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The molecular structures of gaseous meta- and ortho-iodonitrobenzene have been
studied by the electron diffraction method. The torsion of the nitro group has been
treated as a large-amplitude motion, and the potential energy function for internal
rotation of the nitro group from electron diffraction data has been determined. The
geometrical parameters obtained from the electron diffraction data are for meta-
iodonitrobenzene: r,((C-C)) = 1.392(2), r,((C-H)) = 1.114(13), r,((N-0)) =
1.226(2). r,(C-N) = 1.487(11), r,(C-I) = 2.102(6) A, £,C1C2C3 = 116.4(9).
£,C2C3C4 = 121.9(7), £,CCN = 118.0(5), £,CNO = 118.0(5), £,C2C3I =
118.4(7)° and for ortho-iodonitrobenzene: r,((C-C)) = 1.398(3), r,({(C-H)) =
1.117(15), r,({N-0)) = 1.238(3), r,(C-N) = 1.468(17), r,(C-I) = 2.101(7) A,
£,C1C2C3 = 118.6(11), £,C2C2C4 = 120.5(13), £,C2CIN = 121.1(14), £,C6CIN
=116.1(11), £,CNO = 118.8(6)°. Values in parentheses are two standard deviations
from least-squares refinement using a diagonal weight matrix. The ab initio method
has been used for geometry optimalization on ortho-, meta- and para-iodonitroben-
zene and iodobenzene using a STO-3G* basis. Compared to the experimentally
determined parameters, the bond distances are poorly reproduced by this basis set,
while the bond angles are remarkably well reproduced. Bond-distance and bond-

angle variations for the halonitrobenzenes are discussed.

Previously we have systematically studied the substitution
effects on the molecular geometry for chloro-! and bromo-
benzene? and for ortho-, meta- and para-chloro->3 and bro-
monitrobenzenes.%” Recently we have published the mo-
lecular structure of iodobenzene and p-iodonitrobenzene,?
and now we wish to fulfil these series of iodonitrobenzenes
by presenting our results for o- and m-iodonitrobenzene.

The main purposes of this study are to see if there is any
systematic change in bond distances and bond angles, and
to examine the principle of superposition or additivity®' in
order to see if the overall substitution effects can be pre-
dicted from the substitution effects of the individual iodo
and nitro groups. We also wish to determine the potential
energy function for internal rotation of the nitro group
from the electron diffraction data.

Experimental and data reduction

The two compounds investigated, o- and m-iodonitroben-
zene, were prepared by standard procedures.

*To whom correspondence should be addressed.
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The electron diffraction data were recorded with a Baltz-
ers Eldigraph KD-G2" instrument using Kodak electron
image plates. The most important experimental data for
both 0- and m-iodonitrobenzene are as follows: electron
wavelength, 0.058 72 A; camera distances, 498.33 and
248.53 mm; number of plates, 4. The nozzle temperatures
were 110-116 and 129-134°C for o- and m-iodonitroben-
zene, respectively. The optical densities (D) were recorded
by a Snoopy microdensitometer, and a blackness correc-
tion'? as given in eqn. (1) was used. The experimental

C.n = —In (1.0-0.35 D)/(0.35 D) (1)

data were processed as described for iodobenzene and p-
iodonitrobenzene.?

Structural analysis and refinements

The following assumptions have been incorporated into the
analysis.

m-lodonitrobenzene. (a) All r,(C-H) bond distances are
equal and bisect the adjacent CCC bond angle. (b) All
r,(C-C) bond distances are equal. This assumption is based



on the experience that it was not possible to refine the
individual C-C bond distances in iodobenzene even if rota-
tional constants from microwave spectroscopy were in-
cluded. (c) The equilibrium geometry is planar and has C,
symmetry. (d) The two r,(N-O) bond distances, the two
£,CNO bond angles and the two £,CCN bond angles are
equal owing to the fact that the environments for the NO,
group are quite similar. The following eleven independent
geometrical parameters were selected to describe the mo-
lecular geometry: r(C-I), r(C-C), r(C-N), r(N-O)
r({C-H)), ZCCN, £CNO, £C1C2C3, £C2C3C4, LICC2
and the dihedral angle @, defined as 0° for a planar arrange-
ment of the atoms. For the atom numbering see Fig. 2
later.

o-lodonitrobenzene. (a) and (b) as above. (c) The equilib-
rium geometry is allowed to be non-planar, but the phenyl
and the CNO, group are assumed planar. (d) The two
r(N-O) bond distances and the two £,CNO bond angles
are assumed equal, but the two £,CCN bond angles can be
different. The molecular geometry is described by twelve
independent parameters as given above for m-iodonitro-
benzene, but ZCCN is replaced by ZC2CIN and
ZC6CIN. For the atom numbering see Fig. 4 later.

The asymmetry parameter, x, in the expression for the
electron diffraction intensities was estimated from the for-
mula® x = au¥/6 assuming a = 2.0 A~! for all bond dis-
tances.'* The asymmetry parameter is neglected for all
non-bonded distances.

Ab initio calculations have been carried out using the
Gaussian 88 package'® and STO-3G* basis. The molecular
structure of iodobenzene and o-, m- and p-iodonitroben-
zene have been completely optimised applying the con-
straints that the phenyl ring and the CNO, group are pla-
nar. The rotational barriers have been deduced from the
calculations with dihedral angles of 0 and 90° as mentioned
above, while for o-iodonitrobenzene the dihedral angle has
also been optimised.

Rotational barrier

The structural analysis was carried out for both a static and
a dynamic model. For the static model the torsional motion
of the nitro group is treated conventionally as a small-
amplitude motion. The physical interpretation of the di-
hedral angle determined by this method is an average angle
which does not correspond to the minimum of the potential
energy distribution for rotation about the C-N bond. An
average dihedral angle different from 0° does therefore not
necessarily mean that the equilibrium dihedral angle is
different from zero.

The dynamic model treats the torsional motion of the
nitro group as a large-amplitude motion for which the
potential energy function is explicitly included in the analy-
sis as described elsewhere. 't

The potential energy function for m-iodonitrobenzene
was taken as eqn. (2). This function gives a planar equilib-
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V(@) = 0.5V,(1.0 — cos 2¢) 0=<¢@=90° @)

rium structure as found for nitrobenzene!” and also used
previously for non-ortho-substituted nitrobenzenes.”#

The potential energy function for o-iodonitrobenzene
was taken as eqn. (3). This function can give a barrier

V(g) = 0.5V,(1.0 + cos 29¢)

+0.5V,(1.0 + cos 4) 0°<¢p=<90° 3)

at 0° and 90° and a minmum between 0 and 90°if V, # 0. V,
= 0 gives a planar equilibrium geometry.

For both functions the interval between 0 and 90° was
divided into nine sub-intervals, and the population for each
sub-interval was calculated as described elsewhere.!® The
framework values where the contribution from the tor-
sional motion is excluded for the root mean-square ampli-
tude of vibration, u, and the perpendicular correction coef-
ficients, K, were calculated for each sub-interval.

Calculation of u- and K-values

The root mean-square amplitudes of vibration,' u, and the
perpendicular correction coefficients,'® K, were calculated
by adjusting the force field we have used for iodobenzene
and p-iodonitrobenzene to fit the frequencies given by Rao
et al." A program written by Hilderbrandt er al.” was used
for these calculations. The K-values are used to correct for
the shrinkage effect.

The torsional frequency for the nitro group is estimated
to be 55 cm™! for gaseous nitrobenzene by microwave spec-
troscopy.'® We have used a torsional force constant of 0.10
mdyn A rad~? for both o- and m-iodonitrobenzene, which
gives calculated torsional frequencies of 68.8 and 67.8
cm™!, respectively. The corresponding observed frequen-
cies” are 92 and 68 cm™'. The experimentally determined
u-values for the non-bonded O13---T and O14---1 distances
using the static model are 0.169 and 0.114 A for m-iodo-
benzene and 0.544 and 0.826 A for o-iodonitrobenzene.
These experimentally determined u-values should be com-
pared to the calculated values of 0.153 and 0.093 A for
m-iodonitrobenzene and 0.251 and 0.202 A for o-iodonitro-
benzene. This indicates that the torsional force constant
should be less than 0.10 mdyn A rad?in the gaseous state,
and (in particular) this is the case for o-iodonitrobenzene.
Lowering the torsional force constant to 0.05 mdyn A rad >
gives calculated torsional frequencies of 51.3 and 49.3 cm™"
for o- and m-iodonitrobenzene, respectively, which is clos-
er to the value of 55 cm™! reported for gaseous nitroben-
zene.'® However, the calculated K-values for some of the
bond distances were unreasonably large, which we believe
is due to the use of rectilinear coordinates in the normal
coordinate calculations. This problem is avoided by using a
large-amplitude approach for the torsional motion of the
nitro group. We want to emphasize that the calculated
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Table 1. u-Values (in A) for o- and m-iodonitrobenzene.

ortho dynamic model

meta dynamic model

Type? r Obs.? Calc. Type? r Obs.? Calc.
(C-H) 1117 0.077 1.114 0.077
O-N 1.238 0.051(6)° 0.040 1.226 0.042(5) 0.040
(C=C) 1.398 0.053] 0.047 1.392 0.044) , 0.047
C-N 1.468 0.057[®) 0.051 1.487 0.049[® 0.052
-l 2.101 0.051(9) 0.055 2102 0.055(8) 0.055
C2--H7 217 0.101 C1--H7 219 0.101
C1--H10 2.19 0.100 2.18 0.099
Ca--H7 217 0.101 C3--H7 2.19 0.101
C3--H8 218 0.100 217 0.100
C4--H9 217 0.102 216 0.102
C5--H8 2.19 0.100 217 0.100
C5--H10 219 0.100 2.18 0.099
C6---H9 2.16 0.102 216 0.102
00 216 0.049 217 0.050
C1--C3 2.40 0.067 0.055 236 0.061 0.056
Ci--C5 2.38 0.068 0.056 2.37 0.062 0.057
C1--013 2.33 0.078 0.066 2.33 0.072 0.067
Ci--O14 233 0.078 0.066 233 0.072 0.067
C2--Ca 2.42 0.068| 0.056 2.43 0.061/ . 0.056
C2---C6 2.45 0.067 0.055 2.46 0.061 {¢ 0.056
C2-N 2.49 0.073 0.061 2.47 0.066 0.061
C3--C5 2.41 0.068 0.056 2.40 0.062 0.057
C4--C6 2.45 0.068 0.056 2.42 0.061 0.056
C6--N 2.43 0.073) 0.061 2.46 0.066 0.061
C1--C4 277 0.062 274 0.063
C2---C5 278 0.064 2.81 0.065
C3--C6 2.8 0.063 2.79 0.064
Cl-1 310 0.068 c2-1 3.02 0.085) 0.070
C3-1 3.01 0.070 Cé-l 3.04 0.085[(® 0.070
C3--N 3.75 0.063 3.72 0.075] o 0.064
C5--N 3.70 0.064 3.72 0.075¢ 0.064
Ca--N 423 0.066 422 0.066
Ca-l 433 0.095) g 0.069 C1-1 4.31 0.074) o 0.069
c6-1 4.42 0.093 0.067 C5--1 434 0.074 0.069
C5--1 4.87 0.050{16) 0.069 C6---1 488 0.077(17) 0.069
C4--013 497 0.102 4.91 0.096
C4--0O14 4.92 0.102 4.90 0.096
Nl 3.36 0.118(22) 0.109 5.47 0.075(24) 0.089
013 276 0.164 5.49 0160} g 0.149

357 0.148 6.01 0.133 0.123
I---0149 458 0.116 6.56 0.116], 10 0.086

3.99 0137 6.10 0.147 0.118

#Type for m-iodonitrobenzene is the same as for o-iodonitrobenzene if not explicitly given. The numbering is given in Figs. 2 and 4.
®The calculated u-values are framework values, i.e. the contribution from the torsion is excluded. For torsion-independent distances
this contribution is essentially zero. The observed u-values are fixed at the calculated ones if not refined. ‘Uncertainties are two
standard deviations from least-squares refinement using a diagonal weight matrix. Parameters in braces are refined as one group.
9The interval of variation of the non-bonded distance and u-values for ¢ =~ 5 and 85°.

framework u- and K-values are independent of the tor-
sional force constant and show the advantage of using a
dynamic model for such large-amplitude motions. We have
used the same torsional force constant for both o- and
m-iodonitrobenzene even if the assigned torsional fre-
quency is considerably larger for o-iodonitrobenzene. This
has been done because our determination of the rotational
barrier from electron diffraction and the STO-3G* ab initio
calculations gives a lower rotational barrier for o-iodonitro-
benzene than for non-ortho-iodonitrobenzenes, which in-
dicates a lower torsional frequency for o- than for m-iodo-
nitrobenzene. The assigned torsional frequency of 92 cm™
for the nitro group in o-iodobenzene" is therefore not in
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agreement with the ab initio results or our experimentally
determined potential for internal rotation. Both the ab
initio calculations and the electron diffraction results in-
dicate that the torsional frequency for the nitro group is
smaller in o-iodonitrobenzene than in m-iodonitrobenzene.

The most important u-values, together with the corre-
sponding distances, are given in Table 1.

Results

m-lodonitrobenzene. The structural parameters derived
from electron diffraction, together with ab initio STO-3G*
calculations, are given in Table 2. The corresponding mod-
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Table 2. Structural parameters? (bond lengths in A angles in °) for m- and o-iodonitrobenzene.

meta r, and £,

orthor,and £,

Static Dynamic STO-3G* Static Dynamic STO-3G*

nC1-C2) 1.3867 1.3969
r(C2-C3) 1.3919 1.3965
n(C3-C4) 1.3965 1.3863
104-05) 1.391(2) 1.392(2) 13882 1.399(3) 1.398(3) 13878
r(C5-C6) 1.3862 1.3839
r(C6-C1) 1.3860 1.3894
HC2-H7)/ 1.0836

HC3-H7) 1.0824
r(C4-H8) 1.102(13) 1.114(13) 1.0833 1.129(17) 1.117(15) 1.0833
r(C5-H9) 1.0828 1.0826
nC6-H10) 1.0836 1.0836
r(N-013) 1.2780 1.2761
nN-O14) 1.225(2) 1.226(2) 1.0782 1.237(3) 1.238(3) 1.2796
H{C-N) 1.494(10) 1.487(11) 1.5083 1.463(16) 1.468(17) 1.5119
rC—) 2.102(6) 2.102(6) 2.0717 2.092(7) 2.101(7) 2.0694
£C1C2C3 116.6(8) 116.4(9) 118.51 119.9(15) 118.6(11) 117.65
£C2C3C4 121.7(7) 121.9(7) 119.74 119.3(15) 120.5(13) 120.92
£C3C4C5 119.5 119.4 120.48 119.3 1189 120.54
£C4C5C6 120.9 1211 120.36 122.8 122.4 119.49
£C5C6C1 117.4 117.2 118.38 116.5 116.8 119.81
£C6C1C2 123.9 124.0 122.53 122.2 122.8 121.59
£C1C2H7/ 121.7 121.8 119.26

«£C2C3H7 120.4 119.8 119.34
£ZC3C4H8 120.3 120.3 119.85 120.4 120.6 119.37
£C4C5H9 119.6 119.5 119.66 118.6 118.8 120.48
ZC5C6H10 121.3 121.4 122.11 121.8 121.6 121.49
ZC2C1IN 118.1(5) 118.0(5) 118.52 122.6(14) 121.1(14) 122.78
ZC6CIN 118.1(5) 118.0(5) 118.95 115.1(11) 116.1(11) 115.63
ZC1NO13 117.91 119.01
~ZC1NO1 4} 118.2(4) 118.0(5) 117.76 119.3(6) 118.8(6) 116.69
£C2C3l/ 118.2(7) 118.4(7) 120.08

<C1ic2l 123.8(9) 124.1(11) 123.93
0] 14.0(38) 0.0 0.0 69.5(43) 60.0 40.97
R® 4.62 4.59 5.64 5.53

2Uncertainties are two standard deviations from least-squares refinement using a diagonal weight matrix. Parameters in braces are
refined as one group. Elements in the correlation matrix larger than 0.6 for m-iodonitrobenzene are: C-N/(C-C) = —0.73; C-N/CCN
= —0.66; C1C2C3/CCN = 0.70; C2C3C4/C—| = 0.80; C2C3C4/C1C2C3 = —0.64; C2C3I/C-| = —0.75; C2C31/C2C3C4 = —0.60;
u(N-O)/u({C~C) = 0.74 and for o-iodonitrobenzene are: V,/V, = 0.73; C-N/(C-C) = —0.86; C-I/C1C2C3 = 0.70;
C1C2C3/C2C3C4 = —0.64; C1C2I/C1C2N = —0.91; (C-C)/u({"-C)) = 0.67; C-N/u({C-C)) = —0.73; u(O-N)/u({C-C)) = 0.70;
C2C3C4/u(C4---1) = 0.64; V,/u(N---1) = 0.65; V,/u(N---1) = 0.74. ®’Goodness of fit factor; R = [Ew,AZw; /(obs)]"2, where A, =

I(obs)—I(calc) and w is a weight function.

ified molecular intensity curves and the radial distribution
curves for the dynamic model are shown in Figs. 1 and 2,
respectively. The correlation coefficients for parameters
larger than 0.60 are given as a footnote in Table 2. The
numbering of the atoms is shown in Fig. 2.

The agreement between the observed r, bond distances
and the calculated r, bond distances using the STO-3G*
basis set is rather poor. The differences between calculated
and observed bond distances of N-O, C-N and C-I are
about 0.05, 0.02 and —0.03 A, respectively. However, the
agreement between the observed £, bond angles is much
better, with deviations of usually less than 1.5°, and in
particular the agreement between the observed £, bond
angles and the assumption that the molecular deformation
is additive is quite good. Our assumptions about the geom-

etry, i.e. that the r(C-C), r(C-H) and »(N-O) bond dis-
tances are assumed equal and that the bond angles ZCCN
and ZCNO are also assumed equal, are in good agreement
with the ab initio calculations.

The structural parameters derived from the static and the
dynamic model are essentially the same, giving an insignif-
icantly better fit to the experimental data for the dynamic
model. The refined and calculated u-values are also satis-
factory.

o-lodonitrobenzene. The structural parameters from elec-
tron diffraction, together with the ab initio STO-3G* calcu-
lations, are given in Table 2. The corresponding modified
molecular intensity curves and radial distribution curves for
the dynamic model are shown in Figs. 3 and 4, respectively.
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Fig. 1. Experimental (dots) and theoretical (full line) modified
intensity curves, sM(s), and difference curves for
m-iodonitrobenzene.

The correlation coefficients for parameters larger than 0.60
are given as a footnote in Table 2. The numbering of the
atoms is given in Fig. 4.

The agreement between the observed bond distances r,
and r,, bond distances calculated using the STO-3G* basis
set, is as for m-iodonitrobenzene. The differences between
calculated and observed values for the N-O, C-N and C-I
bond distances are about 0.04, 0.04 and —0.03 A, respec-
tively. The agreement between the observed £, bond an-
gles and the STO-3G* calculations, and the assumption
that the molecular deformation is additive, is not as good as
for m- and p-iodonitrobenzene. The reason for this might
be the fact that the nitro group is not coplanar with the
benzene ring, but is twisted by 60° owing to steric interac-
tion between the iodine and oxygen atoms. The sum of the
van der Waals radii?' for iodine and oxygen is 3.55 A,

T T T T T T T T T T T[T T T T [T T AT T [T T T T i e e

0 100 200 300 400 500 600 700
riA

Fig. 2. Experimental (dots) and theoretical (full line) radial
distribution curves for m-iodonitrobenzene with an artificial
damping constant B = 0.0025 A2 Theoretical intensities have
been used below s = 2.50 A~'. The most important distances,
the peaks in the radial distribution and their u-values are given
in Table 2.

716

LIS L L M ) I L L L B L L B BRI |

0] 50 100 150 200 250 300
s/A-

Fig. 3. Experimental (dots) and theoretical (full line) modified
intensity curves, sM(s), and difference curves for
o-iodonitrobenzene.

compared to the value of 3.49 A observed for the static
model. The assumptions about the geometry we have made
are mostly justified by the results from the ab initio calcula-
tions. The only minor disagreement is that the difference in
£,CNO is calculated to be 2.3°, while we have assumed
these two angles equal. However, we are pleased that the
significant difference between £,C2CIN = 121.1(14)° and
£, C6CIN = 116.1(11)° is reproduced by the ab initio calcu-
lations, which give the values 122.78 and 115.63°, respec-
tively.

The structural parameters derived from the static and
dynamic model are essentially the same, giving a slightly
better fit to the experimental data for the dynamic model.

lodobenzene and p-iodonitrobenzene. The calculated struc-
tural parameters for iodo- and p-iodonitrobenzene using a

AR NN R NN R ERRREE RN LR

o) 100 200 300 400 500 600
riA

Fig. 4. Experimental (dots) and theoretical (full line) radial
distribution curves for o-iodonitrobenzene with an artificial
damping constant B = 0.0025 A2 Theoretical intensities have
been used below s = 2.50 A-'. The most important distances,
the peaks in the radial distribution and their u-values are given
in Table 2.



Table 3. Structural parameters? (r,/A and £,/°) for iodobenzene
and p-iodonitrobenzene from electron diffraction® and STO-3G*
ab initio calculations.

lodobenzene p-lodonitrobenzene

ED STO-3G* ED STO-3G*
r(C2-H) 1.0827 1.0836
nC3-H) 1.107(5) 1.0824 1.107(16) 1.0824
rC1-X)® 1.0827 1.458(15) 1.5070
r(N-O) 1.228(3) 1.2783
nC1-C2) 1.3867 1.3866
r(C2-C3) 1.3959(6) 1.3866 1.396(2) 1.3858
r(C3--C4) 1.3931 1.3961
r(C4~1) 2.098(4) 2.0769 2.102(8) 2.0721
£,C1C2C3 120.7(6) 120.33 118.9 118.94
£,C2C3C4 118.9(5) 119.74 118.9 119.93
£,03C4C5 121.2(5) 120.00 122.2(5) 120.26
£,06C1C2 119.5(7) 119.97 122.2(5) 120.26
£,C1C2H7 119.1 120.16 120.6 120.51
£,C2C3H8 118.2 120.04 120.6 120.04
£,C1INO 117.9(5) 117.84

2See Fig. 2 for numbering of the carbon atoms. °X = H
(iodobenzene); X = N (p-iodonitrobenzene).

STO-3G* basis set, together with previous r, structure pa-
rameters from electron diffraction,® are given in Table 3.
The C-I bond distance is calculated to be 0.02 and 0.03 A
too short for iodobenzene and p-iodonitrobenzene, while
the C-N and N-O bond distances are calculated to be 0.05
A too long in p-iodonitrobenzene. This is the same trend as
found for o- and m-iodonitrobenzene. The assumption that
the molecular deformation of the benzene ring is additive is
quite good.

Structural trends. Even if the agreement between some of
the observed and calculated structure parameters is rather
poor for the bond distances, the ab initio values can be very
useful in predicting changes due to substitution at different
positions. The structural changes for the halonitrobenzenes
can be rationalized from the resonance picture between (1)
and (2). From this resonance picture we would

cr O cr
1 | I

©¢ o

M @

predict a shorter C-X (X=F,Cl,Br,I) bond distance for
substitution in the ortho and para positions as compared
with meta. The experimental results and bond distances
computed by the ab initio method are shown in Fig. 5. The
observed trends for the C—Cl bond distances of o-, m- and
p-chloronitrobenzenes™® seem to fit the predictions from
this resonance picture, but the variations of the experi-
mentally determined bond distances are much larger than
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calculated. For the corresponding bromonitrobenzenes®” it
is quite clear that m-bromonitrobenzene does not follow
the predicted trend found for the other molecules and by
the ab initio calculations. It seems as if the C-Br bond
distance is about 0.03 A too short. New data will be re-
corded to reinvestigate this molecule. It is therefore of
interest to compare the structural changes for the iodo-
nitrobenzenes with the expected trends, and also to see if
these trends are reproduced by our ab initio calculations.
For the iodonitrobenzenes the variation in the C-I bond
distance is very small, as shown in Fig. S and also predicted
from the ab initio calculations.

It might be a more general effect for all halonitroben-
zenes that the substitution effects decrease with the electro-
negativity of the substituent. This is the case for the ipso
angle of monosubstituted halobenzenes, where the devia-
tion from 120° decreases with the electronegativity.® As
shown in Fig. 5, the variations in the C-X bond distances as
calculated by the ab initio method are largest for X=F and
smallest for X=I, the same trend as found for the ipso
angle for monosubstituted halobenzens.* However, differ-
ent basis sets have been used, owing to the storage capacity
of our computer, so therefore it cannot be ruled out that
this is a basis set effect.

The C-N bond distances are shorter for p- and o-iodo-
nitrobenzene [1.458(15) and 1.468(17) A] than for m-iodo-

2} — { _______ L S {

2.06f

190}

Br | ‘{’

1.83F
1.75F
c t I“\\ 7
X “} {
1.70}-
1.38}
. i e\’/‘b\e
1.35—+ +— +— 1
mono ortho mela para

Fig. 5. r,(C—X) bond distances (broken line) for various positions
of the X substituent on nitrobenzene and the corresponding
r(C—X) bond distances (full line) from ab initio calculations. The
basis sets used in the calculations were 6-31G for X = F,
3-21G* for X = Cl and STO-3G* for X = Br and |, respectively
(mono indicates halobenzene and ortho, meta and para denote
the position of substitution of the halogen atom in nitrobenzene).

717



SAMDAL ET AL.

Table 4. The additivity principle? applied to p-, m- and o-iodonitrobenzene.

p-lodonitrobenzene

m-lodonitrobenzene

o-lodonitrobenzene

ED STO-3G* ED STO-3G* ED STO-3G*
£,61C2C3 119.2 119.76 117.0 118.29 1193 118.55
£,02C3C4 118.8 118.88 121.5 120.02 119.2 119.76
£,C3C4C5 122.4 122.12 119.3 120.34 121.1 120.93
£,£4C5C6 118.8 118.88 121.0 120.35 119.8 119.88
£,C5C6C1 119.2 119.76 117.6 118.41 118.8 118.88
2,06C1C2 121.6 120.60 123.6 122.59 121.8 122.00

“The additivity in column ED is obtained by using the deformation parameters on the benzene ring caused by the nitro group given in
Ref. 10 and from Ref. 8 for the iodo atom. In column STO-3G* the deformation parameters are obtained from STO-3G* calculations

on iodo- and nitrobenzene.

nitrobenzene [1.487(11) A] as expected from the resonance
structure. The C-N bond distance for o-iodonitrobenzene
is 0.01 A longer than for p-iodonitrobenzene. This elonga-
tion is partially due to the fact that all ortho halonitroben-
zenes have non-planar equilibrium structures while p- and
m-iodonitrobenzene have planar equilibrium structures.
Ab initio calculations show that the C-N bond distance
increases when the nitro group is perpendicular to the
phenyl ring. This is also found experimentally by compar-
ing the average of the C-N bond distances for several p-
and m-halonitrobenzenes with average C-N bond distances
from several o-halonitrobenzenes.”

The additivity or superposition of substitution effects is
simply to add the deformation of benzene caused by the
iodo atom alone and by the nitro group alone. The bond
angles within the benzene ring, assuming additivity of the
substitution effects, are given in Table 4 for o, m- and
p-iodonitrobenzene. Compared to the results given in
Tables 2 and 3, this principle works very well for para and
meta substitution but not quite as well for ortho substitu-
tion. The same conclusion can be drawn if only ab initio
calculations are applied.

Rotational barrier. The barriers to internal rotation for the
nitro group are given in Table 5. o-Iodonitrobenzene has a
non-planar equilibrium structure while the equilibrium
structure of m-iodonitrobenzene is planar. The dihedral
angle corresponding to the minimum of the potential en-
ergy function is found to be 60.0° for o-iodonitrobenzene
using the dynamic model, and an average angle of 69.5(43)°

Table 5. Parameters? related to the rotation of the nitro group.

using the static model. We also found that the barrier
height at ¢=0° is much larger than at ¢=90°. This indicates
that the steric repulsion between the iodine and oxygen
atoms is larger than the n-stabilization, favouring a planar
structure. A lower barrier height at ¢=90° than at ¢=0°
will give an average dihedral angle larger than the equilib-
rium angle, as was also found using a static model. The
minimal STO-3G* basis set gives a rotational barrier for
nitrobenzene which is in much better agreement with the
experiment than larger basis sets.? This is also the case for
our calculations, in which the agreement between experi-
ment and the ab initio calculations is fairly good for o-
iodonitrobenzene and very good for m-iodonitrobenzene.

However, from the very simple conceptual resonance
picture given above, we would expect the rotational barrier
for nitrobenzene and meta-substituted nitrobenzenes to be
approximately equal, with a higher barrier for para-sub-
stituted nitrobenzenes. As seen from Table 5 the STO-3G*
ab initio calculations fail to reproduce this trend, whereby
the barrier for m-iodonitrobenzene is larger than the bar-
rier for nitrobenzene. This is also found experimentally?
for m-fluoronitrobenzene, where the barrier is even higher
than for p-fluoronitrobenzene.

Simple conceptual pictures are important in chemistry,
but care should be taken not to try to explain all chemical
properties from such oversimplifications. It is quite clear
that such conceptual pictures should be applied with cau-
tion. However, they still serve to stimulate research and
critical analysis of such ideas and hypotheses.

Nitrobenzene o-lodonitrobenzene m-lodonitrobenzene p-lodonitrobenzene

Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.
vy 0.0 0.0 1.55 0.87 0.0 0.0 0.0 0.0
Veo 2.8-3.3° 5.02 0.17 1.06 4.5(1.3) 5.01 8.8(75) 5.02
Prmin 0.0 0.0 60.0°¢ 40.97 0.0 0.0 0.0 0.0

2y, and V, in eqn. (2) are 1.38(40) and 0.69(44) kcal mol~', respectively. Uncertainties are as described in footnote (a) to Table 3.
Barrier heights; Vo=V(@=0)—V(@=@mn) and Ve=W(@=90)— V(@=0y) in kcal mol~' and ¢,,;;=0.5 arcos (—V,/4V,) in degrees. Calc.
means 3-21G* basis. °Refs. 17, 24 and 25. °For the static model @,,, is refined to 69.5(43)°.

718



Acknowledgement. We are grateful to Mrs. Snefrid Gun-
dersen for tracing the photographic plates and drawing the
figures. The Board of Higher Education for Oslo and
Akershus is acknowledged for financial support (S.S), and
L. V. Vilkov is grateful for participation in the cultural
exchange program between Norway and the former USSR.

References

1.

2.

10.

1.

Peniozhkevich, N. P., Sadova, N. I. and Vilkov, L. V. J.
Struct. Chem. (USSR) 20 (1979) 446.

Almenningen, A., Brunvoll, J., Popik, M. V., Sokolkov, S.
V., Vilkov, L. V. and Samdal, S. J. Mol. Struct. 127 (1985) 85.

. Batyukhova, O. G., Sadova, N. 1., Vilkov, L. V. and Pank-

rushev, Yu. A. Zh. Strukt. Khim. 26 (1985) 175.

. Batyukhnova, O. G., Sadova, N. 1., Vilkov, L. V. and Pank-

rushev, Yu. A. J. Mol. Struct. 97 (1983) 153.

. Sadova, N. 1., Penionzhkevich, N. P. and Vilkov, L. V. J.

Struct. Chem. (USSR) 17 (1976) 652.

. Batyukhnova, O. G., Sadova, N. I., Syschikov, Yu. N. and

Vilkov, L. V. Zh. Strukt. Khim. 29 (1988) 53.

. Almenningen A., Brunvoll, J., Popik, M. V., Vilkov, L. V.

and Samdal, S. J. Mol. Struct. 118 (1984) 37.

. Brunvoll, J., Samdal, S., Thomassen, H., Vilkov, L. V. and

Volden, H. V. Acta Chem. Scand. 44 (1990) 23.

. Norrestam, R. and Schepper, L. Acta Chem. Scand., Ser.

A 35 (1981) 91.

Domenicano, A. and Murray-Rust, P. Tetrahedron Lett. 24
(1979) 2283.

(a) Zeil, W., Hasse, J. and Wegmann, Z. Instrumentenkd. 74
(1966) 84; (b) Bastiansen, O., Graber, R. and Wegmann, L.
Balzers’ High Vacuum Rep. 25 (1969) 1.

12.

13.
14.
15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

ORTHO- AND META-IODONITROBENZENE

Gundersen, S., Strand, T. G., Tremmel, J. and Volden, H. V.
The Norwegian Electron Diffraction Group Annual Report
1990.

Kuchitsu, K. Bull. Chem. Soc. Jpn. 40 (1967) 498.

Kuchitsu, K. Bull. Chem. Soc. Jpn. 40 (1967) 505.

Frisch, M. J., Head-Gordon, M., Schlegel, H. B., Ragha-
vachari, K., Brinkly, J. S., Gonzalez, C., Defrees, D. J., Fox,
D. J., Whiteside, R. A., Seeger, R., Melius, C. F., Baker, J.,
Martin, R., Kahn, L. R., Stewart, J. J. P., Fluder, E. M.,
Topiol, S. and Pople, J. A. Gaussian 88, Gaussian Inc., Pitts-
burgh PA 1988.

Fernholt, L., Rgmming, Chr. and Samdal, S. Acta Chem.
Scand., Ser. A 35 (1981) 707.

Hgg, J. H., Nygaard, L. and Sgrensen, G. O. J. Mol. Struct. 7
(1970) 111.

Cyvin, S. J. Molecular Vibrations and Mean Square Ampli-
tudes, Universitetsforlaget, Oslo/Elsevier, Amsterdam 1968.
Rao, P. M. and Rao, G. R. J. Raman Spectrosc. 20 (1989) 529.
Hilderbrandt, R. L. and Wieser, J. D. J. Chem. Phys. 42
(1966) 4648.

Pauling, L. The Nature of the Chemical Bond, 3rd. edn.,
Cornell University Press, New York, NY 1960, p. 260.
Boggs, J. E., Khaikin, L. S., Perevozchikov, V. I., Popik, M.
V., Sadova, N. 1., Samdal, S. and Vilkov, L. V. To be pub-
lished.

Ritchie, J. P. Tetrahedron 44 (1988) 7465.

Correll, T., Larsen, M. W. and Pedersen, T. J. Mol. Struct. 65
(1980) 43.

Carreira, L. A. and Towns, T. G. J. Mol. Struct. 41 (1977) 1.

Received November 11, 1991.

719



