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Abstract

Computational study at different levels of quantum calculations (AM1, PM3 and ab initio
(HF/3-21G)) where preformed on the inverse-demand synchronous concerted Diels-Alder reactions
between dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate as a diene and a variety of dienophiles (ethylene,
cyclopentadiene, 1-hexene, cyclohexene). All the molecular structures (reactants, transition states,
intermediates and adducts) were optimized by AM1 method. The calculated energies and volumes
showed that the cycloaddition systems followed a mechanism by formation an intermediate and
proceed to gect N, molecule and ended by 1,2-hydrogen shift adduct. The prediction of the reaction
energies of modeling of the cycloaddition reactions under-study by semiempirical AM1 method
showed a good agreement with the experimental data comparing with PM3 and HF/3-21G. wheress,
the prediction of activation energies by (AM1, PM3 and ab initio (HF/3-21G)) showed overestimated

values comparing with experimental data.

Introduction

The Diels-Alder reaction is one of the most
useful system for organic synthesis to obtain six-
membered heterocycles and has attracted
much interest both experimentally™? and
theoretically**. The semi-empirica levels were
performed on model intra- and inter-molecular
Diels-Alder systems, which showed good
agreements in the modeling the cycloaddition
reactions’.

In particular, the well defined participation
of 1,2,45tetrazines in [4+2] cycloadditions
serve as useful intermediates for the preparation
of a variety of ring systems natura products °’.
The methodology is based on an inverse electron
demand Diels-Alder reaction of an electron-
deficient 1,2,4,5-tetrazine as dienes with an
electron-rich dienophile to form a 1,2-diazine
and followed by a 1,3-hydrogen shift®.

In this paper, we report theoretical study of
mechanism on four inverse-demand Diels-Alder
reactions using the inexpensive semi-empirical
method at the restricted HartreeFock (RHF)
formalism. The general mechanism reaction
(Schemel) begins with a [4+2]-cycloaddition of
dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate as
diene to different dienophiles (ethylene,

cyclopentadiene, 1-hexene, cyclohexene). In
both suggesting cases of path way A and path
way B mechanisms, the addition is followed by
elimination of the nitrogen molecule from the
resulting intermediate, leading to the formation
of (substituted) dihydropyridazine.

Computational methods

Present systems in this work avoided to
optimize a the ab initio level because it is
exceedingly expensive. However, semi-
empirical methods have progressed over the past
few years to a surprising level of accuracy and
reliability, considering the limitations of the
underlying approximations”. Even simple
calculations at moderate levels of theory such as
semiempirical procedures  give  useful
information on the molecular mechanism for
different chemical reactions. AM1
Hamiltonian®® as implemented in the program
package HyperChem version 7.1 [Hypercube
Inc. Gainsville FL.]. Initial molecular using
geometries of al structures were optimized with
the AM1 semi-empiricd method without
congtraint in the final run of the calculation.
Vibrational frequencies were then computed to
characterize each dtationary structure as a



minimum or transition states (TS), via the
number of imaginary frequencies (zero for
minima and one for saddle points, respectively).
The total energies (Ew) Were estimated from
AM1 and PM3"? and single point calculations
on the HF/3-21G models™® a optimized
geometries (with AM1) in order to minimize
computational cost. To estimate activation
energies the conventional transition state theory
has been accepted and that based on the
adiabatic potential energy surfaces rather than
on free energy surfaces. Initiad TSs for the
rearrangements were obtained by constrained
optimizations in which the corresponding
forming or breaking bond was systematically
varied while al other geometrical variables were
fully optimized. These guess structures were
subsequently refined to TS by full optimizations.
All results reported in this work refer to such
completely verified reactant—T S—product triples.
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Unless noted, AM1 energies (zero point energies
constraining geometries were not included) are
used for discussion throughout the text. Findly,
all calculations in this investigation, were
performed in the gas phase.

Program package HyperChem version 7.1
has option to use the quantitative structure-
activity relationships (QSAR) which are
attempts to correlate molecular structure', using
the atomic radii of Gavezotti*®. This calculation
Is used to calculate the Van der Waals-surface-
bounded molecular volume (Vi, A% for some
present molecular structures and by multiplying
(Vi) with Avogadro's number (Na, mol™) to get
the volume occupied by a molecule which is
called van der Waals volume (V,, cm®ml™) 4,

All the reactions consider in this study are
assumed to follow essentially a synchronous and
concerted mechanism because the symmetry of
diene and dienophiles (dlightly difference in
molecular orbital coefficients for 1-hexene).
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a-1: ethylene; a-2: cyclopentadiene; a-3: 1-hexene; a-4: cyclohexene

Scheme (1) : Four inverse-demand Diels-Alder reactions of dimethyl 1,2,4,5-tetrazine-3,6-
dicarboxilate as diene with different dienophiles (ethylene, cyclopentadiene, 1-hexene, cyclohexene)
and the Diels-Alder reactions proceed with path way A and path way B mechanisms.
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Results and discussion

We have studied firstly the structures of
ethylene (a-1), cyclopentadiene (a-2), 1-hexene
(a-3), cyclohexene (a-4) as dienophiles and
dimethyl  1,2,4,5-tetrazine-3,6-dicarboxilate(1)
as a diene, as shown in Fig.(1). Planar
conformations have been located for (a-1), (a-2)
and (1) except (a-3) and (a-4).

Generally, mechanism route of Diels-Alder
reaction proceeds by approach reactants (diene
[Cs,Ce] and dienophile [C4,Cy]) with each other
by a way that makes the planes of each reactant
are canted for easy overlap of p-electrons to
form new bonds ™.

(13 o
Fig.(1): AM1 optimized geometries of ethylene
(a-1), cyclopentadiene (a-2), 1-hexene (a-3),
cyclohexene (a-4) and dimethyl 1,2,4,5-
tetrazine-3,6-dicarboxilate (1). Bond lengths
aregivenin A.

The calculated total energies (Eioa) Of
reactants and products, and the frontier orbital
energies are gathered in Table 1. A norma
Diels-Alder reaction involves an electron-rich
diene or analogue and an electron-poor
dienophile, but in the systems under study, the
calculated frontier orbital energies (Table 1) for
HOMO (highest occupied molecular orbital)-
LUMO (unoccupied molecular orbital) pair of
each reactants (energy gap (DE1, DE2)) show
that both the cycloaddition of Diels-Alder
reaction between (1) and (a-1 to a-4) exhibit
inverse electron demand. The low values of DE2
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in Table (1) are confirming this fact. This means
that if (1) behaves as a diene reagent in Diels—
Alder cycloaddition, the reaction will be favored
when the dienophile is electron-rich. And aso
The AM1 calculated polarization of the relevant
frontier orbitals of dimethyl 1,2,4,5-tetrazine-
3,6-dicarboxilate shows a higher contour value
a C; and a Cg in LUMO orbital than that in
HOMO orbital (see Figure 2). This polarization
explains the inverse Diels-Alder reaction of this
compound (1).

'f ?1 L -
(@) (b)
Fig.(2): AM1 calculated polarization of

HOMO (a) and LUMO (b) orbitals of dimethyl
1,2,4 5-tetrazine-3,6-dicarboxil ate.

Table (1)

Calculated the total energies (Eiota) Of
reactants and products. Frontier orbital
energies of the HOMO and LUMO of the
reactants (with AM1 method).

Compoutds  Fupy HOMO LUMO AR eV ARV
1 -A21998 114256 -25164

a-1 SF1573 0 -105316 14378 1248 .04
a-2 -l6637T7  -9078s 04816 1151 .56
a3 -215346 -989254 13686 1279 741
a4 -20901.5 -9.4006 13273 1775 6.97

Ina-1(path B) -75377.1
Ina-Z(path B) 2485245
Ina-3(path B) 297453
Ina-4(path B) -20107.4

FPal -65874.1
Pa-Z -F53318
Faz -E0244.0
Pa-4 -FRansl
Pal11 -65876.1
Pail -F53503
FaZzl -80245 6
FPa-4l -Tea10.4
. 95503
aDE].: HOM Odi ene-l_ UM Odi enophile - bDE2: LUM Odi ene™
HOM Odi enophole

According to Scheme 1, adducts ( Pa-1 to
Pa-4)could be obtained from (1) with different
dienophiles (a1 to a4) via two different
possible mechanisms. The mechanism (A)
involves one step synchronous cycloaddition
Diels-Alder reaction or synchronous



cycloaddition mechanism (B) proceeds through
intermediate (Ina-1when (a-1) is dienophile). A
guestion can be posed; does the reaction in
Scheme 1 proceed via mechanism of path (A) or
path (B)?. We attempt to answer this question by
a theoretical anaysis using a semi-empirical
approach.

1. Cycloaddition via path (A)

In principle, the carbon-carbon double bonds
of dienophiles (a-1 to a-4) can add to diene (1)
in a proper conformation for the cycloaddition
reaction. Simultaneoudly, there are C-C bonds
formation and C-N breaking (this step is
determining of the reaction rate). In other words,
the addition of akene and eimination of N
molecules take place in the same time
(see scheme 1). Fig.(3) and Table (2) are
depicted the important optimized geometries
parameters of the transition state (TS) and
values for path A between diene (1) and
dienophiles (a-1 to a-4). The synchronous
saddle points are characterized as true transition
states, possessing one imaginary frequency, by
frequency calculationsin all cases.

In Fig. (3), we show four transition states for
the cycloaddition reactions (TSAa-1to TSAa-4)
from different approaching dienophiles with
bresking C-N bonds to leave as Ny,
synchronously.
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Fig. (3): Optimized geometries for four
transition states of path A with AM1 method.
Hydrogen bonds omitted for clarity.

The distances r1l and r2 in Tables (2) refers
to the two single bonds being formed
synchronously. The parameter a, defined as
a=(rl-r2)/(rl + r2), represents the degree of
asynchronicity] 16]. The greater the value of a,
the less the transition state is synchronous.
Because the Diels-Alder reaction needs a good
synchronization, the a vaue is then an
important index. The synchronicity of these
transition states (TSAa-1 to TSAa-4) are very
high (a isavery weak value).

Table (2)

Parametersfor different transition states of Diels-Alder reaction between (1) and a-1 to a-4,
computed with the AM 1 method.

TS = = V7N 27N 7N . N

TSAa-1(path A) -75288.5

TSAa-2(path A) -84765.1

TSAa-3(path A) -89656.5

TSAa-4(path A) -89021.4

TSBa-1(path B) -75338.7

-84814.9

TSBa-2(path B)

-89709.9

TSBa-3(path B)

-89071.5

TSBa-4(path B)

-75357.1

TSBa-11(path B)

-84833.3

TSBa-21(path B)

-89724.6

TSBa-31(path B)

-89087.6

% a : degree of asynchronicity defined as (r2 - r1)/(r2 + rl).
® total energy and energy of activation in/kcal mol ™ [Ea= (Etota)7s - S{( Etotar)i}reagents] -
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2. Cycloaddition via path (B)

In principle, the C=C bond of dienophiles
(a-1 to a-4) can add to diene (1) in a proper
conformation for the cycloaddition reaction.
There are C-C bonds formation between a diene
and a dienophile (this step is determining of the
reaction rate). But the eimination of
N2> molecule takes place in second step (see
Scheme (1). Fig. (4) and Table (2) are depicted
the important optimized geometries parameters
of the transition state and values for path B
between diene (1) and dienophiles (a-1 to a-4).
The synchronous saddle points are characterized
as true transition states, possessing one
imaginary frequency, by frequency calculations
in all cases. In Fig. (4), we show four transition
states for the cycloaddition reactions (T SBa-1 to
TSBa-4) from different approaching dienophiles
that takes place synchronously. The distances rl
and r2 in Tables (2) refers to the two single
bonds being formed synchronously. The
synchronicity of these transition states (T SBa-1
to TSBa-4) are very high (a is a very weak
value).

If we compare the activation energies of path
A and path B by taking a sight to Table (2) , its
clear that the activation energies of transitions
states (TSBa-1 to TSBa-4) are less by more
than two times than the activation energies of
transitions states (TSAa-1 to TSAa-4) and aso
the all values of van der Waals volumes(V,,) of
(TSBa-1 to TSBa-4) are less than (TSAa-1 to
TSAa-4) (see Table (3)). The caculated
activation volumes (D V) for path A and path B
in Table 3 were shown the transitions states
(TSBa-1 to TSBa-4) of path B more compact
than transitions states (T SAa-1to TSAa-4). The
experimental data confirmed our anticipation for
path B [17]. Therefore, the path B is favor to
proceed for this kind of Diels-Alder reactions.
Fig.(5) is shown energy profile for the
cycloaddition reaction of (a-1) and (1) to depict
the comparison between the stability of
transition state of path A and path B.
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Fig. (4): Optimized geometries for four
transition states of path B with AM1 method.
Hydrogen bonds omitted for clarity.

Table (3)
Thevan der Waals volumes (V,,) of reagent
and transition states of path A and path B and
calculated volume of activation (DV*).

molecules . AP*E
e ol cm mol
1 1535
a-1 409
a-2 Ta.d
a-3 1086
a-4 QR
T3&al(pathd) 1893 5.1
T3&aIpathdy 2247 EY
TSAaIpathd) 2366 6.0
TS&adpathsy 2454 5.0
T3EE a-1(path H) 12a.0 -8.4
TEBa-2path E) 2217 -f. 2
T3EE a-3path H) 2533 -B.8
T=B a-dpath E) 2421 -B.3
Vu [by (QSAR)].

bDV#:(VW 75-Si{ ( Viw )i} reagents



TSAa-1( pathA)

DEa= 48.9Kcalmol -1
Etotal !
/ TSBa-1( pathB)

Ea=18.4 Kcalmol -1

Reaction coordinate

Fig. (5) : Energy profile for the cycloaddition
reaction of ethylene and dimethyl 1,2,4,5-
tetrazine-3,6-dicarboxilate to depict the
comparison between the stability of transition
state of path A and path B.

3. Cycloaddition of path (B) by AM1 and other
methods of quantum calculation
We fixed that the process of path B proceeds

for the systems under study, and the profile
energy of path B (data from Tables (1 and 2))
could be depicted in Fig. (6) which shows two
steps of cycloaddition reaction of 1-hexene and
dimethyl 1, 2, 4, 5-tetrazine-3, 6-dicarboxilate,
as example. All other dienophiles (cyclopean-
tadiene, ethylene and cyclohexene) with
dimethyl 1, 2, 4, 5-tetrazine-3, 6-dicarboxilate
fellow the same way of the energy profile. All
geometries of structures of all steps of path B
were optimized starting from the reactants to the
finial adducts (see Figs. 1, 4, 7-10). In Fig. (7),
it's shown the optimized geometries for four
intermediates Ina-1 to Ina-4 of concerted
cycloaddition reaction of second step of path B
using AM1 method. These intermediates are
relatively stable (exothermic step) comparing
with the reactants (see the values of DE;,1 in
Table (4)). In Fig.(8), it's shown optimized
geometries for four transition states TSBa-11 to
TSBa-21 of path B (this step is not determining
of the reaction rate ) using AM1 method (The
synchronous saddle points are characterized as
true transition states, possessing one imaginary
frequency, by frequency calculations in all
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cases). Since these transition states including
elimination of nitrogen molecule, therefore, the
values of activation energies (Ea2) have
approximately the same values (see Table (4)).
And also there is a lower synchronous in the
giection step of nitrogen molecule in this step,
because the difference in values of r3 and r4
(see Table (2)).

Etotal /! J

Reaction coordinate

Fig. (6) : Energy profilein kcal mol™ for the
cycloaddition reaction of 1-hexene and
dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate for
path B.( data of Tables 1,2, AM1 method).

f:éé%{o

Ina-3 Ina-4
Fig.(7) : Optimized geometries for four
intermediates of path B with AM1 method.
Hydrogen bonds omitted for clarity.
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TSBa-31 TSBa-41

Fig. (8) : Optimized geometries for four
transition states of second step of path B with
AM1 method. Hydrogen bonds omitted for

clarity.
b ad Y o
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Fig. (9) : Optimized geometriesfor four
adducts with AM1 method.

Fig. (9) is shown the optimized geometries
for four adducts Pa-1 to Pa-4 (1,2-diazines)
with AM1 method. These adducts (Pa-1 to Pa-4)
have high stability (exothermic step) than
reactants (see Fig (6)), but 1,2-diazines are
followed by a 1,3-hydrogen shift ® to obtained
the final adducts Pa-11 to Pa-41 as show in
Fig. (10). The relative stability of final adducts
to 1,2-diazines are depicted in Table (4).

We want to extend our quantum calculations
with other levels of calculation to make
comparison for how much the selected method
of caculation (AM1) can correlated with the
others (quantum calculations and experimental
data'"*® from standpoints of energies.
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Fig. (10) : Optimized geometriesfor four final
adducts with AM 1 method.

Therefore, al the total energy of structures
in path B were recalculated by using PM3 level
(see Table(5)) and repeating that calculations by
using single point calculations on the HF/3-21G
level on optimized geometries obtained at
semiempirical AM1 level (see Table(6)). In
Table 4 we calculated the activation energies
and reaction energies of different steps of path B
by using AM1 (the same way, as shown in
Fig.(6)). The caculations showed that the
present cycloaddition systems have high
activation energy and high exothermicity.
Fig.(10) is shown comparison of experimental
data of enthalpy of reaction of the concerted
Diels-Alder reactions of ethylene,
cyclopentadiene, 1-hexene and cyclohexene
with dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate
with different levels of quantum calculations.
The experimenta data was obtained from
literatures to show reliability of use the low cost
of quantum caculations to apply for the
concerned Diels-Alder reactions. In Fig.(10), it's
clear that the AM1 level shows a good
correlation with the experimental data than with
the other levels (PM3, HF/3-21G), this
correlation was confirmed by Narahari e et *°
and showed that low cost semiempirical
caculations  (AM1,PM3) were  better
performance in modeling of the Diels-Alder
reactions in large systems with the ab initio and
density functional theory (DFT) calculations are
prohibitively expensive. From another side,
unfortunately, we found that the values of
calculated activation energy of the determining
step of the rate of path B between diene (1) and



1-hexene by using AM1, PM3 and HF/3-21G
are 245, 37.9, 23.6 kca mol™, respectively

(see Tables (3-5)). And these values are
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overestimated comparing with the experimental
value of the activation energy which is 8.6
kcal mol™ (in Dioxane) for the same reaction *'.

Table (4)
Calculated total energy in kcal mol™of reactants, transition states and products of path B, computed with the
AM1 method. Enthalpy of reaction (DE,,)and activation energy(Ea) as depicted in Fig. (6).

C omponads Fom AR 1 AR_2 AE._..(tUtal)" Fnl Bz Expetim etital
Data (AR, 0"

1 HELIFDE

a-1 S71593 6593 B8

a2 -1EE3TT 588 A0.3

a3 215346 615 H79

a- -20901.5 -55.4 451

Ina-1 -153701 -200

Ina-2 BARSDE -151

Ina-3 B9745.5 -111

Ina-<l -E0107.4 -6.1

Pa-1 HIET41 -4713

Pa-2 S153318 -295

Fa-3 202440 -48 8

Pa-4 -19605.1 -481

Fa-11 H3876.1 -20*

Pa-21 S153503 -l40"

Fa-31 E02456 -15*

Pa-41 -19610.4 -52°

I, 05503

T5Ba-1 S1533E7T 12.4

TSBa-2 BAR149 226

TSBa-3 E9709.9 245

TSBa-4 BR07LS 208

TSBa-11 S15357.1 200

TSBa-21 BB333 193

TSBa-31 BPT244 209

TSBa-41 EO0ETA 192

3DE,,3 (see Fig. 6). "DE(total) =DE1 + DE,2 + DE;3. “seeref. [17,18], enthalpies of reaction of experimental data in kcal mol™

Table (5)
Calculated total energy in kcal mol™of reactants, transition states and products of path B, computed with the
PM3 method. Enthalpy of reaction (DE,,) and activation energy(Ea) as depicted in Fig.(6)

Corpourds Em AFL1 AF D AR [otal ) Eal Eal
1 -60513.4

a1 -BEADE Hd6

a-2 -15769 8 S10z2

a-3 - 20666 .77 -1l

a4 -19955.7 B35

Ina-1 -67407.9 -322

Ina-2 -TEE00.5 313

Ina-3 -81198.1 379

Ina-4 -80479.7 -4 1

Fa-1 -S9E8583 -B2

Pa-2 -BEE3E.1 -15.4

Pa-3 -I3150.7 -30.4

Pa-4 -IA0231 -31.0

Pa-11 -S9A25 -4

Pa-21 -BEE55 .6 -175

Pa-31 -13154.0 EEt

Pa-41 S1E0415 -g4"

. SMTE

T5Ba-1 -67351.0 322

T5Ba-d -TE245 9 373

TSBa-2 -81142.2 319

T5Ba-4 -80425.0 441

T5Ba-11 -6T372.4 355
T5Ba-21 - TE266 .0 34.5
TSBa-31 -51153.4 387
T5Ba-41 -80443 .6 36.4

*DE,,3 (see Fig. 6). "DEn(total) =DE;p1 + DEn2 + DEn3
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Table (6)

Calculated total energy in kcal mol™of reactants, transition states and products of path B, computed with the
single point calculations on the HF/3-21G //AM 1. Enthalpy of reaction(DE,,)and activation energy(Ea) as

depictedin Fig. (6).

Corapounds Fenl AR AFE D AR total)® Fal Fal

1 -HE604.5

a-l 26941 -103.0

al -120301.2 1078

ad -146126.4 1118

a4 -145405.7 064

Ina-1 -5153309 323

Ina-2 SGEEDENE 341

Ina-= B12763.5 326

Ina-4 6120401 300

Pa-1 ~A7A00.8 ey

Pa-2 -519010.9 300

Pa-3 S544243 6 390

Pa-4 -544124.7 435

Pa-11 47441 .0 -2

Pa-21 -519045.4 327

Pa-31 SSARATIE 3450

Pa-41 -34147 8 229

M, £T0580

T5Ba-1 -515274.2 24.4

TSBa-2 -SEEEEG.4 195

TSBa-= 6127073 6

TS Ba-4 6119839 2.5

TSBa-11 -5153111 198

TSBa-21 -52A022.3 175

TSBa-31 -612730.0 235

TS Ba-41 6120220 181
DE.3 (see Fig. 6). "DE,y(total) =DE1 + DE,2 + DE;3

Conclusions
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Fig. (11):Comparison of experimental data of
enthalpies of reaction of the concerted
Diels-Alder reactions of ethylene (a-1),
cyclopentadiene (a-2), 1-hexene (a-3),

cyclohexene (a-4) and dimethyl 1,2,4,5-

tetrazine-3,6-dicarboxilate (1) with different
levels of quantum calculations.

The present paper reports theoretical study
on the inverse-demand synchronous concerted
Diels-Alder reactions between dimethyl 1,2,4,5-
tetrazine-3,6-dicarboxylate as diene and a
variety of dienophiles (ethylene,
cyclopentadiene, 1-hexene, cyclohexene) at
different levels of quantum calculations (AM1,
PM3 and ab initio (HF/3-21G)). The calculated
activation energies and volumes a¢ AM1 level
showed that the cycloaddition systems followed
a mechanism by formation an intermediate as a
first step and proceed to gect N, molecule at
second step and ended by 1, 2-hydrogen shift
adduct. The present cycloaddition reactions
show higher activation energies and higher
exothermicities. The prediction of the reaction
energies of modeling of the present
cycloaddition reactions by semiempirica AM1
method showed a good agreement with the
experimental data comparing with PM3 and
HF/3-21G. Whereas, the prediction of activation



energies by (AM1, PM3 and ab initio (HF/3-
21G)) showed overestimated values comparing
with experimental data. However, the present
study exposes the limitations of the
semiempirical methodologies in modeling the
Diels-Alder reactions. In contrast, the HF
method overestimates the activation and reaction
energies.
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