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ABSTRACT: We propose the notion that if asymmetry characterizes a
concerted reaction, a quantitative treatment in terms of continuous
symmetry can bridge the gap between the Woodward—Hoftmann
(WH) rules, originally formulated for symmetry-idealized unsubstituted
reactants, and the fact that these rules hold for a much wider scope of
reactions. Instead of focusing on symmetry conservation along the
minimum energy path, we suggest that the distortion with respect to
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the original expected symmetry must attain a certain minimal value, not necessarily zero. To demonstrate this approach we studied
the effect of solvents on the symmetry and reactivity of the classical [4 + 2] Diels—Alder cycloaddition of (E,E)-1,4-dimethoxy-1,
3-butadiene with tetracyanoethylene, revealing the predictive value of this approach. Calculations of the enthalpy of activation and
the charge separation at the transition state (TS) predict increased reactivity with the polarity of the solvent. The symmetry measure
is in excellent correlation with the enthalpy of activation and the charge separation at the TS, indicating the higher reactivity of the
more symmetric case, thus quantifying the main teaching of the WH rules. The advantages of using a global structural parameter that
takes into account all geometrical parameters, i.e., the symmetry measure, over specific ones (e.g., asynchronicity) are discussed.

B INTRODUCTION

The original Woodward—Hoffmann (WH) rules' were for-
mulated for concerted pericyclic reactions in terms of strict
symmetry demands. For the Diels—Alder (DA) reaction, this
implies that the two new bonds are formed in a synchronous
manner, preserving a mirror symmetry that bisects the co-aligned
olefin and diene. However, this ideal situation is rarely realized
either because the olefin and diene do not approach each other in
an ideally symmetric manner, or because the solvent induces
symmetry distortions, or because substituents scramble that
symmetry. WH related to that issue,' > for instance, “A slight
perturbation, say substitution by a methyl group, may destroy total
symmetry, but cannot be expected to change dramatically the
mechanism of a reaction.”’ We propose a more realistic way of
addressing such situations: while WH regard the addition of
a methyl as a potential for destruction of total symmetry, we
suggest that substitution retains some of the original symmetry,
where the word “some” relates to quantification of the degree of
symmetry content. Such an approach allows one to establish
quantitative relations between the degree of distortion from the
ideal symmetry and reactivity.

Asymmetry of nuclei geometry in cycloadditions has been
evaluated through a parameter termed “asynchronicity”, defined
as the difference between the lengths of the new forming bonds at
the transition state (TS).>” * Its use to describe asymmetry is
based on the assumption that distortion of the nuclei geometry is
intimately related to a distortion of the reacting 7 orbitals. Yet
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these specific bond-length changes are only part of a multitude of
structural changes that take place in the whole reacting molecules;
practically all bond lengths and bond angles vary, and all are
therefore relevant to the reaction analysis and can influence
the symmetry of the orbitals. As the WH approach focuses on
symmetry as the leading structural feature, we propose that a
symmetry measure that takes into account all bond lengths and
angles is inherently suitable for analyzing symmetry deviations in
reactions governed by the WH rules. A measure of symmetry, the
Continuous Symmetry Measure (CSM)5 7 and the related
measures of chirality® and of shape,” '* which were developed
in recent years, have been applied successfully in many symmetry-
related studies.> "¢ The measure spans from zero—the mole-
cule is symmetric—to higher values for distorted symmetries
(up to 100 in extreme cases). Examples of its use include
correlations between tetrahedral symmetry measures and the
allowedness of d-d spectral transitions'’ or between NMR
chemical shifts'®'® and more. The CSM method has also been
applied to study chemical reactions.””>" Thus, in a recent
study we applied the CSM to follow the reaction path of the
cis—trans isomerization of diazene and its isotopomers>* and
developed the concept of symmetry profile of a reaction, a plot
that shows the changes in symmetry along the intrinsic reaction
coordinate (IRC).
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The specific reaction that we selected in order to demonstrate
the quantitative symmetry analysis and the correlations it provides,
is the classical [4 + 2] cycloaddition of (E,E)-1,4-dimethoxy-
1,3-butadiene (DMB) with tetracyanoethylene (TCNE), repre-
senting over S0 years of studies of cycloaddition reactions
involving cyano-substituted ethylenes.”* *® These studies have
shown that DMB is a useful donor in DA reactions”* and that
substitution of ethylene by cyano groups dramatically increases
the rate of various cycloaddition reactions, for instance, with
cyclopentadiene or with 9,10-dimethylantracene.”® Symmetry
deviations in these reactions are due to two main effects: the
substituents effects and the more subtle solvent effects, on which
we selected to concentrate in this report. Solvent effects on hetero-
DA reactions have been extensively reported in the literature,”’”
showing, in general, linear correlations between various reaction
properties (e.g, rate constants, endo/exo selectivity) and solvent
characteristic parameters such as the acceptor number,”® H-bond
acidity,” and density.*® Kiselev et al.*' ~** exemplified such solvent
effects on the molar volume and the enthalpy of solution for
several cycloaddition reactions involving TCNE. An interesting
theoretical study by Yamabe et al.> showed that the DMB +
TCNE reaction proceeds through an asymmetric TS if the reaction
is carried out in methylene chloride, even though both the diene
and the dienophile are substituted symmetrically. Such symmetry
distortion does not occur when TCNE is replaced with (E,E)-1,2-
dicyanoethylene or when TCNE reacts with unsubstituted buta-
diene. Asymmetry in cycloadditions of symmetricallgr substituted
reactants is not uncommon, and Bachrach and White” attributed it
to strain relief that tends to distort the structure by orbital
interactions and mixing, an argument used also by Yamabe et al.”

Here we use the CSM approach as an analysis tool in order to
explore the effect of solvents on the energy and stereochemistry
of the concerted [4 + 2] DMB + TCNE cycloaddition
(Scheme 1). We use this specific example in order to convey
the following view: If asymmetry characterizes a concerted
reaction, treatment in terms of continuous symmetry seems to
be a natural way to bridge the gap between rules that were
formulated originally for symmetry-idealized unsubstituted re-
actants and the fact that these rules hold for a much wider scope
of reactions; instead of saying the system must retain symmetry,
one can say that the CSM value with respect to the original
expected symmetry must attain a certain minimal value, that is
not necessarily zero.

B COMPUTATIONAL METHODS

Quantum-Mechanical Calculations. These were performed
with the Gaussian 09°* suites of computational programs. All reactants,
products, and transition states (TSs) were optimized at the modified
Perdew—Wang 1-parameter model for kinetics (MPW1K) level, a hybrid
density functional method developed by Truhlar and co-workers® with
the 6-31G(d,p) basis set. The choice of the method and basis set follows
the recommendations of Lynch et al.>* and in particular those of Jones
etal,?® who showed that compared with experimental results the MPW1K

method outperforms both the B3LYP**~* and the BPW91°**" meth-
ods in reproducing the substitution effect on the activation barrier for
other cycloaddition reactions involving TCNE. All optimization were
followed by vibrational frequency calculations to verify that they are
either minima or saddle points on the potential energy surface. The
effect of solvent was explored with the polarizable continuum model
(PCM) using the integral equation formalism variant (IEFPCM)* ~*
in which a set of overlapping spheres represents the solute cavity. The
following 10 solvents were used: heptane, benzene, toluene, dibuty-
lether, chloroform, acetic acid, dichloromethane, 1-pentanol, acetone,
and ethanol. These solvents were chosen to sample a range of dielectric
constants from ca. 2 for heptane to ca. 24 for ethanol. The full energy
profile of the reaction along the minimum energy path between reactants
and product was calculated using the intrinsic reaction coordinate
(IRC)** method. All IRC calculations were verified by repeating them
with a smaller step size.

A Ci-symmetry constrained geometry for the transition state was also
computed in the gas phase. As reported previously by Yamabe et al,” it
was found to be a second-order saddle point. The nature of this point did
not change even when very tight convergence criteria were applied or
when other combinations of functionals and basis sets were used.
Furthermore, using polar solvents, the nature of the Ci-symmetry
constrained geometry became a third-order saddle point leading us to
the conclusion that the true TS is indeed asymmetric.

To rule out a possible biradical mechanism stability, calculations of
the wave function were performed on the transition state for all solvents
and the gas phase. These calculations determine if the resulting structure
is a local minimum, by allowing the wave function to become open-shell
or reducing the symmetry of the orbitals if necessary.*® Following the
recommendations of Jones et al,* transition states were also calculated
using the Hartree—Fock*” (HF) method with the 6-31G(d) basis set.
However, these results showed instability of the wave function that was
not corrected by using the unrestricted-HF (UHF) method. We believe
this instability is due to the lack of electron correlation terms in the HF
method that are crucial for the specific reaction. Since UHF calculations
are known to be unreliable in the determination of activation ‘bariers,48
we continued our study based on the MPW1K/6-31G(d,p) results
assuming the reaction is concerted in all solvents.

CSM Calculations. These calculations are based on finding the
minimal distance between a given structure and the nearest structure
that has the desired symmetry point group.’ 7*'® The algorithm is
based on searching for structures with the desired symmetry and then
selecting the one that has the minimal distance from the original
structure, according to eq I:

N
Y QP
S(G) = 100 x min *t——— (1)
L -
=1

Here G is the desired symmetry point group. The original structure
has N vertices with coordinates {Qy, k= 1,2, .., N}, Qo being their center
of mass. {Py, k=1, 2, .., N} are the coordinates of the nearest structure
with G symmetry. The denominator in eq 1 is a mean square size
normalization factor, which is introduced to avoid size effects. The CSM
defined in eq 1 is independent of the position, orientation, and size of the
original structure. As mentioned above, the bounds of S(G) are between
0 and 100. If a structure has the desired G-symmetry, then S(G) = 0 and
the symmetry measure increases as it departs from G-symmetry.

B RESULTS AND DISCUSSION

Symmetry Profiles and Energy Profiles. The TS for the
concerted [4 4 2] DMB + TCNE cycloaddition in the gas phase
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is shown in Figure 1. For unsubstituted reactants, the WH rules
predict conservation of symmetry with respect to a plane that
bisects the bonds 1—2 and 9—10, perpendicular to the molecular
plane. Figure 1 shows that in our case reflection symmetry does
not exist for the TS of this reaction. In fact, as seen in Figure 2a, this
symmetry is never reached along the whole process either for the gas
phase (Figure 2a, left scale) or in solvents (Figure 2b; results for
heptane and ethanol are shown representing the two extreme solvents
in our study, all calculated at the MPW1K/6-31G(d,p) level). Figure 2
offers several observations: (i) The symmetry profiles of the
reaction”” reveal that the symmetry distortion is fairly constant
from the initial alignment of the reactants, through the TS up to
an IRC value of about 10 Bohr+amu'/2 (ii) Beyond that value,
where the product begins to assume its final shape, the distortion
becomes even more pronounced due to the repulsion between
the cyano groups. (iii) Symmetry changes and energy changes
along the reaction coordinate follow roughly the same trends
(Figure 2a); energy increases with increase in asymmetry, and
decreases as the intermediates are closer to reflection symmetry.
Similarly, (iv) The decrease in energy associated with the
transition from the gas phase to heptane and to ethanol (which
is in accordance with other studies involving cycloaddition of
TCNE®) is paralleled by an increase in symmetry along the
whole path (Figure 2b). Observations (jii) and (iv) are in line
with the general teaching of WH that the more energy-favored
reactions will be those that obey the symmetry rules in a stricter

Figure 1. Transition state (TS) geometry calculated at the MPW1K/6-
31G(d,p) level.

way; here we show it quantitatively. (v) In passing we note that
this [4 + 2] reaction is chiral all along its path; we address this
interesting issue in a separate report.

Next, let us follow the geometrical changes that hide behind
the symmetry profile of Figure 2. The main observation (see the
snapshots in Figure 2a) is that the out-of-plane twist of the cyano
groups is the most notable contributor to the symmetry non-
conservation along the IRC. At first, the two molecules get closer
to each other in a way that slightly increases the distortion
(TCNE loses its planarity). After the TS is reached, the new
C—C bonds are created with a slight decrease in S(C,) (increase
in symmetry) until a minimum point is achieved. At this point,
the two new C—C bond lengths are almost at their final minimal
values. After that point, the methoxy groups approach each other
in an out-of-plane motion, the hydrogen atoms around the
terminal carbon atoms rotate freely, and the cyano groups twist
apart from each other, increasing the dihedral angle (N,g—
C10—Co—Nag) from a value of 144.9° (gas phase) at the mini-
mum point along the symmetry profile to a value of 171.5° (177.5°
for the optimized product), with a steep increase in S(C,). We
return below (the text that accompanies Figure 7) to further
analysis of the structural changes that are associated with the
symmetry changes, focusing there on the solvent effects on the
TS and on various substructures.

We tested for possible sensitivity of these observations on the
choice of the basis set by repeating the IRC calculation with the
6-31G(d) basis set for the gas phase. The results were a parallel
energy profile predicting a change of 0.15 kcal/mol in the
activation energy and 0.34 kcal/mol in the reaction energy and
a symmetry profile identical to the one in Figure 2a. We thus
continue our discussion based on the calculations at the
MPWI1K/6-31G(d,p) level.

Solvent Effects on the Symmetry of the Transition State,
on the Activation Enthalpy, and on the Charge Separation.
The content of mirror symmetry, S(C,), and the enthalpies of
activation relative to a gauche conformer of DMB (Figure 3)
were calculated for the gas phase and for the 10 solvents listed
above. Figure 4a shows the MPW1K/6-31G(d,p) results for
S(C,) at the TS as a function of the dielectric constant. As is
evident from the plot, with increased polarity of the solvent,
S(C,) decreases and the TS is closer to having reflection
symmetry (ideally obeyed in the TS of the unsubstituted DA
reaction). Remarkably, the decrease in S(C,) closely correlates
with a decrease in the enthalpy of activation, (right scale of
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Figure 2. (a) The mirror-symmetry profile (black line, left scale) and the potential energy profile (red line, right scale) along the intrinsic reaction
coordinate (IRC) of the [4 + 2] cycloaddition of (E,E)-1,4-dimethoxy-1,3-butadiene (DMB) with tetracyanoethylene (TCNE) for the gas phase. (b)

Solvent effects on the symmetry profile (bottom) and energy profile (top).
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Figure 4a; left scale in Figure 4b). It thus emerges that the
symmetry measure of the TS points to the reactivity of the
system: for solvents of higher polarity, the TS is less distorted and
the enthalpy of activation is lower, leading one to predict faster
reactions for the more polar solvents. In other words, this
observation suggests that S(C;) can serve as a measure of relative
reactivity. A similar correlation between the enthalpy of activa-
tion of the retro Diels—Alder reaction and the S(C,) at the TS
was observed (Figure 4b, right scale).

Analysis of the effect of solvent on the amount of charge
transferred from the diene to the dienophile at the TS, provides a
possible explanation for this observation. Figure S presents the
total charge on TCNE (Mulliken Population Analysis was used)
as a function of S(C,) at the TS for the various solvents used in
this study. It is clearly seen that increase in solvent polarity
stabilizes a higher charge separation and that this stabilization is
related to increase in the content of reflection symmetry. As we
have seen above (snapshots of Figure 2a), the spatial orientation
of the four cyano groups is the major carrier of the symmetry
deviation in this reaction.

Comparison of the Symmetry Measure to the Asynchro-
nicity of the Transition State. As mentioned in the Introduc-
tion, asynchronicity is a common descriptor of cycloaddition
reaction mechanisms.”***** Comparison of S(C,) to this para-
meter is provided in Table 1 (the asynchronicity is based on the
changes in the lengths of the new forming C- - -+ C bonds (do
and do4, in Figure 1) and is defined as their difference). As is
evident from the table, dy3 and djo4 are not equal, and the
solvents affect only d, 4 (it increases with polarity) and not dg 5.
We also recall here that the symmetry measure is based on the
changes that all bond lengths and bond angles undergo. Figure 6

Figure 3. Gauche conformer of DMB.

“Dielectric constants are taken from the Gaussian user’s reference.

presents a comparison between S(C,) (left scale) and asynchro-
nicity (right scale), both calculated at the TS, as a function of the
dielectric constant of the solvent. It is seen that opposite trends,
almost mirror imaging each other, are obtained. While S(C,)
decreases with polarity (as described in the previous section),
asynchronicity increases with the polarity. How can that be? It is
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Table 1. Geometrical Parameters of the TS in different
solvents, MPW1K/6-31G(d,p)

solvent asynchronicity

(dielectric constant)®  S(C,) dg3(nm) dyo4 (nm) (nm)
gas phase (1.0000) 1861 02022 02428 0.0406
heptane (1.9113) 1397 02015 02465 0.0450
benzene (2.2706) 1327 02014 02476 0.0462
toluene (2.3741) 1313  0.2014 0.2479 0.0465
dibutylether (3.0473) 1259 02014 02497 0.0483
chloroform (4.7113) 1187 02015 02523 0.0508
acetic acid (6.2528) 1.137 02017 0.2535 0.0518
dichloromethane 1.079  0.2019 0.2548 0.0529
(8.9300)
1-pentanol (15.1300) 0911 02021 0.2558 0.0537
acetone (20.4930) 0861 02022 02563 0.0541
ethanol (24.8520) 0.849 02023 02566 00543
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Figure 7. S(C,) at the TS for the whole structure (squares), the [4 + 2]
carbon skeleton of the structure (atoms 1—4, 9, and 10) (circles), and
the TCNE part of the structure (atoms 9, 10, and 21—28) (triangles).

an outcome of the fact that the distortion from the optimal
symmetry is not dictated solely by the d;( 4 bond changes but by
the full picture of structural changes, which we describe in the
next section. We suggest that this is one of the indications (more
are described below) that the CSM is a better analyzer of
symmetry changes in concerted reactions. Using asynchronicity
as a measure of asymmetry could have led to the false conclusion
that the reactivity of this reaction increases with increased
asymmetry. Indeed, based on asynchronicity/polarity correlation
in the cycloaddition of cyclopenadiene with methylacrylate, Ruiz-
Lépez* predicted that the reaction coordinate in solution should
be more asymmetric than in the gas phase, a conclusion that
seems to be in need of reconsideration.

A somewhat different formula for asynchronicity was sug-
gested by Contini et al.>" and used later on by Legnani et al.>*
They defined asynchronicity as the difference between the ratios
of the new forming bond lengths in the TS and the correspond-
ing bond lengths in the product. In our case, this would lead to
the expression [d;0,4(TS)/d1g4(prod) — do3(TS)/dos(prod)].
However, when applied to our data, similar results to the
traditional definition of asynchronicity were obtained, both
quantitatively and qualitatively (not shown here).

Subgroup Analysis of the Symmetry at the Transition
States. Let us now see the information obtained by comparing the
solvent dependency of S(C,) of the full structure (Figure 7, squares)

30 . . T T T
«(4,2,1,3) 1{-60
«(1,2,10,9) TS
20 - (27,10,9,26) 1-80
—~ —— (27,10,9,25) _
= 1100 =
2 40 I— 2
2 2
< 1120 §
® o4 f ®
S , {140 5
2 ' £
— 1 —
8 .04 N {160 O
)
j 1{-180
-20 : . ; } T T
15 -10 5 0 5 10 15

IRC (Bohr amu'?)

Figure 8. Changes of several dihedral angles along the IRC (see Figure 1
for atoms numbers). Black: the butadiene carbon skeleton. Red: the
orientation of the ethylene skeleton relative to the butadiene skeleton.
Blue: the dihedral angle between two CN groups representing the twist
motion. Orange (right scale): the dihedral angle between CN groups
representing the folding motion. The dashed vertical line represents the
location of the TS.

to the S(C;) values of two subgroups, the [4 + 2] carbon skeleton
of the structure (atoms 1—4, 9—10 (see Figure 1), Figure 7,
circles) and the TCNE part of the structure (atoms 9—10,
21—28 (see Figure 1), Figure 7, triangles). It is immediately
evident that the “burden” of the symmetry distortion is mainly
due to the TCNE part; its trend parallels that of the full structure,
whereas the [1—4, 9—10] carbon skeleton remains practically
unaffected. In other words, looking only at that carbons subgroup
(as the asynchronicity measure does) may cause one to miss
solvent effects on this symmetry-dictated DA reaction. More-
over, the major source of asymmetry of the TS is the substituents,
while the solvents play a minor role. The asymmetry of the DMB
part of the TS structure (atoms 1—8, 12—20) was also calculated
(not shown) indicating a slight increase of S(C;) with polarity of
the solvent, but with values which are smaller by a factor of 10 and
can therefore be ignored. Thus, in accordance with the WH
assumptions, the lack of perfect symmetry does not prevent the
creation of the cycloadduct; the symmetry analysis contributes a
quantitative aspect to that statement and to its relation to
reactivity.

Bl CONCLUSIONS

The conservation of orbital symmetry in concerted reactions
has become one of the more important pillars of modern
chemistry. Yet very few reactions follow the symmetry dictates
in a strict way. In order for the WH and Fukui®® approaches to
embrace freely the majority of concerted reactions, namely, those
who follow the desired symmetry only (very) approximately,
quantification of that structural property is needed. Indeed,
asynchronicity was developed for that purpose. Yet, looking at
Figure 8, which depicts only few of the many molecular
parameters that undergo a change during a concerted reaction
(the [4 + 2] cycloaddition reaction of (E,E)-1,4-dimethoxy-
1,3-butadiene with tetracyanoethylene in our case), it is clear
that selection of specific parameters cannot grasp the full symme-
try changes as a whole. The method of continuous symmetry
measures has been applied to address this need. Symmetry, the
inherent structural property of relevance to concerted reactions, is
used as a global parameter (Figure 2a) to follow up the reaction
and parameters that affect it. The specific example we have selected
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in order to demonstrate this approach has been the study of the
effects of solvents on the symmetry and reactivity of a Diels—Alder
reaction, revealing the predictive value of this approach. Our data
for the enthalpy of activation and the charge separation at the TS
predict that the reactivity increases with the polarity of the solvent.
The symmetry measure is in excellent correlation with the
enthalpy of activation and the charge separation at the TS,
indicating the higher reactivity of the more symmetric case, thus
quantifying the main teaching of the WH rules. In particular these
results suggest that in concerted reactions one can find a minimal
symmetry measure value that is not necessarily zero (ie., ideally
symmetric), with respect to the original expected symmetry, and
that higher reactivity in such reactions is associated with lower CSM
values, that is, with higher quantitative symmetry values. Finally, we
draw attention to a recent study by Casanova et al., who suggested a
symmetry measure of the electron density>*** that could be suitable
to test the influence of substitution on the orbital symmetry of
concerted reactions; extension of our nuclei geometry analysis to
orbitals analysis by this and by related methods®**” is in progress.

B ASSOCIATED CONTENT

© Supporting Information. Cartesian coordinates and
electronic energies for the reactants, transition structures and
product in different solvents optimized at the MPW1K6/31-G(d,p)
level. This material is available free of charge via the Internet at
http://pubs.acs.org.
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