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Formation of Donor-Acceptor Complexes
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Results are summarised for the main principles governing the formation of complexes of type on, vn (of halogens, metal halides,
and organometallic compounds with various amines, ethers, and sulphides). The dipole moments and the heats of formation
of the complexes are examined as the most important parameters characterising the properties of donor-acceptor bonds.
Methods of determining these parameters are analysed.

Special attention is paid to the character of the relation between the degree of charge transfer and the energy of intermolecular

bonds.

Two aspects of the problem of the donor properties of amines, ethers, and sulphides—the effect of molecular structure on the
donor properties of the heteroatom, and the conditions for overlap of orbitals involved in the formation of donor-acceptor

bonds—are discussed.

A method for determining the energy of p,-conjugation in aromatic compounds containing a heteroatom is briefly described.
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1. INTRODUCTION

The nature of the intermolecular bonds in compounds of
donor—acceptor type has remained a matter of controversy.
The interpretation of 7-complexes as charge-transfer
complexes® is open to doubt2, It is supposed that the rela-
tively low bond energies in m-complexes may be due to van
der Waals forces, dipole—dipole interaction, and polarisa-
tion forces, and are not associated with charge transfer.

A large number of molecular compounds are known whose
formation is accompanied by a considerable change in
dipole moments, which indicates a displacement of elec-
tron density or a transfer of charge from one component to
the other on complex formation.

Within the very wide range of properties of intermolec-
ular bonds it is impossible to draw a sharp distinction be-
tween strong and weak complexes. It is probable that the
formation of intermolecular bonds between two valency-
saturated molecules involves the maximum development of
all possible forces—including polarisation, dipole—dipole,
and van der Waals forces—and use is also made of the
valency expansion possibilities of atoms and molecules
responsible for donor—acceptor interaction. Each factor
makes its contribution to the overall effect of formation of
a molecular compound. Specific properties of molecular
compounds and of intermolecular bonds will appear de-
pending on how large a particular contribution is, the latter
being determined by the composition and structure of the
initial molecules.

The present Review will survey molecular compounds
in which the transfer of charge predominates over other
forces: i.e. compounds will be examined to which there is
every justification for applying the term “charge-transfer
complexes”. Complexes formed by metal halides with
various amines, ethers, sulphides, and also with certain
aromatic compounds will be considered. It is supposed
that the formation of intermolecular bonds in compounds of
this type is accomplished mainly by partial transfer of an

electron (or displacement of electron density) from the
donor molecule to the acceptor molecule.

A necessary condition for the formation of an additional
bond between two valency-saturated molecules is the pres-
ence of an occupied orbital of sufficiently high energy in
the donor molecule and the presence of a sufficiently low
unoccupied molecular orbital in the acceptor molecule.

If electron transfer from a high filled orbital of one mole-
cule to a lower free orbital of another is energetically
favourable, a donor-—acceptor bond is formed.

From the point of view of the theory of localised pairs,
such an intermolecular bond is similar to an ordinary
chemical bond produced by a pair of electrons in the field
of two nuclei. The fundamental difference is that each
atom supplies one electron to the formation of an ordinary
chemical bond, whereas here one molecule—the donor—
supplies the pair of electrons, while the second molecule—
the acceptor—provides the vacant molecular orbital. Con-~
sequently, the properties of intermolecular bonds have
many features in common with those of ordinary chemical
bonds, as will be shown later, but they also exhibit their
own specific characteristics.

Thus intermolecular bonds are formed by interaction
between quite definite molecular orbitals in electron-donor
and electron-acceptor molecules. The properties and the
stereochemistry of such complexes will depend to a con-
siderable extent on which orbitals are involved in forming
the bond.

The existing classification® of molecular compounds of
donor-acceptor type is based on the type of orbitals in-
volved in bond formation. According to this, all mole-
cules capable of developing donor properties, i.e. of do-
nating an electron on interaction with other molecules, can
be divided by means of the structural criterion into three
groups—n, o, and 7—in the first of which the energetically
highest orbital is the lone pair of n-electrons of the hetero-
atom (R,0, R,S, R;N, etc.), in the second the pair of elec-
trons of the g-bond (R~Hal), and in the third.a pair of 7-
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electrons of unsaturated and aromatic compounds having a
sufficiently low ionisation potential.

Acceptor molecules can also be divided structurally into
three groups—v, o, and 7—the lowest molecular orbital in
the first being the vacant v-valency orbital of the metal
atom (metal halides, certain organometallic compounds),
in the second the non-bonding o-orbital (Z,, ICl, Br,, etc.),
and in the third the system of 7-bonds (aromatic and un-
saturated compounds containing electron-acceptor substi-
tuents). In principle any donor is able to form a compound
with any acceptor. It is all determined by the energetics
of these processes. The same atom or molecule can act
sometimes as a donor, sometimes as an acceptor, de-
pending on its partner.

Donor-acceptor complexes can be classified as follows:

R0 -BX,)  ou(RX - BXy) 7w (Ar - BXg)
n (R0 - Ar) oo (RX - L) no(Ar - 1)
no (R0 - 1) on(RX - Ar) nn (Ar - Ar).

The largest number of investigations have been concerned
with complexes of types #7 and 7¢. Comprehensive mono-
graphs*,»® and reviews ®~® have been published. Complexes
with g-donors have been least studied. As already stated,
the present Review will survey mainly the results of our
investigations on complexes of types nv, no, and partly mv.

From general ideas on donor—acceptor interaction it
may be supposed that the most important parameter, on
which the properties of intermolecular bonds and of the
complexes largely depend, is the magnitude of the charge
transferred from donor to acceptor.

One way to test experimentally the concept of intermo-
lecular bonds as charge-transfer bonds is to investigate
the type of relation between the degree of charge transfer
and the stability of the resulting bonds. The degree of
charge transfer can be assessed from the dipole moment
of the intermolecular bond, and the stability from the heat
of formation of the complexes. These two parameters will
be examined later as the most important for characterising
a donor—-acceptor bond. The dipole moments of complexes
have been investigated quite widely®, but considerably
fewer data are available on their heats of formation!?,*,

2. DETERMINATION OF DIPOLE MOMENTS AND HEATS
OF FORMATION OF MOLECULAR COMPOUNDS

The usual method for determining the dipole moments of
molecules in dilute solution is not very suitable for the
investigation of molecular compounds, owing to possible
dissociation into their components 2725, In several inves-
tigations attempts were made to overcome this difficulty by
allowing for the dissociation constant of the complex, which
was found by some other method; this necessitated addi-
tional experiments, and did not always yield the desired
results.

More accurate results can be obtained by a metho
in which the molecular polarisation of the complexes is
determined by measuring the dielectric constant and the
density (or refractive index) of a series of isomolar solu-
tions. The experimental values of the polarisation for a
range in which one component is present in excess, i.e. a
range in which dissociation of the complex is suppressed,
are extrapolated to infinite dilution. However, this meth-
od is extremely laborious, and exhibits the general defects
associated with the extrapolation of experimental values of
molecular polarisation to infinite dilution.

Dielectrometric titration must be acknowledged as ex-
perimentally the simplest method, giving the most accurate
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results for the dipole moments of molecular compounds 20-22,
It consists essentially in measuring the dielectric constant
€ and the density d of solutions of the component A in an
inert solvent (Ca = 0.05-0.1 M) with successive addition of
small portions of the component D.

The experiment is conducted in a measuring cell with
stirring of the solution, which enables €~Cp and d—Cp
curves to be obtained (the latter by a float method) over a
wide range of concentrations Cp for the same initial solu-
tion of component A. The design of the measuring cell
enables experiments to be conducted in an atmosphere of a
dry inert gas.

If the components A and D do not interact, linear e~Cp
and d—-Cp relations are observed. In such case all that is
required is to determine the dipole moment of the added
substance D in a solvent containing a small quantity of sub-
stance A.

If a complex having a different dipole moment from that
of the added component D is formed in the system, the di-
electrometric titration curve for 1:1 complexes of moder-
ate stability usually has the form mn! (Fig.1). Extrapo-
lation (by Hedestrand's method) of the initial portions of
the €e=Cp and d=Cp curves gives the dipole moment of the
compound AD when dissociation is suppressed. Extrapo-
lation of the second portions of the curves (following the
inflection) gives the dipole moment of the added substance
D.

3 kX 7—"“"‘
n

” 1 Cp/Ca
Figure 1. General form of dielectrometric titration curves for systems
of the type A+ D=AD.

The parameters a and 8 in Hedestrand's equation are
determined from the relations
o =Bl_'—zb9 B:i':i.i,
Cap Cap

where € and ds are the extrapolated values of the dielectric
constant and the density of the solution at the point 2 (Fig.1),
and ¢€p and dp are the dielectric constant and the density of
benzene.

The departure of the experimental curve mnl from the
extrapolated mk! is due to dissociation of the complex into
its components. The magnitude of this deviation enables
the equilibrium constant of the complexing reactions to be
determined, and the thermodynamic parameters of the
complex from the temperature dependence of the equilib-
rium constant 2324,
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In the case of complexes which are only slightly disso-
ciated in solution the €e~Cp curves have the form mkl
(Fig.1), and dielectrometric titration gives values for the
dipole moment which are close to those obtained by the
usual method. With complexes which are dissociated the
two methods show very substantial differences, the usual
method giving incorrect results for the dipole moments in
such systems.

Dielectrometric titration will give valuable information
on complex formation in more complicated systems than
1:1 complexes. For example, investigation of the com-
plexes formed by tin and titanium tetrachlorides with ethers
and sulphides revealed that the processes took place in
stages. Fig.2 shows €=Cp curves for the complexes of
tin(IV) chloride with certain sulphides?. L is clearly
evident that a 1:1 complex having a large dipole moment is
formed initially when a sulphide is added to a solution of
the tin chloride in benzene; this is followed by addition of
a second molecule of the sulphide, accompanied by a de-
crease in the overall dipole moment of the complex. The
process is complete with formation of a 1:2 complex, and
the slope of the straight line following this ratio of the com-
ponents corresponds to the dipole moment of the added sul-
phide.
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Figure 2. Curves for the dielectrometric titration of 0.05-0.15 M
SnCl, in benzene with:

1) dibutyl sulphide; 2) dinonyl sulphide; 3) dioctyl sulphide;

4) dihexadecyl sulphide; 5) diphenyl sulphide; 6) density of
solutions of SnCl, + (CgH,),S.

Valuable information on complexing processes has been
obtained where more than one donor atom is present. For-
ward and back titration, e.g. in the aluminium bromide-
dioxan system, has enabled the composition, structure,
and mutual convertibility of 1:1 and 2:1 complexes to be
established®. This procedure may be extremely useful
for investigating complex formation by polymer molecules.
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Thus dielectrometric titration enables the process of
complex formation to be followed, the composition of the
resulting complexes to be determined, and their dipole
moments to be measured under conditions such that disso-
ciation is suppressed. I is possible by this method to
determine the equilibrium constants of the complexing re-
actions, and from their temperature dependence to find the
thermodynamic parameters of the complexes 23,4,

Investigation of the aluminium bromide—benzene system
by dielectrometric titration?® has led to the conclusion that
the large dipole moment (exceeding 5 D), usually attributed
to a complex of aluminium bromide with benzene, is due
to water present as impurity in the benzene and the forma-
tion of a highly polar ternary complex AlLBr, HBr.nC.H,.
The true dipole moment of the complex of aluminium bro-
mide with benzene proved to be ~ 1.0 D.

The heat of complex formation in the gas phase, with the
energy of rearrangement of donor and acceptor molecules
accompanying complex formation taken into account, is a
direct measure’® of the energy of the donor-acceptor bond.
Among several methods5:° for determining heats of com-
plex formation the most convenient—both experimentally
and in the wide range of varied systems covered—is their
measurement in solution. However, the effect of the sol-
vent must then be allowed for. Several workers have
shown?8 =% that heats of complex formation in inert solvents
are close to the values in the gas phase.

Calorimetric titration is the most convenient method for
obtaining actual data on heats of formation of molecular
compounds which dissociate in solution®!. Valuable infor-
mation on the state of the compounds in solution is provided
by cryoscopic titration®2. Correlation of the results ob-
tained by dielectrometry and calorimetry with the results
of this method enables more unambiguous answers to be
given to the questions of what complex and what state the
measured parameters relate to.

3. STRUCTURE OF COMPLEXES OF DONOR-ACCEPTOR
TYPE

The overall dipole moment of a complex p. can be writ-
ten as the sum of three terms: pc = pg+ pa+ Hda, Where
the right-hand side represents the dipole moments of the
donor portion of the complex, the acceptor portion of the
complex, and the donor—-acceptor bond respectively. With
the complex of aluminium bromide and ether, for example,
resolution of the overall dipole moments pc into its compo-
nents can be represented by the scheme

Br R
Br>A|<———OLR
Br

Fe
- o /b
Fa Py
Hence, in order to evaluate g4, from the experimental value
of uc, it is necessary to know the magnitude and the rela-
tive orientation of psand p.. Since complex formation in-
volves in several cases rearrangement of both acceptor and
donor molecules, the experimental data can be analysed
provided that the structure of the molecular compounds is
known. Structural investigations of complexes also pro-
vide information on the type of molecular orbitals involved
in the formation of intermolecular bonds.
Extensive X-ray investigations 3%,% of complexes formed
by halogens X, (Cl,, Br,, L, ICI) with aromatic hydrocar-
bons and with compounds containing oxygen, nitrogen, and
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sulphur have shown that roughly the same kind of changes
in the molecules accompany complex formation in all these
systems.

In all X,.D complexes the donor—acceptor bond X+~ D is
located in line with the X=X bond: X-X<D has an XXD
angle of 178-180°, Thus the two halogen atoms in the
complex are not equivalent. The length of the X~X bond
increases on complex formation, the elongation being
greater the more stable the complex. Thus in the com-
paratively stable complexes formed by iodine with dibenzyl
sulphide and with trimethylamine the increase in length of
the iodine~iodine bond is 0.15 and 0.20 A respectively. In
the less stable complexes formed by chlorine and by bro-
mine with benzene the X-X bonds are of practically the
same length as in the free molecules. The lengths of the
intermolecular bonds X=D are also associated with the
stability of the complexes.

The orientation of donor molecules relative to the donor—
acceptor bond differs with amines, ethers and sulphides.

The complex of dibenzyl sulphide with iodine* has an
angular configuration (Fig.3). The mirror plane of the
molecule passes through the I-I—S line between the benzyl
groups. The interatomic distances and angles in the sul-
phide molecule remain practically unchanged on complex
formation. An analogous angular configuration has been
found %>% in the complex of iodine with dithian. The angu-
lar configuration of the complexes formed by iodine with
sulphides can be regarded as evidence that the donor pair
of electrons in the sulphide molecule is the 3p? lone pair of
the sulphur atom.

1 &,(o9,) %
E.(J& ) QOO —=2
)" I \uo°
100°
|
W, N Cy
¢y
Gy

Figure 3. Structure of the complexes (CsHsCH,),S.I, and (CH;);N.1,.

The trimethylamine molecule has a tetrahedral config-
uration¥ (@ = 180°) in its complex with iodine (Fig. 3).
This indicates that the lone pair of electrons of the nitrogen
atom takes part in the intermolecular bond in the sp® state.

The valency angle of oxygen in its complexes with halo-
gens is not reliably known. X-Ray examination of the
complex of dioxan with iodine chloride yields * 178° for the
OIC1 angle, and a value of 160° has been found*®from exami-
nation of the complex of dioxan with iodine.

X-Ray and electron-diffraction investigations of the
complexes formed by boron trifluoride with amines°=** and
with diethy! ether and by aluminium bromide with hydrogen
sulphide 4 have shown that the acceptor portion of these
complexes has a tetrahedral conformation. The amine
molecules undergo no fundamental rearrangement on com=
plex formation with boron trifluoride. Thus the angles
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at the nitrogen in the complexes formed by this halide with
ammonia, methylamine, and trimethylamine are close to
the tetrahedral angles (107~114°), while the le of the
carbon—nitrogen bond in trimethylamine is 1.50 A,*! these
being close to the parameters in free trimethylamine.

The lengths of the boron—-nitrogen, boron—oxygen, and
aluminium=gulphur donor—acceptor bonds (1.53-1.60,4!,42
1.52,4° and 2.40 *® &) are close to or slightly exceed the
sum of the covalent radii (1.58, 1.54, and 2.30 A respec-
tively).

Little work has been done on establishing the structure
of the complexes formed by tetrahalides of Group IV met-
als. Tin and titanium tetrahalides give with oxygen and
sulphur compounds complexes of two types—MX,.D with
five-coordination of the metal atom, and MX,.2D with six-
coordination of the metal—the process of complex forma-
tion taking place in stages 32,35,4,45,

R has been established by means of dipole moments that
TiCl,.R,S complexes ¢ have the tetragonal pyramidal con-
formation I (Fig.4), and SnC1,.R,S complexes the trigonal
bipyramidal conformation II. A bipyramidal structure
has been found also by X-ray analysis for the 1:1 complex
of trimethyltin chloride with pyridine*.

Figure 4. Conformation of complexes of tin and titanium tetrahalides.

For compounds having the composition MX,.2D an octa-
hedral conformation is the most probable, two isomers
being possible here, with the donor molecules in cis- and
trans-positions in the octahedron (III and IV, Fig.4). An
octahedral structure with cis-arrangement of the donor
molecules has been establigshed by X-ray examination for
the complex SnCL.2POCl;.4® The same structure has been
found for the complexes SnCL,.25e0Cl, *°and TiCl,.2POC]l,.5°
A cis-octahedral structure has been established also for
the dimeric compounds SnCl;OCH,.CH,OH and SnBr;OCH,.
.CH;OH.% In contrast to this, a {rans-octahedral confor-
mation has been found®? for the complex of tin tetrachloride
with tetrahydrothiophen SnC1,.2C H.S.
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The first use has been reported®® of nuclear quadrupole
resonance (n.q.r.of halogen atoms) for solving problems of
cis=trans-isomerism in octahedral complexes. It has
been established by the method of molecular orbitals that
the n.q.r. frequency shifts and the character of the n.q.r.
splittings differ for cis- and {rans-isomers of octahedral
complexes of Group IV metal halides with z-donors. Fig.5
illustrates the relation between the structure of the isomers
and the corresponding form of n.q.r.spectra. Fig.5 in-
cludes also a suggested scheme of splitting for the bipyra-
midal complex MX,.D, in which the coordination number of
the metal is 5. The large splitting in the spectrum of the
cis-isomer has been found to be due to the chemical non-
equivalence of axial and equatorial halogen atoms.

Figure 5. Splitting of nuclear quadrupole resonance spectra of
complexes formed by tetrahalides of Group IV metals with
n-donors.

The structure of several complexes of tin(IV) chloride
has been established from the character of the splitting in
the n.q.r.spectra: n.q.r.data®® show that the complexes
SnCL,.2POC], and SnCL,.2C,H,OH have the cis-structure II7
(Fig. 4), the complex SnCl,.2(C,H,),0 has the trans-struc-
ture IV (Fig. 4), and the complexes SnCl,.CH;O[CH,],0CH,
and SnCl,.CH,O[CH,],OCH, have a trans-chain structure
(Fig. 6).

H H 1
o gl N, O
CHy

| H H
o
Figure 6. Structure of the complex SnCl,.CH;0(CH,] ,O0CH, in the solid
state.

It may be noted that data on the structure of complexes
obtained by X-ray examination and from nuclear quadrupole
resonance, as well as most of the published data obtained
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by infrared spectroscopy® %, relate to the crystalline
solid state. The method of dipole moments enables an
assessment to be made of the state of complexes in solution.

A detailed investigation of the complexes formed by ti-
tanium tetrachloride with various sulphides led to the con-
clusion s that, in solution, the octahedral complexes TiCl,.
.2R,S consist of a mixture of cis~ and trans-isomers (III
and IV, Fig.4), with an approximately random distribution
of donor molecules among the apices of the octahedron.

The dipole moments suggest that the complexes SnCl,.
.2R,S are also present in solution (in benzene) as a mixture
of cis- and frans-isomers*®, On crystallisation the equi-~
librium may be displaced towards formation of either form.
Such a situation is observed, for example, in the tin(IV)
chloride—thiolan system: in benzene the complex SnCl,.
.2C,H,S is a mixture of isomers (dipole moment 5.0 *),
but in the solid state it has the trans-structure 52,

Extremely interesting results have been obtained from
an investigation of the complexes SnCl,.RO[CH,],OR in ben-
zene (dipole moments) and in the solid state (n.q.r.). Com-
pounds of the type RO[CH,],OR or RS[CH,],SR, whose mole-
cules contain two donor atoms, enable octahedral complexes
of definitely cis-structure to be obtained with titanium and
tin tetrachlorides at values of » = 2, 3. The dipole mo-
ments of such complexes reach 9-10 D. %58, It was
found that in benzene the complex SnCl,.RO[CH,],OR was
monomeric and had the cis-structure, and in the crystal-
line state it had a trans-chain structure 53,

Thus all the results obtained indicate unambiguously that
the structure of octahedral complexes formed by tetraha-
lides of Group IV metals with n-donors may change on
passing from one state to another. The character of the
changes differs in different systems. This fact was fur-
ther taken into account when considering the experimental
dipole moments of the complexes.

4. DEGREE OF CHARGE TRANSFER AND STABILITY OF
INTERMOLECULAR BONDS

Examination of the dipole moments and heats of forma-
tion of complexes formed by iodine with organic sulphides
varying in structure has led %,%° to the establishment of
direct proportionality between the dipole moments of inter-
molecular bonds (u4a) and the heats of formation of the
complexes (—AH). A similar uqa—AH relationship has
been found in complexes formed by tin tetrachloride with
organic sulphides“. It has been confirmed® for the com-
plexes formed by iodine with amines and with ethers.

The value of pgais in general a complicated function of
several parameters. Besides the displacement of elec-
tron density from donor to acceptor, a dipole moment may
appear here, as in ordinary chemical bonds, as a result
of a difference in size of the atoms, of a state of hybridi-
sation. Contributions due to the difference in size of the
atoms forming the bond (homopolar dipole)and to the change
in hybridisation of the n~donors (atomic dipole) are prob-
ably small, especially as the molecules of donors {(amines,
ethers, sulphides) do not undergo any substantial changes
on complex formation. Hence it may be assumed to a
first approximation that the main contribution to the value
of 142 is made by the displacement of electron densgity from
donor to acceptor, or the degree of charge transfer. The
latter can be determined from the experimental values of
pda and the interatomic distances » as the ratio pd./ev,
where e is the charge on the electron.

An attempt has been made®? to ascertain whether a lin~
ear relation between pda/er and AH is characteristic of
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narrow series of analogous complexes or whether it is gen~
eral for the complexes under discussion. The range of
materials investigated was therefore considerably extended,
by determining the dipole moments and heats of formation
of the complexes formed by tin and titanium tetrachlorides
and tetrabromides with sulphides, ethers, and nitriles.
Published data on the dipole moments and the heats of for-
mation of the complexes were surveyed.

Table 1. Dipole moments, degrees of charge transfer, and heats of
formation of donor-acceptor bonds in complexes 2,

No. Complex ‘Be Hda r % AH
1| Ig-(CsHg)sO 1.9 | 1.2 | 1.4 | 2.60 | 0.4 | 4.3
2 | 13- CyHyg 282|163 | 1.8 | 2.60 | 0.44 | 4.9
3 9*CeHsO 3.00| 1.70 2.0 2.60 | 0.18 5.3
4 | I3-(CeHp)sS 1,99 | 1.56 0.4 2.78 | 0.03 03
5 | Is-(CaHg)eS 3641 4.44 | 2.0 { 2.78 | 045 | 4.6
6 | I3-(C4H;CHy)sS 378|138 | 2.2 | 278 | 0.46 | 4.8
7 | Iy (i-CyHyo) 472|163 | 3.4 | 2781 0.23 | 74
8 | I3-(i-CiHp)aS 490 1.63 | 3.4 | 2.78{ 0.25 | 8.4
9 | Iy-(CsHy)aS 462|160 | 34 | 2.78 1 0.2 | 7.8

10 | 1y (c,H,),s 4.90| 1.55 | 3.4 | 2.78 { 0.25 | 8.4

11 | 13-(CHy)aS 50 (157 | 3.6 { 2.78 { 0.27 | 7.6

12 | 12-(CgHy)sS 5341 1.58 | 3.8 | 2.718 | 0:28 ] 7.0

3 | (cl.ﬁ.,),s 5.07| 158 | 3.5 | 278 | 028 | 7.4

14 5,40 | 1.87 3.9 2.78 | 0.29 | 10.0

15 }C. .,),s 5.44 4.0 | 2.78 | 0.30 | 10.5

16 c.H,CH,),N 2.80| 0.65 | 1.4 { 230 | 0.0 | 23

17 1. sHsN 570 2.02 | 27 | 230 { 0.24 | 7.5

18 1,-<:.H N 5701 2.25 | 25 | 230 { 0.23 | 7.4

19 l% 6.07| 1.4 | 3.4 | 230 | 0.31 | 8.4

20 sncl. 2H,0(CH3),0CH, 6.63( 4.65 | 1.7 | 2.27 | 0.16 | 6.7

2/ | snCl, CH.O(CH.),O(CH.).OCH, 8.45( 1,94 | 2.8 | 2.27 § 0.26 | 10.7

22 | SnCl{- CsHaO(CHy)50C 9.24 | 1.63 | 3.5 | 2.27 | 0.32 | 10.9

23 | SnCl;-CaHyO(CHy)sOCsHy 8.82) 1.65 | 3.2 | 2.271 | 0.290 | 14.9

24 | snCly-C,HyO(C Hy)sOCH, 948 1.60 | 3.5 | 2.30 | 0.32 | 11.5

25 | SnCly-CeHySCyH, 4.20| 1.48 ] 0.9 | 2.56 { 0.07 | 2.0

26 | snCl,- (C.IS.CH.),S 4,77 | 1.38 1.5 2.56 | 0.2 3.8

27 | SnCl,-(CsH,)sS 6.49 | 1.55 { 3.3 [ 2.56 [ 0.27 { 12.9

28 SnCl. (c.H,),,s 6.71| 1,57 | 3.5 | 2.56 | 0.28 | 12.6

29 | snCl 6.79| 4.58 | 3.6 | 2.56 | 0.20 | 11.9

50 | Saciste c.éu).s 3.76| 163 | 04 | 256 { 003 | 0.4

31 | snCle- H,SCH, 8.42| 138 | 27 | 256 | 0.22 | 7.3

32 | SuClg-Cy S(CH.).SC.I;I,: 9.98 [ 2.02 | 3.9 | 2.56 | 0.32 | 12.6

33 | 5nCly-CyH,S(CHa)sSC, 10.82 | 1.89 | 4.4 | 2.56 | 0.36 | 13.7

34 | SnCly-CH,C 7.63 | 3.40 1.2 2.20 | 041 7.0

35 Snc1.~c.H.CN 8.40{3.901 1.5 { 220 | 044 | 6.4

36 | TiCl,-C¢H, 7.08 ) 3.90 | 3.4 | 2.43 | 0.30 | 1.5

37 | Tick- (c.H’.).o 367|122 | 255 | 2118 { 0.2 | 6.0

38 TlCl. (C.H,%,O 3.8 1.22 2.6 248 | 0.25 6.3

89 | TICl-CsH,yof 4.52 | 1.87 31 2.18 { 0.30 | 12.0

40 | TICl,-C4HO(CHy)sOCsH, 7.77( 1.65 | 3.3 | 2.48 | 0.31 [ 11.9

41 | TiCl,-C,H,O(CHa),OCH, 8.231 160 | 3.6 | 2.48 | 0.34 | 12.9

42 | TiCl,-C;H;O(CH,)sOC,H, 846 | 1.63 | 3.6 | 2.48 | 0.34 | 11.6

43 | TiCl,-C,l s 454 1.711 | 44 | 2.47 [ 0.34 {12.0

44 | TiCly- (C 4.66 | 1.58 4.3 2.47 1 036 | 14.5

45 | TiCl-CHS(C H.).sc 8.78 | 1.89 | 4.4 | 2.47 | 0.34 | 12.8

46 | TiCle- c.H,s CH,),SC 8.31 [ 2.02 3.7 { 247 | 0.31 | 11.0

47 | SnBr- 10.25 | 1.80 | 4.2 | 2.56 | 0.34 | 10.0

48 | TiBre-CeHyS(CH l.-lli 8.42| 2.02 | 3.9 { 247 | 0.33 {10.3

49 | TiBr,: C,H,O(CH,).O& 7.70| 1.65 | 3.4 2.48 | 0.32 | 10.6

50 | BF3:(CHy)s 4.35( 1.25 2.8 1.54 | 0.38 | 13.7

51 | BFs-C,HeO 5.68| 1.70 | 3.4 1.54 { 0.46 | 16.8

52 | B(CHays-NH, 445) 1.30 | 2.6 { 1.58 | 0.34 | 13.8

53 | B(CHg)s N(CHa)s 3.92] 075 | 2,9 [ 1.58 { 0.38 {17.8

Since the relationship proved to be general in character,
it appears desirable to examine the results of this work in
greater detail. Table 1 gives the formulae of the com-
plexes, the values of pc, pd, pda, and 7, and also the pa-
rameters p4s/er and the heats of formation AH per donor—
acceptor bond. In the determination of p4. (8ee scheme at
beginning of Section 3) from the experimental values of uc,
account was taken of the structure of the complex and the
values of pggand ps. The molecules of amines, ethers,
sulphides, and nitriles give donor—acceptor bonds involving
the lone pair of the corresponding heteroatom. Xt can be
assumed to a first approximation that pqin the complex is
equal to the dipole moment of the initial molecule. With
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regard to the relative arrangement of the pg and pqs vectors,
it follows from what has been said above that the angle «
between them can be taken to be 100° in the sulphide com-
plexes, 150—160° in the ether complexes, and 180° in the
complexes with amines and nitriles.

The dipole moments of the acceptor part of the com-
plexes p, were determined in conformity with the structure
of the complex and the moments of the M—Hal bonds. The
conformation of a tetragonal pyramid (I, Fig.4) was adopted
for the five-coordinate complexes TiX,.D, a trigonal bi-
pyramid (II) for the five-coordinate complexes SnCl.D,
and an octahedral conformation for the six-coordinate com-
plexes MX,.2D. For the third group, only data relating to
complexes of definitely cis-structure (IIl, Fig.4) have been
considered. The dipole moments of the M—X bonds were
taken to be as follows®: Sn-Cl 3.0 D, Sn-Br 2.9 D, Ti-
Cl12.2 D, and Ti=Br 2.1 D.
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Figure 7. Dependence of AH on ug4,/er for complexes of I,, SnCly,
SnBr,, TiCl,, TiBr,, (CH;);B, and BF; with amines, ethers, an
sulphides (numbering of points corresponds to Table 1.).

A tetrahedral structure was adopted4® for the complexes
formed by boron trifluoride with dimethyl ether and with
tetrahydrofuran and by trimethylboron with ammonia and
with trimethylamine, the bond dipole momentis being 1.6 D
for the boron—=fluorine bond®4:%% and 0.3 D for the boron—
methyl bond®s,

The data in Table 1 show that a definite relation exists
between the parameters pds/er and the heats of formation
of the coordinate bonds —AH: the greater the degree of
charge transfer, the larger the heat of formation, and
hence the more stable the intermolecular bond. This is
especially clearly evident from Fig. 7.

The equation to the straight line, found by the method of
least squares, is

AH =353 B )
er
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The results in Table 1 cover more than fifty diverse
systems. From this it may be concluded that the relation
established between the degree of charge transfer and the
stability of the intermolecular bond is general for donor—
acceptor complexes of type nv, no.

The direct proportionality between the degree of charge
transfer and the energy of formation of a coordinate bond
can be regarded as quantitative evidence of the correctness
of the view that intermolecular bonds of this type are
charge-transfer bonds.

A theoretical basis for the experimental relation (1) can
be obtained from Mulliken's theory of charge-transfer
complexes!»®. The wave function of the ground state of a
complex A.D is written to a first approximation in the form

¥ = ab, (A, D) + by, (A" — D (2)
in which ¢, is the wave function of the “bondless” structure
and Y, the wave function corresponding to the structure
with transfer of charge. Solution of this equation for the
case in which a > b gave relations! between certain param-
eters of the complexes.

On the basis of these relations the equation

H— iad L 3)
a b2 b*2 er
@ (145 su) (1 5+ )
b a?

a*?

has been deduced %! linking the degree of charge trans-
fer paa/ev with the energy of formation of the complex AH.
Here rv is the energy of the electronic transition corre-
sponding to the charge-transfer band, ¢ and b are the co-
efficients in Eqn. (2), a* and b* are the coefficients in the
analogous equation describing the excited state, and S, =
?;;leod; is the overlap integral of the functions ¥, and ¢/,
qn. 2).

The large majority of investigations%~® on charge-trans-
fer complexes have involved studying the corresponding
ultraviolet or visible absorption bands. Equation (3) shows
how the position of the charge-transfer band is related to
the degree of charge transfer and the energy of the inter-
molecular bond. It enables experimental values of pga/er
and AH to be used to predict the position of the corre-
sponding bands. This is of great value, especially in view
of the fact that hardly any work has been done on charge-
transfer bands for complexes of type nv.

The necessary and sufficient condition for a linear rela-
tion between pda/er and AH is that the coefficient

hv _ - =K
@ (1+i;-sm) (1+§;+’3—) (4)

a*?

should be constant for different complexes. The problem
of the constancy of K (Eqns. 3 and 4) for different com-
plexes, and how close it is to the slope (35.5 kcal or 1.5eV)
of the experimental straight line (1), can be approached in
various ways.

We can use the charge-transfer bands kv known for cer-
tain complexes to calculate K (Eqn. (4) and compare the
result with the experimental value (1). Or, if the charge-
transfer bands are unknown, we can start with experimen-
tal values of AH and p4./er, predict the position of the
bands by means of Eqn. (3), and verify the result experi-
mentally.

Corresponding calculations of K using values of 4v for a
series of iodine complexes have shown®? entirely satisfac-
tory agreement with the experimental value of K. In
addition, experimental values of ud4s/er and AH have been
used to predict and to find previously unknown charge-
transfer bands in a series of complexes of tin and titanium
tetrachlorides with ethers and sulphides.
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It has been shown that the experimentally established
linear relation between degree of charge transfer and energy
of the donor—acceptor bond can be described by Eqn. (3),
obtained on the basis of Mulliken's theory.

The presence of direct proportionality between values
of AH and p4a for the same acceptor with a group of similar
donors can be used to estimate values of pa. In this way
dipole moments have been determined®? for the iodine
molecule in complexes with sulphides and amines (0.8~
1.0 D). These values have been taken into account in de-
termining pda in the corresponding complexes. An analo-
gous estimate®? of the dipole moment of the tin—chlorine
bond in five-coordinate complexes of tin(IV) chloride with
organic sulphides gives 3.0 D, practically identical with
the dipole moment of this bond in the tin tetrachloride
molecule®3,

5. DONOR PROPERTIES OF AMINES, ETHERS, AND
SULPHIDES

Two aspects of the problem of the donor properties of
molecules containing a heteroatom-~the influence of the
structure of the molecule on the donor properties of the
heteroatom and the comparative donor properties of amines,
ethers, and sulphides of similar structure—will be con-
sidered. The effect of molecular structure on donor prop-
erties is revealed most clearly in sterically unhindered
complexes. The complexes formed by iodine with amines,
ethers, and sulphides meet these requirements most
closely.

Table 2. Dipole moments and dissociation constants of complexes of
iodine with sulphides.

Complex u 103k Complex B 103k

(CoHo S I 462 | 4.0 [(CaHuS In 3.66 | 2.0
(CoHy),S- I 4.90 | 34 |CHST, 549 | 1.2
(CeHy)aS- I 5.00 | 2.7 | 295(CHeWCH,S I, 5.76 | 1.4
(CaHa)aS I 537 | 31 {{CH.CES 1, 378 | 23
(CaHuneS- I 5.07 | 16 |(CHypaS: 1o 5.44 | 23
(CeHyaS- Iy 5.23 | 1.9 |CHSLL, 04 | Z
(ChoHeS T, 278 | 08 |(CoHpeSTl, 10 | —
{CieH)2S- I 435 | 0.3 [CHSCHyt 1, 188 | —
7 Hos I, 545 | 4.7 | CeHSCoHyt-Is 263 | —
{i-CeHp)sS- Iy 5.06 | 1.9 | CoHySCooHrtIs 15| —
(i-CsHun)SCeHy- I 542 | 1.4 | (CaHo)oSetTs 248 | —
(CyH1),51, 490 | 14 | (Co)aSakly 24 | —
(sCaH 72513 472 | 1.0 [ CaHS(CH.),SCH, 215 550 | —

* Dipole moments of the sulphides in the presence of iodine (~0.04 M).

Table 2 gives ®® dipole moments and dissociation con-
stants for complexes of iodine with sulphides of different
structures. Various dialkyl sulphides (C,~C,;) both
straight-chain and iso-structures, form with iodine com-
plexes of almost identical stability, their dipcle moments
being 4.6-5.6 D,

In contrast, aromatic and a¢f-unsaturated sulphides ex-
hibit very weak donor properties towards iodine. The
dipole moments of diphenyl sulphide and thiophen, mea-
sured in the presence of iodine (0.05-0.1 M), are close to
the values in the pure solvent. Proof that the diminution
in donor properties in this case is not due to steric hin-
drance is provided by the fact that the saturated analogues—
dicyclohexyl sulphide and thiolan—form with iodine under
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the same conditions stable compounds having dipole mo-
ments and dissociation constants close to the corresponding
values for complexes of iodine with dialkyl sulphides.

If the C=C double bond or the aromatic ring is moved
away from the sulphur atom, as occurs in fy-unsaturated
compounds, the sulphur atom is able to form a donor-
acceptor bond with iodine. Dibenzyl sulphide and diallyl
sulphide behave towards iodine in a fundamentally similar
manner to dialkyl sulphides, but the dipole moments of the
complexes are considerably smaller.

The differences in the behaviour of @8- and Sy-unsatu-
rated compounds of sulphur compared with saturated com-
pounds is probably explained by a greater or smaller de-
gree of interaction of the lone pair of electrons of the
sulphur atom, responsible for complex formation, with the
w-electrons of the unsaturated systems.

Table 3. Dipole moments and thermodynamic constants of complexes
1,.D of iodine with amines, sulphides, and ethers.

Donor Be hgy | —OH —~AFgggo | Kyggo

Triethylamine
Tripentylamine
Trioctylamine
Butylamine
Pyridine
Quinoline
Tribenzylamine
Triphenylamine
Thiophan **
Dicyclohexyl sulphide
Diethyl sulphide
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Dipropyl sulphide
Dibutyl sulphide
Dipentyl sulphide
Dioctyl sulphide
Di-s-heptyl sulphide
Di-s-octyl sulphide
Dibenzy! sulphide
Diallyl sulphide
Thiophen
Diphenyl sulphide
Tetrahydrofuran
Tetrahydropyran
Diethyl ether
Phenetole
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* Dipole moments of the sulphides measured in the presence of iodine.
** It is not clear whether thiophen or tetrahydrothiophen is intended here
(Ed.of Translation).

Analysis of experimental data on the effect of the struc-
ture of the radicals on the donor properties of the hetero-
atom has shown that the Hammett—Taft rule is satisfied in
sterically unhindered complexes. For complexes of iodine
with sulphides the equation?5,? is —AH = 1.7 = 6.7 ZTo*.
The large value (6.7) of the coefficient indicates that the
complexing reactions are very sensitive to change in the
electron density on the heteroatom. An analogous effect
of molecular structure on the donor properties of the het-
eroatom is observed in complexes of iodine with amines
and with ethers 24,51,7  ag is well illustrated by the data in
Table 3.

Complexes with other acceptors, however, begin to ex~
hibit the effect of the steric factor, which makes correc-
tions necessary. The length and the branching of the ali-
phatic radicals R in ethers ROR have been shown?® to have
an immense influence on their complexing power towards
tin(IV) chloride. In the analogous but more stable com-
plexes of the latter with sulphides 2,25, the effect of the
steric factor is less important, the size of the heteroatom
also being of significance.
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With aluminium tribromide and also with gallium tri-
chloride aliphatic amines, ethers, and sulphides, indepen-
dently of the length or degree of branching of the radicals,
form complexes having approximately the same degree of
charge transfer and stability of their intermolecular
bonds 21,68 ,69'

The donor (or basic) properties of ethers and amines
are often assessed from the displacement of the yop band
in the infrared spectrum of deuteriomethanol on interaction
of the latter with the donor (Gordy's method). It is clear
from the above that the basicity sequences obtained by this
method may be completely different when other acceptors
are used. This must be borne in mind in interpreting ex-
perimental data in terms of donor—acceptor interaction.

Let us compare the donor properties of amines, ethers,
and sulphides of analogous structure. From the ionisation
potentials of amines, sulphides, and ethers of similar com-
position (Table 4) it may be expected that, according to the
degree of charge transfer and the stability of the intermo-
lecular bonds with the same acceptor, the sequence of the
compounds will be amines > sulphides > ethers. Sucha
sequence of donor properties is actually observed in the
complexes with iodine®! and tin(IV) chloride %2 and bromide®3,

Table 4. Ionisation potentials (eV) of some amines, sulphides, and

ethers 771,

Amines I Slliphlde: 1 Ethers I
(CHy)sN 7.82 (CH,)sS 8.68 (CH3)sO 10.0
(CaHy)sN 750 | CHSCH, | 8.55 | CsH,OCH, 9.81
(CaHy)aN 7.23 | (CHy)es 8.48 | (CaHyeO 9.53

In the complexes with titanium(IV) chloride and bro-
mide %2 ethers and sulphides have closely similar donor
properties, but in the complexes with aluminium tribromide
and trichloride the sequence changes, ethers proving to be
stronger donors than are sulphides. According to the de-
gree of charge transfer and the stability of the intermolec-
ular bonds the complexes are arranged in the sequence 8,%°

AlBr, - RN > AIBr, - R,0 > AlBr, - R,S .
The same sequence is observed in the complexes with boron
trifluoride %8,

The question arises why ethers, which have a higher
ionisation potential than have sulphides, are more active
donors towards aluminium and boron halides than are the
corresponding sulphides. A possible explanation, that this
is due to the specific character of halides of Group III ele-
ments, in particular their strength as acceptors, is unten-
able, since in the complexes with gallium trichloride the
strength of the donor—acceptor bonds and the degree of
charge transfer vary in the sequence 2!+

GaCl, - RyN > GaCl, - R,S > GaCl, - R,0 .
Sulphides are more active donors than are ethers towards
gallium trichloride. A similar sequence?? of variation in
donor properties is found in the gallium tribromide and
tri-iodide complexes.

An extremely important factor in the formation of ordi-
nary chemical bonds, by means of a pair of electrons in the
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field of two nuclei, is the degree of overlap of the corre-
sponding orbitals. This factor has been found to play a
quite important part also in the formation of donor—-accep-
tor bonds. Table 5 gives the overlap integrals of the cor-
responding orbitals involved in the formation of intermo-
lecular bonds, calculated by the Slater approximation?s.

Table 5. Overlap integrals of intermolecular bonds.

Donor i

Acceptor N@so |G | ose Jorzseh Experimental sequences Ref.,
1(5p) 0.29 [0.23 {014 | 0.4 I—N>1—-8>I1-0 24.61
Sn (5d2sp?) 0.42 10.36 | 0.28 - Sn—N>Sn—S>Sn—0 62
Ti (3d%4sp®) — 0.36 | 0.38 — Ti—8=Ti—0 62
Ga (4sp®) 0.49 [0.41 | 0.41 | 0.43 Ga—N>Ga—S—Ga—0 68
Al (3sp?) 0.48 | 0.38 | 0.42 | 0.40 Al—-N>A1—0>Al-S 68.69
B (2sp?) 0.60 | 0.47 | 0.54 | 0.52 B—N>B—0O>B—S 68
O—H(1s) 0.48 | 0.36 | 0.42 | 0.43 | O—H..N>OH..-O>O0H...S

In the complexes of amines, sulphides, and ethers with
iodine and with tin tetrahalides the overlap integrals vary
in the same sequence as do the ionisation potentials of the
corresponding donors. These two factors operate in the
samedirection, ensuring the sequence—amines > sulphides >
ethers—for the donor properties. In the complexes of
titanium tetrahalides the overlap integrals are closely
similar with ethers and with sulphides. This is probably
the main reason for the almost identical stability of the
intermolecular bonds in complexes of titanium(IV) chloride
and bromide with ethers and with sulphides.

Gallium-sulphur and gallium=-oxygen intermolecular
bonds have equal overlap integrals. Here the sequence of
donor properties—amines > sulphides > ethers—corre-
sponds to the differences in the ionisation potentials.

In the complexes of boron and aluminium halides the
overlap integrals of the aluminium-oxygen intermolecular
bonds are larger than those of the aluminium-sulphur
bonds. This fact obviously plays a decisive part and is
responsible for the greater stability of the bonds in ether
than in sulphide complexes, in spite of the opposite rela-
tionship of the ionisation potentials. It is interesting that
the same sequence of donor properties-~amines > ethers >
sulphides—is observed also with hydrogen bonds. Pre-
liminary calculations of the overlap integrals of the corre-
sponding orbitals (Table 5) confirm this sequence.

Comparison of data (Table 5) relating to aluminium and
boron halides with those for systems containing hydrogen
bonds shows that the observed relationship of the donor
properties of ethers and sulphides is not linked with the
strength of the acceptor, as would appear at first glance,
but is actually determined by the degree of overlap of the
corresponding orbitals.

Thus the results which have been cited show that the
conditions of overlap of the orbitals involved in the forma-
tion of intermolecular bonds are of paramount significance
in the formation of donor—acceptor bonds, and in consider-
able measure determine the properties of the latter.

When the donor properties of various compounds con-
taining a heteroatom are to be compared, account must be
taken of the whole set of parameters governing the forma-
tion of intermolecular donor—acceptor bonds.
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6. DETERMINATION OF ENERGY OF P,-CONJUGATION
IN AROMATIC COMPOUNDS CONTAINING A HETERO-
ATOM BY THE METHOD OF COMPLEX FORMATION

Investigation of the donor power of amines, ethers, and
sulphides towards iodine, and of ethers and sulphides to-
wards tin and titanium tetrahalides, has shown that aroma-
tic compounds, unlike aliphatic compounds, do not give
with these acceptors complexes which are stable in solu-
tion. The chief reason for the marked weakening of the
donor properties of aromatic compared with aliphatic com-
pounds is, as mentioned above, interaction of the lone pair
of electrons of the heteroatom responsible for complex for-
mation with the system of #-electrons of the aromatic radi-
cals (py-conjugation).

In contrast to the above, relatively weak acceptors—
the halides of aluminium, gallium, and also boron—yield
with aromatic amines, ethers, and sulphides stable com-
plexes, whose dipole moments are close to those of the
corresponding complexes with aliphatic donors.

Detailed investigation of the properties of the complexes
formed by aluminium tribromide and gallium trichloride
with aromatic compounds has shown®8,477¢ that the forma-
tion of intermolecular bonds is accompanied by the break-
down of pz-conjugation. This is clearly demonstrated,
for example, on comparing the ultraviolet spectra of ani-
sole and its complex with aluminium tribromide. The
spectrum of anisole changes abruptly on complex formation,
and approaches that of benzene. The absorption bands in
the region of 219 and 270 nm, attributed”~2° to conjugation
of the lone pair of electrons of the oxygen atom with the
system of m-electrons of the ring, disappear on complex
formation.

Analogous changes in spectra, indicating breakdown of
D x-conjugation in heteroaromatic compounds on complex
formation with aluminium tribromide and with gallium tri-
chloride, have been observed®® in systems containing phe-
netole, diphenyl ether, 2-methoxynaphthalene, and their
sulphur analogues.

Table 6. Dipole moments . and heats of formation (-AH) of complexes
in benzene.

Complex He -AH Complex He -AH
AlBr3.D, where D = (gagﬂaf\{q 8.58 3113 g
(Caty):0 7.05 | 23.2 2 it i'%sl'c H 545 | 287
(CsHa)0 7.2 | 228 8):NCoHyy - .
e 7% | 28 | cuN chigs 868 | 2.2
<Ho)2 . -2 | (& HNCH, 8.1 | 17.2
(CatlizheO Ta D ol 9.00 | 314
. : .
CH{OC,H, 708 | 188 | CoHN 9.89 | 30.
00 i3 | i
(p-CHgCyHg)s . . i
(p-BrCyH,) ;0 5.56 9.5 GaCl3.D, where D :
B-CioH,OCH, 744 | 154 | (CH,)O 6.3 | 16.0
-CyoHs0C:Hs Z 16.1 | (CoHynsO 6.44 | 17.4
Hs03 5.40 | 20.9 | CoHOCH, 6.41 | 10.2
Ha 744 | 29.4 | CHiOCH, = 1o
C3Hi0 748 | 256 | (CeHysO 630 | 5.8
(CaHy)aS 7.08 | 177 | (CHDS 742 | =
(C.Hyps 7.30 | 17.6 [ (CaH)aS | 196
(i-CyHy) 746 | 8.2 | (CiH)aS 741 | 1950
(CaHl1 )28 726 | 181 | (CHieS 783 | 192
78 e 843 | 17.1 | (CHinaS 27 183
CoH)aS iy 171 | CH,SCH, 739 | 139
(i-Calhi)aS — 161 | CoHySCaHl, 2T 153
CreHsa)sS 7.74 = | & Hss 7.62 | 1.2
CaHyad 8.2 | 16.9 | CHS 7354 | 1817
CoH,S5CH, 7.00 | 131 || (CaHa)aN 9.01 | 30.2
CoHSCsH, 744 | 143 | (CaHDaN Z | 352
(CHg),S 755 | 10.2 | (CiHIpaN 9.8 | 34.9
C1oHySCeH, 7.85 9.8 || CHN (CHy)a 20| 2
H,S Z 18.4 | (C4He)NCH, . T
(CoHg)aN 874 | 315




872

The destruction of pr-conjugation in aromatic compounds
accompanying complex formation should, of course, be
evident in the energetics of the compléxing reactions.

Table 6 shows that corresponding complexes with ali-
phatic and aromatic ethers have closely similar dipole
moments. Taking the complexes of aluminium bromide
with ethers as example, we can examine the contributions
made by the acceptor molecule u, and the donor molecule
K4 to the overall dipole moment of the complex u. (see
scheme at beginning of Section 3). If a tetrahedral con-
formation is assumed for the bonds about the aluminium
atom in the complex, p.will be close to the dipole moment
of the aluminium-bromine bond. Unfortunately, this
quantity is unknown, but it can obviously be assumed, to
an adequate degree of approximation, to be the same in all
complexes of aluminium bromide with ethers.

The dipole moments of aliphatic and aromatic (unsub-
stituted) ethers are closely similar at 1.15-1.30 D.® The
angle a can also be regarded as the same in all these com-
plexes. It therefore follows from the equality of p. for
complexes of aluminium bromide with aliphatic and with
aromatic ethers that the dipole moments of the donor-
acceptor bonds uqa. are also equal in these complexes.

It has been shown above that there is direct proportion-
ality between p4a/er and AH for complexes of donor—accep-
tor type. Consequently the equality of values of pgain
complexes formed by aluminium tribromide with aliphatic
and with aromatic ethers should imply equality of the for-
mation enthalpies of the intermolecular bonds in these
complexes.

The total heat of complex formation in an inert solvent
can be represented by three components:

AH = AH o+ AH, -+ AH,

where AH4, is the heat of formation of the donor—acceptor
bond and AHg and AH, are the energies or rearrangement
of donor and acceptor molecules on complex formation.

In the complexes of aluminium bromide with ethers the
term AH, can be regarded as constant. Hence in the se-
ries of complexes of aluminium bromide with aromatic and
aliphatic ethers the quantity AHu. + AH, is the same, and
differences in the experimental heats of complex formation
AH are determined by the term AHg4, the energy of rear-
rangement of the donor molecule. No substantial quantity
of heat—of the order of 0.3 kcal mole~! *°—is required for
the molecular rearrangement of aliphatic ethers on com-
plex formation. Therefore the differences in the values
of AH for complexes of aluminium bromide with aliphatic
and aromatic ethers (Table 6) can be ascribed to the ener-
gy of rearrangement of the corresponding aromatic ethers.

It has been established spectroscopically®8s74,7¢ that the
rearrangement of aromatic ethers accompanying complex
formation consists in the disruption of pr-conjugation, so
that the energy of rearrangement of an aromatic donor is
the pr-conjugation energy. The latter has been deter-
mined®8,’5 as the difference between the mean value of AH
for complexes of aluminium bromide with aliphatic ethers
(23.3 kcal mole™!) and the corresponding values of AH for
its complexes with aromatic ethers.

An analogous analysis of the ultraviolet spectra, dipole
moments, and heats of formation of complexes with sul-
phides and amines, as well as of the aluminium chloride,
gallium chloride, and boron fluoride complexes with ali-
phatic and aromatic amines, ethers, and sulphides, has
enabled the energies of conjugation Ej in the corresponding
molecules to be determined. The accuracy of the deter-
mination is 0.8-1.0 kcal mole™.
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Table 7 gives values of E; found® by the method of com-
plex formation with various acceptors. It is seen that
closely similar values of the pr-conjugation energy are ob-
tained for the same donor by complex formation with four
different acceptors. The slight discrepancy of 1-1.5 kcal
mole! is primarily due to the steric factor. Among the
acceptors investigated the steric effect is least in the alu-
minium bromide complexes, and greatest in the complexes
of boron trifluoride. The most reliable values of E; are
those obtained in the aluminium bromide complexes.

Table 7. Energies of p,-conjugation (Ej, kcal mole™) in aromatic ethers,
sulphides, and amines obtained by complex formation with various acceptors.

Acceptor
AlCl,
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AlBr, GaCl,y

w
a

CgH;OCHj
CgH;OCoHy
(CsHg)20
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The identical values of E; obtained in complexes with
different acceptors confirm the correctness of the initial
premises, and indicate that the direct proportionality es-
tablished between the degree of charge transfer and the
energy of the intermolecular bond is applicable to com-
plexes of halides of Group III elements: i.e. it is actually
a general characteristic of donor—acceptor bonds.

Published information on the energy of pr-conjugation
is extremely scanty and contradictory®. Values have
usually been obtained from the heats of combustion of the
compounds. Comparison of E; for a number of amines,
ethers, and sulphides indicates that the heteroatoms are
arranged in the sequence—N > O > S—according to their
capacity for pr-conjugation with aromatic systems.

The values found for E; provide a quantitative explanation
of why certain aromatic donors form complexes with some
acceptors and not with others (with similar values of the
steric factor). It is obvious that, if the energy of forma-
tion of an intermolecular bond by a donor with a particular
acceptor is less than or similar to the py~conjugation en-
ergy, no complex is formed.

An excellent illustration of the above is provided by
complex formation between boron trifluoride and aromatic
ethers. The heat of reaction of boron trifluoride with ali-
phatic ethers is 10~12 kcal mole™*. The destruction of
pr-conjugation in anisole and phenetole requires 7-8 kcal
mole~!, and in diphenyl ether ~ 11 kcal mole-!: with this
last compound the heat of reaction should be close to zero.
Hence boron trifluoride will give quite stable complexes
with anisole and with phenetole, but will not form com-
plexes with diphenyl ether.

This also explains the absence of complexes of type no
between iodine and aromatic amines, ethers, and sulphides,
as well as of complexes of tin and titanium tetrachlorides
with certain aromatic ethers and sulphides.
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This method of determining the energy of pr-conjugation
can probably be applied not only to nitrogen, oxygen, and
sulphur compounds but also to aromatic compounds of
other elements, as well as for estimating the energy of
pr—dx bonding in organometallic compounds 8.
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Organomagnesium Compounds and Their Complexes as Polymerisation

Initiators

B.L.Erusalimskii, |.G.Krasnosel’skaya, and |.V.Kulevskaya

This the first review devoted specifically to polymerisation processes initiated by organomagnesium compounds. Attention
is concentrated mainly on the anionic polymerisation of unsaturated monomers (hydrocarbons, acrylates, nitriles, vinyl-
pyridines, halogeno-derivatives, etc.). The review also includes short sections on the anionic polymerisation of carbonyl
derivatives and cyclic monomers, on cationic polymerisation, and on initiating systems of the Ziegler-Natta type. The biblio-

graphy contains 215 references.
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I. INTRODUCTION

Until quite recently organomagnesium derivatives occu-
pied a very modest position among the organometallic com-
pounds used as initiators for anionic polymerisation. This
was due to their relatively low reactivity towards non-
polar unsaturated monomers (i.e. hydrocarbons of the vinyl
and diene types), on which most of the research on anionic
polymerisation was concentrated for a long time. With
studies on the anionic polymerisation of polar monomers,
organomagnesium initiators have begun to attract substan-
tially more attention, since in these cases they are quite
comparable in efficiency with many organic derivatives of
the alkali metals. The considerable experimental data
which have now accumulated on polymerisations initiated
by organomagnesium compounds have not yet been reviewed
and we have therefore attempted to fill this gap. Modern
ideas on the composition and structure of organomagnesium
compounds have been discussed in detail in the recently
published reviews by Wakefield! and by Ashby?.

II. ANIONIC POLYMERISATION OF UNSATURATED
MONOMERS

Among studies of the polymerisation of anionic systems
by organomagnesium compounds and their complexes, in-
vestigations on various polar unsaturated monomers are of
the greatest interest. These processes are often highly
efficient and stereospecific. Non-polar and low-polarity
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monomers exhibit a very limited tendency to polymerisa-
tion in such systems.

1. Hydrocarbons

Gilman 3% and Kinney® showed that unsaturated hydro-
carbons of the ethylene and diene series do not react with
organomagnesium compounds under ordinary conditions.
Instances of the addition of alkylmagnesium halides to un-
saturated hydrocarbons were established by Fuson’-!? for
compounds of the fluorene and fulvene series containing
highly reactive double bonds—dibiphenylylene-ethylene,
tetraphenylfulvene, etc.

The first results on the polymerisation of unsaturated
hydrocarbons in the presence of organomagnesium com-
pounds were obtained by Ziegler!!, who found that solid
polymers were formed in C,H,—~RMgX(or R,Mg) systems at
100-150°C and pressures from 100 to 1000 atm. Raising
the temperature enables several other hydrocarbon mono-
mers to be polymerised with the same initiators. Wang
Fo-sung, Dolgoplosk, Erusalimskii, et al.!?”!% have shown
that polymerisation of various diene hydrocarbons with
initiators of the above type at 90°C and above is feasible,
but even under these conditions the rate of polymerisation
is low. When isoprene is bulk-polymerised at 90°C with
an initiator concentration of about 0.003 M, the rate does
not exceed 1% h-!. Still lower rates characterise the poly-
merisation of butadiene and 2,3-dimethylbutadiene. Kinet-
ic data on the consumption of the initiator have established



