FULL PAPER

DOI: 10.1002/ejoc.200700547

Double Group Transfer Reactions as Indicators of Aromatic Stabilization
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The main features of double hydrogen atom transfer reac-
tions in syn-sesquinorbornanes, which involve the concomi-
tant formation of an aromatic ring, have been studied compu-
tationally within the framework of Density Functional
Theory. The very good linear correlations, which exhibit high
correlation coefficients between the recently available Aro-
matic Stabilization Energies (ASE) from the Energy Decom-
position Analysis (EDA) method and the activation and reac-

tion energies, as well as geometric features (C-C bond
lengths) of the corresponding transition states of the transfor-
mations, suggest that the calculated values are useful in esti-
mating the aromatic character of a molecule. The studied
process may be used for benchmarking of energetic aromatic
indices.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Aromaticity is still an amazingly fruitful concept for ex-
perimental and theoretical research, which has recently
been summarized in a series of reviews.!! It belongs to the
archetypal class of chemical bonding models which are
ubiquitously used by chemists, although they have no pre-
cise meaning. Thus, aromaticity has been called a typical
example of a umicorn of the chemical bonding models.|”)
Analogous to the mythological animal, aromaticity is
known by every chemist but still it is just a virtual, and
therefore, a non-observable quantity which is universally
understood by convention.

Nevertheless, numerous criteria, which are not free from
ambiguities, have been suggested in order to classify aro-
matic compounds. Among them, the energetic criterion, if
well defined, is considered to be the principal one,l! since
it governs the reactions and much of the chemical behavior
of a molecule. However, most of the methods used to exper-
imentally or computationally estimate the aromatic stabili-
zation energies (ASE) are based on isodesmic reactions (for
example, see the reaction depicted in Scheme 1) which are
contaminated by different flaws such as strain, hyperconju-
gation, “proto”branching, or syn-anti effects.] Therefore,
the calculated ASE values are not always reliable. Thus, it
would be helpful if a direct estimate of the ASEs could be
made based on a rigorously defined quantum chemical
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method. Such a method was reported by some of ust in a
very recent study where we used the energy decomposition
analysis (EDA) method to estimate the strength of m-cy-
clic conjugation in typical aromatic, homoaromatic and an-
tiaromatic compounds by comparing the calculated AE,
values (which are a direct measure of the conjugative
strength) of the cyclic compounds with acyclic reference
systems. The calculation of benzene with all-trans-1,3,5,7-
octatetraene as the reference molecule gave an ASE value
of 42.5 kcal/mol. The latter molecule, which has eight n
electrons, was chosen as reference because it has the same
number of conjugating ¢ bonds as benzene, and because
it has been suggested that the ASE values exhibit a better
correlation with nucleus-independent chemical shift (NICS)
values when the latter reference system is chosen.l’”! Using
the same approach, we found for cyclobutadiene, a mole-
cule which is considered as the archetypal antiaromatic
molecule,®! an ASE value of —31.9 kcal/mol with respect to
all-trans-1,3,5-hexatriene, which agrees with the classifica-
tion of cyclobutadiene as antiaromatic species. Therefore,
our newly developed methodology provides a reliable scale
of aromaticity which has also been successfully applied to
estimate the aromatic strength of metallabenzenes,® sys-
tems where the geometric harmonic oscillator model of aro-
maticity (HOMA) method and magnetic NICS or magnetic
susceptibilities are not applicable.

SRS
3© + O + 28.8 kcal mol™" (exp.)

Scheme 1.
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We recently reported that transition structures associated
with two-group migrations are in-plane analogues of six-
membered heteroaromatic rings.['” This analogy is also ap-
plicable to the intramolecular rearrangement in syn-sesqui-
norbornanes, depicted in Scheme 2, which was experimen-
tally described by Mackenzie as a sigmatropic hydrogen
transfer in the isodrin series.'l Thus, this rearrangement,
also known as a type-1I dyotropic reaction,!'” can be con-
sidered as a particular case of double group-transfer reac-
tions involving the concerted and synchronous transfer of
two hydrogen atoms from an ethane unit to an ethylene
group in a process suprafacial on both reaction sites. There-
fore, this transformation may be considered as a thermally
allowed pericyclic reaction according to the Woodward and
Hoffmann rules.'3 Furthermore, these reactions occur
through a highly aromatic in-plane transition statel'*! in
view of the computed high negative NICS values at the
[3+1] ring critical point of the electron density as defined
by Bader.!'!

-CO

o

The two hydrogen-atom migration depicted in Scheme 2
involves the concomitant formation of an aromatic ring
and, therefore, both the activation barriers and the reaction
energies of the rearrangement should be affected by this
aromatization process. The formation of the aromatic ring
by the dyotropic movement may be considered as a driving-
force of the transformation. Therefore, the ease of the re-
arrangement should correlate with the aromatic stabiliza-
tion. The extension of this reaction to analogous processes
in which other aromatic rings are formed may provide a
reasonable scenario for the definition of aromaticity. Re-
ported in this paper is the successful implementation of this
idea.

Scheme 2.

Computational Details

All the calculations reported in this paper were obtained
with the GAUSSIAN 03 suite of programs.['® Electron cor-
relation was partially taken into account using the hybrid
functional usually denoted as B3LYP!!'7l and the standard
6-31+G* basis set!'®! for hydrogen, carbon, oxygen, nitro-
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gen, and sulfur. Zero point vibrational energy (ZPVE) cor-
rections were computed at the B3LYP/6-31+G* level and
were not scaled. Reactants and products were characterized
by frequency calculations,'”) and have positive definite
Hessian matrices. Transition state structures (TS’s) show
only one negative eigenvalue in their diagonalized force
constant matrices, and their associated eigenvectors were
confirmed to correspond to the motion along the reaction
coordinate under consideration using the Intrinsic Reaction
Coordinate (IRC) method.?”) Nucleus independent chemi-
cal shifts (NICS)?! were evaluated by using the gauge in-
variant atomic orbital (GIAO)P?! approach, at the GIAO-
B3LYP/6-31+G(d)//B3LYP/6-31+G(d) level.

The synchronicity>>?4 of the reactions was quantified
by using a previously described approach.l>>! For a given
concerted reaction, “synchronicity” is defined as?¢!

2. 3B, -8B, |

ZSB

S, =1--=

AV

2n-2

where n is the number of bonds directly involved in the
reaction (in this case, n = 6) and 0B, stands for the relative
variation of a given bond index B; at the transition state
(TS), according to the following formula:

a BiTS _ BiR

3B, = Ly pw

where the superscripts R and P refer to the reactants and
the product, respectively. The average value of dB;, denoted
as 0B,y 1s therefore
SBAV =n'! 2 SBI

i=1

The Wiberg bond indices??”! B; were computed using the
natural bond orbital (NBO)?® method.

As energetic aromaticity criterion, we used our recently
introduced EDA-based ASE values.®! Table 1 shows the
ASE values for the compounds which are considered in this
report.

Table 1. ASE values (in kcal/mol) from the EDA method.[]

Compound ASE
Benzene (Dyg;,) 42.5
Pyridine (Cs,) 45.7
Cyclobutadiene (D) -31.9

Cyclobutene (C,,) 3.5

1 H-Pyrrole (Cs,) 21.1
Furan (C,) 16.2
Thiophene (C5,) 21.9

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] ASE values taken from ref.’], computed at the BP86/TZ2P level.

Results and Discussion

DFT calculations were carried out for the model reac-
tions 1 — 3 (Table 2) at the B3LYP/6-31+G(d) level. As
readily seen from the data gathered in Table 2, in all cases
the double hydrogen atom transfer occurs concertedly
through a highly aromatic in-plane transition state (Fig-
ure 1). The computed strongly negative NICS values at the
5411
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Table 2. Activation energies (E,, kcal/mol),[™! reaction energies (Eg, kcal/mol),[™ synchronicities (S,, in a.u.), NICS(0), and NICS(1) values
(in ppm), associated with the 1 — 3 double hydrogen atom transfers.

Entry X E, ERlel S, NICS(0)d! NICS(1)el
* AN
X
rH o X= \
H = /
1a,b 2ab 3ab
1 CH 19.9 -41.1 0.89 -26.03 -12.14
N 20.6 -39.5 0.88 -26.59 -12.57
t
~H X AH X |
1c—e 2c-e 3c-e
3 (0] 36.6 -6.8 0.84 -24.57 —12.11
4 S 31.5 -14.0 0.84 -24.85 -11.84
5 NH 314 -16.4 0.84 -24.62 -12.19
i X
H /H\ ’//
vy IH- X X7
X — - X -
1fg 2fg 3fg
6 CH 63.3 +46.6 0.93 -16.06 -6.49
7 CH, 46.9 +15.9 0.92 -24.44 -11.53

[a] All values have been calculated at the B3LYP/6-31+G(d)+AZPVE level. [b] Activation energy values computed as E, = E(2) — E(1).
[c] Reaction energy values computed as Egx = E(3) — E(1). [d] NICS(0) values computed at the GIAO-B3LYP/6-31+G(d) level at the
[3,+1] ring critical point of the electron density. [¢] NICS(1) values computed at 1 A above the ring critical point.

Figure 1. Ball-and-stick representations of transitions states 2a—g. All structures correspond to fully optimized B3LYP/6-31+G(d) geome-
tries. Bond lengths are given in A. Unless otherwise stated, white and gray colors denote hydrogen and carbon atoms, respectively. The
dummy atoms denote the [3,+1] ring critical point of electron density.

5412 WWW.EUIjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 5410-5415
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[3,+1] ring critical point of the electron density [denoted as
NICS(0)] and at 1 A above that point [denoted as NICS(1)]
clearly show the aromatic character of the saddle points.
We want to point out that the NICS values are unusually
high when compared to benzene (around —11 ppm). This is
probably caused by the coupling between the magnetic
fields of the parallel components of the contiguous rings. It
is noteworthy that the seven studied reactions are found to
exhibit rather high synchronicities (S, = 0.84-0.93, see
Table 2).12]

There is no doubt that the formation of the aromatic
ring by the dyotropic movement is the driving force of the
transformation. This conclusion is based on the lower val-
ues of the activation energies compared to the computed
values for the analogous parent reaction where the aromatic
ring is replaced by a double bond [E, = 39.9 kcal/mol at
the B3LYP/6-31+G(d) level], and it is also reflected in the
high exothermicity of the process, in complete agreement
with the experimental findings.''] The comparison of the
energy values in Table 2 for the different aromatic systems
clearly shows that the activation and reaction energies cor-
relate with the aromatic stabilization energies (ASE) of the
aromatic rings being formed during the dyotropic process.
Thus, if the studied dyotropic reactions show the strength
of the aromaticity, a high correlation between the calculated
ASE values and the activation or reaction energies of these
processes should exist. In fact, when we plot the latter pa-
rameters vs. the ASE values obtained with the EDA
method, very good linear relationships are found (Figure 2:
ASE vs. E,, correlation coefficient of —0.99 and standard
deviation of 2.04; ASE vs. Ey, correlation coefficient of
—0.99 and standard deviation of 4.47). These excellent cor-
relations confirm that these double group transfer reactions
can be used as indicators of aromatic stabilization and
therefore, as benchmark for energetic aromaticity criteria.
Moreover, the lower standard deviation computed for acti-
vation energies compared to reaction energies indicates that
the former parameter is even a better indicator of aromatic-

1ty.

Energy / kcal mol™

ASE / kcal mol”

Figure 2. Plot of the ASE values vs. the activation (circles) and
reaction (squares) energies for the dyotropic process 1 — 3.
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From the results compiled in Figure 2, we can conclude
that the more aromatic the forming ring, the more favorable
the dyotropic process is, both from kinetic and thermo-
dynamic points of view, in good agreement with the Ham-
mond postulate.?%) Therefore, the reaction is energetically
favorable with strong aromatic groups such as benzene and
pyridine (entries 1 and 2 respectively, Table 1) while it is
disfavored when the forming ring is a nonaromatic com-
pound such as cyclobutene (entry 7, Table 1) or cyclobuta-
diene, which is considered as the archetypal antiaromatic
compound (entry 6, Table 1). Furthermore, the relative
strength of aromaticy in the series benzene, pyridine, pyr-
role, thiophene, and furan may be estimated by considering
the energetics of the corresponding dyotropic process rela-
tive to the reaction involving benzene formation (relative
aromaticity strength: 1:0.96:0.40:0.34:0.17 respectively).

Interestingly, the different C—C(former ethylenic moiety)
and C-C(ring moiety) bond lengths of the transition states
involved in the migration processes (Figure 1) are also affec-
ted by the aromatization process. For instance, the C-C
bond length of the former ethylenic moiety shortens from
2f (1.470 A), a saddle point which corresponds to the for-
mation of a cyclobutene ring, to 2a (1.417 A), which is asso-
ciated with the formation of a benzene ring. Therefore, the
double bond character of this bond is the lowest in 2f (NBO
bond order = 1.16) and highest in 2a (NBO bond order =
1.36). These results are also in accord with the Hammond
principle,[*% which states that a more product-like transition
state with a larger C—C bond length corresponds to a more
endothermic reaction. The data suggest that the latter geo-
metric feature is directly related to the in-plane aromaticity
of the corresponding transition state, but also indirectly
with that of the final aromatic ring. For that reason, it is
very likely that this geometric parameter is also a good indi-
cator of the aromatic stabilization, and therefore it is not
surprising that very good linear relationships between the
different C—C bond lengths and the calculated ASE values
were found as well [Figure 3, ASE vs. C—C(former ethylenic
moiety) bond length, correlation coefficient of —0.996 and
standard deviation of 0.002; ASE vs. C-C(ring moiety)

1,50 o
r=-0.980, SD =0.

1,48
" r(C-C)

® r(C-C)

‘former ethylenic

ring

1,46

r(cC)/A

1,44
r=-0.996, SD = 0.002

o2f
1,42

-40 -20 0 20 40 60
ASE / keal mol”

Figure 3. Plot of the ASE values vs. the C-C bond lengths of the
transition states 2a-g.
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bond length, correlation coefficient of —0.980 and standard
deviation of 0.006]. This finding provides further support to
the above-mentioned conclusion that the considered double
hydrogen-atom-transfer reactions are indeed good systems
to indicate the aromatic character of a given compound.
The question of using the corresponding intermolecular
process 4 + ethene — 6 + ethane (Table 3) instead of the
large systems for the reaction 1 — 3 is finally addressed. As
readily seen in Figure4, and from the very good corre-
lations between activation energies E, and reaction energies
Eg with ASE values (Figure 4: ASE vs. E,, correlation coef-
ficient of —0.97 and standard deviation of 3.05; ASE vs. E,
correlation coefficient of —0.98 and standard deviation of
6.19), the intermolecular double hydrogen atom transfer
from the hydrogenated compounds 4a—g to ethane is a good
indicator of aromaticity as well. However, the lower values
of the correlation coefficients and higher values of standard
deviations compared with those which correspond to the

Table 3. Activation energies (E,, kcal/mol)[# and reaction energies
(ER, kcal/mol),[@ associated with the 4 + ethene — 6 + ethane
double hydrogen atom transfers.

He.-. He Lo * H e
| X — 1
H H H
4a—g 5a-g 6a—g
Entry Ring system E,M ERl
1 benzene 29.2 —43.0
2 pyridine 29.9 -40.9
3 furan 36.2 -21.8
4 thiophene 353 -24.9
5 1 H-pyrrole 333 -31.7
6 cyclobutadiene 62.2 +33.4
7 cyclobutene 46.3 +1.5

[a] All values have been calculated at the B3LYP/6-31+G(d)
+AZPVE level. [b] Activation energy values computed as E, =
E(5) — E(ethene) — E(4). [c] Reaction energy values computed as
Er = E(6) + E(ethane) — E(ethene) — E(4).

60 {2 = E
T e E
4 —_ R
—.
40 | -~
- r=-097,8D=3.05 ap__
. | \ \ .
° T
£ 20
©
g
> o .
o
]
Lﬁ r=-0.98,SD=6.19
-20 o \\
1 e
-40 4 \.\.
T T T T T T T T T 1
-40 20 0 20 40 60
ASE / kcal mol”

Figure 4. Plot of the ASE values vs. the activation (squares) and
reaction (circles) energies for the dyotropic process 4 + ethene — 6
+ ethane.
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intramolecular process (Figure 2) suggest that the intramo-
lecular process is a better choice. This might be due to a
better balance of strain and hyperconjugation effects.

Conclusions

In summary, we have found that the strength of aroma-
ticity can be estimated by double hydrogen atom transfer
reactions involving the formation of an aromatic ring. The
very good linear correlations, which exhibit excellent corre-
lation coefficients between the energetic aromaticity crite-
rion (ASE values) and the activation and reaction energies,
as well as geometric features (C—C bond lengths) of the cor-
responding transition states of the transformations, suggest
that the calculated values are useful in estimating the aro-
matic character of a molecule. In other words, the reaction
type proposed in this report constitutes an isodesmic reac-
tion based upon an intramolecular process, thus providing
an adequate benchmark for energetic aromaticity criteria.

Supporting Information (sece footnote on the first page of this
article): Cartesian coordinates (in A) and total energies (in a.u.,
noncorrected zero-point vibrational energies included) of all the
stationary points discussed in the text.
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