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Abstract By careful selection of "angular’ substituents it is possible to induce sizeable deformations of
beiizene 11115 structures, which CGi’i’E‘;SpGiiu {o bond lcugul alternation. Ab initio calculations are used (o
explore the range of this effect in 1,3,5-trisubstituted benzenes with 14 different substituents (-CH,NH,,
-OCH;, -CH,CH;, -SCH3, -NHNH,, -NHCH;, -OH, -SH, -N=CH,, -CH=CH,, -COH, -N=0, -N=NH, -
CH=NH). The effect is strongly conformation-dependent, and for Cs-symmetrical compounds is additive,

in the sense that the induced n-localization is three times larger than in the analogous mono-substituted

benzenes. This reflects a new approach to understanding how substituent effects operate in organic
chemistry, which is not directly related to "electron-withdrawing' or “electron-donating' power, but rather
on the substituent conformation (and on whether it contains single or double bonds). The effect is ex-
plored in polynuclear benzenoid systems (the trimcthoxyphenalene cation, and tetramethoxyperylene).
The nature of the effect is examined by analyzing the ring and substituent energies. Finally, the probable

ano ™

chemical consequences of such substitution pauem are discussed. © 1998 Elsevier Science Lid. All rlgms reserved.

Introduction
It has long been known that the benzene ring may be seriously deformed when it is fused to one or several
-8
rings."® Changes of bond lengths in naphthalene (1) nanthrene (2) and triphenylene (3) illustrate well the

effect for aromatics. In the case of small rings fused to benzene, the effect is even stronger as shown by com-
pounds (4)-(9) presented in Figure 1. However, it should be taken into account that bonds in such rings are in

fact bent ("banana bonds") and typically have bond path lengths differing from the internuclear distance’ (which

--------- wallalic all -_, wall LIt

influences how we measure the geometry).

" Dedicated to Professor Giinter Hifelinger (Tiibingen) on the occasion of His 60th birthday
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Fig 1. Experimental geometries of (1) naphthalene,” (2) phenanthrene," (3) triphenylene, >
H-c tafa] cyclopropa[d]benzene,” (6)

(4) 1H-cyclopropabenzene,”” (5) 3,4-dihydro-1H-cyclobu
1,3,4,5—tetrahydrodicyclobuta[a,c]cyclopropa[e]benzene,15 (7 1,2,3,4,5,6-hexahydrotricyclobuta

[a,c,e]benzene,"” (8) tris(benzocyclobutadieno)benzene,'6 (9) trisbicyclo[2.1. 1Thexanobenzene."”

These deformations associated with fused rings have often been interpreted in terms of the “Milis-Nixon'
effect '® Undoubtedly any kind of ring fused to benzene leads to deformation of the regular hexagon, causing
tructure which is strongly dependent on the nature of the fused ring(s) (see the
examples in Figure 1). The observed pattern of deformation in compounds (4)-(9) is typically an alternation of
bond lengths, which could be seen as the preferential selection of one Kekule structure over the other.

Acyclic substituents attached to benzene rings will also cause some deformation of the ring, although this
does not usually result in the bond
recently shown'®?* that “angular’ substituent groups can cause the same pattern of bond length alternation found

in the cases of fused rings — see Figure 2.
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Fig. 2. (a) Schematic diagram of a monosubstitued benzene with an angular substituent -XY; (b) Operation of
AGIBA with single-bonded substituents; (c) Operation of AGIBA with double-bonded substituents; (d)
Definition of bond labels in 1,3,5-trisubstituted benzenes with angular substituents
We have termed the effect ‘Angular Group-Induced Bond Alternation’ (AGIBA).** A remarkable feature

of this effect is that substituents containing single bonds induce the opposite Kekule structure to those with

double-bonded substituents. To make this clearer: the methoxy substituent shortens the ring bond (R1) which is
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). The nitroso group lengthens R1, shortens R6, and also propagates bond length aiternation.
In the most recent work, we attempted to identify the basis of this effect in monosubstituted benzenes.”

In such compounds the effect is rather weak (bond lengths alternate by ~ 0.01A at most. We considered three

n 1on with the nne
P iteraction with the ring.

In general, all three effects can certainly affect the ring geometry. In the case of (i), this clearly has a
symmetrical effect on the ring geometry, so it does not contribute to AGIBA. The re-hybridization effect (ii) is

due to an opening of the angle ¢ (see Figure 2), which acts to shorten the cis bond for all angular substituents.
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In this paper, we explore AGIBA in classes of compounds where the induced bond length-alternation is

sufficiently large®*

that the ring must become markedly less aromatic, leading (we suggest) to observable
chemical consequences. In planar 1,3,5-trisubstituted benzenes (C3, symmetry), only two unique bond lengths
are present in the ring (unlike in mono-substituted or di-substitued species). We therefore consider these com-
pounds to be the most convenient and convincing models for characterizing AGIBA for a particular substituent.
We will classify the magnitude of the effect according to the types of substituents, and investigate the additivity
with respect to the number and nature of substituents. This is followed by a short analysis of AGIBA in terms of
i ition scheme of Bader’. Examples of AGIBA in

fully-substituted benzenes and polycyclic benzenoid systems are then presented. Finally, the possible chemical

consequences and applications of AGIBA are discussed.

The Hartree-Fock calculations were carried out with GAMESS® running on DEC Alpha RISC workstations,
and GAUSSIAN94* running on a Cray YMP-932 at Rutherford Appleton Laboratories, Oxfordshire. The
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sis of p utilized the program SADDLE".
trisubstituted benzenes, which were all optimized in Cs symmetry. The slightly smaller 6-31G** basis set” was
used for the polycyclic benzenoid species, which were optimized in the following symmetries: Dz, C,
(naphthalene and tetramethoxynaphthalene);, C,, C; ([phenalene]” and [trimethoxyphenalene]”), and Dy, C;
(perylene and tetramethoxyperylene). BLYP/6-311G** geometry optimizations of 1,4-disubstituted species were
also carried out on the Cray YMP 4E and SGI ONYX at Warsaw University's Interdisciplinary Centre for
Mathematical and Computational Modeling. The total energy decomposition scheme of Bader has been applied
to determine the separate energies of the rings and substituents in these compounds, using the AIMPAC pro-
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Table 1 presents the results of fourteen HF/6-311G** optimizations on the 1,3,5-trisubstituted benzenes
with variot
RI1-R6, and is compared with the same quantity in monosubstituted benzenes computed at the same level of the-
ory (results taken mostly from™). The largest effects are observed for the single-bonded substituents -CH,NH,, -
OCH; and -CH,CHj;, whilst the largest double-bonded effects are found for the groups -CH=NH, -N=0 and -
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N=NH. It is observed that, in line with what was observed for 10 monosubstituted benzenes™, single-bonded
R1 and lengthening of R6, whilst double-bonded substitue
effect. The slightly stronger observed effect for single-bonded substituents is a consequence of the fact that
AGIBA is a sum of two effects which act in the same direction (through-space and re-hybridization), whereas

20-22

highly significant, as verified by experimental structural studies, and should be expected to have chemical

consequences.

Table 1 Ring Bond Lengths (&) In 1,3,5-trisubstituted Benzenes (HF/6-311G** level)

Group R1, R6 R1-R6 RI1-R6 [R1+R6]/2
(trisubstituted) (monosubstituted)

-H" 1.3855, 1.3855 0.0 0.0 1.3855
-CH,NH; 13712, 1.4040 -0.033 -0.010 1.3876
-OCH; 1.3740, 1.4021 -0.028 -0.009 1.3881
-CH,CH;  1.3750, 1.4025 -0.028 -0.008 1.3888
-SCH;  1.3758, 1.3998 -0.024 -0.007 1.3878
-NHNH, 1.3835, 1.4065 -0.023 -0.007 1.3950
-NHCH;  1.3855, 1.4061 -0.021 -0.006 1.3958
-OH 1.3812, 1.3903 -0.009 -0.003 1.3858
-SH 1.3833, 1.3890 -0.006 -0.002 1.3862
-N=CH, 1.3934 13812 0.012 0.006 1.3873
-CH=CH, 1.3981, 1.3811 0.017 0.005 1.3896
-COH 1.3975, 1.3773 0.020 0.005 1.3874
-N=0  1.3958, 13731 0.023 0.008 1.3845
-N=NH 13966, 13735 0,023 0.009 1.3851
-CH=NH 1.3997, 1.3761 0.024 0.007 1.3879

" The bonds R1 and Ré are defined in Figure 2.
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benzenes and the unsubstituted benzene (HF/6-311G** level). The correlation coefficient is +0,992, and

the gradient of the trend-line is 0.314,

Figure 3 shows the relationship between these two sets of data. The excellent linear correlation (r=0.984)
and slope of 0.313 demonstrates that the AGIBA effect is almost exactly additive with respect to the number of
substituents. The larger scatter of points on the right-hand side of Figure 3, which correspond to doubly-bonded
substituents, may also reflect the fact that AGIBA is a sum of two effects acting oppositely in these cases, which
worsens the correiation. It is also an interesting observation that the mean ring bond iength (R1+R6)/2 is iarger
than that of benzene (1.3855A at the HF/6-311G** level) in 11 of the 14 cases, with a highest mean value of
1.396A. This indicates that AGIBA is accompanied by a general slight expansion of the ring, although there is

the electron density p in the bond. It measures the asymmetry between the principal curvatures of p pointing

perpendxcular to the bond (4,, A,) at the 'bond critical point' (Where Vp = 0). &A4,/4;-1. A pure single bond is
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Table 2. Ring Bond Ellipticities In 1,3,5-trisubstituted Benzenes (HF/6-311G** level)}
Group £(R1) £(R6) [6R1)+&R6))/2  &R1)-oR6)
-H 0.232 0.232 0.232 0.0
-CH,NH, 0.284 0.210 0.247 0.074
-OCH; 0.355 0.271 0313 0.084
-CH,CHs 0.275 0.210 0.243 0.065
-SCH; 0.286 0.228 0.257 0.058
-NHNH, 0.346 0.277 0.312 0.069
-NHCH; 0.341 0.281 0311 0.060
-OH 0.338 0.305 0.322 0.033
SH 0.271 0.256 0.264 0.015
-N=CH, 0.241 0.279 0.260 -0.038
-CH=CH, 0.209 0.258 0.234 -0.049
-COH 0.188 0.237 0.213 -0.049
-N=0 0.201 0.262 0.232 -0.061
-N=NH 0.213 0.277 0.245 -0.064
-CH=NH 0.192 0.252 0.222 -0.060

") The values for unsubstituted benzene
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0,080 { \’
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s(R1)<(R2)
. The relationship between the differences in ellipticity between adjacent ring bonds and the size of AGIBA

(measured by R1-R6) in fourteen 1,3,5-trisubstituted benzenes and unsubstituted benzene (HF/6-311G**

level). The correlation coefficient is -0.992.
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greatly from the parent compounds benzene (39% larger in the most extreme case), so there is no doubt that
1,3,5-substitution causes large, measurable changes in the 7electron structure.

Figure 4 shows the relationship betwee
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ties. Clearly there is an excellent correlation, which demonstrates that the bond length alternation is directly
linked to changes in the distribution of x electrons. There is no correlation between the mean values of ¢ and the
size of AGIBA. However, an interesting observation is that the mean ring bond ellipticity is increased relative to
benzene for all single-bonded substituents, whereas there is little change relative to benzene for the double-
bonded substituents. We currently have no explanation for this, but there is further evidence that these two

classes of substituents act in fundamentally different ways.

Z\X /Y

vy

and singiy-bonded to Z (Figure 5), where Z is a non-hydrogen atom. We take the exampies of the carboxy and
acetyl groups COH and COCH;. It could be anticipated that such groups might give rise to a large AGIBA ef-

fect, since the sub-group X=Y could induce a frans double-bond in the ring, and the sub-group X-Z should in-
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could result, especially in 1,3,5-trisubstituted compounds with such branched substituents. However, the HF/6-
311G** optimized R1-R6 values for 1,3,5-tricarboxybenzene (0.006A) and 1,3,5-triacetylbenzene (0.017A)
show that the si x. In the first case, the AGIBA effect is very small, much smaller than it is
found in 1,3,5-triformylbenzene (0.020A) in which Z is a hydrogen atom. In the second case the effect is larger,
but still much smaller than the sum of the effects for the angular groups in 1,3,5-triformylbenzene and
1,3,5-triethylbenzene (0.020+0.028=0.048A ). Since this paper concentrates on the range and nature of the

AGIBA effect, we defer an analysis of this more complicated case to another work.
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Energetics of AGIBA

The bond alternation described in the previous section could be associated with the interaction energy
between the substituent and the ring. One of the simplest ways to estimate this interaction is the barrier to rota-
tion of the substituent; but in Paper I”* it was established that there is no link between this quantity and the size of
AGIBA. Here we follow an approach to quantifying these interactions, using the total energy decomposition
scheme of Bader’ to determine separately the energies of substituents and rings. This is carried out by evaluating
the energies of each atom in the system, and then summing to give a ring subsystem energy and a substituent

subsystem energy (in fact, the latter is just the total energy of the system minus the ring energy).
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Fig. 6 Structures of cis and trans conformers of 1,4-dimethoxybenzene and 1,4-dinitrosobenzene, calculated at
the BLYP/6-311G** level.

:
ri§
dimethoxybenzene and 1,4-dinitrosobenzene. In both cases, the cis conformers show a marked AGIBA effect,
whereas the frans conformers show essentially no alternation. The total energy difference E(cis)-E(trans) is

chemically mqmmﬁg“nt_, as could be exp

cted: -0.7 kJ- mol in dimethgxybgn_ze.ne and -0.6 kI-mol” for dinitroso-

benzene.
Table 3. Energies for 1,4-dinitrosobenzene isomers.
Compound Total energy (Eroraq.) obtained at Extracted energy
BLYP/6-311G** level of benzene ring (Erng)
cis-1,4-dinitrosobenzene -490,84308259 [Ha] -230,61719742 [Ha]
trans-1,4-dinitrosobenzene -480,842837619 [Ha] -230,6184084 [Ha]

Differences in energy Efnn = Erru=-064kdimol  Ege. — Ero =318 kd/mol
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Table 4. Energies for 1,4-dimetoxybenzene isomers.
Compound Total energy (Erora.) obtained Extracted energy
at BLYP/6-311G** level of benzene ring (Erng)

cis-1,4-dimetoxybenzene -461,24012105 [Ha] -230,3576955 [Ha]

trans-1,4-dimetoxybenzene -461,23985372 [Ha] -230,3580303 [Ha]
s D o o I trans ao bt
Differences in energy Lrorar  Yrorac= -U,/0 KJIMOI  Lppe ™ Lppne= 0,866 KJ/MOI

Tables 3 and 4 present the energetic decomposition described above for these two systems. The results

suggest that the ring is slightly less stable in the cis conformers (although again the energy differences are very
-1 A .. . . .
small, 0.88 kJ-mol™ and 3.18 kJ.mol" respectively). This is consistent with the idea that the rings should be less

aromatic (and therefore less stable) because of m-electron localization. Using the changes in total and ring subsys-
tem energies between cis and trans conformers, we can deduce that the substituents are slightly stabilized in the
cis conformers, i.e. AGIBA is accompanied by a transfer of energy from the ring to the substituent. However,

these energy changes are very small: the substituent energies are more stable by 1.6 kJ-mol™* and 3.8 kJ-mol

dimethoxybenzene and dinitrosobenzene, respectively.

show a very enhanced AGIBA effect. Figure 7a shows the HF/6-311G** optimized structure of this compound
Cs» symmetry has been assumed), and AGIBA is indeed very large (R1-R6=0.044A). A remarkable feature of

this structure is the near-linear nitroso groups. This suggests that the nitroso groups in this structure do not con-
;._.L. a4 4~ AMIDA - 2Ll .. .1 ... A..‘,. ~as ~ ~E ‘nn o amAd tha thensialh cmann tntarantianeg hasra hase
riolie 10 AUILDA 1IN € usSual w y, SIILC y IC 1UL  all allg uic lluUUSll‘bp LT LN aLuuIbD 11ave UCTll

gulai
lost. The opening of the O-C1-C2 and N-C2-C1 angles (13

trimethoxybenzene (124.1°) and 1,3,5-trinitrosobenzene (123.1°) suggests that increased re-hybridization due to

© and 124.4°) compared to the values in 1,3,5-

steric interactions between the groups is the basis for the increased AGIBA effect. But there is an alternative hy-
pothesis, which is that nitroso is simply acting as an electron-withdrawing substituent, and this additional elec-

tronic effect is capable of enhancing AGIBA.
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Fig. 7 Structure of (a) 1,3,5-trimethoxy-2,4,6-trinitrosobenzene, (b) 1,3,5-trimethoxy-2,4,6-tricyanobenzene

optimized at the HF/6-311G** level and assumingCs, symmetry.

To explore this second possibility, we have optimized 1,3,5-trimethoxy-2,4,6-tricyanobenzene at the
same level of theory (see Figure 7b), to see if this combination of substituents can also produce large AGIBA

{fhﬂ ouranmn MNilm
i€ CYano gidu
vV

those found for the previous case: the opening of the O-C1-C2 and C1-C2-C(N) angles (128.3° and 124.2°)
suggest the same source of the enhancement of AGIBA, namely the re-hybridization effect.

AGIBA in polycyclic benzenoid compounds

I

=1

this final section, we intend to show how AGIBA operates in

tial bond length alternation is already present in the unsubstituted hydrocarbons. In such systems, the definition
of AGIBA is somewhat more problematic than in simple substituted benzenes or other species with all bond
1azine, borazine). We therefore use the model "HOSE' (Harmonic Oscillator Stabilization En-
ergy),’! which enabies the estimation of the weights of the canonical (Kekule) structures using only the ring
bond lengths .

We have selected a few polycyclic hydrocarbons with relatively high symmetry, in which several pairs of
bonds have equal lengths. The methoxy group is used as the angular substituent, since this induces one of the

largest effects. In each case, the conformations of the methoxy groups have been chosen to maximize AGIBA.

w
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Fig. 8. Structures of (a) the phenalene cation (b) [2,6,10-trimethoxyphenalene]' optimized with three-fold axis of
symmetry, HF/6-31G** level.
The phenalene cation has D3, symmetry, which is lowered to C; on substitution of methoxy groups in the

o e

2-, 5- and 8- positions in a pianar conformation as shown in Figure 8. The difference induced between the ring
bonds cis and frans to the methoxy substituent is 0.026A, which is comparable in size to the effect found in
1,3,5-trimethoxybenzene. Using HOSE to measure the imbalance in Kekule structures shows that the methoxy
substituent causes an imbalance 63.8%:36.2%, indicating a substantial localization effect over that observed in
the parent compound (50.0%:50.0%).

o

groups oriented as shown in Figure 9. In the parent compound, the alternation observed at the sites
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ethoxy will be substituted is already substantial (0.058A). After substitution at these positions

perylene at one site 38A) This arises because the methoxy group is
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cis to a shorter bon one case, and cis to a longer bond in the other. The fact that the induced bond length

(18w Lol § LW wn )
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In other words, it is difficult to substantially change the alternation between a pair of bonds which aiready show
such a large difference in the parent compound. A more interesting observation is that a significant difference of

.019A is induced between the two central bonds between substituents (equal a 1.416A in perylene), despite the

is mguceg petween the two centr L¥ Lol | 24l 10A 1IN JIELG ),

fact that these bonds are well-removed from the substituents.
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ongly illustrated by the HOSE-calculated weights of the two Kekule structures. In
the parent compound, the imbalance for the outer rings is 22.9%:77.1%. As a result of methoxy substitution on
the upper left-hand ring in Figure 9, where the methoxy group is cis to a shorter bond, the imbalance is increased

on the upper-right hand ring, the

[y

over nervlem- (16.2%:83 8%). If the methoxv group 1s cis t

jiwliiely B RS SRUVAY &

=
,’.\7
3
=

e
o]
=
[~
[e}
=]
[N

AGIBA effect acts to shorten this bond and to lengthen the bond frans to methoxy, leading to less Kekule imbal-
ance (30.6%:69.4%).

Conclusions

Angular Group-Induced Bond Alternation (AGIBA) is found to operate quite strongly in a range of

1,3,5-trisubstituted benzenes (alternation of up to = 0.03A), the exact degree of #—localization being strongly

which is probably why the energetic analysis presented shows such small changes between different conformers.

Unlike the di-substituted case, there is unfortunately no natural reference conformation which could be analysed

aq tha nan ACIRA cage in :
as the non AGIBA case in 1,3,5-tnis

In fully-substituted benzenes and also in substituted polycyclic compounds, we can draw a distinction

between two patterns of substitution:

substituents are far-removi

A
are far-removed from on

o
LIV Vil

o
ED
o
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u
(ii) substituents are sufficiently close to one another so that steric interactions between them contribute to

AGIBA, probably by enhancing the contribution of re-hybridization. Examples of this include 1,3,5-trimethoxy-

QiU W QLI A Y QR iiai .
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site of substitution in benzenes are generally not so evident in the polynuclear compounds, but there is a long-
range response of bonds far-removed from the site of substitution
T: e hard tn imnqinn that the cameatimac athetantial chanoace in malactran lacalizatinn nrecented ore
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would not lead to significant changes in chemical properties of these compounds. Examples of applications of

AGIBA might include:

(1) 3TIRA mav nrovide a csunthetic meang
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tres in facially-bonded complexes, e.g. metallocenes.

(it) AGIBA could be used to modify the charge transfer properties of aromatic compounds (most charge transfer

ay be seen as a new type of substituent effect in o
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eneral point is that AGIBA ma

try, which unlike conventional ideas of ‘electron-withdrawing’, ‘electron-donating’ or ‘through-conjugating’

substituents emphasizes the importance of conformational selectivity in aromatizing/de-aromatizing a 7-electron
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Further work is in progress using ab initio calculations, statistical analysis of crystal structures, and low-

temperature NMR techniques, to try and identify some of these effects.
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