 

Bio-300 double-beam UV–Vis spectrophotometer. 

Before initiating the main measurements, a 

preliminary scan was carried out to identify a 

wavelength at which the reaction progress could 

be monitored reliably. For this purpose, a reaction 

mixture was prepared in methanol containing 2.5 

× 10⁻³ M of compound 1 together with 5 × 10⁻³ M 

of compounds 2 and 3. The spectrum of the 

mixture was then recorded over an appropriate 

wavelength range to locate a region where 

product formation produced a measurable signal 

(Figure 2). 

The survey revealed that at 320 nm the starting 

materials displayed virtually no absorption, which 

allowed selective detection of the reaction product 

and minimized spectral interference. 

Consequently, all subsequent kinetic 

measurements were performed at 320 nm and 

under isothermal conditions of 18 °C. Absorbance 

values were collected as a function of time, 

providing the data required to construct kinetic 

profiles for the reaction system (Figure 3). 

 
Figure 2: UV–Vis profiles of the reacting system mixture in methanol containing 5 × 10⁻³ M of reactants 2 and 3 

and 2.5 × 10⁻³ M of catalyst 1. The arrow illustrates the gradual increase in product absorption as the reaction 

proceeds. 

 
Figure 3: Variation of absorbance at 320 nm with time for the reaction between compound 1 (0.25 × 10-2 M) and 

compounds 2 and 3 (0.5 × 10⁻2 M) in methanol. Experimental measurements are shown as dotted points, while 

the continuous line represents the kinetic fit. 
 



Kord-Tamandani H., & Ghalandarzehi Y., / Chem. Methodol., 2026, 10(5) 544-555 
  

547 | P a g e  

Figure 3 demonstrates that the measured 

absorbance over time (depicted by the dotted line) 

aligns closely with the theoretical curve derived 

from second-order kinetics (solid line). This 

strong agreement indicates that the reaction 

indeed proceeds according to second-order 

behavior (β + γ = 2). Consequently, the overall 

reaction rate can be described using the following 

general kinetic expression (Equation 1): 

Rate =kovr [1] α [2] β [3] γ                                          (1) 

Rate = kobs [2] [3]                    

kobs = kovr [1] α 

[1] serves as a constant catalyst, which permits the 

rate law to be defined. 

[2] is a reactant (first order in the rate law). 

[3] is the other reactant (first order in the rate 

law). 

The second-order rate constant at 18 °C (kovr = 6.8 

1/(M².min-¹)) was subsequently obtained 

automatically by the software using the standard 

integrated second-order rate equations [21].  

Results and Discussion 

Influence of Reactant Concentration 

To evaluate the reaction’s partial order with 

respect to the N–H acid (compound 3), the 

experiments were conducted under pseudo-first-

order conditions using a large excess of DEAD (2). 

The UV–Vis absorbance at 320 nm was monitored 

over time for a reaction mixture containing 1 (0.25 

× 10⁻2 M), 2 (0.5 × 10⁻2 M), and 3 (0.25 × 10⁻2 M) 

in methanol at 18 °C. Under these experimental 

settings, the rate of the reaction can be 

represented by the following kinetic expression 

(Equation 2): 

Rate =kovr [1]α [2] β [3] γ                                           (2) 

Rate = kobs [3] γ          

kobs = kovr [1]β[2]γ                             

Because the catalyst concentration [1] and the 

excess reagent [2] remain essentially unchanged 

throughout the reaction, they can be treated as 

constants in the rate equation. Analysis of the 

absorbance versus time data at 320 nm (Figure 4) 

revealed an excellent fit to a pseudo–first-order 

model, closely matching the experimental 

observations. This confirms that the reaction is 

first-order with respect to the N–H, assigning γ = 

1. 

Based on prior experiments, the combined 

reaction orders for reagents 2 and 3 were found to 

sum to two (β + γ = 2). 

Thus, the reaction exhibits first-order behavior 

with DEAD (2), indicating that β = 1. 

 
 

Figure 4: Time-dependent absorbance at 320 nm for the reaction mixture containing 1 (0.25 × 10⁻2 M), DEAD 

(0.25 × 10⁻2 M, acting as catalyst), and the N–H compound (0.25 × 10⁻2 M) in methanol. Experimental data points 

are represented by dots, while the solid line corresponds to the fitted kinetic curve. 
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The Effect of Solvent 

To investigate solvent polarity effects, the reaction 

kinetics were measured in ethanol at 18 °C. A 

notable decrease in the rate constant was 

observed (kₒᵥᵣ = 0.75 M⁻1.min⁻¹) relative to 

methanol (kₒᵥᵣ = 6.8 M⁻1.min⁻¹), consistent with 

the lower dielectric the value for ethanol (24.5), 

which is lower than that for methanol (32.7). This 

behavior can be attributed to the formation of a 

charge-separated complex in the transition state, 

which is less stabilized in a lower-polarity solvent 

due to reduced solvation. 

Temperature Dependence and Determination of 

Activation Parameters 

Kinetic studies were carried out at 23, 28, and 

33 °C to investigate the influence of temperature 

on the reaction rate, maintaining identical 

conditions to prior experiments. The data in Table 

1 show an increase in reaction rate with rising 

temperature, consistent with the Arrhenius 

equation . 

Table 1: Overall reaction rate constants (kₒᵥᵣ, M⁻1.min⁻¹) measured at various temperatures for the reaction of 

compounds 1, 2, and 3 under the same experimental conditions 

ƛ/nm Solvent 291 K 296 K 301 K 306 K 

320 Methanol 6.8 12.6 23.8 46.1 

320 Ethanol 0.75 1.4 2.9 5.8 

 

The reaction kinetics were consistent with the 

Arrhenius model (Eₐa), allowing the determination 

of activation parameters. The activation energy 

(Eₐ) and the pre-exponential factor (lnA) were 

extracted derived from the slope and the 

intercept, respectively, of the linear ln k versus 

1×T-1  plot (correlation coefficient r = 0.999), as 

shown in Figure 5. 

While the Arrhenius equation is typically used for 

gas-phase reactions, the Eyring equation (Eₐc) 

offers a more suitable model for capturing how 

reaction rates vary with temperature in solution. 

Applying this approach, linearized plots of 

ln (k/T) versus 1/T and T× ln (k/T) versus T were 

generated. The activation entropy (ΔS‡) and 

enthalpy were then extracted from the slopes and 

intercepts of these graphs (Figures 5-7, and Table 

2). 

 

Figure 5: Variation of the second-order rate constant on the inverse of temperature (ln k versus 1/T) for the 

reaction between compounds 1, 2, and 3 in methanol, monitored at 320 nm. The observed linear trend is 

consistent with the Arrhenius equation, allowing calculation of Eₐ/R from the slope. 
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Figure 6: Linearized a plot based on the Eyring relation, (ln(k/T) versus 1/T) pertaining to the reaction, 

employed to determine the activation enthalpy (ΔH‡) and entropy parameters. 

 
Figure 7: Eyring plot in linearized form (T ×ln k/T versus T) pertaining from the reaction 

Statistical evaluation of the Eyring analysis reveals 

a relationship between the standard deviations of 

ΔH‡ and ΔS‡, where Tₐᵥ represents the average 

temperature within the experimental range 

(Equation 3). 

ϭ (∆S‡  ) = 
1

𝑇𝑎𝑣
 ϭ (∆H‡  )                                                (3) 

For the majority of solution-phase reactions 

examined, the standard deviation of ΔS‡ is roughly 

proportional to that of ΔH‡, following the relation 

ϭ(ΔH‡) × 0.003 K⁻¹≈ ϭ(ΔS‡). This trend has also 

been observed in earlier reports [22-24]. The 

calculated standard errors of the activation 

parameters are presented together with their 

respective values in Figures 5 and 6. Beyond 

estimating the Eₐ, the Eₐc enables the calculation of 

the ΔH‡, ΔS‡, and Gibbs free energy (ΔG‡). A clear 

connection between Eₐ and ΔH‡ has been 

established for solution-phase reactions, as 

described by Equation 4. Fundamentally, the Eₐ 

corresponds to the minimum energy a molecule 

must possess to undergo the reaction. 

Ea = ∆H‡   + RT                                                                (4) 

The ΔG‡ represents the disparity in energy levels 

of the transition state and the reactants. Elevated 

ΔG‡ values indicate that the reaction is under 

chemical control. As shown in Table 2, the studied 

reaction exhibits such chemically controlled 

y = -11066x + 34.232
R² = 0.999

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.00325 0.0033 0.00335 0.0034 0.00345

ln
 (

k
/T

)

1/T  (K)

y = 34.266x - 11077
R² = 0.9989

-1200

-1000

-800

-600

-400

-200

0

290 295 300 305 310

T
 ×

ln
(k

/T
)

T(K)



Kord-Tamandani H., & Ghalandarzehi Y., / Chem. Methodol., 2026, 10(5) 544-555 
  

550 | P a g e  

behavior. Moreover, high positive ΔG‡ values 

imply that additional energy is necessary to 

convert reactants into products. In general, the 

magnitude of ΔG‡ influences the reaction rate, 

with larger values corresponding to slower 

transformations. The Gibbs Eₐ was calculated 

using a rearranged form of the Gibbs–Helmholtz 

equation (Equation 5). 

∆G‡   = ∆H‡   - T∆S‡                                                         (5) 

The obtained values indicate that the reactions are 

endothermic, consuming energy. The ΔS‡ 

provides insight into the molecularity and 

structural organization of the rate-determining 

step (RDS), helping to understand the 

arrangement of species leading to the formation of 

the transition state . 

As shown in Table 2, the ΔH‡ is larger than TΔS‡ 

in both solvents, indicating that the reaction is 

enthalpy-controlled rather than entropy-

controlled [25]. Nevertheless, the positive ΔS‡ 

value (≈ +87 J.mol⁻¹.K⁻¹) reflects the formation of 

a relatively loose and dissociative transition state, 

in which the intermediate has increased degrees 

of freedom compared to the reactants [26]. Such 

behavior is consistent with a partially dissociative 

or charge-separated transition state, where the 

entropic contribution partially stabilizes the 

activated complex. 

The lnA represents both the frequency of 

molecular collisions and the proportion of 

collisions occurring with the correct orientation to 

form products. Consequently, the values of lnA 

and ΔS‡ provide further insight into the structural 

organization and flexibility within the transition 

state (Equation 6).  

A= 
𝑒𝑘𝑏𝑇

ℎ
𝑒

∆𝑆‡   

𝑅                                                                   (6) 

Entropy values above –10 J.(mol.K)-1 generally 

point to a dissociative reaction pathway. 

Conversely, strongly negative ΔS‡ values imply 

that the transition state is more ordered or 

constrained, which aligns with a mechanistic 

route involving association. 

Furthermore, the activation energies computed 

from the Eₐa differ from those derived using the 

Eₐc. Therefore, for accurate determination of 

activation energies in solution-phase reactions, 

both the Eyring and Arrhenius formalisms can be 

applied. 

Effect of the Dialkyl Substituent in 

Acetylenedicarboxylates 

This section investigates the effect of the alkyl 

substituent in dialkyl acetylenedicarboxylates on 

the reaction rate for the synthesis of N-vinyl 

heterocyclic derivatives. The same kinetic 

procedure was applied using DEAD and dimethyl 

acetylenedicarboxylate (DMAD) as reactant 2 

under identical conditions (methanol, 18 °C).  

The measured rate constants show that replacing 

DEAD with DMAD "increases the reaction rate ", 

confirming that the alkyl substituent significantly 

affects the kinetics. These results are consistent 

with the mechanistic proposal that DEAD 

participates in the "RDS (step 2)" of the 

transformation. 

Mechanism 

Drawing on both the experimental findings and 

previous literature, a feasible reaction pathway is 

proposed, as depicted in Figure 8. 

Multiple observations indicate that step 2 serves 

as the RDS of this transformation. 

To evaluate this possibility, the rate law was 

formulated based on the final step of the proposed 

mechanism depicted in Figure 9 of the desired 

product (Equation 9): 

𝑟𝑎𝑡𝑒 = 𝑘5 [I4]                                                                (9) 

Using the steady-state approximation allows the 

determination of the concentrations of [I₄, I₃, I₂, 

and I₁], yielding the following rate law (Equation 

10): 

Rate = 
𝑘1  𝑘2[1][2][3]

𝑘−1+ 𝑘2 [3]
                                                     (10) 

As Equation 10 excludes k₃, k₄, and k₅, steps 3–5 

can be ruled out as the RDS. Given that the rate law 
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contains k₁ and k₂, the RDS must therefore be 

selected from between these two steps (Equation 

11). 

If  

k1 →RDS (𝑘−1 ≪ 𝑘2[3])       rate = 𝑘1[1][2]            (11) 

Since compound 1 functions as a catalyst and its 

concentration does not change, the rate law can be 

expressed (Equation 12): 

kobs= k1 [1]       rate = kobs [2]                                   (12) 

Equation 12 represents a first-order rate law; 

however, it does not align with the experimental 

data, in contrast to the observations described by 

Equation 1 (Rate = kobs [2] [3]). 

k2 → RDS (𝑘−1 ≫ 𝑘2[3]) Rate= k2 
𝑘1

𝑘−1
 [1][2][3]   kobs= 

𝑘2𝑘1

𝑘−1
 [1]                                                               (13) 

Since compound 1 acts as a catalyst and its 

concentration remains effectively unchanged, the 

rate expression can be written as Equation 1. 

Equation 9 is consistent with the experimentally 

determined rate law (Equation 1), confirming that 

step 2 (k₂) represents the RDS of the reaction. 

The initial step (k₁), which involves the interaction 

of 1 with 2, occurs very quickly.  

Table 2: Thermodynamic parameters of activation for the reaction of compounds 1, 2, and 3, measured at 

291.15 K 

∆H‡ 

(kJ.mol-1) 

∆S‡ 

(J.mol-1K-1) 

T∆S‡ 

(kJ.mol-1) 

∆G‡ 

(kJ.mol-1) 

Ea 

(kJ.mol-1) 

92.00 ± 0.69c 87.06± 2.31c 25.35 c 66.22 ± 1.36 e 94.48 a 

92.10 ± 0.69d 87.35± 2.31 d 25.43 d 66.66 ± 1.36 e 94.42 b 

acalculated from Figure 5 
bobtained from Equation 4 

ccalculated from Figure 6 and from Equation 7: 𝐿𝑛
𝑘

𝑇
= −

∆H‡

𝑅𝑇
+

∆S‡

𝑅
+ 𝐿𝑛

𝐾𝐵

ℎ
                 (7) 

dcalculated from Figure 7 and from Equation 8: 𝑇𝐿𝑛
𝑘

𝑇
= −

∆H‡

𝑅
+ 𝑇 (

∆S‡

𝑅
+ 𝐿𝑛

𝐾𝐵

ℎ
)     (8) 

eobtained from Equation 5 

 

This was verified through supplementary 

experiments carried out specifically on the 

reaction between TPA (1) and DEAD (2) under the 

same reactant concentrations at 18 °C. As shown 

in Figure 10, the initial reaction between 1 and 2 

(step 1) proceeds much faster than the competing 

steps depicted in Figure 7. 

The rate constant for this step, k₁ 6.18 (min.  M)-1, 

is larger than the observed rate constant for the 

overall reaction (kobs = 6.8 min⁻¹ M⁻¹) involving 1, 

2, and 3. Comparison of the total reaction time 

reveals that the reaction between 1, 2, and 3 

requires over 100 minutes to reach completion 

(Figure 3), whereas the reaction between 1 and 2 

is completed in less than 2 minutes (Figure 10B). 

These observations clearly indicate that the first 

step is extremely fast relative to the overall 

process. 

Step 3: Step 3 (k₃) involves a rapid intramolecular 

reaction between the ionic species   and C⁻ in the 

liquid phase. Step 4 proceeds quickly through a 

[1,3]-hydrogen shift of I₃, while step 5 (k₅) entails 

a fast intramolecular transformation within the 

dipolar intermediate I₄. It is important to 

emphasize that the overall rate constant, kₒᵥᵣ, in 

the general rate expression (Equation 10) does 

not involve k₃, k₄, or k₅, which excludes steps 3, 4, 

and 5 from serving as the RDS. Taking this into 

account, step 2 (k₂) is consequently identified as 

the RDS. 
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Figure 8: a) Suggested mechanism for the reaction of compounds 2 and 3 catalyzed by compound 1, leading to 

the formation of the desired product in methanol b) The simplified scheme for the proposed reaction mechanism  
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Figure 10: (A) Variation of the absorption spectrum with wavelength at 18 °C for the reaction between 

compounds 1 and 2 in methanol. The arrow highlights the direction of the reaction. (B) Time-dependent 

absorbance at 340 nm recorded for the same reaction 

Conclusion 

Based on the findings, it is concluded that the 

reaction exhibits overall second-order kinetics, 

with each reactant contributing a partial order of 

one. The analysis identifies step 2 as the RDS, with 

the reaction rate governed by the concentrations 

of both DEAD and the N–H acid. This contrasts 

with earlier reports which proposed step 1 as the 

RDS; the experimental results clarify that while 

the initial step is influenced by the concentrations 

of TPA and DEAD, the N–H acid has a negligible 

effect on its rate. The reaction rate is enhanced by 

increasing temperature and by employing 

solvents with higher dielectric constants. A high 

ΔG‡ indicates that the process is well-controlled 

from a chemical perspective. Furthermore, 

investigation into the effect of the dialkyl 

acetylenedicarboxylate structure revealed that 

using DEAD instead of DMAD results in a 

decreased rate constant. This observation 

confirms the role of step 2 as the RDS, as DEAD 

participates directly in this decisive step. 
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