The aromaticity and antiaromaticity of dehydroannulenes
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The molecular structures and the magnetic properties of hexadehydro[ 12]annulenes and

dodecadehydro[ 18]annulenes have been studied at ab initio and density-functional levels. The calculations
show that the unsubstituted dehydro[12]annulene sustains a paratropic ring current in an external magnetic
field, while the ring current for the unsubstituted dehydro[18]annulene is diatropic. Since the induced ring
current is one measure of the molecular aromaticity, dehydro[ 18]annulene can be considered aromatic and
dehydro[12]annulene antiaromatic. Fused benzene or cyclobutadiene rings destroy both the antiaromaticity
and the aromaticity of the dehydroannulenes, while the substitution of the six hydrogens by ethinyl groups
affects the aromatic properties of the dehydroannulenes only slightly. The calculations show that the bond
alternation is smaller for molecules sustaining large diatropic or paratropic ring currents than for nonaromatic
molecules. The ring-current contributions to the 'H NMR chemical shieldings have been estimated for the

molecules studied.

I. Introduction

Hexaethinylhexadehydrotribenzo[12]annulene (1) and hexa-
ethinyldodecadehydrotribenzo[ 18]Jannulene (6) are the basic
building units for graphyne and graphdiyne, respectively,
which belong to a family of interesting and potentially impor-
tant allotropes of carbon.!~* The graphyne and graphdiyne
allotropes possess a remarkable planar network consisting of
only benzene rings and alkyne units. The m-conjugation of
graphyne and graphdiyne are expected to result in interesting
magnetic>*® and nonlinear optical molecular properties.3*’
Graphyne and graphdiyne have never been synthesized.
Instead, the natural strategy to study them experimentally has
been to synthesize different oligomers of (1) and (6) and to
investigate their properties, which are then extrapolated to the
infinite graphyne and graphdiyne networks.?

The dodecadehydro[18]annulene rings (6-10) possess 18 -
electrons which, according to the Hiickel (4n + 2)r rule, sug-
gests that they are aromatic. The hexadehydro[12]annulene
rings (1-5), on the other hand, have 12 m-electrons and they
should therefore be antiaromatic. In an external magnetic
field, aromatic molecules sustain an induced diatropic
(diamagnetic) ring current, while for antiaromatic molecules
the current circulates in the opposite direction i.e. they sustain
a paratropic (paramagnetic) current.>*¥12 The induced ring
current creates a magnetic field which is observed as a long-
range magnetic shielding. The short-range contribution to the
magnetic shielding function due to the local motion of the
electrons around the atoms and in the chemical bonds van-
ishes outside the electron density. This implies that the
strength of the ring current of aromatic and antiaromatic mol-
ecules can be estimated by studying the long-range magnetic
shielding function.!3~'3> One measure of the degree of
aromaticity is the strength of the induced ring current. Mol-
ecules sustaining a ring current in a magnetic field are not
necessarily aromatic or antiaromatic, but molecules with
neither induced diatropic nor paratropic ring currents are
unlikely to be aromatic or antiaromatic.

The aim of this work is to study the magnetic properties of
dehydroannulenes computationally. The molecular structures
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of hexaethinylhexadehydrotribenzo[12]annulene (1), hexa-
dehydrotribenzo[ 12]annulene (2), hexadehydrohexa-
ethinyl[12]annulene  (3) hexadehydro[12]annulene (4),
hexadehydrotricyclobutadien[ 12]annulene (5), hexaethinyl-
dodecadehydrotribenzo[ 18]annulene (6), dodecadehydrotri-
benzo[18]annulene (7), dodecadehydrohexaethinyl[18]annu-
lene (8), dodecadehydro[18]annulene (9) and dodecadehydro-
tricyclobutadien[ 18 Jannulene (10) have been obtained at the
density-functional level of theory, while the nuclear magnetic
shieldings and the induced ring currents, which are related to
the degree of the aromaticity, have been studied at the
Hartree-Fock level.

II. Computational methods

The molecular structures have been optimized at the
resolution-of-the-identity density-functional theory (RI-DFT)
level'® using the Becke-Perdew (B-P) parametrization!’1° as
implemented in TURBOMOLE.?° The nuclear magnetic
shieldings have been calculated at the Hartree-Fock self-
consistent field (SCF) level?! using London or gauge-
including-atomic orbitals (GIAQ).10-22

In the structure optimization, the Karlsruhe split-valence
basis sets?® augmented with polarization functions on C were
employed (SV(P)), while in the subsequent shielding calcu-
lations, the basis set was further augmented with polarization
functions on H (SVP).

In the aromatic ring-current shieldings (ARCS)
method,'3~1% the magnetic shieldings are calculated at selec-
ted point along a line perpendicular to the molecular plane
starting at the center of the molecule. By considering the
molecular ring as an infinitely thin wire carrying a current, a
simple relation between the long-range behavior of the iso-
tropic nuclear magnetic shielding function, and the current
susceptibility with respect to the applied magnetic field can be
derived!3—1% using Biot—-Savart’s law.2# To check the electron-
correlation effects, the molecular structure, the NMR shield-
ings, and the ARCS values were also calculated for (4) at the
second-order Mgller-Plesset (MP2) level?>>~27 using the SVP
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basis sets. The basis-set dependence was checked by per-
forming calculations using triple-zeta quality basis sets aug-
mented with polarization functions (TZVP).28

III. Results and discussions

The carbon—carbon distances for the dehydroannulenes
obtained at the B-P DFT level are given in Table 1. The bond
labels are defined in Fig. 1 and 2.

As seen in Table 1, all studied molecules have alternating
bond lengths. The bond-length alternation for (3), (4), (8) and
(9) is smaller than for (1), (2), (5), (6), (7) and (10). The R; bond
in (5) and (10), which is formally a single bond, is only 134 pm,
while for the other molecules it is 139-143 pm. For compari-
son, the bond length of a typical carbon—carbon single bond
obtained at the B-P DFT level is 153 pm. A double bond is
typically 134 pm, and a triple bond is 122 pm. The C-C dis-
tance obtained at the B-P DFT level for benzene is 140.6 pm
and for 2-butyne the length of the formal single bond is 137
pm.
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Fig. 1 The molecular structures of the dehydro[12]annulenes (1), (2),
(3), (4) and (5).
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Fig. 2 The molecular structures of the dehydro[18]annulenes (6), (7),
(8), (9) and (10).

The bond lengths of (1), (2), (6) and (7) are very similar even
though (1) and (2) according to the Hiickel rule are expected
to be antiaromatic, while (6) and (7) should be aromatic. This
observation suggests that these molecules have the same aro-
matic properties i.e. most likely they are nonaromatic.

For (5) and (10), the common bond of the fused cyclo-
butadiene ring and the annulene ring is 153 pm and must be
considered to be a single bond. As seen in Table 1, for (5) and
(10), the other bond distances of the annulene rings are signifi-
cantly shorter (about 130 pm) with a relatively small bond-
length alternation. This means that the bond conjugation of
the tricyclobutadieneannulenes differs from the rest of the
molecules studied. The three cyclobutadiene rings are con-
nected by cumulative double bonds yielding an allene struc-
ture.

The molecular structures for (4) calculated at the MP2 and
the B-P DFT levels are very similar. At the MP2 level, the
C-H distance is 109.4 pm or 1.1 pm shorter than obtained in
the B-P DFT optimization. The R,, R; and R, bond dis-

Table 1 The carbon—carbon distances® (in pm) for the studied molecules calculated at the B-P DFT level using SV(P) basis sets

Molecule R, R, R, R, R, R¢ R, Rg R,
@ 1234 142.2 144.2 1433 141.9 139.1 142.6 122.6
) 123.3 1424 1441 1417 140.2 140.7

3) 123.3 142.3 141.0 1424 1227
“) 1234 142.0 137.5

5) 127.5 1339 152.6 147.6 1389

6) 1354 124.2 141.2 144.2 143.7 141.5 139.8 142.7 122.6
) 135.6 124.2 141.5 144.5 142.1 139.8 141.1

@®) 1342 125.0 139.7 143.5 142.6 1227
) 134.1 125.2 138.7 140.2

(10) 130.8 128.0 133.7 153.3 147.5 1389

¢ For the numbering of the bonds, see Fig. 1 and 2.
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tances obtained at the MP2 level are 123.7, 142.3 and 136.6
pm, respectively, as compared to the B-P DFT bond distances
of 123.4, 142.0 and 137.5 pm. The bond angles obtained at the
MP2 and the DFT levels agree within 1°. The optimized
molecular structures are available on our world-wide-web
(www) server.2®

The current susceptibilities and the ring-current radii have
been deduced from the long-range shielding function as pre-
viously described.!3~!% The geometrical radii, the ring-current
radii, and the current susceptibilities obtained in the ARCS
calculations are given in Table 2. The ARCS plots for the
unsubstituted dehydroannulenes (4) and (9) are shown in Fig.
3. For (9), the magnetic shielding function, o(z), is positive,
while for (4) it is negative. The long-range part of a(z) shows
that there are indeed strong ring currents in these molecules.
For (9), the ring current is diatropic, while for (4), the ARCS
fit yielded a paratropic ring current whose strength is —6.17
nA when the strength of the external magnetic field is 1 T. The
current susceptibility for (4) can be compared to the current
susceptibility of 8.0 nA T~ for the benzene molecule.

The ethinyl groups reduce the aromatic and antiaromatic
character of the annulene rings only slightly. The current sus-
ceptibilities for the hexaethinylannulenes (3) and (8) are about

20% smaller than for the corresponding unsubstituted dehy-
droannulenes (4) and (9). Since ring current is one measure of
the molecular aromaticity, one can argue that (8) and (9) are
aromatic, while (3) and (4) can be considered antiaromatic.
For (1), (2), (5), (6), (7) and (10), the current susceptibilities are
very small which indicates that they are nonaromatic.

For (8) and (9), which have large diatropic ring currents, the
R; bond is shorter than for the nonaromatic molecules and
the antiaromatic (3) and (4). For the antiaromatic (3) and (4),
the R, bond is shorter than for the aromatic and the non-
aromatic dehydroannulenes. The bond alternation is larger for
the nonaromatic molecules than for the molecules sustaining
large diatropic or paratropic ring currents.

The fused aromatic benzene rings reduce the diatropic and
the paratropic currents of the [18]annulene and the
[12]annulene rings, respectively. For (1) and (2), it is energeti-
cally more favorable to move n-electrons from the anti-
aromatic [12]annulene ring to the aromatic benzene rings
making the benzene rings slightly less aromatic and the
[12]annulene ring nonaromatic. For tribenzo[18]annulene, it
is, as for molecules with fused aromatic rings in general, a
conflict situation for the current directions.® The induced cur-
rents of the aromatic [18]annulene and of the aromatic

Table 2 The total energies (in E,), the geometrical ring radius (in pm), the effective radius of the ring current (in pm), the induced ring-current

susceptibility (in nA T~ !) obtained for the molecules studied

aIring
Molecule Energy Geometric radius Current radius 0B,
@ —1377.534253 248-264
v)] —920.994 922 249-264
(K)] —916.884 426 247-262 203 —4.89
4 —460.337 606 249-260 197 —6.17°
o) —688.647433 257-262 268 0.28
6) —1605.875 760 351-387 435 0.39
(Wl —1149.328 297 352-387 443 0.40
t) —1145.231636 351-385 359 2.84
)] —688.693 557 355-383 367 3.30
10) —916.976 647 368-386 303 0.31
Benzene 134-141 122 8.00

¢ At the MP2 level the obtained current susceptibility (0,

/0B,.)is —6.16

ring

nA T~ ! and the current radius is 197 pm.

° R 4t R=3T71au ()
2l - @ | /=62nA
a4t . 2t
-6 ..
. 0
BF .
10 Fo° 2l
a2l
4t
.14 L
' L 2 ’5‘
=} 0 5 10 15 20 25 305 -6
T T T 2 T
“r © 71 4} R=694au (d)
12 + 4 /1=3.3nA
10 2r
sl
ol
6 Y 3
ab e, 2t
2t e, .
T teenreennens -4t
0
0 5 10 15 20 25 30 -6 -5 -4 -3 -2 -1 0
z log(R%/(R%+2°))

Fig. 3 The ARCS plots for the antiaromatic (4) and the aromatic (9) dehydroannulenes. (a) o(z) for dehydro[12]annulene (4); (b) ARCS fit for
dehydro[12]annulene (4); (c) a(z) for dehydro[18]annulene (9); (d) ARCS fit for dehydro[18]annulene (9).
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benzene rings meet from different directions at the common
bond. This cancellation of the currents has serious conse-
quences for the overall current pathway. The nuclear indepen-
dent chemical shift (NICS)3° values, given in Table 3, also
indicate that the benzene rings remain almost as aromatic as
for the free benzene molecule, while the [18]Jannulene ring
becomes practically nonaromatic. For the tricyclobutadiene-
annulenes (5) and (10), the common bond becomes a formal
single bond and the conjugated but nonaromatic path
includes the cyclobutadiene rings.

For the antiaromatic and aromatic dehydroannulenes, the
obtained current radii are smaller than the geometrical radii.
For the nonaromatic molecules (6) and (7), the obtained
current radii are significantly larger than the geometrical radii,
which reveal problems in the ARCS fit. For (1) and (2), the
ARCS fits did not manage to give reliable values for the
current susceptibilities and the current radii. Due to the
absence of the long-range shieldings, the obtained current sus-
ceptibilities for the nonaromatic molecules are very small and
inaccurate. The ARCS plots are also available on our www
server.2®

The NICS values in Table 3 support the conclusions drawn
from the ring-current susceptibilities obtained in the ARCS
calculations. Note that the present definition for the NICS
values have the opposite sign as compared to the original defi-
nition by Schleyer et al.3° The NICS values can be used as a
relative measure of the aromaticity for closely related mol-
ecules. The NICS values do not, however, provide any accu-
rate information about the strength of the ring current since
the shielding at the center of the molecule depends on both
the size of the circuit and the current strength. The small

Table 3 The NICS values calculated at the center of the
[12]annulene and the [18]annulene rings as well as the NICS values
of the fused benzene and cyclobutadiene rings (in ppm)

Molecule Center Fused rings
@ —2.89 9.30
) —2.94 9.24
3) —8.82

4 —10.56

5 0.83 —298
6) —0.02 10.52
W] —0.07 10.55
t] 4.85

)] 5.57

10) 0.42 —4.14
Benzene 10.68 10.68

negative NICS values for the cyclobutadiene in (5) and (10)
indicate that the fused cyclobutadiene rings are antiaromatic.
However, the common bond of the annulene and the cyclo-
butadiene rings is very long and hardly any current can pass
it. The NICS values at the center of the annulene ring (see
Table 3) and the ARCS values in Table 2 show that (5) and
(10) are neither aromatic nor antiaromatic.

The total energies obtained at the B-P DFT level are given
in Table 2. A comparison of the energies shows that the
energy difference between the (9) and (4) analogs is 14 kcal
mol~! larger than the energy difference between the non-
aromatic (7) and (2). The energy difference of 14 kcal mol ™! is
an estimate for the difference between the aromatic and anti-
aromatic (de)stabilization energies. The energy difference
between (8) and (3) is, as their ring currents, smaller than for
(9) and (4) yielding a difference in the aromatic and anti-
aromatic (de)stabilization energies of about 9 kcal mol 1. The
energy difference between (6) and (1) is smaller since the
ethinyl hydrogens in (1) are too close and introduce additional
molecular strain. The molecular strain in (5) is larger than for
(10) resulting in the smallest energy difference between the
analogs.

There is a good agreement between calculated and mea-
sured chemical shifts. In Table 4, the 'H NMR shieldings cal-
culated at the Hartee—Fock level are compared to available
experimental data. The small discrepancies between the calcu-
lated and measured NMR shifts are due to rovibrational cor-
rections, electron correlation effects and basis-set truncation
errors. The 'H NMR shieldings for (4) calculated at the MP2
level show that the net electron correlation effects on the 'H
NMR chemical shift are about 1 ppm for the present mol-
ecules.

As seen in Table 5, the electron correlation contribution to
the 'H NMR shieldings for (4) is about +0.8 ppm, while for
tetramethylsilane (TMS) it is —0.4 ppm. The 'H NMR shield-
ings for (4) obtained using the DFT and the MP2 structures
are practically equal, while for TMS the 'H NMR shieldings
obtained using the MP2 structure are about 0.4 ppm larger
than with the DFT structure. The basis-set truncation errors
were estimated by increasing the basis sets from SVP to
TZVP. For (4), the 'H NMR shieldings obtained with the
TZVP basis sets are 0.13 ppm smaller than with the SVP basis
sets. For TMS, the obtained basis-set effect is 0.10 ppm yield-
ing a total basis-set correction of 0.23 ppm for the 'H NMR
chemical shift of (4). The extrapolated value for the 'H NMR
chemical shift is 3.55 ppm as compared to the experimental
value of 442 ppm. The extrapolated 'H NMR shifts and
shieldings in Table 5 are obtained by adding the basis-set

Table 4 The calculated 'H NMR chemical shifts relative to TMS (6 = 6,; — ¢, in ppm) for the studied molecules as compared to experimental
values. The estimated ring-current contributions (Adgc) to the 'H NMR chemical shifts (in ppm) are also given

Molecule 8(H%(Calc.) Adgc S(H)(Exp.) S(H®)(Calc.) Adgc S(HP)(Exp.)
1) 7.32 —2.84 7.33¢ 3.61 —0.72 3.32¢
2 7.28 —2.80 7.33¢ 6.98 —2.80 7.18¢
@) 3.99 0.26

) 411 175 4.42°¢

) 6.96 ~0

(6) 7.45 —3.20 4.02 —0.80

W 7.70 —3.20 7.68 7.24 —3.20 7.42
@8) 471 ~030

©) 7.24 —187 7027

(10) 7.66 ~0

Benzene 7.18 —3.20 7.269

Ethyne 1.14 1.487

Ethene 5.41 5.319

Ethane 0.86 0.88¢

“ For the molecules with non-identical hydrogens, H* denotes the hydrogen closer to the [12]annulene or the [18]annulene ring. ® H? denotes
either the other hydrogen at the benzene ring or the ethinyl hydrogen. ¢ Ref. 2. 4 Ref. 33. ¢ Ref. 5 and 34. / Ref. 34. 9 See ref. 35 and references

therein.
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Table 5 The 'H NMR shieldings (in ppm) for (4) and for TMS calculated at the SCF and the MP2 levels using the DFT and MP2 molecular
structures. The corresponding 'H NMR chemical shifts (in ppm) with respect to TMS are compared to the experimental value

Molecule SCF(DFT)* MP2(DFT) SCF(MP2)* MP2(MP2)* SCF(MP2)* Extrapolated
@ 2735 28.26 27.42 2822 2729 28.09
TMS 31.46 31.12 31.89 31.54 31.99 31.64
Scae. 411 2.86 447 332 470 3.55
Exp. 442

@ Using the SVP basis sets. > Using the TZVP basis sets.

corrections (SCF(MP2,TZVP)-SCF(MP2,SVP)) to the
MP2(MP2,SVP) results. Since the electron-correlation contri-
bution obtained at the MP2 level is rather small, it is unlikely
that higher-order electron-correlation contributions would be
of importance. The main reason for the remaining discrepancy
of 0.87 ppm is the rovibrational corrections. The rovibrational
effects on the 'H NMR chemical shieldings are usually less
than 1 ppm.3! However, in some extreme cases they may be
even larger than 1 ppm.32

The induced ring currents in the aromatic and the anti-
aromatic annulene rings create a magnetic field which is
observed as an additional contribution to the nuclear mag-
netic shieldings. The size of this current-induced magnetic
shielding can be estimated by assuming that the wire carrying
the current is circular and infinitely thin.!3-2# The ring-current
contributions (Adgc) to the tH NMR chemical shifts are given
in Table 4 and the ring radii are given in Table 2.

For benzene, the hydrogens lie 251 pm from the ring center.
The ring-current susceptibility and the current radius
obtained in the ARCS calculation are 8.0 nA T~ ! and 122 pm,
respectively, resulting in a ring-current shift of —3.2 ppm
which, at first glance, seems to be too large. However, the dif-
ference in the 'H NMR shifts for ethene and benzene of
—1.95 ppm is not only due to the ring current. The bond
order in ethene and benzene also differs and these two contri-
butions to some extent cancel.

For the antiaromatic (3) and (4), the ring-current shifts orig-
inating from the current in the annulene rings are 0.26 and
1.75 ppm, respectively. The ring-current shift is significantly
smaller for (3) since the hydrogens lie 789 pm from the molec-
ular center. For the aromatic dehydroannulenes, the ring-
current shifts are —0.30 and —1.87 pm, for (8) and (9),
respectively. The fused benzene rings in (1), (2), (6) and (7) also
sustain ring currents which shift the *H NMR signals. The
ring-current strengths for the fused benzene rings are esti-
mated from the NICS values given in Table 3.

IV. Summary

One measure of the aromaticity is the ring current induced by
an external magnetic field. In this work, we have calculated
the nuclear magnetic shielding function at selected points
outside the molecules. The ring-current susceptibilities, which
yield the induced ring current for a given field strength, have
been deduced from the long-range behavior of the magnetic
shielding function. The calculations show that the
unsubstituted dehydro[12]annulene is antiaromatic, while the
dehydro[18]annulene is aromatic. The fused cyclobutadiene
and benzene rings destroy the aromaticity and the anti-
aromaticity of the dehydroannulenes. The substitution of the
ethinyl groups affects the aromatic and antiaromatic proper-
ties only slightly.
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