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Structural Chemistry of Substituted Benzene Derivatives
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Structural data for substituted benzene derivatives (bond lengths and angles) are summarised. A structural scheme of the
deformation of a bonds in the benzene ring under the influence of electron-donating and electron-accepting substituents
is based on X-ray diffraction results. The general rule is revealed that the valence angle of a substituted carbon atom in
the benzene ring increases with the nuclear potential of the substituents. A correlation is established between such angles
and the Taft inductive constants. The structural characteristics of substituted benzenes are compared with those of metal
complexes. A list of 258 references is included.
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I. INTRODUCTION

The present Review is based on X-ray diffraction data
for crystals of substituted benzene derivatives, and is
confined to a discussion of the nature of the intramolecular
interaction between atoms. Questions of the packing of
molecules in a crystal and the interaction of non-bonded
atoms are not considered. Special monographs 1 and
reviews have been devoted to the latter problem.

The modern theory of organic chemistry interprets the
properties of molecules in terms of the displacement of
valency electrons by inductive and conjugative mecha-
nisms2 '3. The electronic nature of chemical substituents
was first characterised quantitatively by Hammett's op and
am constants4. These constants were subsequently sepa-
rated by Taft and Lewis5 into components representing
inductive o\ and conjugative CTR effects. Dewar and
Grisdale6 have since suggested that five mechanisms
should be distinguished—the field a-induction, 77-induction,
mesomeric, and electromeric effects—but Hammett4 con-
siders that there is no need to introduce more than two
structural variables.

It is of great importance to place the qualitative elec-
tronic theory of organic chemistry on a quantitative basis
by establishing correlations7 between the structure and the
physicochemical properties of a molecule. The chemical
shifts 5H and 6 I 9 F of the nuclear magnetic resonance
spectra are adopted as sensitive measures of the effects of
substituents on the distribution of electron density in the
benzene ring. A correlation has been found between the
chemical shifts and the Hammett constants.

X-Ray structural investigations of the nature of the
donor-acceptor interaction in organic molecules provide
the most direct information for establishing a correlation
between structure and physicochemical properties.

II. STRUCTURAL SCHEME OF SUBSTITUTED BENZENES

The benzene molecule is a regular hexagon in which the
angles between the bonds are 120° and the carbon-carbon
bond lengths are 1.392(4) and 1.398 A according to X-ray8

and aetitron9 diffraction respectively. The mean carbon-
carbon bond lengths in aromatic compounds are 1.398(5)-
1.395(3) A.10'11

The influence of an acceptor substituent A on the geo-
metry of a substituted benzene molecule was first estab-
lished for nitro-derivatives by Trotter12, Bailey and
Prout13, Carter, McPhail, and Sim14, and many later
investigators. The valence angle of the substituted carbon
atom C(NO2) in the ring has increased to a value that is
independent of the angle of deflection of the nitro-group
from the plane of the benzene ring, while the (NO2)C-C
bond length is shorter than in unsubstituted benzene. In a
paper at the Ninth International Congress of Crystallo-
graphy Hamilton15 pointed out that donor substituents D—
nitrogen, phosphorus, and antimony—diminish the C(D)
bond angles and increase the (D)C-C bond lengths in the
benzene ring. Papers both at the First All-Union Confer-
ence on Organic Crystal Chemistry16 and at the Tenth
International Congress of Crystallography17 reported that
the C(D,A) angles increase with the electronegativity of the
elements along a period on passing from o donors to a
acceptors, and also that they correlate with the Taft v\
inductive constants.

A scheme of deformation of o bonds in the benzene ring
under the influence of electron-donating and electron-
accepting substituents D and A was based18 on X-ray dif-
fraction data. According to the scheme the structure of
such substituted benzenes can be represented as

where a tilde represents a shortened carbon-carbon bond
length, and an arc an increased valence angle at a carbon
atom, in the ring. A consequence of the rehybridisation
of a bonds is an increased proportion of the p state of the
hybrid sp2 orbital of the carbon atom in an exocyclic A-C
bond, with a resultant increase in the proportion of the s
state in the adjacent (A)C-C bonds forming an angle
exceeding 120° in the benzene ring. The increased pro-
portion of the s state of the carbon atom leads to contrac-
tion of the bond. In an exocyclic D-C bond the proportion
of the s state of the hybrid orbital of the carbon atom is
increased, and also the proportion of the p state in the
(D)C-C cyclic bonds, so that the angle they form is < 120°
while the (D)C-C bond becomes longer.
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Such a view of the nature of atomic interaction in sub-
stituted benzenes reflects the general character of the
structure of molecular compounds and is consistent with
several published communications. As Bent showed19,
the s component of a hybrid orbital has a tendency to con-
centrate in those orbitals that are directed towards electro-
positive atoms. This conclusion is based on the results
of a microwave spectral analysis of molecules of general
formula HCO.R (where R - H, CH3j OH, OCH3, F), in
which increase in the electronegativity of the substituent R
is accompanied by contraction of the C-H and C=O bonds
and increase in the H-C=O angle. A similar conclusion
can be reached by quantum-chemical calculation20: for-
mation of a D-A a bond leads to decrease in the propor-
tions of the s state of the electropositive atom D and of the
P state of the electronegative atom A in comparison with
the D-D and A-A a bonds. Hence the populations of a
bonds can be written B(p)-(s)C and A(s)-(p)C. Since p
electrons are more weakly bound to the atomic nucleus than
are s electrons, an acceptor A acquires a p electron pre-
ferentially from the carbon atom, but a donor D donates a
p electron preferentially to the carbon atom.

in. STRUCTURAL CHARACTERISTICS (BOND LENGTHS
AND ANGLES)

In the most exact modern X-ray structural work the
accuracy of the determination of interatomic distances and
bond angles is respectively ±0.001-0.003 A and ±0.1-0.3
deg. More detailed information on the accuracy of indivi-
dual data can be found in the references cited. Systematic
information on the crystal structures of organic molecules
is given in works of reference21"24. The above structural
scheme of the deformation of a bonds in the benzene ring
enables conclusions on the o donor-acceptor character of
a substituent Lin any structure to be reached directly from
the angle at the substituted carbon atom C(L) in the benzene
ring.

1. Monosubstituted Benzene Derivatives

/ L 2 C3,

diphenylaminotriphenylmethane27, N-l'-phenylcyclohexyl-
piperidinium chloride28, 3-diphenylacetoxy-l-ethylpiperi-
dinium chloride29, (+)-benzylmethyl-l-methyl-2-N'-
phenylpropionamidoethylammonium bromide °, and
tribenzylamine31 this angle is respectively 117.5°, 117.8°,
117.9°, 117.6°, 117.4°, 116.8°, and 117.4°.

Although hyper conjugation of methyl groups has been
discussed in the literature, structurally the need for this
hypothesis does not arise. In several cases it is advis-
able to use instead a mechanism of a rehybridisation, since
with donor substituents D the two mechanisms—o rehybri-
disation and 7T conjugation—have the same effect on the
structural characteristics of the benzene ring: the D - C Q )
and C(2)-C(3) bonds contract, the (D)C a)-C(2) bond becomes
longer, and the cyclic C(o(D) angle becomes smaller.

Substituents containing multiple bonds C=C and C=C
also have a well defined a-donor character. In structures
possessing a substituent vinyl group—tetraphenylethylene27,
1,2-diphenylcyclopentene32, tetraphenylcyclopenta-1,3-
diene33, trans - stilbene34, 2,3-diphenylindole35, 2,5-dis-
tyrylpyrazine36, «s-l,czs-3-distyrylazulene37, anthr-9-yl
styryl ketone38, 0-£-tolylthio-£r«^s-cinnamic acid39,
chalcone40, l,6-diphenylocta-l,2,4,5-tetraene41, and dicin-
namyl disulphide42—the C(C :C) angles are respectively
118.7°, 117.6°, 118.3°, 118.1°, 118.9°, 117.7°, 118.2°,

L—C,
3 \

118.5°, 118,6°, 118.2°, 117.5° and 118.4°. The substi-
tuted carbon atoms in biphenyl 3, terphenyl44, and quater-
phenyl45 have bond angles of 117.9°. In 1,8-bisphenyl-
ethynylnaphthalene46 C(C :C) angle is 119.2°. Thus the
vinyl group is a stronger a donor than the ethynyl group,
a result that is consistent with the chemical properties of
these molecules.

The ^-acceptor power increases on passing from the
vinyl to the carbonyl group. The C(C :O) angle in benza-
mide47, acetyl benzoyl peroxide48, ethylene dibenzoate49,
hippuric acid50, and 2-hydroxy-4-methoxybenzophenone51

is respectively 120.1°, 119,7°, 119.9°, 120.1°, and 119.8°.
In N-diphenylmethyleneaniline 52 the C(C :N) and C(N :C)
angles are respectively 119.2° and 119.9°; and in aa-N-
triphenylnitrone 53 the C(C=N-O) and C(O—N=C) angles
are 118.2° and 122,0°: the angle in the benzene ring is
larger when the substituents bind through a nitrogen atom
than through a carbon atom. Clearly, the nitrone group
can act both as a strong a donor and as a strong o accep-
tor.

c9-cs

Experimental values are averages for the chemically
equivalent valence angles at C<2) (C<6)) and Co) (C(5>) and
bond lengths C<D-C(2) (C(D-C<6)), C<2)-C<3> (C<5>-C<6)), and
C(3)-C(4) (C(4)-C(5))O It is difficult to judge from experi-
mental results the extent to which the alternation of bond
lengths and angles is transmitted to all atoms in the benzene
ring. One difficulty is the thermal oscillation of the atoms,
which becomes stronger on passing from the centre of
gravity of the molecule to the terminal atoms, producing
a tendency for their bonds to contract. In any case,
changes in bond angles and lengths are more clearly
defined for the three carbon atoms nearest the substituent.
The changes in the angle at the substituted atom C(L) pro-
vide a considerably more sensitive criterion for regarding
the substituent L as a donor D or an acceptor A than do the
changes in bond lengths.

Alkyl substituents produce a sharp decrease below 120°
in the cyclic angle at the carbon atom, and are thus strong
adonors. In tetraphenylmethane25, triphenylmethane26,

Table 1. Bond angles C(D,A) and nuclear potentials 2*/r
of elements in monosubstituted benzene derivatives.

D, A

B
C
N
O
F
Ga
Ge

C (D. A), •

116.7
117.5
119.4
120,5
123.4
116.9
118,3

z'/r

3.13
4.21
5.27
6.23
7.32
3.97
4.62

D, A

AI
Si
P
S
Cl

C (D, A). •

116.4(113.7)
116.1
118.9(117.6)
120.2
122.4

z'/r

2.78
3.55
4.36
5.24
6.14

With respect to the donor-acceptor characteristics of
heteroatoms differing in their electronic nature, Table 1
summarises the C(D, A) bond angles with donor D and
acceptor A substituents, and compares them with the
nuclear potentials of the elements z*/r (where z* is the
effective charge on the nucleus and r the covalent radius
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of the atom). Values of the angle are given for triphenyl-
borane54, tetraphenylmethane25, aniline55, phenol56,
fluorobenzene57, di-H-phenylbisdiphenylaluminium 58,
tetraphenylsilane59, pentaphenylphosphorane60, diphenyl
disulphide61, chlorobenzene62, triphenylgallane63, and
tetraphenylgermane M '65.

The general rule is that the cyclic angle at the substi-
tuted carbon atom C(D,A) increases with the nuclear
potentials of the substituents along a series in the Periodic
System:

C(B)<C(C)<C(N)<C(O)<C(F)

C(Al)<C(Si)<C(P)<C(S)<C(Cl).

The C(D,A) angles of elements in the third and fourth
periods are smaller than those in the second and fourth
periods. The reason for such behaviour is that z*/r
increases monotonically along a period, and changes
abruptly within a group66'67.

In the main, Table 1 correctly reflects the trends in the
variation of the bond angles of the elements. These ten-
dencies can be revealed by analysing the experimental
results for complicated structures. As examples the
C(Si) angles in phenyl-triphenylsilyldiazomethane68,
chlorobis -TT - cyclopentadienyl-triphenylsilylzirconium(IV)69,
2,2-diphenyl-2-silaindane70, and acetyltriphenylsilane71

are respectively 117.1°, 117.0°, 117.6°, and 117.5°; the
C(P) angles in ^-dimethylaminophenyldiphenylphosphine72,
bisdiphenylphosphinoacetylene73, and dimethylphenylphos-
phine74 are 118.1°, 118.8°, and 117.7°; the C(Ge) angles
in acetyltriphenylgermanium75 and triphenylgermanium
£-t-butylphenyl sulphide76 are 118.3° and 118,9°; and the
C(N.N) angles in tetraphenylhydrazine27 and 1-phenyl-thio-
semicarbazide77 are 119O1° and 119.2°. The number of
known structures containing elements of the fifth series as
substituents is still small.

The formation of double bonds with carbon, oxygen, and
sulphur atoms increases the cx-acceptor power of hetero-
atoms. This is observed in the structures of methylene-
triphenylphosphorane78 (in which the C(P :C) angle is
119.1°), bistriphenylphosphoranylidenemethane79C(P :C :P)
119.2°, triphenylphosphine oxide80 C(P :O) 118.9°, p-
chloro- and £-bromo-phenyldiphenylphosphine oxides81'82

and the corresponding phosphine sulphides83'84—C(P :O)
119.1° and 119.7°; and C(P :S) 119.5° and 119.2° —phenyl-
sulphinylacetamide85 C(S :O) 121.6°, diphenyl disulphone86

C(SO2.SO2) 122.5°, and 3-methyl-3-phenylsulphinylbutan-
2-ol87 C(S :O) 120.3°.

A significant increase in cr-acceptor power occurs with
increase in the positive charge on the heteroatom. In the
case of the nitrogen atom, however, the same effect may
be produced by loss of it conjugation with the benzene ring
due to steric hindrance. We note increases in the
C(N.C :O) angle in iV-phenylacetanilide88, (+)-benzylmeth-
yl-l-methyl-2--N' -phenylpropionamidoethylammonium
bromide30, iV-methylacetanilide89, and isonitrosoacetani-
lide90 (120.2°, 120.2°, 122.8°, and 120.2°); and the
C(N.C :S) angle in 4-phenyl-thiosemicarbazide91 is larger
than the C(N.N) angle in 1-phenyl-thiosemicarbazide77

(121.1° and 119.2°).
The fact that the charges on substituents influence the

deformation of the benzene ring has been established in
ylide molecules. The structure of triphenylphosphonium
cyclopentadienylide92 shows an increase in the

c p+—

angle 119.6° in conformity with the charge on the phos-
phorus atom of +0.69 e, found by phostoelectronic spec-
troscopy. Still larger increases in angles have been
established in triphenyl-N-toluene-p-sulphonyliminophos-
phorane93 C(P+.N) 120.1° and SS-diphenyl-./V-toluene-£-
sulphonylsulphidimine94 C(S+.N') 121.1°.

The C(As+) angle of 121.7° in tetraphenylarsonium tri-
iodide95 and the C(P+) angles of 119.9° and 120.0° in
tetraphenylphosphonium96 and methyltriphenylphosphonium
bistetracyanoquinodimethanes97 suggest that positively
charged arsenic and phosphorus atoms lose their a-donor
properties. The positively charged iodine atom in diphe-
nyliodonium nitrate98 remains a strong o acceptor with
C(I+) 122.4°, but negatively charged boron and indium
atoms remain strong a donors, as is indicated by C(B~)
angles of 114.1° and 116.3° in 7r-cyclopentadienyl-7j-ruthe-
nium(II) tetraphenylborate" and bis(trimethyl phosphito)-
rhodium(I) tetraphenylborate100 and by aC(In~) angle of
118.2° in sodium tetraphenylindate101. The dependence of
the C(P) angles on the partial charges on the phosphorus
atoms in substituted benzenes has been reported102.

The accurate experimental data that have now accumu-
lated are still insufficient as a basis for quantitative con-
clusions on the cr bonds of all metals in the Periodic Sys-
tem. Evidence that the atoms of transition metals are
among the strongest a donors is provided e.g. by the angles
C(Zn) 115.8°, C(Ni) 115.9°, and C(Cr) 115.2° in bis [p hen -
yl(acetylacetonato)zinc]-bis(acetylacetonato)zinc103, phenyl-
(TT- cyclopentadienyl)(triphenylphosphine)nickel104, and
czs-diphenylbis-2,2 ' -bipyridylchromium iodide105.

2. Disubstituted Benzene Derivatives

It is of interest to trace the changes in structural
characteristics as the number of substituents is succes-
sively increased. The donor-acceptor characteristics of
disubstituted benzenes differ according to the orientation
of the substituents. The structures of pare-substituted
benzenes have been the most thoroughly studied.

i^ara-Disubstituted derivatives

As in monosubstituted benzene derivatives the angles at
the carbon atoms in pare-disubstituted derivatives indicate
that alkyl substituents are strong a donors. Thus the
C(CH3) and C(CH2) angles in di-/>-tolyl disulphide106

/>-bitolyl107, toluic acid108, nitrotoluene109, cresol ,
1,1-di-^-tolylethylene111, di-/>-tolylcarbodi-imide112, the
enolic form of co-£-tolylacetophenone113, j3-/>-tolylthio-
trans-cinnamic acid39, ethyl iV-methyl-iV-/>-tolylsulphonyl-
methylcarbamate114, (+)-methyl £-tolyl sulphoxide115,
propenyl^-tolyl sulphone116, triphenyl-N-toluene-£-sul-
phonvliminophosphorane93, [8]paracyclophane-4-carboxylic
acid 17, trisdiphenylmethane-/>/>'-diamine118, and aceto-
toluidine119 are respectively 117.3°, 117.8°, 118.5°, 117.5°,
117.8°, 118.0°, 117.7°, 118.2°, 117.8°, 118.8°, 118.2°,
118.6°, 117.5°, 117.6°, 118.6°, and 117.5°. Similarly to
monosubstituted benzene derivatives, the C(C=C) angle of
119.4° in/>-diethynylbenzene120 is larger than the C(C :C)
angle in the presence of a vinyl group in 1 ,l-di-/>-tolyl-
ethylene111, diethylstilboestrol121, [2.2](2,6)pyridinopara-
cyclophane-l,9-diene122, and l,6-di-£-chlorophenyl-3,4-
dimethylhexatriene123 —117.9°, 118.2°, 117.5°, and 118.0°.

An advantage of X-ray structural analysis in comparison
with other methods—both physical and chemical—is that
comparison of the angles at the carbon atoms in the benzene
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ring provides an exceptional opportunity for deter-
mining the relative o donor-acceptor characteristics of
different substituents in the same molecule. Thus in
tetra-£-tolyltin124 the cr-donor power of the tin atom
exceeds that of the methyl group: C(Sn) 116.4° and C(CH3)
117.3°. The structure of trisdiphenylmethane-/>/>' -
diamine-sodium chloride118, with angles C(CH2) 118.6°
and C(NH2) 119.2°, shows that methylene is a stronger a
donor than is the amino-group. Examination of the
structures of ^-dimethylaminophenyldiphenylphosphine72

and ^-dimethylaminophenyl phenyl sulphide125 reveals that
in the former the phosphorus atom is a stronger o donor
than is the dimethylamino-group, for C(P) 116.9° and
C[N(CH3)2] 117.5°, and that in the latter structure the
dim ethylamino-group is a stronger cr donor than is the
sulphur atom, since C[N(CH3)2] 117.8° and C(S) 118.4°.

Table 2. Bond angles C(D) and C(A) inhere-substituted
hydroxy- and alkoxy-benzenes.

Compound

Cresol110

Anisidine128

Diethylstilboestrol121

/rans-pp'-Diethoxyazobenzene1M

Hydroxy acetanilide130

Hydroxyacetanilide131

vlethoxybenzoie acidI32

ithoxybenzoic acid133

n-Butoxybenzoic acid134

^tassium hydrogen bis-p-hydroxy-
benzoate monohydrate135

'yridinium hydroxybenzoate136

D

CH,
NH2
C -C

N-COCH3
COOH
COOH
COOH
COOH

COOH

coo-

A

OH
OCR,
OH
OC2H6

OH
OCH3
OC2H6
OC4H7

OH
OH

C (D), •

117,8
118,4
118,2
119,5
119,8
117,7
119,7
118,7
118,9

119,6
118,2

C (A). •

120,4
120, 2
120, 2
120,5
120,2
120,3
120,4
120,4
120,2

120,7
119,5

both as a a donor with C(N :NO) 119.1° and C(OCH3) 119.6°,
and as a a acceptor, with C(NO :N) 121.1° and C(OCH3)
119,9°. The cr-acceptor properties of the azo-group are
exhibited in S-methyldithiazone139, withC(N :N) 120.2°
and C(N.N) 119.1°, and especially in benzenediazonium-/>-
sulphonate140, with C(N+=N) 125.4° and C(SO3") 121.0°.
Data on the C(NO2) angles in £ara-substituted nitroben-
zenes are listed in Table 3.

Sulphonyloxy, sulphonyl, and sulphinyl groups act as o
acceptors: in czs-4-t-butylcyclohexyl toluene-^-sulpho-
nate152 C(SO3) 120.6° and C(CH3) 117.7°, ethyl JV-methyl-
iV-£-tolylsulphonylmethylcarbamate114 C(SO2) 121.1° and
C(CH3) 118.8°, propenyl/>-tolyl sulphone116 C(SO2) 120.7°
and C(CH3) 118.6°, /3-sulphanilamide153 C(SO2NH2) 120.5°
and C(NH2) 118.7°, and in (+)-methyl/»-tolyl sulphoxide115

C(SO) 120.3° and C(CH3) 118.2°. However, in iV-dimethyl-
sulphoniotoluene-^-sulphonamide154 C(SO2.N".S+) 119.7°
and C(CH3) 118.9°, and in triphenyl-iV-toluene-/>-sulpho-
nyliminophosphorane93 C(SO2.N".P+) 119.7°. so that the
sulphonyl group has lost its cr-acceptor properties in
structures of the ylide type.

The C(SOCH3) angle of 120.3° in (+)-methyl/>-tolyl
sulphoxide, indicating that the sulphinyl group is not a
strong cr acceptor, was inconsistent11 with the Hammett
Op constants, according to which the acceptor power of the
methylsulphinyl group exceeds that of the chlorine atom.
This discrepancy remains even with the Taft constants:
crj(Cl) = +0.40 and cr^SO.CHs) = +0.49. The C(C1) angle
of 122.1° in y-/>-chlorobenzene155 shows that the chlorine
atom is a strong cr acceptor. Closely similar C(C1)
angles were obtained in ̂ -chlorobenzoic acid156 C(C1)
122.1° and C(COOH) 119.9° and in a-chlorophenol157 C(C1)
122,4° and C(OH) 121.1°. The C(C1) angle in the latter
compound coincides withC(Br) in l-/>-bromophenylbutane-
1,3-dione158: C(Br) 122.4° and C(C :O) 119.3°.

Further, comparison of the angles in terephthalic acid126

and y-quinol127—C(COOH) 120.4° and C(OH) 121.0° —
shows that hydroxyl is a stronger o acceptor than is car-
boxyL This is confirmed by Table 2, which indicates that
hydroxyl, methoxyl, ethoxyl, and butoxyl are weak a
acceptors in comparison with such cr donors as methyl,
amino, ethylenic, azo, acetylimino, and carboxyl groups.

Table 3. Bond angles C(D) and C(NO2) inhere-substituted
nitrobenzenes.

Compound

Nitrotoluene109

Nitrobenzoic acid""
a-Nitrophenol142

/3-Nitrophenol143

a-Di-p-nitrophenyl disulphide144

l,l-Di-p-nitrophenylethyleneI4s

Nitrobiphenyl146

jy«-p-Nitrobenzaldehyde oxime147

Nitroacetophenone148

Nitrophenyl acetate14'
D-p- nit rophenylcarbodi-imide'50

A'-Ethyl-jV-p-nitrophenylcarbamoyl chloride'51

D

CH,
COOH
OH
OH
S
C C
CHj-CHi
C=N-OH
COCH,
COOCH3
N-=C=-N
N (C2H5)COC1

C(D). °

117.5
119,8
120,9
120.5
119.0
118,3
118,6
119.2
118,4
120,7
120,4
120,5

C (NO,). °

122,7
122,6
122.3
122,0
122,7
122.2
122,2
122,7
121,7
121,5
122,1
123,8

As in monosubstitutc,i benzene derivatives, the silicon
atom is one of the strongest a donors. Therefore the
C(Si) angle in />-bistrimethylsilylbenzene137 is 115.8°. The
azoxy-group in />-azoxyanisole138 has a dual role: it acts

Table 4. Mean bond angles C(D,A) for elements in the
second period.

D, A

B - (C 6 H 5 ) 3

N (CH3)2

C 6 H 5

CH3
NH2

C (D. A). °

114.1
117.2
117.6
118.0
118.1
118.4

D, A

COCH3

CONR,
COOH
OCH,
N-=N-C6HB
OH

C (D, A), °

118.8
119.8
119.8
119.9
120,0
120.2

D, A

N+H,
CN
NO2
p
N+=N

C (D, A). °

121.6
121,8
122.1
123.4
124.9

It is worth noting the mean angles C(D,A) for elements
of the second period in the structures of monosubstituted
and /xzra-disubstituted benzene derivatives (Table 4) given
in a paper17 and in a review159. The standard deviations
of the angles are 0.1-0.2 deg. However, there are cer-
tain discrepancies. In particular, the cr-donor power of
the methyl group exceeds that of the vinyl group7—cq(CH3) =
-0.08 and <ri(CH :CH2) = +0.01 —so that the C(CH3) angle
should be smaller than the C(CH :CH2) angle.

A linear relation has been reported in a review160

between the mean C-D and C-A bond lengths and the C(D)
and C(A) angles for elements in the third period: silicon
(1.8683 A, 116.98°), phosphorus (1.8276-1.7908 A,
118.50-119.78°), sulphur (1.708-1.7534 A, 119.73-121.19°),
and chlorine (1.7404 A, 121.37°). Table 1 shows that the
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correlation between C-(D,A) and C(D,A) is due to the
increase in the nuclear potential z*/r caused by the
decrease in the radius r and the increase in the effective
charge on the nucleus z* for the atoms along the period.

meta-Disubstituted derivatives

Available data on the structures of mete-disubstituted
benzene derivatives confirms the cr-donor nature of the
methyl group in cresol161 C(CH3) 118.7°, the amino-group
in nitroaniline162 C(NH2) 119.6°, the dimethylamino-group
in nitro-MV-dimethylaniline163 C[N(CH3)2] 117.7°, the
carboxy-group in isophthalic acid164 C(COOH) 119.8°, and
the amino-group in o-m '-trifluoromethylanilinobenzoic
acid165 C(NH) 118.8°. In contrast to this, a a-acceptor
nature has been found for the amino-group in aminophenol166

C(NH2) 120.9°, the hydroxy-group in resorcinol167, cresol,
aminophenol, and hydroxybenzamide168 C(OH) 121.1°,
121o7°, 121.5°, and 120.5°, the chlorine atom in potassium
hydrogen bis-m-chlorobenzoate169 C(C1) 122.4°, the iodine
atom in p-m '-iodophenylbenzoic acid170 C(I) 121.3° and
C(CeH4) 117.6°, the ammonio-group in ra-carboxyanilinium
chloride171 C(NH3) 121.7°, the nitro-group in dinitroben-
zene172, ra-nitroperchlorylbenzene17 , nitroaniline, and
nitro-iViV-dimethylanilineC(NO2) 123.6°, 124.1°, 122.3°,
and 124.4°, the trifluoromethyl group in o-m '-trifluoro-
methylanilinobenzoic acid165 C(CF3) 121.8°, and the sul-
phamoyl group in m-sulphamoylanilinium chloride174

C(SOaNH2) 121.7°.

ortho-Disubstituted derivatives

Significant steric hindrance is present between ortho-
substituents. The a donor-acceptor characteristics of
donor D and acceptor A substituents differ more markedly
when their mutual orientation is ortho than in the para- and
meta-derivatives. The close proximity of the D and A
substituents is responsible for an increase in the C(A)
angle and a related decrease in the C(D) angle. Thus
among the cresols the difference between these angles
diminishes on passing from the ortho- to the meta- and the
/mra-isomers: C(OH) 121.7°, 121.7° and 120.4° respec-
tively; and C(CH3) 117.0° 118.7°, and 117.8°. 175 In o-
and />-nitrobenzoic acids1 the C(NO2) angle is respec-
tively 123.7° and 122.8°, while C(COOH) is 116.2° and
121.2°: i.e. the difference between corresponding angles
C(A) and C(D) increases on passing from the para- to the
or^o-derivative, although the angle cp of rotation of the
plane of the nitro-group relative to that of the benzene
ring is larger in the ortho- than in the para-isomer (54.3°
and 24.1°).

Data on the structure of o-ethoxybenzoic acid177 —
C(OC2H5) 120.8° and C(COOH) 118.0°—are consistent with
results for the /'arc-derivatives: i.e.the ethoxy-group
surpasses the carboxy-group in o-acceptor power. This
is observed also in salicylic acid167'178—C(OH) 119.5° and
C(COOH) 119.1°— though the difference is less marked.
As was to be expected, a still larger difference between
the angles C(OH), C(OCH3), C(COOH) and the angles
C(CHa), C(CH), C(CH2) has been established in cresol175,
1,1,2,2-tetrakis-o-methoxyphenylethane179 CCOCHs) 120.5°
and C(CH) 117.4°, and in toluene-a,2-dicarboxylic acid180

C(COOH) 120.3° and C(CH2COOH) 116.1°. In salicylalde-
hyde oxime181 the angles are C(OH) 119.6° and C(C :N.OH)
118.0°, since the hydroxyimino-group occupies a position
intermediate between the carboxyl and methyl groups. It

is noteworthy that, despite the difference between the
angles of rotation of the carboxylate groups around carbon-
carbon bonds (32° and 71°), both the C(COO") angles in
diammonium phthalate182 are 119.3°.

The identity of the cyclic angles at the substituted car-
bon atoms in o-hydroxymethanesulphonanilide183—C(OH)
120.6° andC(NHSO2) 120,8°— suggests approximate equal-
ity of the cr-acceptor powers of the substituents. There
are examples of variation in the angles of nitrogen-con-
taining substituents: thus in £rans-oo'-dichloroazoben-
zene184 C(N.N) 118.6° and C(C1) 121.3°, o-chlorohydroxy-
iminoacetanilide185C(N.C :O) 118.6° and C(C1) 121.0°,
o-ethoxyhydroxyiminoacetanilide186 C(N.C :O) 120,3° and
C(OC2H5) 119.8°, o-phenylenediamine hydrochloride187

C(NH3) 122.3° and C(NH2) 117.1°, №V-dimethylanthranilic
acid188 C[N+H(CH3)2] 122.5° and C(COCT) 117.0°, potassium
o-nitrophenoxide hemihydrate189 C(NO2) 122.5° and C(O")
115.2°, nitrobenzamide190 C(NO2) 122.1° and C(CONH2)
118.8°, and 4-acetyl-2'-nitrobiphenyl191 C(NO2) 123.3°
and C(C6H4) 115.6°. Since the iodine atom is a weaker
cr acceptor than is the nitro-group, a smaller difference
between the angles C(A) and C(D) is observed in p-o'-
iodophenylbenzoic acid192—C(I) 122.6°and C(C9H4) 117.9° —
than in the corresponding nitro-derivative.

The structures of the racemate1 9 3 and an optically
active form of (-)-o-methylsulphinylbenzoic acid194, with
C(S:O) 119.8°, 119.5° and C(COOH) 118.0°, 118.4°,
orthanilic acid195 C(SO3") 119.2° and C(NH3) 120.6°, and
sulphobenzoic acid trihydrate1 9 6 C(SO3) 119.6° and
C(COOH) 118.4° clearly show that the sulpho and sulphinyl
groups are CTdonors.

It is significant that the introduction of two acceptors
in the or^o-position leads to a mutual weakening of their
cr-acceptor power. Thus in o-phenylenediammonium
dichloride197 and dibromide1S8 the C(NH3) angles are
respectively 120.1° and 119.4°. The hydroxyls in cate-
chol199 are weaker cr acceptors than are those in resorcinol
and quinol: C(OH) 119.9°, 121.1°, and 121.0°.

3. Trisubstituted Benzene Derivatives

Trisubstituted benzenes retain the characteristic fea-
tures of the variation in bond angles inherent in meta- and
or#fe?-derivatives. Closely similar C(NO2) angles (123.4°
and 123.6°) have been found in 1,3,5-trinitrobenzene200 and
in m-dinitrobenzene172. The acetyl group remains a weak
CT donor in 1,3,5-triacetylbenzene2 C(COCH3) 119.8°. As
was to be expected, the cr-acceptor power of nitro- and
hydroxy-groups and of fluorine and chlorine atoms is
increased by the introduction of a donors into the ortho-
position. This is readily seen from a comparison of the
C(A) and C(D) angles in iV-methyl-ra-nitro-i>-toluidine202

with C(CH3) 114.3°, C(NO2) 124.1°, and C(NHCH3) 117.3°,
2,5-dimethylphenol203 C(OH) 121.5° and C(CH3) 116.6° and
117.3°, (±)-2-(2-fluorobiphenyl-4-yl)propionic acid204

C(CC6H5) 117.1°, C(F) 123.9°, and C(C) 119.6°, and 3-
chloro-iViV-dimethyl-4-nitrovinylaniline205 C(C :C) 113.0°,
C(C1) 125.7°, and C[N(CH3)2] 116.6°. Another striking fact
is that the cr-acceptor power of the bromine atom is dimi-
nished by the introduction of an o-nitro-group and an o-
sulpho-group respectively in 4-bromo-Ar-methyl-3-nitro-
aniline202, with C(Br) 116.1°, C(NO2) 122.4°, andC(NHCH3)
118.0°, and in the trihydrate of 2,5-dibromobenzenesul-
phonic acid206 C(Br) 120.2° and 122.8° and C(SO3") 119.9°,
since the C(Br) angle ortho to C(SC>3) is smaller than the
meta-C(Br) angle.
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Among 1,2,3-derivatives pyrogallol207—C(OH) 120.7°,
119.8°, and 121.2°—has C(OH) angles at positions 1 and 3
that are closely similar to those (121.0° and 121.1°) in
y-quinol and resorcinol, whereas the C(OH) angle at posi-
tion 2 is close to those in catechol (119.9°). In hemimelli-
tic acid dihydrate208, despite the marked difference in
angles of rotation of the planes of the carboxyls relative to
that of the benzene ring (the angles <p at positions 1-3 are
respectively 9.6°, 87.2°, and 4.1°), theC(COOH) angles
are also larger at positions 1 and 3 (119.7° and 120.0°)
than at position 2 (118.9°).

Hydroxyl, ethylenic, and methyl groups undergo greater
increase in a-donor power when located between two a
acceptors: in 2,6-dinitrophenol209 C(OH) 116.0° and C(NO2)
122.3° and 121.9°; in l-(2,6-dichlorophenyl)-4-phenylbuta-
trons-1,trans-3-diene210 C(C :C) 114.6° and C(C1) 122.8°
and 123.9°; and in 3-bromo-2-methylphenol211 C(CH3)
114.4°, C(OH) 124.9°, and C(Br) 124.5°.

Comparison of the structures of 2,3-dimethylphenol211'
202—C(OH) 122.4° and C(CH3) 118.1° and 119.7°—and of
2,3-dimethylbenzoic acid212—C(COOH) 121.3° and C(CH3)
117.4° and 120.3° — clearly shows, as a consequence of the
location of hydroxy- and carboxy-groups ortho to the
methyl groups, the sequence OH > COOH > CH3 according
to their a-acceptor power, which is consistent with con-
clusions reached from mono- and di-substituted deriva-
tives.

The difference between the C(O) angles is especially
clearly developed in the oxygen bridge in l-t-butyl-2-(2,6-
dinitrophenoxy)benzene213: ortho to the t-butyl group as
a donor C(O) 123.9°, but ortho to two a-acceptor nitro-
groups C(O) 116.2°.

4. Tetrasubstituted Benzene Derivatives

Among 1,2,4,5-tetrasubstituted benzene derivatives—
tetra-t-butylbenzene214, durene215, pyromellitic acid
dihydrate216, and tetracyanobenzene2 7—the a-acceptor
power increases in the sequence

115.1°—the angles at positions 2 and 6 correspondingly
increase: C(NO2) 122.4°, 122.6°, 122.8°, 123.5°, and
123.7°.

Variation in a donor-acceptor characteristics is clearly
exhibited in a series of structures containing bridging substi-
tuents 229~233. Thus in methyl 3-nitro-4-(2,4,6-trimethylben-
zyl)benzoate, 3-nitro-4-(2,4,6-trimethylbenzoyl)benzoate,
4-mesitylthio-3-nitrobenzoate, 4-mesitylsulphinyl-3-nitro-
benzoate, and 4-mesitylsulphonyl-3-nitrobenzoate the
C(CH2), C(C :O), C(S), C(S :O), and C(SO2)angles are
respectively 119.5°, 120.6°, 121.5°, 121.6°, and 121.5° with
these groups ortho to two methyl groups, but 114.8°,
116.7°, 115.5°, 117.9°, and 117.7° when ortho to the nitro-
group.

A comparison227 of structures differing in the angle of
rotation of the N-C=O group relative to theoplane of the
benzene ring—acetanilide234 (N-CAr 1-413 A, C(N.C :O)
119.6°,oand cp = 17.6°), A-methyl-2,4,6-trinitroacetanilide
(1.417 A, 115.4°, and 61°), and iV-methylacetanilide
(1.481 A, 122.8°, and 90°)—has shown that the N6+-C=o6~
group develops strong a-acceptor power in the third struc-
ture as a consequence of the absence of TT conjugation, but
in the second structure the overlap of the TT orbitals of the
nitrogen atom and the ring carbon atom is less than one-
quarter of the maximum value (cos 60° = 0.25), so that the
decreases in the C(N.C : O) angle and the N-CAr bond
length must be attributed to the a-acceptor power of the
nitro-groups. A similar effect is observed in 2-chloro-
4,6-dinitrophenol235, since the O-C bond is shorter than in
phenol (1.333 and 1.383 A) owing to the decrease in the
C(OH) angle from 120.5° to 116.7°. A linear relation has
been established between the acid strength p^a and the
C-OH bond length in substituted benzenes235. For exam-
ple, the dissociation constant increases by a factor of 108

on passing from phenol to 2-chloro-4,6-dinitrophenol. It
may be supposed that an increase in the contribution by the
s state of the hybrid orbital of the carbon atom in the
C-OH bond leads to an increase in the acid strength.

C(C(CH3)3) ll5,r<C(CHs) 118,2°<C(COOH) 119.7°<C(CN) 121,3°. 5. Penta- and Hexa-substituted Benzene Derivatives

In 3,4,5-trimethylbenzoic acid218, of course, the C(COOH)
angle is 119.7°, but when the hydroxyl is located ortho to
two t-butyl groups in 2,6-t-butyl-4-methylphenol211, and a
carboxyl is ortho to two methyl groups in mesitoic acid219,
the C(OH) angle increases to 122.6°, and C(COOH) to
12007°. Similarly, the arrangement of a nitro-group
ortho to two methyl groups in 3,5-dimethyl-4-nitrobenzoic
acid220 has increased the C(NO2) angle to 124.8°, and
diminished the C(CH3) angles to 116.6°. The introduction
of two nitro-groups or two chlorine atoms yields the
respective angles—in 4-methyl-3,5-dinitrobenzoic acid221

C(CHs) 114.1° and C(NO2) 124.3°, in 2,6-dichloro-4-nitro-
aniline222 C(NH2) 115.2° and C(C1) 123.0°, and in 2,4,6-
trichlorobenzonitrile223 C(C=N) 117.6° and C(C1) 123.6°.

In 1,2,3,5-tetrasubstituted benzenes containing three
nitro-groups the presence of such strong a acceptors at
positions 1 and 3 leads to smaller angles at position 2 sub-
stituted by a a-donor or a weaker a-acceptor substituent.
Therefore in picryl chloride224, iWV-difluoro-2,4,6-tri-
nitroaniline225, 2,4,6-trinitrophenetole226, iV-methyl-
2,4,6-trinitroacetanilide 227, and in the anion of 2,4,6-trinitro-
benzenesulphonic acid tetrahydrate 228 H5O2C6H2(NO2)3SO3~.
2H2O, as the angle at position 1 decreases—C(C1) 117.0°,
C(NF2) 116.8°, C(OR) 116.4°, C(N.C :O) 115.4°, and C(SO3")

On passing further sterically overcrowded molecules
having five or six substituents in the benzene ring, we
again see mainly a trend to preservation of the cyclic
angles characteristic of the a nature of electron-donating
and electron-accepting substituents. The typical features
of ortho-substituents noted in preceding subsections are
also maintained.

In 2,4,6-trinitro-l,3-xylene236 the angles are C(CH3)
114.2° in the 1 and 3 positions, with C(NO2) 127.2° \cp =
75.2°) at the 2 position and 122.4° (35.7°) at the 4 and 6
positions; in 4-bromo-A/-methyl-2,6-dinitro-3-toluidine237

C(NHCH3) 112.0°, C(CH3) 115.0°, C(Br) 123.5°, and C(NO2)
127.0° (cp = 73°) and 122.5° at positions 2 and 6. Hence
the ring angles at nitro-substituted carbon atoms differ
from those at atoms substituted by methyl and by a methyl-
amino-group by 13° and 15° respectively, in agreement
with their tendency to maintain the a-bond angles of D and
A substituents. An analogous phenomenon is observed
in the structure of 2,4,6-trimethyl-3-pivaloylbenzoic
acid238: C(CH3) 117.6°, 117.3°, and 116.7°, C(COOH) 121.7°,
and C(CO) 121.8°.

In hexasubstituted benzenes steric hindrance also has a
significantly weaker effect than has a rehybridisation.
Thus in pentafluorobenzoic acid219 the C(COOH) angle of
116.7° has diminished, and the C(F) angles of 121.7° at
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positions 2 and 6 are larger than the C(F) angles of 119.9-
120.0° at positions 3,4, and 5; in tetrakispentafluoro-
phenylgermanium239 C(Ge) 115.6° and C(F) 122.7° and
119.0-120.3°; and in decafluorobiphenyl240 C(CF5) 116.3°
and C(F) 122.1° and 119.7-120.1°. In 3-amino-6-ethyl-
pyromellitonitrile241 the angles increase in the sequence
C(NH2) 116.2°, C(C2H5) 116.3°, and C(CN) 121.3° and
122.4°.

Further refinement of the structure of hexachloroben-
zene242 has establishedo that the carbon-carbon bond
lengths (1.393 ± 0.002 A, with temperature correction
1.401 A) differ insignificantly from those in the unsubsti-
tuted benzene molecule. The carbon-chlorine bond
lengths in substituted aromatic and quinonoid rings 243 are
significantly shorter (mean distance 1.709 A) when in the
ortho-position and when more distantly separated or when
isolated (mean 1.737 A). The carbon-chlorine bond
length in the overloaded hexachlorobenzene molecule
(1.715 ± 0.002 A, with temperature correction 1.722 A) is
shorter than an isolated bond. The steric effect should
have increased the bond lengths in the overloaded mole-
cules owing to mutual repulsion of the chlorine atoms.
It is more correct to suppose that the possibility of o
rehybridisation is greater for well separated or isolated
bonds, since the increase in the proportion of the p state
of the carbon atom in the bonds is balanced, as a conse-
quence of the strong a-acceptor power of the chlorine
atom, by an increase in the proportion of the s state of the
carbon atom in the benzene ring. In hexachlorobenzene
such a possibility of a rehybridisation is excluded because
all the carbon bonds in the ring are 120.0°, so that the
carbon-chlorine bonds remain shortened owing to the
excess content of the s component of the carbon atom in
them. For the same reason the carbon-chlorine bond
length should be increased by increase in the C(C1) angle,
as is observed on comparing the structure of pi cry 1 chlo-
ride C(C1) 117.0° and C-Cl 1.709 Aowith that of 2,6-dichlo-
ro-4-nitroaniline 123.0° and 1.743 A. In decachlorobi-
phenyl244, in which the dihedral angle between the phenyl
rings is 86.7°, and the bond angles are C(C6H5C15) 118.7°
and C(C1) 121.0°, 118.9°, and 121.7°, the mean carbon-
chlorine bond length somewhat exceejds the bond length in
hexachlorobenzene (1.718 and 1.715 A).

Table 5. Bond lengths (A) and angles (°) in par a -substi-
tuted anilines with the Hammett ap constants of the substi-
tuents.

Substituent N—c, c,—c, c,—c, c—c, c,—c,—c, c,—c,—c, c,—c,—c, cs—c.—c,

NH,
COOH
SCN
SO2NH3
NO,

1,380
1.376
1,385
1.371

1.389
1.399
1.393
1.402
1.412

1.377
1 375
1.373
1.381
1.375

1.389
1.398
1.385
1.393
1.390

117,1
119.3
118.1
118.7
118.9

121.4
120.8
121.1
120.8
120.5

121.4
121.1
119.8
119.7
119.5

117.1
118.3
119.6
120.5
121.2

—0.47
+0,38
+0.52
+0.55
+0.76

IV. X-RAY a CONSTANTS

It appears reasonable to adopt the structural charac-
teristics of molecules as the basis for constants repre-
senting their reactivity. We shall apply the special term
"X-ray o constants" to the C(D) and C(A) bond angles, the
problem of which requires special discussion.

A linear dependence exists between the mean bond
angles C(D, A)17'160 and the Taft induction constants &i
(Fig. 1), values of which have been taken from a mono-
graph7. Comparison of these angles in various structures
has established relative series of a-acceptor and cr-donor
substituent s.

O.H

9.3

0.1

0.1

0

-0.1
118 119 120 121 121 123

C ( D , A ) °

Figure 1. Dependence of induction constants crj on bond
angles C(D,A).

Insignificant rr conjugation of the nitro-group with the
benzene ring can be assumed in/>-nitrotoluene and />-nitro-
benzoic acid (C-NO, 1.482 and 1.491 A). However, the
data in Table 5245"2<ft are consistent with the view that D
and A substituents influence the distribution of C(A) bondo
angles in para-substituted anilines (C-NH2 1.408-1.371 A)
even when TT interaction is superimposed on cr interaction.

When 7r conjugation of D and A substituents with the ben-
zene ring is insignificant, the bond angles C(D,A) will
obviously determine directly the induction effect o\ of the
substituent. Such Tt conjugation is most strongly developed
among elements in the second period, especially by the
nitrogen atom. The plot of carbon-nitrogen bond length
against the C(N) angle (Fig. 2) has a straight segment indi-
cating a linear relation between a rehybridisation and TT
conjugation. Hammett's equation lg(K"/K"0) = per (where K
and Ko are equilibrium constants of the chemical reaction)
is based252 on the linear relation between changes in free
energy. The hypothesis253 of a linear dependence between
cr rehybridisation and n conjugation enables the bond angles
C(D, A) to be used instead of Hammett a constants. The
correctness of this approach is supported by the linear
correlation of the C(D, A) angles160 with the nuclear poten-
tials z*/y for elements in the second, third, and fourth
periods (Fig. 3). Hence these angles obey a periodic law.
The C(N) and C(O) angles plotted in Fig. 3 relate to com-
pounds in which the contribution of ir conjugation is insig-
nificant.

A change of 0.5 deg in the C(N) angle is accompanied by
a change in the Hammett Op constant '7 by ~ 0.2 (Fig. 4).
Modern X-ray techniques enable C(D, A) angles to be
determined to 0.1-0.3 deg, and C-D,A bond lengths to
0.001-0.003 A. X-Ray diffraction thus provides the most
accurate method for determining constants characterising
the reactivities of molecules.
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Fig. 2 shows that the linear relation between the carbon-
nitrogen bond length and the C(N) angle breaks down in p-
thiocyanatoaniline and in 2-£-dimethylaminobenzylidenin-
dane-l,3-dione, where strong direct polar TT conjugation is
present, as well as in the presence of the saturation effect
in£-phenylenediamine. For this reason the Hammett o
constants should be replaced by other parameters.

t-N,A

1,18

1.VZ

1.38

1.36

11

12

118 110 № C(N)£

Figure 2. Correlation between C-N bond lengths and C(N)
angles for: 1) 2-/>-dimethylaminobenzylidenindane-l,3-
dione; 2) ^-dimethylaminophenyl phenyl sulphide; 3) p-
thiocyanatoaniline; 4), 5), 13) anilinophenylphthalimide;
6) 1-phenyl-thiosemicarbazide; 7) aniline; 8) acetanilide;
9) AW-diphenyl-/>-phenylenediamine250; 10) ./V-diphenyl-
methylenaniline; 11) iV-phenylacetanilide; 12) azoben-
zene251; 14) 4-phenyl-thiosemicarbazide; 15) aaAT-tri-
phenylnitrone; 16) mean values for £-nitrobenzenes159;
17) £-nitrobenzoic acid; 18)/>-nitrotoluene; 19)iV-meth-
ylacetanilide.

A review160 has shown that the C(D, A) bond angles
(denoted a by the reviewers) of elements in the third
period are related to the Pauling254 electronegativities X
by the linear formula a = 3.33 x+ 111.4. On Pauling's
thermochemical scale, however, the electronegativity
sequence of the elements C > Si = Ge = Sn = Pb and N >
P > As > Sb = Bi does not correspond to the bond angles
and nuclear potentials of the elements.

Considering the structural aspect of the reactivity of
the benzene molecule, we note that, according to the
scheme of o rehybridisation of bonds in Section II, increase
in the bond angle of a carbon atom in the benzene ring
implies an increase in the proportion of the s state of this
atom in the cyclic carbon-carbon bonds and hence an
increase in the proportion of the p state of this atom in the

exocyclic carbon-hydrogen bond. The distribution of
predominant s and p components of a-hybrid bonds of car-
bon atoms in the exocyclic bonds of monosubstituted deri-
vatives can be represented

As a result, electrophilic-acceptor substituents will be
oriented in conformity with the excess ofp electrons, and
nucleophilic-donor substituents according to the excess of
•s electrons:

electrophilic substitution
A

*• A

nucleophilic substitution

3 -

TfF 117 118 119 120 121 122 123
C(D,A)°

Figure 3. Dependence of bond angles C(D,A) on nuclear
potentials z*/r of elements in different periods: 1) second;
2) third; 3) fourth.

110 12Z 1214

Figure 4. Dependence of the constants orp = a\ + CTR on
the bond angles C(D,A).

Thus the structural scheme of substituted benzenes is
fully consistent with experiment: a donor D orients elec-
trophilic substituents to ortho and ^arc-positions, and
nucleophilic substituents to the meta-position; but an
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acceptor A orients electrophilic substituents to the me fa-
position, and nucleophilic substituents to ortho- and para -
positions. Since a bonds with excess of the p state are
less stable than those with excess of the s state, electro-
philic substitution should occur more readily than nucleo-
philic substitution. Thus the structural scheme of a
rehybridisation explains the main features of the reactivity
of substituted benzenes, and hence o bonds are of decisive
significance for establishing the orienting effect of substi-
tuents.

V. COMPARISON OF STRUCTURAL CHARACTERISTICS
OF SUBSTITUTED BENZENES AND OF METAL COM-
PLEXES

It is of interest to compare the structural characteris-
tics found for substituted benzenes with X-ray results
obtained for metal complexes containing the same substi-
tuents as ligands in the coordination sphere. In the
modern theory of the trans-effect in complex compounds of
metals widespread use is made of the concept of the o
rehybridisation of orbitals of the central metal atom,
according to which an increase in the proportion of a given
component (s, p, or d) in the hybrid bond of the metal atom
implies a decrease in an adjacent bond of the metal255.

The scheme of population of cr bonds suggested for sub-
stituted benzenes T)(p)-(s)A{p)~ operates also in metal
complexes. The trans-effect of ligands L, which has been
most thoroughly studied in complex platinum compounds,
is evident in the lability of the platinum-chlorine bond
along the L-Pt-Cl axis: D(/>)-(s,rf)Pt(/>)-Cl. Thus the
platinum-chlorine bond length should increase on passing
from acceptor ligands A to donor ligands D because of the
increased fraction of the P state of the platinum atom in the
platinum-chlorine cr bonds. Table 6 shows that decrease
in the C(D,A) bond angle160 is accompanied by an increase
in the platinum-chlorine bond length

L
Pt-CI, A
C(D, A)'

0
2.28

121.8

Table 6.

Cl
2.30

121.4

PR3

2.37
118.5

CR,
2.415

118.1

SiR3

2.45
117.0

6

7

o
8

9

Several deductions can be made from the above struc-
tural characteristics. According to the platinum-chlo-
rine bond lengths the Taft induction constant CTJ for the
methyl group should exceed that for a trialkylsilyl group.
This is supported by a comparison of the C(C) bond angle
in triphenylmethane with C(Si) in tetraphenylsilane (117.8°
and 116.1°). These results suggest that the sequence of
the crj constants of methyl and silyl groups (-0.08 and
+0.01)3 should evidently be refined.

The X-ray spectra of platinum complexes indicate257

that the polarity of the platinum-chlorine bond is enhanced
by the trans-effect of a ligand L. This is quite consistent
with the concept of a rehybridisation. The polarity of the
platinum-chlorine bond would increase because/* elec-
trons are more weakly bound to the nucleus than are s
electrons. Hence the ultimate cause of the enhanced bond
polarity is an increase in the proportion of the p component
of the platinum atom in this bond.

Similar ideas enable us to understand the relative sta-
bilities of bonds involving other metals. For example,
more substantial changes in bond lengths involving metal
atoms are observed in tin than in platinum complexes258.

We note in conclusion that the variation of the effect of
substituents in benzene derivatives is paralleled by that
of the ^raws-effect of the corresponding ligands in metal
complexes. This is due to the important role of a bonds
in both classes of chemical compounds, resulting from the
influence of donor-acceptor substituents (ligands) on the
a rehybridisation of (D,A)-C and (D,A)-M bonds. As a
result, the influence of such donors D or acceptors A is
apparent in the thermodynamic lability or stability of the
C-H andM-L bonds involved in substitution. The reason
for such behaviour of substituents (ligands) lies in the
general rule that the length of aD-A bond decreases with
fall in the nuclear potential z*/r of the donor atom D and
rise in that of the acceptor atom A.66'67
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