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The kinetic and mechanism of the reaction between benzaldehyde, malononitrile
and dimedone has been studied in the presence agar as a highly efficient homogenous
catalyst in a mixture of (water/ethanol, 2:1). Based on the experiment data, the overall
order of reaction for the formation of tetrahydrobenzo[b]pyran followed second-order
kinetics and under pseudo-order conditions the partial orders with respect to 1, 2 and 3
were one, one and zero, respectively. From the temperature, concentration and solvent
studies, the activation energy (E,) and the related kinetic parameters (AG*, AS* and AHY)
are calculated. The first step of the proposed mechanism is recognized as a rate-determining
step (k,) and this is proved by the steady state approximation.
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M ulticomponent reactions (M CRs) have
emerged asan efficient and powerful tool inmodern
organic chemistry towardsthe generation of highly
diverseand complex product from readily available
substrates in a single operation without isolation
of intermediates in minimal time with maximum
selectivity, high atom-economy and high purity
with excellent yields. MCRs have an outstanding
statusin medicinal chemistry and modern organic
synthesis because they are one-pot processes that
assembl e three or more components®2.

Tetrahydrobenzo[b]pyran and their
derivatives possess potent biological activitieslike
antitumor, antibacterial, antiviral, antitubercular
and spasmolytic activities®”.

Previously, tetrahydropyran was
produced by the cycliza-tion of
arylidenemal ononitriles with b-dicarbonyl
compounds in the presence of bases such as
piperidiné®, triethylamine®, magnesium oxide®, Mg/
La, PEG1000-DAIL/EM?*, and nano ZnO*.

* To whom all correspondence should be addressed.
Tel.:+98 541 2446565; Fax: +98 541 2446565;
E-mail: mehdishahraki@chem.usb.ac.ir

Consequently, diethyl 2,6-dimethyl-4-aryl-4H-
pyran-3,5-dicarboxylates was synthesized with a
low yield, utilizing ZnCl, as a catalyst, acetic
anhydride as the solvent, and column
chromatography as the purification method*.
In recent years, the emphasis of science and
technology has shifted moretoward environmental
benign and sustainable resources and progress: in
this regard, has led to using of natural catalysts
considerably; attention in organic chemistry. In
particular, natural biopolymers are important
candidates to explore for catalysts and their
properties provided the possibility to perform
reactions for acid-sensitive substrates, under
milder reaction conditions and better selectivity®
20

Based on the previous studies on the use
of heteropolyacids as catalysts, and in a
continuation of our endeavorsfor the devel opment
of simple and highly expedient methods for the
synthesis of polyfunctionalized heterocycles of
biological importance?3!, we examined the
possibility of using agar as a catalyst for the one-
pot synthesis of tetrahydrobenzo[b]pyran by
condensing benzaldehyde 1, malononitrile 2 and
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dimedonein3inH,O/EtOH (Fig. 1).

Kinetic analysis often used to be studied
to see what happens to the molecular level during
a chemical reaction. The purpose of any kinetic
study isto form aquantitative rel ationship between
the rate of a reaction and the concentration of
reagents or catalysts®. Thus, the best solution to
meet thisaimissimply to follow the disappearance
of the starting material or appearance of aproduct
as a function of time. This can be done by
measuring the rate of a reaction at various
concentrations of reactants and catalystsin order
to determine the kinetic order with respect to a

Agar (20 mol %)
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particular reactant and to establish an overall
function which represents the rate law of a
behavior reaction with aknown rate constant*-2,
Kinetics studies suggest many practical
techniques to accomplish these measurements.
Numerouskineticsinvestigationsover alargearea
of different reactions have previously been
reported using the UV-vis technique[ 5+,

In this work, we describe kinetic results
together with detailed mechanistic studies of the
synthesisreaction of 4H-tetrahydrobenzo[b]pyran
based on a global kinetic analysis methodol ogy
using the UV-vis spectrophotometry apparatus.

CHO
O (0]
+ <CN +
CN
1 2 3

H,O:EtOH (2:1)

Fig. 1. Synthesis of tetrahydrobenzo[b]pyran in the presence of agar in a mixture of (water/ethanol, 2:1)

EXPERIMENTAL

Chemicalsand Apparatusused

All reagentswere obtained from Merk and
Aldrich and used without any purification. Rate
constants are presented as an average of several
kinetic runs (at least 6-10) and are reproducible
within £ 3%. Theoverall rate of reactionisfollowed
by monitoring absorbance changes of the products
withtimeonaVarian (Model Cary Bio-300) UV-vis
spectrophotometer with a 10 mm light-path cell.
Temperature of the reactionismaintained to within
+ 0.1 °C at various temperatures by circulating a
mixture of water and ethylenglaycol bath.

RESULTSAND DISCUSSION

Kinetics

The UV /vistechnique was exploited asa
useful tool to further study about the mechanism
of the reaction between benzaldehyde 1,
mal ononitrile 2 and dimedone 3 in the presence of
agar inamixture of (water/ethanol, 2:1). First, for
the kinetic measurements, it was essential to obtain
an appropriate wavelength in order to follow the
reaction kinetics. Togainit, inthefirst experiment,

102 M solution of each reactant 1, 2, 3 and 2x10®
M solution of agar were prepared in a mixture of
(water/ethanol, 2:1) as solvent. Approximately 3
mL aliquot from each reactant was pipetted into a
10 mL light path quartz spectrophotometer cell and
the relevant spectrum of each compound at 25°C
was recorded over the wavelength range 250-480
nm. In the second experiment, 0.2 mL aliquot of
8x10° M solution of agar and 0.2 mL aliquot of
4x102M solution of reactants 1 and 3 were pipetted
into a quartz spectrophotometer cell, then 0.2 mL
aliquot of 4x102M solution of reactant 2 wasadded
to the mixture according to stoichiometry of each
reactant in the overall reaction. The reaction was
monitored by recording scans of the entire spectra
with 20 minuteintervals during the wholereaction
time at the ambient temperature (Fig. 2). Ascan be
seen in Fig. 2, the appropriate wavelength was
discovered to be 380 nm (corresponding mainly to
the product 3). Since at thiswavel ength, reactants
1, 2, 3 and agar have relatively no absorbance
value, it gave us the chance to find the practical
conditions that allows kinetics and a mechanistic
investigation of the reaction. Herein, in all the
experiments, the UV-vis spectrum of the product
was measured over the concentration range (10
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‘M < M product <102M) to confirm a linear
relationship between the absorbance and
concentrations values.

In the third experiment, under the same
concentration (102 M) of 1, 2 and 3inthe presence
of agar (2x10° M) in amixture of (water/ethanol
2:1) at 35°C, thereaction kineticswasfollowed by
indicating the UV absorbance measurements
versustime (Fig. 3.).

360 T 340 3 400 il
Werelengih {nm)

Fig. 2. The UV-vis spectra of the reaction between
benzaldehyde 1 (102M), malononitrile 2 (102 M) and
dimedone 3 (10-2M) in the presence of agar (2x10°%
M) as a catalyst in a mixture of (water/ethanol, 2:1)
as reaction proceeds into a 10 mm light-path cell.
Herein, the upward of direction of the arrow indicate
that the progress of product versus times

The infinity absorbance (A ) was
obtained at 30 minutes as reported in Fig. 3. With
respect to this value, zero, first or second curve
fitting could be drawn automatically for thereaction
by the software associated [61] with the UV
instrument. A second order fit curve (solid line)
was obtained from the absorbance dataversustime
provided at 380 nm that precisely described the
experimental curve (dotted line) asreported in Fig.
3. It is obvious that the reaction is second order.
Thus, overall order of reactionisa +  + v =
2.therfore the second-order rate constant can be
reported (k ., =5.47 mint.M").

In this case, rate law can be written as:

rate= ki, [1]“[2][3]7[Cat] (1)

Effect of Solventsand Temperature

To assess the effect of changes in
temperature and the solvent environment on the
rate of reaction, it was decided to perform various
experiments under different temperatures and
solvent polarities, but, under the same condition
asthe earlier experiments.
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Fig. 3. Theexperimental absorbance change (dotted
line) along with the fit curve (solid line) against
timefor the reaction between benzaldehyde 1 (10
2M), malononitrile2 (102M), and dimedone 3 (10
2M) inthe presence of agar (2x10°M) inamixture
of (water/ethanol, 2:1) at 380 nm and 35.0°C.

Because the transition state (Step 1, Fig. 9) in
reaction carries a dispersed charge, solvents with
higher dielectric constant speed up reaction rate
(Table1) by stabilizing the species at thetransition
state more than reactants, and therefore E, would
belower.

In the temperature range used in this
investigation, therelation of the second order rate
constant (In k; ) of the reactions on reciprocal
temperature confirms Arrhenius equation. This
manner is indicated in (Fig. 4). The activation
energy, for the reaction between 1, 2 and 3 was
acquired (107.13 £ 1.38kJ.mol ) forming the slope
of (Fig. 4).

Based on Eyring equations (2) and (3) the
activation parameters AH* (activation enthalpy)
and S* (activation entropy) were determined using
the intercept and slope, respectively (Fig. 5).

in (3) = (ne+5) - 55 Ne

TXln(k?)sz(lnkTB+%) AR

R -3

That k, is Boltzmann’s constant, T is
temperature, h is Planck’s constant and R is
universal gas constant.

Herein, the Eyring equation suggeststhat
the standard errors of AS* and AH* are related to
each other through equation (4).

o(AS)=1T, o(AHY) (4

In this equation T, is known to be the
center of the temperature range that isused in this
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Table 1. k(M min?) for the reaction between 1 (102M), 2 (10°M) and
3 (102M) and agar (2x10° M) in different solvent media and temperatures

Solvent: mix of water/ethanol (2:1) (60.9)2

T T=298.15 K T=303.15 K T=308.15 K T=313.15 K
Kype 1.23 2.65 5.47 9.62
(0.0027)° (0.0022) (0.0015) (0.0010)
Solvent: ethanol (24.3)?
T T=298.15 K T=303.15 K T=308.15 K T=313.15 K
Kobs 0.43 1.03 2.83 5.96
(0.0016)° (0.0013) (0.0018) (0.0020)
2. dielectric constant (D) b: standard deviation (SD).
investigation. It followsthat in most solution phase 10
studiesc (AS)~ (AH*)x 0.003 K. Thiscorrelation o )
has been mentioned elsewhere [62-64]. The ) \
standard errorsfor activation parameters have been E o
calculated and they have been reported along with Y1 y=-12886x+ 49674
these parametersin both Table 2. 24 R=0m0
Furthermore, AG* (Gibbsfreeenergy) was o v . . r ]
determined using the equation (5): OOORLS OS2 QOGBS QOGBS QO0EES 000sd

AG* = AH* + TAS? -(5) "

According to equation (22), k, is  Fig. 4. The dependence of the second order rate
proportional to the general reaction rate, hence,  constant (Ink) on reciprocal temperature for the
the activation parameters which include, AS' and reaction between 1, 2 and 3 in the presence of
AH* can now be computed for the first step (rate agar measured at awavelength of 380 nmina

determining step, k), as an elementary reaction. mixture of (water/ethanal, 2:1) according to the
Obtained activation parameters for two solvents Arrhenius equation
aregiveninTable2.
R
25 o
'y 100
g 200 4 ¥ = 42.888x- 12561
L5 4 & s R:=0271
A =
1 ¥=-12580x+ 42951 7 o
R = 09969 —
(AL =]
D L3 L3 . r L
o =5 300 05 310 3l5
Q00315 00032 OO0BX5 0OB3 000555 QUG T

LT

Fig. 5. Eyring plots according to equation (2) for  Fig. 6. Eyring plotsin accordance with equation (3)
the reaction between 1, 2 and 3inthe presence  for the reaction between 1, 2 and 3 in the presence
of agar inamixture of (water/ethanal, 2:1) of agar inamixtureof (water/ethanal, 2:1)

Table 2. Activation parametersfor the reaction between compounds 1, 2, 3 and agar measured in different solvent media

solvent AH*kImolY)  ASF(Jmol?)  AG¥(kJ mol?) Ea(kJD mol)

water/ethanol (2:1) (58.6)*  104.43+1.39 159.03+ 455 57.01+2.75 106.91+ 1.39° 107.13 + 1.38°
ethanol (24.3) 135.64+ 1.62 254.65+530 56.77+0.79 138.04+1.62° 138.17 + 1.62

a dielectric constant (D) b: according to this equation: Ea = DH” + RT c¢: in accord with the Arrhenius equation
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The significant value of E_ shows that
the reactant needs much energy for reaching
transition state. The value of activation enthal py
(AH*) and free energy of activation (AG*) are
positiveand haverather large valueswhich suggest
that the energy required for thereactionisrelatively
high. A positive value for entropy of activation
(AS') indicates that the transition state is highly
disordered compared to the ground state. Looking
at detail, the activation enthal py islower in solvent
with high dielectric constant (water/ethanol, 2:1)
with respect to lower dielectric constant (ethanol)
at same temperature, and this give rise to lower
activation energy for reactionin solvent with high
dielectric constant because E, is directly
proportional to the activation enthal py( E, = DH* +
RT). Therewith, the positive value of AG*isasign
for the reaction to be spontaneous.

Effect of concentration

In thisexperiment to estimate partial order
of reactant 3 under pseudo-order condition, in the
separate experiment (fourth experiment), same
procedure was employed with these
concentrations [(102 M, reactant 1), (102 M,
reactant 2)], [(5%103 M, reactant 3)] and agar (2x10
3 M). For obtaining equation (6), the rate law can
be expressed:

rate= ky, [1°[2)/[3"[Cat]

rate=K,.[3]” (6)
Kops = Kor[1]“[ 2] [ Cat]

Herein, the original experimental
absorbance versus time data reported a second-
order behavior as a function of time. This is
demonstrated as full line at 380 nm that truly fits
the experimental result (Fig. 7). Additionally, the
observed rate constant (k) was automatically
calculated by the software associated with UV /vis
instrument (k , =5.58)

The experimental datadisplayed that the
observed pseudo-second order rate constant (K ,
=5.58, fourth experiment, pseudo-order condition)
isidentical with second order rate constant, (k.=
5.47, secend experiment) which implies that
probably y = 0in equation (6).

Inthe fifth experiment, to assessapartial
order of reaction in relevant to benzaldehyde 1,
pseudo-order condition was defined for the
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Fig.7. Pseudo-second order fit curve (solid line) along
with the original experimental curved (dotted) for the
reaction between dimedone 3 (5x103M),
malononitrile 2 (102M) and benzaldehyde 1 (102M)
in the presence of agar (2x10 M) at 380 nm and
35.0°C in amixture of (water/ethanoal, 2:1)
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Fig. 8. Pseudo-First order fit curve (solid line)
accompanied by the original experimental curve
(dotted line) for the reaction between 1 (5x107
M), 2 (102M) and 3 (102M) in the presence of
agar (2x103M) at 380 nmand 35.0°Cin

reaction between the 2 (102 M), 3 (102 M) and 1
(5%x103M) in the presence of agar (2x10°3M) ina
mixture of (water/ethanol, 2:1). According to the
fifth experiment, therate law can be expressed as:

rate= Ky, [1[2"[3)"[Cat]

rate

= Kops [1]7 -(7)

rate= k,,[2/[3/[Cat]

The original experimental absorbance
versus time (full line) at 380 nm truly fits the
experimental curve (dotted line), showninFig. 8.

A + B +y=2fromthird experiment,y =0
on the basis of fourth experiment and oo = 1 on the
basis of fifth experiment. As o results  isequal to
one(p=1).

So therate low can be expressed:

rate=k_ [1][2][cat] (8

To investigate which steps of the
proposed mechanism is a rate-determining step,
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agar

step5:

4(product)

Fig. 9. A proposed mechanism of the reaction between 1, 2 and 3 in the presence of
agar for synthesis of 2-amino-5,6,7,8-tetrahydro-7,7-dimthyl-4-(4-phenyl)-
5-0x0-4H-chromene-3-carbonitrile 4 in amixture of (water/ethanal, 2:1).
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the rate law was written using the final step of
reaction:

rate= K[l ,] (9

The steady-state approximation can be
employed for [1,] that yields the equation (10) in
thefollowing:

Lal i pialicar-tei =0 .0
k[l ][Cat] = K[, e

The value of [I,] can be replaced in
equation (9) to attain this equation:
rate = K,[I;][Cat] (12

For attaining the intermediate
concentration [1] thefollowing equationisyielded
by applying the steady state approximation:

Wl p1,30cat] - k,[1,][Cat] = 0
dt .(13)
ks[ I 2][Cat] = k4[| 3][Cat]
By substituting equation (13) in (12), the
following equation isemerged:

rate = k,[1,][Cat] (14

The steady state approximation can then
be applied for attaining the concentration of [1,]
whichisrepresented in thefollowing formula:

dEjltz] = ky[1,][Cat][1] - k,[1,][Cat] =0 . (15)

k,[1,][Cat 1[1] = ky[1,][Cat ] ..(16)

rate = k,[I,][Cat][1] ..(17)

9L - przgica -k g1,Jica - k3L ca] < 0...(18)
ki[1][2]
1] = —atdlel
[1.] K+ k(3] -(19)
_ ky[3][Cat ] x k,[1][ 2]
A = e ] (20)
k,, kg and k, are not attained in equation

(20), therefore this rate constants have no chance
to be a rate determining step, but stepl (k) and
step2 (k,) have a good opportunity to be a rate
determining step.

If k, is rate determining step, so the
following speculation isreasonable: k,[3] <<k

721
The new equation can be presented:
ate_ Kk[D[23]cat] o
kﬁl wa

This equation is not compatible with the
experimental rate law (equation4), because the
presented equation (21) is a third-order reaction
with respect to compounds 1, 2 and 3, while the
obtained resultsfrom the UV experimentsindicate
that overall order of reaction istwo.

If k, is a rate determining step, the
following assumptionislogica: k,[3] >>k

So the new generation of theratelaw can
be expressed:

rate=k[1][2][Cta] (22)

K=k, . k,=k[Cal (23

The last equation (22) is the same as the
rate law that obtained from the UV experiment
(equation 4). It isobviousthat the original order of
the reaction is two. In addition, the order of the
reaction with respect to each reactant (1, 2 and 3)
is1, 1 and zero, respectively. Also, because of the
presence of k, intheratelaw (22), it becomes clear
that the first step (k) is arate determining step.

On the basis of obtained results a
speculative mechanism containing five steps to
be proposed in accord with knoevenagal
condensation between benzaldehyde 1,
malononitrile 2, for generation of 2-
benzylidenemalononitrilel ,, Michael additionof ||
with dimedone 3 producted |, wich subsequently
followed tautomerization and cyclization afforded
the corresponding product 4 (Fig. 9).

A simplified scheme of the proposed
reaction mechanism (Fig.9) isshownin Fig. 10.

'tf
Step 1 1+2+Cat __,_" I;+ Cat
ky
Step 2 L+Cat+3 ——— L+Ca
L
Step 3 I,+ Cat I+ Cat
E,
Step 4 L+Cat I+ Cat
Step & L —_— 4 {product)

Fig. 10. A simplified Scheme
for the proposed reaction mechanism
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CONCLUSON

In this article, we describe kinetic
investigation of the reaction was done using UV
spectrophotometry and the results are declared in
the following terms. The overall order of reaction
for theformation of a4H-tetrahydrobenzo[b]pyran
in the presence of agar followed second-order
kinetics and the partial orders with respect to
benzaldehyde 1, malononitrile 2 and dimedone 3
were one, one and zero, respectively. The results
indicated that the rate of reaction speeds up in
solvent with high dielectric constant (water/
ethanol, 2:1 ) with respect to lower dielectric
constant (ethanol) at all temperatures. In the
studied temperature range, the second-order rate
constant of the reaction wasinversely proportional
to the temperature, which agreed the Arrhenius
equation. It's obvious that the difficult progress
of thereactionisowingto thelarge positive value
of activation parameters. From the temperature
concentration and solvent studies, the activation
energy (E) and therelated kinetic parameters (AG,
AS and AH*) are calculated. It's obvious that the
large positive value of activation parameters|eads
to a stiff reaction progress. The first step of
proposed mechanism was recognized as a rate-
determining step (k,) and thiswas confirmed based
on the steady-state approximation.
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