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A systematic investigation on the cycloreversion reaction of the cycloadduct formed between
substituted cyclopentadiene and p-benzoquinone (1-19) is reported at the B3LYP/6-311+G**//
B3LYP/6-31G* level of theory. The computed activation barrier exhibits a fairly high sensitivity to the
nature of substituents at the C,-position. Gibbs free energy of activation for 1 and 19 are found to be
20.3 and 30.1 kcal mol™!, respectively, compared to 7, which is estimated to be 24.7 kcal mol~!.
Quantitative analysis of the electronic effects operating in both the cycloadduct as well as the
corresponding transition state for the retro Diels—Alder (rDA) reaction performed using the natural
bond orbital (NBO) and atoms in molecule (AIM) methods have identified important two-electron
stabilizing interactions. Among four major delocalizations, 6(C,—X) to 6*(C,—Cs) [and to 6*(C,—Cq)] is
identified as the key contributing factor responsible for ground state C,—Cs bond elongation, which in
turn is found to be crucial in promoting the rDA reaction. A good correlation between the population
of antibonding orbital [c*(C,—C;)] of the ground state cycloadduct and Gibbs free energy of activation
is observed. The importance of factors that modulate ground state structural features in controlling the

energetics of rDA reaction is described.

Introduction

The retro Diels—Alder reaction (rDA) is an important class
of pericyclic reaction, which gained considerable attention over
the years both from experimental as well as theoretical groups. The
earliest reports on the reverse of the Diels—Alder reaction date back
to its very discovery, where the cycloadduct formed between furan
and maleic anhydride was found to undergo dissociation near
its melting point.! While rDA reactions are often reported as an
issue under elevated temperatures, a more programmed approach
was able to exploit the potential of this reaction. Numerous
examples have been reported on the practical utility of rDA
reactions as a ring opening strategy in the total synthesis of many
natural products as well as heterocyclic compounds.? The Diels—
Alder/retro Diels—Alder reaction sequence is frequently employed
in masking double bonds on the dienophile and subsequent
regeneration after successfully carrying out other functional group
transformations elsewhere in the dienophile.* The rDA normally
require the use of high temperatures or flash vacuum thermolysis
(FVT) techniques, which are not suitable for many dienes and
monomers owing to decomposition issues of reactants prior to
the desired rDA reaction.* There have been interesting reports
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in the recent literature on low temperature rDA reactions with
functionalized fulvenes as the diene component.’ Reversible Diels—
Alder reactions have also been exploited in order to synthesize
certain biologically active compounds® and dendrimers,® where
rDA reactions are carried out at relatively lower temperatures by
careful choice of the diene. It is of inherent interest to unravel
the factors that could directly influence the energetics of the rDA
reaction so as to achieve milder reaction conditions and faster
rates.

A large number of studies aimed at establishing the mecha-
nism of these reactions,” the role of substituents in determining
stereoselectivity® and n-facial selectivity’ has been found in the
literature. Questions related to the concerted versus step-wise
mechanism for Diels—Alder reactions remained as a topic for
several leading discussions.’ Through their theoretical studies,
Houk et al. suggested that concerted mechanisms are, in general,
favored by about 3-7 kcal mol™!' over the step-wise pathway.!!
Zewail and co-workers have studied rDA reactions using a fem-
tosecond dynamics method, which suggested that both trajectories
(concerted and step-wise) are possible in these reactions, but
acceptance of the favorable mechanism needs careful geometrical
analysis of the reactants, the location of the transition state and
the barrier height of reaction.”

Structure and energetics of molecules in the ground state as
well as the transition state can provide valuable information on
chemical reactions. As part of our continued effort in exploring
the substituent effects in rDA reactions, we have decided to
investigate a simple cycloadduct that could serve as synthetic
equivalent for masked double bonds. Magnus et al. assigned the
‘B-silyl effect’ as the primary reason behind the observed rate
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enhancement in the rDA reaction for trimethylsilyl substituted
cycloadducts by considering a polarized transition state in a
step-wise mechanism (Scheme 1).

Another interesting report closely pertaining to the present
thesis is due to White and co-workers, where they have demon-
strated that ground state geometries could have a profound
effect on the observed rate enhancement in the rDA reaction for
a range of cyclopentadiene and cyclohexadiene cycloadducts.*
Cycloadducts a and ¢, that undergo a facile rDA reaction upon
heating, were found to have elongated C,—C, bonds at the ground
state compared to their saturated analogues b and d (Chart 1).
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In a very recent study, Kotha er al. have demonstrated how
an orbital interaction protocol can effectively be employed in
reducing the kinetic barrier associated with the cyclo-reversion
process which can help achieve the rDA reaction under milder
experimental conditions.”” Consideration of the increasingly pop-
ular applications of the rDA reaction and the lack of systematic
investigations on the energetics of this reaction as a function of
the substituents, prompted us to investigate the importance of
structural features in the ground state and the corresponding
relationship with the reaction energetics. Herein, we report a
systematic study on the effect of substituents on the rDA reaction
of cycloadducts formed between substituted cyclopentadiene
and p-benzoquinone based on the hybrid Hartree—Fock density
functional theory method.

Computational methods

Potential energy surfaces have been explored using the B3LYP/6-
31G* level of theory using the GAUSSIAN 98 suite of quantum
chemical programs.’® Performance of hybrid-HF DFT methods
(such as B3LYP), particularly for pericyclic reactions, has been
quite impressive.'” All geometries were fully optimized and have
been characterized as stationary points on the potential energy
surface at the same level of theory by evaluating corresponding
Hessian indices. Single point energies have been computed with a
more flexible basis set, namely, the 6-311+G**. All the energies
are reported at the B3LYP/6-311+G**//B3LYP/6-31G* level of
theory. Zero-point vibrational energies (at the B3LYP/6-31G*
level) have been scaled by 0.9806 and are included in the reported
energies.” Transition states of cycloreversion reactions have been
characterized by the unique imaginary frequency pertaining to the

reaction coordinate. Further, we have carried out 10% geometric
displacement of the transition state geometry along the direction
of the imaginary vibrational frequency and subsequently reopti-
mized using ‘calcfc’ option. This is to ensure whether the obtained
transition state genuinely connects reactants and product. Intrinsic
reaction coordinate (IRC) calculations have also been carried out
to authenticate the transition state.” Weinhold’s natural bond
orbital analysis has been performed using the NBO5.0 program
so as to probe the electron delocalization in detail.® Topological
analysis with Bader’s atoms in molecule analysis?* (AIM) was
carried out using AIM2000 software. Both NBO and AIM
analyses were performed on the wave function obtained at the
B3LYP/6-311+G**//B3LYP/6-31G* level.

Results and discussion

We have chosen an interesting class of cycloadducts formed
between cyclopentadiene and p-benzoquinone, with different
substituents on the cyclopentadienyl unit (Scheme 2). These
cycloadducts are ideal substrates in establishing the role of
substituents on the kinetics of the rDA reaction. The energy
barrier for the rDA for a variety of C; substituted systems has
been calculated at the B3LYP/6-311+G**//B3LYP/6-31G* level
of theory and the results are summarized in the following sections.

Scheme 2 Retro Diels-Alder reaction of the methano bridge-
substituted (C;) cycloadduct between substituted cyclopentadiene
and p-benzoquinone.

Magnus et al. have elegantly demonstrated through their kinetic
measurements that rDA reaction of the cycloadduct between
S-(trimethylsilyl)cyclopentadiene and p-benzoquinone, proceeds
95 times faster than the corresponding unsubstituted system
(X = H) under comparable reaction conditions.”® This evidently
indicates that the barrier to rDA reaction for 7-trimethylsilyl
substituted substrate should be fairly low, an observation rem-
iniscent of the ‘B-silyl effect’ proposed to explain the stability
of carbocations.”® We believe that rDA reactions considered in
the present study (1 through 19) will most likely proceed via a
concerted pathway through a nearly symmetric transition state.
Thus, the possibility for larger charge separation and concomitant
stabilization of charge separated intermediates by B-silyl group
can safely be excluded. While the rate acceleration offered by the
—SiMe, group at the C, position is known, generalizations on how
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Table 1 Key structural parameters obtained at the B3LYP/6-31G* level
for the cycloadducts formed between substituted cyclopentadiene and p-
benzoquinone*

Substituents C,-C; C—X C,-C, C-C, Cs—C¢

—SiMe;(1) 1.587 1.915 1.521 1.341 1.558
-GeH; (2) 1.586 1.957 1.521 1.340 1.560
-BH, (3) 1.582 1.572 1.524 1.344 1.560
-PH, (4) 1.584 1.882 1.521 1.340 1.561
~CMe; (5) 1.584 1.555 1.520 1.340 1.562
—CHO (6) 1.581 1.513 1.522 1.340 1.560
-H (7) 1.583 1.094 1.522 1.341 1.560
-C,H; (8) 1.581 1.531 1.521 1.340 1.560
~Me (9) 1.581 1.526 1.521 1.340 1.561
—SH (10) 1.581 1.833 1.521 1.341 1.563
-COMe (11) 1.579 1.528 1.523 1.341 1.562
—-COOH (12) 1.579 1.515 1.523 1.341 1.562
-Cl1 (13) 1.581 1.810 1.521 1.339 1.564
-NH, (14) 1.577 1.450 1.523 1.342 1.563
-CN (15) 1.577 1.463 1.523 1.340 1.562
-OMe (16) 1.578 1.402 1.519 1.339 1.563
-NO, (17) 1.577 1.510 1.524 1.340 1.564
—OH (18) 1.575 1.403 1.521 1.344 1.563
-F (19) 1.577 1.380 1.521 1.340 1.565

“ Atoms numbers are same as in Scheme 1.

different substituents could influence the rate of rDA reactions as
well as the electronic origins behind observed rate enhancements
are conspicuously absent. We have decided to probe in greater
detail the fundamental reasons behind the rate acceleration by
trimethylsilyl and a number of other substituents. An orbital
interaction protocol is adopted to gain insight on the electronic
effects operating both at the ground as well as the transition states.

First, investigation of the structural parameters of the cy-
cloadducts is taken up with the immediate objective of identifying
the role of substituents on the cycloadduct geometry. Optimized
structural parameters containing key bond distances of the
cycloadducts are summarized in Table 1.* In general, it can be
noticed that the C,—C;s (and C,—C¢) bond is much longer than a
normal C-C single bond (cf. 1.537 A for cyclohexane computed
at the same level of theory). While the bond elongation can in
part be attributed to the inherent strain in the bicyclo system,
variation of bond length with respect the nature of substituents
at the C, position appears interesting and warrants a detailed
investigation. Another interesting observation relates to the C,—
C; elongation compared to the corresponding bond distance in
a similar bicyclic compound with a saturated C,—C, bond. For
instance, substituents such as —SiMe; (1), increase the C,—C; (and
C,—Cy) bond distance compared to the unsubstituted system (X =
H) whereas, cyano (15) and fluoro (19) groups decrease the bond
distance.”® Such variations could have subtle consequences on the
energetics of cycloreversion reactions, where C,—Cs and C,—C,
bonds are being cleaved. Other bond distances such as C,—C, and
C;—C, show little sensitivity to the C, substituents. Interestingly,
the C,—C; bond distances in a saturated version (hydrogenated C;—
C, bond) of the same bicyclic compound show a uniformly shorter
bond length (averaging around 1.56 A) irrespective of the nature of
C,-substituents.”® Probing the governing electronic factors behind
substituent-dependent bond length variation in these substrates is
intuitively appealing at this juncture. The natural bond orbital
(NBO) analysis has been widely accepted as a useful tool to
understand electronic interactions in molecules.” We have carried

out an exhaustive search for key orbital interactions responsible
for the structural features in these cycloadducts based on the NBO
method and results are succinctly represented below.

The structural features in these cycloadducts offer antiperi-
planar disposition of C;,—X and C,—C; (and C,~C4) bonds that
will help to maximize o x, — 0% filled—unfilled electronic
interactions.” In case of the —SiMe,; substituent, the second
order perturbation stabilization energy arising due to two-electron
stabilizing interaction is computed to be 1.72 kcal mol~'. The
ability of the antiperiplanar substituent —SiMe, to increase the
population of the ¢* antibonding orbital of C,—Cs (and C,—Cy)
bond is one of the key factors responsible for bond elongation.
Contour diagram, 1-1, generated using the NBO basis as given
in Fig. 1, clearly depicts an effective ‘filled—unfilled’ orbital
interaction between donor [6(C,;—-Si) bond] and acceptor orbitals
[c*(C,—Cy)]. It is also noticed that the energy difference (AE)
between interacting donor—acceptor orbitals in the trimethylsilyl
system is smaller than with any other substituent, hence the
interaction is expected to be better (Table 2). Examination of other
electron delocalizations revealed that C,—Cs bond elongation is
further assisted by n(C;—C,) to o*(C,—C;) [and C,—C] donation
(1-2). The role of (C;—C,) to 6*(C,—Cs) donation has been verified
by examining the structural parameters for the corresponding
saturated bicyclic system (hydrogenated C;—C, bonds) at the same
level of theory. For example, when X = H, the C,—~Cs bond
distances are 1.561 and 1.583 A, respectively, for saturated and
unsaturated systems.** The extent of n(C;—C,) to o*(C,—C;) and
o(C,—C;) to n*(C;—C,) donations has been found to remain nearly
the same, irrespective of the nature of the X-group present at the
C;, position.”® Another contributing factor depleting the o(C,~Cs)
population is delocalization from C,—C;s to n*(C;—C,) (1-3) as well
as to 6%(C,—X) (1-4). All these four delocalizations are succinctly
represented in Fig. 1 using contour diagrams generated with NBO
basis. The net effect of all four delocalizations, first two involving
o*(C,—Cs) as the acceptor orbital and another two interactions
where o(C,—C;) acts as donor orbitals, results in bond elongation
compared to both saturated and unsubstituted (when X = H)
analogues of this bicyclic system. The difference in population
of 6*(C,—C;5) bond across a number of systems considered here is
found to be more sensitive to the nature of substituents attached to
the C, position. For sake of brevity, we have included second order
perturbation energies for only these delocalizations in Table 2. A
complete set of orbital delocalizations is included in Table S2 in
the ESL.¥

Variations in bond elongation in the ground state cycloadducts
are further probed by topological analysis of the electron density
using the atoms in molecules (AIM) method.* Calculated prop-
erties of (3, —1) bond critical points along C,—Cs bond, such as
electron density [p(r.)], Laplacian of electron density [V2p(r.)] and
total energy density (H) are included in Table 2. Since the p(r.) val-
ues correspond to the strength of interaction, a lower value implies
a weaker bonding. In the previous section we have highlighted the
importance of C;—C, unsaturation (along with other key delocal-
izations), contributing to the C,—Cs bond elongation. Thus, com-
parison of p(r.) values for the C,—C; bonds with the corresponding
values for the saturated analogues are carried out.” The p(r.)
values are consistently found to be lower for the cycloadduct (1
through 19) compared to the saturated bicyclic compound (Table
S3 in the ESIT), underscoring the presence of a weaker C,—C; (and
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Table 2 Summary of natural bond orbital (NBO) and atoms in molecule (AIM) analyses performed with wave functions generated at the B3LYP/6-
311+G**//B3LYP/6-31G* level of theory

NBO* AIM?®

E® /kcal mol™!

Substituents o(C7-X) — o*(C1-C5) AE/au 6*(C,—Cs5) occupancy pr.)/ea,™ V3(r.)/eay H/ea,™

—SiMe; (1) 1.72 0.80 0.03582 0.2144 0.1008 —3.135
-GeH; (2) 1.83 0.83 0.03547 0.2152 0.1018 —3.141
-BH, (3) 1.62 0.88 0.03368 0.2170 0.1041 —2.734
-PH, (4) 1.72 0.84 0.03348 0.2160 0.1028 —2.879
—CMe; (5) 0.74 0.91 0.03080 0.2159 0.1027 —3.087
—CHO (6) 1.03 0.96 0.03126 0.2175 0.1045 —2.862
-H (7) 1.81 0.82 0.03270 0.2164 0.1034 —2.631
—-C,H; (8) 1.00 0.93 0.03011 0.2171 0.1042 —2.875
-Me (9) 1.03 0.94 0.03032 0.2172 0.1044 —2.776
—-SH (10) 1.23 0.92 0.03181 0.2172 0.1042 —2.901
—COMe (11) 1.05 0.96 0.02914 0.2186 0.1058 —2.992
—-COOH (12) 1.13 0.98 0.02940 0.2190 0.1064 —3.006
-Cl (13) 1.10 0.98 0.03105 0.2172 0.1043 —2.909
-NH, (14) 0.87 1.07 0.02800 0.2189 0.1065 —2.805
-CN (15) 0.96 1.02 0.02974 0.2199 0.1075 —2.865
—OMe (16) 0.75 1.17 0.02763 0.2189 0.1068 —2.918
-NO, (17) 0.76 1.09 0.02957 0.2195 0.1071 —3.027
—-OH (18) 0.61 1.18 0.02878 0.2194 0.1069 —2.818
-F (19) 0.62 1.29 0.02871 0.2189 0.1063 —2.817

“ E® and AE are, respectively, second order perturbation energy and the energy gap between the donor and acceptor orbitals. ® p(r.), V2(r.) and H are,
respectively, the electron density, Laplacian of electron density and the total energy density at the BCP.

1.3 1.4
0 (C-Cs) = T (C5-Cy) O (Cy-Cs) = o (C7-Si)

Fig. 1 Contour plots representing important two electron stabilizing orbital interactions generated with natural bond orbitals at the
NBO/B3LYP/6-311+G**//6-31G* level.
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C,—C,) bond, in concert with the findings based on NBO analyses.
This prediction is further supported by Wiberg bond indices eval-
uated for the cycloadducts as well as the corresponding saturated
bicyclic compounds (Table S3 in the ESIt). The calculated positive
values for V?p(r.) indicate a locally depleted electron density
between C, and C;s, characteristic of an ionic interaction. However,
the total energy densities (H) are found to be uniformly negative,
indicating a covalent interaction operating in the ground state. It
has earlier been suggested that total energy density, H at the BCPis
a better descriptor than V?p(r,) towards understanding the nature
of bonding interactions.* Inspection of p(r.) values for the C,—C;
bonds for systems 1 to 19, shows reasonable variations, depending
on the nature of the antiperiplanar C;-substituents. The degree
of sensitivity of p(r.) values to the nature of the C,-substituents
could mean that the extent of ground state geometric distortion,
particularly in the form of C,—C; (and C,—C;) bond elongation,
would contribute towards the energetic cost for carrying out rDA
reactions. This is indeed found to be the case as revealed by good
linear correlation between the free energies of activation and p(r.)
values computed for C,—C; bonds (Fig. 2).’' For substrates that
undergo a more facile rDA reaction, the p(r.) values were found to
be lower. In general, the lower the p(r.) values for the incipient bond
(reaction coordinate in the present case) the lower the activation
barrier.*

Activation energy AGT in keal mol'1

T T T T T T T
0.214 0215 0.216 0.217 0.218 0.219 0.220
Electron density p(r¢) at BCP of C{-Cg

Fig.2 Correlation between Gibbs free energies of activation (kcal mol™")
and electron density p(r.) at bond critical points for 1 to 19 at the
B3LYP/6-311+G**//B3LYP/6-31G* level.

After having carefully analyzed the electronic structure details
of the ground state cycloadduct, we turned our attention to the
dependence of activation energy for the rDA reaction on the
nature of the C; substituent. The computed values for activation
energy for a diverse set of substituted cycloadducts are included
in Table 3. The lowest value for Gibbs free energy of activation
for the cylcoreversion reaction is predicted to be for the —
SiMe; substituted system (1), which amounts to 22.5 kcal mol™!.
Interestingly, the computed values obtained for adducts 1 and
7 are found to be in reasonable agreement with the available
experimental reports. Experimental values of activation barrier for
rDA reaction of 1 and 7 are, respectively, 24.8 & 1 kcal mol~! and
29 4 1.5 kcal mol~'." Substituents such as —Si(Me);, -CHO, -PH,,
-BH, and —~GeH;, are also predicted to be effective in lowering
the activation barrier compared to that with the unsubstituted
system (X = H). Substituents such as nitro (17), hydroxyl (18)

Table 3 Energetics of retro Diels—Alder reaction of C; substituted
cycloadducts at the B3LYP/6-311+G**//B3LYP/6-31G* level of theory

Substituents AE? AH AGT o5 AH o AGos

—SiMe; (1) 22.53 20.59 20.28 —0.11 —15.36
~GeH; (2) 23.37 21.35 21.19 0.47 —13.60
-BH, (3) 24.83 23.25 23.41 3.66 —10.62
-PH, (4) 25.84 23.82 23.58 3.90 —10.34
—CMe; (5) 26.74 24.59 23.77 3.58 —11.40
—CHO (6) 26.90 24.78 24.40 4.97 —9.55
-H (7) 27.50 25.28 24.69 6.84 —7.77
~C,H; (8) 28.26 26.20 25.62 9.19 —4.79
~Me (9) 28.52 26.47 25.84 7.10 —7.64
—SH (10) 29.00 26.92 26.15 8.13 —6.77
—~COMe (11) 29.63 27.51 26.59 5.75 -9.03
—~COOH (12) 30.44 28.30 27.53 7.74 —7.14
-C1(13) 30.28 28.17 27.41 8.91 —5.89
-NH, (14) 31.36 29.25 28.57 12.51 —2.39
-CN (15) 31.55 29.41 28.76 8.18 —6.55
~OMe (16) 32.37 30.08 29.42 11.45 -3.24
-NO, (17) 32.60 30.36 29.65 9.56 —5.41
-OH (18) 32.85 30.70 29.98 13.88 —1.08
-F (19) 32.80 30.67 29.98 12.10 —2.62

and fluoro (19) increases the activation barrier quite effectively.
It is interesting to note that the ability of the o(C,—X) bond to
serve as a donor orbital is critical to the rate enhancement rather
than the nature of the substituents. For instance, substituents such
as —NH, and -OMe can, in principle, act as electron donating
groups, but are found to be not very effective in promoting the rDA
reaction in the present case. A large number of such substituents
are found to raise the activation barrier higher than 30 kcal mol~'.
Higher predicted activation energies imply that either prolonged
heating or elevated temperature might be required to realize rDA
reaction in such systems. Such generalizations could undoubtedly
be valuable while resorting to experiments involving cycloreversion
reactions.

As pointed out in the earlier sections, the occupancy of ¢*(C,—
C;) [and C,—C,] is sensitive to the nature of the C,-substituent.
We have noticed a fairly good correlation between the occupancy
of the o* orbital of the incipient bond and the free energy of
activation of rDA reaction as depicted in Fig. 3(i). It is evidently
clear from the plot that higher the occupancy of o*(C,~Cs), the
lower the activation barrier. Thus, by examining the population of
the antibonding orbital and degree of geometric distortion, such
as bond elongation at the ground state, approximate estimates
of the activation barrier can be obtained, without resorting to a
full-fledged transition state search. The trends established in the
present context can, perhaps, serve as a valuable generalization
that could have wider implications on variety of rDA reactions.
Further, the geometry of ground state cycloadduct will reflect
the extent of delocalization and accompanying bond length
variations, particularly the C,—Cs bond. Excellent correlation
obtained between free energy of activation and C,—C; bond
length [Fig. 3(ii)] unequivocally establishes the importance of
substituent-dependant ground state geometry changes on the
reaction energetics of cycloreversion reactions.

Inspection of computed heats of the rDA reaction, (AH ) at
the B3LYP/6-311+G**//B3LYP/6-31G* level of theory conveys
that the reaction is only slightly endothermic. Another factor
relates to the entropic advantage accompanying the rDA reaction
resulting in an overall exergonic transformation. Computed free
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Fig. 3 Correlation between computed activation barrier (kcal mol~') and (i) bond length (3-1) (ii) occupancies of the C,—Cs bond (3-2).

energy changes for systems bearing C, substituents indicate that
substituents that reduce the barrier to the rDA reaction (1 to 6,
Table 3) compared to the unsubstituted system (7, when X =
H) tend to be more exergonic while those that increase the barrier
(9 to 19) are found to be less exergonic in nature. Starting from
the transition state geometry, we have used a 10% displaced
structure along the reaction coordinate (based on the imaginary
vibrational frequency) so as to walk down from the transition state
geometry by reoptimizing with stringent ‘calcfc’ option. It has
also been noticed that the reactants (substituted cyclopentadiene
and p-benzoquinone) tend to form a weakly interacting ‘pre-
reacting complex’ near the exit channel. The heats of reactions are
computed based on this stationary point on respective potential
energy surfaces.

It can be anticipated that an elongated C,—Cs; bond at the
ground state will facilitate easier access to the transition state
for the rDA reaction due to increased geometric similarity. In
other words, if the ground state geometric distortion is along
the reaction coordinate, the activation barrier is expected to be
lower. White et al. have reported a similar analysis, in which
they noticed a good correlation between the degree of bond
lengthening and propensity towards cycloreversion reaction on
a number of [2.2.2]-bicyclo systems.**** Structural features at the
transition states show additional significance in the context of the
present discussion. Complete lists of geometrical parameters for
the transition state structures are provided in Table 4. We intend
to convey the importance of ground state structural distortions
by taking representative examples. Optimized geometries of the
transition state for the rDA reaction for selected cylcoadducts 1,7
and 19 are provided in Fig. 4. The C,—C; distance in cycloadduct
(1) and the transition state (1) is 1.587 and 2.151 A, respectively,
a difference of only about 0.564 A. Examination of geometry
of the transition state for fluoro system (19%) reveals that C,—C;
bond distance is as high as 2.252, compared to 1.577 A for 19,
indicating a loosely bound transition state bearing little structural
similarity with the parent cycloadduct. Comparison of C,—C;
distances in the ground state and the corresponding transition state
for the entire series (Table 1 and 4) of substituted cylcoadducts is
useful in proposing interesting generalizations. It can be noticed

Table 4 Key structural parameters obtained at the B3LYP/6-31G* level
for the transition state for rDA reaction of cycloadduct formed between
substituted cyclopentadiene and p-benzoquinone®

Substituents C,—C;s C—X C-C, C—C, Cs—Cs
—-SiMe;(1) 2.151 1.944 1.419 1.387 1.420
-GeH; (2) 2.162 1.984 1.418 1.389 1.408
-BH, (3) 2.170 1.584 1.419 1.386 1.418
—PH, (4) 2.177 1.917 1.410 1.393 1.414
—CMe; (5) 2.192 1.582 1.405 1.398 1.413
—CHO (6) 2.185 1.542 1.411 1.396 1.412
-H (7) 2.200 1.103 1.405 1.399 1.410
-C,H; (8) 2.198 1.555 1.405 1.400 1.410
-Me (9) 2.202 1.549 1.404 1.401 1.410
—SH (10) 2.212 1.865 1.403 1.403 1.411
—COMe (11) 2.183 1.559 1.406 1.399 1.411
—COOH (12) 2.218 1.525 1.403 1.401 1.410
-Cl1(13) 2.230 1.845 1.398 1.406 1.409
-NH, (14) 2.227 1.474 1.397 1.409 1.406
—CN (15) 2222 1.474 1.397 1.409 1.406
—OMe (16) 2.239 1.546 1.399 1.406 1.408
-NO, (17) 2.249 1.525 1.393 1.411 1.404
—OH (18) 2.245 1.426 1.394 1.415 1.404
-F (19) 2.252 1.400 1.391 1.415 1.403

“ Atoms numbers are same as in Scheme 1.

that smaller the differences in C,—C; bond distances between
cycloadducts and transition states, the lower the activation barrier.
This observation is in perfect concurrence with the Hammond
postulate and underscores the importance of ground state bond
elongation in rDA reactions.

We have tried to establish that substituents which tend to
promote the rDA reaction (by lowering the activation barrier)
offer significant modulation of the ground state structural features
of the molecule. Ground state bond elongation in the present
systems gets translated in the form of a lower activation barrier
and tighter binding between the departing fragments. In order to
gain additional insights on how tightly held are the diene and the
dienophile at the transition state, we have decided to examine the
topological features with the help of electron density at (3, —1)
bond critical points using the AIM method. As anticipated, the
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Fig. 4 Gibbs free energy profile of the rDA reaction for 1 (X
= — SiMe;), 7 X = H) and 19 (X = F) computed at the
B3LYP/6-311+G**//B3LYP/6-31G* level.

computed p(r.) values for the C,—C; bond for the transition states
are found to be generally much lower than the corresponding
cycloadducts. The highest and lowest p(r.) values are predicted
for 1 and 197, respectively. Moreover, the p(r.) values are found
to decrease quite steadily from 1 to 19, indicating rather weakly-
bound transition states for the rDA reaction where the activation
barrier is higher [computed p(r.) values are provided in the
ESIf, Table S4]. Uniformly negative values for the total energy
densities (H) between C,—C; at the transition state, across range
of substituted cycloadducts (17 through 197), indicate the covalent
nature of the transition states in these reactions.

Conclusion

The density functional theory studies on the reaction profile
for an important class of retro Diels—Alder reactions involving
cycloadducts formed between substituted cyclopentadiene and
p-benzoquinone revealed the importance of ground state bond
elongation on the reaction profile. The nature of the substituents
present on the methano bridge is found to be crucial to bond
elongation as revealed by o(C,—X) to 6*(C,—C5) [and o*(C,—Cy)]
orbital delocalizations. Substituents such as —SiMe; are found
to be effective in lowering the activation barrier by significantly
populating the C,—Cs antibonding orbital at the ground state
cycloadduct. A fairly good correlation between (i) occupancy of
6*(C,—Cs) [and 6*(C,—C¢)] and (ii) C,—C; bond elongation with the
activation barrier evidently establishes the importance of ground
state geometric distortion (resulting from two-electron stabilizing
interactions) on the cycloreversion reactions. Topological analyses
of electron density at the C,—Cs bond critical point p(r.) exhibited
a linear correlation with the free energies of activation. For
substrates that undergo relatively facile rDA reaction, the p(r.)
values are found to be lower.
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