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B3LYP/6-31G* calculations were done on a series of [c]-annelated heterocyclic five-membered dienes and their
cycloaddition transition state structures and products. Cyclobutano|c]-, cyclobuteno[c]- and benzo[c]-fused five-
membered rings represent non-aromatic, antiaromatic and aromatic ring fused dienes, respectively, and their
reactivity was studied with ethylene as dienophile. In the cases of cyclobutano- and cyclobuteno-fused dienes,

the fused portion remains a mere spectator and no significant geometric variations are seen along the reaction
coordinate. In contrast, in the benzo-fused systems, the fused benzene ring witnesses significant changes in the
bond lengths along the reaction coordinate highlighting the active participation of the n-framework in the reaction.
Thus, this may be classified as an [§ + 2] cycloaddition. The benzo[c]-fused rings exhibit the lowest activation
energies followed by cyclobutano and cyclobuteno analogues, and the exothermicities decrease in the same order.

A linear relationship between the reaction exothermicity and activation energy is obtained for the systems under
consideration. The percentage bond length alternation on going from reactant to transition state, the Fukui function
indices and frontier orbital analysis, extent of charge transfer from diene to dienophile at the transition state, and
deformation energies were estimated to explain the reactivity of the dienes with ethylene.

Introduction

Pericyclic reactions represent one of the most important classes
of reaction in view of their synthetic potential and have
attracted lots of attention both at qualitative and quantitative
levels of theory.? Among them, Diels—Alder reactions are
arguably the most important synthetic strategies in accomplish-
ing novel polycyclic organic skeletons, which find applications
in various branches of chemistry.>® The long standing contro-
versy over the mechanism has been settled recently and a
consensus has emerged.” Thus, both concerted and stepwise
mechanisms are operative, but in cases of symmetrical diene—
dienophile combinations, the stepwise mechanism was found to
lie about 2-7 kcal mol™' above the concerted mechanism.'®!
However, in cases especially where substituents stabilize the
radical intermediates, the stepwise mechanism might become
more facile in comparison to the concerted one.'**

The Diels—Alder reaction between cyclic five-membered rings
and dienophiles has been an extensively studied topic both
theoretically*?' and experimentally.””®*** Several experi-
mental strategies involving benzo[b]- and benzo[c]- fused rings
have been reported.*® While benzo-annelated rings show more
facile cycloaddition reactions, we thought it would be interest-
ing to explore the cycloaddition of cyclobutano- and cyclo-
buteno-fused rings. This present study was expected to show the
dependence on the nature of the fused rings of the reactivity of
the diene and to assess how the product stability affects the
activation energy. The present study concentrates on the more
symmetrical [c]-fused rings which are expected to have a syn-
chronous concerted mechanism in cycloaddition reactions with
symmetrical dienophiles. Schleyer and coworkers reported that
benzo[c]-fused dienes are more aromatic compared to their

T Electronic supplementary information (ESI) available: figures and
tables of the principal geometric parameters of all the dienes, transition
states and products obtained at the B3LYP/6-31G* level and the
Cartesian coordinates of all the optimized structures considered in this
study. See http://www.rsc.org/suppdata/p2/b2/b205663a/

1902 J. Chem. Soc., Perkin Trans. 2, 2002, 1902-1908

[p]-fused analogues based on NICS calculations.”® The reac-
tions between various dienophiles and anthracene, which may
be considered as a benzo-annelated diene, are well known in the
literature.”?*?%?7 Benzo-fused thiophenes are known for their
applications in the pharmaceutical industry.® The Diels—Alder
strategy has been used in innovative ways to construct novel
polycyclic cages using furan and its derivatives as dienes.? Jursic
has studied the Diels—Alder reactivity of benzo[b]- and benzo-
[c]-fused thiophene, furan and pyrrole as dienes with various
dienophiles at semiempirical levels of theory.?® Manoharan
et al. have studied the Diels—Alder reactions of benzo[c]-fused
cyclopentadiene, furan and thiophene with ethylene as a dieno-
phile.?® It is extremely important to obtain good estimates of
the activation energy, reaction energy, etc. and computational
chemistry provides a very promising and economical route to
obtain these numbers and discern various effects, which ultim-
ately help in designing the appropriate diene—dienophile
combinations.

In the present study, we explore the cycloaddition reactions
of cyclobutano|c]-, cyclobuteno[c]- and benzo[c]-fused cyclo-
pentadiene, silole, pyrrole, phosphole, oxole and thiole with
ethylene by various measures. These cycloaddition reactions are
shown in Scheme 1. First, the geometries are discussed. A
detailed analysis of the frontier orbitals and Fukui function
indices at the reacting carbons of the dienes are discussed next.
This is followed by the activation energies, reaction energies,
thermochemical values and the distortion energies of the
reactant pairs on going to the transition states.

Background of the computational methods

Modeling the Diels—Alder reactions has proved to be non-
trivial and actually the inadequacies and inconsistencies of
various theoretical methods have contributed significantly to
controversy! Almost all the semiempirical methods show a
consistent high preference for a stepwise over a concerted
mechanism.'®? HF and CASSCF methods highly overestimate
the barrier heights, while the MP2 methods underestimate it.
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Fig. 1 Plot showing the important bond lengths (A) obtained in the transition states of the cycloaddition reactions of dienes (a) 1X; (b) 2X and

(c) 3X with ethylene as the dienophile.
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These results highlight the importance of including the
dynamic electron correlation and simultaneously expose the
inadequacy of MP2 formalism.'®!3*3%3! Basis sets of double-{
quality with a set of polarization functions, e.g, 6-31G*,
seem to be adequate. The hybrid density functional method,
B3LYP was found to yield results in excellent agreement
with the experimental results, especially regarding the barrier
heights.!*!:131* Among the conventional ab initio methods, one
needs to employ CCSD(T) or at least MP3 to obtain quanti-
tative results.'3*16:17

Computational details

All the dienes of planar form and ethylene were optimized at
the B3LYP/6-31G* level. Frequency calculations were also
done to characterize all the reactants. Except for 1PH, 2PH,
3PH and 2NH, all other planar dienes of C,, point group are
minima. Following the imaginary frequency for dienes 1PH,
2PH, 3PH and 2NH, the minimum energy structure for each of
these dienes was obtained. The transition states and products
for the Diels—Alder reactions of all the dienes considered were
identified and optimized within the symmetry constraints at the
same level of theory. Frequency calculations confirm the transi-
tion states and products by possessing one and zero imaginary
frequencies, respectively. The B3LYP/6-31G* single point calcu-
lations for all the diene and dienophile components at the tran-
sition states were performed to calculate the distortion energies
of dienes and dienophiles. All the calculations were done using
the GAUSSIAN 98 suite of programs.*> The normal modes of

the transitions states were seen and confirmed as the cyclo-
addition transition states by using the MOPLOT program
package.®

Results and discussion
Equilibrium geometries

The equilibrium geometries and the percentage stretching/
shortening of the important bonds at the transition states are
discussed in this section. The B3LYP/6-31G* optimized geom-
etries for dienes 1X, 2X and 3X are given in the supplementary
material. T The designation for the geometric parameters of the
transition states and products is depicted in Scheme 2. The

3X-TS/Pr

X = CH,, SiH,, NH, PH, O and S

Scheme 2

optimized geometric parameters of all the transition states and
products are given as supplementary material. In all the three
types of diene, both syn- and anti-transition states and products
were located for the PH substituted dienes. All efforts to locate
syn transition states were futile for the NH substituted dienes,
and only anti-transition states resulted. Nonetheless, both syn-
and anti-products could be located as minima on the potential
energy surfaces. The syn-transition state or product refers to
the NH or PH bond located towards the diene side, whereas in
the anti form, the NH or PH bond is placed towards the side of
the incoming dienophile. The NH or PH bond lies in the
bisector plane of the molecule in both syn- and anti-forms. The
important bond lengths obtained for the transition states of all
the three classes of diene are depicted in Fig. 1. The transition
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Table 1 The percentage stretching and shortening of the important
bonds in the transition state for the reactions of dienes 1X, 2X and 3X
with ethylene, obtained at the B3LYP/6-31G* level

%Stretching at the TS %Shortening at the TS

r2 7 r3
1CH, 28.0 24.5 49.5
1SiH, 31.5 28.9 49.0
INH* 37.2 33.5 55.6
1PH’ 27.2 (31.9) 28.1(27.0) 47.7 (50.9)
10 34.4 29.3 54.2
1S 344 31.5 51.2
2CH, 33.5 32.6 60.8
2SiH, 374 38.7 64.1
2NH* 44.6 36.7 60.9
2PH? 34.4 (36.0) 36.1 (34.4) 60.8 (61.2)
20 40.1 33.0 58.1
28 39.6 35.7 58.5
3CH, 23.7 18.1 453
3SiH, 25.0 20.3 47.8
3NH* 353 29.1 59.6
3PH* 20.0 (29.6) 21.5(21.3) 45.6 (50.0)
30 31.3 24.5 54.9
3S 333 26.1 59.6

“ Calculated for the anti form. ® The values given in parentheses are for
the anti form.

states of NH substituted dienes are the tightest in all the three
classes of diene. However, the transition states possessing CH,
substitution are the loosest in dienes 1X and 2X. The transition
state of 3SiH, is the loosest in the class of dienes 3X. The
transition states obtained for dienes 3X are looser compared to
dienes 1X and 2X. The transition states of Diels—Alder and
other pericyclic reactions are aromatic due to the existence of
cyclic m-electron delocalization.** The bond lengths 2, r3 and
r7 are involved in delocalization in the transition states of all
the three classes of diene. Fig. 1a indicates that the the transi-
tion states 1ICH,-TS, 1SiH,-TS and both syn- and anti-1PH-TS
are more aromatic in nature compared to anti-INH-TS, 10-TS
and 1S-TS. Thus, the diene with the more aromatic five-
membered ring experiences lower transition state stabilization.
Two products were obtained for the Diels—Alder reactions of
dienes 2X with ethylene and, in principle, two different transi-
tion states should be possible. Both the products (2X-Prl and
2X-Pr2) possess an antiaromatic cyclobutadiene moiety as one
of the rings. In the class of dienes 2X, the transition state
obtained corresponds to a [4 + 2] cycloaddition and results in
2X-Prl. However, the pseudoautomerization of the cyclobuta-
diene moiety results in 2X-Pr2, which is of almost equal stabil-
ity compared to 2X-Prl. Several attempts were made to obtain
the transition state directly connecting 2X and 2X-Pr2, but all
the attempts were futile and led only to 2X-TS. Related situ-
ations were observed in electron transfer and polar transition
states, which share and compete along the same reaction
coordinate. In such cases, the mechanisms were entangled and
only one transition state could be located as a stationary point
on the potential energy surface.*® In contrast to 1X and 2X
systems, the 3X system shows remarkable variations in the
bond lengths in the benzenoid ring from reactant diene to
product (see the supplementary material). This indicates that
the reactions of dienes 3X with ethylene follow [8 + 2] cyclo-
addition rather than [4 + 2] cycloaddition. The aromatic
stabilized products ie., benzo-annelated norbornene and 7-
substituted norbornene products are obtained. The percentage
stretching/shortening of the particular bond at the transition
state or product is obtained by calculating the ratio between the
change in bond length of the particular bond from the react-
ant to the transition state and the same from the reactant to
the product. Using the B3LYP/6-31G* bond lengths, the per-
centage stretching/shortening of the important bonds at the
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transition states were calculated and are presented in Table 1.
The nature of the transition state as ‘early’ or ‘late’ is predicted
using these percentage stretching/shortening values. The dienes
with X = NH, O and S form late transition states whereas
X = CH,, SiH, and PH form early transition states for the
classes of diene 1X and 3X. The transition states of dienes 2X
are late compared to the transition states of dienes 1X and 3X.
In the classes of diene 1X and 3X, the aromatic dienes form
tighter and late transition states compared to antiaromatic
dienes.

Fukui function indices and FMO analysis

Local softness is used as a reactivity parameter to study the
reactivity at any particular site of a chemical species.* The local
softness, s(r) = f(1)S, where f{7) is the Fukui function introduced
by Parr and Yang,®” and S is the global softness.

Within Koopman’s approximation, S = 1/(IP — EA), where
IP and EA are taken as the negative of the HOMO and LUMO
energies of the chemical species, respectively. Since both s(7) and
f(r) contain the same information, the local softness values are
given in this study. The local softness for any particular atom
can be measured using eqns. (1) and (2),

sk =[p Ny + 1) = pr (N)IS (1)

8k = [k (No) = pie (No — DIS @

where p(Ny), p(Ny, — 1) and p(N, + 1) are the electronic
population on the atom k for the NV,, N, — 1 and N, + 1 electron
system, respectively; these values were calculated using the
Mulliken population analysis. At the UB3LYP/6-31G* level
only the vertical states of anions and cations were considered.
The values of s and s are calculated for the reactive site (C, or
C,) for all the dienes and are given in Table 2 along with the
HOMO-LUMO and LUMO-HOMO energy gaps between the
diene and ethylene, and the extent of charge transfer from
diene to dienophile at the transition state (¢gcr). For all other
dienes except 1NH, 1S, 2NH, 2PH, 20 and 28, s; values are
higher than s} values. The dienes 1S, 2S and 3S have the lowest
softness values and are predicted to be the least reactive in their
series. Normal electron demand, Ey is the flow of electron from
diene to dienophile and from the dienophile to diene is known
as inverse electron demand, E;. In all the three types of diene,
1X-3X, the dienes with X = CH,, NH, O and S follow the
normal electron demand except for the diene 2CH,, and X =
SiH, and PH follow inverse electron demand. Except for the
three dienes 1PH, 2CH, and 3S, for all other dienes the extent
of charge transfer from diene to dienophile at the transition
state (gcrp) is in agreement with type of electron demand. The
difference between the normal and inverse electron demand for
the diene 3S is much less, i.e., 0.01 and the gcp value is 0.001 at
the B3LYP/6-31G* level, which makes the reaction of 3S with
ethylene a borderline case.

Energetics

Activation and reaction energies and thermochemical data.
The activation energy, enthalpy, entropy and Gibbs free ener-
gies of activation for the cycloaddition reactions of dienes 1X,
2X and 3X with ethylene at the B3LYP/6-31G* level are pre-
sented in Table 3. In general, the activation energies for the
reactions of dienes 3X with ethylene are lower compared to
dienes of 1X and 2X types, and the trend predicted for the
reactions of dienes 3X is analogous to those of 1X type. Lower
activation energies in the reactions of dienes 3X can be traced
directly to the product stability, where an aromatic ring is gen-
erated in the product formed. In contrast, the products formed
for dienes 2X witness the formation of an antiaromatic ring in
the product. Expectedly, the activation energies are highest in



Table 2 The frontier molecular orbital energies (Eyomo, Erumos int €V) of the dienes 1X, 2X and 3X, the FMO energy gap between the diene and
ethylene (Ey, E;, in eV), the extent of charge transfer from the diene to dienophile in the transition state (¢cr) for all the reactions, and the local
softness, s; and s values (in atomic units) for the reactive site (C, or C,) for all the dienes considered in this study are given. The values were obtained

at the B3LYP/6-31G* level

Eyomo Erumo EN¢ E; b qcr Sk Sk
1CH, —5.56 —0.26 6.07 7.00 0.044 0.5368 0.7038
1SiH, —6.06 —-1.21 6.57 6.05 —0.001 0.3837 0.7004
INH —5.38 1.17 5.89 8.43 0.111 0.5115 0.2431
1PH —-6.07 —0.93 6.59 6.33 0.000 (0.019)¢ 0.3719 0.6448
10 —=5.91 0.44 6.42 7.69 0.063 0.5863 0.7563
1S —6.19 —-0.25 6.70 7.01 0.015 0.3733 —0.0163
2CH, —6.00 —0.95 6.51 6.30 0.031 0.4464 0.4762
2SiH, —6.52 —-1.27 7.03 5.98 —0.006 0.3424 0.3866
2NH —4.90 —0.67 5.41 6.58 0.084 0.5993 0.4349
2PH —-5.83 —-1.25 6.34 6.01 —0.010 (0.006)° 0.3858 0.1884
20 —5.58 —1.08 6.09 6.18 0.040 0.6265 0.4810
2S —5.38 —1.18 5.89 6.08 —0.007 0.4080 0.0858
3CH, —4.92 —1.59 5.43 5.67 0.022 0.5997 0.8612
3SiH, —=5.25 —=2.30 5.76 4.96 -0.029 0.4727 0.8718
3NH —-4.79 —0.40 5.31 6.85 0.092 0.4963 0.8192
3PH -5.26 —-1.97 5.78 5.29 —0.019 (0.001)° 0.4242 0.7136
30 —5.25 —1.11 5.77 6.14 0.043 0.6014 0.8744
3S —=5.37 —1.36 5.88 5.89 0.001 0.3536 0.6040

“ Ex = Enomoldiene) — 0.51 eV [E; yuolethylene)]. * E; = E o (diene) — (—7.26 €V) [Egomo (ethylene)]. © The extent of charge transfer from diene to

dienophile (¢c7) at the anti transition state.

Table 3 The activation energy (AE¥), enthalpy (AH¥), entropy (AS¥)
and Gibbs free energy (AG¥) of activation for the cycloaddition reac-
tions of dienes 1X, 2X and 3X with ethylene obtained at the B3LYP/
6-31G* level. All the values are given in kcal mol™

AE* AH* AS* AGH

1CH, 19.7 20.9 —12.1 33.0
1SiH, 214 22.4 -123 34.7
1INH anti 28.3 29.3 —12.4 41.7
1PH syn 24.8 25.8 —12.5 38.3
anti 25.4 26.4 -12.6 39.0

10 233 24.1 —12.1 36.2
1S 33.2 34.0 —12.1 46.1
2CH, 35.5 36.3 -12.0 48.3
2SiH, 42.0 42.5 -12.0 54.5
2NH anti 35.0 35.9 -12.7 48.6
2PH syn 39.6 40.3 -123 52.6
anti 41.0 41.7 —12.5 54.2

20 31.6 32.3 —12.1 44.4
28 41.7 422 —12.0 54.2
3CH, 10.8 11.9 -11.9 23.8
3SiH, 9.8 10.6 -12.0 22.6
3NH anti 21.4 2.4 —12.1 34.5
3PH syn 16.4 17.2 -123 29.5
anti 15.2 16.2 —12.5 28.7

30 15.4 16.2 —12.0 28.2
3S 24.7 25.5 -12.0 37.5

this class of reaction. Hence the products of 2X are expected to
undergo retro-Diels—Alder reactions to form dienes 2X and
ethylene. Thus, in practice, while the 1X and 3X series represent
Diels—Alder reactions, for the 2X series it may be appropriate
to categorize it as retro-Diels—Alder type. At the same level
of theory, the reaction energies, reaction enthalpies, reaction
entropies and Gibbs free energies of reactions of dienes 1X, 2X
and 3X with ethylene as dienophile are given in Table 4. Due to
the presence of lone pair electrons on the heteroatoms, the
dienes INH, 1PH, 10 and 1S have the cyclic 6m-electron
delocalization, hence the five-membered rings of these dienes
are considered to be aromatic. To our knowledge the aroma-
ticity ordering for dienes 1NH, 1PH, 10 and 1S has not yet
been determined. Schleyer et al. predicted the aromaticity
ordering for the five-membered ring dienes, and the aromaticity
decreases in the following order: pyrrole > thiophene > furan >
phosphole.® The relationship between the aromaticity of the
diene and the activation barrier of Diels—Alder reactions has

been fairly well established.!*!#2%2 Thys, the feasibility of
the reaction is higher with a less aromatic diene. Due to
the aromatic nature of dienes 1INH, 1PH, 10 and 1S in the
class of dienes 1X, one may expect a similar trend in activation
and reaction energies as we obtained for the reactions of
monocyclic five-membered ring dienes with ethylene reported
in our recent study.’* Table 3 shows that the reactivity of
dienes 1X based on activation energy decreases in the follow-
ing order: 1CH,, 1SiH,, 10, 1PH, 1NH and 1S. The reaction
energy data given in Table 4 indicate that the exothermicity
for the reactions of dienes 1X with ethylene decreases in the
following order of dienes: 1CH,, 1SiH,, 1PH, 10, 1S and
INH. The reactivity ordering based on the activation energies
is not analogous but the exothermicity order is very similar to
our earlier study involving monocyclic five-membered ring
dienes with ethylene as dienophile at the B3LYP/6-31G*
level .3

Similar to dienes 1INH, 1PH, 10 and 1S, the dienes 3NH,
3PH, 30 and 3S are aromatic, where 10n-electrons are involved
in delocalization. The activation and reaction energies given in
Tables 3 and 4, respectively, show that the reactivity ordering
based on the activation energies and the exothermicity ordering
of dienes 3X is similar to that of dienes 1X except for 3SiH, and
3CH,. Here the diene 3SiH, is predicted to be more reactive and
0.5 kcal mol™' more exothermic than 3CH,. In 1X and 3X, the
dienes possessing an aromatic five-membered ring are predicted
to be less reactive and less exothermic compared to dienes con-
taining an antiaromatic five-membered ring on reaction with
ethylene as dienophile. This may be traced to the disruption of
aromaticity in the five-membered rings.

Table 3 shows that the activation energy for dienes 2X
increases in the following order: 20, 2NH, 2CH,, 2PH, 2S and
2SiH,. The reactivity of dienes 2SiH, and 2S are energetically
competitive since the diene 2SiH, requires only 0.3 kcal mol™'
more activation energy than for the diene 2S. Similar to this
situation, the diene 2CH, requires only 0.5 kcal mol™' higher
activation energy than for the diene 2NH. The reaction energies
given in Table 4 show that the endothermicity increases in
the following order of dienes for the formation of product 1
(2X-Prl): 2CH,, 20, 2PH, 2NH, 28, 2SiH,. In this order, the
diene 2NH is considered for the formation of only the anti-
product. This order is not retained in the formation of product
2 (2X-Pr2). Similar to product 1 (2X-Prl), here also the form-
ation of 2CH,-Pr2 is less endothermic and 2SiH,-Pr2 is more
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Table 4 The reaction energy (AE,), reaction enthalpy (AH,), entropy (AS,) and Gibbs free energy (AG,) of reaction for the cycloaddition reactions
of dienes 1X, 2X and 3X with ethylene obtained at the B3LYP/6-31G* level. The values given in parentheses are for the product 2 (2X-Pr2). All the

values are given in kcal mol ™!

AE, AH, AS, AG,
1CH, -232 -18.9 -132 —5.7
1SiH, ~17.1 -133 ~13.1 03
INH syn —4.0 -03 -133 13.0
anti 0.3 3.1 ~13.2 16.3
1PH syn -15.0 -11.0 -13.6 2.6
anti -16.8 -12.8 ~13.5 0.7
10 -10.8 —74 -129 5.5
18 -4.3 -12 ~129 11.7
2CH, 3.3(6.8) 6.7 (10.1) —13.0 (—12.8) 19.7 (22.9)
2SiH, 17.1(16.9) 19.8 (19.6) —12.8(~12.7) 32.6(32.3)
2NH syn 7.6 (11.2) 11.0 (14.4) —13.5(-13.3) 24.5(27.7)
anti 11.9 (16.1) 15.1(18.9) —13.6(~13.3) 28.7(32.2)
2PH syn 10.6 (7.8) 13.7 (11.0) ~13.5(-13.3) 27.2(24.3)
anti 10.3 (10.9) 13.5 (14.0) —13.4(-13.2) 26.9 (27.2)
20 4.4 (8.6) 7.5(11.4) ~13.0 (—12.6) 20.5 (24.0)
28 12.29.7) 15.3(12.7) ~13.0 (-12.7) 28.3(25.4)
3CH, -4838 —44.0 -135 -30.5
3SiH, —49.3 —45.1 ~13.5 -31.6
3NH syn -18.2 —14.4 -132 -12
anti -16.2 -125 ~13.2 0.7
3PH syn —-430 -38.6 -138 -2438
anti —437 -393 ~1338 -255
30 -298 —26.0 -13.1 -129
3S -27.1 -23.1 ~13.1 -10.0

endothermic than the others. Calculations predict that the
Diels—Alder reactions of dienes 2X type with ethylene require a
high activation energy and are highly endothermic compared to
dienes 1X and 3X.

Good linear correlation is observed between the activation
energies and reaction energies for all the dienes considered in
this study, and is shown in Fig. 2. In this plot, the activation
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Fig. 2 Plot showing the correlation of activation energy versus
reaction energy for the cycloaddition reactions of all three classes of
diene 1X-3X with ethylene as the dienophile.

energies for all the available transition states and the reaction
energies of products corresponding to the transition states are
considered. The anti-1PH-TS and anti-2PH-TS lie respectively
0.6 and 1.4 kcal mol ™' above their corresponding syn-transition
states on their respective potential energy surfaces, whereas the
diene 3PH requires 1.2 kcal mol ™" less activation energy to form
the anti-3PH-TS compared to syn-3PH-TS. The anti-products
of all the PH substituted dienes are more exothermic than
syn-products except for anti-2PH-Pr2. In contrast to the PH
substituted dienes, the reactions of NH substituted dienes with
ethylene to form anti-products are less exothermic compared to
those forming syn-products. The difference in energy between
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syn- and anti-products obtained for diene 1NH is 3.7 kcal mol ™'
and for 3NH is only 2.0 kcal mol™". In case of diene 2NH, this
difference is 4.3 and 4.9 kcal mol ™', respectively, for 2NH-Prl
and 2NH-Pr2.

The entropy of activation values given in Table 3 become less
negative or almost the same for all the dienes on going from 1X
to 2X then to 3X. There is no steady change in reaction entropy
values on going from 1X to 2X, whereas the values become
more negative on going either from 1X to 3X or from 2X to 3X
for most of the dienes, and this is clearly seen from Table 4.

Distortion energies

Calculation of the energy difference between the reactants in
the transition state geometry and their equilibrium geometries
will indicate how much both the diene and dienophile are
distorted to reach the transition state structure. The total
distortion energy is the sum of the distortion energies of the
diene and dienophile. The distortion energies of diene and
dienophile, and the total distortion energies along with the
interaction and activation energies at the B3LYP/6-31G* level
are given in Table 5. The interaction energy is obtained by sub-
tracting the total distortion energy from the activation energy.
The total distortion energy values of dienes 1X are in between
those of dienes 2X and 3X. Thus, the distortion energies
explain why the reactions of dienes 3X with ethylene require
less activation energy and the dienes 2X require very high acti-
vation energy in these three classes of diene. Table 5 shows that
the dienes and ethylene are much distorted at 2X-TS, whereas
their distortion is very much less at 3X-TS compared to the
others. The reaction in which the diene or ethylene is very much
distorted at the transition state, has a higher activation energy
compared to other reactions in all three classes. The total dis-
tortion energy and also the distortion energy of ethylene are
maximum for INH-TS, 2SiH,-TS and 3NH-TS in the dienes
1X, 2X and 3X, respectively. The highest interaction energy is
observed for the NH substituted dienes uniformly in all the
three classes of diene. Comparison of Tables 4 and 5 indicates
that, in general, the diene which has lower total distortion
energy yields a more exothermic product and vice-versa. The
total and reactant distortion energies are lower at the anti
transition state compared to syn transition state for all the PH
substituted dienes.



Table 5 The distortion energies of the dienes and ethylene, the total distortion energy, the interaction energy and the activation energy (AE¥) for
cycloaddition reactions of dienes 1X, 2X and 3X with ethylene. The values are obtained at the B3LYP/6-31G* level. All the values are given in kcal

mol ™!

Distortion energy

Interaction

Diene Ethylene Total energy AE*
1CH, 16.4 7.7 24.1 —4.4 19.7
1SiH, 16.3 10.4 26.7 —5.4 21.4
INH* 23.4 13.4 36.8 -8.5 28.3
1PH’ 20.9 (18.4) 9.509.4) 30.4 (27.9) =5.6(—2.5) 24.8 (25.4)
10 19.7 10.4 30.1 -6.8 233
1S 24.8 11.6 36.4 -3.2 33.2
2CH, 26.5 11.8 38.3 -2.8 35.5
2SiH, 28.9 16.2 45.1 -3.1 42.0
2NH* 28.3 14.5 42.8 -7.8 35.0
2PH* 29.5(29.4) 13.9(13.3) 43.4 (42.7) -3.8(-1.7) 39.6 (41.0)
20 25.6 12.1 37.7 -6.1 31.6
28 31.0 13.7 44.7 -3.0 41.7
3CH, 10.3 4.1 14.4 =35 10.9
3SiH, 8.9 49 13.8 —4.0 9.8
3NH* 19.1 10.1 29.2 -7.8 21.4
3PH"’ 15.6 (11.5) 5.2(5.5) 20.8 (17.0) —4.4(-1.8) 16.4 (15.2)
30 14.5 7.1 21.6 —6. 15.4
3S 19.3 8.1 27.4 =2.7 24.7

“ The values are given for the anti transition states. * The values given in parentheses are for the anti transition states.

Conclusions

The present study reports a computational study of the
cycloaddition reactions of [c]-annelated five-membered carbo-
and hetero-cyclic dienes with ethylene. Among the three classes
of diene, the class 3X requires lower activation energies and
the products formed are more exothermic on reaction with
ethylene as dienophile. Next, lower activation energies are
required for the reactions of dienes 1X with ethylene, and
the products formed are less exothermic compared to 3X-Pr.
The class of dienes 2X requires much higher activation
energies compared to other classes of diene, and all the reac-
tions for the formation of both the types of product, 2X-Prl
and 2X-Pr2 are more endothermic. Therefore, the current
results indicate that Diels—Alder reactions of dienes 2X with
ethylene are not viable and the products of 2X, the cyclo-
buteno-annelated norbornene and 7-heteronorbornene, are
expected to participate in retro-Diels—Alder reactions. An
examination of the geometries indicates that, while all the reac-
tions involving 1X and 2X type dienes conform to [4 + 2]
cycloaddition, those involving benzo[c]-annelated dienes may
be treated as [8 + 2] cycloadditions. Analysis of the percentage
stretching/shortening of the important bonds in the transition
state reveals that the aromatic dienes form late and tight
transition states compared to non-aromatic or antiaromatic
dienes. The transition states formed are late for the reactions of
dienes 2X with ethylene. FMO analysis predicts that the reac-
tions of dienes with X = SiH, and PH in all three classes of
diene 1X-3X are of inverse electron demand type, and all other
dienes except 2CH, follow normal electron demand. The extent
of charge transfer at the transition state (g¢r) is in agreement
with electronic demand for the reactions of most of the dienes
with ethylene. Good correlation between the activation and
reaction energies is seen for all the dienes. The diene requiring
the maximum activation energy is predicted to have either a
highly distorted diene or dienophile geometry at the transition
state. Aromatic dienes have higher distortion energies than
antiaromatic dienes in 1X and 3X, which is in agreement with
the activation and reaction energies. Among the three classes of
diene, the distortion energies are lower for 3X and higher for
dienes of type 2X. [b]-Fused heterocyclic dienes are also
important synthetic precursors for novel polycyclic frame-
works. Studies on this class of compound are currently in
progress and will be reported separately.
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