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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. Whereasin 1952 it was considered?! 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 simplemole-
cules”, this would not be correct today. Many structures
known only in organic chemistry became known also in
inorganic molecules, for example cyclic?:® and macro-
molecular 24714 inorganic polymers, etc. Determination
of the molecular weight and study of the structure of inor-
ganic compounds, such as PdCl,, CuBr,, Be(CHy),, 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 towhichwe had beenaccustomed
were mainly derivatives of non-metals, the macromolecu-
lar skeleton of which was formed by normal covalent bonds.
Published reviews 2?78 with a few exceptions +!° 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”!%:!¢ 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:  R,B—NR;,

co-ordinate link BN: RyB « NR; or RyB—NRs

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 7,

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

H
SN
o
H

H
[NH),Cr —O—Cr(NHJX,  [(NH,Crd S CriNHy),IX,

H
ZON
[{NH3);Co—OH—Co(NH,)3}X;
O/
H

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 orbitals 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
their_lone pairs of electrons to form bridges. Such groups
as -OH, -NH,, -SH, -Cl|, —Br|, etc., are able to form
bridges, but the NH; 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 compounds 47511714,
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 PdCl,, 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, svyaznost') 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 -Dumont !8,!° uses the term “high-polymer co-
-ordination compounds” (hochpolymere Koordinationsver -
bindungen) for these compounds, and Schwarzenbach?® 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 numbey 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 Syrkini¢), 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. All 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 '9:19; g3 third? 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 ina generalscheme
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®»® divide all polymers into (z) 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 reviews 578,19 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 peculiarities ® andare therefore
distinct from polymers of high molecular weight.

According to the present reviewer's classification 23,
monocyclic compounds are divided into — (a) homocyclic,
the ring of which is formed by atoms all of the same kind,
e.g. 84,2 (AsCH,)s,% (PCH,)s,? etc.; (b) pseudohetero-
cyclic or alternant, in which the ring is formed by the
alternation of two elements A and B, for example,

H H,
B\ AN
HN NH H,N NH,
| | |
HB BH H,B BH,

NN/
H

covalent ring

NN/
H,
co-ordinate ring

(c) true hetevocyclic compounds, suchas S,NH,? R.Si;O,NH, 2®
ete.

Cyclic co-ordination polymers consistalmost exclusively
of alternant rings, in whichdonorand 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-
mide?":

H,C CH,
NS
N
s
N " /Br
I Hg Q
N Br
N
N
e
H,C CHs

The following classification is suggested for inorganic
polymers of high molecular weight — (@) homochain poly-
mers and (b) heterochain polymers?:%28, 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 —
(@) polymers having tetrahedral structural units (C.N. 4),

500

TABLE 1. Classification of inorganic polymers.

CYCLIC POLYMERS

lr Monocyclic compounds

seudo-
etero-
cyelic

MACROMOLECULAR POLYMERS

Linear polymers

homocyclic hetero- homochain heterochain
cyclic

Polycyclic compounds of
high mol. wt.

i
I

Polycyclic compounds
(of low mol. wt.)

..-—-[ with linked rings (cyclolinear)
—'[ with spiran rings

with fused rings

three-
-dimensional
structures
(lattices)

_ one- two-dimen-

~dimensional sional struc-

structures tures (layer
(chains) networks)

B classes containing co-ordination polymers

(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 €0O-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 M is an
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acceptor, and A a donor, MA molecules can polymerise by
means of co-ordinate links:

A M M—A- M
M DM N 1 |
G

Mom ) !
Ny MeA-n

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

The acceptor atom M is situated at the centre of the
tetrahedron and is in a hybrid sp? state.

Compounds of boron. Trimethylboron forms with
ammonia a compound (CH;),B.NH;, in which the free pair of
electrons on the nitrogen and a vacant orbital in the boron
form a co-ordinate (or semipolar) bond ?°:

— _‘.
(CHy);B « NH; or (CHg); B— NHy.

Thermal decomposition of this compound involves the
evolution of methane and the formation of (CH,),BNH,, which
is a cyclic dimer 3°;

(CHy),
(CHs), B
5 —
H.EN/\"BK\,NH.Z or HN+  4NH,
(Clly), \E/
(CHy),

Its isomer 3! [(CH,),NBH,], is also a dimer. The same
cyclobutane type of structure occurs® in the compounds
[(CH;),NBCl,], and 3 [CH,NHB(C4H;),], as shown by mole-
cular weight and infra-red spectral data:

. H,C CoH,
(élz e\:B/ ¢s
4 SN z
ciaNd ONCHy, CH~—HN{ " NH—CH,
SR >B“
Cly HiGo” NCeHy

The compound [(CH,),NBH,];, obtained3¢ by heating the
corresponding dimer [(CH,),NBH,],, contains a six-mem-
bered ring. X-Ray examination of the trimer 3% showed that
the B,;N; ring has the chair form, corresponding to its
“saturated nature”. A cyclic trimer is also known 3¢ having
the composition [NH(CH,).BH,],:

’;“12 H,

IS B
(CHJ)QT + +‘|V(CH;), na(‘,—H!Il + +1'\'H—CH3
H g~ )H, HB- | —BH,

+ +

KN B\N
(CiHy)y H
du,

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

Burg and Wagner 37/% prepared compounds in which phos ~
phorus was the donor. They synthesised the cyclic com-
pounds [(CH;),PBH,], and [(CH,),PBH,},:

Ha
P

Hy
(CHlxqffgjr;(cHavz

‘fHJ);f* +£}’kCH\)2
H. — HoB— ~BH
mﬂ\ ‘//HH, 7“ L 2
NP (CHs)P—B—P(CH,),
1CHay H,

The cyclic structure of the trimer was confirmed by
Hamilton®® using X-rays. These compounds possess re-
markable thermal stability: it has been established* 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
[(CF;),PBH,]; and [(CF,),PBH,], were synthesised* by re-
action between (CF,),PF and B,H,. The compounds
[(CeHs)ZPBHz] ’ [(C5H10)2PBH2]3, [(C5H11)2PBH2]3, and
[(Ct,Hu)zPBHj3 have been patented as dielectrics %2,

(CH,),AsH.BH, yielded on heating cyclic trimers and
tetramers 43:

Hy
BNl Hy
(CH3)2/15+ +}|\s(CH,)z (CHJ):?TE_;?S{CHah
HB-  —BH HB-  —BH,
\A"s /B ? ?

= +]
H. * 53—
(T (CHg)pAs '{-‘3(? AS(CHy),

The stability of the co-ordinated boron rings decreases
in the order N > P > As.

Compounds of elements of Group III (Al, In,
Ga). In 1932 Ulich and Nespital4¢ established that alumin-
ium alkoxides Al(OR)s occurs as polymers in benzene solu-
tion. They showed that the solution contains co-ordinated
cyclic trimers and tetramers:

m& R

A

R6e " or (RO)zl‘;—Q——_qI(ORH
RO+ +0OR

|

‘RO)’A'\E')/ 1(ORx (Ro;J}”—%—:Auom?
R

Later Mehrotra % studied a series of aluminium alkox-
ides, and showed that they were all polymeric (tetramers).
Bradley, however, considers % 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 AlX, the aluminium atom is co-
-ordinatively unsaturated, having an unoccupied ¢ orbital.
In an oxygen-containing solvent, such as R,0, 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 Al{OR), 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 [(CH,),AlOCH,], are similar eyclic com-
pounds, forming six- and eight-membered rings -,

(CHy)y

A L__R 1
R(I)+ +(,)R (CHg\;A‘_,_ QT?K(CHS\,'Z

- | O+

(CHIEA L ZANCHy), RQ™ , *QR

loidl (CH;E;A!-:—(E‘-'A|(CH-,12

R i

Ferric alkoxides Fe(OR), are also trimeric47»% and
probably have a cyclic structure.

501



Vol. 30 No.9

RUSSIAN CHEMICAL REVIEWS

September 1961

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 diffraction 4% and X-ray diffraction
in the case® of AL,Br,. [(CH,),AlBr], has a similar struc-
ture 52,

e

"N,
o N N\a <

HaC/ I_\B*r/_ Nen,

Jaffé%® applied molecular orbital calculations to the
Al,Clg molecule. The cyclic structure is retained in
Al,ClLH, and Al,Br,H,, obtained®* by the action of LiH on
Al,Cl, (or Al,Bry).

The compound (CH,),AISCH, is a cyclic dimer %

CHa
S

(CHa), A<: >AI(CHJ);
S 7

CHg

An interesting compound in which phosphorus is the
donor is the trimer %56 of composition [(CH,),ALP(CH,),],.

(CHa)y
Al

(CHg)aB + — +P(CHy),

(CH;):P’IR;/—A l(CH3)2

(CHg)y

Attempts to obtain similar compounds containing Al and
N in the ring were unsuccessful. Thermal decomposition
of AlH,NH, yielded®"™®® only acyclic polymers of high mole-
cular weight.

Gallium shows similar co-ordination polymerisation with
formation of cyclic compounds. Gallium halides are
dimeric: Ga,Clg 7% and Ga,Brg. %% Kenney and Lauben-
gayer % showed that (CH,),GaOH is trimeric in benzene
solution. Smith and Hoard® used X-rays to study this
compound, and demonstrated that it had an eight-membered
cyclic structure

(g
{13
+ OH
& (CH) Ho¥
iCHGa= , ~Ga )2 +
o~ (cn,;,o;—g:c!a(cn,),
9

w o
« H;),Ga_—g—_{?a(CH;)a
+0OH

HO+

Dimethylgallium acetate CH,.COOGa(CHy), is a cyclic
dimer®. The compounds (CH,),GaNHCH, and (CH,),GaOCH,
are also dimers. and contain four-membered rings 5.

N i”'
H;C—(". =(;——__(ix.1f(‘ﬂ‘;h /';\ /+\
B 0 (CHY, 03  =Ga(CHy), (CH;\,GK —Ga(CHg)
fooe | \4/,/ Z’)/
(G a—O =m0 —CHy N !
[ER%e “H CHs

Indium and gallium form analogous compounds. Stone®®
showed thatall compounds having the composition (CH,),MIIIR
[where MI!l = Al, Ga, In, Tl; and R = H,N—, (CH,),N-,
(CH,),P-. CH;O—, CH,S—. CH,Se~] 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 sp® bonds, one of which can be formed

502

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 sp? hybridisation (C.N. = 3). Beryllium forms
such compounds %: the cyclic trimer [CH;BeN(CH,),];, and
the dimer [CH,BeOCH,},

CHy

CHs
Be
CHz)eN+ +N(CH +
() (CHan H3C~Be< Nbe—cr
CHy—Be—= . —Be~CHj; +
K;:/)
(CH3h Ha

Other cyclic co-ordination polymers. Other
cyclic co-ordination compounds have been described in the
literature. It has been established®’:% that cuprous chlor-
ide in the vapour state contains trimeric CuyCl, molecules,
which have been shown by electron diffraction® 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 shown 77
contain dimeric and trimeric molecules such as Na,Cl, and
Na,Cli;.

Among interesting cyclic co-ordination compounds are
the dialkylgold cyanide 2" [R,AuCN], having a twelve-
-membered ring, [(C,H;),AuSCN], having a four-membered
ring™, and the compound [(C,H;),AuPO, (OC,H;),},, which
has an eight-membered ring:

R It :

R—ikg‘cirjj-;ln R L'"N Cs 150>PCCJ-&
3 C,H

II* '[‘” Czﬂs\ /ZB /CxH.' 2 s\ /}{

0 C,Hs
Aus Al Au— \—\A /
+N
.+ = a’” N\ \QHa e’ No 40/ u\c.m
ku-,\u—NEC——I’\u—R du \,;{
R i (;lho/ OCaHs

R=C;H;~, is0-CyHy—

Cyclic dimers are known containing halogen bridges be-
tween gold atoms, such as Au,Brg, " and (R,AuBr),, 77"
which are made up of square planar units (Fig.la). The
same structure is shown by the dimeric palladium deriva-
tives [(CH,);AsPdCl,], # and [(CH,);AsPdBr,], & as well as
by the Pd,ClZ~ ions present in an aqueous solution of palla-
dium chloride?2.

@ 02

Fig.1l. a) Structure of planar cyclic dimer
MjyAgq; b) structure of dimer [MAg],, formed
from octahedra.

1) Metal M; 2) ligand A; broken lines - - -
co-ordinate links.
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Platinum also forms cyclic dimers, for example [RyP.
.PtCISCN], 8 and [RyP.PtSC,H,Cl],:8¢

CuHs
cl S—C=N__ PRs  Cl cl
Npt/ pt/ / Npy/
Pt Pt Pt NPt
RPY  “N= c-s/ et p/' Ns”" PR,

Hs

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 !,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 NbCl, (NHCH;,),, % VCI(NHCH;,),,? VCL,(OR),.ROH,
and MoCl,(OR), ® are dimeric, the metal atom having
C.N. = 6 and octahedral co-ordination (Fig.1b). It is inter-
esting that tellurium halides TeX, have a trimeric struc-
ture ®* in benzene solution, owing to the fact that Te has
C.N. =

Platinum derivatives having bridging groups are also
known 2% their structures being

Cl Cl1 Cl

cl a
HN c | P | | Cl |
N g g Y (HoN )Pt/ \Pt(Nm) enit? Nten
A . N¢
a cl 1 cl

Py’ | N7 | NNHs |
cl ol

Recently a large number of compounds having the com-
position M{OR),, 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 polymeric #4748,95 121,

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),]y, where M = Ti, Zr, Hf, Th, the degree of poly-
merisation in benzene (x) increases together with the
atomic radius ry from Ti to Th (see Table 2).

TABLE 2. Degree of polymerisation of some

n-butoxides in solution.

M in [M(O.C i),

| ™
| 8.3

| o
j 4.2

i
|

I L IO B
I 30 1 3.4

16 L 1 |1,65

(o) 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 abranched radical, the compounds M(OR) pare
often monomeric.

TABLE 3. Degrees of polymerisation of thorium alkoxides in
benzene ¥ 10
R CsH, CH, CH,
(ThOR)), | ~CHs | —GiH | =Gty | —nCHy | —nCty, —CH< J cu( ‘I-—CH<
H,
x pon- _ |mon- 6.44 6.20 4.1 4,2 3.8
~volatile J-volatile,
insol. insol.
polymer polymer

(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) polymerisation 103,

(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 benzene %,100,102,104  Qp the
other hand, the energy of intermolecular bonding of alkox-
ides is low, 10 kcalmole™.48

Bradley %¢ explained the structure of alkoxide polymers
on the following premises: (a) the compound M(OR), has
that structure in which the co-ordination number of the
metal atoms is a maximum; (b) 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 data?® on the dependence of
degree of polymerisation and structure on composmon 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),]x have an appa-
rent degree of polymerisation of 6.4, the solution actually
containing ~ 20% of the trimer and 809% of the octamer %,

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.1band2).
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TABLE 4. Sterochemistry of alkoxides [M(OR)p]y. Zirconium, cerium, and thorium can also have a co-
- o o -ordination number of 8, as in the acetylacetonates, in
C.N, | Stereochemistry of Degre .‘ Ll . . N
Compound| of | metal (configuration polymeri- Examples Refs. which the structural unit is cubic. The minimum degree
retel | of complex) | fheorerical of polymerisation of alkoxides having the composition
2 | OMO angle 120° 3 | unknown - [M(OR),]x with C.N. = 8 is 8, corresponding to a ring
MOR || midal s | miory, 105,100 formed by eight cubes (Fig.3). Thallium alkoxides
. bedral , N : [T1(OR)], (the benzyloxide % and the pentyloxide !°) have a
tetrahedra unknown —_ . .
ther differ re (Fig.4).
M(OR), 4 square planar 4 unknown - rathe if ent structure ( 18 )
6 | octahedral threg-di-‘ [Mn(OR),] . 107
polymer
4 tetrahedral 2 .
M(OR)s 6 octahedral 8 } both in [A](On)’]” “
6 | octahedral 3 [Ti(OR )sls, [Zr(OR),]y 18, 87
MOR) | g | cubic 8 | ITHOR)], (partly depoly- 100 ﬂ
merised) RO'———7
M(OR), 6 | octahedral 2 | [Ta(OR)sl [NB(OR)s], 19, 14 o
M(OR), 8 | cubic 2 IV(OR)el2 4 o
Tl —|—or
L
Fig.4. Structure of tetra-
mer (TIOR),.
TABLE 5. Composition and degree of polymerisation of metal
alkoxides.
Hetal Alkoxide D ol Fouoeric Ref. The structure of alkoxides has not yet been investigated
by means of X-ray or electron diffraction: the information
= TI(OR) 4 105, 108 quoted above is based only on theoretical considerations
Mol Mn(OR), insol. 07 and on experimental molecular weights: the study of the
AL AI(OR), 2 4 419, 110, 117 structure of alkoxides by direct methods would be of great
Felll Fe(OR), 1.5 . . .3.0 47, 48 interest.
GelV Gz2(OR), 1 138 . : 3 110
T3V THOR), Y o 111, 118, 115 Non-volatile and insoluble alkoxides !9, suchas Mg(OCH,),,
oV Sn(OR) 1 m La(OCH,),, and Zr(OCH,),, arealsoknown, these apparently
P Zr(OR), 1...3.0 o7, 111, 121, 118 being polymers of high molecular weight.
™V Th(OR), 1.. .64 99, 100, 110, 111
CelV Ce(OR)s 1 .. .43 09—102, 111
NN Nb(OR)s 1...20 101, 104 III. CO-ORDINATION POLYMERS OF HIGH MOLECULAR
TaV Ta(OR)s 1. .2,0 98, 101, 103, 104, 109, 112 WEIGHT
uV U(OR)5 3.0 118
uv U(OR)e 2.2 *® In complex compounds the complex-forming metal M has
a characteristic co-ordination number ». A given value of
n can be achieved in two ways: (a) the central atom M may
be surrounded by » “univalent” ligands A, mononuclear
complexes with a discrete structure [MA,] being formed;
(b) in compounds of the type [MA ], in which the apparent
co-ordination number p is less than the real value (), the
central atom forms a configuration having C.N. =» by com-
bining with ligands A which form bridges within a polynu-
clear complex. In the latter case co-ordination polymers
[MA ], are produced.

Many “simple” compounds of the type MA, 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
Fig.3. Structure of octa~

Fig. 2.

Structure of octa-

hedral trimer [MA]s.
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mer [MA,]g, made up of
cubes having faces in com-
mon.

The simplest co-ordination polymers of high molecular
weight are compounds having the composition MA, in which
M 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:
C o M—ASM—A-M—A- . L.

such as that of silver cyanide 122,23  sijlver thiocyanate 3¢

v Ag—C=N-Ag-~CZIN +Ag—C=N~ » Ag-—-S—C=N—=Ag—S—C=N~,,

aurous cyanide '?%, and mercuric cyanide!?6:127, Thallium

fluoride has a similar linear structure 2,
— TI~F — TI—F —

The complex compound K[Cul(CN),), in which copper
apparently has a co-ordination number of 2, is actually
polymeric *? and contains a spiral anion [Cu(CN);}. (C.N, =
= 3 for copper). Only one of the CN groups is involved in
forming the chain:

- =~Cul —CN—Col —CN—Cul —CN-» . . .
| ! |
CN CN CN

The anion [Au(CN),]~ has a similar linear structure *3°,

2, POLYMERIC COMPLEXES WITH CO-ORDINATION NUMBER 4

The co-ordination number 4, characteristic of Cul, Au!,
Ptll, Pall, Cull, Nill, Znll, Be!l, Hg!!, Au!ll, and other
metals® 787 is known in numerous compounds in the chemi-
stry of complex compounds. Complex ions of these ele-
ments of the type [MA,] (where A is a unifunctional ligand)
have either a square planar configuration (complexes of
Pd!l, pt!l) Cul!!) or a tetrahedral configuration (complexes
of Znlt, g“ Cu!l, Aul, Bell). Classical complexes in
solution and in the solid state contain individual [MA,] ions.
Formation of polymeric structures involves the linking of
[MA,] groups by means of common ligands A, leading to the
formation of polymers [MA,], (p =3, 2, 1) in which the
metal has C.N. = 4.

A. Complexes Having Square Planar Units

(a) Polymers of type [MA;)],. The square
planar units [MA,] can be combined at common corners in
either the cis (Fig.5) or trans (Fig.6) positions, [MA,],
chains being formed in both cases. The metal obviously
retains a co-ordination number of 4 in the polymer chain.

o1 O7

Fig.5. Structure of cis-[MAgg/loK
chain:
1) metal M; 2) ligand A; broken

lines - - - co-ordinate links.

Fig. 6. Structure of trans-[MAy, y,5]eK
chain: key as in Fig.5.

These structures can be represented by Niggli's stereo-
chemical formulae 3!, Linear polymers of this type have
the stereochemical formula [MA,,,,;]«K (K = Kettensitruk-
tur 3! = chain structure). The formula shows that two of
the A groups are combined with only one M atom, and the
other two are common to two M atoms (bridging groups).

The [CuCl,]%¥~ anion, which has been examined with
X-rays *32, is a polymer of this type having the cis configu-
ration. It consists of square planar [CuCl,] groups linked
to form an infinite chain:

ENS ENPS
.a/ N /Nl cl..
Seud’ Seud
a’ N o’ N\al

1CUCly 0yl K

The polymeric structure is broken down by hydrolysis
in water.

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

(b) Polymers of type [MA,],. Square planar
groups can be joined at their edges, i.e. by two A groups
(Fig.7), forming [MA,], polymers having the stereochemi-
cal formula [MA,,,].K. A typical example is palladium
chloride 133, This binary compound is really a high polymer
having Pd atoms linked by two Cl atoms:

Npas© \ A /N
/Pd\c|/ d\Cl/Pd\Cl/

All the Pd—-Cl bonds are the same (Pd—C1=2.31 A). The
compounds CuBr, 3¢ and CuCl, !3 have a similar structure.

\Cu \( u \C /

J Ser SNy

Fig.7. Structure of [MAy, )N chain
(edges of squares in common).
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Fig.8. Structure of planar network [MA lN.

The [MA,], structure is produced by joining square [MA,]
groups at four corners to form a planar two-dimensional
network (Fig.8). Palladium cyanide Pd(CN), possesses this
type of structure!3,

B. Complexes Having Tetrahedral Units

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

(a) Polymers of type (MA,;]x. The joining of
tetrahedral units at their corners (as in the silicates)
(Fig.9) was described by Brink and Van Arkel®® in the
compounds (NH,),[CulCl,] and (NH,),[Cu'Br,], which consist
of infinite~chain anions of the structure [Cu!X2~]. made up
of tetrahedral [CuX,] units. The same structure was also
found in K,[CuCl,], Cs,[AgCl,], Cs,[Agl], 3" K,[Agl,],
Rb,[Agl], and (NH,),[Agl,].'% Such polymeric chains,
having the composition [MA,,,,,]« K, can also be expected in
compounds of zinc, beryllium, etc. The fluoroberyllates
M![BeF,] 1397141 apparently have a structure of this type,
especially as NaBeF; is isomorphous with g-CaSiQ,.*4?

Fig.9. Structurc of chain of tetrahedra
M4 9mloK With common corners.
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Fig.10. Structure of chain of tetrahedra
[MAy;2l0K with edges in common,

(b) Polymers of type [MA,],. If tetrahedra are
joined at their edges, the structure [MA,,,]«K results.
Thus infinite chains of this type (Fig.10) are formed in the
structure of beryllium chloride BeCl,:'%?

Cl Ci Cl Gl
NpeZ  NBe”N\ma” Nge? N
PP e P e N

Double chains of tetrahedra are also known, in the struc-
tures of Cs[Cu,Cl,] and Cs[Ag,L,].*

The same structure (Fig. 10) has been ascribed to salts
of bivalent molybdenum with organic acids 45:

R 1'2 {2
I. L |
N ZAaN AN
0 Io) o} O 0 O\
\MU\"\ >Mo< >,MOK a0
a0 o0 o_p
C c” Ne
R R R

An interesting polymer, in which oxygen is situated at
the centre of the tetrahedron, with metal atoms at the cor-
ners, is the compound [(CH,),Ga},0, whichhas beenassigned
the structure 146

(CHg),  (CHy); (CHy)y  (CHa),

v Ga 2+ Ga s+ Ga:+ (ia
MG GG &S
/UNGa” N\Ga” \Ga” \Ga”

(CHa)a (CHa)e  (CHg)e (CHy)y
Tetrahedral units combine less often to form two-
-dimensional networks (Fig.11) [MA,,,JoN (N =Netzstruk-
tur 3! = network structure), as occurs in red mercuric

iodide " and in y-ZnCl,. ™8

Fig.11. Structure of red mercuric iodide
Hgl, (two-dimensional layer).
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Tetrahedral [MA,] units can sometimes unite at four
corners to form three-dimensional lattices having the
structure [MA,,,)G (G = Gitterstruktur *** = lattice struc-
ture). Thus, for example tetrahedral BeF2~ groupssome-
times form three-dimensional lattices. Warren and Hill 14
showed that vitreous BeF, has a similar structure to
vitreous silica. Brandenberger ¢ and Wyckoff !! pre-
pared from (NH,),BeF, beryllium fluoride having a g-cris-
tobalite structure. Novoselova and her coworkers %2 also
obtained a new form of beryllium fluoride with the g-cris-
tobalite structure. Beryllium fluoride is a structural
analogue of silicon dioxide '%:!5¢, The Be~F bond is not
purely ionic but has some covalent character !*°, making
possible the formation of fluoroberyllates, which are simi-
lar to silicates in structure.

Recently Brehler ! has shown that ¢ -ZnCl, and 8~ZnCl,
possess a three-dimensional tetrahedral lattice in which
the ZnCl, groups are joined at their corners. Beryllium
hydroxide g-Be(OH), !*¢ and zinc hydroxide !57 have a struc-
ture in which a metal atom is surrounded tetrahedrally by
four OH groups. Zinc cyanide '*® and cadmium cyanide %°
have three-dimensional polymeric structures of the anti-
cuprite type (co-ordination number of metal = 4).

(c) Polymers of type [MA],. A three-dimen-
sional lattice consisting of tetrahedral units, [MA4,4].°
is formed by the two modifications of zinc sulphide —
wurtzite 16 and zinc blende 185182,  This type of structure
is found in very many compounds !1,13,160-168;

Sulphides: ZnS, CdS, BeS, HgS, MnS
Oxides: ZnO, BeO, CuO
Selenides: ZnSe, CdSe, HgSe
Tellurides: ZnTe, CdTe, HgTe
Antimonides: InSb, GaSb, AlSb
Arsenides: GaAs, AlAs, BAs
Phosphides: GaP, AlP, BP

lodides: Cul, Agl

Bromides and chlorides: CuBr, CuCl.

In other compounds — PbO, SnO, PdO, PtO,!% and
Ag!lO 170 — 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 structuralunits
having a co-ordination number of 4.

TABLE G. Possible structures of co-ordination polymers of co-
ordination number of 4.
A Compo-| Modes of formation of polymer
p(‘]rznl‘ sition Stereochemical Csining of square
. of polys formula (omllng 1 joining of tetrahedral units
| ners planar units
two corners in two corners in common:
Ma, IMAZ*;/ﬂmK common: KICuCL) (Fig. 9)
cis[CuCllCs
(Fig. 3);
trans (Fig. 6)
21 MA, [MA,)) | K two edges in com- | two edges in common: BeCl,
mon: PdC1, (Fig. 7) (Fig. 10)
(MA, 5 )N four corners in four corners in common: Hgl,
common: Pd(CN), (two-dimensional network)
(Fig. 8) (Fig. 11)
[MA4/., lo.G four corners in.commou:. BeF,
- (three-dimensional lattice)
1 MA [MAy,, 1.6 four corners in common: Zn$S
e (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 Cdll, CrlIl, Colll, AIII Felll,
IrIlI, RhIII, SC”I, SnIV, Pblv, PtIV, RuI'V’ TiIV, SbV, etc, 85787
Complex ions [MA,] of these elements have an octahedral
configuration: the metal atom M 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) Polymers of type [MA ],. If the octahedral
[MAG] units are joined by having a corner in common,
forming an infinite chain (Fig.12), the resulting polymers
[MA;], have the stereochemical formula [MA,,,/,].K.

X
QP Q]pQpayp

\

b o—%-o- i\—O--{- o--* 4

~o

’

dbdbdo db

Fig.12. Structure of chain of octahedra
[MAy4 920K 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 Na,[AlF,]. In the
insoluble compound TL,[AlF,] the co-ordination number of
the aluminium is not 5, as might appear, for this com-
pound contains a polymeric anion [AlF; )., which has a
linear structure ™.

v

F F F F F F
N/ AV N/
wo—F—Al—F— Al—F— Al—..
N\ 7\ N\
F F F F F F

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

The compound SbFy contains linear molecules 7> made
up of octahedral units, —SbF,-F-SbF,—F-. The complex
polymers [IrPy,Cl,], and [RhPy,CL], (Py = pyridine), ob-
tained by Delépine !, probably have a similar structure.

When a solution of the triethylenetetramine complex of
tervalent cobalt is made alkaline, a linear polymer 74
[CotnO], (tn - triethylenetetramine) is formed in which the
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octahedral complexes have oxygen atoms in common (in the
axial positions):

HOH OH OH
+OH™ +OH™
= CY/E S NUCY/E
N—]" N
HOH HOH * . OH

=il

A similar polymer is obtained also from manganese
phthalocyanine 175;

i

+py, +0 Py
’ 2
m = =
L _la/ismm

-— 0O

boil Py

= Mn phthalo-
cyanine
° [ ]

(b) Polymers of type [MA,],. If the octahedra
are joined edge to edge in the chain, complex polymers
having the stereochemical formula [MAM,g].,K 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 [CdCL,(NH,),] the central cad-
mium atom has a co-ordination number of 6, since the
complex is made up of octahedral units (Fig.13). The

- Y

1] ? (o4 Q
ot ol ol o i o
b ok > O

Ofé\vdéo/&véc

Fig.13. Structure of chain of octahedra
[MAg+ 472l0K having common edges (linear
chain). For key see Fig.12.

Fig.14. Structure of chain of octahedra
[MAa4 42)oK having common edges (wavy
chain). For key see Fig.12,
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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 {Cd(NH,),Cl,,,].K, and was established by means
of X-rays!’®; another example is CoCl,.2H,0: "7

NH, NH. 5 NH Cl H(‘)H Hé)H | OH
(! \é CNEIN NN I ©
| Cl/ \c|/ |\Cl/ /l \Cl/ \Cl/ \Cl/

&H, rlm, x'\m, HOH HOH HOH
Of course, not all [M(NH,),CL,] complexes have a poly-
meric structure of this type: [Zn(NH;),Cl,] is a2 mononuclear
tetrahedral complex®, and the compound [Pt(NH,),CL] has

a square planar structure (co~ordination number of 4 for

zinc and platinum).

This structure is found in the compounds K,[SnCl,]). 21,017
and K,[HgCL,].H,0,8° in which chlorine atoms form brldgmg
groups and the K* ions and water molecules surround the
polymeric chain.

Cl Ct Cl
Sitge Nt N e N
e
Cl

N l/ l-l{g\Cl/ xg\ o HaCliylok

Complex polymers of this type have also been detected
in solution. In octanol!8t, for example, nickel and cobalt
chlorides form polymers of the following type:

Oct. Oct

Cl\(_l /('!\ / \l Cl

Co
a”’ \c1/| \c:/; \Cl
Oct.

The fluorides TiF, and SnF, are assigned a linear poly-
meric structure!

F F
!/\I/

F
Nod
g F/ ! e \F/

Hoppe !#2 considers that SnF, 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 TiO, 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 [MA,}, 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:
K,[NiF,], 18 K,[CuF,], 8¢ TI[AlF,], s K[AILF,],!® SnF,,182
K,[MgF,], 8" La,[NiO,], %8 Ba,[SnO,] and Ba,[PbO,], *® and
others90-193 it was established that B-UO,(OH), has a
structure of the same type®¢, the OH groups in the plane
forming “equatorial bonds”, and the oxygen atoms “uranyl
bonds” . 195

(c) Polymers of type [MA,],. In many com-
pounds having the composition MA; 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 [MA,,,J.N. This
structure is shown by several anhydrous halides of ter-
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a b
{\\\ [\ \ Q R Q \% 0 /O
/ / N N A
> g D\ /d R Q /d o
NV X, X
a8 ", e e
oKX
o ‘Q\O,o’ \\0,’ ‘o
X X
ED 4

Fig. 15.
with common corners).

Structure of octahedral layer [MAj4 4/2leK (octahedra
For key see Fig.12.

FFig.16.  Structure ol octahedral layer [MAg,,loN (octahedra
with common edges). For key see Fig.12.

valent metals: CrCly, % RuCl,, 9" AlCl,, % FeCl,, '
AlF, =021 Bil,, 13 etc.; also by hydroxides of tervalent
metals such as Al(OH), (hydrargillite)®?, and some com-
plex compounds having macromolecular anions, such as
NH,[HgCl,]. 2

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 [MA,], is shown in Fig.17, corresponding
to the stereochemical formula [MA,,, 2,45}« K. This type
of structure is found in NH,[CdCl,]. 2045205

Combination of octahedra at their opposite faces yields a
chain having the composition [MA,], and of type [MA,,,]. K
(Fig.18). This occurs. for example, in Cs[NiCIS],206 which
contains the [NiCl,]¥~ chain.

Fig.17. Structure of double octahedral
chain [MA{, 3,2 + 373k0K (NH;CdCl; struc-
ture). For key see Fig.12.

Fig.18. Structure of octahedral chain
[MAg, ;)oK (octahedra with faces in com-
mon). For key see Fig.12.

When the octahedral structural units are joined at six
corners, a three-dimensional lattice of the rhenium tri-
oxide ReQ, type2’, having the formula [MA,/,].G, is
formed (Fig.19). The ReQ, structure is found also in the
compounds WQO;, MoO,, and CrQO,, 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. 2%, like other ferro-
cyanides of the transition metals #°°7213 have similar struc-
tures. In Felll[Felll(CN),] 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)y,)eG
(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[FellFe ''{CN);].
In copper ferrocyanide some of theironatoms have beenre-
placed by copper atoms, the correct formula of this com-
pound being K,[CuFe!'(CN),]. It is noteworthy that the

509



Vol. 30 No.9 RUSSIAN CHEMICAL REVIEWS September 1961
#"O‘"' having an apparent co-ordination number of 2, the co-
- % -ordinate octahedra being joined at six edges to form a
Qo(p O b two-dimensional Jayer lattice [ABy;]N (Fig.20). The
-Q-— ‘-’- T structure of lead iodide has been investigated quite
: #_u _ ‘_ thoroughly 228232,  Each lead atom is surrounded by six
Q . (§} y iodine atoms, and every iodine atom forms co-ordinate
i ,O i ,O links with three lead atomsf. Layer structures are
-‘-—{}—-’- also encountered in other halides, such as Cdl,, 2327244
CdBr,, 2207232,245 CdIBr,24 Cal,,?*" MgBr,,2#® MnCl,,
® O MnBr,, %8 Mnl,, %% Fel,,2% FeBr,,2® FeCl,,%° Col,,?2*
. . L CoCl,, 25! NiCl,, 252 Nil,, 252 VCl,, %5%,2%¢ HgBr,, 25 and yellow
Fig.19. Rhenium trioxide type of structure Hgl,; ?°® in sulphides, selenides, and tellurides TiSe,,

[MAg,2l0G: 1) Fe, Re, or other metal (C.N. =
=6); 2) CN, O, or other ligand.

ferrocyanides and ferricyanides of the alkali and alkaline-
-earth metals are not polymeric, their lattice containing
separate [Fe(CN) ¢~ or [Fe(CN),J*~ 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 [MA,]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 héving the rhenium trioxide structure
is the compound InF(OH). 2

The structure of perovskite CaTiO; is related to the ReO,
structure 168,215,216 The anion of the original acid is poly-
meric, forming a (TiO,)%*" 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 oxides 217-22!;

CaTiO; NaNbO; NaTaO; LaGaO; KIO; SrSnO; CaZrO,
SITiOy  KNbO, KTaO, LaAlO, RblO,CaSnO; BaZrOy
BaTiOy LaFeOy
2) in complex compounds:
K [MAFJ®®, K [NiF|1", Cs [HgClL ™, Cs]CdCl;)™, CsAgCly-CsAuCIZ®, Rb[MnFsl*,

K [MgF,f#2, Cs [HgBrg®, Cs [GdBry]™, Cs|AuCL[*.

An interesting [MA,], polymer is represented by the
compound [SAg,INO,, in which sulphur acts as the central
atom 227, surrounded by six silver atoms. The [SAg,]
groups are joined to form a macromolecular [SAg,], lat-
tice.

(d) Polymers of type [MA,],. It maybeima-

gined from the above that a co-ordination number of 6 can
also be achieved in the structures of some compounds

510

TiTe,, SrS,, ZrSe,,?® and T1,S;27 hydroxides Cd(OH), 249 258
Mg(OH),, 2 ¢ -Zn(OH),, 2%°,281 3_Zn(OH),, 262 Ni(OH),, 2% and

Co(OH),; 2% mixed hydroxides, Ni~Zn and Co-Zn;?% and in
basic salts,?88-271 for example Zn(OH)Cl 272 and Cd(OH)C12™

a b

O\? O\?,O

KR
ol O *,Q. *,c
SEpp

A

o "o

Fig.20. Structure of octahedral layer [MAgsl.oN..

For key see Fig.12.

Krebs showed 2™ that covalent character is superimposed
on the ionic state of the bond in typical salts ard in layer
structures, confirming the polymeric structure of these
compounds.

Other types of structure having the co-ordination number
of 6 are found in A10.OH, ?75,27 AlOCl, %" ReQ,, ?"® HCrQ,,*"°
etc. The rutile TiO, structure is based on straight chains
of octahedra (Fig.13) linked to form a three-dimensional
lattice ™, while the structure of brookite, TiO,, 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}(NOj)q. 233
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TABLE 7. Possible structures of co-ordination polymers C.N. = 6.

Apparent [ Composition
CN of polymer

Stereochemical formula Mode of combination of octahedra

5 MAg chain of octahedra with two

corners in common (Fig. 12)

MALLp oK

chain of octahedra with two
edges in common (Figs. 13 and14)

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

[MAQ.*_ql'_) i mK

IMA2 g0l

4 MA,

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)

[MA 4 a/0433 looK

[MAg) K

MAgp] o N

3 MA;

[MAq 0] oG

2 MA, [MAgsy I

The compound KCr,0,, for example, contains ?° CrQ,
tetrahedra and CrO, octahedra. In the compounds Ni(CN),.
.NH; %! half the nickel atoms have a co-ordination number
of 6, and the other half a co-ordination number of 4.

| !
N N
g § NH
—NC—Ni—CN—Ni—NC—
T v
N
—CN—Ni--NC—Ni—CN—
N7 d
¢

In the compound V,0; the VOq4 octahedra are joined in a
complicated manner — at the corners, edges, and faces
simultaneously?®?. 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.?®* It is made up of octahedra linked by SCN groups to
form an infinite chain

SCR,

SCR, .
LN NeS L SeNG
7 UNNGS” | ONSCNS
SCR,  SCR,

The compound Ni,en,(NO,),OH has the structure 4

en NO. en NO
o ANIZNO, NI ZOH NI ZNO,SNi Zo1™ ...

en” ONOy Nen” N0,/

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 CuCl, from the mononuclear
hydrate CuCl,.2H,0, which has a discrete structure. Among
the compounds [CdCL,(NH,),], [ZnCl,(NH,),], and [PtCL,.
.(NH,),], 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.

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. Inthe com-
pounds BH,, Be(CH,),, Al(CH,);, Pt(CH,), 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 chemicalbonds
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 16,285,286,

The simplest polymer of this type is diborane B,H;.
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 28728}
JH.
' :B<H :

H .
\\B .
u’ .

forming a B,H, 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 bonds %,

The diborane molecule contains eight atoms, so that
it should have seven cavalent 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 1s orbital of the hydrogen atom and the formation of the
B,H, ring is based on that of two three-centre B...H...B
bonds.

511
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The idea of many-centre orbitals was extended to ex-
plain the structure of other boron hydrides:?%* B.H,, 294,295
BSH“, 296 B4H10, 297,208 BSHm; 299 BmH“, 300 otc, 301-305, and
was used to interpret the structures of other electron-
-deficient molecules.

An interesting polymeric boron compound having many-
-centre bonds is B,Cl,, obtained by Urry ef al.3°® This
compound might have been homocyclic, but electron dif-
fraction3°7>3%¢ ghowed that the boron atoms were arranged
at the corners of a regular tetrahedron and were held to-
gether by many-centre bonds involving the 3pr electrons of
the chlorine.

Trimethylaluminium is a dimer3%°, Its structure was
determined by means of electron diffraction3!9,3!! and in-
volves methyl bridges

l"i;,
1.0 G CHg
\A' e

TV NCH,

The Al...CH,... Al bonds are three-centred, and are
produced by the overlapping of the vacant orbitals of the
aluminium atoms and the p orbitals of the CH; group. In
(CH,),AlCI and CH,AICl,, which also are dimeric, chlorine
atoms act as bridging groups:

. LGl . : .
T E catt M R o
H7 Cepe o SCH 8| CLge

These molecules are not electron-deficient, but it is

probable that the Al...ClL...Al bonds are also three-centred.

It is interesting that Ga,(CH,), 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 (AlH,)y, in which every alumin-
ium atom is surrounded by six hydrogen atoms 312,

Al

The polymeric nature of gallium hydride (GaH,), 3?35 and
indium hydride (InH,), 3'® can also be explained in this way.

Dimethylaluminium hydride HAI(CH,), is a cyclic tri-
Other similar compounds, for example [HAL.
.(C,H,),); and [HAl(iso-C H,),];, are also electron-deficient
polymers containing many-centre bonds

mer 317,318 .

(€ H,
Al
H H

(CHa, AL ALCH,

Indium has a higher co-ordination number than aluminium,
and therefore trimethylindium is a tetramer [In(CH,);],.
This compound has a cubic structure3'®, 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-CH;bonds
are ordinary covalent bonds.

512

X-Ray analysis has shown that tetramethylplatinum
[Pt(CH,),], has a similar composition3® and structure **!
(Fig.21). The compound [(CH,);PtCl], has an analogous
structure, the chlorine and platinum atoms being arranged
at the corners of a cube®!. In these compounds the plati-
num has a co-ordination number of 6 owing to the utilisation
of d%sp® orbitals, the tendency to complete utilisation of
which!® leads to polymerisation. Tetramethyl-lead Pb(CH,),
is not polymeric, since lead has only four sp® orbitals.

(cHghpt — CHy
/&
Hyl —————Pt{eH;);

HyC ——

—Pt(cHy),

{CHg)yPt CHy

Fig.21. Structure of [Pt(CHj)yly.

CHy  CHy  CHy

S
LIy

CHy  CHg  CHy  OA

o3

Fig.22, Formation of three-centre bonds
in [Be(CHj);y]x chain.

Many-electron many-centre bonds can also govern the
formation of electron-deficient polymers of high molecular
weight. X-Ray diffraction patterns have shown?3!! that
Be(CH,), consists of endless linear chains, the beryllium
atoms being linked by methyl bridges (Fig.22).

. L CHae, Clse, LCHs-., LCHoe.
Bell el Bel] el :
' T CHy CHy' “CHy **CHg*"

The beryllium atoms are surrounded tetrahedrally by
four CH, bonds. The Be...CH;...Be bonds are weaker than
simple covalent bonds, and can be regarded as “half-bonds”;
this depends also on the bond length3®*? Be...CH, = 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 meric.

in Be(CH,), vapour

CH;
|
.CH; . Be
HyC—Be—CH, HyC—Be : : Be—CHs o
- CH, - HC  CH,
.CHa . . CHy . H,C—Be  Be—CH,
H,C—Be : :Be: :Be—CH; or Lo
C o CHy “CHy * ¢
3

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 bond 2%, It is therefore clear why boron
hydrides react readily with amines and other electron-
—donors 305,324,325_

The interesting reactions of [Be(CH,),], with amines 328,
ethers, and phosphines3?? can be explained in a similar
manner. On reaction with primary amines the polymer
is broken down with the formation of Be-fH-Be co-ordinate
bridges and a polymer containing both two-centre co-ordi-
nate links and three-centre bonds:

CH,
HiC(—y . e NH —R
{Be (CHy),l, =2 7N Be < RN
l<I\H - Ceny CH,
R
. | .
T T L NI < CH; . s ,/NH R RNH,
—n i+ /\Bc: : B <‘ ) \BL : { —
—CHe R—NH T CHy NO7 CocH, “CH,
!
R
‘ . P R
| CH, ’ .
CONH. () - LI o I\H y . CHjy. . R:= CH,
. 5o /) Nhe e /“]>BC . : !
Be NG . . ANENY . :
“NH’ CHy NH CHy X

1
R R

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

[(CHy.Be], [(CH) P), x =1...5; g =1...38

[(CHy); Be], [(CHy), O], x=1.2,6; y=1...3%%

[(CHy); Be], [(CHy)y N, 326

Recently an interesting derivative of tetramethylhydra-
zine and diborane has been prepared 328

ik i
IN—=N:t+BH, ~ n“n:.\*—rlxl:rm3
Lo I

R R R R

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

R R R CH; R R Cliy
1o | R A

v N=N: & [Be(CHuy) = :N=N:Be:N-N:Be ...
[ b o

i |
R R R CH,® R CHy

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 silver ®* can probably be included in the same
group: (C,H,),PAgC :CR is dimeric in nitrobenzene, while
the corresponding copper compound is trimeric or tetra-

The following structures are assumed for these
compounds

R R
Y e’ R—C&=C—C I
c/ /P(cqna. e
Ag Cu

R~—C==C—Cu <—Ig

i
Cu

Y
R/

The present reviewer suggests a cyclic structure for
the copper compound

—R

C
R— C==C—Cu c—-——l
E f"

| —~cuo—c=c—x
R—C

/\

//;—-( u‘——;c—k

or

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 C4H;.AgClO,, which can be

represented as a polymeric chain 33
..CeH;---Ag---CoHgr - -Ag- -+

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

I () ENRCS I
IAge, Agl RIS

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.

V. POLYMERIC CHELATE COMPOUNDS

Chelate compounds 85787,331 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

H,
LN

O:C—()\ |

H,C—N"" \0
H

Berlin and Matveeva 332 have recently suggested the
term “chelatophor” for groups which are able to form che-
late rings.

Organic compounds of the type

’\C,,
HX”
0

(X =0, 8, NH, etc.; , S, NH) can react with metal
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ions to form chelate polymers having the genei‘al structure

Y X Y, X.
N R_cdM\ME N a4
" R C\Y/M\X/C R C\Y/,IV\‘—\. ..

Since the chemistry of chelate polymers has been dis-
cussed in detail by Berlin and Matveeva 332, 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.

Elliot 333 obtained polymers of cobalt with bis-o-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 (CH,;.COO);Be,O forms polymers with dibasic or-
ganic acids

(BeyO) —0. (¢}
% BeyO (RCOO); + x XOC—-R'—COX "~ ( Se—r—c{
(RCOO), \ —O No/l,

where X = OH, OR.

Polymers containing beryllium can be prepared from
succinic 334335 adipic, sebacic, isophthalic, and tere-
phthalic acids 336,

Even copper salts of o,w-dicarboxylic acids have a two-
-dimensional macromolecular structure7?, Compounds of
univalent copper with @, w-dinitriles [Cu(NC.R.CN),]NO, are
also polymeric, as is shown by an X-ray investigation of
the complexes of succinonitrile33®  glutaronitrile3%°, and
adiponitrile 340,

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.341 734

R R R
‘// \ /
- C —
S \\C—R'—-C/C N\ =N / O\
N Y \ M 7 A
0=l 2C=07 No—C{ e =07
R R ™\ /

Chelate polymers of aluminium have a similar struc-
ture 34,
Hydroxynaphthaquinones are also able to form polymers.

Linear polymers of beryllium with naphthazarin and alkan-
nin have been obtained 346

cH
CH—C Ha—CH=C_ (,r:;

)
RCR “H

SN
j:y\ C; O ()\)“e\"

Polymers are known containing various metal ions and
1.6-~dihydroxyphenazine (III), %" 2,5-dihydroxybenzoquinone
(IV),3¥7 rubeanic acid (V), 348,349 5-formylsalicylaldehyde, 35°
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quinizarin (VI),3* bis-8-hydroxyquinolinylmethane (VII), 352
and other ligands 3537359

cI)H (ﬁ HS NH o OH
00 07 X o
<
\IJ\N/\/ HO/\”J u N ‘\/I\J
5 dn
(i av V) o
77\ /T \—OH
”0—\/___/—““‘-'"\_>
N Oy
N \_/

(VID

Among interesting polymers are those in which the
chelate ring contains twometal atoms, e.g. silver oxalate33;

. —Ag«O\

PPN o
.o —Ag—0" C—< O

T N0~ Ag-0”
Ferrous oxalate also is a linear polymer 36!:

PANVEN / NWEN H(‘)H NN HOH /
| fel | yted ; e

AN
R NoHd No N0/ H(‘)H No”“No HbH ...

HOH

The high viscosity of concentrated solutions of magne-
sium acetate is explained by the formation of polymers 362,363

CH, CH,
| )
0—-C=0 0—C=0
Nomo” Nmo”” N
M Meg
o/ BN o0/ B No=c—0”

CH, CH,

Infra-red spectra have shown that ferrous glycollates
are polymers of similar type 3

aw o e
/ TN
r/o 0\\ ..‘»O\
\0 H O/Fe 0 H /
\C"'—C C—C/
H, O [0}

Interesting polymers are encountered among organic
derivatives of beryllium 36

| ! |
(CHy)s ?—CH, (CH,),
—0O— - Be«——0—(CH;),—Be—(CH,)y—0~—»Be < — O—(CH,)—
1
(‘!Ha (?H,). CHs (‘)—CH;, CH, ({CH,). CH,

The existence of purely inorganic chelate polymers is
possible, for example Pb(NS),NH,: 3%

HiN NS HN, N '

s=N" Ns=N_ =N/ NsuN
e el L

“N—$ N7 SN—

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 out 367,368

l I Fells @‘CH;)»—@

(CHlg)y ——™
Other workers® have prepared polymers with the

structure
@ @—4&{2)3*(;0_.'..
Fe
@(CH; s —co@

Recently Korshak et al.3% have synthesised a polyferro-
cene with a molecular weight of ~ 2500

(o

b

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

S @ O

sMo-- L) Mn- O--

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

x

/@X“\) /Qz}““

L . \ S

<© “}‘“7{

where R O, S, NH, R,Si.O, R,P:N,

ete.

= alkyl or aryl group,

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

e
N N
RN PALN o oY N Y
o Nmd N e N N\
‘\\\ N \, \ \ -
o N S Ny .
/x N

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

HX JXH

LU SIR, (O SSIRY), ~C
\/ "I

The compound 37*

Mo CH, CH, o G
— Il | ! _
{__S—C-0—CH,—| —Si—0- | —Si-CH,~ —c—/ >
o . ,

i !
CHy CHy
x

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 polynuclear 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 n
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,-x HyO 4+ n HLO = [M(IL,0), 1" aq -+ p A--aq (1)

crvstalline salt

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(H,0), 17T + H,0 = [M(H,0),_ (OH)]P I 40t 2)
M (H,0), 1" + OH- 2 [M (1,0),_, OF)* P 1 1,0 (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

IM(H, O, (OHVY Y 2 HO T M (HR0), _y (OHLIT L HoO -, (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 H;0*) 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
polynuclear complexes 8787, j.¢. co-ordination polymers.
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We shall therefore ignore, with Pokras 372,873, 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 Basset 374),

Hydrolytic co-ordination polymerisation.
Reactions of this type can be represented by the following
equations

M (H;0),17F + [M (H,0),_,(OH)I*1+ = (5)
2 [(H;0),_, M—OH—M (H,0),_,1*~V+ L H,0.
H

2[(H,0),_,M (OH) P~ 2 [(H,O),,_,M<O DM (H,0),_, - 1 2H,0. (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 possible 87

AT AT KT A o
HO/[ \0/‘\0/3\0/ o | \/$ on

bH H HOH HHOH H HOH

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
1v).

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

H
NN | O
- M
1:& O/I\;\ {+2H,0 = le\o/z\‘/x\+2H,o+
H .

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 Stiasny 375,376, Thomas 377380,
Janderand Jahr38!7384 and later in the investigations of Hall
and Eyring %, Pokras 372,373 Kraus 388,37, Faucherre3887s9!,
Souchay 392,93 and Sillén and his collaborators 3947422, The
work carried out at Kungl. Tekniska Hdgskolan in Stockholm
during the past ten years?387,394-419 has made a particularly
great contribution towards elucidating the reactions occur-
ring during the process of hydrolysis.

Sillén 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 reviews 387,39 and in the
original papers 39573%,

Let us examine further some hydrolysis reactions. In
order to simplify the reaction
M (H,Ot 4+ H,0 = M (H,0)% (OH)** + H;0%,
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we shall represent it as follows

Mt 4+ H,0 2 MOH®* 4 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(l),3®® Hg(Il),°® Fe(II), 40! TI(III), 402,403
Cd(1I), %4 and Ag(I). 4%, Thus, for example, Hg* forms
[HOHgOH,} and [HOHgOH]. In Fe? 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(Il), %7 Cu(Il), %8 Sn(ll), 4°® Fe(lII), 403,410
Bi(III), 41,412 and A1(III), 408,413 .

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

{M[(OH)pM]x}“n =px+n] +,

where p is the number of OH groups, »n the charge on the
metal ion M™, and x the degree of polymerisation. This
group includes the ions UOZ*, 44 In(III), 493,415 Sc(III), 403,416
Th(IV),‘""ue and U(IV), 418,419

Ions which form definite polynuclear
complexes. Hydrolysis of the beryllium ion Be* has
been studied potentiometrically using the quinhydrone and
the calomel electrodes 3%4:407, The main product of hydro-
lysis is the Beg(OH)$* ion, accompanied by small amounts
of the Be,OH* ion and of Be(OH),.

(Hy0)y
Bi
Hf H
3+
(H,0),Be e(Hz0)e
\O
H

It is supposed that beryllium has tetrahedral co-ordina-
tion, as in Be(OH),, involving water molecules: the Beg(OH)3*
cation has a cyclic structure. The main reaction in the
hydrolysis of beryllium is

3Be?t + 3H,0 2 Bey (OH)IT + 3H*; log K = — 8.6640.03

These workers assume that the compounds BeOH(H,0),.
.[HgCl,), Be(OH)(H,0),[HgBr,], and Be,(OH), (H,0);[Hg,I,],
described by Slavvo4?¥-4% contain polymeric cyclic cations
similar structure.

The hydrolysis of the beryllium ion was also studied by
Faucherre388-320 and by Souchay 392,93 who assumed the
existence of the Be,(OH)#* ion in solution. Scandinavian
workers 4°7 did not support this view. The Be,(OH)2* ion,
which was assumed by other workers 42427 ig also absent
from solution.

In aqueous solution the Cu? ion forms only dinuclear
complexes Cu,(OH)2* on hydrolysis .

Hydrolysis of the Sn** ion yields mono-, di-, and tri-
meric complexes — SnOH*, Sn,(OH)Z*, and SnS(OH)4 — by
the reactions *°

3Sn** 4+ 4 H,0 = Sy (OH)IF 4+ 4H*, log K =—6.77
2 Sn** 4 2H,0 = Sny (OH)Z¥ + 2 H*; log K = —4.45

Sn*t 4+ H;0 T SnOH* 4 H*; log K = — 3.9.
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The following equilibria occur in the hydrolysis of the
bismuth ion, Bid+, 411,412

B+ + H,0 = BIOH™" 4+ H*; log K = — 1.58+0.02
6Bi*t 4 12 H,0 = Bis (OH)!f 412 H*; log K = 0.330+0.005.

The main reaction product is the Bi,(OH)$; (or Bi Og*)
ion. A continuous series of complexes {Bl[ OH) Bl],ja’ ,
as seemed possible earlier, is not formed 42,

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

1.5 Bi (OH)jT + 2 H,0 = Biy (ORI} 2 H*; log K = —3.540.4

Bis (OHIJ - H;0 2 Bi, (OH)%F + H*; log K = -— 3.240.2.

The structure of these complexes is unknown

The presence of polynuclear bismuth complexes in solu-
tion has been demonstrated by various methods. The ions
Bi,0f", Bi;0%*, and BizO$* have been detected photometric -
ally*®®, It was not possible with the ultracentrifuge to
establish whether the complexes contain five or six bismuth
atoms 29,

Tobias 43¢ considers that hydrolysis of Bi®* proceeds
according to the equations

6Bi®F 4 CH,0 == BigOf *:12H*; BigO} T43H,0 = i O (CH)* + 3H*.

Hydrolysis of ferric iron yields only mono- and di-
-nuclear complexes 403,410

Fei+-+H;0 7> FeOH2++H*; logK = —3.05
FeCH®™ 4 H,0 = Fe(OH);" +H*: log K = —3.26
9Fe?* + 2H,0 7 Fe,(OH) T 4-2H*; logK = —2.91

When hydrolysis is continued, the hydroxide is formed.
Hydrolysis of the Pb* ion gives the following products **!
Pb**+H,0 = PbOH* 4 H*
4Pb2rL4H,0 = Phy(OH)I T 4-4H*
3Pb* +4H,0 - Phy(OH2F +-4H*
€PE2*4-8H,0 = Pby(OH)3++-8H*

Pedersen*** proved that the ions Pb,OH* and Pb,(OH)%*
are formed, and Faucherre %32 considers that hydrolysis of
Pb* gives Pb,(OH)¥, Pb,(OH)$, and PbOH".

The hydrolysis of the Al%* ion has been investigated
by various workers, who have emphasised the presence of
polynuclear complexes in the solution. Brosset, Bieder-
mann, and Sillén*%3:413 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),A1,)*¥* are formed, and in alkaline medium
[AL(OH),],-(OH)~ ions; itcannotbe said whether x 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-
man ¥, who found cryoscopically that the size of the mole-
cule in a solution containing Al:OH = 1:1.5 corresponds to
six Al atoms, 7.c. to the Alg(OH)3: ion.

The complex ions AL,(OH)i* and AL;(OH)3* 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.

oonio
Qo\oooo
,*\ X\
08 094

8
S 4o

e Oz

Fig.23. Structure of hexanuclear complex
Alg(OH){; aq complex: 1) Al; 2) OH or H,O.

Ions which form continuous series of poly-
mers. Ions of several metals form polynuclear com -
plexes of indefinite degree of polymerisation on hydrolysis.
Continvous series of polymers are formed, with the general
formula M[(HO) M], where x =1, 2,3, 4,5, 6,

Hydrolysis of the In® ion involves the equilibria 403,415

In3+4-2H,0+In3* 22 In(OH).Int*4-2H*; logK = — 5.21
In[(HO)In P4 2H,04- 103+ 22 In[(OH)InFS T4 2H*; log K = —4.69

X4-1

the general equation being

(¢ -+ DIn3* 4 2¢H,0 = In [(OH),Injt+ - 2¢H*.

These polymers probably have a linear structure, since
X-ray analysis has shown 214,434 that basic salts of indium
contain linear polymeric ions In(OIn)<*®"

Hydrolysis of the Sc* ion%%:41¢ jg represented by the
general equation

(¢ + 1) Sc3*+4-2xH,0 = Sc|(OH),Scfy T¥:4-20H*; log K=0.70—6.87x

The solution contains species having x =1, 2, 3, such
as, for example, Sc(OH)?**, Sc(OHJ);, Sc,(OH)3*, and Sc, (OH)3*,
as well as higher polymers. The degree of polymerisation
increases step by step, according to the equation

Se[(OH),ScF* ¥4 2H,04Sc3* TS| (OH),Sef ¥+ 2Hr

New data 417,418 on the hydrolysis of thorium Th* indicate
the formation of a series of complexes Th[(OH),Th],, where
x=1,2,3,..., 6, and above., Early work showed that for-
mation of Th,O%* ions takes place, but other workers*%
point to the formation of the ions Th(OH)2*, Th,(OH)$*, and
Thy(OH)%s. The Th,(OH)$* ion was detected by Hietanen and
Sillen*®*¢, A linear structure 1s suggested for the polycat-
ions forrned on hydrolysis: ThOHThOHTh on»- Th&sTh or
Th($iTh),. This hypothesis is based on X-ray analysis 422,
which showed the presence of Th[aTh]$****chains in the
structures of the basic sulphate and the basic chromate of
thorium (SO,ThOH and CrO,ThOH), as well as on an elec-
tron-diffraction study 372438 of thorium hydroxide.

It is interesting that polynuclear thorium complexes con-
taining Th—O~Th bridges arealsoformed with oxalic acid*°,
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The ions [Th,0,(0x),]** and [Th,0,(0x),]!*, where Ox =
= (CO0)3-, were detected, having the possible structure

Th—Ox—Th
o

"'Th—Ox-—Th—Ox—Th 10+
8+ |

o
L \Th—OX—Th/ and

|
L 0 o)
| |
h—0x—Th—ox—Tn

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 tri-

mer 440
ot |
ATH NoH A=EDTA

No—Tn”
L Ha

Hydrolysis of the U% ion*8%1 ijg gimilar to that of the
Th* jon. A mononuclear complex is formed first

Ut+H,0 22 UOHs*++-H*,
and then the polymers
(x - 1) Ut 4 3xH,0 = U [(OH)UR 94 35H*,

These polymers apparently have a linear structure
U[KUIE*®, similar to the compound U(OH),SO,, studied by
X-ray diffraction¥!, which contains [U(OH), 3** infinite
chains. In the compound U40,(OH),(SO,); X-ray analysis
has detected *2 the presence of discrete UgO,(OH)}** ions.

Hydrolysis of the UOZ" ion results in the formation of a
series of polymers having the composition UO,[(OH),UQ,J2*+
(or UO,[OUQ,12*+). 414 1t is suggested that the structure
of these complexes is based on layers of the given compo-
sition in which the UO, group forms four U-O co-ordinate
links, as in the structure of BaUQ,0, *4* and CaUQ,0,.**
Recent work has shown*® the formation of cations having
the composition (UO,),(OH)2* and (UO,),(OH)3*.

Co-ordination polymers are formed by an analogous
mechanism in solutions of several uranyl chelates *4¢, Thus
dimers and trimers of the following structure are formed 48

, AUO, SOs
20,0 S0, H|O ?H N

N0 A0U U0, A= l " j
H \6 NN/ \‘

OH

The precise structure of such trimers is still unknown.

The literature contains data on the hydrolysis of other
ions, but the results are not yet sufficiently convincing, and
the precise composition of the hydrolysis products is
unknown. Polymerisation phenomena have been observed
in solutions of cerium salts 475448 in which dimers, tri-
mers, and polymers are present. X-Ray patterns have
shown 449 that the basic salt Ce0SO,.H,0 contains macro-
molecular Ce—O chains, while the salt Ce,0,(OH),(S0O,); is
made up of Ce;O,(OH)}?* ions.

Other workers have shown the presence of polymeric
complexes in solutions of titanium salts. Thus the Ti*
ion in solution forms polymeric complexes of the type5°

NN N e VS VN I
moboihiNon Al Nt Moo o
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It has been shown spectrophotometrically 45! that solu-
tions of peroxotitanic acid are also polymeric. The pre-
sence of macromolecular Ti-O chains in the structure of
TiOSO,.H,0 has been established by means of X-rays 452,

The zirconium ion Zr# is also able to form polymers 453,
The ions Zr,(OH)$ and Zr,(OH)%* exist, and higher polymers
areprobable. This agrees with Lundgren's X-ray results 4
showing that basic zirconium chromate contains [Zr,(OH),.
.CrQ,J3** endless chains containing Zr—OH-Zr co-ordinate
links. The ions Zr (OH)s(H,0)§; have been detected 5% in both
ZrOCl,.8H,0and Zr OBr,.8H,0. Oxalate polymers Zrp,.
[(C00),)x (n=2, 3, 4, ...) have beendiscovered %6, Some
chelate compounds of zirconium are also polymeric 57,458,

The hydrolytic polymerisation of the chromic ion, Cr3+,
has been widely studied 375,376,4597464 and formation of poly-
nuclear complexes of high molecular weight is possible.
The Cr3 ion can probably form a continuous series of poly-
mers on hydrolysis.

Polycations of high molecular weight are also formed in
the hydrolysis of salts of magnesium Mg(II), 38 zinc, %84 and
plutonium 456,

In all these cases it is unknown whether continuous
series of complexes or complexes having a definite degree
of polymerisation are formed and it would be very useful
to apply Sillén'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 % has shown that the complexes Ag,(S,0,)%",
Ag;(S,0,)1~, and Ag,(8,0,)i°" are formed having co-ordinate
links between the silver ions and the thiosulphate groups.

In the Ag,l2” ion the Ag and I atoms occupy positions corre-
sponding to a urotropine type of structure 467

ne -
I
|g/1/ g\l\!
A Ag
\\x /

Sillén'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 are 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
merit 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 salts. Study of the latter is therefore of great inter-
est in connection with the chemistry of co-ordination poly-
mers; existing results may give an impetus to such inves-
tigations. In addition to work cited, note must be taken
also of that of Feitknecht266-271,468  who studied a number
of basic salts, which X-ray studies showed to be macro-
molecular co-ordination compounds 68;

[CuOH).NO,JeoN — two-dimensional lattice of single layers
[Zn(OH), Zn.CI,H.O| N — two-dimensional lattice of double layers
[Mg.(OH)«(H.0),CIH,0J0cK — linear macromolecular structure
{Cuy(OH}sCljeG — 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(H,0),]
with the formation of polynuclear complexes. Several
contemporary investigations showed that reactions of com-
plex ammines [M(NH,);]P* with alkali metal amides MNH,
in liquid ammonia involve reactions analogous to those
occurring in aqueous solutions

[M(NH,),1X ;+nNH,~ 2 [M(NH,), J(NH) -+ pX
I
[M(NHa),,_ ,(NH,) ]+pNH,

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

- H, (2p—2)+

N
2[M(NHa),,_ (NH )™ l‘(HgN)n_2M< NMONH),_, +2NH,
N

s
He -

If the concentration of NH; ions increases, macromole-
cular complexes are formed in the solution

[monror]
+ NMg
—NHy
. H H Hy
Hy NHy H:N_ NHy NHg B - gy (0 A -]
——M—NH,—~7~1{—NH,—- AL >I >AIL< N 2, ;M{NH,.)Q:;—,
e 3 I '3
HN/\NH. Hytd \Nu, ey ey S N\
. Ha Ha | Hy Hy )

Schmitz -Dumont and his coworkers 19s468~471 ghtained co-
-ordination polymers from metal amides, hydroxoamides,
p-oxoamides, and alkoxoamides using such reactions.

Treatment of [Cr(NH,),](NO,); and [Co(NH,):](NO,), with
potassamide KNH, yielded the corresponding amides
Cr(NH,), and Co(NH,),, in which Cr and Co retain a co-
-ordination number of 6.%? Schmitz-Dumont ascribed a
linear polymeric structure to these compounds

.
H3N NH; NH, HaN NH. NH,
N AN Y N i
H;,N7(,r NHy——CrA—NH; H3N7C0 NH27(,0 NH,
HyN NH,/ Hy HyN NHy NH;
x x

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 mechanism 473

—

NH; 24 HQN\ Tz +
?[('_D(NH;)E}(NO:J., __tEKNH (HgN).Cu< + /Co(NHa),
NH; HoN ,
AN

—2NH3
NH, NH; + 3NHy™ l

>< >| < :> *i“s_i._ (H N).Co/m\ NNHJ)‘—l

NH{ NHgy x —TNH, ’ \Nﬂz/: ,_l

+ NH;l —NOyT

[‘>(. /NH?\ /NH,\}

4+

‘0 NH,——CoT—NH,—

'\ - \NH/ \NH,/

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

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

- NH, NH. 2x4
lcl.é::z_\_c 4:‘“7} H2NHG N ’/NHz\, s/NH,\ x_.
/ \ z/ u\ Hz/ /(l‘"\ (fﬂ\
NH, NH | A NH/NH; NH/ ]
HsN NH; Hs NH,3 ix+
+20NH,T >_co/ N N\ e NHz— +2xNH* 2x[Co(NH;)33+

Hy Co
H;N/ \NH, H;N/ \NH .

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

3

Nl N] e [N
[/ N N |, AN N |,

(=) {=) 2xX-
oy | NN N
[/C N N L

The latter reaction involves elimination of ammonia
from two neighbouring NH, groups

— 1 (=)
NP LR AN -y _ N _{NH> Y
7 \::,/ Co\—\ 7(:0\:::/ HAN

In this way a compound of the following structure is formed 47

o gt
NN N
— Co~—NHy— Co—NH;~—
SN N

W= g+ B

Thermal decomposition of this compound leads to the
polymer (Co,N;Kg)x. The reactions with chromium amide
are similar.

Polymeric amides have also been obtained of titanium %%,
vanadium 478, and thorium %77

e HKNHy i
* [Ti (SCN)olK, Troan TINHKI, EroTIa [Ti(NH)K],

+KN.

H,
x[V(SCN)4JKs o [V(NH)K],. i [V(NH)K]

—KsC
+KNH;

X[TH(NOy)e]Ke = [Th(NH,);NH,K],

—KNO,
—NH;

00
£[Th (NO,)e Ko [Th(NHz):NH], i [Thy(NH)s(NHy),], —~

10ne 130°
—— | Th(NH)g], —— ThyN,
—NH,

All these compounds are polymers in which the metal
atoms are linked by NH,, NH, or N 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 obtained ™
1 |
K [UO, (NOs)] + 3KNH, ~ — > <

This compound possesses amphoteric properties, form-
ing UQ, (NH,),I, with ammonium iodide, and [UO,(NH,).K,]
with potassamide. Thermal decomposition yields the

519



Vol.30 No.9

RUSSIAN CHEMICAL REVIEWS

September 1961

polymer [(UQ,);N,K¢]x. A number of complexes containing
both OH and NH, bridges have been prepared.

The action of potassamide on [Co(NH,)sOH}(NO,), and
[(NH,),Co(OH),.Co(NH;),}(NO,), in liquid ammonia yields 4%
two isomers having the formula [Co(NH,),(OH)]y. 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 NH,NO, are given below

[(H;N).c({; :>C°(NH3)c}(NOaN

[cotnmsson] N0y,

j + KNHp 1+ KNH,
B NH; NHa_ 7] OH NH;y
>C0<OH">C°<—0;—\' isomeric with /CQLOIACO/NH?\
L NHy Nty | \r\H/ NH/

(- J

j + NH¢NO, E:"(OH)(NH’)E‘% 14- NH4NOg
B NH,  Hyd NHp_ | HaN N Hs
l(:o{———on \I\Co\é\OHT—\ (NOy)» ->C040:7—\—C /:mr- (NOgae
_/ NHy H;,N/ NHy | HyN \NH: mN/ NH3

[CoaOHINHoNH)e] (NO )3 « [CoxlOHINH)2(NH3)g] , (NOs)s ¢

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

ot 3+
- + NHo™ /OH\TH?
(NHg)Co /CO(NH;;). i (NH3)4C\ Co(NHg)s | =
Non OH
[ OH NHy ,NHp_ NHs /OH o+
2
|
“NHy (NH3)4Co \ﬁ: / \ CO(NH.SN —
\OH/NH\NH/‘\H3 OH
+ANHS OH, NH; /OH \Hz
%T) \CIO< \CoiNH—Co—-OH\ <\H7
/ NHq OH/ NH,/ H, NH |,
B or NHy A ]
—t—‘%» \ /QH[\(‘O/\H>C040H—C0—\H7\
ST P S N

Among oxoamides only titanylamide is known*%, having
the structure

The hydrogen atom of the OH bridges can be replaced by
organic radicals, yielding amidoalkoxides or alkoxo-
amides *8° [M(OR)(NH,), ], and [M(OR),NH,],, where M = Co,
Cr.

Reaction among [Cr(NH,),](NO,);, alcohols, and potassa-
mide in liquid ammonia yields %!,%82 amphoteric compounds
[Cr(OR),NH, ]

3 8
-\—(‘r/\IH:\(“r/r\H:\

/\/\/

where R = CH,.C H %! or C H,. %2
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With ammonium iodide these compounds are converted
into [Cr(NH,),]I;, and with potassamide several bridges are
ruptured with the formation of a new polymer

N PR N o8
CHORNNH]  ——= —Cv—NII,—-Cv—th —
[ J‘ e \R/ \0
.
“‘:,K* NHy  HyN § (ol H
N 5 Ha VN, NH
o NI L |z NN L
/ \%/ \5,/ N / \(\/ \0/
e . K Ko,

Treatment of [Cr(OR),NH,], compounds with phenyliso-
cyanate yields polymers of the structure

Hsce\ /CO—N—C‘;Hs H5C5\ /CO— N—CeHs

NS SR
/\g/ \g/x

A study has been made 8° of cobalt amidoalkoxides
[Co(NH,),0OR],, where R = CH,, C,H;.

In liquid ammonia the compound KPH, reacts similarly to
potassamide, forming polymers. The compounds [Co(PHz)]
and [Ni(PH,),]x have been obtained 3, as well as other com -
pounds containing ~-NH,-~ and -PH,- 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 ininertsolvents, 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.

[Xole e B

10.

11,

12,

13.

14,

16.
17,
18.
19,
20,
21,

22,
23,
24,

25.

N

o Lo
%)

Yu.A.Zhdanov, Priroda, 9, 19, 26, 27 (1952).

1. Haiduc, Rev.Chim. (Roumania), 7, 721 (1956); J.Chem.
Educ., 38, 134 (1961).

1. Haiduc, “Introducere in Chimia Ciolurior Anorganice”
(Introduction to the Chemistry of Inorganic Rings), Editura
Acad. R. P.R., Bucharest, 1960.

V.V.Korshak and K. K.Mozgova, Uspekhi Khim., 28, 783
(1959).

A.A.Berlin and V. P, Parini, Khim.Nauka i Prom., 1, 44
(1956).

A.A.Berlin and V, P, Parini, Uspekhi Khim., 18, 546 (1949),
A, Michel, Bull.Soc.chim,. France, 1103 (1956).
H.J.Emeldus, Proc.,Chem.Soc., 202 (1959).
A.N.Nesmeyanov, Uspekhi Khim., 28, 1164 (1959).
D.B.Sowerby and L. F. Audrieth, J.Chem. Educ., 37, 2, 86,
134 (1960).

W. Huckel, “Structural Inorganic Chemistry”, Vol.1, I,
Elsevier, Amsterdam, 1951. .

A.F.Wells, “The Third Dimension in Chemistry”, Claren-
don Press, Oxford, 1956.

A, F.Wells, ‘““Structural Inorganic Chemistry”, Second
Edition, Clarendon Press, Oxford, 1955.

P. Pascal, “Nouveau Traité de Chimie Minérale, Vol.I,
Masson, Paris, 1956.

R.S. Nyholm, in “Progress in Stereochemistry” Vol.I,
Butterworths, London, 1956,

Ya. K. Syrkin, Uspekhi Khim., 28, 903 (1959).
K.A.Andrianov, Uspekhi Khim., 27, 1257 (1958).
O.Schmitz-Dumont, Angew.Chem., 69, 146 (1957).

0. Schmitz-Dumont, Chem. Tech. (Berlin), 10, 528 (1958).
G.Schwarzenbach, Angew.Chem., 71, 246 (1959).

M. L.Judd, “Metal-Containing Polymers (Co-ordination -
Compounds)”, Univ. Microfilms Ann Arbor, Mich.; Chem.
Abs., 53, 15848 g (1959).

S.C.Abrahams, Acta Cryst., 8, 661 (1955).

J. Burns and J. Waser, J.Amer.Chem.Soc., 79, 859 (1957).
V.N.Kulakova, I.M.Zinov'ev, and L. Z.Soborovskii, Zhur.
Obshch. Khim., 29, 3957 (1959).

M. Goehring, “ Srgebnisse und Probleme der Chemie der
Schwefelstickstoffverbindungen”, Akademie Verlag, Berlin,
1956.

N.N.Sokolov, “Metody Sinteza Poliorganosiloksanov”
(Methods for the Synthesis of Polyorganosiloxanes), GEI,
Moscow, 1959,

W, E.Bull, J.A.Seaton, and L, F, Audrieth, J.Amer,Chem.
Soc., 80, 2516 (1958).

V.V.Korshak, Izv.Akad. Nauk SSSR, Otd.Khim.Nauk, 321
(1953).

H.I.Schlesinger, L.Horvitz, and A, B. Burg, J.Amer.Chem.
Soc., 61, 1078 (1939).

E.Wiberg, K.Hertwig, and A. Bolz, Z.anorg.Chem., 256,
177 (1948).

A.B.Burg and C.L.Randolph, J.Amer.Chem.Soc., 73, 953
(1951).

E.Wiberg and K.Schuster, Z.anorg.Chem., 233, 89 (1933).
B. M. Mikhailov and N.S. Fedotov, Izv.Akad.Nauk SSSR,
Otd. Khim. Nauk, 1482 (1959).

G.W. Campbell and J. L. Johnson, J.Amer.Chem. Soc., 81,

35,

36.

38.

39.
40.

41.

42,

43.

44,
45,

46.
47,

48.

49.

50.

51,

52,

53.
54,

55.
56.
57.
58.
59.
60.
61,

62,
63.

64,

65.
66,

67,

88.

69.

70.

72.

73.

3800 (1959).

L. M. Trefonas and W, N, Lipscomb, J.Amer. Chem. Soc.,
81, 4435 (1959).

T.C.Bissot and R.W. Paary, J.Amer.Chem.Soc., 77, 3481
(1955).

A, B, Burg and R.I. Wagner, J.Amer, Chem,Soc., 75, 3872
(1953). -

A, B.Burg and R.I. Wagner, J.Amer.Chem.Soc., 76, 3307
(1954), -

W. C.Hamilton, Acta Cryst., 8, 199 (1955).

R.E. Florin, L.A,Wall, F.L.Mohler, and E. Quinn, J.Amer.
Chem.Soc., 76, 3344 (1954).

A.B.Burg and G. Brendel, J.Amer.Chem. Soc., 80, 3198
(1968).

A.B,Burg and P.J.Slota, U.S.P. 2877 272; Chem. Abs., 53,
16062 g (1959). ’
A, B.Burg and F.G, A, Stone, J.Amer. Chem. Soc., 76, 386
(1954).

H.Ulich and W. Nespital, Z.phys.Chem., 165A, 294 (1933).
R.C.Mehrotra, J.Indian Chem.Soc., 30, 585 (1953); 31, 85
(1954).

D. C. Bradley, Nature, 182, 1211 (1958).

D. C. Bradley, R.K.Multani, and W.Wardlaw, J.Chem. Soc.,
126 (1958). .

D. C. Bradley, R.K.Multani, and W. Wardlaw, J. Chem. Soc.,
4153 (1958).

K.J.Palmer and N. Elliott, J.Amer.Chem.Soc., 60, 1852
(1938).

P, A.Akishin, N.G.Rambidi, and E.S. Zasorin, Kristallo-
grafiya, 4, 186 (1959).

P.A.Renes and C.H.MacGillavry, Rec.Trav.chim., 64,
275 (1945).

L.O. Brockway and N, R.Davidson, J.Amer.Chem.Soc., 63,
3287 (1941).

H.H.Jaffé, Z.Elektrochem., 59, 823 (1955).

E.Wiberg, K.Modrinzer, and R.U.Racal, Rev.Acad. Sci.
Zaragoza, 9, 91 (1954#); Chem.Abs., 52, 3584 (1958).
F.G.A.Stone, Chem.Rev., 58, 101 (1958).

N.Davidson and H. C. Brown, J.Amer. Chem., 64, 316 (1942).
E.Wiberg and A. May, Naturforsch., 10b, 229 (1955).
E.Wiberg and W.Gosele, Naturforsch., 10b, 237 (1955).
E.Wiberg and H.NGth, Naturforsch., 10b, 237 (1955).
P.A.Akishin, V.A.Naumov, and V.M. Tatevskii, Kristallo-
grafiya, 4, 194 (1959).

D. P.Stevenson and V.Schomaker, J.Amer.Chem.Soc., 64,
2514 (1942).

H.Brode, Ann, Physik, 37, 344 (1940).

M. F.Kenney and A.W. Laubengayer, J.Amer. Chem. Soc.,
76, 4839 (1954).

G.S.Smith and J.L.Hoard, J. Amer.Chem.Soc., 81, 3907
(1959).

G. E, Coates and R. G, Hayter, J.Chem.Soc., 2519 (1953).
G.E, Coates, F.Glocking, and N.D.Huch, J.Chem.Soc.,
4512 (1952).

L. Brewer and N.L.Lofgren, J.Amer. Chem.Soc., 72, 3038
(1950).

H. M. Rosenstock, J.R.Sites, J.R.Walton, and R. Baldock,
J.Chem. Phys., 23, 2442 (1955).

Chi Hsiang-Wong and V.Schomaker, J.Phys.Chem., 61,
358 (1957).

L.N.Gorokhov, Yu.S.Khodeev, and P. A, Akishin, Zhur.
Neorg.Khim., 3, 2597 (1958).

P. A, Akischin and N, G.Rambidi, Z.phys. Chem. (Leipzig),
213, 111 (1960).

R.E. Phillips and H. M. Powell, Proc.Roy.Soc., 173, 147
(1939).

A. Burawoy, C.S.Gibson, and S.Holt, J.Chem.Soc., 1024
(1935).

521



Vol. 30 No.9

RUSSIAN CHEMICAL REVIEWS

September 1961

74.
75.
76.
77.
78,
79.
80.
81.
82,

83.
84,

8G.
87,
88.
89,
90.
91,
92,
93.
94,
95.
9G.
07.
98.
99,
100,
101,

102,

103,

105.
1085,
107,
108,

109,

110,
111,

113.
114,

115,

116,

522

C.S.Gibson and P,Geant, J.Chem.Soc., 1838 (1949).
C.S.Gibson, J.Chem.Soc., 633 (1951).

A.Burawoy and C.S.Gibson, J.Chem.Soc., 217 (1935).

S. Gibson and J. L. Simonsen, J.Chem.Soc., 2531 (1930).

A, Burawoy and C.S.Gibson, J.Chem,Soc., 860 (1934).
A.Burawoy, C.S.Gibson, G.S.Hampson, and H. M. Powell,
J.Chem, Soc., 1690 (1937).

A.F.Wells, Proc.Roy.Soc., 167, 169 (1938).

F.Mann and A, F.Wells, J.Chem. Soc., 702 (1938).
C.M.Harriss, S.E.Livingstone, and N, C. Stephenson,

J. Chem. Soc., 3697 (1958).

J.Chatt and L. A.Duncanson, Nature, 181, 43 (1958),

J. Chatt and L.Hart, J.Chem. Soc., 269 (1953).
A.A.Grinberg, “Vvedenie v Khimiyu Kompleksnykh Soedi-
nenii” (Introduction to the Chemistry of Complex Compounds),
GKhl, Moscow, 1951,

F.Hein, “Chemische Koordinationslehre’”, Akad.Verlag,
Leipzig, 1957,

J.C. Bailar and D. H. Busch, “The Chemistry of Co~ordin-
ation Compounds”, Rheinhold, New York, 1956,

G.W. A, Fowles, J.Chem.Soc., 2078 (1957).

G.W.A. Fowles, J.Chem.Soc., 1974 (1957).

D.C. Bradley, R.K.Multani, and W, Wardlaw, J.Chem. Soc.,
4647 (1958).

V.S.Yakovleva and B. P. Troitskii, Uch, Zap, Leningrad.Gos.
Univ., 140, 79 (1957).

.G, Mann, J.Chem. Soc., 873 (1936).

H.Reihlen and E. Flohr, Ber., 67, 2010 (1934).

D.K.Drew and H.J.Tress, J.Chem.Soc., 1244 (1935).
N.Davidson and H. C. Brown, J.Amer, Chem. Soc., 64, 316
(1942).

R.A.Robinson and D. A. Peack, J.Phys.Chem., 39, 1125
(1935),

D.C. Bradley, R, C.Mehrotra, J.D,Swanwick, and W, Ward-
law, J.Chem.Soc., 2025 (1953).

D.C.Bradley, W.Wardlaw, and A.Whitley, J.Chem. Soc.,
1139 (1956). .

D.C. Bradley, A.K.Chatterjee, and W, Wardlaw, J.Chem.
Soc., 2260 (1956).

D.C. Bradley, A.K.Chatterjee, and W, Wardlaw, J.Chem.
Soc., 3469 (1956).

D.C. Bradley, B.N,Chakravarti, and W, Wardlaw, J,Chem.
Soc., 4439 (1956).

D.C.Bradley, A.K. Chatterjee, and W, Wardlaw, J.Chem.
Soc., 2600 (1957).

D.C. Bradley, W.Wardlaw, and A, Whitley, J.Chem. Soc.,

5 (1956).

D. C. Bradley, B.N.Chakravarti, and W. Wardlaw, J.Chem.
Soc., 2381 (1956).

N.V.Sidgwich and L, E, Sutton, J.Chem. Soc., 1461 (1930).
D. C. Bradley, J.Chem.Soc., 4780 (1958).

P.Sarju and K, K. Prasad, J.Indian Chem.Soc., 35, 890
(1958),

C. N. Cauglan, H.S.Smith, W.Katz, W.Hodgson, and R.W.
Crowe, J.Amer.Chem.Soc., 73, 5652 (1951).

D.C. DBradley, W.Wardlaw, and A.Whitley, J.Chem. Soc.,
726 (1955).

D.C.DBradley and M. M. Faktor, Nature, 184, 55 (1959).

D. C. Bradley, C.C.Prevedorou, J.D.Swanwick, and W,
Wardlaw, J. Chem.Soc., 1010 (1958).

D. C. Bradley, B.N.Chakravarti, A.K.Chatterjee, W, Ward-
law, and A, Whitley, J.Chem. Soc., 99 (1958).

W. Wardlaw, J.Chem. Soc., 3569 (1955).

D. C. Bradley, R.Gaze, and W. Wardlaw, J.Chem.Soc., 3977
(1953).

D. C. Bradlev, R.Gaze, and W, Wardlaw, J.Chem. Soc., 69
(1957).

W. G. Bartley and W, Wardlaw, J.Chem.Soc., 421 (1958).

117,
118,

119,
120,
121,

122,
123.

124,
125.

126.
127,

128,
129.
130.

131,

132,
133.
134.
135,
136.
137.
138.
139.
140,

141,

142,

143.
144,

145,
146,

147,

148,
149,
150.
151,

153.

154,
1565.
156.

157,
158,
159,

160.
161.
162,
163.
164.
165.

R.C.Wilhoit, J.Phys.Chem., 61, 114 (1957). .
D.C.Bradley, B.N.Chakravarti, and A.K, Chaterjee, J.
Inorg. Nuclear Chem., 4, 279 (1957),

D.C.Bradley, Chem.and Ind., 1332 (1958).

D. C.Bradley, J.Chem,Soc., 3656 (1958).

Z .M. Brainina, R,Kh. Freidlina, and A, N, Nesmeyanov, Izv.
Akad, Nauk SSSR, Otd.Khim.Nauk, 63 (1960).

C.D.West, Z.Krist., 90, 555 (1935).

M. Brakken, Kgl.norske Videnskab. Selskabs Forh., 11, 169
(1930). -

I. Lindquist, Acta Cryst., 10, 29 (1958).

G.S.Zhdanov and E. A, Shugam, Acta Physicochim.U.R.S.S.,
20, 253 (1945).

O.Hassel, Z.Krist., 64, 218 (1926).

E.A.Shugam and G.S.Zhdanov, Dokl.Akad. Nauk SSSR, 45,
295 (1944),

J.A. A, Ketelaar, Z.Krist., 92, 30 (1935),

D.T.Cromer, J.Phys.Chem., G1, 1388 (1957).
A.Rosenzweig and D.T.Cromer, Acta Cryst., 12, 709
(1959).

P.Niggli, “Sterochemistry’’ (Translated into Russian),
Inostr. Lit., Moscow, 1949,

A.F.Wells, J.Chem.Soc., 1662 (1947).

A,F.Wells, Z.Krist,, 100, 189 (1938).

L.Helmholz, J.Amer, Chem.Soc., 69, 886 (1947).
A.F.Wells, J,Chem.Soc., 1670 (1947).

S.Brink and A, E, Van Arkel, Acta Cryst., 5, 506 (1952).
S.Brink and C,H.MacGillavry, Acta Cryst., 2, 158 (1949).
S. Brink, J.Stenfert,and H.Krosse, Acta Cryst., 5, 433 (1952).
E.Thilo and H.A, Lehmann, Z.anorg.Chem., 258, 332(1949).
D.Roy, R.Roy, and E.Osborn, J.Amer.Ceram.Soc., 36,
185 (1953).

O. N. Breusov, N.M., Bagurtova, and A.V.Novoselova, Zhur.
Neorg, Khim., 4, 2213 (1959).

H.O'Daniel and L, Tscheischwili, Neues Jahrb, Min., 48A,
56 (1945); Chem.Abs., 43, 5253a (1949).

R.E.Rundle and P.H.Lewiss, J.Chem. Phys., 20, 132 (1952).
S.Brink, H.Binnendjik and V.Linde, Acta Cryst., 7, 176
(1954),

E. Bannister and G.Wilkinson, Chem.and Ind,, 319 (1960).
H.Gilman and R.G.Jones, J.Amer.Chem.Soc., 62, 280
(1940),

J. M. Bijovoet, A.Classen, and A.Karsen, Proc.k.Akad.
Amsterdam, 29, 529 (1926).

B. Brehler, Naturwiss., 46, 106 (1959),

B.E.Warren and C.Hill, Z.Krist., 89A, 481 (1934).

E. Brandenberger, Schweitz. min. petr. Mitt., 12, 243 (1932).
R.W.G.Wyckoff, “Crystal Structures”, Interscience, New
York, 1948.

A.V.Novoselova, M. E,Levina, Yu,P,.Simanov, and A.G.
Zhasmin, Zhur.Obshch. Khim,, 14, 385 (1944),
N.A.Toropov and I, A, Bondar', Uspekhi Khim,, 24, 52
(1955),

A.V.Novoselova, Uspekhi Khim., 28, 33 (1959).

B. Brehler, Naturwiss., 46, 554 (1959).

A.Seitz, U.Rosler, and K. Schubert, Z.anorg.Chem., 261,
94 (1950).

R. B. Corey and R, W.G. Wyckoff, Z.Krist., 86, 8 (1933).
G.S. Zhdanov, Dokl.Akad. Nauk SSSR, 31, 350 (1941).
E.A.Shugam and G.S, Zhdanov, Acta Physiochim.U.R.S.S.,
20, 247 (1945).

W.L.Bragg, Phil. Mag., 39, 647 (1920).

W.H, Zachariasen, Z.phys.Chem., 124, 277 (1926).
W.H.Zachariasen, Z.phys.Chem., 124, 436 (1926).

W.H. Zachariasen, Z. Physik, 40. 637 (1927).

S. Tolksdorf, Z.phys.Chem., 132, 161 (1928).

J.A. Perri, S.La Placa, and B. Post, Acta Cryst., 11, 310
(1958).




Vol.30 No.9

RUSSIAN CHEMICAL REVIEWS

September 1961

166,

167.
168.

169.

170,
171.
172,

173,
174,

175.

176.

177,
178.
179.
180.
181,

182,
183,
184,
185.
186.
187,
188.
189,
190,

191,
192,

199.
200,
201,
202,
203.
204,

205.
206.
207,
208.
209.
210.
211,
212,
213,

215.

I.A.Kohn, P.G.Cotter, and R. A, Potter, Amer. Min., 41,
355 (1956).

P.Ormont, Zhur, Neorg.Khim., 3, 1281 (1958).

N. A, Goryunova, Izv, Akad. Nauk SSSR, Ser. Fiz., 21, 120
(1957).-

W.J.Moore and L. Pauling, J.Amer.Chem.Soc., 63, 1392
(1941).

W, Scaturin, Ricerca sci., 27, 2163 (1957).

C.Brosset, Z.anorg.Chem., 235, 139 (1937).

C.Hofmann, B.Holder, aad W.Jolly, J.phys.Chem., 62,
364 (1958).

M. Delépine, Compt.rend., 240, 2468 (1955).

H. B.Jonassen and G. T.Strickland, J,Amer.Chem.Soc., 80,
312 (1958).

J.A,Eldvidge and A.B.P,Lever, Proc.Chem.Soc., 195
(1959).

C.H.MacGillavry and J. M. Bijvoet, Z.Krist., 94, 231
(1936).

B. K. Vainshtein, Dokl.Akad. Nauk SSSR, 68, 301 (1949).
C.H.MacGillavry and J. M. Bijvoet, Z.Krist., 94, 249 (1936).
H. Brasseur and A, E.Rassenfosse, Nature, 143, 332 (1936).
H. Brasseur and A, E.Rassenfosse, Z.Krist., 95, 474 (1936).
W.D. Beaver, L,E.Trevorrow, W.E, Estill, P.C. Yates,
and T.E. Moore, J.Amer.Chem. Soc., 75, 4556 (1953).
R.Hoppe, Angew.Chem., 69, 399 (1957).

D.Balz and K, Plieth, Z,Elektrochem., 59, 545 (1955).
K.Knox, J.Chem. Phys., 30, 991 (1959).

E.Thilo, Naturwiss., 26, 529 (1938).

C.Brosset, Z.anorg. Chem., 239, 301 (1938).

H.Remy and F.Hansen, Z.anorg.Chem., 283, 277 (1956).
A.Rabenau and P.Eckerlin, Acta Cryst., 11, 304 (1958).
G.Wagner and H. Binder, Z.anorg.Chem., 297, 328 (1958).
A.Rabenau and P. Eckerlin, Z.anorg.Chem., 303, 103
(1960).

H. Binder, Z.anorg.Chem., 303, 105 (1960).

W.Rudorff, J.Kandler, G.Linke, and D. Babel, Angew.
Chem., 71, 672 (1959).

R.Hoppe, Z.anorg.Chem., 294, 135 (1958).

G. Bergstrdm and G. Lundgren, Acta Chem.Scand., 10, 673
(1956).

1.1. Lipilina, “Uranil i ego Soedineniya” (Uranyl and Its
Compounds), Izd.Akad, Nauk SSSR, 1959,

N. Wooster, Z.Krist., 74, 363 (1930).

E.V.Stroganov and K. V. Ovchinnikov, Vestnik Leningrad.
Univ., No.22, 152 (1957).

J.A.A.Ketelaar, C.H.MacGillavry, and P.A,Renes, Rec.
Trav.chim., 66, 501 (1947).

N.Wooster, Z.Krist., 83, 35 (1932).

J.A.A.Ketelaar, Nature, 128, 303 (1931).
J.A,A.Ketelaar, Z.Krist., 85, 119 (1933).

H.D.Megaw, Z.Krist., 87, 185 (1934).

E.J.Harmsen, Z.Krist., 100, 208 (1938).

H.Brasseur and L. Pauling, J.Amer.Chem.Soc., 60, 2886
(1938).

C.H.MacGillavry, H.Nijveld, E.Dierdorp, and J.Karsten,
Rec. Trav.chim., 58, 193 (1939).

G.N. Tishchenko, Trudy Inst.Krist. Akad. Nauk SSSR, 11,
93 (1955).

K. Meisel, Z.anorg.Chem,, 207, 121 (1932).

J.F.Keggin and F,D. Miles, Nature, 137, 577 (1936).
H.Rigamonti, Gazzetta, 67, 137 (1937).

H.Rigamonti, Gazzetta, 67, 146 (1937).

R.Rigamonti, Gazzetta, 68, 809 (1938).

H. B.Weiser, W.O, Milligan, and J. B. Bates, J.Phys.Chem.,
12, 9451 (1938).

A.K.Van Bever, Rec.Trav.chim., 57, 1259 (1938).

H.E. Forsberg, Acta Chem.Scand., 11, 676 (1957).
§.NarAy-Szabo, Naturwiss., 31, 202 (1943).

216.
217,

218,
219,
220.
221,
222,
223.

224,

225,
226.
227,
228.

229.

230.

231,
232.
233.
234.

235.

236.

237,
238.
239.
240.
241,
242,

243,

244,
245,
246.

247,
248,

249,

250,
251,
252,
253,
254,

255,
2586,
257.
258,
259,

260.
261,
262.
263.
264,

265.

V.M. Goldschmidt, Ber., 60, 1285 (1927).

A.E.Van Arkel, “Molecules and Crystals in Inorganic
Chemistry”, Butterworths, London, 1949,

R.Hoppe, Angew.Chem., 70, 401 (1958),

A.Hoffmann, Z.phys.Chem., 28B, 65 (1935).
A.Hoffmann, Naturwiss., 22, 206 (1934).

M. Gasperin, Acta Cryst., 11, 739 (1958).

A.E.Van Arkel, Physica, 5, 162 (1925).

G. Natta, Atti Accad.naz.Lincei, Rend. Classe Sci.fis. mat.
nat., 5, 1003 (1927).

A. Ferrari and A.Baroni, Atti Accad.naz.Lincei, Rend.
Classe Sci.fis.mat.nat., 6, 418 (1927).

G. Natta and L. Passerini, Gazzetta, 58, 472 (1928).
A.F.Wells, J.Chem.Soc., 1669 (1947).

G. Bergerhoff, Z.anorg.Chem., 299, 328 (1959).

Z.G. Pinsker, L.I. Tatarinova, and V.A.Novikova, Acta
Physicochim.U.R.S.S., 18, 378 (1943).

Z.G. Pinsker, L.I.Tatarinova, and V.A.Novikova, Zhur,
Fiz.Khim., 18, 419 (1944).

Z.G. Pinsker, L,I. Tatarinova, and V.A.Nqvikova, Zhur,
Fiz,Khim., 20, 1401 (1946),

Z.G, Pinsker, Zhur, Fiz,.Khim., 16, 1 (1942),

Z.G. Pinsker, Uspekhi Khim., 12, 396 (1943).
K.H.Lieser, Z.anorg.Chem., 295, 106 (1958).
L.A.Smirnov, A.K.,Breger, and G.S.Zhdanov, Acta
Physicochim,U.R.8.8,, 15, 225 (1941).

G.Hagg, R.Kiesling, and E.Linden, Arkiv Kemi, Min.,
Geol., 16B, 4 (1942),

G.Hagg and E. Hermanson, Arkiv Kemi, Min., Geol., 17B,
1 (1943).

R.M. Bozorth, J.Amer.Chem, Soc., 44, 2231 (1922).
O.Hassel, Z.phys.Chem., 22B, 333 (1933).

P.Hartmann, Acta Cryst., 11, 365 (1958).

Z.G, Pinsker, Uspekhi Khim., 20, 104 (1951).
Z.G.Pinsker, Zhur. Fiz.Khim., 15, 559 (1941),
G.S.Zhdanov, A.Kh.Breger, and S.Smirnova, Acta Physi-
cochim.U.R.S.S., E, 255 (1941).

Z.G. Pinsker and L.I, Tatarinova, Zhur. Fiz.Khim., 15,
1006 (1941).

H.Arnfeld, Arkiv.Mat.Astr, Fiz., 23B, 2 (1932),

J.M. Bijvoet and W. Nieuwenkamp, Z.Krist., 86, 466 (1933).
Z,G. Pinsker and E. L, Lapidus, Zhur, Fiz.Khim., 21, 777
(1947).

H, Blum, Z.phys.Chem., 22B, 298 (1933).

A, Ferrari and F.Giorgi, Atti Accad.naz.Lincei, Rend.
Classe Sci.fis.mat.nat., 9, 1134 (1929),

A. Ferrari and F.Giorgi, Atti Accad.naz. Lincei, Rend.
Classe Sci.fis.mat.nat,, 10, 522 (1929),

G.Bruni and A, Ferrari, Z,phys.Chem,, 130, 488 (1927),
L. Pauling, Proc.Nat.Acad,Sci.U.S.A., 15, 709 (1929).
J.A,Ketellar, Z.Krist., 88, 26 (1934).

J.Villadsen, Acta Chem.Scand., 13, 2146 (1959).
P.Ehrlich and H.J. Seiferth, Z,anorg,. Chem., 301, 282
(1959). -
A.J.Verwell and J. M. Bijvoet, Z.Krist., 77, 122 (1931),
A,E.Van Arkel, Physica, 4, 286 (1924).

J.A.A.Ketelaar and E. W, Gorter, Z.Krist., 101, 367 (1939).
G.Natta, Gazzetta, 58, 344 (1928). '_

G. Natta, Atti Accad.naz, Lincei, Rend, Classe Sci.fis. mat.
nat., 2, 495 (1925).

W. Feitknecht, Z.Krist,, 84, 173 (1932).

W. Feitknecht, Helv.Chim.Acta, 13, 314 (1930).

W, Feitknecht, Helv. Chim.Acta, 32, 2294 (1949).

G. F.Hiittig and A. Peter, Z.anorg.Chem., 189, 183 (1930).
W. Feitknecht and W, Bedert, Helv.Chim. Acta, 24, 676
(1941).

W. Feitknecht and W. Lotmar, Helv.Chim. Acta, 18, 1369
(1935).

523



Vol.30 No.9

RUSSIAN CHEMICAL REVIEWS

September 1961

266.
267.
268.
269.

270.
271.
272.

273.
274,
275,

276.
271.
278.
279.
280.
281.
282.

283.

284,
285,
286.
287.
288.
289.

290.
291,

292.
293.

2917.
298.
299,

300.

302.

303.
304.
305.
306,

307.
308.
309.
310.
311.

312,
313.

524

W. Feitknecht and W. Lotmar, Z.Krist., 91, 136 (1935).
W. Feitknecht, Helv.Chim. Acta, 19, 467 (1936).

W. Feitknecht and A. Collet, Helv.Chim. Acta, 19, 831(1936).
W. Feitknecht and G. Fischer, Helv.Chim.Acta, 19, 1242
(1936).

W. Feitknecht, Helv.Chim.Acta, 20, 177(1937).

W. Feitknecht, Helv.Chim. Acta, 16, 427 (1933).

H.E. Forsberg and W. Nowacki, Acta Chem.Scand., 13,
1049 (1959).

H.Krebs, Z.anorg.Chem., 278, 82 (1955).

J.L.Hoard and J.D.Grenko, Z.Krist., 87, 110 (1934).
P.P.Reichertz and W.J. Yost, J.Chem. Phys., 14, 495
(1946).

W.Hoppe, Z.Krist., 104, 11 (1942),

J.Rouxel, Compt.rend., 248, 810 (1959).

A.Magneli, Acta Chem. Scand., 11, 28 (1957).
R.M.Douglas, Acta Cryst., 10, 423 (1957).
K.A.Wilhelmi, Naturwiss, 44, 580 (1957).

J.H.Rayner and H. W, Powell, J.Chem. Soc., 3412 (1958).
S.Asbrink, S.Friberg, A.Magneli, and G. Anderson, Acta
Chem.Scand., 13, 603 (1959).

L.Cavalca, M. Nardelli, and G. Fava, Proc.Chem. Soc., 159
(1959).

D. Bandyopadhayay, J.Indian Chem.Soc., 34, 798 (1957).
H.C. Longuet-Higgins, Quart Rev., 11, 121 (1957).

R.G.Gillespie and R.S. Nyholm, Quart Rev., 11, 339 (1957).

B.V.Nekrasov, Zhur.Obshch.Khim., 10, 1021 (1940).
B.V.Nekrasov, Zhur.Obshch.Khim., 10, 1056 (1940).
Ya. K. Syrkin and M. E.Dyatkina, Acta Physicochim.U.R.S.S,
14, 547 (1941), :
H.C.Longuet-Higgins and R. Bell, J.Chem.Soc., 250 (1943).
W.Dilthey, Angew.Chem., 34, 596 (1921).

C.A.Coulson, “Valence”, Clarendon Press, Oxford, 1953.
W. Eberhardt, B.Crawford, and W.N. Lipscomb, J.Chem.
Phys., 22, 989 (1954).

W.J.Dulmage and W. N, Lipscomb, J.Amer, Chem. Soc., 1§r,
3539 (1951).

K.Hedberg, M. E. Jones, and V.Schomaker, J.Amer. Chem.
Soc., 73, 3538 (1951),

L.R.Lavine and W.N. Lipscomb, J.Chem. Phys., 22, 614
(1954).

C.E.Nordmann and W. H. Lipscomb, J.Chem. Phys., 21,
1856 (1953).

M. E.Jones, K.Hedberg, and V.Schomaker, J.Chem. Phys.,
75, 4116 (1953).

F.L.Hirsfeld, K, Eriks, R.E.Dickerson, L.L.Lipert, Jnr.,
and W.N. Lipscomb, J.Chem. Phys., 28, 5661 (1958).
J.S.Kasper, C.M. Lucht, and D.Harker, J.Amer, Chem.
Soc., 70, 881 (1948).

K. Eriks, W.N.Lipscomb, and R.Schaffer, J.Chem. Phys.,
22, 754 (1954).

R.E.Dickerson, E.Wheatley, J.Howell, W,H. Lipscomb,
and R.Schaefer, J.Chem. Phys., 25, 606 (1956).

W.N. Lipscomb, Acta Cryst., 10, 777 (1957).
W.N.Lipscomb, J.Phys.Chem., 62, 381 (1958).

W. N. Lipscomb, J.Inorg.Nuclear Chem., 11, 1 (1959).
G.Urry, T.Wartik, and H.I. Schlesinger, J.Amer.Chem.
Soc., 74, 5809 (1952).

M. Atoji and W. N. Lipscomb, J.Chem. Phys., 21, 172 (1953).
M. Atoji and W. N, Lipscomb, Acta Cryst., 6, 547 (1953).
A.W,Laubengayer and W, F, Gilliam, J.Amer, Chem, Soc.,
63, 477 (1941).

K.S. Pitzer and H.S.Gutowsky, J.Amer.Chem.Soc., 68,
2204 (1946).

A,L Snow and R. E.Rundle, Acta Cryst., 4, 348 (1951).
E.Wiberg and O, Strecher, Ber., 75, 2003 (1943).

E, Wiberg, H.Graf, and R, Usov, Z.anorg.Chem., 272, 221

(1953).

314,
315,
a1e,
317,
318.
319,
320,
321.
322,

323.
324.

325,
326.

327,
328.
329,
330.

331,

332.

333.
334,

335,
336.

337.

338,

339.

340.

341,

342,
343.

344,

345,
346,
347,
348,
349,
350,
351,
352.

353,
354,

355,

E.Wiberg, H.Graf, and R.Usov, Angew,Chem., 65, 17
(1953). v

E.Wiberg and M. Schmidt, Naturforsch., 7b, 577 (1952).
E.Wiberg and M. Schmidt, Naturforsch., 6b, 172 (1951),
T.Wartik and H.I.Schlesinger, J, Amer.Chem.Soc., 75,
835 (1953).

E.G.Hofmann, Annalen, 629, 104 (1960).

R.E.Rundle, J.,Amer.Chem.Soc., 80, 4143 (1958).
R.E.Rundle, J.Amer.Chem.Soc., 69, 1327 (1947).
R.E.Rundle and J. H. Sturdivant, J. Amer.Chem. Soc., 69,
1561 (1947),

G. E. Goates, “Organo-metallic Compounds”, Wiley, New
York, 1955,

G.E. Coates and N.D, Huck, J.Chem.Soc., 4496 (1952).
R.W. Paary and L.J, Edwards, J.Amer,Chem.Soc., 81,
3554 (1959).

A.B.Burg, Angew. Chem., 72, 183 (1960).

G. E, Coates, F.Glocking, and N.D, Huck, J.Chem. Soc.,
4512 (1952).

G.E. Coates and N.D, Huck, J.Chem.Soc., 4501 (1952).
H.No6th, Angew,Chem., 72, 40 (1960).

D, Blake, G.Calvin, and G. E, Coates, Proc,Chem.Soc., 396
(1959),

H.Smith and R. E.Rundle, J.Amer.Chem.Soc., 80, 5075
(1958).

A, E.Martell and M, Calvin, Die Chemie der Metallchelatver-
bindungen, Verlag Chemie, GMBH Weinheim~Bergstr.,
1958,

A.A.Berlin and N. G, Matveeva, Uspekhi Khim., 29, 277
(1960).

J.R.Elliot, Thesis, Univ. of Illinois, 1943.

S. Tanatar and E.Kurowski, J.Russ, Phys,Chem., Soc., 39,
936 (1908).

J.Meyer and E, Mantel, Z.anorg.Chem,, 123, 43 (1922).
C.S8.Marvel and M. M, Martin, J.Amer, Chem. Soc., 80,

619 (1958),

Osamu Asai, M.Kishita, and M.Kubo, Naturwiss., 46, 12
(1959).

Y. Kinoshita, I, Matsubara, and Y,Saito, Bull.Chem.Soc.
Japan, 32, 741 (1959).

Y.Konoshita, I, Matsubara, and Y.Saito, Bull,Chem. Soc.
Japan, 32, 1216 (1959).

Y.Kinoshita, I, Matsubara, T,Higuki, and Y,Saito, Bull.
Chem. Soc.Japan, 32, 1221 (1959),

J.Wilkins and E, Wittbecker, U.S.P.2659711, 1953; Chem.
Abs., 48, 11110 (1954).

S.Dent, J.Chem.Soc., 1027 (1934).

V.V.Korshak, E.S.Krongauz, A.M, Sladkov, V,E.Sheina,
and L.K. Luneva, Vysokomol.Soed., 1, 1764 (1959).

N. A, Glukhov, “VIII Mendeleevskii S'ezd po Obshchei i Prik-
ladnoi Khimii” (Eighth Mendeleev Conference on General
and Applied Chemistry), 1959,

T,R. Patterson, E.J.Pavlik, and R.L, Frank, J.Amer.Chem.,
Soc., 81, 4213 (1959),

A.L.Underwood, T,Y.Toribara, and W, F, Neuman, J.Amer,
Chem. Soc., 72, 5597 (1950).

S.Kanda and Y. Saito, Bull.Chem.Soc.Japan, 30, 192 (1957),
K.A.Jensen, Z,anorg,Chem., 252, 227 (1944).

J.R. Barcelo, Spectrochim.Acta, 10, 245 (1958).

D. Bailes and M. Calvin, J.Amer,Chem,Sac., 69, 1892 (1947).
V.V.Korshak, S,V.Vinogradova, and V.S.Artemova, Vys-
okomol. Soed., 2, 492 (1960).

V.V.Korshak, S.V,Vinogradova, and T.M. Babchinitser,
Vysokomol. Soed., 2, 498 (1960).

K.V.Martin, J. Amer.Chem,Soc., 80, 233 (1958).
A.N.Nesmeyanov, M.I Rybinskaya, and G.L, Slonimskii,
Vysokomol. Soed., 2, 526 (1960).

S.M, Atlas and M. F. Mark, Angew.Chem., 72, 249 (1960),



Vol.30 No.9 RUSSIAN CHEMICAL REVIEWS September 1961
356, M., M.Koton, Khim,i Tekhnol, Polimerov, No.7~8, 54 405. P.J.Antikaien and D.Dyrssen, Acta Chem.Scand., 14, 86
(1960). (1960).
357, A,A.Berlin and N.G. Matveeva, Vysokomol,Soed., 1, 1643 406, P.J.Antikaien, S.Hietanen, and L.G.Sillén, Acta Chem.
(1959). Scand., 14, 95 (1960).
358. A.A.Berlin, N.G. Matveeva, and A.I.Sherle, Izv.Akad. 407. H.Kakihana and L.Sillén, Acta Chem.Scand., 10, 985 (1956).
Nauk SSSR, Otd.Khim.Nauk, 2261 (1959). 408. G.Biedermann, Arkiv Kemi, 9, 175 (1956).
359. L.Sacconi, Gazzetta, 83, 894 (1953). 409. R.S.Tobias, Acta Chem,Scand., 12, 198 (1958).
360. R.L.Griffith, J.Chem.Phys., 11, 499 (1943), 410, B.O.A.Hedstrbm, Arkiv Kemi, 5, 1 (1952),
361, S.Caric, Bull.Soc.franc.mineral. et cristalogr., 82, 50 411. A.Olin, Acta Chem.Scand., 11, 1445 (1957).
(1959). 412. A.Olin, Acta Chem.Scand., 13, 1791 (1959).
362. A.C.D.Rivet, J.Chem.Soc., 1063 (1926). 413, C.Brosset, G.Biedermann, and L, G. Sillén, Acta Chem.
363. E.A,Gode and A.C.D,Rivet, J, Chem.Soc., 950 (1928). Scand., 8, 1917 (1954),
364, R.Nast and H.Ruckermann, Chem. Ber., 93, 584 (1960). 414. S.Ahrland, S.Hietanen, and L. G.Sillén, Acta Chem. Scand.,
365. G.Bahr and K.H. Thiel, Chem. Ber., 90, 1578 (1957), 8, 1907 (1954).
366. J.Weiss and D. Neubauer, Naturforsch., 13b, 459 (1958). 415. G.Biedermann, Arkiv Kemi, 9, 277 (1955).
367. W.Lutringhauss and W.Kullik, Angew. Chem., 70, 438 416. G.Biedermann, M.Kilpatrik, L. Pokras, and G.Sillén, Acta
(1958). - Chem. Scand., 10, 1327 (1956).
368, K.Schlogl and H.Seijler, Monatsh., 91, 78 (1960). 417. S.Hietanen, Acta Chem.Scand., 8, 1626 (1954).
369, V.V.Korshak, S.L.Sosin, and V. P, Alekseeva, Dokl.Akad. 418, S,Hietanen, Rec.Trav.chim,, 75, 711 (1956),
Nauk SSSR, 132, 360 (1960). 419, S.Hietanen, Acta Chem.Scand., 10, 1531 (1956).
370. E.W.Abel, A.Singh, and G, Wilkinson, J.Chem. Soc., 3097 420. F.Granér and L.G.Sillén, Acta Chem.Scand., 1, 631(1947).
(1959). 421, A.Olin, Acta Chem.Scand., 14, 126 (1960).
371, R.E.Merker and M.J. Scott, J. Polymer Sci., 24, 19 (1957). 422, G.Lundgren and L.G.Sillén, Arkiv Kemi, 1, 277 (1949),
372. L. Pokras, J,Chem,Educ., 33, 152 (1956). - 423. A,V.Slavvo, Zhur,Obshch.Khim., 22, 361 (1952).
373. L.DPokras, J.Chem.Educ., 33, 223 (1956). 424, A,V,Slavvo, Zhur,Obshch. Khim., 22, 368 (1952).
374, H,Basset, Quart.Rev., 1, 246 (1947). 425. A.V.Slavvo, Zhur,Obshch.Khim., 22, 374 (1952),
375. E.Stiasny, Collegium, 682, 86 (1927). 426, M. Prytz, Z.anorg.Chem., 180, 355 (1929).
376. E.Stiasny, “Gerberichemie”, Verlag Th. Steinkopf, Dres- 427, R.A.Gilbert and A, B.Garrett, J. Amer. Chem.Soc., 78,
den, 1931, 5501 (1956).
377. A.W.Thomas and T,H. Whitehead, J.Phys.Chem., 35, 27 428, ©P.Souchay and D. Peschanski, Bull,Soc.chim. France, 439
(1931). - (1948).
378. A.W.Thomas and A, P, Tai, J. Amer.Chem. Soc., 54, 841 429. R.W.Holmberg, K.A.Kraus, and J.S.Johnson, J.Amer.
(1932). - Chem. Soc., 78, 5506 (1956).
379. S.P.Marion and A.W. Thomas, J.Colloid Sci., 1, 221(1946). 430. R.S.Tobias, J.Amer.Chem.Soc., 82, 1070 (1950).
380. A.W.Thomas, “Colloid Chemistry”, McGraw Hill, New 431, K.Pedersen, Kgl.danske Videnskab., 22, 10 (1945).
York, 1934, 432, J.Faucherre, Bull.Soc.chim. France, 128 (1954).
381. G.Jander and K. F.Jahr, Kolloid-Beih., 43, 323 (1936). ’ 433. H.W.Kohlschiitter and P.Hantelman, Z.anorg.Chem., 248,
382, G.Jander and K. F, Jahr, Kolloid-Beih., 41, 1 (1934); 43, 319 (1941).
295 (1936). 434, H,E.Forsberg, Acta Chem.Scand., 10, 1287 (1956).
383. G.Jander and W.Scheele, Z.anorg.Chem., 206, 241 (1932). 435. J.Lefebre, J.Chim.phys?Physico-chim.biol., 55, 227
384. G.Jander and A, Winkel, Z.anorg.Chem., 200, 257 (1931). (1958).
385, H.T.Hall and H.Eyring, J. Amer. Chem.Soc., 72, 782(1950). 436. S.Hietanen and L.G.8illén, Acta Chem.Scand., 13, 533
386. K.A.Kraus and J.S.Johnson, J.Amer.Chem.Soc., 75, 5769 (1959).
(1953). 437, A.Dobry, S,Guinard, and A.Mathieu-Sicaud, J.Chim.phys.
387. L.G.Sillén, Quart.Rev., 13, 146 (1959). Physico-chim. biol., 50, 501 (1953).
388, R.Schaal and J. Faucherre, Bull.Soc.chim. France, 927 438, A.Dobry-Duclaux, Angew.Chem., 65, 350 (1953).
(1947). 439, M. Bobtelski and H. Ben Bassat, Bull.Soc.chim. France,
389. J.Faucherre, Bull.Soc.chim. France, 1117 (1953). © 233 (1958).
390. J.TFaucherre, Bull.Soc.chim. France, 253 (1954), 440, R, F,Bogucki and A, E, Martell, J.Amer.Chem.Soc., 80,
391. R.Schaal and J. Faucherre, Bull.Soc.chim. France, 47, 4171 (1958).
1128 (1930). 441, G.Lundgren, Arkiv Kemi, 5, 349 (1953).
392. P.Souchay, Bull.Soc.chim. France, 143 (1948). 442, G.Lundgren, Arkiv Kemi, 4, 421 (1952).
393. M. Teyssédre and P.Souchay, Bull.Soc.chim. France, 945 443, S.Samson and L.G.Sillén, Arkiv Kemi, Min., Geol., 254,
(1951). ‘ 21 (1947),
394. L.G.Sillén, Rec.Trav.chim., 75, 705 (1956). 444, W.H.Zachariasen, Acta Cryst., 1, 281 (1948).
395, L.G.Sillén, Acta Chem.Scand., 8, 299 (1954), 445, S,Hietanen and L, G, Sillén, Acta Chem,Scand., 13, 1828
396, L.G.Sillén, Acta Chem.Scand., 8, 318 (1954). (1960). - .
397. B.Hestrdm, Acta Chem.Scand., 9, 613 (1955). 446, C.F.Richard, R.L.Gustafson, and A.E. Martell, J. Amer.
398. S.Hictanen and L, G.Sillén, Acta Chem.Scand., 8, 1607 Chem. Soc., 81, 1033 (1959).
(1954). 447, K.Okabe, Bull.Electrotech,Lab, Japan, 19, 59 (1955).
399, W, Porsling, S.Hietanen, and L. G.Sillen, Acta Chem.Scand., 448, M.,S,Sherrill, K.B.King, and R. C,Spooner, J.Amer. Chem,
G, 901 (1952). Soc., 65, 170 (1943),
400. S.Hictanen and L. G, Sillén, Acta Chem.Scand., G, 747 449. G.Lundgren, Arkiv Kemi, 6, 59 (1953); 10, 183 (1956).
(1952). 450, R.E.Reeves and F. A, Blouin, J.Amer. Chem.Soc., 76,
401, B.O.A.Hedstrom, Arvkiv Kemi, 3, 457 (1952). 5233 (1944).
402, G.DBicdermann, Arkiv Kemi, 5, 441 (1952), 451, R.E.Reeves and H, B.Jonassen, J.Amer, Chem. Soc., 78,
403. G.Biedermann, Rec. Trav.chim., 75, 716 (1956). 5334 (1954).
404, Y.Marcus, Acta Chem.Scand., 11, 690 (1957). 452, G.Lundgren, Arkiv Kemi, 10, 397 (1957),

525



Vol.30 No.? RUSSIAN CHEMICAL REVIEWS September 1961
453. A.J.Zielen and R. E.Konick, J.Amer.Chem.Soc., 78, 5785

(1956).

454, G.Lundgren, Arkiv Kemi, 13, 59 (1958),

455. A.Glearfield and P. A.Vaughan, Acta Cryst., 9, 555 (1956).

456, M., Bobtelsky and A. Ben-Bassat, Bull.Soc,chim, France,
180 (1958).

457, B.I.Intorre and A. E.Martell, J.Amer, Chem.Soc., 82,

358 (1960).

458, G.T.Morgan and A.R. Bowen, J.Chem.Soc., 125, 1252
(1924).

459. H.Gustavson, J.Colloid Sci., 1, 397 (1946).

460. H,Gustavson, J.Amer.Leather Chemists' Assoc., 44, 388
(1949).

461, H.Gustavson, J, Amer, Leather Chemists' Assoc., 47, 151
(1952).

462, F,O'Flaherty, W.T.Roddy, and R, M. Lollar, “The Chemi~-
stry and Technology of Leather”, Vol.2, Reinhold, New
York, 1958,

463, J.A.Laswick, Univ.Microfilms, Ann.Arbor, Mich., 1959;
Chem. Abs., 53, 18714 (1959).

464, J.A,Laswick and R.A. Plane, J.Amer.Chem. Soc., 81, 3564
(1959).

465. D.G.Tuck, J.Inorg.Nuclear Chem., 6, 252 (1958).

466. R.O.Nilsson, Arkiv Kemi, 12, 337 (1958).

467, G.Dallinga and I. E, L. Macker, Angew,Chem., 67, 405
(1955),

468, W. Feitknecht, Angew.Chem., 70, 413 (1958).

469. O,Schmitz-Dumont, “Untersuchungen in flissigem Ammo-
niak” Cologne and Opladen, Westdeutcher Verlag, 1955.

470, O.Schmitz-Dumont, Selecta chimica, 16, 27 (1957).

471. O, Schmitz-Dumont, “Reaktionen in flussigem Ammoniak”,
Forschungsber. Wirtschafts- u. Verkehrsministeriums Nord-
rhein-Westfalen, 541 (1958),

472, O,Schmitz-Dumont, Z.anorg.Chem., 248, 175 (1941).

473. O.Schmitz-Dumont and W. Hilger, Z.anorg.Chem., 300,
175 (1959).

474, O,Schmitz-Dumont and N.Kron, Z.anorg.Chem., 280, 180
(1955).

475, O.Schmitz-Dumout, P,Simon, and G. Broja, Z.anorg,Chem.,
258, 307 (1949).

476. O,Schmitz-Dumont and G.Broja, Z.anorg, Chem., 255, 299
(1948).

477. O,Schmitz-Dumont and F.Raabe, Z.anorg.Chem., 277, 297
(1954),

478, O.Schmitz-Dumont, F, Fiichtenbusch, and H. Schneiders,
Z.anorg. Chem., 277, 315 (1954).

479 0O.Schmitz-Dumont and F. Fiichtenbusch, Z.anorg. Chem.,
284, 278 (1956).

480. O.Schmitz-Dumont and H.Schulte, Z.anorg.Chem., 282,
260 (1955).

481, O.Schmitz-Dumont and H.Schulte, Z.anorg.Chem., 282
253 (1955).

482, O,Schmitz-Dumont and R. Fischer, Z.anorg.Chem., 283,
303 (1956).

483. O.Schmitz-Dumont, Angew.Chem., 70, 105 (1958).

Faculty of Chemistry,
Babes-Bolyai University.
Cluj, Rumania

526

SYNTHETIC ANALOGUES OF THE
ALKALOID RESERPINE

S. G. Agbalyan

CONTENTS

1. Introduction 526

II. Effect of structural changes in the reserpine molecule
on its biological activity 526
III.  Derivatives of yohimbine 528
IV. Derivatives of -carboline 529
V. Derivatives of tryptamine 531
V1. Derivatives of isoquinoline 531
VII. Derivatives of cyclohexanol 531
VIII. Derivatives of trimethoxybenzoic acid 532

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 pnes and are
favoured in medical practice.

In 1952, from the plant Rauwolfia serpentina, Miiller,
Schlittler, and Bein! 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 medicine %)% for the treatment of hypertonia and
mental disegses has attracted considerable interest. Its
structure was established* in 1954, and in 1956 Woodward
and his collaborators® carried out its complete synthesis.

Studies of the correlation between the structure of re-
serpine and its pharmacological activity were started in
1954. Yakhontov® 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, g-carboline,
indole, isoquinoline, cyclohexanol, and trimethoxybenzoic
acid.

This review discusses all the attempts made so far to
synthesise simple analogues of reserpine.

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.



