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Abstract: Herein, the chemoselectivity of the multicomponent domino Knoeve-
nagel/Diels—Alder reaction is investigated in terms of theoretical calculations.
The structures of reagents, transition states, intermediates and products are
optimized at the M062X/6-31+G(d,p) level of theory. The reaction mechanism
involves processes of bond rotation, isomerization, asymmetric cycloaddition,
acid-base and nucleophile—electrophile competitions, which are studied for the
purpose of delivering a clear information of the mechanism in terms of chemo-
selectivity considerations. Accordingly, the chemoselectivity of the reaction is
controlled by the releasing acetone during the decomposition of Meldrum acid
in the presence of methanol and L-proline (AG* = 61.45 kcal** mol™'). Com-
paring calculated results (gas and solvent phase) with the experimental ones
showed that using these reagents are the kinetical favourite path for the chemo-
selective multicomponent cascade Knoevenagel/Diels—Alder reaction to pro-
duce the predominant product (>95 %). The results suggest that the creation of
cis-spiro cyclohexanone is the predominant chemoselective product under kin-
etic control of the desired enone.

Keywords: theoretical study; cycloaddition; condensation reaction; cascade
reaction.

INTRODUCTION

Due to the expedient access to complex polycyclic products in a single
highly atom-economical step, multi-component coupling reactions (MCRS)
mainly include simultaneous reactions of three or more reagents. MCRS make an
easily achieved substituent diversity into the core structure by varying each com-
ponen‘[.L2

The improvement of the reaction efficiency, the avoidance of toxic reagents,
the reduction of waste, and the responsible use of our resources are critical con-
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cerns in modern synthetic organic chemistry.3 Consisting of several bond-form-
ing reactions, the domino or tandem reactions can solve many of these concerns.
Domino reactions take place under the established common reaction conditions
and are also involved with two or more bond-forming transformations.* Homo-
domino reactions are classified as a combination of reactions involving the same
mechanism, whereas heterodomino reactions are classified as a sequence of
reactions with different mechanisms.>

As an ultimate goal in organic chemistry, the catalytic asymmetric assembly
of simple and readily available precursor molecules, into stereochemically com-
plex products, the name of domino reactions has become known.® Furthermore,
the development of domino and other multicomponent reaction methodologies
can provide a convenient admission to produce more complex compounds from
simple starting materials.27-8 The incorporation of a Diels—Alder reaction sequ-
ence is the fundamental key to many interesting variants of these reactions.”—!!

Recently, organocatalysis has emerged as a promising synthetic tool for the
constructing of C—C and C-N bonds in aldol,!2 Michael,!3 Mannich,!4 Diels—
—Alder!5 and other reactions!® with very good chemoelectivity and stereoselec-
tivity. In these recently described reactions, structurally simple and steady state
of chiral organoamines enable iminium and enamine-based transformations with
compounds containing carbonyl group. They could be used as catalysts in oper-
ationally simple and sometimes ecologically approachable experimental pro-
cedures.

Thus far, the extensive research have described the asymmetric assembly
reactions involving aldol-aldol,!7-19 Michael-aldol,29-22 Mannich-allylation,23
Mannich-cyanation,24:25 amination-aldol2¢ and Knoevanagel-Michael27 react-
ions. Recently, two motivating domino reactions were founded on Knoeven-
agel/Diels—Alder reaction sequences. The first was the direct organocatalytic
asymmetric domino Knoevenagel/Diels—Alder reaction sequence, in order to
accomplish the diastereo- and enantio-selective construction of highly substituted
spiro [5.5]Jundecane-1,5,9-triones.28 The second was the direct organocatalytic,
hetero-domino, Knoevenagel/Diels—Alder/epimerization sequence with the int-
ention to prepare symmetric prochiral and highly substituted spiro[cyclohexane-
-1,2'-indan]-1',3',4-triones in diastereospecific mode from the commercially
existing 4-substituted 3-buten-2-ones, aldehydes and 1,3-indandione.2%

In the synthesis of natural products and in materials chemistry, spirocyclic
ketones are attractive intermediates30-31 which are ideal starting materials for the
synthesis of fenestranes, which could attend as uncommon designs for engineer-
ing of liquid crystal and chemistry science of dendrimers as well as for the build-
ing of the graphite cuttings in a saddle-like, 3D distorted core.32-33 Additionally,
the biphenyl moiety is an example of advantaged structure and this meets the
priority of research in selecting biologically relevant chemical fragments, in
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order to enhance the value of the resulting library as a source of bioactive com-
pounds.34

The preliminary results (Scheme 1) indicated that the three-component react-
ion between benzylideneacetone 1, aromatic aldehydes 2 and Meldrum acid 3
catalyzed by L-proline 4 resulted in some biologically active compounds of chiral
spirocyclic ketone scaffolds 5 with excellent chemoselectivity (>95 %).35

1 2R 3
a H
b OCH;
¢ NO,

>95%

Scheme 1. Diastereoselective three-component reaction between benzylideneacetone 1,
aromatic aldehydes 2 and Meldrum acid 3 catalyzed by L-proline 4.

The literature survey indicated that Knoevenagel/Diels—Alder has several
distinct steps including Knoevenagel condensation and Diels—Alder cyclo-
addition, in which 5-RS has been identified as a major product (Scheme S-1 in
the Supplementary material to this paper). In the most reliable representation,
Knoevenagel condensation occurs by reacting aldehyde 2 with Meldrum acid 3 in
the presence of L-proline 4 as a catalyst to form alkylidene 8. Simultaneously,
diene 7 is formed through benzylideneacetone 1 and L-proline 4 condensation.3>

Although there is much data about Knoevenagel condensation and Diels—
—Alder reaction individually, based on our survey of the literature, there are not
sufficient theoretical studies concerning interpretation of chemoselectivity of
Knoevenagel/Diels—Alder reaction. Recent increasing interest in domino Knoe-
venagel/Diels—Alder reaction, coupled with insufficient information concerning
the clarification of the chemoselectivity of this reaction, was intended to study
the chemoselectivity of domino Knoevenagel/Diels—Alder reaction. To extend
the chemeoselectivity of Knoevenagel/Diels—Alder reaction, this research was
initiated with the idea of selecting a suitable multi-component reaction that
allows the efficient generation of structurally and stereochemically complex skel-
etons, bearing functionalities, which enable the attachment of the biasing ele-
ments. In the arena of multi-component reactions, we focused on the domino pro-
cesses performance. We develop this theoretical study based on DFT calculations
on how to interpret and predict the outcome of chemoselectivity, kinetic and
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thermodynamic control of the Knoevenagel/Diels—Alder reaction in the presence
of L-proline 4, as a common chiral secondary amine catalyst.

THEORETICAL METHOD

Geometries of the structures were fully optimized with the internal 6-31+G(d,p) basis
set, and DFT (M062X) method procedures implemented in Gamess software.3¢ To choose the
method and basis set, many factors need to be considered. Among several available methods/
/basis sets we use M06-2X/6-311+G(d,p) for following reasons. M06-2X/6-311+G(d,p) level
of theory has been recommended for thermochemical data estimations including calculations
that predict the AG values for the equilibria between enamines and ketones with the accept-
able accuracy. The effect of solvent was studied by the polarizable continuum model (PCM)
approaches and using M06-2X method with energy differences below 1 kcal mol!. Usually
ordinary DFT methods (such as B3LYP) do not recognize the weak attraction between pairs
of non-polar atoms and between pairs of molecules arising from the interaction of instant-
aneous multi-poles, but modern DFT methods, such as M06-2X are known to perform much
better in the samw field.37-40

The frequency analysis were used in order to obtain the zero-point energies (ZPE), and
confirmed the transition states with only one imaginary frequency and the reagents, inter-
mediates, and products with zero imaginary frequency.*! The starting materials and products
were re-localized from the transition states by IRC calculations. Gibbs energy changes in a.u.
(Hartree) were considered to compare relative stabilities (kcal mol!). The relative energy of
transition states (8-TS, 7-TS), intermediates (8 and 7) and products (5 and 6) were calculated
by comparing their Gibbs energy change to the energy changes of relevant starting materials
(Tables I-1V). The experimental findings showed that the reaction was facilitated by using
methanol as a protic solvent. To survey the outcome of the reaction in a protic solvent, single-
-point calculations were accomplished at the same level of theory in PCM for methanol as a
solvent. Gibbs energy changes in gas phase and solvent are presented in the Supplementary
material file along with the Cartesian coordinates of optimized geometry of each structures.

RESULTS AND DISCUSSION

According to the experimental data, the domino Knoevenagel/Diels—Alder
reaction progressed with an excellent chemoselectivity mode (>95 %) (Scheme
1).35 To evaluate the results and the mechanism of the chemoselectivity, we
reported the energy profile of this reaction by the quantum calculation on
reagents, intermediates, transition states and all possible products involved in this
reaction. Among various possibilities which are available for reagents (benzyl-
ideneacetone 1, aldehyde 2, Meldrum acid 3 and L-proline 4) in order to to be in
the reaction mixture, the reaction chooses the pathway that yields chemoselective
Spirocyclic ketone 5-RS in the presence of L-proline 4. As shown in Scheme 1,
the final product could have two isomers 5-RS and 6-RS. Although, cis-spiro-cyc-
lohexanone 5-RS was the main product of this reaction based on the experimental
results. The chemoselectivity could happen through two possible steps.33:42

In this Diels—Alder reaction step cis-spiro 5-RS and 6-RS were produced
through cyclization of diene 7 and dienophile 8. Based on the obtained results,
endo-Y orientation in 9-SR-TS was a transition state, which passed through to
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produce 9-RS, and finally 5-RS and/or 6-RS. Based on the calculations, there
were not considerable differences between AG” (kcal mol~!) of these transition
states that result in 6-RS and S-RS as products (Table S-I, Supplemantary
material).#2 Thus, according to the Diels—Alder reaction, both chemoselective
products (5 and 6) were potentially capable to be produced in the reaction. Con-
sequently, the Diels—Alder step could not control the observed experimental
chemoselectivity of the reaction. In other word, it seems that this step may not be
appropriate to explain the chemoselectivity of the reaction.

Knoevenagel condensation reaction step. In this reasonable step, diene 7 and
dieneophile 8 were formed (Scheme S-1 in the Supplementary material). To
study the chemoselectivity of the reaction, the ground states of reagents and com-
ponents involved in the Knoevenagel step of domino Knoevenagel/Diels—Alder
reaction were optimized at M062X/6-31+G(d,p) level of theory in gas, the Gibbs
energy changes, and relative stabilities (AG") for components involved in the
mechanism are summarized in Table 1. The selected optimized geometries of the
most stable structure of transition states were represented in Fig. S-1.

TABLE 1. Energy of the relevant optimized transition states, intermediates, and dienophile 8
compared to Gibbs free energy of reagents in the gas phase for knoevenagel condensation

Formation of aldol 11 Formation of dienophile 8
Addition step 4 E2 mechanism E1 mechanism
No. AG / kcal mol! No.  AG*/kcal mol! No. AG / kcal mol'!
R= H OCH; NO, R= H OCH; NO, R= H OCH; NO,

10 0.00 0.00 000 11 337 6.74 -12.53 11 337  6.774 -12.53
3-TS 44.57 44.57 44.57 12-TS 62.22 59.76 57.39 14-TS1 56.05 44.43 60.00
3-enol 9.95 995 995 13-TS 56.44 67.27 53.94 14-Int 27.19 28.13 33.03
10-TS 46.82 49.18 3829 8 0.76 17.79 26.41 14-TS2 79.76 75.77 77.16
11-Int 16.46 7.68 34.78 8 0.76 17.79 26.41
11-TS 29.64 17.21 68.30

11 337 6.74 -12.53

To prepare diene 7 and dienophile 8, the reaction occured in several steps
which are discussed in details.

1. Condensation of Meldrum acid 3 with aldehyde 2 to form dienophile 8.

2. Degradation of dienophile 8 and releasing acetone 21 as a byproduct.

3. Aldol condensation of acetone 21 with aldehyde 2 to produce enone 29.

4. Condensation of enone 29 with L-proline 4 to produce diene 7.
1. Condensation of Meldrum acid 3 with aldehyde 2 to form dienophile 8

In this step, dienophile 8 was produced through the condensation reation
between Meldrum acid 3 and aldehyde 2. There was an alternative mechanism to
explain this reaction in which Meldrum acid 3 was condensed with L-proline 4 to
produce corresponding enamine in order to facilitate a condensation reaction to
aldehyde 2.43 In this study the role of L-proline 4 role was ignored in the enol-
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ization step in order to simplify the calculations, so the Scheme 2 was designed
as Knoevenagel condensation reaction, in which Meldrum acid 3 enolized to
3-enol (AG" = 9.95 kcal mol-!) via 3-TS (AG” = 44.57 kcal mol!). Intermediate
11 (AG” = 16.46 kcal mol!) was formed through 10-TS (AG* = 46.82 kcal mol-1)
as a result of 3-enol and aldehyde 2 addition reaction. The intermediate trans-
ferred an intermolecular proton (11-TS, AG* = 29.64 kcal mol1) to produce 11,
which was 3.37 kcal mol~! more stable than the starting materials. In the next
step, E1 or E2 mechanism was executed during the dehydration reaction to pro-
duce compound. E2 mechanism was performed by anti (AG* = 58.85 kcal mol-!)
or syn (AG" = 53.07 kcal mol~!) mechanism. Comparison of the AG* of these
reactions showed that the syn pathway had less activation energy compared to the
anti-mechanism. The optimized structures of 12-TS and 13-TS demonstrated that
the hydrogen bonding in 13-TS could explain more stability of the transition state
(Scheme S-2, Supplementary material, and Table I).

N N 00 o0 oo
070 o0 AN
AL 2 Ho)\/l\o HO T HO OMO -0 0
o 0 = Ho o H o ; H
o H
3 \ / 3-enol R R R R
o>(o 10-TS 11-Int 11-TS 11
R A
o > (6]
a H H
b OCH;
¢ NO,

3-TS

Scheme 2. Mechanism of Knoevenagel reaction to produce dienophile 8.

Considering the E1 mechanism, 14-Int carbocation (AG* = 27.19 kcal mol 1)
was formed through 14-TS1 (AG” = 52.68 kcal mol~1), and then it was converted
to dienophile 8 by losing proton from 14-TS2 (AG* = 52.57 kcal mol-!). Con-
sequently, E2 elimination with the syn orientation, passing through the least acti-
vation energy (53.07 kcal mol~1), was preferred for the reaction. The electron
withdrawing group (NO») stabilized aldol 11¢, while destabilized dienophile 8¢
in comparison with corresponding starting materials.

2. Degradation of dienophile 8 and releasing acetone 21 as a byproduct

Enone 29, which is considered as one of the compounds to produce isomer 6,
was formed during the condensation of acetone molecule 21 and aldehyde 2. The
required acetone could be released by a reaction between dienophile 8 and meth-
anol (the solvent in the reaction). The released acetone was made by of methanol
attacked to one of the carbonyl groups of compound 8 in order to produce inter-
mediates 15 and 16 (Scheme 3), which were 54.23 and 46.63 kcal mol! less
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stable than dienophile 8, respectively. Hemi-orthoesters 17 and 18 were yielded
through the proton transfer reaction of these intermediates (15 and 16). Next, the
last intermediates were degraded in the presence of L-proline 4 through transition
states 19 (AG" = 63.86 kcal mol~1) and 20 (AG” = 61.45 kcal mol-1) to produce
acetone 21 and corresponding salt 22 (Table II, Fig. S-1).

(j
0><0 [ - >< O0>£o 1 [ COH

o)
0‘0

|
97 on B0 A
> ! HN"co,H
o0 R o) H 2

Yo Meon 19 |- A ”35 ‘0-0
" 21
R A0><0 o % o <)>J<<Q H )
% I[(‘?%\ u Fn[/&%
. NQ H 2 (E2)
R HO,C" R
18

Scheme 3. Mechanism of acetone 21 production.

The comparison of relative energies showed that the departing of acetone 21
was the rate determining step of the degradation reaction (RDS, 20, AG* =
= 61.45 kcal mol!). The electron withdrawing NO, substituent increased AG”
relatively (19¢-TS and 20c-TS) for about 8 kcal mol~! when compared to the
relevant substituted free derivatives (Table II).

TABLE II. AG" / kcal mol! of the relevant optimized transition states, intermediates and
products compared to Gibbs energy changes of starting materials (3+2) in the gas phase for
the formation of acetone

R= R—
No. H oCH,  NO, | e H OCH, NO,

8 0.76 1779 2641 |8 076 1779 2641
15 5499 5830 5231 |16 4739 5070  44.72
17 768 1099 500 |18 1146 14.77 8.78

19-TS 7154 7409 7927 | 20-TS 7291 7360  80.79
27 476 145 744 | 22.E 909 578 1177

3. Aldol condensation of acetone 21 with aldehyde 2 to produce enone 29

In this step, additional reaction of the produced acetone and aldehyde 2 con-
ducted a reaction to form enone 29. This reaction was similar to the knoevenagel
condensation. The aldol condensation could be considered by the participating
of L-proline 4 through enamine mechanism.*3 In this survey, an intermolecular
enolization process was designed. According to our proposed mechanism, ace-
tone 21 converted to 21-enol (AG* = 12.05 kcal mol~!) passing through 21-TS
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(AG* = 56.11 kcal mol!, Scheme 4). 24-Int (AG" = 19.67 kcal mol~!) was
formed through 23-TS (AG” = 36.71 kcal mol~!) by adding 21-enol and aldehyde
2, a proton transfer (AG" = 14.30 kcal mol-!) of this zwitter-ion intermediate (24-
-TS) which led to S-hydroxy ketone 24 (AG* = 1.65 kcal mol-1). In the final step,
enon 29 was produced by a dehydration reaction, which could occurred by E2
and/or E1 mechanism (Scheme S-3, Supplementary material). Based on this
assumption, there were four possible TS structures (25-TS, 26-TS, 27-TS and 28-
-TS). For the E2 dehydration mechanism, it was necessary to consider the Pro-R
and Pro-S hydrogens to perform either syn or anti-eliminations (Scheme 4, Table
II). The lowest AG* of 48.98 kcal mol-! belonged to 26-TS in which Pro-S
hydrogen was eliminated by the syn mechanism. Also, 26-TS was in eclipsed
conformation so that the aryl and the carbonyl groups were far from each other
and hydrogen bonding in syn orientation provided a favoured TS for E2 elimin-
ation mechanism (Fig. S-1).

21-TS

)\ H._O
oy
H

NI S G
)OK - no/K : K@L K@ — 0&@ )?\Q

21 21-enol 23-TS 24-Int 24-TS

Scheme 4. Mechanism of aldol reaction to produce compound 22.

TABLE III. AG" / kcal mol™! of the relevant optimized transition states and product 29 com-
pared to Gibbs energy changes of starting materials (2+21) in the gas phase for aldol conden-
sation

Formation of aldol 24

Addition mechanism Formation of enone 29

R E2 Mechanism E1 Mechanism

No. No. R No. R
H OCH; NO, H OCH; NO, H OCH; NO,
2+21 0 0 0 |24 1.65 496 -1.18 |24 1.65 496 -1.18

2+21-TS 56.11 56.11 56.11 |25-TS 61.92 59.77 71.53 |30-TS1 53.80 35.77 80.13
2+21-enol  12.05 12.05 12.05 |26-TS 48.98 48.86 59.87|31-TS1 51.58 34.11 77.20

23-TS 48.76 5523 29.16 |27-TS 67.27 64.59 77.62|32-Int 19.67 8.54 22.69
24-Int 19.67 8.54 22.69 |28-TS 64.96 64.23 76.14 |30-TS2 57.33 45.74 27.03
24-TS 33.97 19.89 49.85|29-E 3.39 10.21 -11.38|31-TS2 54.67 44.32 22.95
24 1.65 496 -1.18 (29-Z 16.37 15.15 -6.94 |29-E 3.39 10.21 -11.38

29-Z 1637 15.15 -6.94

29-F was considered as a main product of this reaction, because it was 12.98
kcal mol~! more stable than 29-Z isomer. There were two possible transition state
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structures (30-TS1, 31-TS1), in E1 mechanism with AG” of 53.80 and 51.58 kcal
mol-!, respectively. So, the reaction chose the kinetically favourite pathway (30-
-TS1) to produce 32-Int (AG* = 19.67 kcal mol~1). In the next step, the proton
could be removed by two transition states (30-TS2, AG* = 57.33 kcal mol1) and
(31-TS2, AG" = 54.67 kcal mol~!, Fig. S-1).

In this case, the reaction went through 30-TS2 to produce enone 29-E. By
comparing AG” of the E1 and E2 mechanisms, the E2 mechanism via syn orient-
ation (AG” = 48.98 kcal mol~!) was accepted as the best pathway for dehydration
reaction. The resulted enone 29-F as the product of this step, proceeded a con-
densation reaction with L-proline 4 in the next step.

The results of calculations on the substituted reagents showed that AG* of
23-TS was declined using an electron withdrawing group (NO») on aldehyde 2
In the first step of the E1 mechanism, the electron releasing group (OCH3) facil-
itated the OH~ departure and stabilized the cationic intermediate 32-int, whereas
the NO, group showed a contradictory effect on kinetic (AG*) of this step. In the
second step of the E1 mechanism the NO; group decreased AG* of deprotonation
of transition states.

4. Condensation of enone 29 with L-proline 4 to produce diene 7

The intermediate 33 (AG* = 41.24 kcal mol~!) was produced through the
addition reaction between L-proline 4 and enone 1 and/or 29 (which was pro-
duced in previous step), this intermediate transferred a proton via 34-TS (AG" =
= 13.11 kcal mol1) to yield hemiaminal 35 (AG* = 37.79 kcal mol~!) and was
dehydrated by passing through an anti-oriented transition state 36-TS (AG" =
= 17.77 kcal mol!) to produce diene 7. Among the different geometrical isomers
and rotamers of 7, the trans-s-cis 7 was the most stable isomer (AG” = 6.62 kcal
mol~!) and performed the Diels—Alder reaction with dienophile 8. In terms of the
effects of substitutes, the calculations demonstrated that all components bearing
of NO, group, as an electron withdrawing group involved in this step, became
more stable in comparison with the unsubstituted isomers (Scheme 5, Table 1V).

R’

R 002
N H
-
CH ; CH
N+\ * K + s HO——cH,

N
COZH " “CO,H Q “1COLH “CO,

1or29 33 34-TS 35 36-TS 7

Scheme 5. Mechanism of producing diene 7.
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TABLE IV. AG* / kcal mol'! of the relevant optimized transition states, intermediates and
diene 7 compared to Gibbs energy changes of starting materials (29+4) in the gas phase

R No.

29+4 33 34-TS 35 36-TS 7
H 0 41.24 54.35 37.79 55.56 6.62
OCH; 0 4381 58.54 41.65 59.99 1.75
NO, 0 28.13 39.6 25.96 41.10 3.00

The optimized structure of 13-TS showed that, leaving H" and OH~ groups
were co-planar, and this dehydration step could be considered as a concerted
reaction, but breaking of the C—H bond was more progressive (2.18 A) than that
of the C—O departing bond (1.65 A). In 30-TS2, the departing proton was located
at 2.41 A from the carbon atom and the conjugated system was almost planar,
which made this transition state more stable. In 36-TS, the C—H and C-O bonds
were broken almost at the same extend, so the TS could be considered as a nor-
mal E2 transition state. On the other hand, of the formation of the O-H bond
(2.32 A) facilitated the dehydration of the molecule (Fig. S-1). Comparison of the
calculations showed that the formation of product 6 required extra steps to com-
plete the reaction. These steps, which led to diene 7, included the acetone releas-
ing step which could be considered as the rate determining step of the Knoeven-
agel reaction (AG" = 61.45 kcal mol!). In other words, this step caused a delay
in the reaction to produce isomer 6. To conclude, compound 5 as a chemoselec-
tive product was a product of the direct Diels—Alder reaction of ready to go avail-
able enone 1 with dienophile 8.

Experimental findings showed that the reaction was promoted by the use of
methanol as a protic solvent. Methanol as a protic solvent enhanced the react-
ion.35 To survey the effect of protic solvent on kinetics of the reaction, the
single-point calculations were conducted at the same level of theory in the polar-
izable continuum model (PCM) solvent utilizing methanol. The trend of the
results in methanol was in agreement with the gas phase, all components inv-
olved in the mechanism were more stable in methanol in comparison to the gas
phase. According to the calculations, Gibbs energies changes were decreased for
4-6 kcal mol-! for the reagents and the products, 6-10 and 6-11 kcal mol-! for
the transition states and the intermediates, respectively, in the presence of meth-
anol. Considering the polar solvent and polar character of transition states espe-
cially for the E1 mechanism, the product 8 proceeds via a polar transition state.
The protic polar solvent (methanol) stabilized ionic intermediates 14-Int and
32-Int more than other reagents and transition states, and consequently declined
the activation energy of the elimination step. As a consequence, activation energy
of 14-Int and 32-Int have been decreased to 50.24 and 35.93 kcal mol~!, respect-
ively. The solvent effect is more considerable for reagents, transition states and
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intermediates in Knoevenagel part of reaction, in comparison to Diels—Alder step
for all substituents.

CONCLUSION

In summary, DFT calculations, especially in terms of chemoselectivity, pro-
vided a geometrical image of components involved in the Knoevanagel step in
the multicomponent domino Knoevenagel/Diels—Alder reaction. The comparison
of the calculated results with the experimental ones showed that using the active
reagents has been kinetically the favourite pathway for the chemoselective multi-
component domino Knoevenagel/Diels—Alder reaction to produce 5-RS as the
predominant product (>95 %). Conversely, the reaction needed extra steps to
produce the isomer 6. These extra steps included the acetone releasing process,
which was the rate determining step of the Knoevenagel reaction (AG* = 61.45
kcal mol-1). Consequently, this difficult step caused a delay in the reaction to
produce the product 6. The solvent effect studies showed that methanol, as a
polar protic solvent, declined the activation energy (AG"), and promoted the
reaction. In addition, the electron withdrawing group (NO;) could accelerate the
reaction to occur more convenient. It is worth noting that using the substituted
enone 1 and adding acetone to the mixture of the reaction could affect the chemo-
selectivity of the reaction and still be a subject for future to research. This theor-
etical prediction may provide insights for researchers who are interested to
design novel chemoselective products for the multicomponent domino Knoeven-
agel/Diels—Alder reactions considering desired substituents.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10333, or from the corres-
ponding author on request.

U3BOJ
MMPOIEHA XEMOCEJIEKTUBHOCTH KOJJ MYJITUKOMITIOHETHE IOMHWHO
KNOEVENAGEL/DIELS-ALDER PEAKIIUJE. DFT CTYOUJA

MINA ATTARBASHI, NADER ZABARJAD SHIRAZ U MARJANEH SAMADIZADEH
Department of Chemistry, Central Tehran Branch, Islamic Azad University, Tehran, Iran

OBge je myTeM TEOPHjCKUX MpPOILleHa UCTpaKMBaHa MYJITUKOMIIOHEHTHA AOMHHO Knoe-
venagel/Diels—Alder peaknuja. CTpyKType peareHaca, Npela3HHX CTawkba ¥ ITPOM3BOJA ONTU-
mu3oBaHe cy Ha M062X/6-31+G(d,p) HHBOY Teopuje. MexaHH3aM peakluje YK/byuyje mpo-
niece poTaluje Bese, H30MepHUpalyjy, aCUMETPUUHY LUKI0aduLMjy, Te KUCEIUHCKO—DasHa U
HyK1eoduIHo—eneKkTpodrIHa HafiMeTama, Koja Cy mpoy4daBaHa jia ou ce njoduna jacHa cimuka
MexaHHM3Ma y NorJiefly pasMaTpama XeMoCeIeKTUBHOCTH. Ha oCHOBY Tora, XeMOCEIeKTUBHOCT
peaxnyje je KOHTPOJIKCAHA OTMYIITalkeM alleTOHA NP pasnaraky Meldrum kucenvne y mpu-
CyCTBY MeTaHoJa U l-mponuHa (AG” = 61,45 kcal/mol). [Topehewe uzpauyHaTUX pesyiTara ca
€KCIIEpUMEHTATHUM MoKasyje ha je kopuirheme OBUX peareHaca KMHETMYKH (haBOPHU30BaH
OyT 33 XeMOCENEeKTUBHY MYJTHKOMIIOHEHTHY KackagHy Knoevenagel/Diels—Alder peaxuujy

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



1 064 ATTARBASHI, SHIRAZ and SAMADIZADEH

K0joM ce nobuja riaBHHU Mpou3Bog (>95 %). PesynraTu moxasyjy zia je cis-Clupo-LUKIoxXeKca-
HOHA TIPEOMHUHAHTAH XeMOCEIEKTHBHU ITPOM3BOJ, MOJ KMHETHYKOM KOHTPOJIOM >KEJbeHOT
€HOHa.
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