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The Diels—Alder reactions of various quinodimethanes with ethylene are studied by means of ab
initio molecular orbital and density functional theory (DFT) to show the effect of aromaticity on
the reaction path. The calculations reveal that these reactions are both Kkinetically and thermo-
dynamically much more favored than the prototype butadiene—ethylene Diels—Alder reaction due
to the aromatization process in the transition state (TS) and product. A progressive aromaticity
gain is noticed during the reaction, and hence the partial 7-delocalized peripheral diene ring function
is coupled with the six-electron o,7-delocalized cyclic unit resulting in an enhanced aromaticity of
the TS. The magnetic criteria such as magnetic susceptibility exaltation and nucleus independent
chemical shift provide definitive evidence for and fully support the aromatization process and the
aromaticity of the TS. The extent of o—x delocalization and the bond make—break at the TS are
consistent with each other, and this is strongly influenced by the adjacent z-aromatization process.
Moreover, the aromaticity trends in the resulting TSs and products parallel the activation and
reaction energies; the extent of aromatization increases with increasing reaction rate and
exothermicity. This confirms that aromaticity is the driving factor governing cycloadditions involving
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guinodimethanes.

1. Introduction

The in situ generated o-quinodimethanes! are highly
sensitive and powerful reactive intermediates used as
dienes in Diels—Alder cycloadditions. Their importance
in organic synthetic chemistry prompted the development
of new kinds of carbo-? and heterocyclic® quinodimethanes
used in the preparation of different natural products.?
These dienes are known to yield extremely stable cy-
cloadducts owing to the aromatization of the resulting
products; they belong to the category of masked dienes,
in the sense that the reacting functions are fused to a
ring in an exo fashion and can thus be referred to as ring-
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fused or outer-outer ring dienes. Due to the changes in
the diene functionality during the course of the reaction,
the rest of the ring function becomes aromatic, and this
effect reinforces the outcome of the reaction by sustaining
a stable aromatic Diels—Alder adduct.

A general criterion which quantifies both aspects of
aromatization in these reactions!2 has not been formu-
lated yet and only a few theoretical studies*® along this
line are available. We therefore selected a set of Diels—
Alder reactions involving various quinodimethanes (1—
9) and ethylene (Figure 1) to quantify the aromaticity
factors that drive the reactions through the computed
energies and magnetic properties. On the other hand, the
transition state (TS) of Diels—Aldert and other pericyclic
reactions®® was assumed to be a delocalized cyclic aro-
matic and this is authentically proven by the recent
computational studies’ based on the magnetic criteria.
This leads to a new insight into the TSs of these
quinodimethane reactions: the usual six-electron cyclic
delocalization (o,7) will be accompanied by the partial
delocalizion (xr) of the peripheral ring of diene during the
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Figure 1. Series of quinodimethane reactions considered in
this work.

formation of the TS resulting in an enhanced net aroma-
ticity, increasing the reaction barrier relative to the
prototype reaction. Moreover, the currently used magnetic
susceptibility exaltation® (MSE) and Schleyer’s nucleus
independent chemical shift® (NICS) calculations are
applied to explore the aromatic character of the systems
involved in the reactions (Figure 1) and also to assess
the aromaticity of the TSs. The aim of the present work
is thus to investigate the dual-aromatic character of the
TS involved in these reactions linking the reaction
energetics with quantitative aromaticity indicators.

2. Theoretical and Computational Details

Computations for a series of quinodimethane reactions 1—9
(Figure 1) were performed with both ab initio and density
functional theory (DFT) methods using Gaussian 94.1° They
all possess an extra aromatic ring fused to the cyclic “adduct”
part. The reactants involve the derivatives of simple aromatic
compounds viz. benzene, pyridine, pyrimidine, pyrazine, furan,
thiophene, pyrrole, oxazole, and thioxazole.*™2 The stationary
point geometries were fully optimized at the HF as well as
B3LYP levels with the 6-31G* basis set'? and were confirmed
to be either minima or transition structures via a vibrational
analysis. Single-point calculations were then carried out with
both B3LYP/6-311+G** and MP2/6-31+G* levels on the
B3LYP/6-31G* geometries to evaluate the energetics. The
magnetic susceptibilities involved in MSE, and the diamag-
netic shieldings (NICS) were calculated respectively from
CSGT®*2 and GIAOa—¢ methods at the B3LYP/6-311+G**//
B3LYP/6-31G* level. The methods chosen here are believed
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to be quite adequate for the problem under study as witnessed
by earlier reports.*

3. Results and Discussion

(a) Transition State Geometry. The reactions con-
sidered here all essentially follow a concerted mecha-
nism.* Whereas the reactions involving 1 and 4 possess
transition states (TS; and TS,) pointing to a synchronous
mechanism due to the symmetry of the dienes, the other
TSs (TS,—TSz and TS5—TSy) indicate an asynchronous
mechanism due to the fact that these are all unsym-
metrically functionalized dienes. As can be seen from the
geometries (Figure 2), the C2—C3 bond length variations
(numbering indicated in Figure 3) from reactant to TS
and from TS to product fall in the range 0.035—0.061 and
0.046—0.067 A, respectively. This z-bond formation is
responsable for the fused diene ring to become partial
and fullly aromatic in the TS and product, respectively,
thus favoring the bond-forming and -cleaving processes
at the TS. The newly forming ¢ (C1-C6 and C4—C5) and
7 (C2—C3) bonds are noticeably much weaker and formed
extremely fast whereas the cleaving w-bonds (C1-C2,
C3—C4 and C5—C6) are slightly stronger and cleaved
faster in the TSs (TS;—TS,) of different quinodimethane
reactions (Figure 2) as compared to those found in the
typical case (TSa). These bond criteria generalize the fact
that the bond-forming ability surpasses the bond cleavage
process due to aromatization when the former TSs are
compared with the latter TS. Nevertheless, the extent
of bond make—break at the TS is greater in the current
TSs due to the partial aromatization attained at the TS
and hence the “early” maturation of the TSs in relation
to the prototype TS can be recognized from the above
criteria.

The aromatic stabilization involved in the six-mem-
bered (benzene, pyridine, pyrimindine, and pyrazine)
analogues of the TSs, TS;—TS,, should be more favorable
for cycloaddition compared to the five-membered (furan,
thiophene, pyrrole, oxazole, and thiazole) TS analogues
(TS5s—TSy) based on the aromaticity of the isolated
systems involved®®1> showing that the first set of systems
is more aromatic than the latter set. Upon inspection of
the length of the formed and cleaved bonds in the TS,
the former TSs are indeed found to be earlier than the
latter. The extent of aromatization in the TSs appears
to be in agreement with the relative degree of bond
formation and cleavage according to the trend in the
reference aromaticity.2%'5 As can be seen, the larger
aromatization corresponds to high degree of bond make—
break at the TS.

Aromaticity Enhancement in the TSs. The w-bond
alternation in the diene part of the TS is reduced from
the reactant when the new o-bonds are formed by
disrupting the z-bond of the dienophile resulting in a
rehybridization for all carbons. A six-electron o,7-mixed
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TSs , Arg=-19.8 TS1, Arg=-30.7 TS; , Apg=-29.7

TS¢ , Ars=-254

TSy , Apg=24.0
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Figure 2. Computed B3LYP/6-31G* TS geometries of various quinodimethane Diels—Alder additions to ethylene along with the
forming and cleaving bonds (A) and the MSE of TS (ppm cgs) obtained from B3LYP/6-311+G** computations.

cyclic delocalized structure develops as suggested by
Evans.® Consequently, the TS of prototype reaction (TSp)
is predicted to be aromatic, as witnessed by the two
magnetic criteria; the MSE (Ats, —19.8 ppm cgs) value
as well as the NICS values at the center of two TS planes

(—20.5 and —24.4 ppm) have large magnitudes.’29 More-
over, these values are comparable to those obtained for
benzene (Ats, —13.7; NICS, —10.2). Apart from this, the
TSs of the title reactions (TS;—TSy) indicate that partial
m-delocalization arising from the aromatic stabilization



7974 J. Org. Chem., Vol. 65, No. 23, 2000

NICS, NICSrs NICS
A

Figure 3. Schematic representation of the NICS calculations
on reactant, TS, and products: the indices (NICSg, NICSrs,
and NICSp) representing the magnetic shielding calculated 1
A above their respective peripheral ring centers. The in-plane
aromaticity of the TS%f is obtained from the NICS; and NICS;
shielding at the center of their planes.

Table 1. Results of NICS Calculations on Reactants,
Transition States, and Products of the Different
Quinodimethanes with Ethylene (B3LYP/6-311+G**//
B3LYP/6-31G* level)?

NICS, §CSre NICS,
X

NICS,

reaction NICSg NICSts NICSp NICSi,® NICS; NICS;

1 0.9 —5.5 —9.7 —10.2 —-17.4 —22.0
2 0.5 —5.6 —9.6 —10.2 —-16.8 —21.9
3 -0.1 —54 —-9.7 —10.0 -17.7 -22.1
4 0.7 —5.3 —9.8 —10.2 —-16.3 —21.8
5 —2.6 —6.1 —8.5 —9.9 —21.9 -—-241
6 -2.0 —-5.9 —8.9 —10.2 —20.6 —23.2
7 —-1.4 —6.7 —8.9 —10.1 —-21.4 -234
8 —-3.5 —6.2 —8.8 —9.6 —22.4 247
9 —3.2 —6.6 —9.6 —10.9 —20.6 —235

aThe different indices (NICSg, NICSys, and NICSp), also
indicated in Figure 3, represent the magnetic shielding calculated
1 A above their respective peripheral ring centers. The in-plane
aromaticity of the TS is quantified by the NICS; and NICS; values
in the respective plane centers. ® NICS values calculated in the
ring of the isolated aromatic systems (i.e., the rings peripheral to
the diene function).

in the fused ring during the w-bond formation at the TS
exists next to the normal cyclic o,7-delocalization. These
two different delocalizations enhance the aromaticity of
the TS as compared to the prototype butadiene—ethylene
reaction. The partial z-delocalized ring independently
gains its aromaticity in all of the TSs by means of
substantial diatropic shifts contributed by NICS+s over
the outside ring (Figure 3 and Table 1) ranging from —5.2
to —6.6 (Table 1) while the o,7-delocalized cycle conserves
alone its usual aromatic charater at the same extent by
securing large NICSs (—16.3 to —23.5 range) as found in
the typical TS. Despite the fact that the aromaticity of
the two individual rings of the concerned TSs can easily
be understood from the different NICS indices (Table 1),
the magnitude of the MSE of the TS (Ats in Figure 2)
provides further evidence for the net enhancement of the
aromatic character of the TS. It is indeed confirmed by
Ats that the TSs (TS;—TSy) show an excess aromaticity
caused by the z-delocalization of —4.2 to —10.9 ppm if
one can consider the prototype TS (TSa) as the reference.

(16) The magnetic susceptibility of the TS (Ars) and the product (Ap)
are calculated by considering the reactants as reference systems. See
also ref 7.
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This is logically inferred from the Ats values of the TSs
(—24.0 to —30.7 ppm) under consideration as well as from
the reference value (—19.8 ppm). The cyclic (6—x) delo-
calization is completely lost in the product and this
significantly reduces the aromaticity of the product as
can be seen by comparing the Ars (Figure 2) and Ap 6
(Table 1) values. Owing to the extra aromatic stabiliza-
tion of the ring adjacent to the cyclic delocalized struc-
ture, the net aromaticity in all of the TSs is drastically
increased, and this gives the clue for why these TSs are
formed earlier over the typical case as shown by the bond
criteria. This widely emphasizes the fact that the “earli-
ness” of the TS is greatly achieved due to the enhanced
aromaticity, and this would generally lead to a low
barrier and a more exothermic reaction path.

It has to be remarked that TS, and TS; are benzene-
and naphthalene-like, respectively. The aromatic stabi-
lization energy of naphthalene is 12 kcal/mol larger that
that of benzene,'” in excellent agreement with the activa-
tion energy barrier difference between reaction A and 1
of 14.4 kcal/mol (B3LYP/6-311+G**//B3LYP/6-31G* level).

(b) Degree of Aromatization in the Reaction
Path. The quinodimethanes (1—9) have different ring
functions attached to a reactive diene framework, and
these functions are nonaromatic due to the absence of a
m-bond in the fused ring. This is clearly reflected in the
NICS values (NICSgr in Table 1) found in the range of
0.9 to —3.5 ppm implying a small diamagnetic & ring
current effect.” Their aromaticity is however successively
increased during the TS and product formations through
a m-bond fixation, and hence the corresponding NICS
values presented in Table 1 (NICSts and NICSp) are
found to be around —5.2 to —6.7 ppm for the TS and —8.5
to —9.7 ppm range for the product, respectively, which
are reasonably higher than the reactant values. This
happens because the m-bond growth (bond between
carbon atoms 2 and 3 in Figure 3) increases from reactant
to product via the TS, whereas the other s-bonds in the
six- and five-membered rings remain unaltered. More-
over, the aromatization of the resulting TS and product
is apparently of great importance for both the kinetic and
thermodynamic aspects of the reaction, since that par-
ticular ring accounts for 50—65% and 85—97% aroma-
ticity for TS and product, respectively (cf. the comparison
of the NICS values of these rings in the TSs and products
to the NICS of related isolated aromatic rings (NICS;s,
in Table 1)).

(c) Energetics vs MSE. The aromatic functionaliza-
tion in various quinodimethane reactions (1—9) enhances
the speed of reaction compared to the prototype reaction
(A) as revealed by the activation energies calculated at
different levels (Table 2). This is evident from the fact
that the TSs of these reactions (TS;—TSy) have two kinds
of delocalizations resulting in an enhanced aromaticity
with respect to TSa. This effect remarkably reduces the
reaction barriers. A huge difference in the barrier be-
tween the present reactions and the simplest case (i.e.,
the butadiene—ethylene reaction) can also be noticed.
Subsequently, this aromatization process guides all of the
reactions to the more exothermic paths through the
“early” nature of the TSs shown by the bond and
magnetic criteria; as a result, the exothermicity of the
reaction is largely increased over the prototype case, in

(17) Tokitoh, N.; Okazaki, R.; Nagase, S.; Schleyer, P. v. R.; Jiao,
H. J. Am. Chem. Soc. 1999, 121, 11336.
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Table 2. Calculated Activation and Reaction Energies
(kcal mol~1) Obtained from Various ab Initio and DFT
Calculations, and MSE of the Product (Ap, ppm cgs) for
Different Quinodimethanes (1-9) and Prototype (A)
Diels—Alder Reactions

AE# AE,
reaction 12 1P [l [vd ] " " IV Ap

A 450 22.4 254 184 —429 —43.1 —357 —48.7 —4.9
296 85 11.0 19 —-723 —-709 —-635 —82.6 —21.4
29.3 8.2 106 1.7 —73.1 —-71.6 —646 —83.4 —20.8
288 7.7 10.2 19 —-73.6 —-719 —650 —83.2 —19.0
293 7.7 100 14 —-732 —-723 —658 —84.4 —-21.0
. .6 184 84 —-54.1 -547 —474 —-66.2 —11.1
35.8 13.7 16.3 6.0 —57.4 —-57.7 —50.7 —70.2 —145
36.3 13.8 16,5 5.8 —-585 —-583 —-50.7 —71.3 —13.3
39.8 165 19.2 9.4 —52.1 —53.0 —46.0 —645 —10.3
36.2 140 166 6.3 —57.0 —-57.2 —-50.5 —69.8 —13.8

a (1) HF/6-31G*//HF/6-31G* level. b (11) B3LYP/6-31G*//B3LYP/
6-31G* level. ¢ (111) B3LYP/6-311+G**//B3LYP/6-31G* level. @ (V)
MP2/6-31+G*//B3LYP/6-31G* level.
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accordance with Hammond's postulate.!® It can thus be
concluded that both the kinetic and thermodynamic
aspects of all quinodimethane—ethylene reactions are
more favored than the typical butadiene—ethylene reac-
tion, due to the strong influence of the aromatization of
TS and product.

As also witnessed in ref 14, the activation barriers
show rather large differences for the four theoretical
levels used in this work. Upon comparison with the
B3LYP/6-311+G**//B3LYP/6-31G*, the HF/6-31G*//HF/
6-31G* barriers are in general too high, whereas the
MP2/6-314+G* ones are too low. However, the barrier
trends, of importance in this work, remain more or less
unaltered when the four levels of theory are compared.

With the aromatization process, the cycloadditions
involving the six-membered fused dienes (1—4) form
benzene-, pyridine-, pyrimidine-, and pyrazine-like TSs
and products whereas the five-membered fused dienes
(5—9) yield furan-, thiophene-, pyrrole-, oxazole-, and
thiazole-type derivatives. The extent of aromatization in
the former set of reactions set is predicted to be larger
than that in the latter, because the aromaticity of the
former TS and product derivatives are considerably
higher than that of the latter as witnessed by the Ars
(Figure 2) and Ap (Table 1) values, respectively. The MSE
values of the first four TSs and products ranging from
—28 to —31 and —19 to —21 ppm, respectively, which is
approximately —4 ppm higher than the latter cases
(—24.0 to —26.4 and —11.1 to —14.5 ppm). This is in
accordance with the relative aromaticity of these two
kinds of isolated systems assessed by energetic and
magnetic criteria.®®® In this context, the TSs (TS;—TS,)
of the former reactions are expected to be formed earlier
with lower barriers (Table 2) compared to the latter
reactions. As anticipated, the high degree of aromatiza-
tion in the product found for reactions 1—4 leads to the
more exothermic reaction path relative to reactions 5—9
as can be seen from the reaction energies (Table 2).
Calculations further indicate that the latter reactions are
kinetically as well as thermodynamically less favorable
than the former reactions due to the strained five-
membered ring function involved in the reaction. Benzene
is known to be slightly more aromatic than its aza
(pyridine) and diaza (pyrimidine and pyrazine) deriva-
tives,'® and this aromaticity pattern is reproduced by the

(18) Hammond, G. S. 3. Am. Chem. Soc. 1955, 77, 3.
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ATs

Figure 4. Correlation of the calculated activation energies
AE* (kcal/mol) of the quinodimethane—ethylene reactions with
the MSE value of the transition states (Ars) (ppm cgs).

aromatized TSs and products of reactions 1—4, since the
MSE (At1s and Ap) values of the benzene analogue
presented in Figure 2 and Table 1 slightly exceeds those
found in the other derivatives. However, the aromatic
nature of these TSs and products are almost similar, and
therefore, the TSs are formed mostly at the same speed.
Accordingly, the kinetic and thermodynamic aspects of
these reactions are also similar if one looks at the
activation and reaction energies (Table 2). However, it
should be remarked that reactions 2—4 have a slightly
lower activation barrier and higher exothermicity than
1, although the degree of aromatization is smaller. This
is probably due to the fact that the electron-donating
ability toward the diene is slighly higher for these
compounds which eventually overcomes the influence of
aromaticity. Among the TS and product derivatives of
furan, thiophene and pyrrole, the furan functionalization
in reaction 5 is expected to be less favorable than the
rest of the two processes (6 and 7), because the aroma-
tized furan analogues of both TS and product are
observed to be relatively less aromatic than the other two
aromatized analogues as predicted by the basic sys-
tems.®>!® Reaction 5 thus forms a “late” TS with high
barrier that leads to a less exothermic path compared to
that of 6 and 7. The extent of aromatization in the
reactions 6 and 7 is nearly the same and therefore they
have almost the same barrier and reaction energies,
although thiophene is shown to be slightly more aromatic
than pyrrole.®*> As shown by the aromaticity of oxazole
and thioxazole,®'® the aromatization in the thioxazole-
like TS and product is somewhat greater than the oxazole
cases as witnessed by Ars (Figure 1) and Ap (Table 1).
Therefore, reaction 9 is faster and more exothermic than
8 as revealed by the activation and reaction energies
(Table 2).

The genuine role of aromaticity in both the kinetic and
thermodynamic aspects of these reactions is proved to
be true as the correlation between the aromaticity of the
TS (A+s) and the barriers is found to be 92.2% while the
aromaticity of the product (Ap) vs reaction correlation
amounts to 97.2% as shown in Figures 4 and 5. Overall,
the calculations establish the fact that aromaticity is the
most prominent factor for the Diels—Alder reactions
involving any quinodimethanes; the low barrier and more
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Figure 5. Correlation of the calculated reaction energies AE,
(kcal/mol) of the quinodimethane—ethylene reactions with the
MSE value of the products (Ap) (ppm cgs).

exothermic reaction is dictated by the high degree of
aromaticity.*®
4. Conclusions

From the computed results, it can be broadly concluded
that all quinodimethane reactions are faster and more

(19) (@) Manoharan, M.; De Proft, F.; Geerlings, P. J. Chem. Soc.,
Perkin Trans. 2 2000, 1767. (b) Manoharan, M.; De Proft, F.; Geerlings,
P. J. Org. Chem. 2000, 65, 6132.
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exothermic than the prototype butadiene—ethylene reac-
tion in view of the aromatization. The resulting aroma-
tized products are formed via a concerted TS which
consists of both a cyclic o,7-mixed delocalization of the
adduct unit as well as a partial w-delocalization of the
fused diene ring; the presence of these coupled delocal-
izations tremendously enhances their aromaticity relative
to the prototype butadiene—ethylene reaction, thus ex-
hibiting a lower barrier. Magnetic criterea, such as the
nucleus independent chemical shifts (NICS) and the
magnetic susceptebility exhaltation (MSE) provide strong
support for the progress and enhancement of the aroma-
ticity. Furthermore, the calculations confirm that the
high degree of aromaticity in the TS and product is
responsable for the low barrier and the exothermicity of
the reaction.

The MSE predicts that the six-membered ring fused
dienes gain more aromaticity in the TSs than the five-
membered ring fused ones. Consequently, the former set
of reactions are kinetically as well as thermodynamically
more favorable than the latter cases as revealed by the
activation and reaction energies.
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