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INTRODUCTION

The widespread practical application of polymeric com-
pounds and theoretical aspects of polymer chemistry have
governed the development of research in this field during
recent years. At the present time a great deal of attention
is being paid to inorganic and organo-elementary polymers.

Application of the concept of polymerism to inorganic
chemistry is one of the factors which has recently deter-
mined progress in this branch of chemistry and influenced
our ideas on the relation between organic and inorganic
chemistry. Whereas in 1952 it was consideredx that "organic
chemistry is the science of a more highly organised form
of matter than is inorganic chemistry" and "inorganic
chemistry is mainly concerned with relatively simple mole-
cules", this would not be correct today. Many structures
known only in organic chemistry became known also in
inorganic molecules, for example cyclic2 '3 and macro-
molecular2 '4"1 4 inorganic polymers, etc. Determination
of the molecular weight and study of the structure of inor-
ganic compounds, such as PdCl2, CuBr2, Be(CH3)2, has
shown that they are often polymers. Many salts do not
have a discrete structure (do not consist of independent
ions or molecules), but are polymers having covalent or
co-ordinate bonds more or less ionic in character.

The inorganic polymers to which we had been accustomed
were mainly derivatives of non-metals, the macromolecu-
lar skeleton of which was formed by normal covalent bonds.
Published reviews2'4"8 with a few exceptions4'10 consider
only these inorganic polymers. However, the following
considerations show that it is also possible to obtain poly-
mers in which the molecular skeleton is formed by co-
-ordinate links.

Since it is immaterial whether the two electrons of a
covalent bond originate from the same atom or from two
different atoms, a co-ordinate link does not differ funda-
mentally from a "normal covalent bond".15'16 Because of
the displacement of the electrons, the formation of a co-
-ordinate link involves the appearance of electric charges
(whence the name "semipolar bond"). For example

covalent bond BN: R2B—NR2 ,

co-ordinate link EN: R3B - NR 3 R3B-NR,.

Consequently, the existence of high polymers formed by
normal covalent bonds leads to the conclusion that such
polymers can be formed also by co-ordinate links " .

As early as the classical period of the chemistry of
complex compounds, polynuclear complexes were synthesised
in which the co-ordinate octahedra were joined by common
corners, edges, or faces: i.e. in which one, two, or three
bridging bonds are formed between the central atoms, for
example

Cr(NH3)4]X4

Η

/°\
|(NH,)iCo—OH—Co(NH3)3]X3

Η

It can be concluded that several co-ordination centres
can be joined by such bridging bonds. For a long time the
chemistry of complex compounds was unable to determine
whether it is possible to obtain polymers of high molecular
weight based on this principle.

Co-ordinate links increase the number of bonds between
atoms by involving a larger number of electrons and un-
filled orbitals1 6. Metal atoms form co-ordinate donor-
acceptor links, the number of bonds formed exceeding the
normal valency due to vacant orbitals. Non-metals utilise
theirjone gairs of_electrons to_form bridges. Such groups
as -OH, -NH2, -SH, -Cl|, -Br | , etc., are able to form
bridges, but the NH3 molecule, which possesses only one
lone pair of electrons, cannot form more than one bond,
and can act only as a terminal group in a polymer.

X-Ray investigation has shown the polymeric nature of
many "simple" and complex inorganic compounds4'7'11"14,
in which polymerisation is due to the formation of co-ordi-
nate links.

Structures of both low and high molecular weight, such
as palladium chloride PdCl2, can be formed through co-
-ordinate links .

A more important concept than valency in the chemistry
of co-ordination polymers is that of the "bondability"
(Bindigkeit, svyaznosV) of an atom, i.e. the number of
bonds which it forms with other atoms. In practice this is
identical with the co-ordination number (C.N.).

Schmitz-Dumont18'19 uses the term "high-polymer co-
-ordination compounds" (hochpolymere Koordinationsver -
bindungen) for these compounds, and Schwarzenbach20 the
term "high-polynuclear complexes"(Hochpolynucleare). In
this review we will use the term "co-ordination polymers"
for polymers of low and high molecular weight. We will
count as co-ordination polymers all polymeric compounds
containing atoms forming a greater number of bonds than
corresponds to the valency of given element. This class
includes both polymers formed by donor-acceptor bonds
and electron-deficient polymers with many-centre bonds.
In all cases polymerisation results from the tendency of
elements to make maximum use of their valency electrons
and vacant orbitals to form covalent, dative, co-ordinate,
or many-centre bonds (for types of chemical bonds, see the
review by Syrkin16). Polymers of this type can be formed
by boron, transition metals, and elements of the main sub-
groups whose valency is less than their co-ordination num-
ber. Ail these elements tend to form bonds in excess of
their valency: polymerisation provides one possible method
of implementing this tendency.

Polymeric compounds of elements of co-ordination num-
ber equal to their valency, e.g. Mo, W, Te (C.N. = valency =
= 6) cannot be regarded as co-ordination polymers. Con-
densed oxygen compounds of these elements constitute the
class of isopoly compounds, which are ordinary covalent
polymers.

Co-ordination polymers have formed the subject of two
reviews 1 0 ' 1 9; a third2 1 is known to the present writer only
through Chemical Abstracts.

Here we will consider various aspects of the chemistry
and the structure of co-ordination polymers, and will
attempt to incorporate these compounds in a general scheme
of inorganic polymers. The number of known co-ordination
polymers is still small; many opportunities exist for pre-
paring new types of co-ordination polymers. In the present
work, therefore, we will examine, besides the work in the
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literature, some as yet unused methods, where existing
knowledge indicates some promise of development in this
field.

I. CLASSIFICATION OF INORGANIC POLYMERS

In order to assess the status of co-ordination polymers
in the chemistry of macromolecular compounds we must
consider the classification of inorganic polymers. Berlin
and Parini 5 ' 6 divide all polymers into (a) organic, (b) or-
gano-elementary, and (c) inorganic, depending on the con-
stitution of the main chain. Organo-elementary polymers
contain other elements besides carbon (B, Si, Ge, P, As,
Sb, etc., metals) in the chain; inorganic polymers contain
no carbon in the main chain. Both organo-elementary co-
-ordination (chelate) polymers and purely inorganic co-
-ordination polymers are known.

Published reviews5"8 '1 0 make no distinction between
polymers of low and of high molecular weight. The term
"macromolecule" often refers to trimers and tetramers,
most of which are cyclic compounds. Cyclic inorganic
compounds possess definite peculiarities3 and are therefore
distinct from polymers of high molecular weight.

According to the present reviewer's classification2'3,
monocyclic compounds are divided into — (a) homocyclic,
the ring of which is formed by atoms all of the same kind,
e.g. S8,

22 (AsCH3)5,
23 (PCH 3 ) 5 , 2 4 etc; (δ) pseudohetero-

cyclic or alternant, in which the ring is formed by the
alternation of two elements A and B, for example,

TABLE 1. Classification of inorganic polymers.

CYCLIC POLYMERS MACROMOLECULAR POLYMERS

Monocyclic compounds

homocyclic
Dseudo-
netero-
cyclic

hetero-
cyclic

Linear polymers 1

homochain heterochain

Polycyclic compounds
(of low mol. wt.)

with linked rin

Polycyclic compounds of
high mol. wt.

gs (cyclolinear)

with spiran rings

with fused ring

one-
-dimensional
structures

(chains)

s

two-dimen-
sional struc-
tures (layer
networks)

three-
-dimensional

structures
(lattices)

classes containing co-ordination polyrr

Η

/ B \
ΗΝ ΝΗ

1 I
HB BH

\ N /
Η

covalent ring

H 2

/ B \
H2N NH a

1 i

H a

co-ordinate ring

(c) true heterocyclic compounds, such as S7NH,25 R6Si3O2NH,2e

etc.

Cyclic co-ordination polymers consist almost exclusively
of alternant rings, in which donor and acceptor atoms alter-
nate. Very few examples are known of true heterocyclic
compounds containing co-ordinate links, an example being
the complex of tetramethyltetra-azen with mercuric bro-
mide2 7:

H3C CH3

Ν

Ν \ x Br
I! Hg(
Ν / XBr

\ /
Ν

/ \
H3C CH3

The following classification is suggested for inorganic
polymers of high molecular weight — (a) homochain poly-
mers and (6) heterochain polymers2 '4 '2 8. All co-ordination
polymers, of course, are heterochain.

Table 1 gives a scheme for the classification of inor-
ganic polymers.

Co-ordination polymers can be classified stereochemi-
cally according to the structural unit of the polymer —
(a) polymers having tetrahedral structural units (C.N. 4),

(b) polymers having square planar structural units (C.N.4),
(c) polymers having octahedral structural units (C.N.6),
(d) polymers having cubic structural units (C.N. 8), and
(e) polymers having different structural units (different
co-ordination numbers in the structure).

II. CO-ORDINATION POLYMERS OF LOW MOLECULAR
WEIGHT

In this section we shall examine compounds having a
low degree of polymerisation. This class includes cyclic
co-ordination compounds (consisting of tetrahedral struc-
tural units) and several polymers containing heavy elements
(their molecules being made up of octahedral structural
units).

1. CYCLIC CO-ORDINATION POLYMERS WITH CO-ORDINATION
NUMBER 4

When a compound contains both donor and acceptor ele-
ments in the molecule, polymerisation can occur by means
of co-ordinate links, if other molecules which can take part
in co-ordination are absent. The polymers of low degree
of polymerisation (dimers, trimers, tetramers, hexamers)
which are formed are usually cyclic compounds. If Μ is an
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acceptor, and A a donor, MA molecules can polymerise by
means of co-ordinate links:

ΜΜ — A

A A

ι ι
Μ - Α — Μ

Cyclic compounds of this type are known in which Μ = B,
Al, Ga, In, etc. If Μ has C.N. = 4, the cyclic polymers
consist of tetrahedral structural units joined at the corners
to form a ring.

The acceptor atom Μ is situated at the centre of the
tetrahedron and is in a hybrid sp3 state.

The cyclic structure of the trimer was confirmed by
Hamilton39 using X-rays. These compounds possess re-
markable thermal stability: it has been established40 by
mass-spectroscopy that thermal decomposition of the tri-
mer begins only at 360°, when hydrogen and methane are
evolved. Very stable compounds having the composition
[(CF3)2PBH2]3 and [(CF3)2PBH2]4 were synthesised41 by re-
action between (CF3)2PF and B2H6. The compounds
"(C6H5)2PBH21, [(C5H10)2PBH2]3, [(C5HU)2PBH2]3, and
(CeHu)2PBH2]3 have been patented as dielectrics4 2.

(CH3)2AsH.BH3 yielded on heating cyclic trimers and
tetramers 4 3:

C o m p o u n d s of b o r o n . Trimethylboron forms with
ammonia a compound (CH3)3B.NH3, in which the free pair of
electrons on the nitrogen and a vacant orbital in the boron
form a co-ordinate (or semipolar) bond29:

(CH3)3 Β - NH3 or (CH3)3 B - NH3.

Thermal decomposition of this compound involves the
evolution of methane and the formation of (CH3)2BNH2, which
is a cyclic dimer3 0:

(CH 3),

(CH3)2

/ B \

H,N-(- + N H 2

fCH s)2

Its isomer3 1 [(CH3)2NBH2]2 is also a dimer. The same
cyclobutane type of structure occurs3 2 in the compounds
[(CH3)2NBC12]2 and33 [CH3NHB(C6H5)2]2 as shown by mole-
cular weight and infra-red spectral data:

H f jCe

CH 3--HN

C 0 H 5

NH—CH a

The compound [(CH3)2NBH2]3, obtained34 by heating the
corresponding dimer [(CH3)2NBH2]2, contains a six-mem -
bered ring. X-Ray examination of the trimer 3 5 showed that
the B3N3 ring has the chair form, corresponding to its
"saturated nature". A cyclic trimer is also known36having
the composition [NH(CH3).BH2]3:

(CH,),N+

5

N(CHJ)J H3C-HN +

H 2 B -

+ NH—CH3

-RH,

Η

C

All these compounds evolve methane and are converted
into borazole derivatives on being heated.

Burg and Wagner37'38 prepared compounds in which phos-
phorus was the donor. They synthesised the cyclic com-
pounds [(CH3)2PBH2]3 and [(CH3)2PBH2]4:

M,
( C H 3 V , P — η — P I C

I I
H,R- -BHj

U - J
(CHj)jl' Η

(CH3) As + +As(CH3)2

Η,Β- - Β Η ,

(CH3)i

HjB - -BHj

(CH 3 ) 2 As—I As(CHa)2

H

The stability of the co-ordinated boron rings decreases
in the order Ν > Ρ > As.

C o m p o u n d s of e l e m e n t s of JGroup III (Al, In,
Ga). In 1932 Ulich and Nespital44 established that alumin-
ium alkoxides A1(OR)3 occurs as polymers in benzene solu-
tion. They showed that the solution contains co-ordinated
cyclic trimers and tetramers:

(OR).

RO +

1
~ +QR

1
-AI(OR)j

-o/
D

(R0)2A1
-

R0 +

(RO)2AH-

R

+ -i
+ 0R

-O-^AKOR)
R

Later Mehrotra45 studied a series of aluminium alkox-
ides, and showed that they were all polymeric (tetramers).
Bradley, however, considers46 that the degree of poly-
merisation of 4 is only apparent, and results from the pre-
sence of a dimer (C.N. 4) and an octamer (C.N. 6) in the
solution.

In compounds of the type A1X3 the aluminium atom is co-
-ordinatively unsaturated, having an unoccupied p orbital.
In an oxygen-containing solvent, such as R2O, the unshared
electron pairs of the solvent molecule form a co-ordinate
link with the aluminium atom, and the compound is mono-
meric owing to the formation of solvates. In benzene or
other inert solvent such solvation is impossible, and co-
-ordination polymerisation provides the only opportunity
for the aluminium to utilise all its valency orbitals.

The apparent co-ordination number of aluminium in the
compounds A1(OR)3 is 3; on polymerisation, the co-ordi-
nation number in the cyclic molecules is obviously 4. This
is typical of co-ordination polymers: the actual co-ordi-
nation number is greater than the apparent value.

The polymers [(CH3)2A1OCH3]X are similar cyclic com-
pounds, forming six- and eight-membered rings9 5 '9 6.

<CH3),

RO+ +OR
I I

i jA I- ^ -_AI(CH3)t

R

R
ICHjljAh—0—AK

RO* +OR
I _ + I

(CH3)2A! O—-

Ferric alkoxides Fe(OR)3 are also trimeric 4 7 ' 4 8 and
probably have a cyclic structure.
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Not only oxygen acts as donor in co-ordination polymers
of aluminium, but aluminium halides are known to be di-
meric. The cyclic structure of these compounds has been
established by electron diffraction49'50 and X-ray diffraction
in the case5 1 of Al2Bre. [(CH3)2AlBr]2 has a similar struc-
ture 5 2 .

only if a pair of electrons is transferred from a donor (N,
O, S, Se, P) (co-ordinate link).

Cyclic compounds are known in which the metal atom
possesses sp2 hybridisation (C.N. = 3). Beryllium forms
such compounds68: the cyclic trimer [CH3BeN(CH3)a]3, and
the dimer [CH3Be0CH3]2

n.

Jaffe53 applied molecular orbital calculations to the
A12C16 molecule. The cyclic structure is retained in
A12C14H2 and Al2Br4H2, obtained54 by the action of LiH on
A12C16 (or Al2Br6).

The compound (CH3)2A1SCH3 is a cyclic dimer5 5

CH 3

(CK)Ai^ *

An interesting compound in which phosphorus is the
donor is the trimer 5 5 ' 5 6 of composition [

(CH4),

+WCH,),

(CH&AJ- , -AIICH,)2

(CH3),

Attempts to obtain similar compounds containing Al and
Ν in the ring were unsuccessful. Thermal decomposition
of A1H3NH3 yielded57"59 only acyclic polymers of high mole-
cular weight.

Gallium shows similar co-ordination polymerisation with
formation of cyclic compounds. Gallium halides are
dimeric: Ga2Cle

 6 0" 6 2 and Ga2Br6.
60»61 Kenney and Lauben-

gayer63 showed that (CH3)2GaOH is trimeric in benzene
solution. Smith and Hoard64 used X-rays to study this
compound, and demonstrated that it had an eight-membered
cyclic structure

OH

I

(C H3),Ga^-O-Mja(CH3)j

HQ+ +OH

I + J
Hj),Oa—O— Oa(CH3)i

Η

(CHj

Dimethylgallium acetate CH3.COOGa(CH3)2 is a cyclic
dimer6 5. The compounds (CH3)2GaNHCH3 and (CH3)2Ga0CH3

are also dimers. and contain four-membered rings5 5.

H3C—Γ. = ~i.ifr.Hj),

H.yCH,

^Ga(CH 3 ) 2

C H j

Indium and gallium form analogous compounds. Stone55

showed that all compounds having the composition (CH3)2M
niR

[where M111 = Al, Ga, In, Tl; and R = H2N-, (CH3)2N-,
(CH3)2P-, CH3O-, CH3S-, CH3Se-] are polymers having
four-, six-, or eight-membered rings. Such polymerisa-
tion is the result of the tendency of elements of Group III
to form four hybrid sp3 bonds, one of which can be formed

H 3 C-Be^- -'Be—CH3
M(CH3),

Je-CH 3

O t h e r c y c l i c c o - o r d i n a t i o n p o l y m e r s . Other
cyclic co-ordination compounds have been described in the
literature. It has been established67'68 that cuprous chlor-
ide in the vapour state contains trimeric Cu3Cl3 molecules,
which have been shown by electron diffraction69 to have a
cyclic structure. It is probable that the vapours of other
metal halides (which are not decomposed at high tempera-
tures) contain cyclic molecules. It is interesting that even
the vapours of alkali -metal halides, as Akishin has shown70'71

contain dimeric and trimeric molecules such as Na2Cl2 and
Na3Cl3.

I:
Among interesting cyclic co-ordination compounds are

the dialkylgold cyanide72'73 [R2AuCN]4 having a twelve-
-membered ring, [(C2H5)2AuSCN]2 having a four-membered
ring7 4, and the compound [(C2H5)2AuPO2(OC6H5)2]2, which
has an eight-membered ring7 6:

R— A11—CiSN— Au

Ν

\\\

1
k—Αι

R

+ c ι-!π5χ

III

+ \ y+ j CJHJ

I
R

R = C , H 5 - , i s o - C , H T -

\

c\\*x

Cyclic dimers are known containing halogen bridges be-
tween gold atoms, such as Au2Br6,

76 and (R2AuBr)2,
77~79

which are made up of square planar units (Fig. la). The
same structure is shown by the dimeric palladium deriva-
tives [(CH3)3AsPdCl2]2

 8 0 and [(CH3)3AsPdBr2]2

 8 1 as well as
by the Pd2Cl|" ions present in an aqueous solution of palla-
dium chloride82.

·/ O2
Fig. 1. a) Structure of planar cyclic dimer
M2A6; b) structure of dimer [MA5]2, formed
from octahedra.
1) Metal M; 2) ligand A; broken lines
co-ordinate links.
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Plat inum a l s o f o r m s cycl ic d i m e r s , for example
.PtClSCN] 2

 8 3 and [ R g L

C l s

R 3 P*

PR3

C.H.

c 'x s >< c '
QH,

(b) The degree of polymerisation depends on the degree
of branching of the alkyl radical R. Compounds in which R
is an n-alkyl radical are polymerised to a greater extent
than those in which R is a branched radical. Table 3 shows
the degree of polymerisation of several alkoxides determined
cryoscopically in benzene.

When R is a branched radical, the compounds M(OR)pare
often monomeric.

2. CO-ORDINATION POLYMERS WITH CO-ORDINATION NUM-
BERS 6 AND 8. ALKOXIDES

Most heavy metals form complex compounds having
C.N. = 6 and an octahedral structure, and sometimes with
C.N. =8, which corresponds to a cubic structure.

The simplest polymeric compounds containing octahedral
structural units are the classical binuclear complexes des-
cribed in all reviews on the chemistry of complex com-
pounds n>85-87. The co-ordination octahedra in these dimers
are joined at the corners, edges, or faces.

Several dimeric and trimeric compounds are made up of
octahedral structural units. In organic solvents the com-
pounds NbCl2(NHCH3)2,

88 VC1(NHCH3)2,
89 VC12(OR)2.ROH,

and MoCl3(OR)2

 9 0 are dimeric, the metal atom having
C.N. = 6 and octahedral co-ordination (Fig. 16). It is inter-
esting that tellurium halides TeX4 have a trimeric struc-
ture 9 1 in benzene solution, owing to the fact that Te has
C.N. = 6.

Platinum derivatives having bridging groups are also
known 9 2 ~ 9 4 , their structures being

H 3 N S

|

Py

Ν Ha

Cl
1 / C l s

(H3N)2Pt(
| X CK

Cl

Cl

>Pt(NH3)s

j
Cl

Cl

enp't/
ι ^

Cl

Cl

α ι
>PtenCK |

Cl

Recently a large number of compounds having the com-
position M(OR)p, so-called alkoxides (M = metal, R = ali-
phatic or aromatic radical, p = valency of metal), have
been investigated. In very many cases these compounds
are polymeric4 4"4 8 '9 5"1 2 1.

It has been found experimentally that the volatility and
the degree of polymerisation of alkoxides depend on the
atomic radius of the metal and on the degree of branching
of the organic radical. The following rules have been
established.

(a) The degree of polymerisation is greater the greater
the atomic radius of the metal. Thus with a given radical
R and metals of the same subgroup, e.g. in the series
[M(OR)4k, where Μ = Ti, Zr, Hi, Th, the degree of poly-
merisation in benzene (x) increases together with the
atomic radius rw from Ti to Th (see Table 2).

TABLE 2. Degree of polymerisation of some
n-butoxides in solution.

| Mi

i τ, I
•v ! :u> !

η lM(0.C4t

3.4 4 . 2

1 Th

i 6.a

TABLE

R

[Th(OR)4]x

X

3. Degrees of polymerisation of thorium alkoxides in
benzene. 9 9 ' 1 0 0

- C H , -C,H.

oon- Inon-
-volatile J-volatile,
insol. linsol.
polymer polymer

-n-C.H,

-

-«-C..H,

6.44

-n-C.H,,

6.20

C.H.I CH,

X C,H S ] X C , H ,

4.1 4.2

/CH.
-CH<

CH,

3.8

1 . 4 8 l . t i O 1 . G 5

(c) The degree of polymerisation of alkoxides depends on
the nature of the solvent. In inert solvents (benzene, tolu-
ene) polymerisation is possible. Solvents containing atoms
having donor electrons either diminish (acetonitrile) or
prevent (pyridine) polymerisation103.

(d) The degree of polymerisation of alkoxides decreases
with rise in temperature. Ebullioscopic determination of
the molecular weight in toluene yields degrees of polymeri-
sation which are lower than in benzene9 9'1 0 0'1 0 2»1 0 1. On the
other hand, the energy of intermolecular bonding of alkox-
ides is low, 10 kcalmole" 1.4 6

Bradley46 explained the structure of alkoxide polymers
on the following premises: (a) the compound M(OR)p has
that structure in which the co-ordination number of the
metal atoms is a maximum; (6) the co-ordination number
of oxygen does not exceed 4; (c) the metal assumes a
steric configuration characteristic of a given valency state.

Table 4 gives Bradley's data4 6 on the dependence of
degree of polymerisation and structure on composition and
the co-ordination number of the metal.

The derivatives of ter-, quadri-, and quinque-valent
metals have been mainly studied hitherto. Table 5 gives
literature references for the known classes of alkoxides.

Table 5 gives also the degree of polymerisation deter-
mined cryoscopically in benzene solution. In several cases
this is only an apparent value, since the solution contains
a mixture of products having different molecular weights.
For example, thorium alkoxides [Th(OR)4]^ have an appa-
rent degree of polymerisation of 6.4, the solution actually
containing ~ 20% of the trimer and 80% of the octamer9 9.

Most alkoxides are based on octahedral (C.N. = 6) and
cubic (C.N. = 8) units. The octahedra can be combined in
twos or threes, forming dimers or trimers (Figs. 16 and 2).
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TABLE

Compound

MOR

M(OR)2

M(OR)3

M(OR)4

M(OR),
M(OR),

4.

C.N.
of

metal

2

3

4

4

6

4
6

6
8

ϋ
8

Sterochemistry of alkoxides [M(OR)p]x.
Stereochemistry of

metal (configuration
of complex)

0M0 angle 120°

pyramidal

tetrahedral

square planar

octahedral

tetrahedral
octahedral

octahedral
cubic

octahedral
cubic

Degree of
polymeri-

sation
(theoretical)

3

3

3

4

three-di-
mensional

polymer

2 1
8 >
3
8

2
2

Examples

unknown

|TI(OR)]4

unknown

unknown

|Mn(OR),]x

both in [AKORjJj.

|Ti(OR),J,, [Zr(OR)4],
[ΤΙι(Ο1?)4]Λ. (partly depoly-

merised)

|Ta(OR)5|2, INb(OR)5)4

[V(OR)eJ2

Refs.

105,10»

—

-

107

49

ins, (7

luo

If», 104

4»

Zirconium, cerium, and thorium can also have a co-
-ordination number of 8, as in the acetylacetonates, in
which the structural unit is cubic. The minimum degree
of polymerisation of alkoxides having the composition
[M(OR)4]JC with C.N. = 8 is 8, corresponding to a ring
formed by eight cubes (Fig. 3). Thallium alkoxides
[TKOR)^ (the benzyloxide105 and the pentyloxide 106) have a
rather different structure (Fig.4).

Tl ; OR

R 0 - T l '

-OR

Fig. 4. Structure of tetra-
mer (T1OR)4.

TABLE 5. Composition and degree of polymerisation of metal
alkoxides.

Metal

Tl1

Mn"

Λ 1 1 "

F e « I

G o l v

T j i v

S n l v

Zr l v

•n,lv

C e l v

Kbv

Ta v

U v

U v l

Alkoxide

TI(OR)

Mn(OR)2

AI(OR),

Fe(OR):,

Ge(OR)4

Ti(OR)4

Sn(OR),

Zr(OR)4

Th(OR)4

Ce(OR)5

Nb(OR)5

Ta(OR)5

U(OR)5

U(OR).

Degree of polymeri-
sation (found)

4

in so!

2 . .

1.5 .

1

1 . .

1

1 . .

1 . .

1 . .

1 . .

1 . .
3.0

2.2

.4

.3.0

.3,0

.3.0

.6.4
.4,3
.2,0
.2,0

106, 10·

107

44—49,

47, 48

129

«7, 111,

111

97. I l l ,

89. 100,

»»—102,

101, 104

•8, 101,

118

48

Ref

110,

114,

121,

110,

111

103,

117

115

I K

111

104, 109, 112

Fig. 2. Structure of octa-
hedral trimer [MA4]3.

Fig. 3. Structure of octa-
mer [MA4]8, made up of
cubes having faces in com-
mon.

The structure of alkoxides has not yet been investigated
by means of X-ray or electron diffraction: the information
quoted above is based only on theoretical considerations
and on experimental molecular weights: the study of the
structure of alkoxides by direct methods would be of great
interest.

Non-volatile and insoluble alkoxides110, such as Mg(OCH3)2,
La(OCH3)3, and Zr(OCH3)4, arealsoknown, these apparently
being polymers of high molecular weight.

III. CO-ORDINATION POLYMERS OF HIGH MOLECULAR
WEIGHT

In complex compounds the complex-forming metal Μ has
a characteristic co-ordination number n. A given value of
η can be achieved in two ways: (a) the central atom Μ may
be surrounded by η "univalent" ligands A, mononuclear
complexes with a discrete structure [MAn] being formed;
(b) in compounds of the type [MAp], in which the apparent
co-ordination number p is less than the real value (n), the
central atom forms a configuration having C.N. = η by com-
bining with ligands A which form bridges within a polynu-
clear complex. In the latter case co-ordination polymers
[ΜΑρ]χ are produced.

Many "simple" compounds of the type MAp, in which p
is less than the characteristic co-ordination number of the
metal, polymerise with the formation of co-ordination com-
pounds of high molecular weight.

1. POLYMERIC COMPLEXES WITH CO-ORDINATION NUMBERS
2 AND 3

The simplest co-ordination polymers of high molecular
weight are compounds having the composition MA, in which
Μ is a complex-forming element with C.N. = 2, and A is a
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bifunctional ligand (capable of forming two links). Poly-
mers of this type have a chain structure:

. . . —M—A-*M—A-»M—A-» . . .

such as that of silver cyanide122'123, silver thiocyanate124

... — Ag—C = N-.A«—CxN-Aff—C = N— — Ag—S—CHN-Ag—S—CtN -»..„

aurous cyanide125, and mercuric cyanide126'127. Thallium
fluoride has a similar linear structure1 2 8.

— Tl—1- — Tl—F —

The complex compound KfCu^CN^], in which copper
apparently has a co-ordination number of 2, is actually
polymeric129 and contains a spiral anion [Cu(CN)2~]«, (C.N. =
= 3 for copper). Only one of the CN groups is involved in
forming the chain:

—Oil - C N - C u i — C N - C u l — CN—
I I I

CN CN CN

The anion [Au(CN)2]~ has a similar linear structure1 3 0.

2. POLYMERIC COMPLEXES WITH CO-ORDINATION NUMBER 4

The co-ordination number 4, characteristic of Cu1, Au1,
Pt", Pd", Cu11, Ni", Zn11, Be11, Hgn, Au1", and other
metals 8 5" 8 7 is known in numerous compounds in the chemi-
stry of complex compounds. Complex ions of these ele-
ments of the type [MA4] (where A is a unifunctional ligand)
have either a square planar configuration (complexes of
Pd11, Pt11, Cu11) or a tetrahedral configuration (complexes
of Zn11, Hg", Cu1, Au1, Be11). Classical complexes in
solution and in the solid state contain individual [MA4] ions.
Formation of polymeric structures involves the linking of
[MA4] groups by means of common ligands A, leading to the
formation of polymers [ΜΑρ]* {p = 3, 2, 1) in which the
metal has C.N. = 4.

A. Complexes Having Square Planar Units

(a) P o l y m e r s of type [ M A 3 ] X . The square
planar units [MA4] can be combined at common corners in
either the cis (Fig. 5) or trans (Fig. 6) positions, [MA3]X

chains being formed in both cases. The metal obviously
retains a co-ordination number of 4 in the polymer chain.

Fig. 6. Structure of irans-[MA ? + 2/2]«,-K
chain: key as in Fig. 5.

These structures can be represented by Niggli's stereo-
chemical formulae131. Linear polymers of this type have
the stereochemical formula [MA2+2/2]MK {K - Kettenstruk-
tur 1 3 1 = chain structure). The formula shows that two of
the A groups are combined with only one Μ atom, and the
other two are common to two Μ atoms (bridging groups).

The [CuCl3]£~ anion, which has been examined with
X-rays 1 3 2, is a polymer of this type having the cis configu-
ration. It consists of square planar [CuClJ groups linked
to form an infinite chain:

CU XI
X s C I s

C1

/
x ci

CK

xi...

The polymeric structure is broken down by hydrolysis
in water.

Polymer chains having the trans -configuration (Fig. 6)
are not yet known.

(b) P o l y m e r s of type [ M A 2 ] X . Square planar
groups can be joined at their edges, i.e. by two A groups
(Fig. 7), forming [MA2]X polymers having the stereochemi-
cal formula [ΜΑ^^,,ί. A typical example is palladium
chloride133. This binary compound is really a high polymer
having Pd atoms linked by two CI atoms:

\pd/\pd/\pd/\
• • • / P d \ c l / P d \ c l / P d \ c , / -

All the Pd-Cl bonds are the same (Pd-Cl = 2.31 A). The
compounds CuBr2

 134 and CuCl2

 1 3 5 have a similar structure.

\r,,
.Er

Fig. 5. Structure of
chain:
1) metal M; 2) ligand A; broken
lines co-ordinate links.

Fig. 7. Structure of [MA4/2)ooiVchain
(edges of squares in common).
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κ
?χ

C

ρ c

/ \
? Υ

;χ]
χ ν

5 C

ρ c

χ

^—*?

χΐ
1)

Fig. 10. Structure of chain of tetrahedra
ith edges in common.

Fig. 8. Structure of planar network [MAi/2]ooN,

(b) P o l y m e r s of type [ M A 2 ] X . If tetrahedra are
joined at their edges, the structure [ΜΑ4/2]«/ί results.
Thus infinite chains of this type (Fig. 10) are formed in the
structure of beryllium chloride BeCl2:

143

.cu

The [ M A 2 ] X structure is produced by joining square [MA4]
groups at four corners to form a planar two-dimensional
network (Fig. 8). Palladium cyanide Pd(CN)2 possesses this
type of structure1 3.

B. Complexes Having Tetrahedral Units

Both planar and tetrahedral [MA4] units can be joined at
their corners or edges to form one-dimensional chains,
two-dimensional networks, or three-dimensional lattices.

(a) P o l y m e r s of type ( M A 3 ] X . The joining of
tetrahedral units at their corners (as in the silicates)
(Fig. 9) was described by Brink and Van Arkel138 in the
compounds (NHjJC^Cl,,} and (NHjJC^Brg], which consist
of infinite-chain anions of the structure [Cu'Xa"].» made up
of tetrahedral [CuX4] units. The same structure was also
found in K2[CuCl3], Cs,[AgCl3], Cs2[AgI3],137 K2[AgI3],
Rb2[AgI3], and (NHj^Aglj].138 Such polymeric chains,
having the composition [yiAwi2)«,K, can also be expected in
compounds of zinc, beryllium, etc. The fluoroberyllates
M![BeF3] iss-i'ti apparently have a structure of this type,
especially as NaBeF3 is isomorphous with /3-CaSiO3.

142

>Βοί

Double chains of tetrahedra are also known, in the struc-
tures of Cs[Cu2Cl3] and Cs[Ag2I3].144

The same structure (Fig. 10) has been ascribed to salts
of bivalent molybdenum with organic acids1 4 5:

··•>«<

A
ο ο

v°
R

, 0

\

R

Α,
ο

An interesting polymer, in which oxygen is situated at
the centre of the tetrahedron, with metal atoms at the cor-
ners, is the compound [(CH3)2Ga]2O, which has been assigned
the structure1 4 6

(CH;,)2 (CHa)2 (CH;,)·. (CH,)S

(CH 3) 3 (CH 3 ) 2 (CH 3) 2 (CH :,)2

Tetrahedral units combine less often to form two-
-dimensional networks (Fig. 11) [MA4/2]«,N (N = Netzstruk-
hir131 = network structure), as occurs in red mercuric
iodide 147 and in y-ZnCl2.

148

Fig. 9. Structure of chain of tetrahedra
[MAo+o/oloo/C with common corners.

Fig. 11. Stiaicture of red mercuric iodide
Hgl2 (Uvo-dimensional layer).
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Tetrahedral [MA4] units can sometimes unite at four
corners to form three-dimensional lattices having the
structure [MA4/2]«,G (G = Gitterstruktur13i = lattice struc-
ture). Thus, for example tetrahedral BeF|" groups some-
times form three-dimensional lattices. Warren and Hill149

showed that vitreous BeF2 has a similar structure to
vitreous silica. Brandenberger150 and Wyckoff151 pre-
pared from (NH4)2BeF4 beryllium fluoride having a β-cris-
tobalite structure. Novoselova and her coworkers 1 5 2 also
obtained a new form of beryllium fluoride with the 0-cris-
tobalite structure. Beryllium fluoride is a structural
analogue of silicon dioxide153'154. The Be-F bond is not
purely ionic but has some covalent character1 3 9, making
possible the formation of fluoroberyllates, which are simi-
lar to silicates in structure.

Recently Brehler1 5 5 has shown that a-ZnCl2 and /3-ZnCl2

possess a three-dimensional tetrahedral lattice in which
the ZnCl4 groups are joined at their corners. Beryllium
hydroxide /3-Be(OH)2

 1 5 6 and zinc hydroxide157 have a struc-
ture in which a metal atom is surrounded tetrahedrally by
four OH groups. Zinc cyanide158 and cadmium cyanide159

have three-dimensional polymeric structures of the anti-
cuprite type (co-ordination number of metal = 4).

(c) P o l y m e r s of type [ M A ] X . A three-dimen-
sional lattice consisting of tetrahedral units, [MA^^G,
is formed by the two modifications of zinc sulphide —
wurtzite160 and zinc blende1 6 1 '1 6 2. This type of structure
is found in very many compounds u^ieo-iee.

Sulphides:
Oxides:
Selenides:
Tellurides:
Antimonides:
Arsenides:
Phosphides:
Iodides:

ZnS, CdS, BeS, HgS, MnS
ZnO, BeO, CuO
ZnSe, CdSe, HgSe
ZnTe, CdTe, HgTe
InSb, GaSb, AlSb
GaAs, AlAs, BAs
GaP, A1P, BP
Cul, Agl

Bromides and chlorides: CuBr, CuCl.
In other compounds - PbO, SnO, PdO, PtO,1 6 9 and

AgnO 17° — the metal has the same co-ordination number
of 4, but the structure is different.

Co-ordination polymers in which the metals have a co-
-ordination number of 4 are very common. Table 6 gives
possible co-ordination polymers made up of structural units
having a co-ordination number of 4.

TABLE G. Possible structures of co-ordination polymers of co-
ordination number of 4.

Λ ρ.

1

Conpo-

of poly

MA,

MA;

MA

Stereocliemtcfil

[MA 4 J.J | A'

(ΜΛ 4 / 2 ] κ ϋ

Modes of formation of polymer

two corners in
com won r

l"iB.'hl'
trans (Fig. 6)
two edges in com-
mon: PdCl, (Fig. 7)

common: Pd(CN),
(Fig. 8)

joining of tetrohedrol units

two corners in common:
K2[CuCl3] (Fig. 9)

two edges in common: BeCl2

(Fig. 10)

(two-dimensional network)
(Fig. 11)

four corners in common: BeF2

(three-dimensional lattice)

(three-dimensional lattice)

3. POLYMERIC COMPLEXES WITH CO-ORDINATION NUMBER 6

The number of complex compounds in which the central
atom has a co-ordination number of 6 is very large. This
value is characteristic of Cd", Cr"i, Co»i, Al»i, Fein,
Ir» 1, Rh»1, Sc111, SnIV, Pb I V, Pt I V , RuIV, Ti I V, Sbv, etc. 8 5 " 8 7

Complex ions [MA6] of these elements have an octahedral
configuration: the metal atom Μ is surrounded by six
ligands situated at the corners of an octahedron.

A co-ordination number of 6 is achieved in polymeric
compounds in which the structural units are joined at the
corners, edges, or faces. This is possible when A is a
bi- or ter-functional ligand able to form two or three bonds.

(a) P o l y m e r s of type [ M A 5 ] X . If the octahedral
[MA6] units are joined by having a corner in common,
forming an infinite chain (Fig. 12), the resulting polymers
[MA5]r have the stereochemical formula [ ]

q Q q ρ q ρ q y

d 6 d b d b d t>

Fig. 12. Structure of chain of octahedra
[MA4 + 2jiiooK having common corners:

a) stereochemical view; b) co-ordinate
links (chemical structure).

Aluminium is known to have a co-ordination number of 6
with respect to fluorine, e.g. in cryolite Na3[AlFe]. In the
insoluble compound T12[A1F5] the co-ordination number of
the aluminium is not 5, as might appear, for this com-
pound contains a polymeric anion [A1FJ"]», which has a
linear structure1 7 1·

F F F F F F
\ / \ / \ /

. . .—F—Al—F— Al—F— Al—...
/ \ / \ / \
F F F F F F

The thallium ions are distributed around the macromole-
cular chain.

The compound SbF5 contains linear molecules172 made
up of octahedral units, -SbF 4 -F-SbF 4 -F-. The complex
polymers [lrPy2Cl3]x and [RhPy2Cl3]x (Py = pyridine), ob-
tained by Delepine173, probably have a similar structure.

When a solution of the triethylenetetramine complex of
tervalent cobalt is made alkaline, a linear polymer174

(tn - triethylenetetramine) is formed in which the
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octahedral complexes have oxygen atoms in common (in the
axial positions):

HOH
—.L,.,.

Co /

HOH

*\ + OH"

' -H 2 O *

OH
, 1

( 7 C o /
s l·-^

HOH

/ -Η,Ο ^

OH

/ Co
N \S

OH

- H , Q -

A similar polymer is obtained also from manganese
phthalocyanine175:

= Mn phthalo
cyanine

(b) P o l y m e r s of type [ Μ Α 4 ] χ , If the octahedra
are joined edge to edge in the chain, complex polymers
having the stereochemicai formula \NikZjrAl^\KK are formed.
This mode of union can be effected in two ways, with the
formation of straight (Fig. 13) or kinked (Fig. 14) chains.

In the complex compound [CdCl2(NH3)2] the central cad-
mium atom has a co-ordination number of 6, since the
complex is made up of octahedral units (Fig. 13). The

chlorine atoms form bridging groups between the cadmium
atoms, and the ammonia molecules occupy the free co-
-ordination positions. This structure corresponds to the
formula [CdiNH^Cl^^K, and was established by means
of X-rays176; another example is CoCl2.2H2O:177

NH 3 NH 3

i
NH 3

i
NH3

NH3

i
NH 3

HOH HOH HOH

/f\cl/ \ c l / C o \ c l /

I
HOH HOH HOH

Of course, not all [M(NH3)2C12] complexes have a poly-
meric structure of this type: [Zn(NH3)2Cl2] is a mononuclear
tetrahedral complex178, and the compound [Pt(NH3)2Cl2] has
a square planar structure (co-ordination number of 4 for
zinc and platinum).

This structure is found in the compounds K2[SnClJ.2H2O
 179

and K2[HgCl4].H2O,180 in which chlorine atoms form bridging
groups and the K+ ions and water molecules surround the
polymeric chain.

ci ci α
I XL ! Xk | XL

Hg( )Hg( )Hg( >

CI C! CI

[HgCI,

Complex polymers of this type have also been detected
in solution. In octanol181, for example, nickel and cobalt
chlorides form polymers of the following type:

Oct. Oct. Oct.
CI | CL i XL | XI

^Χο, Χο(^ •Co-'
CK ι Ν : ι κ ι X C K ι x c i

Oct. Oct. Oct.

The fluorides TiF4 and SnF4 are assigned a linear poly-
meric structure1 1

F

\ ! / F

,,Λ.

Fig. 13. Structure of chain of octahedra
[MA2+4/2],,ô  having common edges (linear
chain). For key see Fig. 12.

Fig. 14. Structure of chain of octahedra
[MA2+ 4/2]ooii having common edges (wavy
chain). For key see Fig. 12.

Hoppe182 considers that SnF4 has a two-dimensional layer
structure (see below). The mode of combination of octa-
hedra shown in Fig. 14 has not been observed in any com-
plex compound. Brookite TiO2 contains chains of octahedra
of this type, but the chains are linked by common oxygen
atoms to form a three-dimensional lattice.

Another possibility in [MA4]y compounds is the linking
of the octahedral groups at four corners to form a planar
two-dimensional network (layer structure) (Fig. 15). This
structure has been observed in the following compounds:
K2[NiF4],183 K2[CuF4],184 T1[A1F4],185 K[A1F4],186 SnF4,

1 8 2

K2[MgF4],187 La2[Ni04],188 Ba2[SnO4] and BaJPbOj, 1 8 9 and
others 1 9 0" 1 9 3. It was established that β-υθ2(ΟΗ)2 has a
structure of the same type194, the OH groups in the plane
forming "equatorial bonds", and the oxygen atoms "uranyl
bonds".195

(c) P o l y m e r s of type [ M A 3 ] X . In many com-
pounds having the composition MA3 the actual co-ordination
number of the central atom is 6. The simplest way in
which this composition can be achieved is for the octahedra
to be joined along three edges (Fig. 16) to form a planar
two-dimensional network of the type [ΜΑ6/2]Μ/ν. This
structure is shown by several anhydrous halides of ter-
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/

<

>
/

>

\

X

A
X

X

X
X

Q Ρ Q ρ <\ D
\0/ \Q' \Q''X X X

\9/°

Cf D

Fig. 15. Structure of octahedral layer [MA2+4^2W^ (octahedra
with common corners). For key see Fig. 12.

ο

Fig. 17. Structure of double octahedral
chain [MA1 + 2 / 2 + 3/3UK (NH4CdCl3 struc-
ture). For key see Fig. 12.

Fig. 16. Structure of octahedral layer [MA6/2]°oAr (octahedra
with common edges). For key see Fig. 12.

Fig. 18. Structure of octahedral chain
[MA6/2]oo-K (octahedra with faces in com-
mon). For key see Fig. 12.

valent metals: CrCl3,
1 9 6 RuCl3,

197 A1C13,
198 FeCl3,

1 9 9

AlF^,->nn201 Bil3,
13 etc.; also by hydroxides of tervalent

metals such as A1(OH)3 (hydrargillite)202, and some com-
plex compounds having macromoiecular anions, such as
NH,[Hg-Cl3].

203

In the lattice of these compounds the metal atom is
surrounded by six halogen atoms (or OH groups), which
form bridging groups with other nuclei. Every halogen
atom is combined with two metal atoms.

Another way in which octahedra can be combined to form
a polymer of type [MA3]X is shown in Fig. 17, corresponding
to the stereochemical formula [MA1+2/2+3/3]xK. This type
of structure is found in NH4[CdCl3].204>205

Combination of octahedra at their opposite faces yields a
chain having the composition [ΜΑ3]Χ and of type [MA6/2]XK
(Fig. 18). This occurs, for example, in Cs[NiCl3], 2 0 6 which
contains the [NiCl3]£~ chain.

When the octahedral structural units are joined at six
corners, a three-dimensional lattice of the rhenium tri-
oxide ReO3 type207, having the formula [MA6/2]ooG, is
formed (Fig. 19). The ReO3 structure is found also in the
compounds WO3, MoO3, and CrO3, whicharenot co-ordina-
tion but ordinary polymers, since the co-ordination num-
ber is then equal to the valency of the metal.

The ferricyanides of iron are based on the rhenium tri-
oxide type of structure. X-Ray diffraction has established
that ferric and ferrous ferricyanides.208, like other ferro-
cyanides of the transition metals2 0 9"2 1 3, have similar struc-
tures. In Fe i n[Fen I(CN) 6] the iron atoms form a cubic
lattice, the CN groups being situated on the edges of the
cube and being combined with the iron by the nitrogen atom
(N —> Fe co-ordinate links) and by the carbon atoms. This
results in the three-dimensional lattice [Fe(CN)6/2]«.G
(Fig. 19). Since not all the Fe atoms are tervalent in fer-
rous ferricyanides, the lattice is negatively charged, and
is neutralised by alkali-metal ions situated interstitially in
the lattice, as represented by the formula K[FeuFe HI(CN)6].
In copper ferrocyanide some of the iron atoms have been re-
placed by copper atoms, the correct formula of this com-
pound being K2[CuFen(CN)6]. It is noteworthy that the
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D Ρ

Fig. 19. Rhenium trioxide type of structure
[MAG/2]ooG: 1) Fe, Re, or other metal (C.N.
= 6); 2) CN, O, or other ligand.

having an.apparent co-ordination number of 2, the co-
-ordinate octahedra being joined at six edges to form a
two-dimensional layer lattice [ΑΒβ/3]«,ΛΓ (Fig. 20). The
structure of lead iodide has been investigated quite
thoroughly228"232. Each lead atom is surrounded by six
iodine atoms, and every iodine atom forms co-ordinate
links with three lead atomst- Layer structures are
also encountered in other halides, such as Cdl 2, 2 3 2" 2 4 4

CdBr2,
229"232>245 CdlBr,246 Cal2,

2 4 7 MgBr2,
248 MnCl2,

MnBr2,
248 Mnl2,

249 Fel 2, 2 4 9 FeBr2,
2 4 8 FeCl2,

2 5 0 Col2,
2 4 9

CoCl2,
251 NiCl2,

252 Nil2,
2 5 2 VC12,

253>254 HgBr2,
255 and yellow

Hgl2;
255 in sulphides, selenides, and tellurides TiSe2,

TiTe 2, SrS2, ZrSe 2, a B 6 and T12S;2 S 7 hydroxides Cd(OH) 2 , 2 4 9 ' 2 5 8

Mg(OH)2,
2 5 9 a-Zn(OH) 2 , 2 6 V 6 1 /3-Zn(OH)2,

262 Ni(OH)2,2 6 3 and
Co(OH)2;2 6 4 mixed hydroxides, Ni-Zn and C o - Z n ; 2 6 5 and in
basic salts,266-271 for example Zn(OH)Cl 2 7 2 and Cd(OH)Cl.274

ferrocyanides and ferricyanides of the alkali and alkaline -
-earth metals are not polymeric, their lattice containing
separate [FeiCNjg]4" or [Fe(CN)6]

3" ions and metal ions.
Macromolecular structures are formed only when transi-
tion metals such as copper, iron, etc., themselves capable
of forming complexes with CN groups, are present in the
outer sphere of the complex ions. Such compounds may be
termed "supercomplexes". It may be supposed that, when
the outer-sphere cation can itself form co-ordinate links
with ligands, and a multifunctional (multidentate) ligand is
present, the ligands form bridging groups between the
metal atoms in the lattice, resulting in a co-ordinated
macromolecular structure. Hence most salts formed by
complex [MAn]

p~ anions (where A is a bi- or tri-dentate
ligand) with transition metals are co-ordination high poly-
mers. X-Ray investigation of such compounds is of great
interest from the point of view of polymer chemistry.

Another polymer having the rhenium trioxide structure
is the compound InF(OH).214

The structure of perovskite CaTiO3 is related to the ReO3

structure 1 6 8 ' 2 1 5 ' 2 1 6 . The anion of the original acid is poly-
meric, forming a {TiO3)

2^~ lattice with a rhenium trioxide
type of structure; the Ca cations are arranged intersti-
tially in the cubic lattice. This structure exists in a large
number of compounds:

1) in double oxides2 1 7"2 2 1:

CaTiO3 NaNbO:i NaTaO3 LaGaOs ΚΙΟ 3 SrSnO3 CaZrO3

SrTiO, KNbO:, KTaO t LaAIO3 RbIO : lCaSnO3 BaZrO3

BaTiO.·, LaFeOa

2) in complex compounds:
K[MnF : ) ]- 1 8 , KINiF:,)1"2, Cs [HnCl : i |~

a, Cs | C d C I 3 ] " 4 , CsAgCl,CsAuCl'3

l e, Rb[MnF 3 ]-",

2, Os[HgBr/- 5 , Cs [CdBr 3] 2 2 4, CS |AuCI., |"".

An interesting [MA3]X polymer is represented by the
compound [SAg3]NO3, in which sulphur acts as the central
atom2 2 7, surrounded by six silver atoms. The [SAg6]
groups are joined to form a macromolecular [SAg3]x lat-
tice.

(d) P o l y m e r s of type [ M A 2 ] X . It may be ima-
gined from the above that a co-ordination number of 6 can
also be achieved in the structures of some compounds

Fig. 20. Structure of octahedral layer
For key see Fig. 12.

Krebs showed273 that covalent character is superimposed
on the ionic state of the bond in typical salts and in layer
structures, confirming the polymeric structure of these
compounds.

Other types of structure having the co-ordination number
of 6 are found in A1O.OH,275'276 A1OC1,277 ReO2,

278 HCrO2,
279

etc. The rutile TiO2 structure is based on straight chains
of octahedra (Fig. 13) linked to form a three-dimensional
lattice1 1, while the structure of brookite, TiO2, is based on
wavy chains of octahedra (Fig. 14) linked three-dimension-
ally.

These ways of forming macromolecular structures based
on octahedral units are set out in Table 7.

•4. OTHER POLYMERS

The examples quoted here do not, of course, exhaust all
the possible ways in which co-ordinated macromolecular
structures may be formed. Co-ordinated polymeric struc-
tures may be produced by combining different structural
units.

t Iodine can also act as the central atom with C. N. = 3, for ex-
ample in the complex compound [IAg3](NO3)2.

 2 3 3
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TABLE 7. Possible structures of co-ordination polymers C.N. = 6.

Apparent
C.N.

5

4

3

2

Composition
of polymer

MA6

MA4

MA3

MA,

Stereochemical formula

[ M A 4 2 , ] Κ
4+2/2 oo

[ΜΑ , ] Κ
+ I- oo

[MA2 , 4 / J Ν
+ / 00

[MA|_j.2/2+3/3 loo"

[MAg/o] Κ
00

[MA^J^JV

[MA6/,J G

[MA6 / 3 JCOJV

Mode of combination of octahedra

chain of octahedra with two
corners in common (Fig. 12)

chain of octahedra with two
edges incommon (Figs. 13 andl4

two-dimensional layer of octa-
hedra with four corners in
common (Fig. 15)

double chain of octahedra with
four edges in common
(Fig. 17)

chain of octahedra with faces
in common (Fig. 18)

two-dimensional layer of octa-
hedra with three edges in
common (Fig. 16)

three-dimensional lattice of
octahedra with six corners
in common (Fig. 19)

two-dimensional layer of octa-
hedra with six edges in com-
mon (Fig. 20)

Thus many compounds which we have been accustomed
to regard as "simple" are actually polymeric. The some-
what paradoxical conclusion can be drawn that binary com-
pounds (having a polymeric co-ordinate structure), which
are regarded as "simple compounds", have more compli-
cated structures than the "complex" compounds (which have
a discrete, non-polymeric structure). Hence it follows
that the concept of "complex compound" is quite arbitrary:
the chemistry of complex compounds must include also
those binary compounds whose structures bring them into
the class of co-ordination polymers. We must, of course,
distinguish the polymeric CuCl2 from the mononuclear
hydrate CuCl2.2H2O, which has a discrete structure. Among
the compounds [CdCl2(NH3)2], [ZnCl2(NH3)2], and [PtCl2.
.(NH3)2], only the first is polymeric. It is therefore neces-
sary, in the chemistry of complex compounds, to use a
classification based on the structure of the complexes and
not solely on the empirical formula.

The compound KCr3O8, for example, contains280 CrO4

tetrahedra and CrO6 octahedra. In the compounds Ni(CN)2

.NH3

 2 8 1 half the nickel atoms have a co-ordination number
of 6, and the other half a co-ordination number of 4.

Ν Ν
c C M H

ι ι J IN π 3

—NC-Ni—CN-Ni—NC—

C

ΝΗ,7
—CN—Ni—NC—Ni—CN—

'WN C
C Ν

I I
In the compound V3O5 the VOe octahedra are joined in a

complicated manner — at the corners, edges, and faces
simultaneously282. Many examples of such structures can
be found in the literature on structural chemistry.

An interesting co-ordination polymer is di-(2-thioimi-
dazolidine)cadmium thiocyanate, described by Cavalca et
al.2&3 It is made up of octahedra linked by SCN groups to
form an infinite chain

SCR, SCR.,
I NCSN | SCN.

|
SCR, SCR2

The compound Ni2en2(NO2)3OH has the structure2 8 4

2lNi^NO,2lNi^l(
, cn . x N O a x

i_NO,_Ni—OH -i

IV. ELECTRON-DEFICIENT POLYMERS

We have already mentioned the tendency of elements to
form as many bonds as possible by drawing unpaired elec-
trons into vacant orbitals, with formation of a larger num-
ber of bonds than would correspond to the classical valency.
Sometimes the tendency of elements to increase the num-
ber of bonds by utilising unoccupied valency orbitals is so
strong that polymerisation takes place even in compounds
in which the electrons are sufficient only to form the bonds
corresponding to the valency of the element. In the com-
pounds BH3, Be(CH3)2, A1(CH3)3, Pt(CH3)4 all the electrons
are involved in normal covalent bonds, which elementary
classical valency theory describes as two-centre electron-
-pair bonds. Nevertheless, these compounds do form
polymers because of the tendency of B, Be, Al, and Pt
atoms to make full use of their valency orbitals. The re-
sulting polymers contain a larger number of chemical bonds
than of electron pairs necessary for this purpose. Such
compounds are therefore said to be "electron-deficient".
The polymerisation of these compounds is made possible
by the formation of three-centre and many-centre bonds,
i.e. bonds in which the electron pair is situated in the field
of three or more nuclei ̂ 285,286̂

The simplest polymer of this type is diborane B2H6.
It has been established that this compound has a structure
in which two hydrogen atoms act as bridging groups be-
tween the two boron atoms 2 8 7" 2 9 1

>B :

Η .

Η ·

forming a B2H2 ring, while the other four hydrogen atoms
remain outside this ring. Several hypotheses have been
put forward to explain the nature of the B...H...B bonds292.

The diborane molecule contains eight atoms, so that
it should have seven covalent bonds, i.e. fourteen elec-
trons, whereas it actually has only twelve electrons,
eight of which are used in the four outer B-H bonds. Only
four electrons remain for the B...H...B bonds. The mech-
anism whereby four electrons can link four atoms has been
clarified by the theory of molecular orbitals. It was found
that the hybrid-orbitals of the two boron atoms can overlap
the Is orbital of the hydrogen atom and the formation of the
B2H2 ring is based on that of two three-centre B...H...B
bonds.
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The idea of many-centre orbitals was extended to ex-
plain the structure of other boron hydrides:293 B5H9,

2 9 4 '2 9 5

Β Η 2 9 6 Β Η 297,298 B J J 299 β JJ 300 g£ c 301-305 o^d
was used to interpret the structures of other electron-
-deficient molecules.

An interesting polymeric boron compound having many-
-centre bonds is B4C14, obtained by Urry et al.306 This
compound might have been homocyclic, but electron dif-
fraction307'308 showed that the boron atoms were arranged
at the corners of a regular tetrahedron and were held to-
gether by many-centre bonds involving the 3/>7T electrons of
the chlorine.

Trimethylaluminium is a dimer3 0 9. Its structure was
determined by means of electron diffraction310»311 and in-
volves methyl bridges

Η jC '

The AI...CH3... Al bonds are three-centred, and are
produced by the overlapping of the vacant orbitals of the
aluminium atoms and the ρ orbitals of the CH3 group. In
(CH3)2A1C1 and CH3A1C12, which also are dimeric, chlorine
atoms act as bridging groups;

H,CX

Η,ι/' <:i •

••' ' \ ,

. CI

• C"i

: A l .
V.I

These molecules are not electron-deficient, but it is
probable that the A1...C1...A1 bonds are also three-centred.

It is interesting that Ga2(CH3)6 is less stable, probably
because the large size of the gallium atom prevents suf-
ficient overlapping of the three orbitals.

Formation of many-centre bonds may explain the struc-
ture of aluminium hydride (A1H3)X, in which every alumin-
ium atom is surrounded by six hydrogen atoms3 1 2.

.•Hi.

The polymeric nature of gallium hydride (GaH3)x

313~315 and
indium hydride (InH3)j,

 3 1 6 can also be explained in this way.

Dimethylaluminium hydride HA1(CH3)2 is a cyclic tri-
mer 3 1 7 ' 3 1 8 . Other similar compounds, for example [HA1.
.(CliH5)2]3 and [HAl(iso-C4H9]2]3, are also electron-deficient
polymers containing many-centre bonds

X-Ray analysis has shown that tetramethylplatinum
[Pt(CH3)4]4 has a similar composition320 and structure3 2 1

(Fig. 21). The compound [(CH3)3PtCl]4 has an analogous
structure, the chlorine and platinum atoms being arranged
at the corners of a cube321. In these compounds the plati-
num has a co-ordination number of 6 owing to the utilisation
of d2sp3 orbitals, the tendency to complete utilisation of
which16 leads to polymerisation. Tetramethyl-lead Pb(CH3)4

is not polymeric, since lead has only four sp3 orbitals.

(CH3),Pt - C H 3

Pt(CH3)3

( C H 3 ) 3 P t CH 3

Fig. 21. Structure of [Pt(CH3)4]4.

CH3 CH 3 CH3 CH3

r
— JB — _ ^ - B £ _ — - - D E — ^ ^ — D E — *

-'9999999)
Πΐ Ln2 ΙιΠΟ tfli*

Fig. 22. Formation of three-centre bonds
in [Be(CH3)2]jc chain.

(' H-.V,

A I

Η H

(Γ.!Ι-),ΑΙ ΑΙ

Many-electron many-centre bonds can also govern the
formation of electron-deficient polymers of high molecular
weight. X-Ray diffraction patterns have shown311 that
Be(CH3)2 consists of endless linear chains, the beryllium
atoms being linked by methyl bridges (Fig. 22).

..•CH3..

Indium has a higher co-ordination number than aluminium,
and therefore trimethylindium is a tetramer [In(CH3)3]4.
This compound has a cubic structure3 1 9, a proportion of
the methyl groups, situated at the corners of the cube,
serving as bridges. The tetrameric molecule is formed by
means of many-centre orbitals. The external In-CH3bonds
are ordinary covalent bonds.

_.-CH 3 ..

' ' -CHj· ' ' ' 'CHj · " '••CH9··'

The beryllium atoms are surrounded tetrahedrally by
four CH3 bonds. The Be...CH3...Be bonds are weaker than
simple covalent bonds, and can be regarded as "half-bonds";
this depends also on the bond length322 Be...CH3 = 1.92 A
(normal covalent Be-C bonds have a length of 1.73 A).
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Monomeric, dimeric, and trimeric molecules are formed
in Be(CH3)2 vapour

H 3 C - B e — C H 3

H3C—Be :

' • C H 3 ·

H3C—Be :

. C H 3

: Be :

' · CH 3

. C H 3

• C H 3

: Be—

Be—CH3

CH3

or

H3C

H 3 C-Be

CH3

Be

CH3

Be—CH

C
H,

Electron-deficient compounds behave chemically as
Lewis-acids: i.e. they react with electron-donors. This
is because a two-centre electron-pair bond is more stable
than a pair of unshared electrons and than a three-centre
electron-pair bond285. It is therefore clear why boron
hydrides react readily with amines and other electron-
-donors3 0 5 '3 2 4 '3 2 5.

The interesting reactions of [Be(CH3)2]x with amines3 2 6,
ethers, and phosphines327 can be explained in a similar
manner. On reaction with primary amines the polymer
is broken down with the formation of Be-nH-Be co-ordinate
bridges and a polymer containing both two-centre co-ordi-
nate links and three-centre bonds:

meric. The following structures are assumed for these
compounds

*

— C u

iCjH^P

/

Cu R

t C
R—c==c—cu —III

The present reviewer suggests a cyclic structure for
the copper compound

R — C = C Cu* 1

Cu

C—R \

t
-Cu—C=C-K •Ci.—C=C—R

iPc(CH, 2 , v

1

CH, .

CH3 '

RNH..

(-)
: Bo

CH, .

CH:,
 J

\ ( B e

R

1
N H

1
R

. >—

c \

• CH,

R
|

Ν Η
I

; 'B!-

CH, .

CH;, '

50 ·

/NHa-R
\ : H 3

(-1 ,NH.,R R N H ,
•:\'x(

V.H : J

C H 3 .

CH:, '

In this way groups of compounds are obtained having the
general composition

The bond between the metal atom and the C · C group is
probably three-centred. The same type of bond is probably
present also in the compound C6H6.AgC104, which can be
represented as a polymeric chain330

. . . C 0 H 0 . . - A g - - - C C H 0 - - - A g · · .

in which the benzene rings are strongly distorted (four C-C
bonds of 1.43 A, and two C-C bonds of 1.35 A).

| (CH 3 ) : BcJ,. [(CH:i), Ρ],, χ = 1.. .5; y - 1.. . 3 3 - '

K C H J j B e J J f C ^ j O\y . v = I. 2, (5; ; / - 1 . . . 3 « "

[(CH;,)., Be] ( [(CH;1)3 N] »-·

Such polymers very probably exist. The study of elec-
tron-deficient compounds is only in its initial stages, and
the results of investigations in this field are of great scien-
tific value.

Recently an interesting derivative of tetramethylhydra
zine and diborane has been prepared328

R R R R

II II
: Ν—Ν : + B..H, - HaB : N - N : BH 3

I I " II
II

R R
II

R R

Dimethylberyllium, which has two vacant orbitals, is
able to form a linear polymer of high molecular weight

R R R R CH, R R CII 3

! Ι ι Ι ι I I I
, • N - N • + | ΐ ν · ( ΐ ' . Η , ) , 1 - : Ν — Ν : 15ο : Ν — Ν : B e • · •

I ! " ι I I 1 I I
U u' R R C H , U R C H ,

Although electron-deficient compounds are unstable,
which would hinder their practical application, they may be
of interest for the synthesis of other chain polymers.

The recently prepared acetylenic polymers of univalent
copper and silver329 can probably be included in the same
group: (C2H-)3PAgC -CR is dimeric in nitrobenzene, while
the corresponding copper compound is trimeric or tetra-

V. POLYMERIC CHELATE COMPOUNDS

Chelate compounds85"87'331 are of great importance in
the chemistry of complex compounds; they are complexes
in which the metal atom forms part of a ring (usually five-
or six-membered), for example

Η,

Berlin and Matveeva332 have recently suggested the
term "chelatophor" for groups which are able to form che-
late rings.

Organic compounds of the type

Η χ / ' V-Y

(X = Ο, S, NH, etc.; Υ = O, S, NH) can react with metal
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ions to form chelate polymers having the general structure

• < > - * - < > < > - * - < > < •<>

Since the chemistry of chelate polymers has been dis-
cussed in detail by Berlin and Matveeva332, we shall con-
sider only examples of compounds in which metal atoms
alternate with organic groups to form the main chain.
Several classes of compounds of this type are known.

Elliot333 obtained polymers of cobalt with bis-a-amino
acids. It would be useful to study thioamine acids, amides,
and other acid derivatives of similar structure with a view
to obtaining new chelate polymers.

Sometimes merely the presence of a carboxyl group at
the ends of a hydrocarbon chain is sufficient for the forma-
tion of co-ordination polymers. Thus basic beryllium
acetate (CH3.COO)6Be4O forms polymers with dibasic or-
ganic acids

«· Be4O (RCOO)o + x XOC—R'—COX" -*
(Be4O) / - O

(RCOO)

/ - ο χ ,ογι
u \-cy X o/J,

where X = OH, OR.

Polymers containing beryllium can be prepared from
succinic3 3 4 '3 3 5, adipic, sebacic, isophthalic, and tere-
phthalic acids3 3 6.

Even copper salts of α,ω-dicarboxylic acids have a two-
-dimensional macromolecular structure3 3 7. Compounds of
univalent copper with a, ω-dinitriles [Cu(NC.R.CN)2]NO3 are
also polymeric, as is shown by an X-ray investigation of
the complexes of succinonitrile338, glutaronitrile339, and
adiponitrile340.

A large number of co-ordination polymers have been ob-
tained by the reaction of tetraketones with Be, Cu, Ni, Zn,
Co, Fe, Pd, Mn, Sr, Cd, etc. 3 4 1 " 3 4 4

quinizarin (VI),351 bis-8-hydroxyquinolinylmethane (VII),352

and other ligands353"359

OH
(III)

OH

A
U

Ο
II

/\/

II IIΗ 0 Λ ιII

0
(IV)

.OH
HS NH

HS

(V)

Ο OH

\/\/\y
II I

Ο OH
(VI)

HO—;

/ — \ ' Ζ—<

(VII)

Among interesting polymers are those in which the
chelate ring contains two metal atoms, e.g. silver oxalate330:

κ Ο —

Ferrous oxalate also is a linear polymer361:

HOH .0, X). HOH A
\ I / XC^ N ι /

y. HOH .

c /Γ^ c /ΓΝ

^ 7 HOH N X ^O^HOH \. . .

The high viscosity of concentrated solutions of magne-
sium acetate is explained by the formation of polymers3 6 2 '3 6 3

CH 3

I

,o-c=o
-0=0-0

I
CH 3

CH3

I

I
CH3

Infra-red spectra have shown that ferrous glycollates
are polymers of similar type364

;C-R'-C

Chelate polymers of aluminium have a similar struc-
ture 3 4 6 .

Hydroxynaphthaquinones are also able to form polymers.
Linear polymers of beryllium with naphthazarin and alkan-
nin have been obtained346

..\A-, . V . »>x ··
x c—ο/

Η, Ο

ο
c—c
Hj Ο

Interesting polymers are encountered among organic
derivatives of beryllium365

I I I
(CHS)4 O - C H 3 (CH 2) 4
I 1 I-

— Ο — > B e - — O — ( C H , ) 4 — B e — ( C H 2 ) 4 — Ο — • B e - —
I I I t I I I

CH 3 (CH2)4 CH3 O—CH3 CH 3 (CH4)4 CHS

I I I

The existence of purely inorganic chelate polymers is
possible, for example Pb(NS)2NH3:

366

Η3Νχ .N-S
>bf I

•-N—S

Polymers are known containing various metal ions and
1.6-dihydroxyphenazine (III),347 2,5-dihydroxybenzoquinone
(IV).347 rubeanic acid (v),348>349 5-formylsalicylaldehyde,350

Progress in metallocene chemistry has made it possible
to obtain new types of polymers containing such groups in
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the main chain. The following reaction was carried out3 6 7 '3 6 8 The compound371

Other workers3 6 8 have prepared polymers with the
structure

Recently Korshak et aZ.369 have synthesised a polyferro-
cene with a molecular weight of ~ 2500

An interesting metallocene polymer is molybdenum(II)
dibenzoate370, which has been given the structure

< & > - < • "

There are many as yet unused methods which could be
applied to the synthesis of new types of polymers. It would
be interesting to obtain polymers of the following types

where R - alkyl or aryl group, O, S, NH, R2Si.O, R2P:N,
etc.

Another method would be addition of a chelatophoric
group to a metallocene skeleton to obtain the corresponding
chelate polymers

It would also be interesting to obtain chelate polymers
in which the chelatophor was combined with a siloxane or
other organo-elementary radical

, r -siii., -to- -s
A H

OHCH3

—Si —CM,—O—C— ί
Ι

CH ;,

is of interest from this point of view.

Since chelate polymers combine the properties of or-
ganic and of inorganic polymers, and possess great ther-
mal and chemical stability, it can be assumed that in the
future they will play a special part in the production of new
synthetic materials with special properties.

VI. FORMATION OF CO-ORDINATION POLYMERS IN
SOLUTION

1. FORMATION IN WATER

It has long been known that ions in aqueous solutions are
hydrated but a detailed study of aqueous solutions of metal
salts has shown that the phenomena occurring in solution
are very varied and complicated. Aqueous solutions of
salts are often acidic or alkaline indicating that chemical
interaction between metal ions and water molecules (hydro-
lysis) takes place in solution. Since modern research has
shown that such reactions not infrequently involve the for-
mation of poiynuclear complexes which are co-ordination
polymers, we will examine these phenomena below.

The first reaction which takes place when a salt is dis-
solved in water is hydration of the ions. In the case of a
salt of a cation Mp+, having a co-ordination number of η
with respect to water, and an anion A (A is assumed to be
univalent in order to simplify the chemical equations),
hydration can be represented by the equation

MA,, · χ H3O + η Η,Ο ~ f Μ (11,0),, f+ aq + ρ A' • aq

. rvstalline salt

(1)

This simple hydration reaction is followed by a number
of secondary reactions, which to a large extent determine
the macroscopic properties of the solution (pH, electrical
conductivity, etc.). The water molecules co-ordinated
with the central ion can lose hydrogen ions or can be re-
placed by OH" ions from the solution:

[M (11,0),,]"+ + H,0 ~ [M (Η,Ο),,^ (OH)!'"-11 '· -I " :1O
+ (2)

[M (H*O),,]'1+ + OH ~ [M (f I,O)n_., (OH))"'• l>+ f Η.,Ο (3 )

This reaction is favoured by a decrease in the hydrogen
ion concentration. Complexes can be formed having one,
two, or more hydroxyl groups co-ordinated to the central
ion

Η.Ο 71 |M(H:U),,_.. (OH|.] ! ( (4)

When their number is equal to the valency p of the metal,
the hydroxide is precipitated.

These reactions are accompanied by an increase in the
concentration of H+ (or H3O*) ions in the solution, and can
therefore be studied by the usual methods for determining
hydrogen ion concentrations in solution.

We are especially interested in the formation of hydroxo
complexes in solution, since they can be condensed to form
poiynuclear complexes' i.e. co-ordination polymers.
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We shall therefore ignore, with Pokras372'373, other
possible reactions in aqueous solution and confine ourselves
to the formation of these complexes, in which the OH groups
act as bridges (reviewed by Basset374).

Hydro ly t ic c o - o r d i n a t i o n p o l y m e r i s a t i o n .
Reactions of this type can be represented by the following
equations

- + [Μ (Η2Ο)η_1(ΟΗ)]<"-1»+ - (5)

M-OH-M (H2O)n_1]
(2p-1>+ + H2O .

O ) n _ 2>+ + 2H2O. (6)

These reactions can continue with the formation of co-
-ordination polymers of increased molecular weight con-
taining 3, 4, 6, or more metal nuclei. Formation of com-
plex polymers of the following type is possible87

HQH

HOH

Η HOH Η HOH
/O\ I yO\ I

\ 1 / \ 1 /
NC/YNC/T^

Η HOH Η HOH

Η HOH

Η HOH

Η

V
Η

HOH

HOH

Η Hf

.V.

Η Η(

1H

\ 0 H

We have seen that an increase in the concentration of
OH" ions in the solution favours reactions (2)-(4), which
form the initial stages of the polymerisation process in
solution. When a salt solution is made alkaline until the
metal hydroxide separates, co-ordination polymers are
present in the solution. Polymerisation develops as the
solution is made alkaline, and is terminated by precipita-
tion of the hydroxide, which is a high polymer (see section
IV).

When a solution is allowed to stand, other reactions take
place, which change the nature of the polymers, for exam-
ple

.1

This reaction is favoured by a decrease in the hydrogen
ion concentration of the solution and by an increase in tem-
perature.

These facts make it possible to understand the formation
of hydroxides, oxides, and basic salts in aqueous solution
and the polymeric structure of these compounds. These
views on hydrolysis reactions (which are better termed
hydrolytic co-ordination polymerisation reactions) have
been expounded in papers by Stiasny375'376, Thomas3 7 7"3 8 0,
Janderand Jahr 3 8 1 " 3 8 4 , and later in the investigations of Hall
and Eyring385, Pokras 3 7 2 ' 3 7 3, Kraus 3 8 6 ' 3 8 7, Faucherre 3 8 8" 3 9 1,
Souchay392'393, and Sillen and his collaborators3 9 4"4 2 2. The
work carried out at Kungl. Tekniska Hogskolan in Stockholm
during the past ten years 3 8 7 ' 3 9 4" 4 1 9 has made a particularly
great contribution towards elucidating the reactions occur-
ring during the process of hydrolysis.

Sill£n obtained general equations representing the pro-
cess of hydrolysis, and worked out a mathematical method
for calculating the composition and the degree of polymeri-
sation of co-ordination polymers in solution. The method
has been described in several reviews3 8 7 '3 9 4 and in the
original papers 3 9 5" 3 9 8 .

Let us examine further some hydrolysis reactions,
order to simplify the reaction

>;+ + H aO - Μ (H2OU (OH) 2 + + H3O+ ,

In

we shall represent it as follows

M 3 + + H2O t . MOH I + + H+.

Study of a large number of metal ions has enabled metals
to be classified as follows with respect to their behaviour
on hydrolysis.

(a) Metals which form only mononuclear complexes on
hydrolysis: Hg(I),399 Hg(II),400 Fe(n), 4 0 1 Tl(III),4 0 2 '4 0 3

Cd(n),4 0 4and Ag(I).405'406 Thus, for example, Hg2* forms
[HOHgOH2> and [HOHgOH]. In Fe2+ solutions, [FeOH>
ions are formed, etc.

(b) Ions which on hydrolysis form dinuclear complexes
or a limited number of complexes of definite degree of
polymerisation: Be(II),407 Cu(II),408 Sn(n),4 0 9 Fe(III),4 0 3 '4 1 0

Bi(III),4 1 1 '4 1 2 and Al(III).403'413

(c) Ions which on hydrolysis form continuous series of
polynuclear complexes, of general formula

where p is the number of OH groups, η the charge on the
metal ion Mn+, and A: the degree of polymerisation. This
group includes the ions UOfV14 In (III), 4 0 3 ' 4 1 5 Sc(III),4 0 3 '4 1 6

Th(IV),417'418 and U(IV),418>419

I o n s which f o r m d e f i n i t e p o l y n u c l e a r
c o m p l e x e s . Hydrolysis of the beryllium ion Be2+ has
been studied potentiometrically using the quinhydrone and
the calomel electrodes3 9 4 '4 0 7. The main product of hydro
lysis is the Β63(ΟΗ)|* ion, accompanied by small amounts
of the Be,OH3* ion and of Be(OH)2.

It is supposed that beryllium has tetrahedral co-ordina-
tion, as in Be(OH)2, involving water molecules: the Be3(OH)|+

cation has a cyclic structure. The main reaction in the
hydrolysis of beryllium is

3 Be2 + + 3 HjO ~ Be3 (OH)|+ + 3 H+; log Κ = — 8.66±0.03

These workers assume that the compounds BeOH(H2O)2.
.[HgCl3], Be(OH)(H2O)2[HgBr3], and Be3(OH)3(H2O)6[Hg2I7],
described by Slavvo423"425 contain polymeric cyclic cations
similar structure.

The hydrolysis of the beryllium ion was also studied by
Faucherre 3 8 8" 3 9 0 and by Souchay392>393 who assumed the
existence of the Be4(OH)4+ ion in solution. Scandinavian
workers 4 0 7 did not support this view. The Be2(OH)2

+ ion,
which was assumed by other workers4 2 6 '4 2 7 is also absent
from solution.

In aqueous solution the Cu2* ion forms only dinuclear
complexes Cu2(OH)2+ on hydrolysis408.

Hydrolysis of the Sn2* ion yields mono-, di-, and tri-
meric complexes — SnOH*, Sn2(OH)f*, andSn3(OH)f* - by
the reactions4 0 9

3 Sn5 + + 4 HtO t. Sn3 (OH)|+ + 4 H + , log Κ = — 6.77

2 Sn!+ + 2 H,O ~ Siij (OH)J+ + 2 H+; log Λ - — 4.45

Sn 2 + + H2O ~ Sn OH+ + H+; log Κ = — 39.
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The following equilibria occur in the hydrolysis of the
bismuth ion, Bi3 +,4 1 1 '4 1 2

Bi 3 + +H.,0 - BiOH:+ + H + ; log Κ = - 1.58 + 0.02

G,Bi3+ + 12 H2O C. Bi6 (OH)J+ + 12 H+; log Κ =- 0.330+0.005.

The main reaction product is the Bi6(OH)^ (or BigOf*)
ion. A continuous series of complexes {Bi[(OH)2Bi]rJ

3+r!,
as seemed possible earlier, is not formed420.

These polycations having six bismuth atoms are hydro-
lysed with the formation of a nonanuclear cation412:

1.5 Bie (OH)';+ + 2 H.,0 - Bi0 (OH)',+ 4- 2 H + ; log Κ - — 3.5+0.1

Bie (OH)J,-+- + H,0 ~ Biv (OH)J+ + H + ; log K = — 3.2±0.2.

The structure of these complexes is unknown

The presence of polynuclear bismuth complexes in solu-
tion has been demonstrated by various methods. The ions
Bi4C^+, Bi5O|+, and Bi6O^+ have been detected photometric -
ally428. It was not possible with the ultracentrifuge to
establish whether the complexes contain five or six bismuth
atoms4 2 9.

Tobias430 considers that hydrolysis of Bi3+ proceeds
according to the equations

b i 6 O 6 ( O H ) * + + 3H+.

Hydrolysis of ferric iron yields only mono- and di-
-nuclear complexes403'410

Fe»++H sO-FeOH i +-fH+; log/C = 3.05

FeCH :++ H,0 - Fe(OH)++H+; log Κ = — 3.26

2Fe"-+ 2HiO-iFe2(OH)J++2H+; IogK - — 2.91

When hydrolysis is continued, the hydroxide is formed.

Hydrolysis of the Pb2+ ion gives the following products421

4Pb=+-MH..O - Pb 4 (OH)J + +4H+

(•:Pb^-+8HaO - P b 6 ( O H ) * + + 8 H +

Pedersen431 proved that the ions Pb2OH3+ and J
are formed, and Faucherre4 3 2 considers that hydrolysis of
Pb2* gives Pb4(OH)4+, Pb9(OH)&, and PbOH\

The hydrolysis of the Al3+ ion has been investigated
by various workers, who have emphasised the presence of
polynuclear complexes in the solution. Brosset, Bieder-
raann, and Sillen403'413 were unable to determine exactly
whether complexes having definite degrees of polymeri-
sation or continuous series of polymers were formed in
solution. In acid medium ions having the composition
Al[(OH)5Al,](:3+x)+ are formed, and in alkaline medium
[Al(OH)3]r(OH)~ ions; it cannot be said whether χ assumes
a series of values or only certain values. Formation of
the complex Al^OH)3^, for which a cyclic structure (Fig. 23)
is suggested, is most probable in acid medium. This
agrees with results obtained by Kohlschiitter and Hantel-

σ

Fig. 23. Structure of hexanuclear complex

Al6(OH)3i5 a<3 complex: 1) Al: 2) OH or H2O.

Ions which form c o n t i n u o u s s e r i e s of p o l y -
m e r s . Ions of several metals form polynuclear com-
plexes of indefinite degree of polymerisation on hydrolysis.
Continuous series of polymers are formed, with the general
formula M[(HO)pM]x, where χ = 1, 2, 3, 4, 5, 6, ...

Hydrolysis of the In3+ ion involves the equilibria403'415

I n 3 t + 2 H 2 O + I r i 3 f 7t ln(OH)2In«+-j-2H+; logK = — ό - 21

Ιη|(ΗΟ)21ηβ+Λί+-2Η2θΗ-Ιη ;'+·Τ-1π[(ΟΗ).,Ιη]^+^2Η + ; log λ = —4.69

the general equation being

(x + l)In3+ + 2.iH,Ot & >

These polymers probably have a linear structure, since
X-ray analysis has shown214'434 that basic salts of indium
contain linear polymeric ions In(OIn)^+3>4.

Hydrolysis of the Sc3* ion403»416 is represented by the
general equation

(x + 1) Sc3++2*H2O ΐ . log K = 0.70—6.8

The solution contains species having χ - 1, 2, 3, such
as, for example, Sc(OH)2*, Sc(OH)£, Sc2(OH)4+, andSca(OH)=+.
as well as higher polymers. The degree of polymerisation
increases step by step, according to the equation

New data4 1 7 '4 1 8 on the hydrolysis of thorium Th4* indicate
the formation of a series of complexes Th[(OH)3Th].v, where
x = 1, 2, 3,..., 6, and above. Early work showed that for-
mation of Th4O|+ ions takes place, but other workers435

point to the formation of the ions Th(OH)|+, Th2(OH)f", and
Th8(OH)?J. The Th2(OH)|+ ion was detected by Hietanen and
Sillen436. A linear structure is suggested for the polycat-
ions formed on hydrolysis: ThoHThc?HThoCH...Tho%Th or

man4 3 3, who found cryoscopically that the size of the mole- Th(onTh)r. This hypothesis is based on X-ray analysis
cule in a solution containing Al: OH = 1 : 1.5 corresponds to
six Al atoms, i.e. to the A16(OH)35 ion.

The complex ions A12(OH)|+ and A13(OH)^ are not the
chief products of hydrolysis, even if they are formed in
solution. The presence in solution of complexes having
higher degrees of polymerisation is not excluded.

which showed the presence of Th[oHTh](^+x)*chains in the
structures of the basic sulphate and the basic chromate of
thorium (SO4ThOH and CrO4ThOH), as well as on an elec-
tron-diffraction study437'438 of thorium hydroxide.

It is interesting that polynuclear thorium complexes con-
taining Th-O-Th bridges are p.lso formed with oxalic acid4 3 9.
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The ions [Τ\Ο2(Οκ)2^* and [TheO3(Ox)4]
i 0 1·, where Ox =

= (COO)!", were detected, having the possible structure

.Th-Ox—Thv

o( >o
M h — O x — T h x

Τ h—Ox—Th—Ox—Th

Ο Ο Ο

-Th—Ox—Th—Ox—1•Th

10+

Water molecules, of course, are co-ordinated to the thor-
ium atoms.

Chelates of thorium with ethylenediaminetetra-acetic
acid (EDTA) hydrolyse with the formation of a cyclic t r i -
m e r 4 4 0

13—
,O

ATh<
X O

Η A
O-Th

OH

Η A

A=EDTA

Hydrolysis of the U4* ion 4 1 8» 4 1 9 is similar to that of the
Th4* ion. A mononuclear complex is formed first

and then the polymers

(x + 1) U«+ + 3xH2O ~ £

These polymers apparently have a linear structure
U [ O H U ] ( £ X ) + , s imilar to the compound U(OH)2SO4, studied by
X-ray diffraction4 4 1, which contains [U(OH)2]^* infinite
chains. In the compound U6O4(OH)4(SO4)6 X-ray analysis
has detected 4 4 2 the presence of discrete U6O4(OH)4

2+ ions.

Hydrolysis of the UOf4" ion results in the formation of a
ser ies of polymers having the composition UO2[(OH)2UOjx>x)+

(or UO2[OUO2]^+ J d +).4 1 4 It is suggested that the structure
of these complexes is based on layers of the given compo-
sition in which the UO2 group forms four U - 0 co-ordinate
links, as in the structure of BaUO2O2

 4 4 3 and CaUO 2O 2 . 4 4 4

Recent work has shown 4 4 5 the formation of cations having
the composition (UO2)2(OH)i+ and (UO2)3(OH)2+.

Co-ordination polymers are formed by an analogous
mechanism in solutions of several uranyl chelates 4 4 6 . Thus
dimers and t r imers of the following structure are formed 4 4 8

HO OH

A 2 O 2 U A =

OH

The precise structure of such t r imers is still unknown.

The l iterature contains data on the hydrolysis of other
ions, but the results a re not yet sufficiently convincing, and
the precise composition of the hydrolysis products is
unknown. Polymerisation phenomena have been observed
in solutions of cerium sa l t s 4 4 7 ' 4 4 8 , in which dimers, t r i -
mers , and polymers are present. X-Ray patterns have
shown 4 4 9 that the basic salt CeOSO4.H2O contains macro-
molecular C e - 0 chains, while the salt Ce6O4(OH)4(SO4)6 is
made up of Ce6O4(OH)f+ ions.

Other workers have shown the presence of polymeric
complexes in solutions of titanium salts . Thus the Ti4+

ion in solution forms polymeric complexes of the type 4 5 0

It has been shown spectrophotometrically 4 5 1 that solu-
tions of peroxotitanic acid a re also polymeric. The p r e -
sence of macromolecular T i - O chains in the structure of
TiOSO4.H2O has been established by means of X-rays 4 5 2 .

The zirconium ion Zr4* is also able to form polymers 4 5 3 .
The ions Zr3(OH)f-and Z r ^ O H ^ e x i s t , and higher polymers
are probable. This agrees with Lundgren's X-ray r e s u l t s 4 5 4

showing that basic zirconium chromate contains [Zr4(OH)6.
.CrO4]f-*+ endless chains containing Z r - O H - Z r co-ordinate
links. The ions Ζ Γ 4 ( Ο Η ) 8 ( Η 2 Ο ) ? * have been detected 4 5 5 in both
ZrOCl 2.8H 2OandZrOBr 2.8H 2O. Oxalate polymers Zrnx.
.[(COO)2k (n =2, 3, 4, ...) have been discovered 4 5 6 . Some
chelate compounds of zirconium are also polymeric 4 5 7» 4 5 8.

The hydrolytic polymerisation of the chromic ion, Cr 3 +,
has been widely s tudied 3 7 5 ' 3 7 6 ' 4 5 9 " 4 6 4 and formation of poly-
nuclear complexes of high molecular weight is possible.
The Cr3* ion can probably form a continuous ser ies of poly-
m e r s on hydrolysis.

Polycations of high molecular weight a re also formed in
the hydrolysis of salts of magnesium Mg(II),3 8 3 z inc, 3 8 4 and
Plutonium 4 5 6.

In all these cases it is unknown whether continuous
ser ies of complexes or complexes having a definite degree
of polymerisation are formed and it would be very useful
to apply Sillen's method to an investigation of the hydrolysis
of these ions.

Other ligands besides the OH ion are able to form poly-
meric, polynuclear complexes in solution. Interesting
work by Nilssen 4 6 6 has shown that the complexes Ag2(S2O3)|",
Ag3(S2O3)|~, and Ag6(S2O3)£°~ are formed having co-ordinate
links between the silver ions and the thiosulphate groups.
In the Ag4I|~ ion the Ag and I atoms occupy positions corre-
sponding to a urotropine type of s t r u c t u r e 4 6 7

Sill§n's method can probably be used also with multi-
valent ligands: it would be useful to study systems con-
taining metal ions together with these ligands both in
aqueous solution and in organic solvents. Most precipi-
tation reactions a re probably preceded by the formation in
solution of polymeric (polynuclear) complex ions. The
formation of sparingly soluble sulphides and other precipi-
tation reactions employed in analytical chemistry would
meri t careful study from this angle.

We see from this section that the formation of polymeric
complexes in solution is associated with the formation of
basic sal ts . Study of the latter is therefore of great inter-
est in connection with the chemistry of co-ordination poly-
m e r s ; existing results may give an impetus to such inves-
tigations. In addition to work cited, note must be taken
also of that of Fe i tknecht 2 6 6 " 2 7 1 ' 4 6 8 , who studied a number
of basic salts, which X-ray studies showed to be macro-
molecular co-ordination compounds 4 6 8:

HO\T/°\T/°H

" ^ H X I H ^ H

[Cua<OH)-,NO-,]oo/V — two-dimensional lattice of single layers
[ Z I I , ( O H ) P Z P . C I , H . . O | Ν — two-dimensional lattice of double layers
|M6,(OH):,(H2O):iCIH2O]coK - linear macromolecular structure
{ C O H C l J G — three-dimensional macromolecular structure
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2. Formation in Liquid Ammonia

We have seen that in aquo systems the OH" ions can re-
place water molecules in the solvated complex [M(H2O)n]
with the formation of polynuclear complexes. Several
contemporary investigations showed that reactions of com-
plex ammines [Μ(ΝΗ3)6Ρ* with alkali metal amides MNH2

in liquid ammonia involve reactions analogous to those
occurring in aqueous solutions

[M(NH3)n]Xp+nNH2 . [M(NH:1)rtl(NH,)p+pX-
ir

[M(NH3) (NH2) ]+pNH 3

Formation of amido complexes may be accompanied by
the formation of polymers with elimination of NH3 groups
from the complex, co-ordination unsaturation being met by
a bifunctional group, NH2, acting as a bridge

(H 3 N) r t _X
r

+2NH 3

If the concentration of NH2~ ions increases, macromole-
cular complexes are formed in the solution

(-NH2-) with the formation of macromolecular cations, and
finally mononuclear complexes

Potassamide is a base in liquid ammonia; it reacts with
amides, rupturing NH2 bridges with the formation of macro-
molecular anions

-^Co^-NH^Co^-NH,—

4 N 1

—v^o—ΙΝΠ,—;<-»ς— Νη,-ρ,

The latter reaction involves elimination of ammonia
from two neighbouring NH2 groups

(_)

HJN NHj H3N NHs

— Μ Ν Η2 Μ - NΜ

N /'i\s/T\N/
+ NH,"
- N H ,

H,

\ / ' \

H j

H j

/ \

\ /

H i

Schmitz-Dumont and his coworkers 1 9 ' 4 6 9 " 4 7 1 obtained co
-ordination polymers from metal amides, hydroxoamides,
μ-oxoamides, and alkoxoamides using such reactions.

Treatment of [Cr(NH3)6](NO3)3 and [Co(NH3)6](NO3)3 with
potassamide KNH2 yielded the corresponding amides
Cr(NH,)3 and Co(NH2)3, in which Cr and Co retain a co-
-ordination number of 6.472 Schmitz-Dumont ascribed a
linear polymeric structure to these compounds

H3N . C r - NHj yC

-NH 3

-NH 3

In the reviewer's opinion a two-dimensional structure,
similar to that of the hydroxides of tervalent metals
(Fig. 21), is more probable. These complexes are formed
by the following mechanism473

2[T.o(NH3)I](NO3)3 4C0/ +
\ ,

N \

y
)CO(NH3)4

NH, N H / N O , N H ,
(H3N)«ColUCoC /Co(NH3),

\NH/ J

— I-.., N H ,
^NHJK

-NH,—,

Like the corresponding hydroxides, the amides of
chromium and cobalt have amphoteric properties. Am-
monium salts NH4X, which in liquid ammonia are acids,
react with amides, rupturing some of the amide bridges

\

In this way a compound of the following structure is formed474

— Co—NH,—;Co—NHj—

Thermal decomposition of this compound leads to the
polymer (Co2N3Ks)jf. The reactions with chromium amide
are similar.

Polymeric amides have also been obtained of titanium475,
vanadium476, and thorium477

+ KNH,

x [Ti ( S C N ) 0 ] K 2 — : - [Ti(NH,)4Klx — — - |Ti(NH)2K)x

jr[V(SCN),]K
+ KNH,

Λ·[Τ1,(ΝΟ3)β]Κ2

hKNH,

— Κ NO,
— N H ,

— N H ,

[Th(NH2)jNH2K],

- [V(NH)aKl,

*[Th(NO; i),|K,
50°

—NH,

Kin» 130·
• | T h ( N H ) 2 L • T h 3 N 4

— N H ,

All these compounds are polymers in which the metal
atoms are linked by NH2, NH, or Ν groups. Polymerisa-
tion of these compounds is caused by the tendency of the
metal to maintain a co-ordination number of 6.

A linear uranyl amide has also been obtained478

K[UO4(NO.,)3]
ΝΗ 1 Ν · Ί

> +3KN0,

This compound possesses amphoteric properties, form-
ing UO2(NH3)2I2 with ammonium iodide, and [UO2(NH2)2K2]
with potassamide. Thermal decomposition yields the
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polymer [ ( U P ^ N ^ ] * . A number of complexes containing
both OH and NH2 bridges have been prepared.

The action of potassamide on [Co(NH3)5OH](NO3)2 and
[(NH3)4Co(OH)2.Co(NH3)4](NO3)4 in liquid ammonia yields4 7 3

two isomers having the formula [Co(NH2)2(OH)Lc. This is
probably the first case of isomerism in the chemistry of
co-ordination polymers. Both isomers are amphoteric.
A scheme for the formation of these isomers, their struc-
ture, and their reaction with NH4NO3 are given below

[ C O ( N H 3 ) 5 O H ] ( N O 3 ) ,

— C o — O H — ^ C H —

+ ΝΗ,ΝΟ, (Co(OH)(NH2)7]2

:o— OH ^Co<—OH—
N ^ b H3NK ^ M H 3

(NO 3 ),

N. /OH ν /NH2N.
isomeric with | —7C0-—OH Cor—NHj

+ NH4NOa

-y^o~—OH ^Co;--NH 2 - |(NOa)3,

H 3 N / \ J H 3 H J N ^ \ N H 3 \X

The mechanism of the reaction was elucidated by identi
fying intermediate products.

: o ( N H 3 ) , (N!H3),Co

- 4 Ν' H,

<NH,),Co

/

N H /

OH—Co' r — ΧΗ,-ρ

NH, \\H2

Among oxoamides only titanylamide is known479, having
the structure

\
T

The hydrogen atom of the OH bridges can be replaced by
organic radicals, yielding amidoalkoxides or alkoxo-
amides4 8 0 [M(OR)(NH,)2]X and [M(OR)2NH2]^, where Μ >= Co,
Cr.

Reaction among [Cr(NH3)e](NO3)3, alcohols, and potassa-
mide in liquid ammonia yields4 8 1 '4 8 2 amphoteric compounds
[Cr(OR)3NHa]y

where R = CH2.C6H5

 4 8 1 or C 6 H 5 . 4 8 2
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With ammonium iodide these compounds are converted
into [Cr(NH3)e]l3, and with potassamide several bridges are
ruptured with the formation of a new polymer

HjNv /OR H3Nv

C r ^ N i l

Treatment of [Cr(OR)2NH2]x compounds with phenyliso-
cyanate yields polymers of the structure

A study has been made 4 8 0 of cobalt amidoalkoxides
[Co(NH2)2OR]x, where R - CH3, C2H5.

In liquid ammonia the compound KPH2 reacts similarly to
potassamide, forming polymers. The compounds [Co(PH2)3]x
and [Ni(PH2)2]x have been obtained483, as well as other com-
pounds containing -NH 2 - and - P H 2 - groups.

VII. PROSPECTS AND OUTSTANDING PROBLEMS

This review of co-ordination polymers has shown the
special role of co-ordinate bonds in macromolecular
chemistry. The chemistry of co-ordination polymers is
an interesting branch of modern inorganic chemistry and of
the chemistry of complex compounds, offering new methods
of synthesis of macromolecular compounds.

It is evident from the present survey that research in
this field is only in its initial stage of development. It is
necessary to continue and extend investigations into the
following problems in the chemistry of co-ordination poly-
mers:

(a) A study of the structure of inorganic compounds
which are potentially polymeric, in particular derivatives
of transition metals such a cyanides, sulphides, halides
thiocyanates, complex compounds having an abnormal co-
-ordination number, basic salts, metal amides, chelate
compounds, etc. For this purpose wide use must be made
of X-ray and electron diffraction, spectroscopic, and other
physical methods.

(b) Determination of the molecular weight of inorganic
compounds and their organic derivatives under various con-
ditions, mainly in inert solvents, in which the phenomena of
co-ordinate association (i.e. polymerisation) take place, or
in the vapour phase (when possible).

(c) Synthesis of new co-ordination polymers, metallocene
polymers are of great interest in this connection.

(d) Physicochemical study of co-ordination polymers —
mechanism and kinetics of formation and decomposition,
equilibrium in solution, determination of thermodynamic
constants, etc.

(e) Theoretical study of co-ordination polymers. It would
be interesting to study the nature of the chemical bond in
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these polymers, many-centre many-electron bonds prob-
ably playing a great part here. The stereochemistry of
these polymers is especially interesting.

(f) The discovery of new opportunities for their practical
application. These compounds are of interest from the
point of view of producing new materials having special
properties, for example, increased thermal stability, and
semiconducting, dielectric, catalytic, and other properties.
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I. INTRODUCTION

Most of the therapeutically valuable alkaloids have syn-
thetic substitutes containing the same structural elements.
They are simpler in structure and are manufactured on an
industrial scale. At present the synthetic antimalarials
(atebrin, bigumal), anaesthetics (promedol), local anaes-
thetics (novocaine), and other synthetic drugs are often
superior in their properties to the natural ones and are
favoured in medical practice.

{n 1952, from the plant Rauwolfia serpentina, Muller,
Schlittler, and Bein1 isolated reserpine (I), an alkaloid of
the indole group, with a sedative and hypotensive action.

The remarkable activity of reserpine and its wide appli-
cability in medicine2»3 for the treatment of hypertonia and
mental diseases has attracted considerable interest. Its
structure was established4 in 1954, and in 1956 Woodward
and his collaborators5 carried out its complete synthesis.

Studies of the correlation between the structure of re-
serpine and its pharmacological activity were started in
1954. Yakhontov6 discussed this subject in his review of
the alkaloids from Rauwolfia.

A good deal of work is being done at present in an at-
tempt to find simple analogues of reserpine. All efforts
to synthesise a reserpine substitute are directed towards
the preparation of various fragments of the reserpine
molecule, viz. the derivatives of yohimbine, β-carboline,
indole, isoquinoline, cyclohexanol, and trimethoxybenzoic
acid.

This review discusses all the attempts made so far to
synthesise simple analogues of reserpine.
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II. EFFECT OF STRUCTURAL CHANGES IN THE
RESERPINE MOLECULE ON ITS BIOLOGICAL
ACTIVITY

The pharmacological study of the alkaloids from
Rauwolfia led to the discovery of an interesting type of ac-
tion on the central nervous system, the so-called reser-
pine-like action, which is at once sedative and hypotensive.
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