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The chemistry of metals in low valence states is marked by the frequent occurrence of metal
clusters, which are easily recognizable when they occur as molecular units. Many metal-rich com-
pounds of transition metals with p-elements (3rd to the 6th main groups) are closely related to
the corresponding halides, since they are built up from metal clusters of the same type. The
clusters are however, linked together (condensed) by metal-metal bonds. This principle of con-
struction holds particularly well in the case of the novel reduced halides of the lanthanoids.

1. Introduction

The chemistry of compounds of transition metals in low
oxidation states with main group elements is full of examples
showing unusual compositions in terms of traditional va-
lence rules. Above all, 4d- and Sd-elements are capable of us-
ing the remaining valence electrons to form metal-metal
bonds. The occurrence of M—M bonds rationalizes the coin-
cidental integer values of the oxidation state of many transi-
tion metals, and has resulted in the replacement of the old
scheme ‘of classification of simple compounds of these ele-
ments by oxidation numbers, by one involving structural ele-
ments.

M—M bonds can be restricted to a few directly coupled
atoms, which leads to clearly defined bonded groups
(“clusters™). Such clusters occur in discrete molecules or
in quasi-molecular units joined by bridging ligands. Fre-
quently, however, infinitely extended regions of bonded me-
tal atoms result. The first group of cluster compounds have
been the subject of numerous studies in the last twenty years
and have been described in a series of review articles!!~'%,
which are already difficult to list completely; detailed de-
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scriptions are to be found in text books of inorganic chemis-
try. The following study is concerned with the structural re-
lationship between cluster compounds of this sort and com-
pounds containing extended regions of M—M bonding,
which occur in the metal-rich binary compounds of transi-
tion metals as well as lanthanoids, with the elements of the
seventh to the third main groups.

Conditions for the formation of metal clusters are particu-
larly favorable when the non-metal involved, donates as
many valence electrons as possible to the metal atoms on the
one hand and, is present in a proportion which is sufficient to
fully surround the cluster, on the other hand. As a result, the
M—M bond has been most thoroughly studied in discrete
clusters of the halides of the transition metals. In the case of
compounds with elements of the 6th to the 3rd main groups
the two above conditions cannot be readily met simulta-
neously. High valence electron concentration (VEC) for the
metals normally demands a low non-metal content so that
the resulting metal clusters do not show up as isolated (and
easily recognizable) units. Metal-rich compounds of transi-
tion metals with the above elements are therefore as a rule,
characterized by extended regions of M—M bonds, and the
coordination of non-metal by metal atoms becomes the dom-
inant structural feature. The structures of metal-rich com-
pounds of the transition metals with elements of the 6th to
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the 3rd main groups have therefore been repeatedly reviewed
in terms of characteristic coordination polyhedra of non-me-
tal atoms and the way in which they link together!'¢ '¥1. The
interaction between the metal atoms, which in these com-
pounds is also extremely important, has not received so
much attention!'® *), although its significance in the structur-
al chemistry of the halides had been recognized much earlier.
A detailed analysis in fact shows that the same atomic ar-
rangements as in the halide clusters, play an important role
in a vast number of metal-rich compounds of transition me-
tals with multivalent non-metals. The basic principle is sim-
ple; when the number of non-metal atoms in a compound is
not sufficient to completely surround the metal cluster, the
latter link up via direct M—M bonds, i e. they “condense”.

Cluster-condensation closely corresponds to the stepwise
transition from benzene to graphite via intermediate carbon-
rich polycyclic compounds. A second analogy can be found
in the structural chemistry of silicates, which is dominated by
various arrangements of condensed SiQO,-tetrahedra. This
comparison in particular, illustrates the main difficulty in ap-
plying the concept of condensed metal clusters. Because of
the exclusive presence of SiO,-tetrahedra and their linkage
via vertices, the structural principles of silicates are relatively
simple.

On the contrary, the large variety of existing isolated metal
clusters is further extended in systems with condensed clus-
ters. Furthermore, the kind of linkage between clusters is
variable and, finally, the bond lengths in metal clusters may
fluctuate within a large range. These difficulties explain the
prolonged hesitation in presenting the still qualitative con-
cept!®® 2 in a comprehensive version. The encouragement
to give a more extensive description has been provided by
some of the most recent results; compounds containing two
or three condensed Mo¢S; clusters have been recognized as
intermediate species on the way to the infinite Mo0,S;-chain
(¢f- Section 3.3) and it has become evident that the novel
chemistry of metal-rich halides of the elements S¢, Y, and
the lanthanoids can be readily explained by application of
this concept (¢f. 3.2.2).

This review article has two objectives; firstly an attempt is
made to reach a unified description and an understanding of
the underlying structural principles of a wide range of metal-
rich compounds of the transition metals, by considering
characteristic M—M contacts (together with M—X con-
tacts). Secondly, it is desirable to demonstrate the essential
unity of “molecular” and “solid state” inorganic chemistry.
It is also hoped that a contribution will be made to the un-
derstandig of an important class of substances, which fall
equally under the headings of molecular compounds and
coordination compounds as well as intermetallic phases.

2. General Approach to the Concept of Condensed
Clusters

What boundary conditions determine the existence of a
particular isolated metal cluster? This question has been
treated several times, particularly for carbonyls and organo-
metallic compounds'?*-?"), In the present discussion on halide
cluster compounds, only qualitative aspects will be consid-
ered. For this purpose, the number of valence electrons on
the metal atom (VEC) which are available for M—M bond-
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ing for some binary compounds and anions are plotted in
Figure 1 against the halogen/metal ratios (X/M). In the
ionic limit, the value of VEC for the compound can be ob-
tained from the VEC of the appropriate free metal (VEC,)
according to:

VEC=VEC,—n-(X/M)
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Fig. 1. Influence of valence electron concentration at the metal atom (VEC), and
non-metal/metal ratio (X/M) on the size of a metal cluster in the halides of Zr,
Nb, Ta, Mo, W, Re (see text).

This type of treatment is valid for the halides (n=1) in gen-
eral, and is still applicable with certain restrictions, for the
chalcogenides (n=2). Basic differences exist, however, from
other procedures for “counting electrons”®®. An extension
of this approach to compounds of transition metals with ele-
ments of the 5th and 4th main groups is however not possible
in this simple form. The X atom will certainly, however, re-
main the anionic counter-ion and it also behaves structurally
much as a chalcogen, as will be seen from the comparisons
discussed in the next chapter.

From the examples given in Figure 1, the following trivial
conclusions can be drawn:

(a) Lowering the oxidation state of a transition metal (and
with it an increase in VEC) in one of the halide compounds
which lies on the line (solid) of gradient — 1, leads to larger
metal clusters; NbCls contains isolated Nb atoms?”), Nb,
pairs are present in (a)-Nb,IgP% and Nb;l; contains Nb;
clusters®l. The M¢X,, cluster is formed in the compounds
NbeF,s*% and TacCl,s"*%, and is first retained as the oxida-
tion number is lowered further in NbsCl,4** but is finally re-
placed by the M¢X; cluster when the oxidation number is
further lowered in Nbgl,**! and CsNbl,,P?. Interestingly
enough, the M¢X; cluster only appears in a small area of Fig-
ure 1. It is not formed as an isolated cluster by Zr; the VEC is
apparently too small. For Re halides, on the other hand, X/
M (or VEC) is too large. As expected, however, the RegSy
cluster exists®’ In contrast to the M¢Xy species, the M¢X
cluster turns out to be less sensitive to the VEC, occurring
not only at very low values in the compounds Zrgl,, and
Z1,Cl,s"¥, but also at extremely high values in Pt,Cl,,” and
corresponding Pd halides (M—M bonds absent). According
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to MO calculations!**'!, there may be 16 bonding electrons
in this cluster (VEC=2.67). A low X/M value is apparently
more important in these species for the formation of the
MX > cluster than special values of VEC. The influence of
the VEC can be clearly seen in a comparison of the com-
pounds Nb;Br,*%, Nb;Se,** and Mo,Ses ', In Nb;Bry, trig-
onal Nbs clusters are found; a trigonal Nb; grouping is also
present in Nb;Se, with the same VEC. In contrast, the com-
pound MoSe;, with the same composition as the last com-
pound but higher VEC, contains isolated MogSe; clusters.

(b) The dominating effect of the X/M ratio on the cluster
size can be seen from the examples in Figure 1, and is easily
understood, since, with increasing cluster size, the number of
non-metal atoms which can coordinate to metal atoms be-
comes smaller. The following examples demonstrate in an
interesting way how the cluster shrinks through raising the
X/M ratio. While the VEC is the same in NbgF,s, Ta,Cls
and CsNb,Cl,;/*? only Nb, clusters occur in the latter*s.
In the case of divalent molybdenum the dimeric anion
Mo,Xi~ forms, on raising the value of X/M“3 instead of
the very stable Mog¢X;z cluster. In this ion and in the isoelec-
tronic Re, X3~ ion, the high VEC leads to a fourfold bond
between the metal atoms®4. The metal atoms in the MogX-
and W¢Xg-clusters can be oxidized up to the oxidation num-
ber +31>%! but the resulting compounds are thermody-
namically unstable. In contrast, the stable compounds
[(C4Hy)aNL:MosCl5¥" and  [(C4Hs)aN]:Mo,l,,*¥ contain
clusters which result structurally from the removal of one or
two Mo atoms from the Mo Xy cluster. In the case of
K;MoCle, the “dilution™ of the transition metal is so high
that, despite the high value of VEC =3, M—M bonding is no
longer possible!*,

On studying the structures of Nb;Brg and Nb;Se,, a prob-
lem becomes apparent which plays an important role in con-
densed metal cluster systems which will be treated later; the
M—M distances inside a cluster are very variable. This is
known for isolated clusters, but holds most strongly for clus-
ters which can form bonds to M atoms of adjacent clusters.
In the halide Nb;Brg, three NbBrg octahedra are joined by
common edges (Fig. 2a). The M—M bond is recognizable by
the shift of the Nb atoms towards the center of the cluster.
Depending on the particular halogen atoms around the clus-
ter, the Nb—Nb bond lengths are 281, 288 and 300 pm re-
spectively in Nb;Clg®%, Nb;Bry and Nb;I4?'. It is natural to
attribute the variation in bond lengths to the matrix effect of
the differently-sized halogen atoms.
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Fig. 2. Comparison between representative parts of the structures of (a) Nbjlx
and (b) Nb;Ses. The line-thickness indicates the height of the atoms above the
level of the drawing (large circles: X atoms). In Nb;ly, trigonal Nb; clusters with
short Nb—Nb distances are surrounded by three edge-linked X, octahedra; in
NbsSes. the Nb—Nb distances in the Nb; group, which is surrounded by three

face-linked X. octahedra, are stretched and those to the short neighbouring
groups (edge-linked X, octahedra) are particularly short.
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In the chalcogenide Nb;Se,, three NbSe, octahedra are
joined by common faces to form trigonal Nb; groups (Fig.
2b). The resulting Nb;Se,, groups are, however, connected to
each other via octahedral edges with bonds between similar
surrounding groups, and the Nb atoms are shifted in the di-
rection of the shared edges-—as in the halides Nb;Xs. For
Nb;S,5%, Nb;Se, 5 and Nb;Te,’¥, this interaction leads to
an enlargement of the Nb, groups to 337, 347 and 365 pm,
respectively, while particularly short Nb—Nb bonds form
between atoms of the adjacent Nb; groups (288, 280 and 297
pm respectively). This can be explained by an improved or-
bital overlap for the Nb atoms via the edges of the coordina-
tion octahedra™?.

In summary, it can be stated that compounds with isolated
McX; or MX, clusters form the boundary at low values of
X/M in Figure 1. It was presumed therefore that clusters of
the M X;-type would maintain their importance as structural
units on further reduction of the X/M ratio. This assumption
has, in fact been confirmed in an impressive manner by the
discovery of the stepwise condensation of M¢Xy clusters (cf.
Section 3.3).

The structure of Nb;Se, makes it clear that the configura-
tions of clusters should also be taken into account when ana-
lyzing the structural principles of metal-rich transition metal
compounds, even if the M—M bond lengths within the
cluster are not the shortest in the structure. There is of
course a possible danger of setting up a scheme which ig-
nores the core of the structure, namely the chemical bonds.
On the other hand, it is a fact that every structural classifica-
tion system is based on idealized structures. This is just as
true for the “Frank-Kasper” concept®® as for “lattice com-
plexes””! or “chemical twinning”®¥. The ideal structure re-
laxes and only this relaxed structure is observed. A consider-
able amount of interpretation is already introduced when re-
constructing the ideal arrangement. Two arguments speak in
favour of considering the topology of a cluster even in the
case of large M—M distances. On the one hand, it is only
possible to describe the chemical bonding in an isolated clus-
ter by taking the X atoms into account. Such multi-center
bonds are also of importance in condensed bonding systems,
as long as the geometry of the metal cluster is, in principle,
retained. On the other hand, it should also be noted that no
generally valid relationship exists between interatomic dis-
tance and bond order. Widely held concepts?®” are contra-
dicted, e.g., in the cases of metal-rich alkali metal oxides!”
and alkaline earth nitrides!®' ¢ as the bonding M—M dis-
tances are considerably larger than the non-bonding dis-
tances.

3. Principles of Cluster Condensation

The conclusion may be drawn from Section 2 that the
MXs and MX,, clusters, which tend to form isolated units
down to X/M ratios of 1.33 and 2.00 respectively, will be re-
tained as structural units on further reduction of X/M. The
present study is chiefly concerned with those compounds
which contain condensed octahedral Mc-groups, and con-
cludes with compounds containing some further types of
condensed clusters. Of course, only a certain proportion of
the compounds with condensed clusters can be discussed.
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Fig. 3. M¢Xy and M¢X,; clusters shown three-dimensionally and as projections
along the 4-, 3- and 2-fold axes.
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The M¢X; and M¢X, clusters are shown three-dimension-
ally and in various projections in Figure 3, to explain the
graphical representations which are used in a standardized
way in this work. When such clusters are condensed, not
only M atoms but also X atoms are shared by adjacent clus-
ters. Positions which are occupied by X atoms in the isolated
cluster can often, for steric reasons, no longer be occupied in
the condensed cluster system!”\. Up to now, relatively few ex-
amples of condensed systems of MgX,, clusters are known.
On the other hand, many structures exist in which M¢Xs
clusters (or fragments of these clusters) are present.

3.1. Vertex-Linked Mg Clusters

The condensation of M¢X; clusters via opposite M atoms
leads to a one-dimensional column with the composition
MM, ,»M;,» =MsX, (Fig. 4a). A large number of transition
metal compounds exist, which contain infinite one-dimen-
sional structural elements of this type. The TisTes-type struc-
ture!® consists entirely of such columns arranged parallel to

[*] Although the X coordination is incomplete in this case, the use of the terms
MoXx and M¢X;, cluster will be continued as long as the X ators lie above the
(remaining) faces and edges respectively.

[**] Except where otherwise noted. the following applies to the structural projec-
tions shown. The unit cell is indicated by broken lines; the shortest axis is the
projection direction and the cluster atoms shown with differing line thickness lie
at the heights 0 and 1/2. The lattice directions have not been entered in the
drawing; the assignment is easy to make with the help of the collected crystal
data at the end of the work (Table 3). From Figure 4 onwards, all drawings were
made with the atomic parameters given in the references to Table 3 using the
computer centre of the Max Planck Institutes in Stuttgart (ORTEP program),
and completed with connecting lines to clarify the structural principles.

In preparing the graphical representations, I have deliberately avoided show-
ing only those regions of the structure which can be described in terms of con-
densed clusters. The reproduction of the whole crystal structure is intended to
put the reader in a position to follow the statements made in the text.
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each other (Fig. 5a)U""). This interpretation of the structure
has already been mentioned!®**. On looking at further com-
pounds of the same structural type, such as VsSb,!*7), V8,68
VSe, %), NbsSb,", TasSb,"'l, NbsSe ¥, NbsTe,** and
MosAs,"?, one is struck by the wide range of the values
24=VEC=3.6. It may be concluded that the VEC is less
important for the existence of this structure than the observ-
ance of certain size ratios between the atoms X and M, which
have the same repeat distance along the c-direction. Band
structure calculations show, however!”), that the stability is
maximized at the values VEC=2.6 and 3.4. The agreement
with the experimental findings shows that the VEC also in-
fluences the choice of structure type.

In TisTe,, the chains are ordered in such a way relative to
each other that the X atoms of one chain are close to the M
atoms of a neighbouring chain. The marked compression of
the M octahedra in the c-direction is certainly caused by ad-
ditional bonding between the chains; in TisTe,, 8 octahedral
edges are 284 pm long, while the 4 edges which form the base
in the ac-plane, are 322 pm, and thus even longer than the
Ti—Ti distances between neighbouring chains (294 pm). The
other examples of this type exhibit the same geometrical de-
tails.

The structure of TisTes contains voids formed by the X
atoms between neighbouring chains (Fig. 5a). By filling these
voids, interesting structural variants result. In the simplest
case the composition MsX,-M = M;X, is obtained. Figure 5b
shows the projection of the structure of V3;As,, which corre-
sponds to a “filled” MsX,-type. This relationship has already
been established in the first discussion of the structure!”.
The function of the additional metal atoms in the structure is
obviously to complete the (preferred trigonal prismatic)
coordination of all X atoms by M atoms. Certainly, the tetra-
gonal distortion of the M-octahedra remains, but the M—M
distances in the octahedral bases are smaller or almost as
long as the distances between the M atoms of neighbouring
chains. The “expansion” of the TisTe, structure discussed for
V,As, is continued with different stoichiometries. In this
way, the atomic arrangement in Nb,P, (¢f. Fig. 5¢)""! is eas-
ily constructed from the TisTe, structure by double occupa-
tion of the anionic voids according to MsX,; M,. The addi-
tional M atoms again lead to the formation of trigonal pris-
matic coordination of the metal by the X atoms. Besides this,
the intermediate M atoms arrange themselves in a very spe-
cial way. This aspect will be treated in more detail in Section
3.4.3. A particularly striking form of an expanded TisTe,
structure is found in the compound NbsCu,Sis"®. As shown
in Figure 5d, 4 M’ atoms (Cu) per formula unit occupy the
spaces between the chains. Despite the resulting increase in
volume, atomic distances can be found which are directly
comparable with those in the basic Ti;Te, structure; the octa-
hedra in the NbsSi, chains are compressed, the Nb—Nb dis-
tances being 299 pm (vertex-base) and 338 pm (base). The
Nb—Nb distances in the octahedron base are again slightly
longer than those between neighbouring columns.

The fact that no binary compounds of the TisTes-type ex-
ist with the elements of the 4th main group indicates that the
VEC of the transition metal atoms is too small in such com-
pounds; the role of the Cu atoms as electron donors in
NbsCu,Sis becomes evident. This fact establishes a relation-
ship with the intercalated cluster compounds Mo¢X;Cu,, in
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Fig. 4. Three-dimensional representations of the structural units present in corapounds with condensed MqXy clusters. (a) irans vertex-linked chain
in TisTE4; (b) trans edge-linked chain in Gd,Cls; (¢) cis edge-linked chain or double chain of two edge-linked MsX, units in Nb,Se; (d) double
chain of edge-linked MsXy units in Ti;S (Ta,P); (¢) double chain of edge-linked M¢Xy clusters in Sc;Clyq.

Fig. 5. Structures with one-dimensional vertex-linked M X, clusters: (a} TisTe.;
(b) V;As; (¢) NbyP4: (d) NbsCu,Sis, the Cu atoms are indicated by the smallest
circles: (e} NbaAss.
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which such electron transfer has been proved in detailed
studies”” 7. From these considerations a series of questions
arises, which appear worthy of experimental investigation. Is
it possible to stabilize TisTe, variants by intercalation, e.g.
TisAssCuy, TisS1,Zn,? Are there phase widths in the sense of
optimum VEC values? The existence of the recently discov-
ered™™ compounds TasNi,P, and NbsNi P, points to an in-
fluence of the relative atomic sizes.

From the point if view of an “expansion” of the TisTe,
structure, only those compounds which have additional M
atoms inserted, have been treated up to now. These com-
pounds may be contrasted with others in which X atoms, as
well as M atoms, have been introduced into the host lattice.
A particularly interesting case of this type is given by the
structure of NbsAs;®'! (cf. Fig. 5e), which is also adopted in
the low-temperature form of V,4As;*? (a-form). The spaces
between the MsAs, chains are occupied by M;-groups, whose
atoms contribute to the trigonal prismatic coordination of
the As atoms around the chains, and in a similar way sur-
round the As atoms which lie above the center of gravity of
the Ms-groups. The coordination of the other As atom (indi-
cated by an arrow in the drawing) is, however, very unusual,
but can be understood by comparing Figures 2b and Se. This
As atom contributes to a coordination of the Nb; group as it
is found in Nb;Se,. Thus, the characteristic structural ele-
ments of NbsSe, and Nb;Se, alternate in a systematic way in
the compound Nb,As;. The agreement holds right down to
the details; in NbsAs; the Nb, group is also considerably ex-
panded. Further structural correlations of this type of chemi-
cally motivated “chemical intergrowth” will be treated in
Section 3.4.3.

Starting from the MsX, column as the simplest (infinitely
extended) unit of vertex-linked M¢Xy clusters, more compli-
cated condensed structures can be built up by further con-
densing such columns. The condensation of MsX, chains can
be continued exclusively via further vertex-links or also in-
clude edge-linkage. The former case will be treated first.

Linkage via opposite vertices (as in the MsX, chain itself)
represents the simplest way of continuing the condensation,
and leads to an assemblage whose composition is described
by the general formula M, . (X5, 2, where n is the number
of interconnected MsX, chains. Intermediate members of
this series are apparently unknown. The limiting case with
an infinity of M;sX, chains is formed in the two-dimensional
assemblage of the Ti,Bi structure®!, which is shown as a
projection along the layers in Figure 6a. It is notable that the
ordering of the Ti,Bi layers to each other, with regard to the
M—M and M——X contacts, follows identical packing princi-
ples as in MoSey (for isolated clusters) and TisTe, (for clus-
ter-chains). The condensation of the Ti,Bi layers via the still
unlinked (trans) octahedral vertices leads finally to a three-
dimensional structure of linked M¢Xy-clusters, which is de-
scribed by the formula M, Xy, s =M3X. An example within
the range of elements chosen here is given by the structure of
UsSi (Fig. 6b)#+#1 which has a tetragonally-distorted
CusAu structure. The linkage of the M Xy clusters via ver-
tices in all three dimensions thus leads to a structure, which
is observed in hundreds of intermetallic phases. This result is
hardly surprising, since if X =M, the M Xy cluster represents
the unit cell of the cubic face-centered lattice. In the Cus;Au-
type structure the consequences of directed M—M or M—X
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bonds as well as the tendency to form a close-packed ar-
rangement of atoms, when directed bonds are absent, must
be borne in mind. It may be supposed that the specific distor-
tions in representatives of the Cu;Au family give an indica-
tion of some specific type of chemical bonding™®. In U,Si,
the Si atoms have an unusual coordination. The rotation of

the columns relative to each other, as displayed by the struc-
ture of U;Si, (Fig. 6¢), allows the Si atoms to have a trig-
onal prismatic coordination, and is in fact a type of coordina-
tion which is specially favored (cf. V;As,).

Fig. 6. Structures with two- and one-dimensional vertex-linked M Xy clusters: (a)
Ti,;Bi; (b) U,Si, cell content shown up to 2= 1/2, atomic positions z=0 and 0.25;
(¢) U;S1,; (d) combined vertex- and edge-linkage in the structure of Mn;As.

Compounds with condensed M¢X;, clusters are, as men-
tioned in Section 3 comparatively rare, although NbO was
recognized as such some time agol. NbO crystallizes in a
NaCl-type structure with ordered vacancies in the Nb and O
sublattices. The specific order is understood in terms of a
close packing of O-bridged “spherical” Nb,O,; clusters. The

Fig. 7. Interpretation of the ordering of vacancies in the structure of TiO with the
presence of trans vertex-linked MqX,, clusters (¢f. Fig. 3, Table 3).
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unusual thing about this point of view is that “spheres” and
“vacancies” are geometrically identical in this packing; the
compound can be described with the formula Nbg,,015/4!"
Both NbO and U,Si are, in principle, based on the same
framework of three-dimensionally vertex-linked M, octahe-
dra, which are edge-centered by X atoms (M¢X;, cluster) in
NbO, while in U,Si they are face-centered (MgXy cluster).

Even under high pressure one observes practically no
change in the concentration of vacancies or in their arrange-
ment in NbO®¥"!; the clusters are very stable. Many other ox-
ides, nitrides and carbides of transition metals with the com-
position MX, crystallize in NaCl defect-structures, without
any recognizable ordering of the defects as in NbO. It may
be supposed that an ordering of the defects in these high-
melting compounds often does not take place for kinetic rea-
sons. In this respect the structural studies on TiO are impor-
tant. The homogeneous phase ranging from TiOp 5 (O-vacan-
cies) to TiO, »5 (Ti vacancies) crystallizes in the NaCl struc-
ture. An ordering of both types of defects takes place for the
composition TiO below 990 °C, forming the structure shown
in Figure 7. The analysis reveals chains of trans vertex-
linked Tie octahedra which are surrounded by O atoms in
the same way as in the M¢X,, cluster. An isolated chain
of this sort (analogous to MsX,) has the composition
M, sM X3, Xe=M;sX;. In the ordered TiO structure such
chains are linked in a complicated way via shared O
atoms; the composition can be described by the formula
Ti,,2Ti404,30,2. The alteration of the linkage pattern leads
to different compositions. It is possible that the homogene-
ous “TiO” phase splits into single phases with slightly differ-
ent compositions upon ordering the defects, as found for the
principally comparable oxide block structures!®.

Figure 6d shows the combination of vertice- and edge-cou-
pling in the structure of Mn;As (see Section 3.2.1).

3.2. Edge-Linked M, Clusters

Edge-linkage differs from vertex-linkage in that not all the
X positions around the Mg cluster can be occupied. The
missing X positions are partly occupied by M atoms of the
neighboring cluster.

3.2.1. Edge-Linked M;X, Chains

There are two possible ways of connecting two MsX,
chains via edges: a) Each M, octahedron has one shared edge
with a neighbouring octahedron. b) Each M, octahedron
shares two (cis} edges with neighbouring octahedra. Case a)
leads to an infinitely extended unit with the composition
M. ,»M1Xs,2 = M4X;, case b) results in a unit with the compo-
sition M;,3M3X,,» = M,X. Both types of structural unit occur
in a series of compounds. As an example for a), the structure
of Ta,P is reproduced in Figure 8al®”, the compounds
Ta,As”Y, Ti,SP, Ti,Se, Zr,S, Zr,Se®?, Hf,P and Hf,As
are isostructural. The M,X; chains run parallel; the regions
between them are occupied by additional M atoms. The
structure is directly comparable to that of NbsCu,Siy, in so
far as the single chains MsX, (in the latter compound) are re-
placed by double chains. The structure of Ti,S (Ta,P) can
therefore be formulated as MyX¢-M,. This formulation
raises the question of whether the M atoms which serve to
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complete the trigonal prismatic coordination of the X atoms
could be replaced by suitable heteroatoms M’. The M, octa-
hedra in the Ta,P structure type are strongly distorted, as in
the M;X, compounds; only the distances from the vertex
atoms to the base atoms of the octahedra are shorter than 300
pm.

Figure 8b shows the structure of Nb,Se!®, as an example
of the structural unit b). This compound is at present the
only known example which consists entirely of these type of
cis edge-linked octahedral chains. In principle, the M, octa-
hedra exhibit the same distortions as in the single chain
M:X, itself; all the distances within the octahedral base are
more than 300 pm long (318 to 340 pm); the distances from
base to vertex atoms are, in contrast, all short (282 to 294
pm). In particular, the edges shared by two octahedra are 286
pm long. The fact has already been mentioned that, because
of the edge-linkage of the My octahedra, the X-coordination
remains incomplete, or is partly replaced by M atoms. This is
quite evident in the Nb,Se structure; externally the M, octa-
hedra are coordinated in the “normal” way by Se atoms at
distances of 262 to 280 pm, while inside the chain the re-
maining X positions are occupied by M atoms at a distance
of 290 pm. Short M——M distances are also found between
adjacent double chains (297 to 311 pm). Besides regions of
direct M—M contact between adjacent double chains, there
are others which are only marked by van der Waals contacts
between Se atoms. It should be possible to fill the resulting
spaces with additional M atoms, as in the TisTe, structure,
which then leads to trigonal prismatic coordination of the Se
atoms. In this context, the interesting question may be raised
of whether the double chain could also be obtained with oth-
er elements (e.g. NbgP, M, by analogy with NbsS1,Cuy).

Apart from the short M—M distances between the double
chains in Nb,Se, the structural units are present in an uncon-
nected form. The structure of Mn;As® represents a particu-
larly impressive example of vertex-linkage between units of
this sort (Fig. 6d). With respect to the double chain, the
structure forms the two-dimensional infinite case of (one
kind of) trans vertex-linkage of these units. A similar ap-
proach applied to the simple MsX, chain leads to the Ti,Bi
structure (Fig. 6a, ¢f. Section 3.1). The structure of Mn;As
can therefore also be discussed as the first step in the conden-
sation of the simple octahedron layers in Ti,Bi via cis edges,
which finally leads to the three-dimensional atomic arrange-
ment of a cubic metal lattice.

Four possible ways of linking three MsX, chains together
via edges emerge. The linkage type a) for two chains (Ta,P)
can be extended linearly or at an angle of 90° and yields, if
all X positions are filled, structural units with the composi-
tions M; Xz and M, X, respectively. The construction prin-
ciple a) can, however, be combined with b) in two possible
ways and then leads to chains with the compositions M, X,
and M,X. The metal-rich niobium sulphide Nb,4S<"*7, whose
structure is projected in Figure 8¢, is an example of the last
case. As indicated by the connecting lines, the network of
condensed clusters contains not only the double chain with
partially substituted X coordination known from the Nb,Se
structure, but also the unit formed from three MsX, chains.
The units are linked to each other by vertex atoms with fur-
ther M atoms occupying the spaces between the triple
chains.
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Fig. 8. Structures with edge-linked MsX, chains: a) double chains in Ti,S (Ta,P type}; b} double chains in Nb,Se: ¢} triple chains in the structure
of Nb,4S;, linked with double chains as occurring in Nb,Se: d) quadruple chains in Nb,, Sy together with single MsX; chains; e) quadruple chains
in TisS;, linked to double chains in the manner of Ti,S (half the cell drawn up to x=1/2).

The structure of Nb,,S;*® appears at first sight to be ex-
traordinarily complicated, but from the point of view of con-
densed M¢X; clusters, it can be reduced to a simple pattern.
It 1s obvious from Figure 8d that the compound consists of
two kinds of building block, which are not mutually con-
nected. On the one hand, M;X, isolated chains occur, and on
the other, units built up from four MsX, chains which have
the composition M ;,,M¢X,,2X, =M, X, = (M3X). Addition-
al M atoms fill the voids between these structural elements,
and contribute once again to the trigonal prismatic coordina-
tion of all the S atoms. According to the structure, therefore,
Nb,(Sz can be described as NbsS,-Nb,,S,-Nb,. The same
construction principle is found in Zr,,S3*°). It is interesting

8

that the octahedra in the NbsS, chain are considerably dis-
torted, as they are in the compounds with the TisTe, struc-
ture. The bond lengths within the quadruple chain are in ac-
cordance with expectation; the vertex-base distances in the
octahedra are among the shortest in the structure (282 to 294
pm), while some of the atoms in the base are further apart
(320 pm and more) from one another than they are from Nb
atoms which do not belong to the same unit.

A variation of the unit formed from four MsX, chains oc-
curs in the structure of TigS;!"%?), which is shown in Figure
8e. The units containing two MsX, chains are the same as
in TayP (and Ti,S). These are linked via vertices to form ag-
gregates of four M;X, chains, which are the condensation
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product of two double chains. Both kinds of double chain, a)
and b), are contained in the quadruple chain. The same is
true for the fourfold chain in Nb,,Ss.

Considering the many possible ways of varying both the
number of chains which are condensed to form a unit, and
the way in which different types of unit can be combined, the
few known examples of compounds containing edge-linked
M;X, chains seem to be like the tip of an iceberg. Further
studies are urgently needed to extend the classification sche-
me of this highly interesting class of compounds.

The condensed cluster concept reaches the field of inter-
metallic phases again with the structure of Nb,,Ss. The four-
fold octahedron chains in the U¢M structure (M =Ni, Co,
Fe, Mn){'°"! are the same as those which form the core of the
Nb,»S, chains in Nb;,S;. Curiously, the limit of the concept
is also reached with sulphides. The structures of the com-
pounds Ta,S!'%%, Ta,S!'"%® and ZreS,!'*" cannot yet be ex-
plained in terms of the known isolated clusters of these tran-
sition metals, but chains of interpenetrating metal icosahedra
are present in the structures of these compounds. This
amounts to a quasi one-dimensional variant of the Frank-
Kasper principle?®®, which has been realized in many inter-
metallic compounds.

3.2.2. Trans Edge-Linked M, Clusters

The attempt has been made in the previous sections to col-
lect a fairly large number of known compounds and discuss
them within the concept of condensed clusters. This ap-
proach has shown itself to be a useful aid to memory in treat-
ing a series of complicated structures as well as a scheme of
classification for the structures of metal-rich transition metal
compounds. The concept, however, also represents a useful
starting point for opening up new groups of substances, as
shown in the following, with the newly discovered metal-rich
halides of Sc, Y and the lanthanoids. These metals occur in
solid state compounds predominantly with the oxidation
state + 3; salt like dihalides are known, in particular for Eu
and Yb where they have been understood for a long time on
the basis of the particular stability of the 4f” and 4f** con-
figurations!'®), but also for Nd, Sm, Dy and Tm!"%I, Oxida-
tion states below + 2 were however unknown until recently,
although the existence of the metallic diiodides of La, Ce, Pr,
Gd already demonstrated a way of obtaining low (formal)
oxidation states; Ln** ions are present, and the surplus va-
lence electrons establish M—M bonds according to the for-
mula Lo3*(I17),e~!"%l In the metallic conducting Lal,, all
the La—La distances between neighbouring atoms are the
same. In the case of Prl, (modification V), on the other hand,
the M—M bonding produces discrete tetrahedral M, clus-
ters!’?”, as have been recognized for some time in
MoSBri'®,

Gd,Cl; was the first lanthanoid compound to have an oxi-
dation number less than +2. The structure!''®'*?! contains
parallel chains of trans edge-linked Gd, octahedra, which on
including the surrounding halogen atoms can be discussed in
terms of condensed M¢X; clusters®®2'), This structural prin-
ciple, characteristic for such a wide variety of compounds of
the d-metals, suggested the existence of a similar variety of
reduced Ln halides. Investigations have led to the presently
known compounds, summarized in Table 1; structurally,
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they correspond to the metal-rich halides of Sc and Y which
have been discovered simultaneously. These results confirm
the correctness of the original idea, which was based on the
structure of Gd,Cl, alone; a) all halides with X/M =< 1.6 con-
tain characteristic structural elements consisting of chains of
trans edge-sharing M, octahedra, which are surrounded by
halogen atoms centered over the edges of the octahedra faces
as in the M¢X > or M¢X; cluster. The chains may be isolated
or condensed with others. by On the one hand, the com-
pounds NaMo,O,!''* and KMo,O,!"** also contain chains of
trans edge-linked Mo,O,, clusters; the cations Na* or K*
are situated between the units formulated as Mo,Mo,,20,05,»
(cf. Fig. 9a). These compounds form a link from Sc, Y, and
the lanthanoids, to the element Mo, whose structural chemis-
try is particularly strongly characterized by the presence of
discrete octahedral clusters. ¢) On the other hand, com-
pounds have also been isolated in the meantime which con-
tain discrete M¢X;, clusters of Sc¢ and the lanthanides, which
are the starting units of condensed systems. The structures of
these compounds have also been discussed and reviewed
elsewhere!!"® '""1in terms of condensed clusters.

The metals Sc, Y and the lanthanoids are distinguished by
a particularly low VEC compared to the transition metals
which have been treated up to now. Their distinct tendency
to form M—M bonds is therefore all the more surprising.
The “expansion” of the cluster structures by additional M
atoms, which has already been discussed in detail, assumes
special significance here due to their electron donor function.
If one assumes that these M atoms are present as M> * jons in
the anionic vacancies of the structures, the VEC in the clus-
ter regions is raised correspondingly. The VEC values given
in brackets in Table 1 have been calculated using this as-
sumption. While the X/M ratio correlated only approxi-
mately with the degree of cluster condensation, the regions of
M—M bonding become step by step larger as the VEC val-
ues increase—starting from the isolated cluster and proceed-
ing via one-dimensional structures up to the two-dimensional
layer structure. In complete contrast to the transition metal
compounds with isolated M¢Xy; and M¢X; clusters, one finds
that there is no particular preference for one or the other
cluster type in the condensed structures because of the
VEC.

The compounds with the formula M,X,,, whose structural
principle was first clarified for Sc,Cl;,"** and which in the
meantime has been found in a series of Ln iodides, essential-
ly play the role of a “missing link”. The structure contains
isolated M¢X;, clusters, which are ordered according to a
close-packing of “spheres” as in Zrgl,,. Further M atoms oc-
cupy some of the octahedral voids formed by X atoms. The
VEC is already extraordinarily low for ZrI,, (12 electrons
per cluster instead of 16); for the hypothetical Scl;, it would
have the value 6. The gain of 3 additional electrons per clus-
ter by inserting M atoms leads to a VEC identical to that
found in the compound Zr,Cls*®.. All representatives of the
composition M,X;, contain considerable defects, so that to

date only the principle of the structure is certain!''*12%,

Chains of trans edge-linked octahedra form at the same
value of VEC = 1.5, but with a lower X/M ratio. Figure 9b
shows the projection of the structure of Gd,Cls, which is
found in the chlorides and bromides of yttrium, as well as a
series of rare earth metals. The halogen atoms are centered
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Table 1. Structurally characterized halides MX,, with n<2, of the metals Sc, Y and the lanthanoids; references in parentheses; further explanations ¢f. text.

VEC Formula Cluster type Linkage principle X/M Compounds
(1.50) McX:2- M MeX2 discrete 1.71 Se;Cly; [38], Lasl;s, Ceslyy, Prolya, Gdslyy, Thylis, Erslia, Lusly, [119, 120]
1.50 M:X, MeXy single chain 1.50 Y.Cly, Y,Br; [118, 122}, Gd,Cls {110—112], Gd;Bry, Tb,Cls, ThyBra, EryCls, Tm,Cls.
LuxCly [121]
1.50 (M2X) (MeX2) single chain 1.50  [Tb3Bri] [121)
(1.75) M.Xq'M MX,2 single chain 160  ScsClg [116], GdsBry, TbsBry [123]
1.75 M.X: MgX 5 single chain 1.25 Erals [124)
(1.83) MXi0'M MX:; double chain 143 Enl[124]
(1.83) MXi0-M M Xy double chain 1.43 Sc;Chg [115]
1.83 MX; MX, double chain 1.17 TbeBr4, Ersl; [125]
2.00 MX Mo X« layers 1.00 YBr [122], LaBr, PrBr, GdBr, TbBr, HoBr, ErBr [127], CeBr, NdBr, DyBr, HoCl.
ZrCl-Typ ErCl, LuBr [121], t-GdCL, t-TbCl [21. 127]
{128, 129]
ZrBr-Typ [130] ScCi [126], YCI [122], LaCl, CeCl, PrCl [121], h-GdCl, h-TbCl [127)
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Fig. 9. Trans edge-linked chains of MoXy and M¢X,, clusters and structures derived from them (Tabie 1): a) chains of M X, clusters in NaMo,4O, (smallest circles corre-
spond to Na positions); b) chains of M¢Xy clusters in Gd,Cly; ¢) chains of MMz clusters in TbsBry and d) Erls; e) double chains of M. X, clusters in Eryls and £) Erslo; g)
double chains of MeXx clusters in Sc,Clyo; h) layers of linked MXy clusters in A-TbC! (ZrBr) and i) +-TbCl (ZrCe).
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over the octahedral faces; however, only the outer faces are
coordinated by X atoms, while the X atoms above the inner
faces (between adjacent octahedra) are replaced by the M
atoms of the next octahedron. Further X atoms lie approxi-
mately above the octahedral vertices. The composition is cor-
respondingly M,M,,.XX,. The M—M distances in the octa-
hedron differ widely. Because of this, the bridging edges in
Gd,Cl, are, at 337 pm, shorter than the M—M bond lengths
in the metal itself, while the distances in the chain direction
are 389 pm. According to the Pauling relationship®
d,=d,—60lgn, the short distances correspond to single
bonds, whereas the long distances indicate a bond order
n=0.1. These direct or indirect interactions are apparently
also of critical importance to the entire structure (cf. Section
2).

Measurements made on the easily accessible compounds
Gd,Cl; and Tb,Cl; allow first conclusions to be drawn about
the character of the M—M bonding. Both are semi-conduc-
tors!’>" in agreement with the results of a band structure cal-
culation3? and the findings of photoelectron spectrosco-
py!*3. Both the magnetic behaviour!"* and '**Gd-Maoss-
bauer spectra!’**! of Gd,Cl; indicate the presence of a 4f’
core, as expected for Gd*>*. The additional 1.5¢/Gd have
(s,p)d-character. The lanthanoids behave therefore like d-
metals with regard to the formation of M—M bonds in me-
tal-rich halides.

Besides the normal form of Tb,Br; which crystallizes in
the Gd,Cly structure type, crystals have been obtained!'?"
with a structure very similar to that of NaMo,Og (¢f. Fig. 9a).
The same framework of trans edge-linked M¢X,, octahedra
(composition M;M,,,X3,,X5) is probably present, without
the large voids between the chains being filled. It is certainly
a metastable form, because of the poor space-filling. But the
structure of NaMo,O, is of a “pathological” nature too, be-
cause the Na* ions possess extremely high Debye-Waller
factors (B~ 24 A6l KMo,40, on the other hand behaves

normally!* 41,

The compounds MsXi also contain trans edge-linked
MX . clusters (Fig. 9¢). The halogen atoms which lie above
the octahedral edges belong solely to one chain. Further X
atoms lie exactly above the octahedral vertices. The chain
structure can be described by the formula M,M,,» X5 ,»XXo;
“expansion” by additional atoms in the octahedral sites be-
tween the X atoms yields MyXy- M = M;sX;g. The arrangement
of the X atoms around the octahedron chain corresponds to
that in NaMo,O,. The variation in bond length within the
M, octahedra is nearly the same as in Gd,Cls, with 333 pm
for the shared edge, and 386 pm for the edge in the chain di-
rection. It is interesting however, that the M—M distances of
the atoms of the octahedral base to the vertex atoms in
TbsBry are equal within one standard deviation, while they
differ significantly in Gd,Cl; (373 and 378 pm). This differ-
ence in behavior is easily explained by the differing arrange-
ments of X atoms around the octahedron chain, which only
possess the chain symmetry in the case of TbsBrs. This com-
parison gives clear evidence for the easy adaptation of the
weak M—M bonds to their environment (¢f MX). The fact
that distances between functionally very different pairs of M
atoms are equal, is an important aspect of the M;sX;z struc-
ture, especially when attempts to correlate atomic distances
and bond orders are made. The distances between the iso-
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lated M~ ions are (for crystallographic reasons) just as large
as the repeat distances within the cluster chain, whose (weak)
bonding interaction is assumed in the concept of condensed
clusters but, of course still has to be proved.

The structure of Eryl;s is, at first glance, surprising (cf. Fig.
9d). Despite the small ratio X/M =1.25 only single chains of
trans edge-linked octahedra are found, which are surrounded
by X atoms in the manner of M¢X,, clusters. If the VEC
available for M—M bonds is taken into account, however,
Er; is found to be on a level with the M;Xy halides. The
cluster chains, together with the entire arrangement of X
atoms are, in fact, identical in the two compounds. The high-
er metal content in Er,s comes from sharing of I atoms
(as X'~' or X'~)U'I between adjacent chains; ErJs=
ErEryls 1z

Further reduction of the X/M ratio to the value 1.17 leads
to an increase in the degree of condensation. As shown in
Figure 9e, the structure of Ersl; contains units which are
formed by the condensation of two frans-linked octahedron
chains; the “fusion” takes place via two edges of each octahe-
dron. X atoms lie above the remaining free edges as in the
M¢X, cluster. The environment of the double chain corre-
sponds exactly to that of the single chain, as for example in
Ersds. The agreement between the two structures is so
marked that with Ersl; some of the I atoms serve the same
linking function (I'** or 1'~?) as in Er4ls. The close relation-
ship between the two structures will be discussed once more
later.

The octahedra in Er¢l; (and TbeBr;) are, as expected, con-
siderably distorted, due to the differing environments of the
individual M atoms. The shortest M—M distances are found
for those edges which are shared between two octahedra (329
and 343 pm), while the distances parallel to the direction of
the double chain are comparatively long (387 pm), as in the
single chain. A comparison between the M—M distances in
ErI; and Tb¢Br; leads to the same result as for Gd,Cl; and
Gd,Br;; although the matrix effect of the larger anions pro-
duces a lengthening of the M—M bonds affected, a shorten-
ing of other M—M bonds largely compensates for this, i e
the average bond order in the M-—M bonded part of the
structure is maintained.

The compound Er;1;, (Fig. 9f) takes up the correct place
in Table 1 regarding the degree of condensation, despite the
high value of X/M =1.43. As shown in the projection of the
structure, double chains of condensed metal octahedra are
present and besides these, single Er atoms with octahedral
iodine coordination. Assuming that these are Er** ions, one
finds the same VEC for the M-——M bonded regions as in
Er¢l;, and, correspondingly, the occurrence of the same
structural element in both cases is not surprising. While the
degree of condensation is apparently closely related to the
VEC, there is no recognizable correlation between VEC and
the environment around the halogen atoms. In the structure
of Ers1,4, the arrangement of the halogen atoms corresponds
to that in the M¢X,, cluster, while the double chains in the
structure of the isoelectronic Sc,Cly, (Fig. 9g) are surrounded
as in the M¢X; cluster. The discovery that all the M—M dis-
tances in Er;1,, are on average ca. 45 pm longer than in Ergl,
has not yet however been explained.

The highest degree of condensation found up to now in
the compounds of Sc, Y and the lanthanoids occurs in the
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layer structures of the monohalides MX. As can be seen in
Figures 9h and 91, the structure represents the final members
in the series of (parallel) condensed trans edge-linked octahe-
dron chains following the structure principle My,;X,. The
halogen atoms lie above the two remaining “free” octahedral
faces i e. their arrangement corresponds to that in the iso-
lated MXy cluster. The remaining coordination sites of each
octahedron are geometrically identical to that in the isolated
cluster; six M atoms of the adjacent cluster occupy the sites
which are otherwise occupied by X atoms.

As yet no evidence has been found for the existence of a
form of the monohalides derived from the M¢X,, cluster, in
whose structure the halogen atoms lie above the unshared
octahedral edges. Such hypothetical modifications are con-
ceivable and appear in the final members of two series of
compounds whose first members are already known; MsXs,
M;X,o and M, X5, M¢X,, respectively. These relationships are
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sketched in Figure 10!"?*. The structure of Er,I; shows a spe-
cific substitution of parallel rows of atoms in a cubic close-
packed lattice of iodine atoms by trans edge-linked Er octa-
hedra. Replacement of two adjacent rows of atoms by octa-
hedron chains leads to the structure of Er¢l;. The continua-
tion of this structural principle, while maintaining the envi-
ronment of the iodine atoms, leads to a series with the gener-
al formula M,,,.X,,.3; a is the number of interconnected
octahedron chains. The structure of TbsBrg is derived in an
analogous way from a hexagonal close-packed lattice of Br
atoms, rows of which are substituted by frans edge-linked Tb
octahedra in such a way that the remaining Br atoms coordi-
nate only one octahedron chain; octahedral voids in the ha-
logen packing are occupied by single Tb atoms. Raising the
degree of condensation leads stepwise via the Er;I, structure
to hypothetical compounds with the general formula
M, 3X244+ 6, Whose structures, although predictable in detail
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Fig. 10. Structural relationships between Er,ls, Ergl; and TbsBrx, Erslio. The continuation of the structural principle leads to the series of compounds
M.+ 2X244 3 and My, 13X, , o respectively. Here “a” represents the number of linked octahedron chains in the structure. Hypothetical members of

this series are shown in inverted commas.
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have not yet been discovered. At the end of this series is,
once again, a monohalide derived from the MgX,, cluster.

The layer structures of the monohalides of Sc, Y and the
lanthanoids are closely related to a series of metal-rich com-
pounds of the 4d and 5d metals; they are isostructural with
ZrC1U'%! or ZrBr!" and, like these, they behave physically
as two-dimensional metals!"'®. A comparison of the bond
lengths in various compounds which crystallize with these
structures allows interesting conclusions to be drawn. a) As in
the isolated chains of #rans edge-linked Ln, octahedra, the
shared edges are shorter (by about 7%) than the unshared
edges. The Ln—Ln distances parallel to the octahedron layer
become larger of course with increasing anion size (379 pm
in TbCl, 384 pm in TbBr). The non-existence of correspond-
ing monoiodides—the metals should form low oxidation
states preferentially with 1odine—may be attributed to the
large size of the anion. The difference between the Zr—Zr
distances in the structure of ZrCl is even more pronounced
(about 11%). Of course, this effect can be expected because of
the higher VEC, but can also be caused by the smaller inter-
atomic distance arising from the size of the anions. b) ZrCl
and ZrBr form layer structures, in which closely packed
double layers of metal atoms are surrounded by halogen
layers; such X—Zr—Zr—X layers are stacked in different
ways!'?’l. The different mechanical properties of the crystals
can be explained by assuming more pronounced interactions
between Zr atoms and halogen atoms of the next layer but
one, in ZrBr (¢f. Fig. 9h and 91)!'*%, The M—M bond serves
here as an indicator which clearly reveals the presence of
such interactions; TbCl develops both stacking variants as
temperature polymorphs. In the modification with ZrBr
structure, in which additional interactions between Tb atoms
and second-nearest Br atoms may be postulated, the distance
between the Tb layers is significantly enlarged!!?”.

Further close relationships exist between the layer struc-
tures of the monohalides and those of other metal-rich com-
pounds of d-metals. The MX structure represents the analo-
gy (two-dimensional edge-linkage) to the structure of Ti,Bi
(two-dimensional vertex-linkage of MgX; clusters), which
has been discussed in Section 3.1. The extension of the con-
densation via edges into three dimensions leads finally to the
fce lattice of a metal. An even more direct similarity exists
between the MX structures and the structures which are
formed by occupation of every second layer of octahedral
sites in the close-packed metal lattice and which therefore
correspond to the formula M,X. Examples of this group are
given by the metallic compounds; Ti,0!"*", Ag,F!38
Ta,C!"* (anti Cdl,-type) and the subcarbides Y,C and Ln,C
(anti CdCl,-type)!"*®'*11, The behavior of Y,C is particularly
interesting. Above 900 °C it exists with a wide range of ho-
mogeneity; the C atoms are statistically distributed in a rock
salt structure. Below 900 °C it becomes ordered and the low
temperature phase can be easily discussed in terms of con-
densed clusters. The compound thus resembles TiO (¢f. Sec-
tion 3.1. Fig. 7). The compounds listed above are formulated
as M,3X;,, within the concept of condensed clusters, since
the double layers of X atoms in the halides MX are replaced
by single layers whose atoms function as bridges between
neighboring layers of condensed M octahedra. It is notewor-
thy, in connection with the compound Ag,F mentioned
above, that the isolated Ag, cluster is also known!'#?l, An in-
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teresting variant of the M,X layer structures is formed in
Hf,S. In this case, the condensed cluster layers are shifted re-
lative to each other, in such a way as to give the S atoms a
trigonal prismatic Hf atom coordination (anti NbSe, struc-
ture)!'**. A direct comparison of the bonding in Hf.S and in
the MX layer structures is possible since the structure of the
corresponding compound HfCl has been thoroughly stud-
ied!"*. For these two compounds, having the same VEC and
containing anions almost equal in size, the M—M distances
are identical within the accuracy of their determination.

The present section indicates that frans edge-shared M,
octahedra occur above all in the halides of S¢, Y and the lan-
thanoids, producing a large number of compounds of almost
unlimited variety. This may be caused by low VEC of these
metals, which in particular with halogens as X atoms, allow
the formation of M—M bonds. The comments made on dis-
crete metal clusters in the introduction hold therefore for
condensed aggregates as well. Such aggregates are easily re-
cognizable because of the relatively high X content, and the
halogen atoms tend to form markedly anisotropic bonds to
the M atoms, which can be clearly seen in the substantial
structural differences between isoelectronic pairs of com-
pounds like TiO/ScCl or NbO/ZrCl.

The compounds AMo,0O¢ (A =Na, K) show how the spe-
cific properties of the halogens mentioned above can also be
simulated by multivalent X atoms, through the formation of
ternary compounds. These may be expected to be the first
members of a whole family of ternary compounds containing
low-dimensional regions of condensed clusters, in which, in
addition to the transition metal in a low oxidation state, mul-
tivalent anions and large cations of the electropositive metals
are to be found.

3.3. Face-Sharing M, Clusters

The trans face-linkage of an infinite number of octahedral
Mg clusters leads to a chain with the composition Mg,:Xs /2
= MX for M¢X; clusters and M, »Xs = MX, for MX,, clus-
ters, respectively. With this kind of linkage the same restric-
tions hold as for edge-sharing; X positions which lie above
those faces shared between two octahedra (M¢X; cluster) or
above the shared edges (M¢X,; cluster) must remain unoccu-
pied for spatial reasons.

A large number of transition metal compounds with ele-
ments of the 4th to 6th main groups, especially intermetallic
compounds, have been known for some time to contain MX
chains as structural units derived from the M X, cluster®¥. A
discussion of these units in terms of condensed clusters is,
however, not without problems. The arrangement of the
atoms in the MX chain corresponds to a section of the (hexa-
gonal) close-packing, so that the occurrence of the structural
unit, particularly in intermetallic phases, is hardly surprising.
The same remarks hold as in the case of the U;Si structure
(¢f. Section 3.1, Fig. 6b). The recently discovered Mo cluster
compounds, which will be discussed next, are therefore of
special importance.

The approach sketched at the end of the previous section
has, in principle, been adopted. Intercalation experiments
with MoeSeg and In (see Fig. 11a), led to a compound with
the approximate composition In;Mo,sS;e. This compound
produced the first evidence for a MoX;, cluster!'*), shown in
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Figure 11b, which consists of two face-linked Mo, octahedra,
each surrounded by X atoms in the same way as the single
M¢Xg cluster. In the meantime, further compounds have
been found containing this cluster (always together with
MoeXjy clusters)'46 1501,

The Mo¢Xy and MogX; clusters are the first two members
of a series which can be formulated as M, . 3Xs,,, s, where n
is the number of (linked) Mg octahedra. The next member of
the series, the M,X 4 cluster, built up from three octahedra
(Figure 11c), has been found in the compounds
K;MooS ;!"*! and TI;MosS,; together with the M¢X; clus-
ter!'*-12 The final member, the infinite MX chain, was dis-
covered in an independent investigation of the structure of
TIFe;Te,!'3 %49, The chain is shown in Figure 11d and the
projection of the T1Fe;Te; structure in Figure 12a.

Meanwhile, isostructural ternary chalcogenides of molyb-
denum such as KMo;S;!'*°! have become known, together
with the compounds AMo;X; (A=In, Tl; X=S8e, Te)!'>s).
Table 2 lists the known potassium compounds of the cluster
series M, , 3X5,, 5, whose structures in general show the ex-
pected relationship between X/M ratio and degree of con-
densation, but nevertheless cause surprise due to the joint oc-
currence of different types of cluster.

Table 2. Condensed Mo,Sy clusters in the ternary compounds K.MoS, [149].

Compounds X/M VEC Structure

K . 0sMo01Sy 1.33 23.50 K < ([Mo0S4]
K;Mo0,5S:9 1.26 3.60 K [M0,Ss][M0sS14]
K:MosS, 1.22 3.78 K4[Mo0S5][M012S14)
KMo:S; 1.00 433 K ! [MosSs]

and 4.33 respectively are obtained for the two compounds.
This result explains the elongation of the Fe-—Fe bonds (al-
though in absolute terms shorter than in the Mo compound)

a b c d
Fig. 11. Step by step condensation of a} M¢Xx units via faces to b) double units

MoX,,. ¢} triple units M,,X 4 and d) to a one-dimensional infinite chain M;X;.

with respect to the single bond lengths of Fe, by the occupa-
tion of anti-bonding states. Details of this approach, howev-
er, still require refinement. The assumption of an optimal
value of VEC =4 for all types of cluster Ms,, 3X;,, s cannot
explain the behavior of In,Mo,sS,s, which exhibits a range of
homogeneity. As the content of In acting as a donor in-
creases, the MogS; clusters shrink, but the MyS,; clusters,
which are also present, expand!'*¥, although the average
VEC (cf. Table 2) is still significantly below the value 4.0.
The Fe;Tes chains are aligned parallel to each other in the
structure of T1Fe;Tes, as can be seen in Figure 12a; the T1*
ions occupy the channels formed by anions between the

Fig. 12. Trans face-linked chains of M¢Xx clusters: a) T1Fe;Tl;, the Tl atoms are marked by double rings; b) MnsSis; ¢) RusB; and d) Ni;Sn.

General considerations!'*® regarding the chemical bond-
ing in the cluster structures M,, ., ;X;,, 5 reveal that 6(n+1)
bonding molecular orbitals or bands per cluster are available
for M—M bonding; such cluster systems form preferentially
about VEC=4.0. The assumption signifies that the degree of
condensation is, to a first approximation, independent of the
VEC and therefore substantially controlled by the X/M ra-
tio, or the cationic counterparts in the compounds. This pro-
posal is in agreement with commonly accepted ideas about
the single cluster!"*” and leads to a quantitative understand-
ing of the M—M distances in TIFe;Te; (259 and 260 pm!'**)
and TIMo;Te; (275 and 262 pm!'*). In the limit of an ionic
model, taking into account T1*, Te?~, the values VEC =6.33
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chains. The structure corresponds therefore to the “ex-
panded” cluster structures!”), which have been treated before
several times, and is closely related to a series of structures
which can also be regarded as containing chains of face-shar-
ing M, octahedra plus additional M atoms. The analogy with
the Mn;Si; structure type has already been referred tof'*¥.
An extensive group of intermetallic phases crystallizes in this
structure type!**’). Besides many silicides and germanides of
transition metals and lanthanoids, the phosphide TisP;
should be mentioned too, as a representative of this structure

[*] The question arises as to why the basic MX structure without occupation of

the voids does not occur, since the VEC in the cluster chain is not optimized by
the additional M atoms.
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type!'®. Figures 12a and 12b illustrate an extraordinary sim-
ilarity between the structures of TlFe;Te; and MnsSi;. The
second is derived from the first by substituting two Mn atoms
for one Ti atom according to the formula Mng,,Sic,,Mn,.
The topological changes involved are, however considerable.
The Fe;Te, chains are, in the presence of the large T1* ions,
separate structural units (dy__r. =406 pm) with almost un-
distorted Feg octahedra (dg.. re =260 pm). In FesSi; on the
other hand, which forms a high temperature modification
with the Mn;Si; structure!’>®, strong interactions obviously
exist between the Fe atoms belonging to the octahedron
chain and those lying between the chains. The additional Fe
atoms are 291 pm distant from the Fe atoms in the cluster
chain and are extremely close together (236 pm). The Fes oc-
tahedra themselves are expanded to 269 and 282 pm, the lat-
ter value holding for the distances in the chain direction.

The identical structural principle with zrans face-linked
M(X; groups seems to be continued in the carbide
Mn,C,!1%0-'¢1: the neighboring elements Cr and Fe form
isostructural compounds!'®>'®*, The structure has not yet
been solved quantitatively, but is similar to the structure of
the boride Ru;B; shown in Figure 12c**¥, which corre-
sponds to the formula Mg, Xs,,Ms. All M atoms which are
present in addition to the octahedron columns, form chains
of M, tetrahedra. Further examples of this type will be brief-
ly mentioned in Section 3.4.3. The special orientation of the
octahedra and tetrahedra to each other, allows the X atoms
in Ru-,B; to take up trigonal prismatic coordination once
more.

One last example will show the extent of variation of pos-
sible structures on the basis of trans face-sharing M¢Xz clus-
ters. The MX chains of these clusters are as mentioned, sec-
tions of a hexagonal close-packing of spheres. Three-dimen-
sional close-packing is obtained by linking the chains togeth-
er via X atoms. The resulting composition, Mg,2X¢/6 = M3X,
is realized in the compounds with the Ni,Sn-type structure
(Figure 12d), which appears in the low temperature modifi-
cation of Ni,Sn!'®>'¢] a5 well as in a large number of other
intermetallic compounds. The Ni;Sn structure is intimately
related to the CusAu type; both are ordered A;B structures
with hexagonal close-packing in the one case, and cubic
close-packing!™ in the other. Thus, the same restrictions as
were mentioned before when discussing the U,Si structure in
terms of clusters hold for the Ni,Sn structure.

3.4. Linked Fragments of the M¢Xg Cluster

Up to now, selected systems have been treated which can
be discussed in terms of condensed octahedral M, clusters.
This approach may give the false impression that the uni-
formity in the structures of metal-rich transition metal com-
pounds is more pronounced than it really is. It was men-
tioned at the beginning that the variety of different M,, clus-
ters, which are known as isolated units, is retained in systems
with condensed clusters. Some examples will be given in the
following which can be derived by condensation of frag-
ments ot the M¢X; cluster. Such “cluster fragments” occur
frequently among the electron-rich d metals. A systematic

{*] 1t should be pointed out that Fe;Ge occurs in both forms [167, 168).
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treatment of the observed structures, as attempted for the M,
cluster, cannot however be dealt with here.

O A O
O YO

%O
@)

OiO
@) @)

Fig. 13. Parts of the MX; cluster (¢f. Fig. 3). a) The M:X, grouping resuits from
removal of one M atom. The atoms coordinated to the edges of the Ms pyramid
base (X”) can shift when the positions above the cluster vertex atoms (X*) are not
occupied. b) The cluster M X, results when two M and X atoms are removed in
the indicated way. In the complex ion Mogl2 ", an additional I atom takes the
place of the removed cluster fragment.

O

%O
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On removing one M atom from the M¢X; cluster, the
M;X; group remains, as shown in Figure 13a. This cluster
has been prepared, as an isolated unit, in the compound
[(CsHg)4sN1,MosCl;5t"). Cl atoms are bonded in several dif-
ferent ways in this unit; four atoms center the triangular
faces of the square pyramid of M atoms (X'), four lie above
the edges of the pyramid base (X") and five above the ver-
tices (X#). It may be imagined that the X" atoms in the
MosCl?; ion, in contrast to the X' atoms, are held in position
by the X* atoms. In the case of unoccupied X* positions, an
enlargement of the square formed by X" atoms occurs in the
way shown in Figure 13a.

There are two ways of removing two M atoms from an M,
octahedron; the removal of two trans atoms leaves a square,
the removal of two cis atoms a bent rhombus. Both groupings
occur linked together in metal-rich compounds. The last
named M X, cluster deserves mention as part of the M¢Xy
cluster since it was first identified as a linked structural unit
in some transition metal compounds with elements of the 4th
and 5th main groups, and was almost simultaneously synthe-
sized as a discrete cluster in the compound
(C4Hs)4sN;Mo,I 18, The cluster is coordinated by four addi-
tional I atoms in X* positions, and one further O atom above
the centre of gravity of the bent rhombus. Some examples of
condensed M; and M, clusters will now be given and dis-
cussed, followed by cases in which various cluster types oc-
cur together.

3.4.1. M; Clusters

The linear structural element which results from the trans
vertex-linkage of M X; clusters has the composition
M, ,M;X5,,=M,X, it corresponds to the MsX,; chain
formed from M¢Xj; clusters. This element stands out particu-
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larly clearly in the structure of 0-Ni B, (Fig. 14a)!'*!, In this
compound, discrete M X, chains are linked via X" atoms,
which are shifted considerably from their original positions
in the isolated cluster. It is characteristic for this structure, as
for all others with these chains, that the base of each M; py-
ramid is centered by an X atom. It may be assumed that the
MosCl%; ion can bond additional ligands above the center of
the pyramid base as well. The X atoms are surrounded by the
M atoms in a trigonal prismatic manner. B—B bonds express
themselves in the short distances (173 and 189 pm) between
neighboring X' atoms.

Fig. 14. Structures with condensed M;Xy clusters; a) 0-NisB1; b) RhsGe; and ¢)
Fe,P with entirely vertex-linked M; clusters; d) Co,P, whose structure contains
(edge-linked) double chains of vertex-linked M;s clusters and e} Cu,Sb with the
corresponding two-dimensional infinite linkage.

The structure of Rh;Ges (Fig. 14b) offers an example of
exclusive vertex-linkage between MsXj clusters’’”. This
structure constitutes an analogy to the U,Si type (Fig. 6b),
but with the difference that the bases of the M; clusters are
coordinated by additional X atoms. The structure corre-
sponds to the formulation M;,,M,,»,X4/3sX (/2. CrsAs; and the
high temperature form of V;sAs, crystallize in very similar
structures!*’!).

The M; cluster plays a striking role in the M,X com-
pounds of the electron-rich transition metals (in particular
when X =S8i, P, As). The structural principle extends from
pure vertex-linkage to pure edge-linkage between the M,X,
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chains formed by Ms groups. In the Fe,P structure (Fig.
14¢)""3, which is taken up by an extensive group of binary
and ternary compounds, the chains are only bound via the
free vertex atoms. The structure is described by the formula
M;,2M; 3 Xs,12X 3. By this is meant that the X atoms which
surround every M; group occupy both X' and X' positions in
different clusters, and that additional X atoms coordinate the
basal faces of neighboring M; groups (three in this case) as in
the structure of RhsGes. An interesting variant of the struc-
ture turns up for NiMoP (and other ternary compounds with
the same composition)!'”*. The atomic arrangement de-
scribed in terms of trigonal Ni; and Mo clusters, corre-
sponds to the Fe,P structure; the Ni atoms taking the posi-
tions of the linking M atoms in the single M,X, chain. Co,P
crystallizes with the same structure at high temperature!'74;
the structure of the low temperature form is shown in Figure
1441, The atomic arrangement can be resolved into a sin-
gle motif which contains two chains formed from M; clusters
linked together via edges. As for the analogous double chain
of M¢X clusters in Nb,Se (¢f. Fig. 8c), not all X positions are
occupied. Double chains of this type are linked together via
the free vertex atoms in the atomic arrangement of Co,P
which is another important type of structure adopted by a
number of binary and ternary compounds. The compound
V,P—in contrast to Ta,P—also belongs to this type!'’®! It is
fascinating to compare the various compounds with struc-
tures related to Co,P (Fig. 14d) in the light of the present
concept. The X coordination in the structure of Co,Sil'’" is
considerably changed from that in Co,P but despite this the
aggregation of M atoms can still be described as double
chains of M; clusters. The disintegration of the cluster be-
comes recognizable in Re,P!'"¥; the process is completed in
the structure of 6-Ni,Si (Ni;In-type; ¢f Fig. 15¢)!7%.

The first stage of the condensation of M;X, chains via
shared edges is completed in the Co,P structure. Continuing
this type of condensation, a two-dimensional aggregate is ob-
tained, and the final member of the series 1s reached with
Cu,Sbi*® whose structure is given in Figure 14e. Double
layers of edge-linked Ms groups are present. The X positions
are (as for the edge-linked M¢X; cluster) partly occupied by
the M atoms of adjacent clusters. Among many other com-
pounds, Mn,As crystallizes with the Cu,Sb structure. The
similarity to the structure of Mn;As is unmistakable; Mn;As,
Cu,Sb and Ti,Bi are in fact treated as stacking variants!'®!l,
As for the structures with condensed M, clusters, there are a
number of “expanded” structures with M; clusters, but these
will not be dealt with here.

3.4.2. M, Clusters

If the M X¢ clusters shown in Figure 13b are linked to-
gether via the remote M atoms in the same way as the trans
vertex-linkage of M¢X; clusters in the MsX, chain, a linear
unit with the composition M,M,,,X,,, results. Chains of this
type, bound to each other by X atoms according to the for-
mula MM, ,X;,,X;,/4, form the characteristic element in the
structure of Hf5P,!"®3 As shown in Figure 15a, this structure,
which is also found for Zr;As,!"®! consists entirely of such
chains ordered parallel to each other. The structure of
CryC,1"*% is principally similar but the chains are oriented in
a different way. Sc;P; and Sc;As, both have two modifica-
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Fig. 15. Vertex-linked M,X, clusters and structures which contain various types of condensed clusters together: a} Hf3P; and b} CryC, with isolated chains of vertex-linked
M,X, clusters; ¢) two-dimensional layers of vertex-linked MaXa clusters in 8-Ni,Si (cf. Co;P); projection of the structure onto the (110) plane; d) layer structure of alternat-
ing M5 and M, clusters in Nb,P, (cf. Fig. 5¢); €) units of vertex-linked Mq, Ms and M, clusters in NbsPs; f) NbyPs contains isolated chains of vertex-linked M, and M clus-
ters; g) characteristic structural element of MouPs built up from Ms and M, clusters and h) structure of Mo,P, formed of discrete chains of vertex-linked M. X, units togeth-
er with intermediate MX regions (cf. Fig. Se).

tions with crystallize with the Hf;P, and Cr;C, structurest'#s).
Both the mixed-M carbide Cr,VC,[**! and the mixed-X bo-
ride-carbide and nitride-carbide, Cr3(BC), and Cr;(CN), re-
spectively, exist with the Cr,C,-type arrangement!'%¢- 87,

The Hf3P, and Cr;C, structures are crystallographically
different but they are similar in that firstly, they both possess
as characteristic elements the same chains formed from
M,X, clusters; secondly, the arrangement of the chains leads
to directly comparable coordinations in which each M,
group is surrounded by X atoms in much the same way as in
the isolated Mo,I2* cluster.

The structure of Ni,Si (8-form) is shown in Figure 15¢ as
an example of the three-dimensional linkage of the M X,
cluster via vertex atoms!"”. This compound crystallizes with
the Ni,In structure!'*®. The layers of linked chains of M, X,
groups become evident in the chosen projection. The ar-
rangement of the layers again leads to the characteristic
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coordination of each M, cluster by X atoms as in the isolated
cluster Mo,I3*. The close relationship to the Co,P structure
(Fig. 14d) has already been mentioned. In fact, the structure
of 8-Ni,Si is converted into the Co,P structure by buckling
the layers and simultaneously bringing them closer together.
The bent M, rhombus seems to be an important structural
unit in many further examples, some of which will be men-
tioned in the next section. Besides this arrangement of four
M atoms, the square turns up frequently as an alternative oc-
tahedral fragment among metal-rich and intermetallic com-
pounds of the elements under consideration. The many com-
pounds which crystallize with the W;Si;- and AL Cu-type
structures are possible examples!!*” ¥, These will not be dis-
cussed in detail here, but for the sake of completeness one
further My cluster, which is well known as an isolated unit,
must be mentioned; the tetrahedral M, cluster. One structure
Ru,B,;, which contains rows of such clusters has already been
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mentioned in Section 3.3. Further representatives exist in
large numbers as “Tetraeder-Stern” structures!'®".. One group
of compounds with the composition LnM,B,, which has fre-
quently been studied in recent times shows various possible
modes in which tetrahedral My clusters occur. In YRu,B,,
isolated Ru, tetrahedra are present!'™, whereas in
NdCo,B,"*" and LaRu4B,!"*? they are linked via edges to
form one-dimensional chains. The present great interest in
these compounds 1s related to their high superconducting
transition temperatures!'®* and, above all, to the discovery of
competing superconductivity and ferromagnetism in
ErRh B,"®¥. It may be noted in this context that the struc-
tures of the A15 phases, to which Nb;Ge belongs, with the
highest superconducting trapsition temperature known, are
also composed of networks of linked tetrahedra. Supercon-
ductivity and metal clusters may be related in a way that is
not yet understood!'**1,

3.4.3. Structures with Several Types of Clusters

One example of the occurrence of various types of cluster
in one compound (Mg, M;) has already been given in Section
3.1 with the structure of Nb,As:. A few structures will now
be discussed which can be completely resolved into mixed
arrangements of linked Mo, M5 and M, clusters. The nio-
bium phosphides Nb,P,, NbsP; and NbgPs, whose X/M ra-
tios are very similar, are shown together, in Figures 15d, e, f.
The structure of Nb,P, has already been discussed in Section
3.1 as an “expanded” MsX, variant according to the formula
M X,-M,. It is interesting that the additional M atoms in-
serted between the MsX, chains arrange themselves in such a
way with the adjacent vertex atoms of the MsX, chains that
they form rows of linked M;s clusters. This is indicated in
Figure 15d. Thus, the Nb,P, structure can also be regarded
as a series of identical layers, each of which consists of alter-
nating vertex-linked My and M; cluster chains. A slight in-
crease in the X/M ratio from 0.57 to 0.60 leads in Nb;P,*°9
to a growth of the proportion of “partial-clusters”. As indi-
cated in Figure 15e, the entire atomic arrangement in this
compound can be represented by linear units of vertex-
linked parallel rows of Mg, M5 and M, clusters. This type of
structure was first found in HfsAs;!""1. A comparison with
the Hf,P, structure is interesting here since it shows that the
atomic arrangements around the M, groups are to a large ex-
tent equivalent. Finally the structure of NbgPs!!°® which is
also formed by ZrzAss!'*3), contains rows of vertex-linked M,
clusters which surround single MsX, chains. The Nb arse-
nides possess the same structures as the phosphides described
abovel'l,

Interestingly enough, the compound MogPs!'** only con-
tains structural elements formed from fragments of the M¢Xg
cluster even though it has the larger VEC. As illustrated in
Figure 15g, each chain of M; clusters is linked via vertices to
two chains of M, clusters. The structure is built up entirely
by the repetition of such combined units. The arrangement
of X atoms around each M, group is the same as in the iso-
lated Mo,I2™* cluster. Around the M; group, neighboring M
atoms occupy those positions, which are occupied by the Cl
atoms in the isolated MosCl3* ion. In principle, the M, clus-
ters can be completed in the structure of MosPs to form dis-
torted M;s clusters by taking into account neighboring M

18

atoms. In this way a network of such (vertex-sharing) clusters
results. Close relationships can therefore be found to the
structures treated in Section 3.4.1.

The phosphide Mo,P,**? (Fig. 15h), which contains less
Mo, provides another example of a compound whose struc-
ture demonstrates the possibility of an “expansion” of the
cluster structure to a higher X content; additional M and X
atoms are inserted in equal numbers between parallel
chains of M, clusters, resulting in an overall composition
M,;M,,»X,,»X4,4- MK. The situation corresponds to that in
NbsAs; and V4As,, which have already been mentioned and
which can be described analogously as MM, Xz,5- M3X,.
In Nb,As; and the low temperature form of V,As; however,
the intermediate M atoms are arranged in trigonal M; groups
with the X coordination as in Nb;Se,. The arrangement of
the additional atoms in the high temperature form of V,As;
on the other hand, is very similar to that in Mo,Ps.

3.5. Occupation of the Cluster Centers

One special aspect of the chemistry of metal clusters,
which has increased in importance for molecular compounds
should not be neglected. It was first demonstrated in the
compounds HNbgI,*"! and CRu4(CO);*%%, in 1967, that
the center of a transition metal cluster can be occupied by
single atoms (H or C resp.). Since then an impressive number
of comparable compounds with “interstitial” atoms has be-
come known. These are of great interest because of their pos-
sible importance in catalytic processes, and have been sum-
marized in several reviews?%>-2%71,

It may be conjectured that the cluster centers can be occu-
pied by single atoms in systems with condensed clusters as
well. The first indication of the correctness of this supposi-
tion is given by the reversible H, absorption by the com-
pounds ZrCl and ZrBr (¢f. Section 3.2.2), which leads to the
almost stoichiometric compounds ZrXH and ZrXH, %%
the position of the H atoms is still uncertain in these com-
pounds. Apart from this, there are cases among the metal-
nich transition metal compounds within the scope of this
work, whose structures contain metal clusters, the centers of
which are occupied by additional atoms. Such “filled” struc-
tures have already been mentioned in another context?®*®, In
conclusion, a few particularly striking examples of octahe-
dral Mg clusters will be discussed.

Three-dimensional vertex-linkage of M¢Xg clusters leads
to the structure of U;Si (CuyAu) (see Fig. 6b). If M¢X, clus-
ters are linked in the same way, the NbO structure results
(see Section 3.1). For the first arrangement, occupation of the
octahedral centers leads to the perovskite structure. Indeed,
many “perovskite” carbides and nitrides exist!?'%2!' from
these Mn;GeC and Fe;GeN may be cited here since they fall
into the chosen range of element combinations. It is remark-
able in this connection that the structure shows the same de-
viation as U;8i from cubic symmetry with increasing occupa-
tion of all centers. A fascinating example of the filled NbO
structure is the nitride W3N, (N-W,;N,4)?*? whose struc-
tare however, still has to be verified; interestingly, NbO and
W3N, are isoelectronic!

The MnSi, structure is particularly accommodating as far
as the insertion of atoms into the octahedral centers is con-
cerned?'!?13.2141 Besides boron (e.g. NbsGe;B2!%), carbon
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above all is easily inserted, and the ferromagnetic compound
Mn;Si;C.2'% can be obtained by reaction of Mn,Si; with C.
For the compound TisP,, which has already been mentioned
(Section 3.3), the composition TisP;0, is assumed?'”-2'8),
The insertion of metal atoms is also possible, such as in the
compound HfsSn;Cu®'*!, Binary phases represent a special
case. The complete occupation of all octahedral centers as
for example in Hf;Sn, (=Sn-HfSn;)?'""l leads to the
TisGa,-type structure??9,

The ordered partial occupation of the centers of the M oc-
tahedra is also known. For example, the structure of
Mn,Ge; corresponds to a half-filled Mn;Si; structure!*?!, In
this case, it 1s interesting to see that the ordered semi-occupa-
tion resolves the trans face-linked octahedron chain into sin-
gle M¢X; clusters, which are connected according to the for-
mula Mn,Ge(Ge,,,. This final example leads right back to
the starting point of this work.

4. Final Remarks

The search for the smallest bonded units in the structures
of metal-rich compounds of the transition metals and lantha-
noids with p-elements leads to the following result—known
for some time—that preferred coordination polyhedra occur
for the non-metal atoms X. In addition the linkage of the po-
lyhedra takes place in such a way that the M and X atoms

often end up with an arrangement identical to that known
from isolated metal clusters. The examples chosen for the
present work (¢f Table 3) may provide convincing evidence
for this idea; many more examples could be added. It should
nevertheless be stressed that the “image-seeking” procedure
illustrated with the aid of the examples shown here, is not yet
always successful. Even in those cases where certain atomic
arrangements can be interpreted in terms of condensed clus-
ters, conclusions drawn from the crystal structure alone can
be misleading. An example of this is the high pressure form
of Ag,0, which like Ag,F crystallizes in the anti-CdlI, struc-
ture type®? and therefore could be discussed as Age,30,/,
within the concept of condensed clusters. In contrast to
Ag,F, the VEC is zero in the case of Ag,0, and only van der
Waals bonds exist between the Ag* ions. This example
shows that further knowledge, above all about the VEC, is
essential for the interpretation of structures of metal-rich
compounds. It is well known that isostructural behaviour is
no evidence for 1dentical chemical bonding. Many of the me-
tal-rich compounds under discussion possess structural anti-
types (e. g. Co,P/PbCl,), for which the interatomic interac-
tions postulated here are irrelevant. This is directly related to
the question which arose for U;Si and Ni;Sn and which is
particularly important for intermetallic phases. How far can
the tendency to optimize space-filling (close-packing) be dis-
tinguished from the consequence of directional bonding? In
particular, it may be very helpful that chemical bonding is

Table 3. Crystal data for the structures of compounds shown as projection, ¢f. footnotes on p. 4.

Compound Figure Crystal system Lattice constants [pm, °] Ref.
TisTig Sa tetragonal a=1016.4, c=3772 [64]
V;3As; 5b tetragonal a= 941.28, c=333.61 {741
Nb;P, S¢, 15d monoclinic a=1495.0, b=344.0, c=1384.8, 3=104.74 [75)
Nb;sSi4Cu, 5d tetragonal a=1019.08, c=360 [76]
NbyAs; Se o-rhombic a= 351.6, b=1466.0, c=1883.0 [81)
Ti,Bi 6a tetragonal a= 404, c=1450 (181}
U,Si 6b tetragonal a= 6017, c=867.9 [84]
U,Si, 6¢ tetragonal a= 731.51, c=389.25 84}
Mn;As 6d tetragonal a= 378.8, ¢=1629.0 96}
TiO 7 monoclinic a= 585.5, =9340, c=414.2, v=107.53 {88]
Ti,S 8a o-thombic a= 1135, b=1406, c=332.0 [92)
Nb,Se 8b monoclinic a=1399.2, b=342.2, c=928.3, 3=91.76 [95}
Nb 4S5 8¢ o-rhombic a=1848.0, 6=3374, c=1979.7 {97}
Nb,,S« 8d tetragonal a=1679.4, c=3359 [98]
TixS, 8e ronoclinic a=3269.0, b=332.7, c=1936, 3=139.9 {100}
NaMo,Os 9a tetragonal a= 9559, c=2860 [t13, 136]
Gd,Cl; 9b monoclinic a=1523.7, b=389.6, c=1017.9, B=117.66 [112]
TbsBrx 9c monoclinic a=2070.5, b=385.9, c=1336.7, B =133.07 [123]
Erls 9d monoclinic a=1852.1, b=401.5, c=847.8, B=103.07 {124]
Ercl; 9e monoclinic a=2138.7, b=387.4, c=12323, B=123.46 [125]
Er; Lo of monoclinic a=2096.6, b=418.7, c=1458.5, B=96.56 [124]
Sc,Clyo 9g monoclinic a=1862.0, b=353.66, c=1225.0, B=91.98 [115]
h,t-TbCl 9h, 9i rhombohedral a,=378.6, ¢y, =2746.1 [127)
TiFe,Te; 12a hexagonal a= 935,¢c=4223 [154}
Mn,Sia 12b hexagonal a= 691.0, c=481.4 [156]
Ru,B; 12¢ hexagonal a= 6559, c=454.6 {164}
Ni;Sn 12d hexagonal a= 531.0, c=425.6 (181}
0-NisB, 14a o-thombic a=11954, 6=298.15, ¢ =656.8 [165]
RhsGe; 14b o-rhombic a= 542, b=1032, c=396 [170]
Fe,P 14c hexagonal a= 586.5,¢c=3456 {172}
Co,P 14d o-rhombic a= 564.6, b=351.3, c=660.8 [174)
Cu,Sb 14¢ tetragonal a= 399.2, c=609.1 [181]
Hf;P, 15a o-rhombic a=1013.8, b=357.8, c=988.1 [182]
Cr;C, 15b o-rhombic a= 553.29, b=2829, c=1147.19 [184]
N1,8i 15¢ hexagonal a= 384, c=500 [179]
NbsP; 15e o-rhombic a=25384, b=343.3, c=11483 [196)
NbyPs 15f o-rhombic a=2620, 6=946.5, c=346.4 [198]
MoyPs 15g monoclinic a= 939.9, b=320.9, c=653.7, =109.59 [199]
Mo,P; 15h o-rhombic a=1242.8, b=315.8, c=2044.0 [200)
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quantitatively related to the volumes of intermetallic phases
within an isostructural family!?23-22%,

The objectives of further investigations have to be sought
both in experimental work and in the more detailed analysis
of structural data in the light of results obtained by other
techniques. Our present knowledge of the existing metal-rich
compounds and their structures appears in many respects
fragmentary. The structural principles which have been re-
cognized (for example, in the cases of the Ti sulphides and
ternary metal-rich Mo compounds) allow us to be optimistic
of finding many more compounds of this sort. One important
area for further work is the correlation of information about
composition, structure and VEC, which up to now has only
been attempted for single cases in a preliminary way. Last
but not least, the localized description of the often very com-
plicated structures in terms of condensed clusters hopefully
provides a guide for an appropriate quantitative description
of electronic structure, and hence a detailed understanding
of the chemical bonding in these compounds.
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Production of High Temperatures in the Chemical Laboratory:
Examples of Application in Lanthanoid Oxo-Chemistry

By Hanskarl Miiller-Buschbaum!"!

Dedicated to Professor Wilhelm Klemm on the occasion of his 85th birthday

High-temperature reactions have always been a fascinating although difficult field of experi-
mentation for the chemist. In the case of solid-state reactions the problems with apparatus in-
crease exponentially with rising temperature, so that especially in this area of inorganic chemis-
try the modern techniques of producing high temperatures—from the solar furnace to the high-
power CO, laser—have yielded new and interesting possibilities, particularly in the field of me-

tastable high-temperature compounds.

1. Introduction

On account of limited preparational possibilities, research
into lanthanoid oxo-compounds during the first half of this
century was rather limited, as demonstrated clearly by the re-
peated investigations!' ! of the phase diagram of the trival-
ent lanthanoid oxides in accordance with Goldschmidt® (Fig.
1); up to some 30 years ago, i.e. the dawn of modern high-
temperature chemistry, the stability ranges of the three crys-
talline forms at high temperatures were unknown. In addi-
tion to the physical and thermodynamic data at high temper-
atures (for the definition of the term ‘“high-temperature
chemistry”, see P!), the formation of compounds, the phase
diagrams, the reversibility or irreversibility of phase transfor-
mations, and above all accurate structural data are of inter-
est.

As a result of the advent of new methods for the genera-
tion and application of high temperatures, the study of lan-
thanoid oxo-chemistry has undergone a burgeoning develop-
ment in the last 30 years. Some of the most important funda-
mental studies in the field of high-temperature chemistry
were carried out at the Institute of Inorganic Chemistry of
the University of Miinster under the direction of Professor
Klemm. In the following review article the methods used for
the production of high temperatures are considered, with se-
lected examples of applications from the sphere of lantha-
noid oxo-chemistry.

High temperatures can be produced by either chemical or
physical methods. A number of such processes is presented
in Table 1. Some processes affording very high final temper-
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atures are nevertheless of little use in preparational solid-
state chemistry, and these are consequently dealt with only
brefly.
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Fig. 1. Phase diagram for trivalent lanthanoid oxides, after Goldschmidt. For the
A-, B-, and C-types, see text.

2. Methods of Limited Applicability for the
Production of High Temperatures

2.1. Mechanical Techniques

The synthesis of new compounds by shock waves or a sin-
gle adiabatic compression is the province of a few specialized
teams. An explosive charge (e. g. hexogen) is set off and the
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Table 1. Summary of the heat sources and heat production processes usable in chemical laboratories, and temperatures achievable in this way.

Mechanical processes

Adiabatic compression (>10>°C) Flames

Thermochemical processes Natural heat sources

Metallothermy Solar furnaces

Adiabatic shock waves (>10%°C) 2H,+0, (2660°C) Metal oxides, {~3500°C)
C,H;+ 0, (3100°C) sulphides, and halides
C;H;+ N0 (>3100°C) +Al, Mg. Ca, Zr, erc.
Metal powder/O- flames (~2000—2500°C)
“skating sun™
(~2500—4500°C)
Electrical processes
Resistance heating Electron-beam heating Induction heating Electric arc Laser
Cr/Ni (1100°C) Focal spot fusion Inductive heating of electrically Arc fusion High-power CO»
SiC (1500°C) Drip fusion (>3000°C) conducting substances (>3000°C) laser (>>4000°C)
Pt/Rh (1700°C) Crucible-free fusion Electric-arc plasma torch
MOSi, (1800°C) Open plasma torch (> 10%°C) (>10*°C)
MO(H;) (2000°C) Closed plasma torch Arc-transport process
C (2500°C) (thermal disequilibrium) (=~ 2000—4000°C)
710, (2500°C) (= 10*—10*°C) Artificial suns
MO;+M;0; (2000°C) (=2300°C)

shock front is passed through crystalline material; in addition
to the pressure wave an equally steep temperature front is
then formed, and the two together break the crystallites
down to about 100 A" to 10 A, or about the order of mag-
nitude of the elementary cells. This decomposition gives rise
to a variety of structural disorders and lattice defects, raising
the chemical reactivity to an extremely high level. The meth-
od has been used to synthesize ferrites®®, chromium"? and
tin!""! chalcogenides, and mixed tin dihalides (SnClysBr, s,
SnCll, and SnBrI""?). Batsanow et al'® found that the first
few members of the lanthanoid oxide series Ln,O,
(Ln=La—Sm) react with water under the influence of shock
waves to form Ln(OH),, whereas with Eu,0; the product is
the unexpected EuOH.

2.2. Thermochemical Techniques

The thermochemical methods are based on the principle
of using the heat released in a chemical reaction for the pro-
duction of the high temperatures. As far as manipulation is
concerned, the most elegant examples of this type are hot
flames, whose upper temperature is limited only by the
chemical equilibrium of the combustion reaction, and in ear-
lier years hot flames were in fact the only acceptable way for
obtaining single crystals from the high-melting lanthanoid
oxides. A disagreement between Zachariasen''¥ and Paul-
ing!"® on the structure of the hexagonal A-form of La,0,, a
question that could not be decided definitively either way on
microcrystalline powder preparations, was ultimately re-
solved by Zachariasen®! on single crystals prepared by
Goldschmidt with an oxyhydrogen flame. In 1956 Tannen-
baum produced the first single crystals of the monoclinic B-
form of Sm,0; with an oxyacetylene flame. It was on this
material that Douglass and Staritzky!"”! were first able to de-
termine the space group, the cell dimensions, and the optical
properties, and Cromer"® in 1957 was able to determine the
crystal structure of the B-form of the lanthanoid oxides. This
example illustrates the importance of high temperatures for
the production of X-ray-perfect single crystals.

An obvious disadvantage of hot flames is that it is only
possible to work with substances that can resist the oxidizing
and reducing action of the flames at the high temperatures in
question (Verneuil’s process for the synthesis of rubies and
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sapphires). A particular difficulty is also presented by the ex-
treme thermal expansion of the fuel gases as they heat up
from room temperature to 2000—3000 °C: the strongly tur-
bulent gases simply blast the molten samples out of the hot
zone.

In metallothermic reactions (Al, Mg, Ca, Zr, efc. reacting
with halides and oxides) the reacting metal intervenes to a
far greater extent in the chemical process than the hot
flames. For this reason the preparative applications are re-
stricted to a few special examples, which will not be dis-
cussed in greater detail in the present review. The original
method proposed by Grosse and Conway!'®), of a metallic
powder/O; flame, has also not been developed further. In
one interesting variant, carrier materials coated with metals
are combusted (“skating sun” phenomenon).

2.3. Electrical Techniques

2.3.1. Electron Beam Heating

The heating of metals by bombarding them with a beam of
electrons, originated by von Pirani®, was used by Tiede!*!),
Tiede and Birnbrduer'®, and O’Bryan'®! to melt metals, ox-
ides, and carbides. In metallurgy, this technique, meanwhile
perfected by the development of high-power electron guns
(Fig. 2), has become a preferred method?¥, since the melted
material can be situated in a field-free space. Figure 2 shows
Stephan’s 100 kV A apparatus®; the electron beam produced
is focussed by magnetic lenses and emerges vig a vacuum sys-
tem into a field-free space likewise evacuated to about 103
mbar. The decisive advantages of this technique are protec-
tion of the cathode from evaporating material, suppression of
perturbing glow discharge, and the simultaneocus degassing
and purification of the fused material. However, the use of
the method is at the moment confined almost exclusively to
metallic materials.

In this connection it is interesting to note that the heating
of the extremely small samples in an electron microscope is
identical with the older technique of preparation in the field.
Thus, Boulesteix et al.®® heated single crystals of the A-form
of lanthanoid oxides to high temperatures (>2000°C) by
bombarding them with the electron beam of an electron mi-
croscope, to study the transition of the A-form into the H-

23



and X-forms (high temperature modifications of La,0,) on
the electron diffraction pattern (see Section 3.3).

'—:_,E

Fig. 2. Principle of an electron gun [25] for metal fusion in a field-free space. A:
Insulator; B: pump for the electron gun; C: magnetic lenses; D: electron beam; E:
pump for the preparation space; F: preparation; G: anode; H: cathode.

2.3.2. Electric Arc

Whereas the electric arc is used in a large number of ways
for the production of high temperatures, in this section we
shall consider only the direct application of arc fusion (heat-
ing in a d-c arc) and the original arc-transport process. The
electric plasma-arc torches and electric arcs mentioned in
Table 1 as artificial suns, are dealt with in Sections 3.4 and
33.

Direct heating in an electric arc resembles electron beam
fusion, the principal differences being that

~ in the electric arc the cathode drop is very small due to
the low potential requirement (=10 V),

~ in the electric arc the power is produced by high cur-
rents,

- the substances to be heated are exposed to the material
vaporizing in the arc (high-current arc).

In the high-intensity arc or the Beck arc temperatures of
about 7000 °C are reached in long anode flames, i. e. temper-
atures much higher than are normally necessary for reactions
in the solid state. Using a d-c arc, Weir and Valkenburg!?”!
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reacted BeO with Ga,0,, Y,0,, and La,0, and obtained, for
example, the compound BeY,0,; whose structure—an
AB,O,-type structure—was clarified later by Harris and Ya-
kel™. Miller and Daane™ prepared a number of lower-va-
lence lanthanoid oxides (LnO,s.,) by the arc fusion of
Ln,O; with Ln (Ln=lanthanoid). As shown by density
measurements, the deep-colored oxides GdO,.es5, YO, 450,
and LuQ, 4s obtained in this way contain a defect oxide lat-
tice, which is also manifested in their formulas.

The arc-transport process described by Drabblel®, in
which the material is transported by an electric arc, and
which is particularly suitable for growing larger single crys-
tals has so far received astonishingly little attention. A verti-
cally burning arc between an electrode filled with a melt and
a second electrode carrying the crystal is kept at a constant
length by progressively raising the upper electrode (Fig. 3).

Fig. 3. Schematic representation of the arc transport process {30] for growing sin-
gle crystals with transportation of the material in an arc. A: Feed electrode; B:
arc; C: growing crystal; D: seed crystal; E: anode meit; F: cathode melt.

The fused oxides are transported by the arc from sintered
Ce0; or La,0; electrodes to the opposite electrode, where
they deposit and grow on the single crystal seed (the two
electrodes can be tempered by additional heating). Drab-
ble? investigated the dependence of the direction of trans-
port on the chemical material, and found that both the mate-
rial transport and its loss are a function of the length of the
arc. However, careful maintenance of the constancy of the
arc conditions is an extremely complicated experimental op-
eration.

3. Universally Applicable Methods for the
Production of High Temperatures

The conventional technique of resistance heating, long
used in solid-state chemistry, the use of the sun as a natural
source of heat, induction heating of electric conductors, and
the various plasma torches are of differing practical signifi-
cance, though all of them are more important than the meth-
ods outlined in the preceding section. The high-power CO,
laser has been added in more recent times as an elegant and
very promising energy source for solid-state chemistry. These
techniques will now be discussed in chronological se-
quence.

Angew. Chem. Ini. Ed. Engl 20, 22-33 (1981)



3.1. Resistance Heating

Although few furnaces with resistance heating reach tem-
peratures as high as 2000 °C, for many decades simple elec-
tric furnaces were the only usable heat sources and prepara-
tive chemists were forced to put up with their drawbacks.
Many lanthanoid oxides were in fact prepared in such fur-
naces:

- Simple mixed crystals: Ln,O;-Ln;O; (Ln, Ln’=lantha-
noid)

— Perovskites: LnL.n'O,

- Pyrochlore-type compounds: M,Ln,0, (M=tetravalent
metals Zr, Th, etc.)

— Heterotype fluorite phases: MO, +Ln,0; (M=Ce, Zr,
Th, Hf, U, etc.)

- Compounds of the calcium ferrite-type: MLn,O,
(M =Ca, Sr, Ba, Eu, etc.)

- Compounds of the formula Ln,TiOs.

In addition to this there have been studies on binary sys-
tems, on the reversibility or irreversibility of the changes be-
tween allotropic modifications, and on higher and lower de-
grees of oxidation or phases and phase widths in lanthanoid-
oxygen systems. Reviews of this work will be found in P' 3%,

Lanthanoid oxo-compounds, for example the heterotype
fluorite phases MO, + Ln,Os (M=Zr, Th, Hf, Ce; Ln=lan-
thanoids and yttrium) showing oxygen-ionic conductivity
can also themselves be used as resistance heating elements in
high-temperature technology. Trivalent lanthanoid ions are
incorporated at the lattice points of the tetravalent element
in oxides such as ThO,, ZrO,, HfO,, etc., crystallizing in the
fluorite lattice. The resulting oxygen-ionic conductors work
particularly well in an oxidizing atmosphere. This is an ad-
vantage over heating elements that have to be protected
against corrosive action of oxygen at high temperatures.
Thus, a Z1O; resistance-heating furnace described by Faucher,
Dembinski and Anthony"® reached about 2500 °C both in
inert and oxygen atmospheres. However, Gorski and Diet-
zel®”) showed that at such high temperatures contamination
of the preparations by zirconia vapor is unavoidable. When
an oxide furnace of this kind is started up the semiconduct-
ing material is preheated to 1000—1800 °C until, as a result
of the fall in resistance, the size of the current increases con-
stantly with rising temperature. An essential drawback of
this fundamentally conventional technique is that because of
the negative temperature coefficient of the resistance local
hot zones appear in the heating conductors, leading even-
tually to destruction of the material through an accumulation
of this effect*%3°,

Furnaces wound with molybdenum and tungsten resist-
ance wires are not affected by these problems but are endan-
gered by oxidation. This also applies to graphite (Tammann)
heating conductors at temperatures above 1900°C. Since
even under a protective atmosphere or under vacuum signifi-
cant quantities of carbon vapor are produced in the Tam-
mann furnaces at temperatures above 2500 °CI*%, it js prefer-
able to reserve the use of these furnaces to reactions in which
C and CO do not interfere; good examples of this are the ex-
periments on the reduction of Sm,0; with C or CO by Sma-
gina and Kutsev et ql.1*-%1,
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The main disadvantage of all heat conductor sources, how-
ever, is that the energy is invariably introduced into the sam-
ple from outside, through a boat or some other container.
Since the sample is therefore somewhat colder than the ves-
sel wall, there is always the risk of reaction with the crucible
material.

3.2. Induction Heating

A high-frequency electric field induces eddy currents in
conductors, and these can be utilized for the production of
high temperatures. The temperatures achievable in this way
are therefore limited only by the material, i e. by the melting
point of the inductively heated crucible material. The
LnO, s_, compounds mentioned in Section 2.3.2 were pre-
pared by Miller and Daane® by this method. Bedford and
Catalano'™ used induction furnaces with tungsten crucibles
to investigate the systems Eu-—Eu,0;, Sm—Sm,0;, and
Yb—Yb,0; between 1500 and 2300 °C. In 1977 Gree-
dan, Gibb, and Turner'®! prepared Eu;TaO, with divalent
and trivalent europium using crucibles heated to 2200 °C by
induction.

The use of high-frequency energy in induction furnaces is
a relatively old technique, supplemented in the mid-sixties
by inductively powered plasma torches (see Section 3.4.2).

3.3. Solar Furnaces and Artificial Suns

Solar furnaces, which have been used successfully both on
the small scale as well as the large scale since 1960°'], repre-
sented a great step forward in high-temperature solid-state
chemistry. A large-scale solar furnace plant has long been in
operation on the technical scale at the Laboratoire des Ultra
Reéfractaires du Centre National de la Recherche Scientifi-
que in Odeille/Fornt-Romeu.

Strictly speaking a solar furnace is not a furnace but an op-
tical system by means of which sunlight is focussed onto a
chemical preparation using parabolic mirrors and lenses
(Fig. 4).

The mode of action of solar furnaces, e.g. the dependence
of the flux density on the diameter of the focal spot, or that
of the temperatures attained on the mirror aperture, has been
described by Noguchi®®. The precision with which a solar
furnace can be operated for 1 h at about 2700 °C reaches the
amazing value of +10°CM*L Solar furnaces can be designed
in such a way that they allow heating of the samples under a
protective atmosphere or under vacuum (Laszlo’s™® and
Glaser’s®! construction, Fig. 5).

Special reference is made to the stripper inside the cham-
ber, which mechanically removes evaporated material that
would otherwise impair the transmission through the protec-
tive cap. Noguchi et al.®% also describe solar furnaces for
work under controlled gas atmospheres.

To eliminate the dependence of solar furnaces on the
weather, and to preserve the elegant working technique of
energy transfer by radiation, the next step was the develop-
ment of “artificial suns”, which make use of electric arcs, xe-
non high-pressure lamps, or high-frequency plasma torches
as the energy sources in place of the sun. The principle of en-
ergy transfer by focussing with elliptical and parabolic mir-
rors is shown in Figure 6. To give an impression of the tech-
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Fig. 4. Types of solar furnaces: (1) direct solar furnace; (2) horizontal heliostat;
(3) type with a single lens; (4) vertical heliostat; (5) large-scale horizontal helio-
stat with illumination of the parabolic mirror by several plane mirrors.
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Fig. 5. Solid-state reaction, using a solar furnace and a specific gas atmosphere
[48, 49] or vacuum. A: Sunlight; B: sample; C: quartz glass; D: stripper; E: motor;
F: protective gas or vacuum.

nical embodiment of a radiation furnace of this kind, Figure
7 shows Traverse’s experimental construction®®, in which
the preparation is again separated from the combustion
space of the electric arc to prevent contamination by evapo-
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rating electrode material and to allow the performance of
reactions under a special gas atmosphere.

Solar furnaces and artificial light optical systems have
been responsible for a whirlwind advance of research into
the high-temperature chemistry of the lanthanoid oxides.

Fig. 6. Fundamental construction of optical heat sources (artificial suns}. (1)
Simple elliptical furnace; {2) double elliptical furnace; (3) multimirror system for
two light sources with elliptical mirrors; (4) double mirror furnace with parabolic
mirrors; (5) multimirror system for two light sources with parabolic mirrors
(P =preparation; L =light source).

For example, Foex®¥! and Noguchi®® have determined the
melting points of the trivalent oxides with a high degree of
precision. Trombe et al.®* used solar furnaces for zone melt-
ing, and Kooy and Courvenberg® and also Collongues et
al.®7-*% for growing single crystals and for the purification of
oxides. Using a solar furnace, Segui and Trombe'™® studied
vaporization phenomena in the systems La,0;—Nb,O;/
TiO,/Ta,0s.

Numerous studies have been carried out on binary sys-
tems, e.g. La,0,—Ln,0, (Ln=Sm, Ho, Yb, Y)©,
Z1r0,—La,0,%Y, Zr0,—Nd,0,%%, Zr0,—Sm,05/Gd, 05,
and ThO,—La,0,/Sm,0,%4*; the cooling curves®” of the
binary oxides Ln,O; have been determined in the tempera-
ture range in which the Goldschmidt diagram (cf. Fig. 1) was
still uncertain. In now already classical procedures, the phase
diagram of the trivalent lanthanoid oxides (Fig. 8) has been
conclusively elucidated, two new high-temperature forms
(the H- and X-forms) having been found®* %!, The allotropic
conversions between the A-, B-, C-, H-, and X-forms!®# 7"
and the influence of alkaline earth metal oxides on the phase
change between the C- and B-forms!" have also been stud-
ied with solar furnaces. Since a low-valence oxide of euro-
pium EuO also exists, but cannot be readily obtained from
Eu,0s, its isolation by Achard®® by reduction of Eu,O;
under high vacuum with solar energy is noteworthy. In the
early seventies, Lopato and Kushewskii’? synthesized com-
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pounds of the composition SrLn,0, (Ln=1a—Lu) using so-
lar furnaces at 2090 to 2240 °C.
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Fig. 7. Section through an electric arc furnace [52] for preparations under a spe-
cific gas atmosphere. A: Spherical mirror; B: electric arc; C: elliptical mirror; D:
sample under a protective cap.
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Fig. 8. Phase diagram for trivalent lanthanoid oxides {68, 69] with the new H-
and X-high-temperature forms. For the A-, B- and C-types, see Section 1.
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The essential problem in high-temperature chemistry is
the prevention of wall reactions between the sample and its
container. This is achieved by surface reactions on com-
pressed finely divided material—the surface-acting solar fur-
naces are just as suitable for this as the CO, laser—or by a
technique developed by Trombe™), in which the molten ma-
terial is processed in a centrifuge made of the same substance
(Fig. 9). The advantage of this method, quite apart from the

A— Wy

W
l
A

Fig. 9. Principle of the high-temperature centrifuge techrique [73] for the pre-
vention of wall reactions (“self-crucible method™) in the heating of solids with
radiant energy. A: Cooling; B: sunlight; C: centrifuge axis; D: solid phase; E: li-
quid phase.

avoidance of wall reactions, is the utilization of the principle
of a black body radiator for more accurate temperature
measurement of the reaction mixture (“black body centri-
fuge”). For the problem of temperature measurement, see
Section 3.5.

3.4. Plasma Torches

The modern plasma torches can be classified according to
the manner of the plasma production:

1. Electric arc plasma torch
2. High-frequency plasma torch
a) capacitative plasma torch
b) inductive plasma torch
a) open (normal-pressure) plasma torch
B) closed (low-pressure) plasma torch

3.4.1. The Electric Arc Plasma Torch

In the electric arc plasma torch the jet is produced by an
electric arc (for a definition of plasma see I"”). The principle
of Wendler's’® plasma torch for handling metal powders is
presented in Figure 10. A high-density arc, traversed by a
fuel gas (e.g. argon or nitrogen) which in this process is con-
verted into the plasma state, is struck between a tungsten
cathode and a copper anode. The fast gas flow prevents the
arc from touching the cooled anode, i e. the total electrical
energy is essentially transferred into the plasma jet. The phy-
sical basis of all electric plasma-arc torches is thus the Ger-
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dien arc’, since the water-cooled anode causes a constric-
tion of the plasma jet (thermal pinch effect), the current in-
tensity and the temperature rising so dramatically that the
high field intensities also produce a magnetic pinch effect.

Fig. 10. Principle of an electric-arc plasma torch {78] for processing powdered
materials. A: Adjustable electrode support; B: cooling; C: powder feed; D: plas-
ma; E: anode; F: cathode; G: fuel gas supply; H: insulator.

The plasma jet can reach temperatures of 8000—50000°C.
Many descriptions of plasma torches and working techniques
have been published!"®#*-*! referring almost exclusively to
material processing and treatment and to the synthesis of
molecular compounds. Applications in the field of solid-state
chemistry are hindered by the problems already mentioned
in connection with hot flames (Section 2.2) and the extreme-
ly short residence time of the powdered samples within the
plasma jet.

3.4.2. High-Frequency Plasma Torches

Of the two possibilities available for the transfer of high-
frequency energy into plasma the method of inductive cou-
pling is mainly preferred (for the use of capacitatively driven
low-pressure plasma torches reference is made to Veprek’s
work!® °1)_ In inductive high-frequency plasma torches it is
expedient to distinguish between the open and the closed
variants.

Open-high-frequency plasma torches: open, inductively-
coupled high-frequency plasma torches have been described
by Scholz®3, Reed®**¥, and Fricke®® (Fig. 11). Figure 11
shows two parallel quartz tubes surrounded by the induction
coil of a conventional HF generator. At a working frequency
of about 1—5 MHz a plasma torch, burning in the open air
similarly to the electric plasma-arc torches against atmo-
spheric pressure, is ignited by an electrode situated within the
coil. However, the large thermal expansion of the fuel gas
(ignition gas=argon, fuel gas=N,, O,, H,, noble gases)
causes an uncontrolled exhaustion of the plasma torch. To
prevent this, Reed!®® designed a torch with a tangential feed
of the fuel gas, producing a slight underpressure at the core
of the jet. Because of this, charge carriers constantly flow
back into the field of the induction coil. In this way it is even
possible to carry finely divided material by the gas stream
concentrically into the plasma jet, where it can react with the
fuel gas™® or can be fused and used for growing single crys-
tals by the Verneuil process (cf. Fig. 11). Reed®”) grew centi-
meter-size single crystals of sapphires, ZrO, and metallic nio-
bium in this way, since, given a suitable experimental setup,
a fuel gas such as argon protects even extremely reactive sub-
stances such as niobium from the attack of O,, N,, H,O, efc.
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Theta and Lejus® obtained single crystals of Nd,0; 2—3
cm 1n size by the Verneuil plasma torch process, which does
not suffer from the disadvantages of an uncontrolled gaseous
atmosphere of burning flames. The same authors also suc-
ceeded in making single crystals from oxide mixtures: CaO
and La,0; and also Nd,Os; and La,0s.

00000

£20000°C -
=16000°C ~-- —-

+12000°C - ------

Fig. 11. Principle of an open (high-pressure) plasma torch [93, 94} with inductive
coupling of the HF energy. A: Substance + carrier gas; B: plasma gas; C: cooling
gas; D: quartz tube; E: induction coil; F: plasma torch; G: crystal.

Microwave plasma torches, whose operation has been de-
scribed by Scholz"®¥, and which, depending on the frequen-
cy, lead to open point discharges, represent variants of the
inductive high-frequency plasma torch shown in Figure 11.
Figure 12 shows two designs, constructed as coaxial cavity
resonators because of the high frequencies involved. The
resonant cavity in Figure 12a is at the same time an anode
oscillating circuit; by means of the capacitance C, a wave-
length shortening is achieved, while C, allows adjustment to
the transmitting tubes. Figure 12b shows a high frequency
(2400 MHz) dipole coupling. The energy is taken by the elec-
trode E from the cavity resonator, which serves as a trans-
former circuit, and conducted to the nozzle D. In both de-
signs the plasma torch is stabilized by fuel gas escaping in the
shape of a tubular envelope. For practical applications of mi-
crowave plasma torches reference may be made to a paper by
Seifert and Kappel!®, which deals with the growth of ferrite
single crystals in a modification of the Verneuil process.
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As against the above advantages of the open plasma torch,
disadvantages arise in preparative solid-state chemistry, so
that the applications in this field are restricted. Thus, the ex-
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Fig. 12. Mode of operation of high frequency open plasma torches [92] (a) for
several hundred MHz, (b) for 2400 MHz. A: Fuel gas; B: cooling; C,, Cy: capaci-
tators; D: nozzle; E: electrode; F: HF generator; G: cross section.

pansively burning flame—like chemical flames—makes it
difficult to treat small quantities of the sample; powdered
preparations can only be introduced into the jet in a stream,

all these reasons the closed low-pressure plasma torch, devel-
oped in parallel with the open normal-pressure plasma torch,
has proved more suitable for solid-state reactions.

Closed high-frequency plasma torches: In contrast to the
open, normal-pressure plasma torch, in the low-pressure var-
iant there is a combustion chamber that can be evacuated
(Fig. 13); the quartz tubes are cooled with water (tangential
water cooling with a high pressure gradient).

If the inner tube is evacuated to 0.1—1 mbar, on inductive
coupling of a high-frequency field (1—5 MHz) a steadily
burning plasma jet is ignited at that point!'®'°'"l. Samples
pressed into pellets are situated in the cooled inner tube on a
layer of MgO,; rod-shaped pellets can be introduced coaxialty
into the plasma jet by moving the latter with a fixed induc-
tion coil. The sample temperature can be regulated suffi-
ciently accurately via the HF power and the residual gas
pressure. The energy is transferred from the plasma to the
sample by collisions and radiation, by ionization and disso-
ciation of primary species, by recombination of atoms to mo-
lecules, and in the case of a good intrinsic semiconductor by
direct coupling of the heated sample to the high-frequency
field. The advantages of the low-pressure plasma torch are
the steadily burning and very hot plasma jet, the risk-free op-
eration with hydrogen above temperatures of 3000 °C, and
the introduction of energy as it were from within the tube
onto the sample, so that, in contrast to conventional fur-
naces, the sample and not the furnace wall constitutes the
hottest point in the entire system. The disadvantages of the
closed plasma torch are the relatively low working pressure,
which favors thermal decomposition of the reaction product,
and the limitation of the available high-frequency power.
Certain constructional prerequisites for water cooling of the
quartz tube are already required at 12 kVA to prevent con-
siderable delay in boiling. The fact that the low-pressure
plasma torch works in a state of thermal disequilibrium, i e.
the electron and gas temperatures of the plasma torch can
differ by 10*°C, must be regarded as a drawback, but so far
no perturbing influences have been observed in applications
to solid-state reactions.
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Fig. 13. Principle of a closed (low-pressure) plasma torch [100, 101] with inductive coupling of the HF energy. The torch can
be displaced in a horizontal direction. The induction coil is fixed. A: Gas inlet (plasma gas); B: quartz tube; C: plasma; D: wa-
ter cooling; E: window; F: pressure control; G: introduction coil; H: vacuum.

so that their residence time in the hot part of the plasma dis-
charge is both short and uncontrolled. As a result of the steep
temperature gradients of about 5000 °C inside the jet, it is al-
most impossible to carry out a homogeneous reaction com-
bined with the establishment of a chemical equilibrium. For
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Originally only X-ray-perfect single crystals of lanthanoid
oxides and their compounds were prepared with the closed
plasma torch. Mention may be made at this point of the
growing of La,O, and Nd,O; single crystals!'>'®! whose

structure proved to be more complicated than could be per-
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ceived in earlier works!'*'¢1% Stimulated by this result,
which Foex and Traverse interpreted by the presence of a
frozen metastable high-temperature modification, Greis!!®!
reinvestigated La,O;, heated to a relatively low temperature,
by electron diffraction, while A/debert and Traverse!’®! stud-
ied the transitions between the A-, H-, and X-forms at high
temperatures by neutron diffraction. Owing to the relatively
low working pressure in the low-pressure plasma torch (0.1—
10 mbar), Tb,O, decomposes into Tb,0,!'°! at high temper-
atures and dark-green to black single crystals are even ob-
tained from the thermally stable La,0,!"%", its color being
due to a slight oxygen deficiency (LaO,s_,). Tempering of
the black La,O; single crystals in air regenerates the colorless
form of La,0s.

The phase transformation between the monoclinic B-form
and the hexagonal A-form in the Sm,0,—La,0; system!'*”
has been studied by X-ray methods on single crystals from
plasma torch reactions. Under appropriate experimental
conditions, single crystals of SrTb,0,''%, SrY,0,"'",
LaYbO,!"'¥  LaErO,, LalLuO,!'"* LaZr,0,[''"¥ and
Nd,TiOs!''! have been obtained from oxide mixtures in
low-pressure plasma torches to name but a few examples.

3.5. The CO, Laser

After it had become possible to raise the power of Pa-
tels!''®l CO, laser by the admixture of nitrogen and he-
Lium™*” '**! from the milliwatt range to 60—80 Watt per me-
ter of discharge length, there was nothing left to hinder the
development of high-power lasers into the kilowatt range.
(For details of the energy transfer from the state of oscilla-
tion of the N, molecule to the laser level of the CO, mole-
cule, the laser transfer into the CO, molecule, and the effi-
ciency and power, see ['?°)) For preparative solid-state chem-
istry it is an important fact that the 10.6 wm radiation emit-
ted by CO, lasers is absorbed and converted into heat by al-
most all substances. Thus, this working technique resembles
those involving visible light, as already described in Section
3.3. For preparative purposes the laser radiation is generally
focussed (KCI, BaF,, or Ge lenses), the size of the focal spot
influencing the power density; however, this can also be vari-
ed by continuous or pulsed energy output. Thus, according
to our own experience!'?!], the size of the focal spot is limited
only by the maximum laser power and the experimental con-
ditions. Various working techniques for medium-power
(=150 W) and high-power (=450 W) lasers have already
been reported!'?", so that here only the principle of a solid-
state reaction with the CO, laser technique will be outlined.
Figure 14 shows the way the focussed laser beam may be di-
rected onto a sample, heating it to a high temperature in any
desired atmosphere. The lenses and protective windows are
made of KCI; a suitable gas flushing system should be used
to ensure!’?! that the windows do not become coated with
vaporizing material, since even the thinnest film leads to ab-
sorption and hence destruction of the window. The sample
can also be subjected to additional heating, by means of
which the temperature gradient within it can be reduced
from A+~2000°C to Ar=500°C.

The particular value of the laser technique lies in its possi-
ble applicability at high temperatures and pressures, i. e. con-
ditions that frequently suppress the thermal decomposition
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Fig. 14. Schematic representation of the performance of a high-temperature reac-
tion with CO; laser energy under a specific atmosphere [121]. A: Collimator and
focussing unit; B: protective window; C: sample space with the protective gas at-
mosphere; D: resistance heating; E: sample carrier; F: rotary, cross-slide and lift-
ing stage.

of the reacting substances. High-temperature synthesis of
lanthanoid oxometallates requires a high pressure of oxygen,
which under these conditions is extremely reactive; so far
only the laser autoclave technique!'??! can prevent reaction of
O, with the pressure vessel, in spite of the high sample tem-
peratures. Figure 15 shows an autoclave with a window
transparent to the laser radiation; the sample can be ob-
served through a quartz side-port, using a television camera
(for further details see !'?%)),

The advantages and disadvantages of the laser technique
have a decisive bearing on the course of a solid-state reac-
tion. The advantageous features are, for example, high work-
ing temperatures kept constant over prolonged experimental
periods, any desired gas atmosphere, and the very efficient
transfer of energy to the sample. According to Reed!'?*~'?%,
hot flames and laminar argon plasmas transfer 0.2 kW/cm?
and a d-c arc transfers 16 kW/cm?. The corresponding value
for electron beams and lasers is 10> kW/cm? A problem is
that the energy absorbed in a thin surface layer is transported
only poorly to the center of the sample, resulting in the
build-up of an extremely steep temperature gradient. This
gives rise to chemical disequilibria and in particular to the
formation of metastable substances. This same disadvantage
is of course the strength of the process when the aim is to
prepare metastable high-temperature compounds. The me-
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tastable compounds SrCa,Sce0;,!"*, SrCa,Yb,,0,5 and
SrCa,Lu,05'"?” have been synthesized by heating with
plasma torches and quenching. Foex"®7'! as well as Foex
and Traverse'®” % describe impurity-stabilized modifications
of lanthanoid oxides. Thus CaQ, SrO etc. can, within wide
limits (a few mol-% to molar concentrations) convert the
cubic-C into the monoclinic B-form. The high-temperature
reactions carried out with plasma torches and CO, lasers
show that indeed small amounts of CaO “dissolve” in the lan-
thanoid oxides with stabilization of the monoclinic B-form; if
the fraction of CaO e.g. in Ho,O, exceeds 7%, a new, meta-
stable compound Ca,Ho,0; is formed!'?® with independent
coordination polyhedra. Coincidentally, the positions of the
metal atoms are identical with those in the monoclinic B-
form; hence, the reason for the assumption in the cited pa-
pers of the presence of the monoclinic crystal form of the
lanthanoid oxides on the basis of the X-ray powder diffrac-
tion patterns.

Fig. 15. Principle of a high-pressure autoclave for reactions with oxygen at high
temperatures and pressures {122]. A: pressure-tight window permeable to the las-
er radiation; B: observation port; C: preparation support with solid preparation;
D: TV camera with monitor.

A further interesting fact is that at high temperatures the
calcium ferrite type (MLn,O4; M= Ca, Sr, Ba), normally sta-
ble in lanthanoid oxo-compounds, becomes unstable in the
range of the light lanthanoids. The laser technique can be
used to synthesize the metastable substances Sr;Nd,O,!'*"
and Sr;La,0,!"%, in which Sr’* and Nd** are distributed
almost statistically, and Sr** and La’* completely statisti-
cally, over the metal positions. Here a characteristic crystal-
lochemical aspect of metastable lanthanoid compounds is re-
cognizable.
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The CO, laser technique allows risk-free operation with
hydrogen atmospheres at temperatures in excess of 3000 °C,
oxo-compounds of low oxidation state such as La,CoO, and
Sm,Co0,!"?" being accessible with Co?* and SrV,,0,s and
BaV,,0,5{"*> 133 with a fraction of V**. By using high O,
partial pressures above the reaction product single crystals of
thermally unstable compounds can be synthesized at high
temperatures!'>¥, or higher oxidation states, such as Ni** in
SrLaNiO,!'* can be stabilized.

Finally, let us consider briefly the problem of temperature
measurement. With the exception of the laser and electron
beam techniques, all other sources of heat emitting in the vis-
ible range (flames, furnaces, plasma torches, electric arcs. -o-
lar furnaces, eic.) give rise to considerable problems with ac-
curate measurement of the surface temperature. The elegant
pyrometric method requires a black-body radiator, ie. the
ratio of radiation emitted to that absorbed is equal to the in-
tensity of the black-body radiator. This does not apply to the
majority of substances having an absorption coefficient of
less than one, so that elaborate calibration becomes neces-
sary (cf. ¥%). The CO, laser, however, emits in the infrared;
as partially reflected radiation this is not recorded in the visi-
ble range in the pyrometric measurement, and the surface
temperature of the sample can be obtained from its intrinsic
emission.

4. Outlook

New methods for the generation and experimental appli-
cation of high temperatures in the chemical laboratory have
opened up new synthetic routes and facilitated the prepara-
tion of single crystals so important for structure determina-
tions. Many compounds that cannot be synthesized at “low-
er” temperatures have now become accessible, the metasta-
ble substances being of special interest. Thus the metastable
substances investigated so far are distinguished by daltonide
compositions; however, considerable deviations are found in
the micro region. Partial and total statistical occupation of
point positions with metal ions of very different charge and
electronic states are observed. In addition, under-population
of certain regions of the metal lattice and stabilization effects
of selected crystal structures by the incorporation of impuri-
ties are observed. These peculiarities of metastable oxometal-
ates, observable in carefully performed structural investiga-
tions, lead to speculations about their possible physical prop-
erties. Thus, a mixture of metal ions with and without spin-
orbit coupling having definite equivalent positions, ie. in
definite microsymmetry, could be interesting for magnetic
studies. With metastable oxo-compounds a particularly small
electronic work function can be expected within their range
of stability and might provide stimulation to new investiga-
tions in the area of fluorescence phenomena of solids, ex-
tending beyond the investigation of doped pure substances.
By skilful utilization of the thermal lability of various sub-
stances at sufficiently high temperatures it should be possible
to obtain new nonstoichiometric compounds or phases. In
particular, the possibility of working with atomic gases in
plasma jets and the use of hydrogen at extremely hot sample
surfaces (on bombardment with CO,-laser jets) offer new
ways to obtain low-valence compounds. Reaction of oxome-
talates with metals of low oxidation states beyond the first
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main- and sub-groups of the Periodic system can produce
“anion-deficient” compounds which are distinguished by the
extremely low coordination numbers of the metal 1ons. Com-
pounds of this type constitute the scientifically fascinating
transition to the metal-rich sub- and cluster compounds.

Finally, also of great interest to the high-temperature
chemist is how methods which are already realizable shall
one day find application in preparative chemistry. It is con-
ceivable that nuclear energy and energy-rich particles could
be employed, not as previously for radiative decomposition,
but in combination with known methods for high-tempera-
ture radiative syntheses. For this reason many chemists are
now eagerly awaiting future developments in the field of
high-temperature chemistry, particularly with regard to the
possible synthesis of new solid state compounds.
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Dedicated to Professor Wilhelm Klemm on the occasion of his 85th birthday

Clusters of main group elements are not rare. On the contrary, it is becoming difficult to avoid
the discovery of new substances of this type. Clusters are the natural intermediate stages be-
tween an element and its isolated atoms or ions. In the form of polycations and polyanions they
offer models for the stepwise oxidation and reduction of an element and represent a bridge be-
tween the elements. The great majority of homonuclear bonded structures are already present
in the solid phases of simple systems. Mobilization of these clusters as molecules represents a

great challenge.

“Then says little Max: that’s easy!”
[Wilhelm Klemm, lecture on inorganic chemistry, university
of Miinster 1951]

This, the birthday celebrants own, pithy introduction to
the discussion of difficult factual material gives both courage
and a warning that the greatest caution is needed. Even he
who is advanced requires courage in order to apply himself,
armed with insufficient knowledge and means, to that which
is not yet really understood; but he will do it! The right and
the duty to be sceptical lie with the reader; he should keep
them alive.

1. Clusters: Aggregates of Things of the Same Kind

The term “cluster” was introduced as an attractive desig-
nation for the formation of M, groups of directly-bonded
metal atoms M in metal compounds which are otherwise
“normal”!"). Such behavior is unexpected according to classi-
cal valence rules. There is no reason why this term should
not be applied quite generally to emphasize regions of homo-

{*] Prof. Dr. H. G. von Schnering
Max-Planck-Institut fiir Festkorperforschung
Heisenbergstrasse 1, D-7000 Stuttgart 90 (Germany)
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nuclear bonding. Overlap with customary molecular descrip-
tions, above all for compounds of the main group elements,
are more useful than otherwise, since nothing disturbs the in-
sight into the indivisibility of chemistry more than the stak-
ing of claims. Reference to the molecules Na(g) and F(g).
which are in principle analogous, may be sufficient to illus-
trate this. Also, whether a cluster E, already counts as a clus-
ter with n=2 or only when n=3, whether polymers E,, be-
long to the “claim”™ or not, whether electron deficiency is es-
sential or not, these problems do not really exist. Let every-
one use his own judgement and keep the boundaries open.

Today, cluster compounds are known of practically all ele-
ments. They occur as polycations, as polyanions and as neu-
tral molecules. The selection given in Figure 1 shows that the
size and stereochemistry of the cluster E, are variable within
wide limits. In the solid state the clusters are often found
linked via ligand bridges or directly condensed®*!. The con-
sideration of the homonuclear bonded regions as quasi-iso-
lated, “bare” units is, nevertheless extraordinarily helpful to
a complete understanding.

Certain groups of elements form cluster compounds pre-
ferentially. These are: the heavy 5A, 6A and 7A elements, el-
ements of the Fe group, the elements of the main groups 4B
and 5B as well as, finally, boron. Since the atomic binding
energies are highest for the above elements (Fig. 1), the con-
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Fig. 1. Atomization energy E,, of the elements {163]. Examples of clusters (clockwise) BiuH, ", Py, P37, P{; . Ted”, Bis*, Rhe(CO)e, Ault, Re,Cl3™, Moal2 MosCiZ; .

MocCl3; , NbClfi . Csi,03%, RbsO3 "

nection between the occurrence of cluster compounds and
the size of the homonuclear bond energy is obvious'?. This
energy, however, cannot be the only factor, as shown by the
example of the Hg' compounds. After all, the homonuclear
bond only has to be able to compete energetically with the
heteronuclear bond.

The compounds with homonuclear linkages are often con-
spicuous because of their abnormal composition (as, for ex-
ample, Cs;;0;" or Na,;P,,*)), which turns out to be normal
in the sense of classical valence rules when one knows the
structure and properties. A “normal” composition, however,
does not rule out homonuclear bonds. ZnS, for example, is
fully capable of building a tetrahedral structure as a Zn(1)
disulfide with Zn, and S, pairs. The argument that this is a

34

case of an oxidizing agent bound to a reducing agent without
anything happening, is not serious, since there are many such
examples, right up to charge transfer complexes. The clusters
E, are in any case frozen-in redox steps between the element
E and its electron-saturated formal cation or anion. The
structural change which takes place parallel to these redox
processes can be followed particularly well for the non-me-
tals and meta-metals with predominantly localized bonds.
The particular fascination of these compounds consists,
therefore, not only in the occurrence of element-element
bonds E—E, but also in the quasi-stepwise “break-up of ele-
ment structures”. Structural fragments are also formed in
this process, of course, which are not formed as stable ar-
rangements at all by the element; these correspond to excited
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states. The change in the electron balance often leads to
structures which are typical for the neighboring elements. In
this way, one crosses the periodic table step by step using
“pseudo-elements” as a crutch. The cluster compounds lead
finally to model structures, showing the first stages of reduc-
tion or oxidation of an element. The group Cs;; 03", the es-
sential unit of the suboxide Cs,O™, shows that the oxidation
of cesium leads to a localized elimination of oxygen while
the rest of the metal remains intact. Oxygen is, therefore
“precipitated” and not “dispersed”. The structure of the cage
compound KgGe,!®'—corresponding to the gas hydrates
Xeg(H,0)s6—with exclusively tetravalent Ge, shows that
nothing happens to the germanium in the first stage of the
reduction with potassium. The K atoms do not transfer their
electrons to the Ge atoms, but form K * and give up the elec-
trons to a conduction band without any appreciable Ge par-
ticipation. A striking analogy to the solvation of electrons:
germanium as “solvent” for (K* +e~)!

The world of cluster compounds has found its place in the
textbooks and the progress of recent yearst’! has been de-
scribed in detail in many articles'>-%. The present article
will concentrate on small regions of homonuclear linkage
among main group elements.

2. On the Bonding

The bonding in clusters has been treated in various ways.
The schemes for counting electrons developed by Cotton et
al®, Wade"”! and Lauher''! may be mentioned in this con-
text. Each theory works well for particular types of cluster
and leads in other cases to rather desperate efforts. A univer-
sal description of saturated and unsaturated systems does not
seem to be easy to find. Apart from the boranes!'?, the clus-
ters of the main group elements can be treated extremely ef-
fectively using the comparatively simple valence rules of
Grimm and Sommerfeld', of Zintl'¥, of Klemm and Bus-
mann!'>'®) or of Mooser, Pearson, Kjekshus and Hulliger!'”.
One should bear in mind, however, that the compounds are
defenceless against our descriptions!'®l. A description must
be judged according to its effectiveness in relating stoichiom-
etry, structure and properties.

The old (8-N) rule, generalized by Mooser and Pearson!'”!
uses a covalent model with collective counting of electrons.
Zint™ and Klemm!'*! examine local configurations in a set-
ting of formal ions. Both descriptions are based on the as-
sumption that the more electronegative partner B of a binary
compound A,,B, obtains an octet configuration preferential-
ly. With the first method, the sum of the valence electrons
yields a universal statement on the number of homonuclear
A—A and B—B bonds or on the number of nonbonding
electrons. With the second method, one generates formal
ions A?*, B~, and ascribes to these, as pseudoelements E*,
the homonuclear bonding of isoelectronic elements®. This
yields for example, the well-known equivalence:
Si2~2P'~ =8°=Cl'* for homonuclear bivalent units
(2b)X. Finally, the Gillespie-Nyholm rules!'*! are helpful in
assembling the elements and pseudoelements together to
form structures, or in analyzing structural principles. These
electronic counting rhymes seem to be equivalent in many
respects and can be summarized thus: (a) electron clouds re-
pel each other.—(b) Isoelectronic units behave practically
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the same.—(c) The 8¢ rule and the 18e rule hold.—(d) For-
mal ions can be used with the bonding of isoelectronic ele-
ments or groups.—(e) for the same number of bonds various
structural configurations are possible.—(f) Homonuclear
bonds are supplemented by heteronuclear bonds in the sense
of formal donor-acceptor interactions.

As mentioned above, the most important thing is to under-
stand the relationship between stoichiometry (= number of
valence electrons), structure (= electron distribution) and
properties (color, conductivity, magnetism, reactivity etc.).
Here are two examples of this: (1) The compound KyGe,s (cf.
Section 1) is a metallic conductor, since the K atoms have
not given their electrons up to the Ge atoms (otherwise
(3b)Ge ™ would be present and not (4b)Ge?). If 8 Ge are sub-
stituted by 8 Ga, however, these fit into the structural frame-
work as (4b)Ga~. The conducting electrons are captured in
the valence states and K;GazGess is a semi-conductor?%.—(2)
Sr,As is described as a red compound, and must therefore be
a semiconductor or insulator?'). This is contradicted by the
proposed structure, in which, besides “isolated” As®~, only
Sr atoms are supposed to exist with no indication of homo-
nuclear interactions (Sr”* +e~?). The electron balance, and
therefore the formula, must be wrong. A new investigation
shows that the compound is really Sr,As,O?2,

3. Structural Principles

Alone, the binary compounds which are formed between
the electropositive metals and the non-metals and meta-me-
tals are enough to constitute an overwhelming variety of sub-
stances, structures and properties. Figure 2 shows schemati-
cally which compounds have been identified up to the pres-
ent time in one small region of the periodic table. The fol-
lowing compounds are formed, for example, between the al-
kali metals and phosphorus: M;P, MP, (x<1), MP, M,P,,
M;P;, M;3P,;, MPs, MP,, MP,,;, MP,,, MPs. The substances
are black up to the composition M,P,, and react immediatly
with protic solvents. M;P; and M;P;, are yellow or orange,
but just as reactive. The remaining compounds are red or
brown and, with increasing P content, more and more inert
to mineral acids®. The remarkable variability in stoichiome-
try and properties is reflected in the structures, which indi-
cate in multifarious ways the stepwise transition from the iso-
lated P*~ to elementary phosphorus. The structural variety
can nevertheless be reduced to a few quasi-molecular build-
ing blocks, which are sections out of the various P modifica-
tions, or which could be structural parts of hypothetical
forms of this element. Finally, all the structures can be built
up from the atoms and pseudo-atoms (3b)P°, (2b)P'-~,
(1b)P?~ and (0b)P>~. A wide variety of structures is there-
fore based on relatively simple principles.

This holds in principle for all elements of groups 3B to 7B,
even when the variety is not always so wide according to
present knowledge. Silicon and phosphorus are developing
visibly into “worthy” neighbors of boron and carbon, whose
outstanding properties arise from a marked gregariousness.
The structures which form are determined primarily by the
number of valence electrons and are almost independent of
the type of elements involved (Fig. 3). The decisive factor is
the homonuclear bonding of the following: (4b)T1'~, Si°
P'* or (3b)TI?—, Si'~, P°% S§'* or (2b)Si*~, P'~, S° or
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Fig. 2. Schematic representation of some binary systems. Compounds whose
structures are certain are shown as continuous lines.

(1b)Si*~, P2~ 8'~, C1°, which lead to the formation of struc-
tures which are stereochemically identical or analogues. The
great majority of homonuclear bonded groups are present in
the solid state. They are, therefore, not “isolated”, but bound
to each other via heteronuclear interactions. In these intra-
collective interactions, the interatomic and intermolecular
bonds between the pseudo-atoms E* and the pseudo-mole-
cules M* (clusters), these units also behave just like the iso-
electronic atoms and molecules. The heterobond can, as
mentioned in Section 2, be treated independently of the in-
tracluster bonding as an additional ionogenic bond or as a
covalent donor-acceptor bond.

Some questions remain open despite the apparently closed
picture (cf. Sections 2 and 6): in the treatment of degenerate
bonds, in multicenter bonding, in the “assignment” of elec-
trons used for external bonds. For example, the system

LK

P4~ Siy®” Si” 2p,'"

Fig. 3. Homonuclear bonds for isoelectronic elements E and pseudoelements
E*.
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Si§12%, which has been proven to exist in an argon matrix,
can be compared with B,Cl,. The tetrahedral cluster is—in
contrast to P,—formed by four three-center bonds, which in
this manner provide each cluster atom with three shared
electron pairs. The Si atoms in Si§ complete their tetrahedral
electron configuration (octet) by using free electron pairs, the
B atoms in B,Cl,, on the other hand, by o bonds to the Cl
atoms. The equivalence can be described either by removing
the “ligands” [(B*),=(Si**)4] or by counting the electron
pairs as part of the cluster [(B~);=(Si%4]. This arbitrary
method of cutting the outer bonds in different ways is capa-
ble of opening up interesting new aspects, e.g. a tetrahedral
cation (P*),.

4. Chain Structures

A series of compounds of the elements Zn, Cd, Hg and In
are known which contain polycations of increasing chain
length (Fig. 4). Examples are In3* and In3* in In¢Se, and
In,Se; respectively?, Zni* in the black ZnP,, and Cd3+
in the isostructural CdP,'**. In the case of mercury, the
Hg3* groups are typical for Hg', and Hg3* and Hg3* have
also been found in yellow and red salts respectively®®’. The
final member of this condensation is also known: the metallic
compound Hg, ¢[AsF,] contains the infinite, linear polycat-
ion Hg; , with the formal oxidation state Hg®33*+ 27 In this
way, an isolated metallic thread of mercury forms step by
step from a molecular cation. A special feature of this com-
pound is that the translational identity of the Hg atoms be-
longing to the “string” is incommensurate with that of the
anions [AsF¢] 7; a strong indication of the autonomy of this
string of pearls in its box.

The polyanions of phosphorus, arsenic and antimony in
their compounds with the electropositive metals provide im-
pressive examples of the configuration and conformation of
homonuclear, two-bonded elements (Zb)E or (2b)E*. The
stepwise dismantling of 1-dimensional infinite chains can be
studied using these structures. The polyanion (X'~) is char-
acteristic, not only for the alkali metal compounds MX, but
also for the MX, compounds of the bivalent cations. There is
a series of structure types, all of which possess the same heli-
cal construction, but which differ in the conformation of the
helices and in their packing™®. The diphosphides and the
diarsenides of the lanthanoids form two structure types: the
LaP, type*”! and the CeP, typel>>®! which are stable at high
and low temperatures respectively. In the first structure type
an X3~ group occurs together with an X~ group, while the
second structure type only contains X3~ anions. In struc-
tures of the Ca,As; type the groups X3~ and X;°~ exist
side by sidel*'l, while the structures of Eu,Sb;*? and
Sr,Sby™¥ contain only X2~ anions. The Sr;As, structure,
which is formed by almost all phosphides and arsenides of
the divalent cations, is also characterized by X§~ chains, al-
though with a different conformation (torsional angle
90°)B43¢1. The adaptability of these polyhedra to external
conditions, such as size and coordination of the cations, is
shown in Figure 4 for the conformation of several 4(2b)X~
chains. Each chain is labeled here by the sequence of the tor-
sional angles v and by the (analogous) conformational type:
s=staggered and e = ecliptic.
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HX™

oTe - TesCl,

1+
Te

T92C|

(€,8)g (€,S)p

d)

a-Tel

B-Tel

Fig. 4. Homonuclear chains. a) Polycations of Hg and In. b) Polyanions of P, As and Sb. ¢) Conformation of one-dimensional infinite polyanions in (from the left): BaAs;
[94], GdPS [164], EuAs, [94], BaAs; and LiAs [105]: the projection in the chain direction (top), the dihedral angles and the conformation (s, €) are given. d) Linkage of Te

and Bi in subhalides; the formal electron configuration is drawn for some atoms.

Several examples of polyanions with branched chains can
be found among the subhalides of bismuth and tellurium:
BiBr®”!, Bil*® Te;Cl,, TeCl and Tel®®. The monohalides
BiX possess several modifications, all, however, with the
same structural principle (Fig. 4d). The branched one-di-
mensional infinite Bi chain can be regarded as a strip, which
has been cut from the two-dimensional structure of con-
densed six-membered rings found in elementary bismuth.
The Bi atoms are bonded in different ways. One half of them
control three homonuclear bonds as (3b)Bi’ the other half,
in contrast, only one. Only these (1b)Bi’* possess Bi—X
bonds so that these monohalides are mixed-valence Bi’/Bi**
compounds of the type {Bi’[BiX,]}. In the subhalides of tel-
lurium, modifications of the (2b)Te® chain can be found.
Te,;Cl, still contains this chain, but every third Te atom is ad-
ditionally bound to two Cl atoms (Cl~ as donor). This Te
atom has, therefore, a ¥-trigonal bipyramidal configuration,
when the remaining free e, pair is included; a conceivable ar-
rangement for Te?*: {Te,;[TeCl,]}. In the TeCl, structure,
two Te chains are united to form a band of condensed six-
membered rings. This Te?>* band has the same structure as
the Ge}~ unit in the compound Sr;Ge,® (Fig. 3). The
three-bonded atoms behave like Sb atoms: (3b)Te*. The
others possess two additional Cl bonds (Cl~ donor) as in
TesCl,, but in a configuration which, according to Gilles-
piel'’), corresponds to a ¥ octahedral coordination: (2b)Te®.
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At first glance, it appears strange that Te® is bound to Cl and
not Te™*, but polar structures like {Te*[TeCl;]™; are not
unusual. a-Tel and B-Tel are also mixed-valence com-
pounds with, formally, y-tetrahedral (2b)Te?* and ¥-octahe-
dral (2b)Te® (Fig. 4d). The Te, ring in a-Tel (as Te}*) cor-
responds to the As; ™ anion in CoAs;!*.

The polysulfides and polyiodides, which have been known
for a long time, also belong to the group of compounds with
homonuclear chains. They have been discussed in detail, for
example, by Steudel*'! and Tebbe!*?. Sulfur linkages give ex-
amples of conformational variations which allow both cyclic
and helical structures. For the iodides, on the other hand,
gliding transitions between weak interactions I—I---1~ and
degenerate bonding states (I-—1--1)~ are typical, in which a
local simulation of the non-metal—metal transition can be
seen. One finds I, chains formed from regular or irregular
series of 1=, I,, I5 and I units in compounds which pos-
sess rigid frameworks with suitable cavities. This is realized
in various ways, e.g. with complex cations], with dex-
trins®, in TLL"? or the variable iodides of the type
M, TL I (1)L 12 anions of this type are found to have in-
commensurable transitions, as for the (Hg®***), cations
mentioned above. With regard to the non-metal—metal
transition, the I chains represent the state below the critical
temperature T, (partially localized bonds) and the Hg chains
the state above T, (degenerate bonds).
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5. Rings

Small homonuclear rings have been studied and described
many times in detail, as for example, those in the silanes by
Hengge“ and those in the phosphanes by Baudier'’. In
particular, the latter investigation has recently led to the
statement that the P, ring is apparently the most stable three-
membered ring system!®, Therefore, only a few structures
will be treated here which can be discussed as m-systems, as
well as some larger ring systems in polymeric structures.

The butterfly anion, Sij~ in Ba;Si,** is, as a 22-electron
system, the opened Si;~ tetrahedrane!'****!, 1t is also the
monomeric structure of the polymeric JGe3” or!Tes* (Fig.
3). At the same time, the Si$” butterfly, as a localized
bonded system, can be equated to the isoelectronic groups
Bii U2 and TeZ P with delocalized ™ bonds (Fig. 5).

0
212 %

Te,Se.’
PB

Fig. 5. Homonuclear ring systems (cf. text). On the lower right hand side are the
condensed Py rings from EuP; [64] and ThPs: [65], the Py ring from EuP; and
the X4 ring from the MX; compounds (M =Ca, Sr, Ba, Eu; X =P, As, Sb).

These systems behave, then, just like the cations Si* and
Sei* 34, The heavy alkali metals form the compounds MaX,
with phosphorus and arsenic, in which strictly planar X,
rings occur® % The bond distances P—P=215 pm and
As—As=237 pm are noticeably shorter than the single
bond lengths (221 and 245 pm, respectively). The formula
X¢- yields a “cyclohexene system” (here with a delocalized
double bond). The existence of the isoelectronic Te:" is not
yet certain, but for the cation Tes* a variant of the pris-
mane series analogous to cyclobexadiene has actually been
proven to exist®” (Fig. 5).

The planar Sis rings and Ges rings in the compounds
Li1,5S1,°® and Li,,Ge(”* must be mentioned as well. Higher
bond-orders in the sense of cyclopentenes with delocalized
doubie bonds can be argued for these compounds as well®).
On the other hand, crystal fields can also stabilize excited
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molecular states, The first of the two SrSi modifications(®%¢!!

contains normal !Si*~ chains with (2b)Si*~. The other form
possesses, however, the unusual planar ton Sij,~ (Fig. 5)
with four (3b)Si~, two (2b)Si*~ and four (1b)Si’~, that is,
with three different states of charge. In this connection it is
interesting to look at the polyanion 2Sn3” in LisNaSn,®2. It
has the same structure as the isoelectronic carbon monofluo-
ride (CF),=(SnSn>~), (Fig. 5). With this ion, we have not
only monomeric and polymeric variations of the homonu-
clear combinations E,E% with Bi~, Si§~, Ge§~ or Sn§~, but
also all the limiting cases of formal charge distribution:

{2ib)Bi'*~ + (21H)BI™ "} - {(26)Si*~ + (3b)Si'~} —
{(1b)Sn*~ + (4b)Sn“}

Polymeric anions often contain large, linked ring systems,
which are worthy of some interest because of their conforma-
tions. Examples are (Fig. 5): the Geg ring of LiGe!®” with the
Sg-crown conformation, the Py rings of EuP,;® and
Th,P,,%, the X, rings of CaP;**!, SrAs,;®” and BaSb,*%,
and the Py, rings of LaPs" %7 (cf. Section 11). Unfortunately,
chemical methods are not yet available which can systemati-
cally separate and isolate such systems from the polymeric
structures in solids.

6. Polycyclic Systems

The polycyclic polyhedra are particularly interesting for
chemists, because they provide an immediate link between
the structures of solid materials and known isolated mole-
cules. In principle, the polyhedra span the surface of a
sphere; their vertices are the atoms of a cluster. Two-center
bonds correspond to the polyhedral edges, multicenter bonds
the polyhedral faces. If one expects for the main group ele-
ments in the simplest case an electron octet with tetrahedral
configuration, then those polyhedra are most interesting
whose vertices are shared by three edges or three faces: e. g.
tetrahedron A,, trigonal prism A, cube Ay, pentagonal prism
A, pentagonal dodecahedron A, and others. The faces cor-
respond in chemical language to the rings of polycyclic sys-
tems, e.g. three-membered rings in the tetrahedron. The
edges of the polyhedra can be bridged by additional atoms,
which then represent “improper” two-bonded vertices (2b)A,
without violating the Euler relationship between vertices,
edges and faces of convex polyhedra™™. The adamantane
structure remains analogous to the tetrahedron despite the
six two-bonded bridges. In such polyhedra, the missing bond
functions will be directed outwards and be characterized by
free electron pairs e, (donor), empty orbitals (acceptor) or li-
gands. Each atom which occupies a “proper” vertex of a
cluster of this type with two-center bonds must contribute at
least 5 electrons or 3 electrons and one ligand, while a brid-
ging atom requires a configuration analogous to >CH,. In
this way, the elements of main group 5 (or isoelectronic pseu-
doelements E*) are the natural building bricks for polyhedra
of this kind, as for all other “peripheral” structures. If the
number of electrons per atom is less than five, only polycy-
clic groups with multicenter bonds remain, if one neglects for
a moment the possibility of three-dimensional linkages. In
clusters of this sort, more than three edges meet at a vertex
(octahedron, icosahedron, among others) and polyhedra with
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triagonal faces seem to be preferred. The large family of the
boranes was first described by Lipscomb!'? using a sophisti-
cated system of two 2-center and three-center bonds, which
span the surface of the polyhedra while including the H
atoms. Wade'®, Lauher''", Williams"'! and Mingos'?! have
chosen MO treatments, which were also applied to clusters in
general.

The real problem is actually the question: when is an ar-
rangement with only one exo-bond per atom electronically
saturated, and therefore particularly stable and, do the atoms
involved strive for an 8e shell or an 18e shell? Playing with
these electron counting rules!” can be very stimulating (cf.
the examples in Fig. 6).

Fig. 6. Polycyclic systems 1 (cf. text): a) P4, Sig ™ efc.; b) BsCls or Sis with 3¢-2e
bonds; c) Si$™; d) Sis star; e) P57: f) two views of Bii*; g) Nb,S5* as double
tetrahedron; h) MqXy and M¢X,3; i) Bij* or Snj ™ as {3,3,3)-polyhedron and as
11,441 -polyhedron; k) MosS}; .

The stable configuration of a closo-E, tetrahedrane should
be a 10e system according to Wade, if the exo-bonds are ne-
glected. It could be described with one 4c-2e bond!”! and four
3c-2e bonds, which, however, together with the exo-bonding
implies that the octets of the atoms are exceeded. Examples
are not known. Instead, B,Cl, and Sis®* exist with, in each
case, 8 electrons in the skeleton, for which four 3c-2e bonds
yield a tetrahedral configuration of the vertices. Since an ad-
ditional electron pair cannot improve this configuration for
any of the atoms involved, this is presumably the reason why
a tetrahedral cluster is not stabilized with exactly 441
bonds. The same may be true for the other polyhedra whose
vertices are shared by three faces. The saturated P, tetrahe-
drane is, as a 20e system, that is, with 12 electrons for skeletal
bonds, without doubt the most stable configuration. Its isoel-
ectronic relatives should be mentioned again (see Section 3):
Asg, Sby, Big, Sid—, Gei~, Sni—, Pbi—, Tl and, last but not
least, the carbon compounds C4R,"%. This is another case
where a further electron pair is superfluous after the six 2¢-2e
bonds along the polyhedral edges have been built up into a
formal tetrahedral electron configuration. The treatment of
this cluster as a nido-Es-polyhedron according to Wade con-

1" 4c-2e bond stands for a four-center two electron bond efc.
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ceals, however, a fascinating component. The E, tetrahedron
would, in this sense, be a trigonal bipyramid with one miss-
ing vertex, which implies that we have a “tetrahedron”
opened on one side—that is, a trigonal pyramid. Since this
opening can take place in four different ways, the tetrahedral
topology of P, would perhaps only result from a dynamic
process. On the other hand, the tetrahedral cluster with ex-
actly 20 electrons fits into the bonding scheme of Lauher!' ",
which requires 60 electrons in the stable configuration for
18e components. For the higher homologues one only has to
add the electrons from the complete d'° shell. For P, and
Si}~, we can imagine the empty 3d stales as “reserving
places” for 4 x 10 electrons, and in this strange way we come
back to the participation of d orbitals in the bond scheme of
these elements. But: “God is just!”’!"] the carbon tetrahe-
drane is not satisfied with this description.

The uptake of two electrons certainly causes the tetrahe-
dron to open up and form the butterfly cluster or its analo-
gous forms with 22 electrons such as Si§~ (see Section 5).
With six electrons one of the three-membered rings is fully
opened. This 26e system is isoelectronic with SO3~ and is
realized as a homonuclear unit in e. g. the trigonal pyramidal
PS~ anion of the polyphosphide La,Ni,P;"*!. Meanwhile,
the Si, cluster of the compound Li,,Si;¥ sets us a real prob-
lem. The cluster forms a trigonal planar Si4 star (Fig. 6d), a
topology which is very appropriate for Stuttgart! Li,,Si; is a
diamagnetic semiconductor, which removes all excuse for
not treating it because it is an intermetallic phase. The com-
pound [Li,4Si4(Sis),] contains, besides the Si, star, two planar
Sis rings. If these rings are described as saturated cyclopen-
tanes Sii’~, then the 20e-system Si;~ remains. This really
should be a tetrahedron! Is this an excited state of the P4 mo-
lecule, stabilized by the crystal field? This trigonal structure,
on the other hand, reminds us directly of the CO;Z,’ anion,
a 24e system. Using this description, with the units Sii~
and Sif~, the Sis rings would be left with the 28 electrons of
a cyclopentene with a delocalized double bond. The bond
lengths in both groups point at first glance against higher
bond orders. They lie clearly in the range of single bonds
with d(Si—Si)=236 to 239 pm. This question will be dis-
cussed again in Section 13.

The trigonal bipyramidal 22¢ systems Pb%~"") and Biz~["®
are representatives of the Es cluster. Both Lauher’s rule (72¢
after adding 5x 10 d electrons) and Wade’s rule (6 e, pairs
for the skeleton) hold here. According to Gillespie’), six 3c-
2e bonds are present in these clusters (Fig. 6f). Here, the two
apex atoms would have “tetrahedral”, the three equatorial
atoms “square pyramidal” electron configurations. If one
chooses to describe the system as a mesomeric state between
two limiting cases, with in each case three 3c-2¢ bonds and
three 2c-2e bonds (Fig. 6f), all atoms would have, formally
“tetrahedral” electron configurations. On homolytic separa-
tion one obtains the distribution of positive charge in Bi2*
according to (a): 2xBi* +3xBi'?* or (b): 2xBi'** +
3 x Bi***. Model (b) yields, with 3¢ and 2c bonds, a more
even distribution of charge on all atoms and, in fact,
for both Bi2* and PbZ™. Of course, only an exact analysis of
the exo-contacts and, above all, a quantitative calculation,
can show whether this is correct.

Octahedral E, clusters are typical for the transition metals.
Among the main group elements only BJH;™ and the
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linked B, octahedra in the hexaborides of the type CaB, are
known. In this case, the skeleton is formed from 14 electrons
{26+ 1e,). This agrees with the Wade rules. An 86e system
(7 e, for the framework, 6 exo-e,, 6 x 10 d electrons) is analo-
gous for 18¢ components!''l. Unfortunately this method of
counting is wrong, both for the well-known Rhe(CO), and
for the apparently equally stable M¢X; and Mg¢X,,, clusters,
which enrich the chemistry of the heavy transition metals in
such an unusual way and are in addition the essential units
for the concept of condensed clusters®®. In any case, the MO
treatment of Cotton and Haas of 1964"°! seems to me to be
still topical. It describes the M¢X,; cluster as a stable unsatu-
rated unit with eight 3c-2e bonds (16 electrons in the skele-
ton) and the MX; cluster as a saturated unit with twelve 2c-
2e bonds (24 electrons in the skeleton). The six M atoms ob-
tain a complete 18e shell on including the 24 M—X bonds
and the six potential bonds to outer ligands :X*. The unsatu-
rated state yields a 76e system, the saturated state of the M,
cluster an 84e system (instead of 86e). Lauher’s description
leads, however, to a quite unexpected aspect, which one
should follow up in regard to cluster systems with formal
similarities to spherical close-packing: the unit M¢Xy pos-
sesses the structure of a face-centred cube. Lauher expects a
stable system with 180e for this. In fact, if 2/l M and X atoms
are treated the same, then MogCls*, with the Mo atoms
(6 x 6 electrons) and the Cl atoms (8 x 7+ 8 x 10 electrons),
the six potential exo-electron pairs and the cationic charge,
possesses exactly 180 electrons!

The 40e systems Bij*® Sng 182 and Gei 28 form
one of the most beautiful clusters known. The existence of
such large groups was derived by Zint/ et al.** from the unu-
sual behavior of the intermetallic phases Na,Sn, and Na,Pb,.
The structure however (Fig. 6i) was only determined a few
years ago, and can be described in two ways, according to
one’s point of view; as a tricapped trigonal prism {3,3,3} or
as a monocapped archimedean antiprism {1,4,4]. The two
forms can easily be derived from each another, as is well
known. The different points of view have theoretical founda-
tions, and for this reason the original {3,3,3] polyhedron is
gradually giving way to the {1,4,4} -polyhedron as the theory
is consolidated. The latter polyhedron 1s, in fact, expected ac-
cording to both Wade (nido-E,; cluster) and Lauher (130e
system including the d electrons). The assignment of bond-
ing electrons to the edges and faces of the polyhedron is not
possible, at least not in any simple way. According to Gilles-
piel’ all nine atoms possess a free electron pair and the re-
maining 11 electron pairs form eight 3c-2¢ bonds and three
4c-2e bonds, according to the faces of the {3,3,3} polyhe-
dron. This would give 3 x Bi'*~ and 6 x Bi* (or Sn*>~ and
Sn° with a sandwich-like charge distribution. The same re-
sult is obtained with two 3c-2e bonds and twelve 2¢-2e
bonds, but with only six exo-electron pairs on the prism
atoms. The two clusters Big(e,);; and MooSe?; 9 show a
remarkable topological analogy to the “twins” M¢X,, and
M¢Xjs, which can be derived from each other formally by ex-
changing the positions of electron pairs and X atoms. This
may be useful for a better understanding. The Geg™ cluster,
described by Corbetr et al ¥ satisfies Wade (E, polyhedron)
as well as Lauher (threefold capped trigonal prism, 128 e)
and is also a hint for the remarkable valence behavior of this
unit.
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It will have become clear that the bonding in clusters can
be viewed in quite different ways. At any rate, there is plenty
of room for phantasy, and anomalous results mean, after all,
that the next generation can still hope to find out something
new. Above all, the unusual way in which main group ele-
ments fit into the 18e scheme as well, provides us with a
striking insight. It has already been mentioned that the clus-
ters M¢Xs and M¢X,, (Fig. 6h), of all things, do not fulfil
Lauher’s rules (84¢ instead of 86¢). But, to be fair, the rules
do work for the group [Nby(S,);]**, which one certainly
would not ook for, here (Fig. 6g). The remarkable orthogon-
al orientation of the two S} anions to the Nb, pair in the
structure of NbS,Cl; has been referred to already!®. If one
counts 16 electrons for sulfur and takes the eight Nb—Cl
bonds into account as exo-electron pairs, the group receives
exactly 86 electrons. An 86e—E, cluster is, according to
Lauher, not only stable as an octahedron, but also as an
edge-sharing double tetrahedron-—exactly the structure of
[Nby(S,)2]%*.

A series of fascinating polycyclic anions has been identi-
fied in recent years among the structures of the metal phos-
phides (Fig. 7), which at last allows well-founded statements
to be made about the systematic structures of the lower Stock
polyphosphanes®. A large number of phosphanes have been
clearly identified from the homologous series P,H, _,, and
P...H, through the fundamental investigations made by
Baudler et al.®”). These should be derivatives of P, (m=2), of
tetrahedrane P, (m=4), of prismane P, (m=6) and of cu-
bane P; (m=38) with a considerable number of possible isom-
ers’®l. The corresponding polyanions already show similari-
ties to the structure of the molecular element in its real form
(P, and P,) as well as hypothetical forms (Ps and Pg).

D& & B

(3b),(2b); X5 (3b),(2b), Xg (3b3g(2b)3 X1y (3b), (2b) X
f @ g h
(3b), Xy (3b)yXg (3b)Xg (3b),(2b)3Xg

Fig. 7. Polycyclic systems 1I (cf. text): a) P2°. As3™, Sb}™; b) As,Sa, structurat
element in PJ5; ¢y P}, As}; d) P%; ) prismane; f) cubane; g) cuneane; h)
trigonal asterane as a possible structure for Py~ or PoR, {103].

The anion P~ is typical for the M;P, compounds of the
monovalent cations M™*, and for the M,P,, compounds of
the divalent cations M2+ ), In accordance with the formula,
it contains four (3b)P° and three (2b)P~ and is isoelectronic
with the well-known molecule P,S;. This nortricyclene sys-
tem is a derivative of the P, tetrahedron; the bridging atoms
over the three edges are improper vertices in the sense of the
Euler polyhedra (Fig. 7a). The analogous nortricyclenes
As3 88 and Sb3~®) are also known, and have been studied
in detail. A comparison between the configurations of the
X3~ polyanions and those of P.S, and the molecules
P,(SiMe;); and P4(SiMe,);!°" shows that the height of the

Angew. Chem. Int. Ed Engl. 20, 33-51 (1981)



anions is relatively small and that the distance between the
two-bonded bridging atoms is relatively large. This is good
evidence for the localization of finite formal charges on these
two-bonded atoms!®'l. It was recently possible to confirm this
interpretation by the quantitative evaluation of the NMR
spectra of Li;P, in solution®®®. Zint! and Klemm’s concept of
formal ions, which these days seems very crude, is, therefore,
still capable of providing statements which are both sensible
and far-reaching. The P}~ anion is not only stable in suit-
able solvents!®®°2; it can also be found in melts at 720 K*-%%,
This explains the unusual thermal behavior of K5P-, for ex-
ample. While the higher phosphides decompose by loss of
P4 and the lower phosphides by loss of K®°, the yellow
K3P; “sublimes”®¥. The equilibrium vapor contains, how-
ever, only K(g) and P4(g); in other words, the sublimation
corresponds somewhat to that of NH,Cl. The considerable
solubility of phosphorus in salt melts, above all in the pres-
ence of metalst”, can also be understood with the aid of these
polyanions. The dynamic behavior of this system provides
the final twist: according to Baudler et al.'®? this is the first
inorganic “bullvalene” with valence tautomerism above 350
K, as suspected by Bues et al.'. The same structure was pro-
posed for the corresponding heptaphosphane(3), P H;".
This has also been proven recently by Baudler et al*°>.

The realgar molecule As;S, has been known for a long
time. Its structure is shared by the molecule P,S,®¥, and very
probably by the octaphosphane(4), PsHa, as well (Fig. 7b).
This configuration is frequently found in polymeric form as
a fourfold linked unit (4b)P§, as, for example, in Hittor{’s
phosphorus®” and in many polyphosphidest™ (cf. Section 8).
Decaphospha-adamantane (Fig. 7d) is the last stage in the P,
tetrahedrane derivatives with bridged edges. This system
turns up as the anion P%y in the compound Cu,SnP "%,
which is otherwise characterized by a 4c-2e cluster Cu;Sn.
Unfortunately, it has not yet proven possible to obtain a neu-
tral molecule from this polyanion (cf. Section 7).

The polyanion P}, is present, for example, in NayP, "

and Cs;P,,®** '™ It may be understood as a derivative of the
much sought, but never found, octaphosphacubane Pg. This
beautiful, chiral molecule with the symmetry D, is made up
of eight (3b)P°® and three (2b)P~ atoms. By bridging three
edges of cubane, six five-membered rings are obtained from
the original six four-membered rings (Fig. 7¢c). Anyone who
has rotated a model of this group about its threefold axis un-
derstands the name “UFOsane”!*®! immediately. The unde-
caphosphane(3) P; H; should also possess this structure,
which has the highest symmetry of all conceivable isomers.
Compounds with the P}, anion form under very similar
conditions to those with the P3~ group. It can be shown that
the brilliant yellow Na;P,; and the orange Na,;P,; can be
readily (and reversibly) converted into each other, when in
equilibrium with P,(g)!"®". This transition can be well under-
stood with the aid of the model®!, In this connection, the oc-
currence of mixed crystals among the alkali metal phos-
phides is also important. These lead to phases containing
both polyanions P~ and P}; (cf. Section 9). Important too,
is the observation by Bues and Somer!'® that the P37 group
remains intact in melts at 720 K, and can be identified spec-
troscopically. The analogous arsenic unit As?};, recently de-
scribed by Belin!"*®}, shows impressively that surprising re-
sults could be expected in this region of chemistry.

Angew. Chem. Int. Ed. Engl. 20, 33-51 (1981)

The P}, cluster, as a derivative of cubane, certainly opens
up new possibilities in the search for Py cubane, especially
since the anions can be converted into neutral molecules
(Section 7). The polymeric unit (4b)P (see above) also shows
that the great structural flexibility of phosphorus should en-
able the formation of cubane. The (4b)P§ group can be un-
derstood as the polymerization product of an octaphospha-
cuneane (Fig. 7g), which is itself an isomer of cubane. Analo-
gous statements can be made for a P, prismane. The structur-
al units of the heptaphosphides LiP, or RbP,""! are not only
derivatives of the P35~ cluster, but can at the same time be
considered to be derivatives of the polymeric P¢-prismane
(Section 8).

7. Reactions at Polycyclic Anions

Obtaining molecules from metal salts is a familiar proce-
dure—the preparation of acetylene from CaC, is one exam-
ple. As far as the protolytic decomposition of the, in general
very sensitive, phosphides, arsenides, silicides, germanides
efc. is concerned, one has not got much further than the
small hydrides, although (a) the existence of flexible polyan-
ions such as Sn$~ and Sb3~ has already been proven by
Zinil®4, (b) a whole series of higher hydrides were identified
by Baudler among the insoluble Stock’s phosphanes, and fi-
nally (c) despite the fact that many research groups have
worked on this problem. Refined chemical and physical
methods have in recent years enabled the decisive first step
to be made towards a systematic study of this class of sub-
stances. When one looks at the very simple methods, it seems
puzzling today that this step was made so late and, partly,
by chance. Corbett obtained crystalline salts of PbZ-, Sn3~,
Ged~, Gel~ and Sb3~ by using crown ethers!”’-#28.89
Kummer obtained Sn3~ and Gei~ from ethylenediamine in
the form of solvated salts*?. The last important step to sub-
stituted molecular clusters has not yet been made. If one
thinks of the tetrahedral cluster Sii~ or the Si, star (cf. Sec-
tion 6), it should be worth every effort.

After the discovery of the polycyclic phosphides it was
shown that they could yield P;H;, P, H; and other phos-
phanes?. It also became clear that the yellow insoluble
Stock’s phosphanes possess quite different characteristics ac-
cording to the phosphide used [(PH), from NaP with the P~
chain; P;H; from Na;P, with the P2~ group]. In 1979,
Baudler et al. succeeded for the first time in obtaining the
colorless P;H; on a preparative scale by careful hydrolysis of
Li,P,*%.

For the future, however, the synthesis of substituted clus-
ters such as P;(SiMes); is of decisive importance. In 1975,
Fritz and Holderich succeeded in this synthesis, together with
the preparation of Si-substituted groups such as P,(SiMe,);
in a one-pot process®. Soon afterwards, P,,R; and As,R;
were obtained and characterized!'®® (Fig. 8). Their structures
clearly prove that a description of this cluster system accord-
ing to Wade (cf. Belin''**l) does not fit, because without
doubt 14 electron pairs are reserved for the exo-cyclic
bonds.

The synthesis is now fairly well optimized and gives high
yields!'"™. In this case, an old piece of chemical wisdom
turned out once more to be true; that only microcrystalline
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(“amorphous”) starting materials can be used for this hetero-
geneous reaction. Well-crystallized samples of Na,P; and
Cs;P;,, for example, hardly react at all with SiMe,C1!/%4,

d J e

ties is still larger. Six-membered rings can occur in the chair
or boat form and the additional linkages to tetrahedral or |-
tetrahedral atoms can take place equatorially and axially

Fig. 8. Cluster molecules P;R; and As;R; (a), P4sSi3R, (b) and P, R; (d). Metal(0) complexes with P,SizR,, ligands (¢, f) and the novel

polyanion P (e) (cf. text).

The remarkable flexibility of the P—P bonds is not only
reflected in the valence tautomerism of P;~ and the abun-
dance of different structures, but shows itself as well in the
thermal decomposition and build-up of the phosphides,
phosphanes, and substituted phosphanes. Molecules such as
PsR;, PR, and P 4R, have already been discovered in mass
spectra®®'%! The anion P}, belonging to PR, (Fig. 8¢)—
the largest phosphide known—was only very recently trap-
ped as a Ph,P* salt!'®. The cluster P2, can be considered
as a condensation product of P53~ and P3~. The salt is, by
the way, the first polyphosphide without a metal cation and,
because of its solvent properties, indicates a way of synthe-
sizing polyanions at fairly low temperatures.

Some of the cluster molecules mentioned are excellent
complexing agents for metal carbonyls!'®” '° (cf. Fig. 8&c, f).
A lot more reactions are expected here. The chirality of P;R,
and P,,R; is also worthy of note; it could become useful for
selective syntheses.

8. Condensed Polyanions

The condensation of chains to rings and finally to nets, as
well as the condensation of polycyclic anions, lead with pro-
gressive oxidation successively to the structures of the ele-
ments. The richness in forms observed for phosphorus is re-
flected in the various structures of the condensed anions,
which lead directly to Hittorf’s phosphorus, to black phos-
phorus, to gray arsenic and also to possible new forms of a
three-bonded element!.

It has already been shown for the one-dimensional infinite
chains of two-bonded atoms and their fragments that, for the
same number of homonuclear bonds and with constant bond
angles, different types of structure can occur through
changes in conformation, such as a torsional rotation. For
higher condensed systems, the number of structural possibili-
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(Fig. 9). The poly-phosphides, -arsenides and -antimonides,
as well as silicides, germanides and stannides!’*''% offer
plenty of impressive examples.

The structures of orthorhombic black phosphorus and
gray rhombohedral arsenic are known to differ solely in the

) /
N 00000,
Lon 0000

Fig. 9. Condensed polyanions as denivatives of black phosphorus, gray arsenic
and Hittorf’s violet phosphorus (cf. text).
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Fig. 10. Condensed polyanions from P, and Py clusters. a) Four sterical variants of (3b)«(2b),P{ ~; they lead to the helical LiP; structure and the linear CsP; structure, from
which the monomeric P}~ prismane derivative could be obtained by a further ring-closure. The two norbornane analogues {center) form the two-dimensional structure of
KulP.,, for example. b) The nortricyclene P}~ forms, after ring-opening, the three-dimensional polymeric LaP; structure. ¢) The combinations of the translationally
commensurate units Pj; and (P ), leads to the RbP,, structure. A peculiar feature of the Pis structure is the Py unit, which can be regarded as the polymeric form of an
octaphosphacuneane. d) Six-membered ring of P3 cluster, which with its chair conformation and its exocyclic bonds could built up a hypothetical “superphosphorus™ of

the gray arsenic type.

linkage of their condensed six-membered rings in the chair
conformation, which in the case of arsenic is fully equatorial,
for black phosphorus, however, partly axial. This leads in
one case to a relatively slightly puckered structure, in the
other case to a strong buckling of the layers. The phosphides,
arsenides and antimonides MX; of the divalent metals modi-
fy the structure of black phosphorus in the sense that one
quarter of the three-bonded atoms are removed from the
two-dimensional framework. In this way, structures come
into being which only contain one (3b)X° and two (2b)X
in accordance with the formulation. The overall picture re-
mains of a structure with strongly buckled two-dimensional
infinite polyanions!®!. The positions of the atoms which form
the polyanion also remain almost unchanged from those in
black phosphorus. The structures of CaP,°, SrP,!''"l and
BaP,!"'?! differ, however, in the arrangement of the vacan-
cies, in that, in the first case, all the six-membered rings are
broken up, in the second case only some of the six-mem-
bered rings exist, and in the third case one-dimensional in-
finite chains of linear condensed six-membered rings remain
(Fig. 9).

The linkage of the six-membered rings is different in the
structure of LiPs!'?%). Here, bands of condensed six-mem-
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bered rings in the chair form are connected via two-bonded P
atoms, which take up equatorial and axial positions in equal
numbers. This structure is, in a sense, an intermediate stage
between the structures of black phosphorus and gray arsenic.

If the six-membered rings are present in the boat form,
there is a notable limitation: the possibility of an axial-equa-
torial linkage in the 1,4 position, as realized in LiPs, is miss-
ing, since the boat is closed up to a norbornane structure as
soon as one axial position is occupied (Fig. 9). The linkage of
these E; units can take place in different ways. Important ex-
amples are KP,s, HgPbP,,, TIPs and BaP,o!''* ''"), in whose
structures units of this type occur as sections of characteristic
one-dimensional infinite tubes with a five-cornered cross-
section. Also found in the structures are known elements
such as the As,S; molecule, which is present in KP,s as a Py
unit with four equatorial linkages in the trans position (Fig.
10c). The analogy between this unit and an (in this case po-
lymeric) octaphosphacuneane has already been discussed in
Section 6. The structures of TIPs and BaP,, are completed by
six-membered rings in the boat conformation with 1,4-equa-
torial linkages. This configuration leads in this case to link-
age of the five-cornered tubes 10 two-dimensional infinite
layers.
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The linkage of the mentioned norbornane E; offers a se-
ries of possibilities which have been realized in its structural
chemistry. If we assume that one of the 7 atoms is 2-bonding
and the rest 3-bonding, then the 2-bonding atom is either, as
the bridging atom across the six-membered ring, a member
of both five-membered rings, or is just a member of the six-
membered ring. Four atoms are in a position to form further
bonds in both axial and equatorial directions (Fig. 10a). If
the 2-bonded atom is in the bridge position, the linking
bonds are in the equatorial direction and a linear structure
results. If the linkages are both equatorial and axial, a two-
dimensional aggregate results. These two elements govern
the structure of K41P,; and Rb,IP, [5-3%#¥],

If axial bonds in the 1,3 position saturate each other, a
three-membered ring can form and give the above-men-
tioned nortricyclene system which is typical for P,S; and the
X3~ anions. Here, however, the system is bonded at two ex-
tra positions, so that in the case of the polyphosphides the
polyanion !P;~ forms. This structure is typical of the hepta-
phosphides of the large alkali metals RbP; and CsP,!>''%,
The monomeric form of the anion P} ~, which is still hypo-
thetical, can be obtained by a further ring-closure. The anion
is particularly interesting as a prismane derivative. The
linkage of the polymeric P;~ chain can be broken by two
electrons, giving the isolated anion P3~. This unit does not
have to be molecular, of course, it can polymerize as well by
breaking the three-membered ring. In this form it builds the
spatial network of the polyanion }P3;~ in LaP; and
CeP, %1 (Fig. 10b).

If the two-bonded atom of the X!~ unit is a member of
the six-membered ring, then further linkage must lead to a
helical structure. This is typical of the heptaphosphides of
the small alkali metals LiP; and NaP,!*'?%_ 1t can be shown
using the structures of the alkali metal heptaphosphides that
K is too large for the LiP; structure and too small for the
RbP; structure. In agreement with this, no “KP,;” has been
prepared; instead, in the presence of iodine, only the “ersatz-
KP,”, K1-3KP,=K,IP,; is formed!*l.

The dimensions of the one-dimensional infinite linked
P;~ units in the RbP; structure agree exactly with the di-
mensions of the one-dimensional infinite five-cornered tubes
of the Pi; type, which are contained in the alkali metal
compounds MP,s (Fig. 10c¢). In fact, both units occur togeth-
er in the compounds RbP,, and CsP,, and the geometrical
commensurability allows us to expect the existence of further
phases!> !'¥,

Not many chemical elements can, like phosphorus, claim
to be produced and used in large quantities and simulta-
neously keep the secret of their structure so stubbornly. The
latest investigations have done nothing to change this!*?'L
For red phosphorus one can say: Where nothing is known,
one can speculate! (K. Lorenz). The structural variety of the
polyphosphides offers sufficient encouragement. A particu-
larly colorful aspect 1s supplied by the P>~ and P3; clus-
ters, which, with the three 2-bonded P atoms polymerize ex-
actly three times and form a “superphosphorus”. A model
consisting of condensed six-membered rings of pseudo-atoms
(3b)[P;] can at any rate be easily built and represents one of
many possibilities (Fig. 10d). Also the condensation of these
six-membered rings to a two-dimensional infinite structure
can be easily realized by a model.
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9. Mixed Phases and Phase Widths

Both terms are often used as an alibi for non-treatment. In
textbooks and articles on cluster compounds, the “interme-
tallic compounds” which include much of what is discussed
here, are often disposed of with the remark: they often pos-
sess large phase widths. In fact, this is only true for very few
phases, since, more often than not, a series of closely-spaced
stoichiometric compounds turns up. Genuine statistical dis-
tributions of various atoms over equivalent positions are, at
most, preferred at high temperatures to the separation into
suitably organized structures. The formation of clusters,
whether strongly or weakly bound, is one of the possibilities
for such suitably organized structures. Clusters, or analogous
structural regions, take the place of the single atoms. The
breakdown of a region of homogeneity into closely-spaced
phases can be regarded as the formation of a series of com-
pounds of “higher order”. This kind of phenomena has not
been studied enough up to now. The value of such studies
will be briefly indicated with the following examples.

Rb;P;, RbsP;,, Cs;P; and Cs;P,, possess practically the
same structure; namely, a cubic Li;Bi arrangement in which
the Bi atoms are replaced by the centers of P3~ or P}y
groups!'?? (cf. Fig. 11a), as observed for Na,PQ,, for exam-
ple!'. The orientation of the anions is random, as in plastic
phases. There is good evidence for a continuous series of
mixed crystals M;(P;, P;,) which is strange, since apart from
the charge the anions have little in common. An interesting
question is whether the reaction described above,
Na;P;+P.5Na,P,,, takes place here in the solid state, e. g.

iz (P {Py)y

Fig. 11. Mixed crystals: a) Li;Bt as parent structure for Cs;P;, Cs;P,, and the
mixed crystals Cs; (P;. P;) with statistical distribution and orientation of the
cluster anions. b) Section of the hexagonal structure of the “red lithium phos-
phide™ LiP, with partially ordered P3~ and P3," as well as disordered (?)
polyanions. ©) Structure of the helical polyanions !X, " in LiX, and NaX, with
X =P, 5Asq s {projections perpendicular to and along the fourfold helix). The As
atoms occupy preferentially the peripheral positions, the P atoms the central part
of the polyanion.
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by P, diffusion. Mixed-order phases have not yet been ob-
served here, but in the system Li/P, besides yellow Li;P, a
red phosphide LiP, exists with ordered P>~ and Pj; groups
in the ratio 2:1, as well as a further orientation-disordered
group!'?*l. The compounds RbP;; and CsP, can also be
treated as ordered phases in a mixed-crystal series between
MP; and MP;; (cf. Section 8). The marked tendency to twin-
ning also indicates great mobility and perhaps also a varia-
tion in the stoichiometry at high temperatures (Fig. 11a, b).

Mixed crystals with different cluster-forming atoms can
supply information on the function of the individual atomic
positions. The peripheral positions of the [P}~ helix of LiP,
and NaP; show a distinct preference for arsenic in
LiP; sAss5!'?% (Fig. 11c), while in EuP;_s,As;, the prefer-
ence of As for the (2b)X ~ position is weaker!'**), EuP forms
the NaCl structure with Eu'™, but EuAs the Na,O, structure
with Eu''. Mixed crystals with the EuAs structure go as far as
5 atom-% As; the rest possess the EuP structure'?l. Two im-
portant questions remain: (a) does the distribution of P3-,
(PAs)*~ and As%~ obey a mass-effect law? (b) How does the
system behave at the boundary of the mixed series with re-
spect to the redox reactions 2(Eu’* + X*~)s2Eu?* + X377

10. Defect Structures

Several of the MX,, compounds with homonuclear chains
and rings (Sections 4 and 5) can be described as trigonal-
prismatic defect structures. In these structures the metal
atoms M form trigonal prisms in whose centers the X atoms
lie. Two structure types with trigonal prisms which occur
very frequently are AlB, and «-ThSi1, (Fig. 12). They differ
in the relative orientation of the My prisms, which, because
of the three square faces of these polyhedra, can be varied in
many different ways!'?”. In the hexagonal AlB, type, all M
prisms are oriented in the same way. The occupation of all
centers by X atoms generates the well-known two-dimen-
sional honeycomb structure of graphite. Rb,Ps*! and
CssAse*® are direct derivatives of this Al,Bs type, since, ac-
cording to M;X¢[1,, a quarter of the X sites remain vacant in
an ordered way and leave isolated planar X, rings. The de-
fects and their order apparently depend on the valency.

If the prisms are rotated through 90° from one layer to the
next, one obtains the a-ThSi, type structure, which, on com-
plete occupation of the prism centers, shows a characteristic
three-dimensional network of three-bonded X atoms (Fig.
12). If the rotation takes place every second layer, an un-
known tetragonal MX, type would result, containing a three-
dimensional network of bands of X, rings rotated with re-
spect to each other. The compounds Eu;P,¢, Eu,As,),
Sr;As,PY, Eu,SbyP Ca,As;PY and Sr,Sby** are defect
structures of these two types with M;X,[1, or M,X[1,1'28,
The ordering of the defects caused by the valency conditions
can lead to chains of various lengths and conformations (Fig.
12). The pair of compounds Ca,As; and Sr,Sb, are notewor-
thy, since a chemical reaction, X$~ + X4~ 2X%~, can take
place simply by a reordering of the defects in the M, prisms.
The search for such phase transitions would certainly be
worthwhile.

While describing these structures as defect variants of
AlB, and o-ThSi, we were reminded that, in the case of the
“disilicides” of the lanthanoids, compositions such as MSi, ;
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Fig. 12. Structures with metal prisms of the type AlB,, a-ThSi, and a hypotheti-
cal MX, compound with some defect variants. (above left: arrangement of the
M, prisms; above center: prisms with the anion network; above right: order of de-
fects; empty prisms are not shaded.) The ordering of the defects leads for RbsP,
to isolated P, rings, but for the other structures to various anionic chains. In the
lower part such chains are shown as sections of the Si sublattice of «-ThSi,.

or MSi, , are given, with very few exceptions!'?”). Detailed
studies have shown: (a) Only EuSi,, possesses a completely
occupied tetragonal a-ThSi, structure, which fits into the
picture of Eu** and (3b)Si~.—(b) The other silicides form
the orthorhombic defect variant of «-ThSi, (a-GdSi,) with
LnSi;; (Ln=lanthanoid) or the defect AlB, with LnSi,,
without noticeable phase widths.—(c) The vacancies in the
defect «-GdSi, structure can be filled with Ni, Cu, Ag, Au,
Al, Ga. The structures are then, and only then, tetragonal.
The occurrence of defects agrees with the model of finite
Si7~ chains, since the additional electrons from Ln** should
break Si—Si bonds. The length of the Si7.~ chains is, how-
ever, variable and their orientations are disordered!'?%l,

A series of compounds apparently exists too, in whose
structures the Si network of the a-ThSi, type is broken up
step by step. The final member of the series is the NbAs
structure type with isolated X"~ anions!'?’].

11. Real and Hypothetical Reactions in the Solid
State

Dunitz and Biirgi have shown how omne can obtain far-
reaching information on chemical reaction paths from the
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details of static crystals structures!’®”), Compounds with clus-
ter anions can also be used for such studies. Firstly, the com-
parison between configurations and conformations of the
polyanions on changing the cation allows statements to be
made on the dynamics of the homonuclear structure. The
various compounds can be regarded as frozen-in reaction
steps and assigned to a reaction coordinate. Secondly, phase
transitions are excellent subjects of study, above all when
they go to higher order. Only a few investigations have been
made in this area, and it would be of interest to mention
some potential examples:

1. The phosphides MP;s and MP,, form, without excep-
tion, twinned crystals, the orientation of which stems from
the ordering of the cations in channels of the structure. At
high temperature, a mobility of the cations can be assumed
which is accompanied by changes in the covalent bonds in
the polyanion.

2. The possible reordering of the X, chains in derivatives
of the ThSi, and AlB, structures has been referred to in Sec-
tion 10. The diphosphides and diarsenides of the lanthanoids
LnX; offer a similar example of a molecular reaction in the
course of a phase transition. At low temperature, the CeP,
type forms®>?*13% with X§~ and at high temperature the
LaP, type” with (X3~ +X!7) (cf. Fig. 13a).

*

7
v

¢

endo - P;R‘
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3. Th,P,,, the compound with the highest non-metal con-
tent known for a four-valent metal, is a particularly attrac-
tive example of a frozen-in ring-opening reaction with an
Sn2 mechanism!®’l. The polyanion sublattice forms bands of
condensed P, rings (boat) and Py rings (C,n symmetry). In-
serted between these are P, rings in the chair conformation
and P; fragments of such rings. The P; fragments are all
joined to the polyanion bands. A periodic modulation is
present in the crystal resulting from a sequence of closed and
opened Pg rings. This modulation is, therefore, caused by a
valency effect and is generated by the turning of a single
P—P bond which opens the ring and joins the fragments to
the polymeric anion with a simultaneous 1,4-charge transfer
(Fig. 13b). At room temperature both of the boundary states
are frozen in, giving the environment of the “mobile” P atom
the configuration of the boundary states of an Sn2 reaction.
The evidence suggests that at higher temperatures this proc-
ess takes place in the crystal (perhaps with varying modula-
tion wavelength).

4. The pentaphosphides of the trivalent lanthanoid cat-
ions, LnPs, form a polyanion YP3”) out of condensed P,
rings. The structure can be derived from a hypothetical P
modification with condensed six-membered rings in the boat
form®-¢%-1311 The polyanion adapts itself to the size of the

Fig. 13. Solid structures as models for reactions and reactions paths. a) High temperature and low temperature forms of LaP, and LnAs, with X§ . and X3~ + X}, respec-
tively. b) Part of the Th,P,, structure with the polyanionic band, built up from P¢ and Py together with the inserted P rings and P; fragments. The modulation (arrow)
along the a-axis results from a sequence of closed (A) and fragmented (B) P, rings. The configurations A and B exhibit the details of a frozen-in Sn2 reaction (center of the
figure). Notice the formal charge transfer. ¢) Adaption of the P ring to the sizes of the Ln** jons in LnPs as a model for a reaction induced by pressure. The transition
from o-YbPs 10 B-YbPs exhibits besides the volume contraction 2 shearing of the polyanion. d) Change in the conformation of the Ass rings on substituting Ca by Sr and
Ba as steps in a phase transition. The abnormal change in the conductivity goes hand-in-hand with the changes in non-bonding As—As distances D1.
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cation in the series La-Lu by altering the P—P bond lengths
and by conformational changes (Fig. 13¢). B-YbPs forms a
more closely-packed variant of the structure, which results
formally from the first by a relative shift of the points where
the condensation occurs at the twelve-membered rings. The
structures of the LnPs series can be interpreted as stages of a
reaction path brought about by application of pressure.

S. Triclinic CaP; passes at 990 K through a phase transi-
tion to give the monoclinic SrAs; structure. The induction
period for this transition is very long!'*?. The bonding in the
polyanion remains unchanged; the only changes take place
in the conformation. The details have not yet been investi-
gated, but 7, can, for example, be changed progressively in
the isostructural mixed-crystal series Ca,Eu, _,As;!"**. The
stages of the supposed reaction path are given by the series
CaAs; (triclinic), SrAs; (monoclinicy and BaAs; (mono-
clinic). It is remarkable in this context that this series repre-
sents a transition from a semiconductor to a meta-metal and
back to a semiconductor, which is connected with the change
in a non-bonding distance in the polyanion 2(As3 ™)l

12. The Electrostatic Treatment of Cluster
Compounds

Terms like ions or ionic bond elicit no more than a cynical
smile from the colleagues of the ruling covalent clique. As al-
ways in times of an all-powerful doctrine, the dissenter has to
knuckle under and recite his creed in secret, but anyone who
wants to harvest in his lifetime cannot afford to wait for the
ab initio theory of weather! Chemists are like farmers: they
believe in rules, but are cunning enough to be able to inter-
pret them as the occasion demands.

The compounds with homonuclear linkages which are dis-
cussed here actually have nothing to do with electrostatically
balanced systems, since, in the formal ion model, equally-
charged particles are close neighbors. Kapustinskii, however,
has pointed out a remarkable phenomenon!'*’): he showed
that the enthalpy of formation of a solid can be calculated
with sufficient accuracy from the Born-Haber cycle if one
treats the transition a-M™*(g) + b-X"7(g) —» M,Xi(s)—
whatever its structure may be—with the expression
Ux=k-A-v-z;-z;- R™' (k=constant; 4=Born repulsion;
v=sum of the ions a+ b; z; =charge on ion ‘1", e.g. m+ and
n—; R=distance M—X, e.g. sum of the ionic radii). If vz,z,
is replaced by > 7, the relationship to the lattice potentials of
the individual ions is obtained directly!'*®). The decisive
thing is that the constant k, apart from some conversion fac-
tors, contains solely the Madelung constant of the NaCl
structure (k~+MF(NaCl)=0.8738), i.e. with respect to the
total energy: “Everything is rock salt!” in other words, nature
does not do any more than it has to. Whatever the details of a
real crystalline structure {M®*X53~} .., however large the ef-
fective charges 8+ and 8 — and the covalent part of the bond
might be, it is energetically no more than if rigid particles
with the picture-book charges m+ and n— were joined to-
gether with the typical distance R for condensed phases to a
NaCl structure. The lattice energy Ugy of a compound MX,
which is inserted in the Born-Haber cycle, can therefore be
written:

Upn (MX-real structure, 8+, 8 — )= Uk (NaCl-structure, 1+, 1 — )
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I would like to comment at this point that Klemm gave “ef-
fective Madelung constants™ as early as 1931 for tetrahedral
structures, for example, which made such structures energeti-
cally similar to NaCl!"*®. The covalent age, which was then
just beginning, prevented these ideas from being followed
up.

The surprising example of niobium monoxide NbO has al-
ready been referred to 2. This structure is, independent of
the covalent Nb—O bonds, strongly characterized by the
Nb—Nb bonds. Nevertheless, the experimental enthalpy of
formation AH; yields an “experimental” lattice energy U,
for the real structure, which is just as large as NbO would
have with Nb2* and O?~ in the NaCl structure.

On the other hand, if one calculates the electrostatic lattice
energy of the real structure with the ideal charges 2+ and
2— (MAPLE after Hoppe!'>"), the difference between Uy
and MAPLE is AE =560 kJ-mol ~ !, which could certainly be
the energy of the entire metal-metal bonding of an Nby clus-
ter

Usr= Ux =MAPLE +AE

with MAPLE = U(MX-real structure, 2+, 2—) and AE=
non-electrostatic part of the lattice energy.

The first problem is how to count up the energy of the in-
dividual bonds in an Mg cluster of this type. This is different
for the clusters of the main group elements. As shown above,
these compounds largely follow the simple rules of bonding.
For the following calculation, the binary MX compounds
were used. These include, for example, NaS (Na.S,), NaP
with !P'~, NaSi with Si;~ and all the appropriate homo-
logs. The formal ion X'~ is common to all these compounds,

E Mg+ X g
S aH*
# X MAPLE
pr—— .s .s -~
i +1- Usn = Uk
AHS = MX.S real | s—pm—
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Fig. 14. Simplified Born-Haber cycle (top) with the enthalpy of formation AH,,
the various terms of the excitation energy > AH* and the lattice energy Ugy. Ac-
cording to Kapustinskii Ux can be used as a good approximation for Ugy. Ux
should be composed of the Madelung part of the lattice energy MAPLE (calcu-
lated for the real structure with z= + 1) and the homonuclear bond energy AE.
Below: correlation of AE with the homonuclear bond energy E,, [139) for repre-
sentatives of the NaS, NaP and NaSi families. The deviations of AE result from
various structures (cf. Table t). The deviations in £, for some elements result
from taking the repulsive electronic effects into account, ¢.g. O” and O™ [139].
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but it possesses different homonuclear X—X contacts (Fig.
14). The MAPLE lattice energy was calculated for the real
structure {M'*X'~} ., and subtracted from the Uy calcu-
lated for a hypothetical NaCl structure according to Kapus-
tinskii. For the calculation of Uk, R was determined from the
real molar volumes V., as the distance M—X in an NaCl
structure with the volume 4 V. The differences AE agree
surprisingly well with the usual homonuclear binding ener-
gies!**) (Fig. 14). The number of bonds was counted in the
classical manner for the atoms in the polyanions; e. g. Sij~
tetrahedrane contains six Si—Si bonds. The individual val-
ues for the various compounds do not show much scatter
(Table 1), but have a certain trend AE ~ R. This is related to
the fact that, for constant homonuclear bond lengths, the
cluster atoms get, relatively, closer together, as the elementa-
ry cell or the M—X distance becomes larger. Whether this
really points to increasing AE values, or is compensated for
by sinking effective charges, or is simply the result of incor-
rect methods, still has to be investigated. Whatever the an-
swer, this electrostatic treatment of cluster compounds prom-
ises to provide, for the metal cluster too, a useful estimation
of the binding energy for the homonuclear regions.

Table 1. Homonuclear bond energy AE(X—X) from electrostatic calculations.
See text and Figure 14 for the definitions of MAPLE and Ug. The Born repul-
sion was not taken into account. R is the distance MX of an NaCl structure and a
CaF; structure, respectively, with the same molar volume. The factor m accounts
for the number of X—X bonds per formula unit.

MX Ref. MAPLE Ug R AE m AE(X—X)
[a] Bl [pml [a] fa)
NaSi [50] 492 838 290 346 067 231
KSi [16] 430 769 316 339 067 227
RbSi [16) 393 744 326 351 067 235
CsSi [16] 354 720 338 366 067 245
NaGe [50] 514 824 295 310 067 208
KGe [(16] 457 760 320 303 067 203
RbGe (t6] 424 736 330 312 067 209
CsGe (t6] 390 710 342 320 067 214
NaP 28] 635 871 279 236 i 236
KP [28) 53t 803 302 272 1 272
LiAs [10s; 776 926 262 150 1 150
NaAs [94] 657 839 289 182 1 182
KAs [94] 558 772 314 214t 214
NaSb [105) 640 783 310 143 1 143
KSb f113] st 722 33 17t 1t 171
RbSb [{140] 526 697 348 (71 1 171
CsSb [140] 489 678 358 189 1 189
PtAs, [b]  [141] 2628 2824 258 196 1 196
PtBi, [b]  [t41] 2379 2517 289 138t 138
Na,0, {1421 876 1048 231 172 2 344
K0, [142) 735 908 267 173 2 346
Rb,0, [142) 675 864 281 189 2 378
Cs,0, [142) 631 818 297 187 2 374
a-Na,S,  [143] 770 860 282 % 2 180
B-Na;S, [143] 72 861 282 89 2 178
KS, [143] 659 778 32 119 2 238
BaS,[b]  [144] 2042 2284 306 242 1 242
FeS,[b]  [145] 2916 3110 234 194 1 194
CaC,[b] [145] 2209 2807 249 598 1 598

{al K -mol~". [b] do(CaF,); M(2+), X(1-).

The calculations yield an average value of AE=361
kJ-mol~' for the O—O bond. This fits, in a qualitative way,
the model that in the structures under study, the repulsive ef-
fect of free electron pairs is considerably reduced by the in-
fluence of the cations!'*l,
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13. Again: The Bonding

Schdfer, Fisenmann and Miiller discussed the Zintl phases
some years ago in detail®], and contributed much more to
this subject later!"*!. They also dealt in depth with the ques-
tion of those compounds for which the Zintl concept appar-
ently fails, those which can be counted as belonging to me-
tallic systems. Among these are above all the compounds of
Li with the meta-metals!''%, whose structures are variants of
the body-centred cubic structure of metals. Clusters of meta-
metal atoms X, are certainly found, but the valency sum of-
ten does not agree with the concept of formal ions. This ef-
fect has been explained by the agreement between the metal-
lic radii of Li and XU"#"-*%%) that is, using the terminology of
metallic phases. On the other hand, a significant relationship
has been observed between the X—X distances and the elec-
tronegativity x(M)!®9), which, for example, leads to smaller
distances dxx for lithium. This reduction in dxx can be
traced back, not only to a reduction in the effective charge,
but also to an increase in the classical Pauling bond or-
der!'*l. The two effects are interdependent. Lithium, the
most electronegative of the alkali metals, also possesses the
smallest cation and therefore the one with the largest polariz-
ing influence. The reduction in the anion charge affects
above all those states which are antibonding with regard to
the X—X bonds, resulting in an increase in the bond order
nxx. Before these substances are pigeon-holed as intermetal-
lic phases and removed in this way from simple valency con-
stderations, one should remember that most of these phases
are described as shiny metallic and brittle. Only a few are
metallic and ductile. The decisive electrical properties have
hardly been examined!">”. We recently established semicon-
ductor behavior for some of these brittle Li phases. The vio-
let Li, 33Si (formerly Li,Si) belongs to these!"*!). The diamag-
netic phase contains Si, dumb-bells and, as Li,¢sSi;, pos-
sesses a defect MsX, structure without any sign of a signifi-
cant phase width (—Li,4Sis).

With the help of several examples, it will now be shown
that the bond-order concept leads to interesting results for
the Zintl phases too. One obtains the bond order n by com-
paring the bond lengths d, and d, according to Pauling!'*)
(d,=d,—klogn;, k=60—71 pm) or Donnay-Allmann!>?
(n=1{d,/d,}®). The two expressions are equivalent, which
can be shown by suitable transformation. We now turn to the
Li-stannides!''” (Table 2). Using the simplified Mooser-
Pearson relationship!'”), the expected average bond orders
for the anions X, fixx, can be calculated using the total num-
ber of electrons in the compound, > e, the number of “an-
ions”, my, and the average number of homonuclear bond
lines observed in the structure, by:

Axx=bc/bo, b.=8— 3 e/mx.
As shown in Table 2, 7 and the average distance dxx agree
with the Pauling formula 4, (Sn~)=301 pm. The values fixx
are apparently consistent with the variation in the distance
dxx. d, is, however, about 20 pm longer than the familiar sin-
gle bond length d,(Sn)=281 pm. The same observation can
be made for the polyanions of other elements. For example,
d,(Sb~)=286 pm, which is 12 pm longer than 4,(Sb)=274
pm!'“? and the same is true for other elements (e.g.
Li,Sn,®*), compared with B-Sn). An increase of 10—20 pm
can be expected in the homonuclear bond lengths, if formal
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anions X ~ are directly bonded in place of neutral atoms X°.
If this is taken account of in the expected bond lengths
d,(X ™) a clear indication of higher bond orders is obtained,
which allows the Zintl phases to be treated as compounds
with normal valency, even though this is forbidden accord-
ing to the simple total number of topological linkages. The
simple comparison between d(X ~—X ) and the distances in
the element X is not very meaningful. Only if both near and
far contacts are taken into account are the normal distances,
di(X)=2r.,, obtained, as for example in the case of P, As,
Sb, Bi with the condition 5 n=3. For these elements, n<1
holds for the shorter bonds too. This effect was used before
by Pauling in deriving the metallic single bond radii.

Table 2. Effective bond order Aixx, formal single bond lengths in polyanions
d,(X ) and the difference Ad, to the single bond lengths of neutral atoms 4(X)
(cf. Text).

Ref. d(X—X) Me b, by Axx  di(X ) Ad,
[pm] {a} [pm]  [pm]
Li;Sns  [110] 294 19 167 133 125 301 20
LisSn,  [110] 288 3 150 100 150 300 19
Li;sSns  [110) 286 33 140 080 175 303 22
Li-Sn,  [110} 300 15 050 050 1.00 300 19
LiSi, {151 233 18 167 1.00 167 248 13
Liy»Sis [58) 237 40 229 186 123 244 9

fa] k=70 pm.

The above mentioned semiconductors, Li,4Sis (Si, pairs)
and 1.i,,Si; (Sis, Sis) also turn out to be “normal” using this
treatment. For the Si, pairs, the 233 pm distance, which is
stretched by the charge, would correspond to the bond order
n=1.67. The Si, star with > n=3.7 would be comparable to
the carbonate anion and the Sis rings with > n=6.2 would
be comparable to cyclopentene!*®.

Finally, a reference to SiP,, a pyrite structure with short
P—P distances (215 pm)!!**'**!. The comparison with PtP,
(P—P =223 pm!"**!) shows above all that the effective bond-
ing state appears to lie between the limits (Si** + P37) with
a P—P single bond and (Si** +P37) with a P=P double
bond.

14. Plastic Phases

Crystals of plastic phases are soft and easily deformed.
They form from the melt with a minimum thermal effect
since the molecules or complex groups only lose their trans-
latory degrees of freedom. The complex structural units often
surround the positions of atoms in highly symmetrical simple
structures and carry out free or only slightly hindered rota-
tions. Sharp X-ray lines with rapidly falling intensity are typ-
ical for the plastic phases. Examples of these phases among
the compounds discussed here are Rb,P; and Cs;P,, (cf. Sec-
tion 9) as well as white phosphorus and B-P,S;. While the
two phosphides take up the structure of the intermetallic
phase Li;Bi (P; and Py, surround the Bi positions), it is inter-
esting that P,, and B-P.S; do not follow simple metal struc-
tures. In crystalline white phosphorus, 58 P, tetrahedra sur-
round the positions of the 58 Mn atoms in the unusually

complex a-Mn structurel'?*'*71 while the molecules in B-
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P.S; envelope the positions of the 20 Mn atoms in the also
complex B-Mn structure!'??. This behavior leads directly to
the question of whether P,/P,S; mixed crystals can form,
which has not yet been studied, but which could perhaps ex-
plain the strange behavior in the metastable part of the P/S
system at around “P,S”. Four crystallographically different
P, tetrahedra are present in crystalline white phosphorus.
They are subjected to different crystal fields and differ from
one other in their movement (Fig. 15). This difference is not
observed in the NMR spectrum!*>®. At 133 K only one of the
P, tetrahedra is “frozen-in” (Fig. 15). A splitting in the NMR
signals was attributed here to a lowering of the symmetry.

133 K

= ®

. A
€ 30, %55;

Fig. 15. The four independent P, tetrahedra in the structure of white phosphorus
at 273 K and 133 K {122). The hindered rotation is poorly described by the vibra-
tional ellipsoids. The considerable changes on cooling to 133 K can, however, be
recognized.

P4 273 K

For -P4S,, RbsP; and Cs;P,,, the electron density in the
region of the mobile clusters has not yet been analyzed in
terms of preferred orientation. This has been done for white
phosphorus, but the distances P—P = 195—200 pm are much
too short. This effect is, however, typical, and results from
the unsuitable algebraic treatment of the problem. The same
is true for the P—P distances in the complex [(np;)Ni(P4)]"”
for example, which are also unreal!*,

15. Outlook

1 had the impression a few years ago that there was not
much more to learn about the cluster compounds of the main
group elements. The astounding developments of recent
years have taught me better. Apart from the work discussed
here I would like to mention the studies made by my fellow-
countrymen Jeitschko!'*®, Schuster!'®' and Schdfer!'*®!, who-
representative of many colleagues in the world-by combin-
ing main group elements with transition elements, opened up
new aspects of the problems of homonuclear linkages. The
systematic investigation of simple classes of substances seems
to promise a wealth of unforseeable experiences for the hunt-
er and collector. Clear vision is, of course necessary, but, pro-
vided with the right pair of spectacles, one can even see clus-
ter units in NaCl (Fig. 16).

Cluster compounds are sophisticated redox systems in the
solid state, and simultaneously potential generators of inter-
esting molecular compounds. The systematic investigation of
physical properties and of chemical behavior are equally im-

{*] nps=tris[2-(diphenylphosphino)ethyl]amine.
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portant. As always, we are just at the beginning. This was
emphasized by Klemm as early as 1943, with a remark that is
still topical today: in determining physical data one has to
struggle less with the method than with the unyielding sub-
stance!'¢?.

Fig. 16. The author’s spectacles for discovering clusters in any structure.

One important aim is to bridge the unnatural gap between
molecular chemists and solid state chemists, that is, between
moleculists and collectivists. The clusters P;, As,, Sb,, Py,
Asyy, Gey, Sny, Big, Siy(l), Sig(I) are impressive examples of
the senselessness of all atiempts by moleculists to ignore solid
substances and by collectivists to let localized bonds in solids
merge into bands. For a full understanding of the relation-
ship stoichiometry-structure-properties one needs—after de-
termining the facts-—both, the fearless drawing of bond lines
and the spreading of nets through packed structures. The
elimination of language barriers between chemists of both
faiths seems to me to be sometimes more difficult than be-
tween chemists and physicists. Stacked coordination polyhe-
dra and condensed ring systems are often the same thing. Fi-
nally, young chemists have the right to learn at the beginning
that, besides SiCl; and SiRR’R"R’”, NaSi exists as well and
that “intermetallic phases” are not indecent. Otherwise they
might think that elements can only be added from the right-
hand side to the left-hand side.
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Ternary Sulfides: Model Compounds for the Correlation of Crystal

Structure and Magnetic Properties

By Welf Bronger!”

Dedicated to Professor Wilhelm Klemm on the occasion of his 85th birthday

Relationships between crystal structure and magnetic properties enable an insight into the na-
ture of the binding of atoms or ions in the solid state. Suitable as model substances are transi-
tion metal compounds in which the collective bonds that are generally present are directively
degraded by incorporation of diamagnetic cations. This requirement of progressive degrada-
tion is met with in sulfides of the general composition A,M,S,, where A = alkali metal and

M = transition metal.

1. Introduction

Examination of the metal chalcogenides from the stand-
point of the arrangement of the metals in the periodic system
reveals a striking change in properties at the site of insertion
of the transition metals. For example, the sulfides of the
main group elements have considerable salt-like character,
whereas those of the transition elements often have covalent-
metallic character. Moreover, it is noteworthy that structures
with distinct anisotropic atomic arrangements occur in the
transition regions: thus, in the compounds MX of metals of
the fourth period (M = metal, X = chalcogen) the CuS-type
structure represents a transition to a layer structure, while the
CuTe-type, which in the case of the iron chalcogenides also
appears at the boundary to the salt-like manganese com-
pounds, represents a real layer structure. These structural
types form a transition to the NiAs-type, which is commonly
met with in the transition-metal chalcogenides. In this type
of structure the metal atoms occupy the octahedral sites of
hexagonally packed layers of sulfur, selenium or tellurium,
with relatively short metal-metal distances in the direction of
the c-axis—a structure results which is obviously predestined
for metallic bonding.

An analogous situation is found in the MX, compounds:
The anisotropic structure type which here enables transitions
from predominantly salt-like to predominantly covalent-me-
tallic bonding, is realized only by the CdI, layer structure
type. The dichalcogenides TiS,, TiSe, and TiTe, crystallizing
with this type of structure serve as typical examples.

These relationships between crystal structure and chemical
bonding described for MX and MX, compounds of metals of
the fourth period are also found in compounds of other stoi-
chiometry as well as in the case of metals of higher periods.
The anisotropic arrangements of the atoms occurring in the
transition from extremely ionic to extremely covalent-metal-
lic bonding, are always associated with characteristic electric
and magnetic properties.

The variety of chalcogenides of the non-transition metals
on the one hand and of chalcogenides of the transition me-
tals on the other prompts the following question: what prop-
erties can be expected in the case of chalcogenides contain-
ing both a non-transition metal as well as a transition metal?
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In this context the most informative combination would be
that of an alkali metal with a transition metal. This concept
urged us to investigate compounds of the general composi-
tion A,M,X,, where A =alkali metal, M = transition metal,
and X =chalcogen.

Regarding structural properties the prerequisites here are
similar to those in the case of Zintl phases, in which the ani-
sotropic crystal structures of the elements in the transition
range between non-metals and metals can be copied and var-
ied by combination of an electropositive metal with a semi-
metal. In the case of ternary chalcogenides appropriately
containing an electropositive metal A and a transition metal
M, one can similarly expect that the anisotropic arrangements
of the atoms in the border region between ionic and metallic
metal chalcogenides are copied and, moreover, so diversely
modified that [M,S,]-framework structures are formed which
resemble those of binary metal sulfides. In addition, as a re-
sult of incorporation of transition metals, the magnetic prop-
erties, in particular, might yield important information about
the nature of the bonding and thus make a valuable contri-
bution to the elucidation of chemical bonding in the solid
state.

In the following paper, therefore, an account is given of
the relationships between structure and magnetic properties
in the case of the alkali metal-transition metal chalcogenides,
with particular emphasis on the sulfides.

2, Synthesis of Ternary
Alkali Metal-—Transition Metal Sulfides

The first investigations on the existence of ternary sulfides
of alkali metals and transition metals date back to about
1840 to 1875. Particularly worth noting are the works of
Vélker!"! and Schneider'™?, from which it emerges that terna-
ry sulfides such as KFeS,, NaCrS, and KCrS, are formed on
fusing together salts of the transition metals with sulfur and
soda or potash. Some of these earlier findings were later con-
firmed around the turn of the century by Milbauer>, who
was able to synthesize ternary sulfides by reaction of KSCN
with metal oxides at elevated temperatures. These older
works then fell for a long time into oblivion, and it was not
until the middle of the forties before new results were pub-
lished by Riidorff et al.®***, mainly on chromium and copper
compounds. Analogies and interrelationship have now been
recognized and are represented by a great number of new al-
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kali metal-transition metal sulfides and selenides which have
been characterized in recent times.

Based on earlier findings on the preparation of ternary sul-
fides, methods have been developed for the isolation of pure,
above all oxygen-free, substances. For this purpose hydrides
or the metals themselves are used as alkali metal components
besides the carbonates, sulfides or polysulfides. The reaction
partners are then transition metals in elemental form and
sulfur or hydrogen sulfide. The reactions generally occur be-
tween 800 and 1300°C in the melt, and on cooling under
suitable conditions the ternary sulfides can be obtained as
well formed, often beautifully colored crystals.

Parallel and as an extension to the fusion reactions ternary
sulfides can be prepared by intercalation of alkali metals in
the layer structures of metal chalcogenides. The disulfides
and diselenides of transition metals of the 4th, 5th and 6th

groups as well as those of rhenium and platinum usually
serve as host structures. The reactions are generally carried
out in liquid ammonia.

Table 1 contains a list of the ternary sulfides of alkali me-
tals and transition metals which have so far been investigated
in detail. The aforementioned intercalation compounds,
which usually have wide ranges of homogeneity, are not
listed.. AVS, and ACTrS, can still be regarded as borderline
compositions for the incorporation of alkali metal A in the
metastable disulfides VS, and CrS,. Ternary sulfides for
which accurate data on crystal structure and magnetic prop-
erties are not available are likewise not considered, or are re-
garded as a group with A = alkali metal. In recent years some
of the corresponding ternary selenides have also been syn-
thesized. As far as known, their structural and magnetic
properties are in all cases similar to those of the sulfides.

Table 1. Data on the crystal structure and magnetic properties of ternary alkali metal-transition metal sulfides.

Compound Structural characteristics Shortest bond lengths Magnetic properties Ref.
M—M {pm]j M—S [pm}
LiVvs, Fully occupied Cdl; type (cf. Fig. 1b) 338.03(2) 243(1) Antiferromagnetic; still no three-dimension- 9}
al arrangement of the moments at 42 K 110}
NaVvs, Fully occupied CdCl; type (cf. Fig. 2b) 357 246 {a} Paramagnetic with delocalized moments 1)
corresponding to V3 *; antiferromagnetic ar- [12]
rangement below 50 K
LiCrS, Corresponding to LiVS,; 346.37(3) 240(t) Antiferromagnetic arrangement of the %1
moments at 4.2 K 113}
NaCrS; Corresponding to 355.44(2) 2434 Paramagnetic with localized moments cor- [16]
NaVvs, responding to Cr’*; antiferromagnetic be- {14]
low 19 K (NaCrS;) and 38 K (KCrS,), resp. {15}
KCrS, Corresponding to 360.2(6) 242.8 9: 30 K (NaCrS,); 112 K (KCrS;)
NaVvs;
KCrsS; Sulfur octahedra with central chromium from 298(2) from 235(3) (16}
atoms, linked via common edges and, in 1o 366(1) to  251(2)
part. via common sutfaces. The framework
RbCr:S, structure thus formed contains channels in from 296(1) from 235(1) {16}
which the alkali metal ions are arranged h- o 366(1) to  250(1)
nearly
CsCrsSy from 297(2) from 234(2) {16}
o 363(1) to  252(2)
Rb,Mn,S, Suifur tetrahedra linked via edges in which 296.7(1) 240.7(2) Antiferromagnetic 17
the manganese atoms are incorporated cor- 304.4(2) 242.4(3) [18)
responding to 2[Mny75(J02sS]. Separation 244.6(3) (19]
by alkali metal atom layers (cf. Fig. 3b)
Cs;Mn, S, 300.6(1) 241.9(2) Antiferromagnetic {17
310.3(1) 244.2(2) (18]
246.0(2) {19]
Na,FeS,; 1solated [Fe;Sq]-units (cf. Fig. 6) 287.7(2) 224.9(2) Antiferromagnetic coupling of the iron [20]
225.2(2) atoms in the binuclear complex
226.0(3)
229.8(2)
Na;Fe,S, {FeS.,3)-chains 274.5(1) 228.4(1) 21]
274.9(1) 228.9(1)
229.8(2)
233.5(1)
KFeS, H{FeSa,z}-chains 270 218 Linear antiferromagnetism; threedimen- 22]
(cf. Fig. 4) 229 sional arrangement of the moments below {27}
250 K (KFeS,), 188 K (RbFeS,), and 66 K 23]
RbFeS, 21 220 (CsFeS;), resp.
222 (241
CsFeS, +{FeS,/,}-chains 269.6(7) 222.7(6)
(cf. Fig. 5) 272.5(7) 223.4(5)
Cs,C0384 Isotypic with Cs;Mn;Sq 288.3(1) 230.6(3) Antiferromagnetic [17]
301.1(1) 233.8(4) [18]
234.2(3)
Angew. Chem. Int. Ed. Engl. 20, 52-62 (1981) 53



Table 1 (continued).

Compound Structyral characteristics Shortest bond lengths Magnetic properties Ref.
M—M [pm] M—S {pm}
A:Ni;8, Probably isotypic with the corresponding Diamagnetic [25}
(A=K, Rb, Cs) palladium compounds
KCu,S; Double layers of edge-linked sulfur tetrahe- 275.7 231.2(2) Pauli paramagnetism {8}
dra, all of which are occupied by copper 297.0(2) 245.1(1) 28}
atoms. The alkali metal atoms are incorpo-
RbCu,S; rated between the double layers (cf. Fig. 9) 278 233 i8]
298 246
CsCu,S; 281.0(0) 231.5(2) 29)
292.2(3) 246.6(1)
K3CusSe Copper-Sulfur layers separated by alkali from 254 from 223 303
metal atoms, with almost trigonal planar or to 292 to 284
distorted tetrahedral environment of copper
Rb;CusSe atoms from 254 from 223 30
to 293 to 290
Na3Cu,S, +[CuSs,s5) chains which are separated by the 261.9(1) 225.1(1) 31]
sodium atoms 295.5(1) 229.5(1)
304.6(1) 231.2(1)
306.0(1)
LisRegS,; Fully occupied Nbgl,,-type; [Rc(,Sg]SZ/_z from 259.1(1) from 237.9(3) 32]
framework (cf. Fig. 10) to  262.3(1) to  248.7(3)
Na;Re;Sq {[Re6Ss)Sa/2{S2)2/2) %~ framework from 259.3(1) from 236.9(2) 133}
to  261.9(1) to  248.2(2)
K;Re,Sq Isotypic with Na;Re;S from 261.0(1) from 239.1(2) 33}
1o 263.5(1) o 247.52)
CssReeSi3 {[R€6S¢]SS7/2(S2)3,2} %~ framework from 261.9(1) from 237.2(3) 34)
to 265.3(1) o 247.8(3)
Na,PdS, The planar sulfur environments of the pal- 354 235 35}
fadium atoms are one-dimensionally linked 239
side to side
K,Pd;S, The planar sulfur environments of the pal- 305 234 Diamagnetic 36}
ladjum atoms are two-dimensionally linked 307
side to side
Rb,Pd;S. Stacking variant of the K,Pd;S.-type (cf. 306 235 Diamagnetic 136}
Fig. 7) 3 236
Cs,PdaS, Isotypic with Rb,Pd;S, (cf. Fig. 7) 308 232 [36]
314 234
235
Na,PtS, Isotypic with Na,PdS; 355 234 351
238
K,P1S, The planar sulfur environments of the pla- 359 236 38)
tinum atoms are one-dimensionally linked
Rb,PtS; side to side 364 236 38)
Rb2Pt;S, The palladium-sulfur framework corre- 314 248 39
sponds to that of Cs,Pd;S, 319 251
Cs,Pt:S, Isotypic with Rb,Pt:S, 315 238 [39]
319 242
K,PtsSe Layer structure with Pt** in planar, and 350 235 {40}

Pt** in octahedral sulfur environment

{a] Calculated using the z-parameter of NaCrS,.

3. Crystal Structures
with Characteristic [M,S_]-Frameworks

The ternary sulfides presented in Table 1 do not show any,

or only slight, phase widths. The combination of alkali metal
and transition metal, moreover, leads to oxidation states of

54

the transition metals which are typical for salt-like com-
pounds. Phase widths and associated alloy-like properties are
observed only on transition to intercalation compounds. The
structures in this region also show a continuous transition.
Thus the atomic arrangement in LiVS, or LiCrS, corre-
sponds, on the one hand, to the nickel arsenide type with a

Angew. Chem. Int. Ed. Engl. 20, 52-62 (1981)



layer distribution of the cations; on the other hand, it can
also be described as a filled-up VS,- or. CrS,-structure (Cdl,-
type, cf. Fig. 1) and thus forms a direct transition to the li-

b)

Fig. 1. a) Cdl,-type layer structure of many dichalcogenides MX,. Open circles:
X-, closed circles M-positions. b} Fully occupied Cdl,-structure (LiCrS,-type).
Dotted circles: alkali-metal positions. These symbols are also used in the fotlow-
ing Figures.

thium-deficient intercalation compounds, which crystallize
with the same structure type with only partially occupied li-
thium positions. In the stoichiometrically analogous alkali
metal compounds NaVS,, NaCrS, and KCrS, the structure
of the MS,-framework does not correspond to the Cdl,-type,
but to the CdCl,-type. Here the sulfur layers are arranged in
the sequence —ABCA— (Fig. 2a), so that the occupation of
all octahedral sites with A and M atoms can be described in
terms of the rock-salt structure with layerwise ordered cation
distribution (cf. Fig. 2b). In the alkali-metal deficient ACr;sS;
compounds which follow (in Table 1), the three-dimensional
[CrsSi)-framework is preserved. The linking of the sulfur oc-
tahedra is obviously directionally dependent, so that chan-
nels are formed in which alkali metal atoms with short A—A
distances are incorporated.

In the alkali metal thiomanganates the structure of the
[Mn;S,}-framework largely corresponds to the tetragonal

CuTe layer structure-type (cf. Fig. 3a). The metal atoms oc-
cupy alternately every second layer of tetrahedral sites of a
sequence of chalcogen atom layers. The only differences are
that in the [Mn;S,J-framework, according to the stoichiome-
try, only three of four tetrahedral sites are occupied and that
the layers, unlike in CuTe, are not arranged in the sequence
—ABAB-— but in the sequence —ABBA-—. This enables the
alkali metal atoms incorporated between layers of the same
sequence to be coordinated by sulfur atoms in a cubic ar-
rangement (cf. Fig. 3b).

The alkali metal thioferrates AFeS, crystallize in chain
structure types. The [FeS,]-framework corresponds to the
SiS; structure: The iron atoms are coordinated tetrahedrally
by sulfur atoms, while the sulfur tetrahedra are linked one-
dimensionally via edges. The alkali metal atoms are incorpo-
rated between the chains, with differing coordination num-
ber according to size (cf. Fig. 4 and 5). The compound
Na;Fe,S, also has an analogous framework structure. In the

Fig. 3. a) CuTe structure. b) Fully occupied CuTe structure {Cs;Mn;Ss-type)
with modified layer sequence.

Fig. 2. a) CdCl,-type, as layer structure previously not observed in metal dichalcogenides. b) Fully occupied CdCl, structure (a-NaFeO, type). Characteristic atomic
arrangement for many ternary sulfides of the composition AMS,.

Angew. Chem. In1. Ed. Engl. 20, 52-62 (1981)
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Fig. 4. KFeS,-type structure.

a
Fig. 5. CsFeS,-type structure.

more sodium-rich compound NasFeS,;, however, even the
one-dimensional framework is broken: only isolated [Fe,S¢]
double tetrahedra are found which are arranged with the so-
dium atoms in a three-dimensional array (cf. Fig. 6).

o) (2 O © o o O (2 O
&) o 154 771 290 710 229 846 O
@ azz@
O OssA Qr Oan Osa Ospo 129 O
Q-8
o 2100 7(:2)5; 0345 éf.oa 027163790 o o
Q78
O—sa Oan O.m

Fig. 6. Na,FeS,, atomic arrangement.
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The ternary cobalt compound Cs,Co;S, is isotypic with
the corresponding manganese compound (cf. Fig. 3). The
nickel sulfides A,Ni;S,, for which a detailed structure deter-
mination on single crystals is still lacking, have, on the other
hand, a completely different structure. According to previous
investigations they are isotypic with the analogous palladium
and platinum compounds. The underlying constructional
principle of these structures is illustrated in Figure 7 for the

Fig. 7. Cs,Pd;S,-type structure.

Cs;Pd;S,-type as example: The palladium atoms are sur-
rounded by a planar arrangement of sulfur atoms and the re-
sulting rectangular arrays are linked with one another two-
dimensionally via sides in a honeycomb-fashion. The sulfur-
palladium-sulfur layer assemblies are finally separated from
one another by double layers of alkali metal atoms. The ob-
served planar coordination of transition metal atoms with d®-
configuration is in keeping with expectation; the layer struc-
ture of the [Pd;S,]-framework had hitherto not been ob-
served in binary compounds. Moreover, ternary alkali metal
thiopalladates and thioplatinates of the composition A,PdS,
and A,PtS,, respectively, could be synthesized. Their frame-
work structure corresponds to that of PdCl,: Here the ar-
rangements with planar sulfur coordination are linked with
one another one-dimensionally via sides. Figure 8 illustrates
this with the K,PtS,-type as example. Finally, ternary platin-
um sulfides have been reported in which platinum atoms of
oxidation states +4 and + 2 are incorporated between sulfur
layers with octahedral and planar coordination, respectively.
The sulfur-platinum-sulfur layer assemblies are once again
separated by alkali metal atoms. An accurate crystal struc-
ture investigation of K,Pt,S¢ is available.

A number of ternary sulfides of alkali metals and copper
have already been known for some time. The compositions
(Table 1) indicate mixed valence compounds. Detailed struc-
tural investigations reveal, however, that a crystallographic
differentiation between Cu'® and Cu?* is not possible.
Thus, the copper atoms in the KCu,S;-type structure occupy
equivalent positions. The atomic arrangement is once again

Angew. Chem. Int. Ed Engl. 20, 52-62 (1981)



Fig. 8. K,PtS,-type structure.

which contain isolated [MS;] clusters or, in the case of the
alkali metal molybdenum sulfides, also condensed units of
these clusters“!l. The structural data determined on single
crystals of the rhenium compounds are given in Table 1; cor-
responding values for the molybdenum compounds are so far
lacking. In the case of Li;ResS,; a framework structure was
discovered which is already known for a binary system: link-
age of the [ReSg|S¢/; type is analogous to that in Nbgl,
(= [Nbelglls,») (cf. Fig. 10).

0850 0650y

describable as a layer structure, in which the copper atoms
occupy double layers of tetrahedral sites built up by sulfur
atoms and these arrays are separated by the alkali metal
atom layers (cf. Fig. 9). A layer structure is also recognizable

DAL
X

\\ \

\

Fig. 9. KCu,S;-type structure.

in the K;CugS¢-type structure. The copper atoms—here also
a differentiation of oxidation numbers on the basis of coordi-
nation numbers and Cu—S distances is not possible—have
approximately trigonal planar or distorted tetrahedral envi-
ronments. Of the thiocuprates listed in Table 1, Na;Cu,S; is
the most rich in alkali metal; it is typical, therefore, that the
degree of cross-linking of the framework structure is further
reduced. The copper-sulfur arrays form one-dimensional
strands, in which the copper atoms have coordination num-
ber three. Besides the compounds listed here, there also exist
some in which all copper atoms have completely filled d-lev-
els, 7. e. in which copper no longer functions as a transition
metal. Corresponding diamagnetic compounds of silver are
also known. Detailed information on alkali metal thioaurates
is so far lacking.

In the case of 4d- and 5d-transition metals ternary chalco-
genides of the general composition A,M,X, were unknown,
apart from the aforementioned palladium and platinum
compounds and intercalation phases in which alkali metals
are intercalated in MX, layer structures. Only very recently
molybdenum and rhenium compounds were discovered

Angew. Chem. Int. Ed. Engl. 20, 52-62 (1981)
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Fig. 10. LisResS,, structure of the [RenSN]S:;'zvframework.

Not to be overlooked are ternary sulfides which contain an
f-element besides an alkali metal. For example, in the lan-
thanoid series (general symbol Ln) compounds of the com-
position ALnS, exist. At a radius ratio ri 3+ /ra+ above ~0.9
a random distnbution of the cations can be found in the oc-
tahedral sites of cubic close packed layer sequences of the
anions. At a smaller radius ratio an ordered distribution
which deviates from the CdCl, framework structure becomes
stable (cf. Fig. 2b).

At this juncture we might summarize as follows: The crys-
tal structures of the ternary alkali metal-transition metal sul-
fides A,M,S, contain [M,S,] frameworks which form three-,
two- or one-dimensional arrays. Some of the atomic arrange-
ments in these arrays were observed in binary compounds
in which directed bonding entities lead to an anisotropic
structure. Apparently, the Zintl-Klemm-Busmann princi-
ple®? can be further extended beyond the explanation of the
structure and bonding of Zintl phases, and as a matter of
fact, quite generally, if ionic partners in a compound deter-
mine the makeup of covalent framework structures. Metallic
properties can conceal the picture, but do not have to!

4. Magnetic Properties and their Correlation with
Structure

In the ternary sulfides described here, magnetic properties
can—in addition to the crystal structures—enable further in-
sights into the bonding. Unfortunately, accurate data are still
not available for all compounds (cf. Table 1). From the pic-
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ture gained so far, however, it can be recognized that the
covalent bonding moieties in the [M,S,]-framework struc-
tures can link via the direct interaction of neighboring M-
and S-atoms to give ferro- or antiferromagnetic arrange-
ments. Thereby direct exchange interactions of the paramag-
netic centers might recede into the background compared to
the indirect linkages via the sulfur ligands. These collective
covalent bondings can now be correlated with each of the re-
spective crystal structures via an analysis of the magnetic
properties. Thus, e.g., in the accurately investigated layer
structures of the alkali metal thiovanadates and chromates
(cf. Table 1) below the Néel temperatures one finds spin ord-
ers at which the coupling constants in the sulfur-transition
metal-sulfur layer assemblies are markedly greater than be-
tween the layer assemblies. As a result of this anisotropy of
the collective bonds furnished by the framework structure
there can occur, e. g., metamagnetic behavior, a phenomenon
which makes itself manifest by the fact that at a critical field
strength an external magnetic field perpendicular to the
layers turns the antiferromagnetic arrangement of the spin
moments between the layers into an energetically more fa-
vorable ferromagnetic arrangement. Since the strong ferro-
magnetic couplings in the layers thereby remain unaltered
this spin flop mechanism makes itself significantly percepti-
ble in the susceptibility values or in the neutron diffraction
diagram. In a more accurate analysis a similar behavior
might possibly be found in the layered tetrahedral frame-
work structures of the alkali metal thiomanganates and thio-
cobaltates.

The chain structures of the sulfides KFeS,, RbFeS,, and
CsFeS, behave like linear antiferromagnets at elevated tem-
peratures. Here the couplings of the magnetic moments in
the tetrahedral chains survive up to the decomposition tem-
peratures. The antiferromagnetic interactions are correlated
with remarkably short Fe—Fe and Fe—S distances of ca.
271 and 223 pm, respectively, within the chains (cf. Table 1).
Corresponding distances in the thiomanganates(i), which
are isoelectronic with regard to the M atoms, are longer; the
resulting weaker collective bonds are also clearly recognized
by the higher susceptibility values. In the ferrates it can
also be observed that the anisotropy of the coupling phe-
nomena increases on going from the potassium to the cesium
compound, since the Néel points for the three-dimensional
arrangements of the moments decrease on going from KFeS,
to CsFeS,—a clear demonstration that the atomic distances
in the chains in the same sequence hardly change, in contrast
to the distances between the chains. For the dinuclear com-
plex [Fe,S¢]® ™ in the atomic arrangement of the alkali-metal-
rich compound Na,FeS, the spin configurations of the indi-
vidual atoms can be recognized directly via the temperature
dependence of the magnetic susceptibilities (cf. Section
5.2).

Thioniccolates, thiopalladates and thioplatinates with pla-
nar ligand configurations of the transition metal atoms were
found to be diamagnetic, thus indicating spin pairing of the
d® system. The degree of diamagnetism corresponds, within
the accuracy of measurement, to the values calculated from
the increments. Of the copper compounds, only KCu,S; has
been investigated in detail. It is so far the only ternary alkali
metal-transition metal sulfide which exhibits metallic con-
ducting properties. The weak, almost temperature-indepen-
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dent paramagnetism of this compound might therefore be
due to the conducting electrons.

In previous investigations the rhenium cluster compounds
proved to be diamagnetic. This can also be expected from
quantum mechanical calculations, for, with 24 valence elec-
trons per [Req]-unit, all bonding orbitals are fully occupied.
At the same time this implies that single bonds exist between
the rhenium atoms in the almost regular [Reg]-octahedral®® -
45]

In the lanthanoid compounds ALnS, the expected magne-
tism of the trivalent ions was found at elevated temperatures.
At very low temperatures Néel points can be observed. Accu-
rate measurements of the magnetic susceptibilities have
shown, moreover, that deviations from the linear 1/x—T
law, i.e. from the Curie or Curie-Weiss behavior, occur far
above the Néel temperatures. On the basis of quantum me-
chanical calculations there is the possibility of interpreting
the measured behavior in terms of crystal field effects and
exchange interactions and thus of gaining a deeper insight
into the bonding*®*7!. This will be discussed in detail in Sec-
tion 5.1 for the example of NaCeS,.

It generally holds for the relationships between crystal
structure and magnetic properties of the ternary sulfides pre-
sented here that the anisotropic [M,S,]-framework induced
by incorporation of alkali metal ions is distinguished by
strong covalent bonds. These bonds give collective couplings
in non-spin-paired configurations of the M atoms and can be
detected by anisotropic antiferromagnetic behavior. In spin-
paired configurations of the M atoms, as enforced e. g. in ter-
nary nickel(ir), palladium(11) and platinum(1) sulfides by the
M—S bonds of the planar oriented S ligands, diamagnetic
behavior results. In this connection it should be mentioned
that it is of importance for assessment of the magnetic behav-
ior whether or not a compound has metallic properties. Con-
ductivity measurements carried out so farl*®! show that me-
tallic properties occur exclusively in the mixed-valence com-
pound KCu,S.

5. Characterization of the Chemical Bond:
Chemical Bonding and the Relationship between
Structure and Magnetism

A further insight into the relationships between structure
and magnetism is achieved if, as an extension to the analysis
of the collective interactions, it is possible to measure the di-
rect influence of the ligands on an individual central atom
and to find a good fit of the measured values with model cal-
culations. This will be discussed in the following Sections for
two very different examples:

a) In NacCeS, the influence of the ligands on the cerium
atom is relatively weak. An antiferromagnetic arrangement
is first indicated at 4.8 K, so that above this temperature the
influence of the crystal structure on the magnetic properties
of the cerium atom can be observed directly*®-*7),

b) In CsFeS, the influence of the ligand field is strong and,
at the same time, collective couplings are present up to high
temperatures. To gain information about the bonding from
the magnetic properties, the antiferromagnetic interactions
in the chains must be disturbed by the incorporation of dia-
magnetic ions. This has been successful in the series of mixed
crystals CsGa, _ .Fe, S,
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5.1. First Example: NaCeS,

NaCeS, crystallizes in the rock-salt structure. Na* and
Ce?* ions are statistically distributed at the cation sites, their
ionic radii, 116 and 115 pm, respectively, are practically
equal. The sulfide, which has no phase width, can be ob-
tained from the melt in very pure form as red crystalst*>->%.
Figure 11 shows the 1/xmo— T diagram!’; the susceptibility
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Fig. 11. 1/Xma— T diagram of NaCeSy: oo oo experimental values; ——- calcu-

lated curves, using the susceptibility formula (4).

values were determined between 3.7 and 297 K by the Fa-
raday method!¢. In the upper temperature range linear de-
pendence is observed, below 4.8 K there exists an antiferro-
magnetic arrangement of the magnetic moments. The mo-
ment calculated from the linear region is in good agreement
with the moment calculated for a free Ce** ion. Below 150 K
there are strong deviations from the Curie-Weiss law. This
behavior has been successfully explained with the assump-
tion of crystal field effects which could be taken into account
by means of a point charge model, and by exchange interac-
tions which were taken care of by a molecular field approxi-
mation. The parameters then obtained after a least squares
fit to the experimentally determined susceptibility values
provided information about the bonding of this sulfide.
The quantum mechanical calculations were performed us-
ing the perturbation method. The energy equation of the free
Ce’* ion was assigned to the unperturbed system. In the case
of compounds of the lanthanoids it is generally essential that
the 4f electrons effecting the paramagnetism of the ions lie
deep in the electronic sheath and hence are shielded by the
outer 5s and 5p electrons. Thus, on incorporation into a crys-
tal lattice not only are the spin moments essentially pre-
served but also the orbital moments. Moreover, the spin-or-
bital coupling is relatively strong, so that at room tempera-
ture generally only the lowest J-multiplet is occupied. The
relevant ground state is given by Hund’s rule. For the Ce**

[*] In order to facilitate a better comparison with values in the literature xmos is
given in cgs units, the corresponding values in the SI system are obtained there-
from by multiplication with 4w x 107°,
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ion it is more essential that expansion of the 4f orbitals in
comparison to the ionic radius is greater than in the other
lanthanoids and thus the influence of the ligands, promoted
by the crystal structure, is distinctly more noticeable, and
that quantum mechanical calculations for the 4f'-system
with only one electron, necessary for calculation of these
effects, are simpler than with other configurations.

The sixfold energy-degenerate y-functions, which corre-
spond to the ground state of Ce** with J=5/2 are suitable as
basis functions for the calculations. The distance of the mul-
tiplet to the next term (J=7/2) is 2250 cm~'. This was not
taken into account in the calculations. The influence of the
cubic crystal field leads to a splitting of the sixfold degener-
ated ground state into a doublet (I';) and a quartet (I'y),
whose energy difference A depends on the charge and the
position of the atoms in the environs of the cerium atom un-
der consideration®®'l. A reduction in symmetry of the cubic
crystal field caused by a non-homogeneous distribution of
the cations in the outer coordination spheres of the cerium
ions is of minor importance. The effect on the calculation of
the susceptibility values is only slight, leading to a deviation
of about 0.3%. Starting from the Van Vleck relation’®” for
the calculation of the susceptibilities x

S (OE/OH) exp(~ E/KT)

i

H S exp(— E/KT) M

in which N is the Avogadro number and — (OF,/0H) =y,
the magnetic moment assigned to the energy state in the di-
rection of the externally established field, a perturbation cal-
culation with exclusive consideration of the influence of the
crystal field gives

SN 2,2
Yer = ﬁ% ((5/2+16kT/A) exp(A/kT)+13—16kT/A!  (2)

where Z=2+exp(A/kT).

Exchange interactions can be taken into consideration by
means of an additional perturbation calculation. In keeping
with a Weiss formulation assuming a molecular field then
gives for the magnetic susceptibility in the paramagnetic re-
gion

1/x=1/xxe—A 3)

with A as molecular field parameter. This effect requires a
parallel shift in the 1/x— T curve, as is known for the linear
case of the extension of the Curie law to the Curie-Weiss law.
If anisotropic components besides the isotropic components
are taken into account in the exchange interactions between
the cerium atoms, which essentially occur via the sulfur
atoms (superexchange), then the simple model must be ex-
tended so as to take into consideration the different influence
of the exchange interactions on the crystal field states!®> %],
For calculation of the susceptibilities we finally arrive at the
following relation:

~ (5/2+ 16 kT/A) exp(A/kT)+13 ~ 16k T/A @
X=T48kTZ /5 16kT A 16kT
—— At A exp(— -3+ —AN
SNg 2 \2 A kT A
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Here the molecular field parameters A and A, give the ex-
change effects referred to the I'; and I'y functions, respective-
ly; A; describes to what extent the wave functions of the
ground state are mixed with functions of the excited state by
the molecular field (terms of the molecular field, which cor-
respond to the 2nd order Zeemann effect).

Table 2. Parameters obtained from best fits using the susceptibility formulas (2),
(3) and (4).

Formula A Anx 1077 fm” ? mol} R-value
[em™ '} n=1 n=2 n=3 [a]

(2) 420 0 0 0 0.023

(3) 416 —-0.5 - 05 — 05 0.021

4) 470 -4 — 166 35 0.0075

[aJR= Lé]x.(obs.)—x,(calc.)l]/[li x,(obs.)] .

Table 2 lists the parameters determined from best fits
using the susceptibility formulas (2), (3) and (4). The fit
to the measured values was carried out by the method
of least squares. The R value can be regarded as a relia-
bility factor. It is noteworthy that the R value shows a deci-
sively better fit on going from formula (3) to formula (4). If
one considers the individual parameters obtained with the
formula (4) in detail, it immediately follows from the positive
sign of A that T'; is the ground state. For Ce>*, which is octa-
hedrally surrounded by atoms with negative charges, this is
to be expected. Figure 12 illustrates this result. Thus, the Ty

Fig. 12. Electron density distributions of the crystal field states I'; and T'y.
025", #2Ce**'/Na*.

states have their maximum electron densities on the x, y and
z axes if the Ce>™ lies at the origin, i e. in the direction of the
negatively charged sulfur ligands, while the electron density
maxima for the I'; state lie along the cube diagonals. But it is
also understandable that the I'y state is decisive in the ex-
change interactions via the sulfur ligands, for only here is es-
sential overlap of the orbitals of central atom and ligand to
be expected. Thus the molecular field constant A,, which is
assigned to the T state, is also greater by a factor of 41.5 than
the value of A; assigned to the I'; state. The negative signs of
A, and A, correspond to antiferromagnetic interactions.
These collective covalent bonds are also essentially consist-
ent with the energy difference between the states I'; and I'y
obtained from the fit with A=470 cm ™', being about 57%
greater than the value which can be calculated assuming
purely ionic bonding (point charge model)t**.

Accordingly, from the change in magnetic susceptibilities
of NaCeS, above the antiferromagnetic Néel temperature an
insight can be gained into the chemical bonding: The purely
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electrostatic components enable an accurate reproduction of
the experimental values via crystal field effects by point
charge models and the covalent components via exchange in-
teractions by a molecular field approximation.

5.2. Second Example: CsFeS,

CsFeS, crystallizes in the structure already illustrated in
Figure 5. The iron atoms are tetrahedrally surrounded by
sulfur atoms, and the tetrahedra are linked one-dimensional-
ly via edges to give chains. In the chains the Fe—Fe and,
above all, Fe—S distances are markedly short (cf. Table 1);
the chains themselves are relatively well separated from one
another by the alkali metal atoms.

The magnetic properties of CsFeS, are closely related to
the structural anomalies. Susceptibility measurements gave
values which reveal antiferromagnetic interactions of the
paramagnetic transition metal species; however, results of neu-
tron diffraction experiments and Méssbauer spectra show
that a three-dimensional arrangement of the magnetic mom-
ents occurs only below 55 K2427:5¢ 581 Ahgve this Néel tem-
perature CsFeS; exists as a linear antiferromagnet.

In order to measure the magnetic moment of an iron atom
in the tetrahedral field of its sulfur ligands the collective
bonds, recognizable by the antiferromagnetic behavior, must
be broken. This possibility became feasible after the crystal
structure determination of CsGaS, had shown a structure
isotypic with RbFeS; (Fig. 4)*, and thus the synthesis of a
series of mixed crystals CsGa,_,Fe,S, with the two atomic
arrangements shown in Figures 4 and 5 as terminal members
appeared to be possible!?¥,

X-ray crystallographic investigations on the system
CsGa,_Fe,S, showed with reference to the phase se-
quences, that in the monoclinic CsGa$, structure gallium
atoms can be replaced by iron atoms up to the approximate
composition CsGagvsFeg)sS,, that also a monoclinic phase
with a small homogeneous region exists in which x=0.45,
and that the rhombic CsFeS, structure can take up only little
gallium (x=0.95). The sequence of the lattice constants led
to the following picture: On incorporation of iron atoms in
the monoclinic CsGas$, structure the cell volume decreases
with increasing x. The lattice constants a, ¥ and 8 remain
virtually constant with only slight variations, while ¢ de-
creases significantly. The ¢ axis represents the direction of
the chains. Conversely, on incorporation of gallium atoms in
the thombic CsFeS; structure ¢ increases, while @ and b once
again scarcely alter. Structural investigations on single crys-
tals confirm these results: The atomic distance of the cations
in the chains significantly decreases with increasing x, i.e.
with increasing iron content. Moreover, the distances to the
four sulfur ligands in CsFeS, are also markedly smaller than
in CsGa$S, (Fe—Fe: 271.1 pm; Ga—Ga: 295.3 pm; Fe—S
231.1 pm; Ga—S: 2274 pm). This finding is surprising, for
the ionic radius of Ga** (61 pm) is smaller than that of Fe**
(63 pm).

Here again it is clear that strong covalent bonding oc-
curs in the iron-sulfur chains, i. e. the iron atoms are exposed
to a strong ligand field of the tetrahedrally coordinating sul-
fur atoms.

The magnetic susceptibilities of some of the crystallogra-
phically investigated mixed crystals have been measured be-
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Table 3. Calculation of C (b=2.828C'/? p), 8 and x,, from the relation (5) for
some mixed crystals of the series CsGa, _ [Fe,S; (cf. Fig. 13)

Composition 1 {ua] 8 (K] Xo [em® mol ']
CsGage9Fe00(Sa 5.39 —155 0
CsGay9rFenS:2 4.21 —-174 0
CsGagyoFeo 2082 2.66 - 29 906 x 10°°¢
CsGag ssFeqasSs 1.81 - 53 646 x 10°°¢

tween 3.7 and 295 K using the Faraday method™. Figure 13
shows the 1/xmo — T diagrams of some mixed crystals”). The
curves obtained can be described by the relation (5)

x=C/(T—8)+xo )
where x, indicates a weak temperature-independent para-

magnetism, which was set equal to zero for x=0.03 and
x=0.01. The values of the parameters of eq. (5) determined by

T dxy, diz, d,vz

i

RO LNE A e .

Fig. 14. Crystal field splitting in the case of tetrahedral symmetry, represented in
a one-electron scheme.

[*] See footnote on p. 59.
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the method of least squares are collected in Table 3. For
small values of x the magnetic moments are close to that of
Fe** ions with 592y, a value which corresponds to the
high-spin state with five unpaired electrons in the 3d level
(S=5/2). The magnetic moments become smaller with in-
creasing ligand field strength and at x=10.45 reach a value
which corresponds to a spin state with S=1/2.

Apparently a low-spin state is present with a tetrahedral li-
gand arrangement; this combination has so far never been
observed. Figure 14 shows the corresponding electron con-
figuration in a one-electron term system, which can be used
here as an approximation assuming that the influence of the
ligand field is strong compared to the electronic interac-
tions.

An interpretation of the susceptibility curves (Fig. 13)
assuming iron ions in the high-spin state and increasing
antiferromagnetic coupling with increasing x is not possible,
since the susceptibility part from the coupling would then in-
crease by a measurable amount with falling temperatnre—-
which cannot be expected for antiferromagnetic coupling.
The concept of low-spin configuration in the tetrahedral
field is also supported following investigations on the mag-
netic behavior of the recently discovered compound Na;FeS,
(cf. Fig. 6). The Fe—Fe and Fe—S atomic distances lie be-
tween those in CsFeS, and the corresponding ones in
CsGaS,. The susceptibility curves, however, still reveal a re-
latively strong ligand field, for apart from the high-spin state
with §=5/2 one finds, with three shorter and one longer
Fe—S distance (cf. Table 1), a spin state with S=3/2 for the
two iron atoms of the dinuclear complex!®?.

Measurements of the magnetic properties of
CsGa, _,Fe,S; mixed crystals with x=0.95, which crystallize
in the rhombic CsFeS,-type structure, indicated strong per-
turbations of the antiferromagnetic interactions even at very
low gallium contents. This observation prompted an attempt
to mechanically perturbate the magnetic coupling in pure
CsFeS,. For this purpose crystals were carefully ground in a
purified argon atmosphere. 1/xno* T diagrams of such sam-
ples are given in Figure 15. Curve I shows a plot of the sus-
ceptibility of pure coursely crystalline CsFeS,. The X-ray

Py
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] CsFeS,. 11
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] CsFeS,, Il
10 - e
- /D/ -
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Fig. 15. 1/ xma — T diagram of coarsely crystalline (1), ground (11}, and powdered
(III) CsFeS; samples; oo oo experimental values, —— mean curve of the meas-
urements; - -—— calculated curves for Fe? * low spin and Fe* high spin.
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powder diagram of sample II already shows strong broaden-
ing of reflections. Associated with the perturbation of long-
range order observed here, the susceptibility values change
significantly. In the case of sample III the powder diagram
shows only weak diffuse reflections. The extensive loss of
long-range order yields a Curie-Weiss curve for the tempera-
ture-dependence of the susceptibility. With a 8-value of — 66
K the magnetic moment per iron ion is calculated as 1.7 pg.
This result is further confirmation of the assumption that in
the substances investigated here the previously unobserved
low-spin configuration of a transition metal atom is present
in the tetrahedral field of its ligands. It should also be men-
tioned that the Maossbauer spectra of CsFeS, and
CsGa, _ Fe,S, mixed crystals®! are likewise consistent with
an extensive spin-pairing in the iron atoms. From the results
of neutron diffraction experiments, previously carried out on
RbFeS, and KFeS,, magnetic moments can be derived for
the temperature range of the three-dimensional spin order
which correspond to those expected for low-spin states/¢%.

Finally, it can be said that in the anisotropic structure of
CsFeS, the iron atoms are strongly influenced by the sulfur
atoms tetrahedrally coordinated to them—an influence,
which is subsidized by the collective coupling of the sulfur
tetrahedra to chains which then even changes the spin states
of the iron atoms contrary to Hund’s rule and which thus
leads to the observed low-spin configuration.

6. Conclusion

The relationships outlined here between crystal structure
and magnetism in ternary sulfides of alkali metals and tran-
sition metals should make a valuable contribution to our
understanding of chemical bonding in the solid state and
ought to stimulate further experiments in this sector. Our
achievements so far in this area are certainly not only cou-
pled with the compounds selected here; numerous transition
metal compounds are already known whose magnetic and/or
structural properties allow interesting conclusions to be
drawn about the nature of chemical bonding. Having exam-
ined the ternary alkali metal-transition metal sulfides the
next obvious candidates of interest are certainly the corre-
sponding selenides and tellurides, followed by the phos-
phides or arsenides where one will find stronger transitions
to metallic bonding. A similar and equally informative ap-
proach would be the replacement of the alkali metal compo-
nents by less electropositive elements. In all cases, of course,
it is important to synthesize pure substances and to deter-
mine both the crystal structure as well as the magnetic prop-
erties with high precision.
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Recent Progress in Oxo- and Fluorometalate Chemistry

By Rudolf Hoppe!™

Dedicated to Professor Wilhelm Klemm on the occasion of his 85th birthday

About a quarter of a century ago a review article having almost the same title appeared in this
journal!’’. Since then many hundreds of new fluorides and oxides of metals have been synthe-
sized, and repeatedly subjected to detailed investigation. Why, and to what end are such com-
pounds still studied!?? Has our knowledge been not only widened but also deepened? What ad-
vances have been made in synthetic chemistry in this sector? Have new ideas led to unforeseen
results and have unexpected findings forced the revision of tested concepts? This area of re-
search belongs to solid state chemistry, and in the meantime has become almost unsurveyable
even for a committed researcher. In this paper, therefore, an attempt is made to outline any rel-
evant advances that have been made and to present open questions and new aspects using se-
lected examples, mainly from the chemistry of the first row of the transition metal series. Those
not directly involved in this area may be surprised to find that even substances with a simple
composition are also cited. They might ask whether such compounds mentioned in text books
are not already understood. Although it is a widely-held view that such compounds are well
known, this is incorrect: Probably no-one has ever prepared a sample of CrF; or Na,O whose
composition “adequately” exactly corresponded to the quoted formula'®. Typical examples
which demonstrate the considerable effort necessary for finally proving what others long ago
already assumed to know, can be taken from the area of inorganic chemistry (e. g.: As;Os) as

well as from organic chemistry (e. g. Ci[C(CHs)s1s™).

Part A: Fluorometalates of the 3d-Metals

In Kiel, November 1947, W. Klemm and E. Huss heated
an intimate mixture of two chlorides (2KCl+ NiCl,, pre-
viously totally dried in a stream of HCI) in elemental fluo-
rine. I watched, fascinated. It was not clear whether a mix-
ture (e.g. 2KF + NiF;) or a homogenous compound (e. g. in-
stead of KNiF;+ KF: K,NiF, or K,NiF,) would result. The
intervening time was whiled away by discussion and prog-
nostication of possible formulas and colors. My tip was: If
K;,NiF,, then red. When the sintered corundum boat was
carefully drawn to the end of the reaction tube, the original
pale yellow mixture of the chlorides was now bright red,
KuNiF had been produced®”. This, and another experi-
ment carried out almost simultaneously, but independently,
in Cambridge by H. J. Emeléus and A. G. Sharp®®, who by
reaction of liquid BrF; on gold obtained AuF;—already ob-
served by Moissan®—pure for the first time as a brown
powder, heralded the development of inorganic fluorine
chemistry in the post-war era.

1. Characterization of Metal Fluorides

All fluorometalates are first obtained as powders in this
“fluorination”. On exposure to air many of them react, in
some cases almost spontaneously, with the moisture of the
atmosphere. Thereby hydrolysis often occurs, sometimes the
formation of hydrates.

{*] Prof. Dr. R. Hoppe
Institut fiir Anorganische und Analgetische Chemie der Universitat
Heinrich-Buff-Ring 58, D-6300 Giessen {Germany)
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“Fluorine-active” substances in particular attack the sur-
face (quartz, glass, metal) of the vessels in which they are
contained, sometimes even in the cold and the dark. Most
fluorometalates are insoluble in the usual solvents or react
with decomposition.

After their preparation, only a few fluorides of the 3d-me-
tals can be purified by sublimation (for example: lustrous
deep blue crystals!'® of TiF,). Recrystallization from the melt
also usually meets with unprecedented difficulties. Added
difficulties occur if on fluorination volatile metal fluorides
(for example: TiF,!'") are formed.

For the above mentioned and other reasons, a compound
obtained by fluorination generally cannot be further purified,
as 1s otherwise usual.

The analysis, therefore, gives only the over-all composition
of the compound. The accuracy of the fluorine determination
is frequently unfavorably influenced by reactions which oc-
cur because of the reactivity of the samples during the neces-
sary solubilization. This is also the case in the iodometric de-
termination of oxidation states.

Problems are also met with in the X-ray crystallographic
characterization of the powder samples. The lattice constants
can be determined with certainty from the X-ray powder dia-
gram only if an isotypic compound of known crystal struc-
ture exists, from which reliable indexing can be obtained.
But even here care is required: Guinier-Simon patterns of
Pb,RhF,!"? show an amazing similarity to those of
K,[NbF,]"*! and can be correspondingly indexed. However,
no [RhF;] groups are present having for Rh**, the “sensa-
tional” coordination number (C.N.) of seven. The structural
elucidation performed on single crystals of Pb,RhF; showed
that indeed the same space group occurs and all particles oc-
cupy corresponding equivalent positions; however, the F-pa-
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rameters are numerically so different that an octahedral
[RhF¢])*~ group and and “isolated” F~ are present (see Fig.

1).
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Fig. 1. Projection of the structure of Pb,RhF; along [100].

It is especially difficult to prove the presence of impurities,
and an exact determination of the lattice constants (even with
substances crystallizing in the cubic system) is far less possi-
ble than one would suppose from the standard deviations.

The growing of sufficiently pure single crystals is tedious
even for thermally stable fluorides, because of possible reac-
tions with the surface of the container and above all with
traces of moisture or O, (for example: K,NiF,;—
K,[NiY Nit"F,_;05]*). It seemed hopeless ever to obtain
single crystals of low-temperature forms (example: a-Ba;AlLF,,,
cf. Section 2.6) or of thermally less stable fluorides (Li,CrF!"”!
disproportionates at room temperature, Ba[MnF]!'*) decom-
poses on heating). High-pressure fluorination in Monel auto-
claves [up to 4500 bar, F,, T=600 °C] with the use of suitable
additives (e.g. O,, BrFs, and also Ar), the choice of which re-
quires much experience, opens up new possibilities for the
first time!'®! for growing single crystals, even in the case of es-
pecially fluorine-active compounds, apparently by making
use of chemical transporit'™!.

An increasing number of physical measurements are being
carried out on fluorides (even on those which are difficult to
handle), e.g. magnetic measurements on K,Na[NiF¢]!"" or
PdF,™. Considerable effort is often required to prove that
special effects are not due to contaminants, but rather to the
“pure” substance corresponding to the formula adopted.

2. New Results

A complete survey of new results would require space far
in excess of that permitted here, while a summary (e.g. ar-
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ranged according to oxidation states, formula types or crystal
structures) might only be of interest to the specialist. Only
special features have therefore been singled out. A glance at
the corresponding fluorides of the 4d- and 5d-metals would
seem most expedient.

2.1. New Oxidation States

Tetravalent copper was obtained for the first time in
Cs,[CuF, ] and Rb,[CuF4]i*? by high-pressure fluorination.
Both compounds are orange, as is K,CuF¢!?"), which, because
of the even greater instability of the samples prepared so far,
has not been characterized in detail.

The synthesis of these highly fluorine-active samples is
critical. Only a slight deviation from optimum conditions
(pressure of fluorine, time, temperature control) can lead to
samples which are either incompletely fluorinated or have
already undergone reaction with the crucible material with
formation of black decomposition products.

Fig. 2. Unit cell of Ax[Cu'VF,] with A=Cs, Rb, derived from the K,[PtCl}-type
(Cs2CuFe: a=8.87,, b| 2=8.87,, ¢| 2=8.924 Rb,CuF,: a=8.38,, b| 2=845,,
c| 2=8.49, A; both are orange).

Orthorhombic distortion of the K,PtCls-type (see Fig. 2) is
slight. The magnetic behavior is here determined by the an-
omalously high value of the spin-orbital coupling constant
(Ao= —960 cm ~ ")!**! and by the fact that the “mixing” of the
first excited state (*T,,) with the ground state (*E,) does not
necessarily lead to an increase in the magnetic moment in re-
lation to the “spin-only” value (u=1.73 wg).

We also obtained samples of dark orange “Cs,AgFy”,
about which we communicated only privately®¥! because of
incomplete characterization owing to its exceedingly easy de-
composition. In the meantime, this fluoride has also been
prepared by other workers®! and has been formulated as
Cs,AgosAggsFs?%. Since ESR measurements on Cs,JCuF)
clearly indicate the presence of Cu*+* " (see Fig. 3) we are
somewhat sceptical of this formulation.

The question of tetravalent gold, first raised some 30 years
ago®”, is again of current interest: The light-yellow samples
“Cs,AuF¢” obtained at that time react with water (in con-
trast to Cs[AuF,]/*"], which likewise immediately decompose),
but with vigorous evolution of gas. The state of development
of X-ray crystallography at that time (only Debye-Scherrer
patterns could be photographed on compounds sensitive to
air) did not allow a detailed characterization. We now
know that these compounds also contained Ilight-yellow
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Fig. 3. ESR-spectra of a) Cs;[Cu'YF¢}, b) Cu''F,, and ¢) Cs;K[Cu'''F,] at
297 K.

Cs[AuF ], a fluoro complex of AuFs®!. New experi-
ments using high-pressure fluorination of BaAuFs or SrAuFs
have led to samples of the composition BaAuF; or SrAuF,
respectively, while CaAuF; furnishes CaAuFs; all the prod-
ucts are light yellow?®, (NO)3[Au'VF4]?~ is also said to ex-
ist®'L Terrauvalent cobalt should also be mentioned here: Fol-
lowing the first report on “K,CoF;"P3, P Pfeiffer doubted
the existence of the coordination number 7, and in this he
was right:

A detailed investigation showed that K,;[CoF] was re-
sponsible for the characteristic properties of the samples
(light blue, paramagnetism with u=54u4 between 90 and
300 K). All the fluorides A;[CoFs] (A=Li to Cs) were then
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prepared as the pure compounds from the analogous, color-
less (as macrocrystals pale yellow) cyanides A;[Co(CN)]@3-34,
These sky-blue fluorocobaltates(11) are the only known high-
spin complexes of Co>*. The confusion arose as a result of
correct values in the F-analysis, but side-reactions of a mix-
ture of 3KCl+ CoCl, with HF residues in F, produced a
mixture of 2K;[CoF.] + CoF;+3KHF, instead of K;CoF,.
However, the criticism stimulated further research:
Cs,[CoFs]™" and its well-investigated analogues Rb,[CoF]
and K,[CoF]P**%¢! are brownish-yellow. These cubic com-
pounds (K;[PtClg]-type) show a complicated magnetic be-
havior (on transitions between high-spin and low-spin be-
havior, ¢f. Section 2.12). Therefore, according to the Boltz-
mann-distribution, two states of different multiplicity (°A,,
and ’F,,) are occupied (a “quasi-thermal” equilibrium be-
tween high-spin and low-spin states). Meanwhile, in the con-
tinued search for the “genuine” K;CoF,, numerous fluorides
of the composition doubted by Pfeiffer have been obtained,
e.g. carmine red Cs;NiF;=Cs;F[NiF,] and the analogous,
bright yellow Cs;MnF,P7 (¢f. Section 2.7).

I am convinced that the continuing search for K;F[CoF]
will meet with success.

2.2. Fluorometalates with Unusual Coordination Numbers

Fluorocuprates(tir) such as green K;CuF¢*** (see Table
1) closely follow the fluorides of the trivalent 3d-metals pre-
ceding copper in the periodic table; they are paramagnetic,
the “central ion” Cu®* has C.N. 6. This is proved for the
cubic elpasolite representatives such as K,Na[CuF,]* by
the structural type. A contrast to the known fluorides of
trivalent silver and gold emerges here. These are all yellow
and diamagnetic whether they are of the formula
type Cs[AgF,]*"], BaAgF:"“%, K[AuF,)”", BaAuF, or
Ba[AuF,],"*" (see Table 1). This striking difference is proba-
bly best explained in terms of the difference between 3d- and
4d- or 5d-orbitals.

In the meantime we have found an important connecting
link—intense red, paramagnetic Cs,K[AgF,], a cubic elpasol-
ite*). It follows, therefore that a much closer relationship
should exist between the fluorides of the coinage metals: The
long search (1951-—1980) for a tetrafluorocuprate(i11) finally

Table 1. Complex fluorides of the coinage metals (typical ecamples).

K;CuF, pale green KAgF, yellow KAuF, yellow
(@a=8.50A) p=283us |a=590A diamag- a=599A diamag-
netic netic
6=0K c=11.15A c=1138A
Rb;CuF, brownish- RbAgF, yellow RbAuF, yellow
green
(@a=891A) p=282ups |(a=60A) diamag- a=6.18A diamag-
netic netic
6=0K (c=11.8A) c=11.85A

Cs,KCuF; yellow-brown| Cs;KAgF, red —

a=892,A u=283pus | a=9.17sA pu=26ps

a=0K
CsCuF, orange CsAgF, yellow CsAuF, yellow
a=584,A diamag- — diamag- — diamag-
netic netic netic
c=12.03A
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led, on using high-pressure fluorination, to the preparation
of diamagnetic, orange Cs{CuF,], which, like Cs[AgF,], crys-
tallized as expected in the tetragonal K[BrF]-type structure;
i.e. planar [CuF,]-groups are present“? (see Table 1). This
stimulates continuation of the hitherto unsuccessful!®*! search
for (probably) red, paramagnetic gold fluorides such as
Cs,K[AuFq).

2.3. Fluorometalate or Double Fluoride?

According to Werner'**, a complex unit such as [CuFg]*~
or [CuF,] "~ is a fluorometalate if it reacts in solution as an en-
tity or is present in a crystal. In contrast, double fluorides*>
are those in which structurally geometrically equivalent
positions (random or ordered) are occupied by chemically
different entities (example: MgMnF,'", ReO;-type=
Mg sMngsF;; see Fig. 4). Compounds containing the
same chemical entity in different oxidation states are also to
be grouped under this heading. An example is black
“PdF,” = Pd''Pd"VF,!%l,

LiYF, would doubtlessly be formulated as “antischeelite”
Y[LiF,] because of its structural geometry; the d(Li—F) dis-
tances are substantially shorter than d(Y—F)M". This
prompted the preparation of new scheelites with unusual ox-
idation states, e. g. Pr'YCd"[LiF.],'*®, and therefore confirms
that such different formulations for the same compound are
more than “artificial” for systematic classification. But can
bond lengths? Is the structure governed only by the short-

Fig. 4. a) ReOx-type, example A'B'YFe; @: (1A" +1B"Y)/2, x: F.—b) Order
variant with A" and B' at structurally geometrically equivalent positions.—c}
AB{M'VF} with the anionic part of the crystal structure M*™UOF, arranged cor-
responding to the ReOy-type and A™ at other positions.
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Table 2. Compounds A"M!YF,, and their colors.

VF;-Typ (Space group R3c)

NiMnF, ocher-yellow NiTiF, pale yellow
ZnMnF, orange-yellow ZnTiF, colorless
MnTiF, colorless NiCrF, brown
CoTiF, Iifac ZnCrF, orange-yellow

LiSbF.-Typ (Space group R3)

HgMnF, arange CdCrF, pink
CdMnF, yellow CaPtF, light-yellow
CaMnF, yellow MgPtF, light-yellow
MgMnF, yellow MnPtF, ocher
CdTiF, colorless ZnPtF, light-yellow
MgPdF, yellow CoPtF, light-brown
ZnPdFs yellow NiPtFg egg-yellow
CdPdF, yellow CaRhF, light-yellow
CaPdF, yellow MgRhF, light-yellow
CaCrF, pink ZnRhF, light-yellow
MgCrF, pink CdRhF, light-yellow
HgCrF, orange HgRWF, orange
NiRhF, light-brown

BaGeF,-Typ (Space group R3m)

BaMnF, yellow PAPtF, green
SrMnF, yellow PbPtF, light-yellow
BaRhF, lemon-yellow BaCrF, yellow
SrtRhF, lemon-yellow SrCrF, yellow
BaCrF, light-yellow BaTiF, colorless
SrCrF, yellow SITiF, colorless
BaPtF, yellow StNiF, carmine-red

SrPtF, yellow BaNiF, carmine-red

ness of the bond lengths as has been hitherto frequently sup-
posed? With such a demarcation in the presuppositions, the
fluorides cited in Table 2, which belong to the ReOs-, PdF;-,
VF;- or LiSbF,-type, are double fluorides.

However, for those cited fluorides with tetravalent chrom-
ium, chemical arguments can be found for their classification
as double fluorides or fluorochromates(1v): The cited double
[fluorides disproportionate, e. g., during storage under inert gas
at room temperature, into CrFs and fluorochromates(i).
Compounds of the Ba[SiF¢]-type or the K,[PtCle]-type and
its “stacked variants” (e. g. of the (NH.),[GeF]-type) are not
only fluorochromates(rv) with respect to the geometrical as-
pects of the structure, but are also stable for years against dis-
proportionation under the same conditions. Such classifica-
tions therefore should not be the subject of serious discussion
as long as the “covalency” or “iomicity” of the chemical bond
concerned has not been directly determined by experiment.

2.4. Thermochemistry of the Fluorometalates

There is little data available on the standard values of the
enthalpy of formation of complex fluorides, and their accura-
cy is doubtful (see Table 3). More is known about ternary ox-
ides!*®’. Some characteristic values given in Table 3 show that
in the series K* >Na* >Ba?* >Li* ~Sr?2* > Ca?", the en-
thalpy of formation of comparable ternary oxides (from their
binary components) markedly decreases under normal con-
ditions, i e. the energy of complex formation becomes small-
er.

If one assumes that this general trend observed in the ter-
nary metal oxides also applies in the case of fluorides, then it
is understandable that in the mentioned series of “counter ca-
tions”, difficulties increase in trapping an “anomalously
high” oxidation state of a 3d-metal. Table 4 lists as examples

Angew. Chem. Int. Ed. Engl 20, 63-87 (1981)



Table 3. Standard values of the enthalpy of formation, AH 5y, of some metasili-
cates from the binary oxides, and of some fluoro complexes from the binary fluo-
rides (all values in kcal/mol}.

K,SiO —65.5 +30
Na;S10; —55.5 +35
BaSiO, —38.0 +1.0
Li,8i0; —334 +20
S18i0; -31.2 +05
CaSiO; ~213 +03
MgSiO, - 87 +0.7
CdSiO; — 438 +0.05
BaSiF, -31

Na,SiF, —16

K,SiFs -24

Rb,SiF, -20

K,GeF, —41

Table 4. Known hexafluoroniccolates(1v); all are carmine red.

Compound alA) b[Al  c[A] B
Cs;NiF, 8.90, (8.90,4)

CsRbNiF, 8.69, (8.68,)

Rb,NiF, 8.45, (8.465)

RbKNiF, 8.30; (8.291)

K;NiF, 8.11; (8.11y)

Cs;Mn sNigsFe 8.94,

Na,NiF, 7.564 5.68, 573 92.28
$3-BaNiF, 9.465 4.95 9.514 103.34
a-BaNiF, 7.264 (7.29) 6.98, (7.00) 120.0
a-SrNiF, 7.07, 6.65, 120.0

The lattice constants in brackets were previously estimated.

the hexafluoroniccolates(iv): The formation of K,[NiF]
with fluorine can hardly be avoided even under unfavorable

Table 5. Fluorides containing Pd" or Ag".

conditions (N,:F,=10:1; 450°C); Na,NiF:? can be ob-
tained free from impurities only under F,-pressure (150 bar).
The synthesis of Ba[NiFs] and St[NiF]"*? was very difficult;
we finally succeeded, after a 25 year search, by high-pressure
Sfluorination. The resulting BaNiF, did not show the expected
modification, which is isotypic with BaSiF,, but a new mono-
clinic form previously unknown for fluorides A"M'VF,
(A =Ba, Sr; M = 3d-metal) and which only transforms under
high static pressure (50 kbar, 350 °C, 6 h) into the rhombohe-
dral modification. This finding prompted the repreparation
of e. g. Ba[MnF,]!"®! and Ba[CrF4]"**! under analogous condi-
tions, in order to observe the possible occurrence of a corre-
sponding monoclinic form.

Thus, it is also understandable that all previous attempts
to synthesize CaNiF, or CdNiF, remained unsuccessful. The
examples of carmine-red StNiF¢ and the still unknown
(probably red) Li,NiFs show that the formula type, and
hence the crystal structure, also has a substantial influence
on the producibility of such fluorides.

It is now clear why it is relatively easy to prepare samples
of Li;[NiF¢]P®* which are free of Ni'V, and why Cs;[NiF¢]*¥
has so far not been obtained in pure form.

2.5. Fluorometalates with Different Coordination Numbers
of the Same Central Atom

All known fluorides of bivalent nickel are light green-yel-
low as a powder; Ni?* has the C.N. 6 (macrocrystals [e. g.
BaNiF,*:: diameter up to 3 cm] have also been described as
red). The composition (examples: KNiF;=K|[NiFs,,]";

KBrF,-Typ; C.N. (M) =4

a [;\] c [;\] a [;\] ¢ [A}
BaPdF, orange 6.12, 10.98 BaAgF, violet 6.034 11.46
SrPdF, red 5.79; 10.75 SrAgF, violet 573 11.12
CaPdF, purple 5.525 10.56 CaAgF, violet 5.49, 10.86
PbPdF, purple 5.87, 10.83, CdAgF, violet 5.42, 10.80

HgAgF4 violet 5.52, 10.92

CdPdF,-Typ; C.N. (N'"Y=6(+2) GdFeO;-Typ; C.N. (M) =6

a[A] a[A] b [A] c[A]
CdPdF, blue 5.40, KPdF, brown-violet 5.984 6.00, 8.50;
HgPdF, black 5.43 KAgF; brown 6.48, 6.27, 8.30,
HP-PdF, black 5.32,
CaTiO;-Typ; C.N. (M™)=6 X KCuF,-Typ; C.N. M')=4(+2)

a [A] a[A] ¢ [A}
RbPdF, brown-violet 429, RbAgF; brown 6.335 844
TIPdF, brown-violet 4.30, CsAgF5 brown 6.48, 8.52
CsAgFeFq-Typ; C.N. (M')=6(2+4) RbNiCrF,-Typ; C.N. (M')=6

a [A] b [A] c{A] a{A]
CsAgAIF, blue 7.38, 7.24, 10.35 CsPdScF, brown-violet 10.82
CsAgFeF, green 7314 7.464 1045 CsPdInF, brown-violet 10.89
CsAgGaF, turquoise 7.33, 7.56,4 10.55 CsPdFeF, red-brown 10.64
RbAgAIF, blue 7.15; 7.18; 10.13 CsPdRhF, red-brown 10.65
RbAgFeF, blue-green 715, 741, 10.25 CsAgScF, green 10.79
RbAgGaF, blue 71475 7.52; 10.36 CsAglnF, green 10.84

T=7TK T=290 K T>750 K CsAgTIF, green 10.88
CsAgFeF, blue green black-green
Cs2CuF-Typ; C.N. (M¥)=4(+2)

a (A} c[A]
Cs,AgFs4 violet 4.58, 14.19

Angew. Chem. Int. Ed. Engl 20, 63-87 (1981)
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K,NiF, = K,[NiF,,,F,,,]®"; Ba,NiFs=Ba,F,[NiF, ,F,,,]*%)
has here no influence on the C.N. and color. The situation is
different in the case of fluorides of bivalent palladium!*®
(and silver®®) (see Table 5): If there are planar [PdF,]*>~
groups with C.N. 4 present, then the compounds are yellow to
red and diamagnetic (Ag"-fluorides are naturally paramag-
netic and of other colors). However, if the composition ne-
cessitates Pd" having C.N. 6 and octahedral coordination,
then the compounds are blue to violet and paramagnetic. Is it
possible to prepare fluorides which exhibit both possible
types of coordination for Pd>* at the same time? The first
success is observed in recent attempts to resynthesize the
scarcely known “CsPdF;”*%: As the X-ray structure analysis
demonstrates!®’! the orange-brown single crystals of
CsPd'"Pd"F;s contain square and octahedrally coordinated
Pd" in a ratio of 1:1.

We now know that Cu' in Cs[CuF,] also has a C.N. 4
with a planar arrangement of the four ligands. Would this
not signal that renewed and more concerted effort to prepare
such fluorides with “mixed” coordination, in which Cu’* is
replaced by the isoelectronic Ni’* is warranted?
“PdF;” =Pd'"Pd!VF " is a kind of counter-example, and
demonstrates that clearly different oxidation states in a fluo-
ride may lead to the same coordination.

2.6. Are there Oligo-Fluorometalates?

Arsenic and antimony form binuclear as well as the well-
known mononuclear fluorocomplexes (example: colorless
K[AsFg]®); “salts” of the type (XeF;)*[Sb,F,,] ¥ are of
special interest (cf. Section 2.13). Are there analogous fluoro-
metalates of the d-metals?

Until recently, all compounds of the almost limitless num-
ber of multicomponent metal fluorides belonged to one of
only two groups: a) with mononuclear units (e.g. lime-green
K,Na[VF]“), b) with “high-polymer” linked coordination
polyhedra. These may be linked one-dimensionally (e.g.
deep-red single crystals of Sr{RhFs]=Sr{RhF,,F,,]*7),
two-dimensionally (e. g. sky-blue K[CoF )= K[CoF,,Fs,,]*)
or  three-dimensionally (e.g. light-pink  K[MnF;]=
K[MnF;,,]").

Two new findings show that surprises must be reckoned
with: Colorless Css[Fe,F,] = Cs;[F;FeF;FeF;]*® verifies that
d-metals can also form binuclear fluorometalates. Moreover,
there is here a linkage of two octahedra via a common face,
previously regarded as unfavorable for electrostatic reasons.
This was already known as a chain building unit from light
yellow Cs[NiFs]=Cs[F,,NiF5,;]**" (here in the form of in-
finite chains of octahedra connected by faces on both
sides).—We detected the first tetrameric fluoro-complex in
the low-temperature form of BaisALF,,"”. The analogy of
this “ring” [ALF]*~ =(F4,AlF;,,]5~ (see Fig. 5) to penta-

Fig. 5. The tetrameric [AlFx]* - group in Ba;ALF,; (low temperature form).
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fluorides such as Ru F,1"!! is surprising, and it refutes the
theory that the ring formation takes place via the 4d- or 5d-
orbitals!”? or, that it even requires d-orbitals.

The preparation of “mixed” fluorides such as BacAl;Fe Faq
or BayAlFe;F,, would therefore seem  possible.
Nas[F.ZrFZrF.]" should also be mentioned. It contains
two trigonal prisms (!) of 6 F ~, each “capped”, the cap being
bridging. Such fluorides are extremely important for the de-
velopment of the theory of magnetic interactions between
weakly paramagnetic ions (¢f. Section 2.12).

2.7. Fluorometalates with “Single” and “Solitary” F-Atoms

The controversy surrounding K;CoF; (¢f. Section 2.1)
stimulated the search for fluorides such as “K;NiF;” or
“KsMnF,”. For, in contrast to K,;CoF.P¢, which is difficult
to obtain and very sensitive, c:)mpounds with Ni** or Mn**
in place of Co such as yellow K,[MnF )" are comparatively
stable and are well-known. However, all experiments with
these compounds as potential precursors remained unsuc-
cessful. This was astonishing. The two colorless fluorosili-
cates (NH,);SiF; = (NH,);[SiF¢] and K,F[SiF]"*! have been
known for some time, (NH,),TiF; was found later”’®. Octa-
hedral groups e. g. [SiF,] are present in their tetragonal crys-
tal structure. Now, Si** has, like Ti**, a “closed” electron
configuration. Therefore, as suggested by Klemm!”), at least
ions such as Co** with “half-closed 3d-shells” should be
able to form analogous fluorides. We decided to repeat some
old experiments’® and at once obtained a whole series of the
desired fluorides A;MF; (see Table 6). The use of a passi-
vated Mg-metal boat instead of a sintered corundum one
proved to be of vital importance in the success of our prepa-

Tabele 6. a) Tetragonal fluorides A;F[MF] of the (NH,);SiF;-type (above) and
b) cubic fluorides As[MF;] of the (NH4);[ZrF;]-type below; M"Y =Ce, Pr. Th:
colorless: M!Y = Nd, Dy: orange).

Compound a{A] ¢ [A] c/a

Cs3SiF, 8.306 6.170 0.743
Rb;SiF; 7.959 5.823 0.732
Cs,RbSiF, 8.198 6.019 0.734
Cs,KSiF, 8.115 5972 0.732
Rb,CsSiF; 8.099 5.899 0.728
Rb,KSiF 7.883 5.724 0.726
Cs,TiF, 8.473 6.313 0.745
Rb,TiF; 8.202 5.979 0.729
Cs,CrF5 8.390 6.247 0.745
Rb;CrF; 8.084 5.902 0.730
Cs;MnF, 8.369 6.233 0.745
Rb;MnF; 8.050 5.890 0.732
Cs;NiF, 8.307 6.192 0.745
Rb;NiF; 7.978 5.857 0.734
K;iMnF, a=11.146 5.631 0.719

b=11.005

Compound a [A]

CsRbKCeF, 944,  K,RbP:F, 927,  K,TbF, 9.07,
Rb;CeF; 953,  RbKPrF, 938,  K,RbTbF, 9.166
Rb,CsCeF5 9.66,  RbyPrF, 951,  RbKTbF, 9.265
Cs;RbCeF, 979,  CsRbKPrF; 952,  Rb,TbF, 9.39,
Cs;CeF; 994,  Cs;KPrF; 965,  CsRbKTbF, 939
Rb,CsPrF, 963,  Cs;KNdF; 9.605 ﬁt‘?}’{} 22;‘
Cs;RbPIF; 977,  Cs;RbNdF,  9.744 s DT o
Cs;PrF, 991,  Cs;NdF, og7,  CuRbLTBF 969,
i : * (s, TbF, 9.80,
Cs,KDyF, 947,

Cs,RbDyF; 9.63,

Cs;DyF, 9.79,
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ration (cf. Section 3.6). The existence of these substances
shows that the “single F “remarkable exception”.
The structural difference from the cubic fluorides of the
(NH.)},[ZrF,]-type with C.N. 7 is noteworthy (see Table 6).

The energetic reasons for the formation of the fluorides
AsFIMFs] M =Ti", Cr'v, Mn'Y, Ni'V) are still unclear,
but such compounds are apparently thermodynamically
stable as regards decomposition, e.g., Cs;sF[MnF¢]oua—
Cs2[MnF]sona, + CsFsoniay. Colorless Ca,F[AIF]® should
be mentioned as a fluoride of another formula-type with a
“single F = (see Fig. 6).

-3

i$ no

075425

0721428

Ca1

Fig. 6. Structure of Ca,AlF; at y=1/4. It can be seen that the F1~ is sur-
rounded by only 3Ca?* as well as the [ALF,}*~ groups.

We speak here of a “single F~”, because it is not directly
coordinated in the classical sense within the “complex-build-
ing” moiety. The example of Ca,F[AlF,] illustrates that
such a F~ coordinates to the “completing cations”. Hence, the
question immediately arises as to whether there is also a “sol-
itary F~” which does not coordinate either in one sense or
another. Fluorides of thorium (and zirconium) would indi-
cate that an examination of the d-metals is worthwhile. In
the case of KNaThF®!! C.N. 6, as indicated by the compo-
sition, is not found, but C.N. 9, corresponding to KNa[ThF;,
Fe,2]- Here, as with the analogous fluorides (e.g. also with
K,[ZrF¢] = K5[ZrF,,,F4,,]%%) the increase in C.N. by bridge
formation was attributed to the “size” of the central 1on. This
1s certainly incorrect. If it were so, C.N. 9 should be present
all the more in fluorine-rich thorium compounds. This is not
the case, however®, because in (NH,),ThF;*¥, even though
the Th** has C.N. 9 with respect to F~, one of the 8F~ is a
“single F~” and, without any recognizable reason, is not
coordinated to the Th*+. In KsThF,®* there are sufficient
F~ for a C.N. 9, but Th** again has C.N. 8, one of the F~
remaining “single”. Especially interesting, however, is the
crystal structure of K,;TheF;,*%; it is a compound compara-
ble with KNaThF,: Here one of the 31 F~ is not coordina-
tively attributed to either Th** or K*, rather one “solitary
F~” is present with only other F~ in the first sphere of coor-
dination®™.

Angew. Chem. Int. Ed. Engl 20, 63-87 (1981)

2.8. Order/Disorder in Fluorometalates

Chemically very similar fluorides may differ markedly re-
garding the “arrangement” of the “cations™ Thus orange-
yellow ZnCrF¢ = Zny sCro sF3 and brown NiCrF¢ = Nig sCro sF5
have VF;-type structure with random distribution of M?*
and Cr**, and in pink CdCrF, and orange-yellow HgCrF,
the cations are ordered® (LiSbF.-type, see Table 2).

It is still unclear whether in such cases the “disorder” is si-
mulated, i. e. there are micro-domains of ordered distribution
which for their part are disordered.

Neither here nor in the case of the analogous fluorides, de-
spite many attempts, has it been possible to prepare both
types in the same substance, e.g. to prepare a modified form
of NiCrF¢ with LiSbF-type structure. The RbNiCrF,-
typel®® (see Table 7) proved to be of special interest regard-
ing the question of the disorder of cations. Here M?* and
M?* are “statistically” distributed over the octahedral inter-
stices, thereby decisively determining the magnetic behavior
(¢f. Section 2.12).

Table 7. Fluorides of the RbNiCrF,-type.

Compound Color afA)
CsCuTiF, light-blue 10.39
CsCuNiF, dark-brown 10.14
CsMgFeF, colorless 10.35
CsMgCoF, light-blue 10.27
CsMgGaF, colorless 10.23
CsMnGaF, pale pink 10.42
CsMnFeF, pale green 10.55
CsMnRhF, red-brown 10.58
CsNiScF, light-yellow 10.60
CsNiTIF, light-yellow 10.60
CsNiRhF, light red-brown 10.37
CsZnGaF, colorless 10.29
CsZnlnF, colorless 10.58
CsNilnF, light-yellow 10.64
CsZnTIF, colorless 10.62
CsZnScFs colorless 10.58
CsZnTiF, light-blue 10.50
CsZnVF, light-green 1043
CsZaMnF, red-brown 10.40
CsZnFeF, colorless 10.42
CsZnCoF, light-blue 10.34
CsZnNiFg dark-brown 10.17
CsZnCuF, brown 10.24
CsZnRhF, red-brown 10.41

Calculations of the Madelung Part of the Lattice Energy
(MAPLE)"®"! show that an ordered distribution is usually so
much more favorable, that under normal equilibrium condi-
tions, disorder should not occur. In the case of the
RbNIiCrF¢-type structure, on the other hand, the situation is
different, none of the possible ordered variants were, accord-
ing to MAPLE, more favorable than the disordered
Rb(NigsCro5),Fel®¥. Such cases are rare.

However, new experimental investigations on single crys-
tals established that ordered fluorides such as CsAgFeF "
can be prepared (see Table 5); but, an orthorhombic unit cell
is observed rather than the cubic “aristo-type °%.

Trirutiles are derived from rutiles (see Fig. 7) with triplica-
tion of the c-axis (surprisingly, “dirutiles” have, as yet, not
been described). Table 8 gives typical examples. It is remark-
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able that ocker-colored Li, 5Cd, 3Co,,,F,"" is a genuine ru-
tile, whereas according to magnetic measurements, sky-blue
LiZnCoFg exists in a partially ordered form (LiosZno 5)>CoF¢
(cf. Fig. 7).

Table 8. Examples of mono- and trirutiles {(fluorides).

Compound ¢ [A] c/a(c/3a) Color
LiZnRhF, 9.235 0.660 brown
LiZnCrF, 9.10 0.655 green
LiNiVF, 9.142 0.656 yellow-green
LiMgGaF, 8.96 0.650 light-gray
LiZnCoF, 9.164 0.661 light-blue
LiMgCoF, 9.054 0.656 light-blue
LiNiCoF, 9.07, 0.656 brown
LiCuCoF, 3.105 0.673 ocher
LiCuCrF, 3.035 0.662 yellow-green
MgF, 3.045 0.658 white
MgMgFeF, 3.130 0.673 gray
MgFeFeF, 3.120 0.665 gray
FeCoNiF, 3.175 0.678 orange

a)

b)

® Li'/Zn?"
OF-

Fig. 7. a) The rutile-type structure and the unit cell of trirutiles which is derived
from it. b) Trirutile LiZnCoF, with ordered distribution of Co'"' according to
(Lii/2Zn, /2),Co"'F.

Ordered variants for the same formula-type occur with
larger differences in the ionic radii of the cations, namely the
LiCaAlF,-type®® with C.N. 6 for Li* and Ca’* (e.g.
LiCaCoF,"®") or the LiBaCrF,-type®® with C.N. 4 for Li*
and C.N. 12 for Ba’* (e.g. LiBaCoF:"®"). The colorless
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LiStFeF¢" can be classified between them (Table 9), with
C.N. 6 for Li* and CN. 8 for Sr*~.

Table 9. Motifs of mutual adjunction and coordination numbers in LiCaAlF,,
LiStFeF, und LiBaCrF,.

a) LiCaAlF,

F C.N.
Li 6/1 ®
Al [6/1 6
Ca [6/1 6
C.N.j3
b) LiSrFeF,

F1 F2 F3 F4 F5 F6 C.N.
Li 1/1 1/1 1/1 1/1 1/1 1/1 ®
Fe 1/1 1/1 1/1 1/1 1/1 i/t 6
St |1/1 (1/1)1/1 1/1 1/1 (1/131/1 1/1 6+2
C.N.|3+1 3 3 3+1 3 3
¢) LiBaCrF,

Fi1 F2 F3 F4 FS Fé6 C.N.
Li 1/1 1/1 1/1 11 @
Cr 1/1 1/1 1/1 1/1 1/1 1/1 4
Ba IVANNR VAR VA TR VARRVATRE VAURE VAR R VA t/1 1/1(1/1 t/1912
C.N. |4 4 4 3 4 3

Gutmann®¥ pointed out that the term “order” used in the
crystallographic sense relates to the arrangement of par-
ticles.

2.9. The Madelung Part of the Lattice Energy (MAPLE)
for Fluorometalates

If MAPLE is calculated for fluoro- or oxometalates then
experience shows®” that for well-determined crystal struc-
tures this value agrees with the sum of the MAPLE values of
the binary components; the difference between them is lower
than 1%, often lower than 0.5%. The MAPLE values given in
Table 10 demonstrate how remarkable, on the whole this
consistency is, if the individual differences in the contribu-
tion of the single components are considered.

We frequently use such MAPLE calculations in direct as-
sociation with our preparative work. They show whether new
structural suggestions are commensurable with those known,
they indicate peculiarities and allow important structural pa-
rameters to be estimated independently from X-ray data, for
those substances which have so far only been obtained as a
powder. They can be consulted for an indication of the struc-
tural principles of still unknown binary metal fluorides.

Table 11 illustrates that a deviation in the MAPLE values
may suggest a refinement of the structure, e. g. for light-pink
MnAIFl and confirms the quality of the structure deter-
mination for Crl'Cr'"'F;®¢. The example of CaCrFs®" un-
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derscores the limitations of the MAPLE concept: If the pro-
posed structures are “adequately” good, then MAPLE can-
not help to decide which space-group is present. If on the
whole there is a good agreement, but very different single

Table 10. The Madelung portion of the lattice energy (MAPLE) of two typical
garnets (all values in kcal/mol).

a) Ca;Al;S8i;0,,

Particle MAPLE(binary) MAPLE(ternary) A
Ca®* 482.2 508.7 +26.5 (3x)
Al 1264.6 1298.2 +33.6(2x)
Sit 22285 2214.8 —13.7(3x%)
02 4822 (3x) 612.5 —15.0 (12x)
608.1 (3x)
709.9 (6 x)
b 18191.3 18116.6 —74.4 (0.4%)
b) Na;AlLLi:F >
Particle MAPLE(binary) MAPLE(ternary) A
Na* 125.5 126.3 + 0.8(3x)
F\SN 1146.1 11083 —353(2x)
1141t
Li? 1443 160.5 +16.2 (3x)
F 1255 (3x) 153.7 + 0.9 (12x})
1443 (3x)
170.6 (6 x)
b3 4930.1 4921.6 — 8.5 (0.2%)

Table 11. MAPLE-values (kcal/mol) of fluorides of the A''M'"!F.-type

Zbinary ternary A A (%)
SrRhF« 2145 2133 —-12.7 —0.6
BaGaF 2184 2174 -104 -0.5
SrAlFs 2321 2316 — 58 —02
BaFeF: 2165 2180 +14.7 +0.7
SrFeFs 2208 2180 —282 —1.3
MnCrF, 2308 2308 - 05 0.0
CaFeF 2249 2260 —-10.2 -04
CaCrF: {a] 2262 2259 - 36 —0.2

2262 2262 - 0.6 0.0
MnAIF; 2408 2378 --30.1 -13
Cr'Cr'V'F; 2317 2320 + 34 +0.2

{a] Two independent structure determinations.

contributions for chemically and functionally equivalent
particles appear, (for example: BaFeFs""®) then MAPLE
warns not to trust the structural proposal too much (here: for
the “sub-cell”) and prompts a check. The “coordination
numbers” of typical solid substances can be counted unam-
biguously only when it is known which one and to what dis-
tance a particle can be regarded as a “neighbor”. Here, a new
concept can be used, “Effective” Coordination Numbers
(ECoN), so that such doubt on counting is removed®”. Table
12 shows, that for e.g. K;[NiFg], the value for the structure
determining parameter xg derived from calculations of ECoN
agrees well with that determined by reutron diffraction’'® on
the powder. Table 13 shows that the analogously obtained
values for powders of the mixed crystal series Cs;MnF¢/
Rb,MnF¢/K;MnF, are consistent; the pertinent MAPLE
values give, by subtraction, practically consistent values for
ultramarine MnF, whose structure is not yet known.

Angew. Chem. Int. Ed. Engl. 20, 63-87 (1981)

Table 12. Calculation of the structure determining parameter xg via the effective
coordination numbers (ECoN) for two sets of different ionic radii of F in
K,[NiFg].

a) b)
Starting values of the ionic radii A: Starting values of the ionic radii A:
K* 1.64; Ni** 0.48; F~ 1.40 K* 1.64: Ni** 048, F 1.33.
Contribution to ECoN(F/Z) Contribution to ECoN(F/ZX)
xp Ni K Xg Ni K
0.217 0.87 4x0.80 0.214 0.92 4x0.84
0.2175 0.87 4x0.82 0.2145 0.91 4x0.86
0.218 0.87 4x0.83 0.215 0.91 4x0.87
0.2185 0.87 4x0.84 0.2155 0.91 4 x0.88
0219 0.87 4x0.85 0.2160 0.90 4x0.89
0.2195 0.86 4%0.86 0.2165 0.90 4x0.90
0.220 0.86 4x0.88 0.217 0.90 4x091
0.2205 0.86 4x0.89 0.2175 0.89 4x0.92
0.221 0.86 4x0.50 0.218 0.89 4%0.93
0.2215 0.85 4 x0.91 0.2185 0.88 4x0.94
0.222 0.85 4x0.92

Average value for x¢ from ECoN: 0.218—~d(Ni—F)=1.768 A
Experimental, from neutron diffraction: 0.219—d(Ni—F)=1.776 A

Tabie 13. MAPLE of A,_,A:MnFs K,PtCis-type [kcal/mol). Calculation of
MAPLE(MnF,) from MAPLE-values of cubic fluorides A,JMnFg]. In each case
x¢ was calculated using ECoN, as shown in Table 12 for, e. g., Ky[NiF,].

Compound MAPLE MAPLE(MnF,)
Cs;MnF, 2863.9 2477.9
Cs; 3Rbg ;MnF, 2875.7 2487.2
Cs; ¢Rbp4MnF, 2876.4 2485.4
Cs, 4Rbg¢MnF, 2880.1 2486.5
Cs,; 2Rbp sMnF, 2874.1 2478.0
CsRbMnF, 2879.7 2481.1
Rb,MnF 2888.1 2476.9
RbKMnF, 2880.5 2458.0
RbgxK(:MnF¢ 2880.0 2455.0
RbyeK; sMnF, 2877.1 2450.1
Rby.«K; sMnF, 2884.7 2455.4
Rby K, yMnF, 2889.9 2458.4
K MnF, 2888.6 2454.8

MAPLE (MnF) = 2470.0

Table 14 shows, for the example of yellow K,[MnF], how
older 1deas about the Mn—F distance can be revised and re-
main in agreement with the data obtained for cubic
K,;MnFq.

If it is assumed, as experience shows, that the theory of ad-
ditivity of the MAPLE values of binary fluorides is valid in
general for MAPLE values of ternary fluorides, then such

Table 14. MAPLE-values for the hexagonal modification of K,[MnF] with the
newly determined lattice constants a=5.72;, c=9.32 A. From this it follows that
MAPLE(MnF )= 2460 kcal/mol, which is in good agreement with the average
MAPLE (MnF.,) = 2470 kcal/mol (cf. Table 13).

Ion Shortest distance [A] MAPLE
Mn** 1.77, 1.84 1818.8
F1- (3x) 1.77 160.0 (3 x )
F2- (3x) 1.81 156.2 3 x)
K1 2.83 109.2
K2 2.84 117.1

> =2994
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Fig. 8. MAPLE (MF,) as a function of the ionic radius of M" *.

values can be calculated for still unknown fluonides. Figure 8
shows that conclusions can be made for the structural princi-
ples of binary fluorides still not investigated crystallographi-
cally.

2.10. Lattice Constants

Many may be surprised to learn that the lattice constants
of even simple substances known for a long time—such as
the fluorides LiF to CsF—are not all known with adequate
certainty (example: a(CsF)=6.002—6.05 A!""). The values
for complex compounds vary so much, even in the case of
“classic” examples with simple crystal structures (K,OsCly:
a=9.745,9.79, or 9.82 A; K,PtCls: a=9.66, 9.69, 9.73 or 9.75.
AU that the “chemical quality” of the sample must be
questioned, even if the difference in precision of older (De-
bye-Scherrer patterns) and newer determinations (Guinier
patterns) are taken into account. Moreover, it is unclear
whether differences can be caused by varying content of
OH " instead of C17!"%2 with differing composition (e. g.
Kis6[PtCls96]?) or by the orientation e.g. of the [PtCl]-
groups not uniformly corresponding to the accepted structu-
re.

Can the lattice constants be theoretically calculated? Not
yed. Can they be estimated from the ionic radii? No, because
there are no “rigid” ions. They can by estimated though,
from fluorides of the same structural type, as shown in the
case of the elpasolites!'®%,
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However, they can be compared: Figure 9 shows that for
the fluorides Cs,[MF,] with M=Ti...Cu, which have the
cubic K,PtCls-type structure, the lattice constant a decreases
linearly with the atomic number. Since, in all known sub-
stances M** has no e,-electrons (with the exception of Cu**)
no statement can be made about the still unknown Cs,[FeF;]
(with t3,e5, for Fe**). From the values of Cs,[CuF4] it is as-
sumed that there could be non-cubic symmetry in the case of
Cs;,[FeFq] too.

9.004 alA x\‘f\x
8904 Csaf C’DJM"Q5%XX . mean value
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8.604 8,55-856 8 50 (RbyFefg )
aso /\ \
mean vaiue
RbKMnF
8.401 6 \F.)—szch
shortest axis
8.301 8.25 x
A 818 (KoFefy) —
% ROKNifs
820 \
x
~—____, M
810 —t + — : x X
. 4 —+ 3+ —
Ti v cr Mn Fe Co Ni Cu

Cs

920]
9104
900
890]
880
8.4

8501

Fig. 9. Trend of the lattice constants of cubic fluorides of the K,PtCls-type in the
sequence Ti'V—Cu'Y.

The situation is different for the cubic elpasolites
Cs,K[ScF¢]—Cs,K[CuF,) (see Fig. 10). The lattice constant
decreases regularly from the starting member of the series in
spite of the addition of the t,,-electrons. The jump to the se-
quence which begins with Cs,K[FeF,] is related to the addi-
tion of the e,,-electrons. Another jump is notable on going
from Cs,K[NiF,] to Cs,K[CuF]; this may be caused by the
addition of the second e,,-electron.

Mixed crystals such as CsRb[MnF] and
Cs,[Cro.sMn sFe]'% as well as Cs,[NigsMng sFe]*® fit well
into the series.

as0
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K. 2Na TS .
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8501
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800 —— — +— —— —+ + +
Sc Ti v cr Ma Fe col ni cull

Fig. 10. Trend of the lattice constants of cubic fluorides of the elpasolite-type
A,B[MF4] in the sequence Sc'""—Cu''’.

Analogous linear relationships are found for the tetragonal
fluorides of the (NH,);F[SiF¢]-type (cf. Fig. 11), as also in
the “real” heptafluorometalates of the (NH,);Z1F;-type (Fig.
12).
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Compound XF

Cs;MnF, 8.972 8.971 0.207
Cs, sRby:MnF, 8.935 8.930 0.207
Cs; 6Rbp sMnF, 8.891 8.888 0.208
Cs, sRby«MnF, 8.837 8.846 0.209
Cs12RbosMnF, 8.815 8.804 0.210
CsRbMnF, 8.757 8.762 0.211
Rb;MnF, 8.531 8.553 0.216
RbKMnF, 8.397 8.386 0.220
RbgsK; :MnF, 8.360 8.353 0.221
RbysK i 4sMnF, 8.330 8.320 0.222
Rby.4K; sMnF, 8.270 8.286 0.223
Rbg K sMnF, 8.255 8.253 0.223
K;MnF, 8.221 8.219 0.225
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Table 15. Elpasolites Cs;NaLnF,: Agreement between the measured lattice con-
stant and that calculated from a linear relationship between the lattice constant a
and the mumber » of the 4f-electrons.

Ln

Gealc Tabs
Sm 9.16, 9.17;
Eu 9.144 9.15,
Gd 9.13, 9.13¢
Tb 911, 9.09,
Dy 9.09 9.09,
Ho 9.074 9.075
Er 9.06, 9.05¢
Tm 9.04, 9.03¢
Yb 9.025 9.024
Lu 9.00; 9.01,

Our experience shows that: One lattice constant is no lat-
tice constant. Values obtained from various samples which
have been prepared by different methods, and where possi-
ble from mixed crystals, should always be checked to see
how well they fit together “within themselves”. Figure 13
and Table 15 show that the actual precision of the determi-
nation in the case of cubic fluorometalates is clearly smaller
than the usual standard deviation.

2.11. Chemical Properties of Fluorometalates

According to Ruff!'%, colorless HgF, is extremely hygros-
copic and should even withdraw water from moist P,0Os to
form yellow-red products. Trifluoromercurates(i) such as
colorless Cs[HgF,,,]!'® are similarly sensitive to traces of
moisture. However, sometimes HgF, is formed during their
preparation and sublimes onto the cold end of the reaction
tube where it forms /arge (diameter up to 5 mm), clear color-
less single crystals!'””!, which are stable for days, even in
moist air! This and other observations throw doubt on the
frequently described special sensitivity of fluorometalates as
a property of the “pure” substance. We assume that traces of
HF (e. g. as KHF,?) act here as an activator.

Yellow samples of Cs,[PdF]!'°® decompose quickly in the
air to give black-brown hydrolysis products. If, after the ac-
tual fluorination of red Cs,[PdCl] (dil. F;, 450°C, 7d), the
samples are annealed for a long time, then they are stable for
hours in the air. If the samples are then re-annealed (200 bar
F,, 300°C, 2d) they are again sensitive and decompose in a
moment even under an inert gas (due to traces of moisture).
Powder patterns show that the core of their black-brown
crystallites is unaltered Cs,[PdF]!'%.

2.12. Magnetic Measurements of Fluorometalates

The Curie-Weiss law is valid in general for the complexes
discussed here, if diamagnetic ligands “envelope” the para-
magnetic central ion and “sufficient” magnetic dilution oc-
curs (see Fig. 14). The occurrence of magnetic interactions in
the collective can also be absent right to low temperature in
linear chains (see Fig. 14).

K;[NiF,] and Cs,K[NiF]!"' are counter-examples (Fig.
15): Here, deviations occur although the mentioned criteria
are fulfilled. They are caused by the influence of the ligand
field which alters the energy term sequence of Ni** from
that of the ion in a vacuum; the ground state is now so close
to the first excited state (of different multiplicity) that ac-
cording to Boltzmann statistics, both are occupied. Roughly
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speaking it is as if there were a “thermal” equilibrium be-
tween two states of different multiplicity.

The influence of the ligand field can lead to strong devia-
tions in the magnetic behavior expected according to classi-
cal ideas. Light green Cs,K[P1F,] is diamagnetic at low tem-
peratures (other than expected according to Hund:
n=3.58 ug). Non-diagonal elements in the secular determi-
nant imply that there is, in addition, temperature independent
“weak” paramagnetism!''Y); the ground state of Pr’* is here
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Fig. 17. Magnetic measurements of mixed crystals of Pd,_,Zn,F,.
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Fig. 18. Measured and calculated (solid line) relative magnetic moments of fluo-
rides CsB"M"'F,, (calculations using the Monte-Carlo method).

Angew. Chem. Int. Ed. Engl 20, 63-87 (1981)



I';. PdF, should also be mentioned!"*?), it shows antiferro-
magnetism with “weak” ferromagnetism which is due to
“canted spins” (see Fig. 16). Magnetic investigations on the
mixed crystals Pd,_,Zn,F, gave additional information
about the collective interactions!''¥) (see Fig. 17).

Paramagnetic Cu”’* and diamagnetic Ga>* jons are ran-
domly distributed in fluorides such as CsCuGaF®*¥, which
belong to the RbNiCrFe-type (¢f: Section 2.8). The probabil-
ity that mono-, bi- or n-nuclear “clusters” of [CuF¢]-groups
are present, which have mutual bridge-building F ~, plays an
important role in the interpretation of the magnetic measure-
ments (Fig. 18). We have successfully used the Monte-Carlo
method for this example!''4,

The magnetic structure was determined for numerous
fluorides with “normal” oxidation states (example:
Ba[NiF,] = Ba[NiF,,,F,,,]!"'*)) (see Fig. 19).

Fig. 19. Magnetic arrangement in Ba[NiF,} (schematic, only the [NiF,,,Fy,s]
octahedra are shown).

2.13. Fluorometalates with Unusual Cations

The synthesis of xenon fluorides was initiated by two inde-
pendent investigations: (a) Thermochemical estimations gave
a value of ca. —30 kcal/mol for AHS.s(XeF,)!"'%. (b) Gas-
eous PtF, reacts with O, to form red O%[PtFs]~"'"], there-
fore the existence of “XeF *[PtF4] = seemed possible.

Since then, fluorides such as O 3 [SbF¢] ~!!'® etc. (see Table
16) have been prepared. The bond length of the O%-cation
(here 1.10 A) was determined for the first time from the crys-
tal structure of O3 [Mn,Fg] ~1''*! using X-rays (see Fig. 20).

Table 16. “Unusual cations” in fluorides of the type A *[MF,] .

[A]* = 0%, Cl3.Bri, I3
[KrF}*, [Kr,FJ]*
[CIF(]*, [BrF ] *, [IFe]*
[CIOF,)*, [BrOF,]*, [NOF,}*
[XeFs]*, [XeF3]*, [XeF]", [XeOF;] *, [XeO,F]*
IMF,]~ = [SbF,]~, [AuF,]-
[AsFe] ~

For some time it was thought that such “unusual” cations
could be advantageously used to “stabilize” still unknown
oxidation states of the 3d-metals. This is not the case: For the
formation of e. g. A*[MnF¢]~ which contains pentavalent
manganese, the deciding factor, according to the Born-Haber
cycle, is the change of AH%g for the conversion of AF into
A and F,. The following examples show that the “stabil-
izing” effect of both O3 and NO ™, and also probably that of
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other cations such as XeF{, presumably does not exceed that
of Cs*.

CsFyia — Csgae + Fras  AHS5= +130.6 kcal/mol
LiF,na — Lig, + Fro AH%g= +245.6 kcal/mol
NOF,,, — NO..,, + F_; AH3= +187.6 kcal/mol

“O02F gy~ Oz + F,

gss AH%s= +216.8 kcal/mol + AH%, (O,F
However, the addition of O, to F, in high-pressure fluorina-
tion plays an important role. Single crystals of ultramarine
MnF,"?" and garnet-red MnF;'"?!! were thus obtained for
the first time!'®.

The formation of dark red and water-clear single crystals
of O3 [Mn,Fs] ~ and (0% ),[Ti,F30]*>~, respectively, show how
the O, molecule acts in the “chemical transport” reaction.

e

Fig. 20. a) Conformation and bond lengths of the [Mn,F,s]> group of
O3[Mn,Fs]~; b) Model of the meander-type arrangement of the linked
[MnyF]*~ groups.

In the first case a meander-type linkage of “four-membered
ring” analogues of Ru,F,, (Fig. 20) gives a “Zweier- Vierer”
chain"*?, and in the second case!'?® one of the few genuine
columnar structures!'*” is present (see Fig. 21).
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Fig. 21. (0%)2[Ti;Fag]* : Projection of the crystal structure along [00.1] (e: Ti**,
~:F , O:0'"?" at split-positions).

2.14. Reactions of Fluorides with Fluorometalates:
“Exchange Reactions”

If a mixture of Ky[MnF]+2CsF is heated in a welded
gold tube, then Cs,[MnF¢]+2KF is formed smoothly!'?*),
K [MnF¢]+2LiF is produced analogously under corre-
sponding conditions from a mixture of Li[MnF,]+2KF.
The “exchange” of the “complementary cations” proceeds in
accordance with the classical ideas about the complex-stabil-
izing effect of cations—here with differing ionic radius. In
agreement with this, mixtures of Cs,[MnF¢]+ 2KF are unal-
tered by annealing!'?l. However, these experiments were
carried out under F, in corundum boats; they must be re-
peated using Mg-boats (¢f Section 2.7) in order to check
whether or not Cs,KF[MnF,] is formed.

Such exchange reactions proceed quite differently with oxo-
metalates, and are mostly contradictory to classical ideas.
Thus, a mixture of 2LiInO,+ Na,O or also 2KInO,+ Na,O
gives 2NalInO, in both cases as well as Li,O and K,O, re-
spectively. Fluorometalates can react with oxometalates to
form only binary components. Thus, mild tempering (300 °C)
of a mixture of 2Na,[PbO;]+Na,[PbFs] will give
6 NaF +3“Pb0O,”('?"), The sharpness of the powder reflec-
tions of the binary component NaF (which has a relatively
high melting point), is surprising under such mild condi-
tions.

The frequently described fluorination reactions of organic
compounds are also of industrial importance. Our attempts
to get fluorometalates such as Cs;[NiF¢], Rb,[MnFe],
K,[CrF¢], Ba[MnF], or K[MnF;] to react with e g
F;C—CF_-CF, in the temperature range between 25 and
300°C have always been unsuccessful if “pure” samples
were used. Even, AgF, and TIF, did not detectably react
when “dry” (reaction time in each case, 8 h).

2.15. Kinetic Influences in the Synthesis of Fluorides

“Reaction with the surface of the vessel” are difficult to sup-
press, especially if there are reactive end products. Some-
times it can be slowed down so that under otherwise opti-
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mum conditions, the reaction time is kept as short as possi-
ble.

We had to take other types of kinetic influences into ac-
count in the synthesis of oxygen-free bright yellow MoF;!'?°)
and new fluorides of tetravalent tungsten. If, e. g., for the pre-
paration of K;NaWF; the mixture 2 KF + NaF + W is heated
in an autoclave with the stoichiometric amount of previously
liquid fluorine, then the formation of green K;NaWF, com-
petes with that of volatile WFs. The latter than reacts with
the surface of the Monel autoclave, inspite of the inlay, to
give gray reaction products. The conditions can be optimized
by always using the same autoclave and controlling the ex-
perimental conditions exactly, especially the temperature
control: So much tungsten [(instead of 1'W per 2KF + 1 NaF,
now (1+8) W) and fluorine (instead of 2F, per 1 W addition-
al (53/2)F;)] is added so that practically quantitative
“K,;NaWF;” along with excess “WF;” is formed within the
reaction time. The samples so obtained are subsequently ho-
mogenized by annealing in a sealed Au-tube!'3°,

However, fluorides TTAWF, (A= Cs, Rb, K) are obtained
from the mixtures 2 TIF; + AF + W by simply annealing in a
Au-tube. The tube must be warmed with caution in order to
avoid violent deflagration. The unavoidable intermediate
formation of gaseous WFs would inevitably cause the Au-
tubes to rupture; this can be prevented by counter-pressure
(150 bar Ar) in an autoclave. The glittering green fluorides
thus produced are cited in Table 17.

Table 17. Cubic fluorides of (NHa);[ZrF;]-type.

Compound Color a[A]
TI,NaWF; green 9.254
TLKWF, green —

K;NaWF; gray-green 8.81,
Rb,KWF, green 9.07,
Rb,NaWF, green 8.89,

2.16. Investigations of the Vibrational Spectra

The importance of the conclusions about structural details
obtained from the reflection spectra of such fluorides is
known. Only the examples K3[NiF,]"'” and Cs,K[VF]!"*!
are referred to here.

Raman spectra are useful for the preparative chemist as a
“finger-print method”: According to Guinier patterns, lan-
thanoid fluorides such as colorless Cs;TbF,!"** belong to the
cubic (NH,);ZrF,-type; the oxidation state of Tb** has been
proved and the Raman spectra are characteristically differ-
ent (C.N. 7 for Tb**) from similar fluorides with C.N. 6, e. g.
colorless Cs,Rb[TbF,]!"*? (see Fig. 22).

The existence of analogous fluorides with tetravalent neo-
dymium and dysprosium has been assumed for a long
time!’**, however, the characterization of the yellow samples
(e.g. of Cs3NdF, and Cs;,DyF;) caused difficulties. New
preparations of orange-yellow e g. Cs,RbNdF, and
Cs;RbDyF,!"**l produced by high pressure fluorination, ex-
hibit characteristic peaks of Cs;CeF, in the Raman spectra
and thereby differentiate themselves from light violet
Cs;RbNdF¢ and colorless Cs,RbDyF, the cubic elpasol-
ites!'**! which have a C.N. 6 for Nd** and Dy>** as well.
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On the other hand, the agreement of the Raman spectra of
e. g Rb,[TiF¢]"**! and Rb,F[TiF4]"¥ (see Fig. 23) shows that
Ti** is coordinated identically—a welcome support for the
results of the X-ray investigation of the powder samples.

3. The Klemm Fluorination

For the preparation of other fluorides in an analogous way
to K,[NiF¢], many factors play a deciding role, mostly only
known to insiders. This is illustrated with some examples.

3.1. Purity of Fluorine

Fluorine electrolytically evolved on a nickel!"*"! or graph-
ite!'?8] electrode—here called F,(I) and F,(II) respectively—
always contains hydrogen fluoride and oxygen. Complete
purification is difficult (oxygen is trapped e.g. as
O,[SbF4]!"*Y) and for preparative purposes usually unneces-
sary. HF increases the reactivity. Thus yellow Cs[AgF,] is
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produced easily with F,(I) but with difficulty using F,(II),
from mixtures of 2CsCl+ Ag,SO,. In contrast, colorless
Cs;K[YF4]!"“ is easily obtained with F,(II) but difficult with
F,(1), because of the formation of KHF,"1. If corundum ves-
sels are used for the reactions, then F,(II) permits higher
reaction temperatures.

3.2. What is Fluerinated?

If possible compounds should be fluorinated which already
contain the “cations” in the desired ratio e.g. colorless
Lis[Co(CN)6]** to Lis[CoF]. Longer roundabout ways are
also worthwhile. BaPr'VF, and analogues M"LnF, (M =Ba,
Sr; Ln=Pr, Tb)["*) were hitherto only obtained by the fol-
lowing routes:

20% HNO
a) 6BaCO:+“PrO,” e 6“BaPr(NO;)saq”

reptd. evapn.

. HCl-stream o .
b) “BaPr(NO;)saq 500°C. 12h BaPrCls
2 10:1 .
c) “BaPrCls” M “BaPrF,” with 5<sx<6
350°C

d) “BaPrF,” _Fa000ba0 g peF,

500°C,12 h

The molar volume should decrease during fluorination: e. g.
CeF ' from CeS,, not from CeQ,; ZnF,!"*! from ZnS or
ZnSe, not from ZnO. Homogeneous samples of fluorometal-.
ates are only obtainable from mixtures if at least one compo-
nent is “mobile”.

3.3. How Does the Klemm Fluorination Proceed?

With ACI (A=K, Rb, Cs) as one of the components, the
intermediate products are A[CIF,]!"*¥); and probably AHF,
as well, which leads to “full-fluorination™. Little is known
about other intermediate products of the reaction:

Light yellow Ba[Ni(CN),] gives first!'**l  green
BaNi(CN),F, (or BaNi(CN)4(HF),!'*1?) of unknown consti-
tution. Olive-green “NiO” gives first a velvet-black product
(NiOF, NiO, , D'"¥! with F, at 300°C. Light-yellow AuCl
reacts with F, at 100°C to give a black product, accompa-
nied by a marked reduction in volume.

Mixtures of BaCl, + NiCl, yield BaF,+ NiF, rather than
BaNiFs which is easily produced from Ba[Ni(CN),]!"*L.
However, 2 LiCl+ “MnO,” gives bright yellow Li,[MnF]!"%),
because “volatile” MnF, is formed as an intermediate.
BaAgF5!'"* can be produced not only from “BaAgPQ,”!'%,
but also from BaCO;+ AgF,, although AgF, (melting point
690°C) is immobile; probably AgF and/or intermediate
products such as (orange-yellow?) “AgAgF;”!'*"! are formed
first by partial reduction in the fluorine stream; these lower the
melting point of AgF,.

The reaction of oxides such as Na,PbO,;!"*?! with F, was
investigated in more detail: The yellow powder first becomes

[*1 3Cs;K{YFs]+3HF =2Cs3[YFq]+ YF3+3KHF,.
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black-brown (200°C, 2 h) and gives a mixture of
2NaF + “Pb0O,”, which also on annealing produces a mix-
ture (Na,[PbF¢] + 2Na,[PbO;)) in thermal equilibrium with-
out F, being formed. Further heating with F, (300 °C) leads
to Pb;0,5 by reduction!'?”., Only then is Na,[PbF4] pro-
duced!"™). The sharpness of the NaF reflections of samples
thus obtained is surprising. LilnO, and NalInQ,!"** analo-
gously afford LiF and NaF, respectively, along with yellow
In,0s; NaTlO, and Li,SnO; behave correspondingly. Subse-
quently, LiInF,, NalnF,, NaTIF,, and Li,SnF, are
formed ™,

3.4. How is Fluorination Carried out Today?

Whenever possible we fluorinate with “stationary” F, in
order to reduce the influence of traces of HF. Local heating
can be avoided by dilution (e.g. N,:F,=10:1) and lower
temperatures at the beginning of the fluorination process.

High-pressure fluorination in Monel-autoclaves (up to 4500
bar, 600 °C [short-term], for up to 6 weeks and sealing after
the Bridgman principle) offers certain advantages. The start-
ing material must be carefully chosen in order to avoid vio-
lent explosions! Additives are necessary for the growth of sin-
gle crystals, often Ar and O, are also favorable for still un-
known reasons. The autoclave is filled with liquid fluorine,
the end pressure can be adjusted via this amount (calibrated
glass vessel).

3.5. Other Synthetic Routes

“Lower” fluorides are produced by annealing suitable
mixtures (e.g. 2TIF;+ V) in a welded noble-metal tube. Re-
dox reactions lead to otherwise inaccessible fluorides such as
deep-orange TI,VF "> or straw-yellow T1,[MoF,]!?%,

Oxide fluorides such as e. g. colorless Pb[WO,F,], isotypic
with Sr[AIF;)i**® can be obtained by annealing the binary
components. In the case of Pb[WOsF,], gray samples are al-
ways produced in new welded tubes because partial reduc-
tion of WQ; is unavoidable. However, if tubes which have
already been used and then carefully cleaned are heated in
O,, then colorless samples are obtained. Probably hair-cracks
allow some O, to penetrate the surface of the vessel and hin-
der the partial reduction of WQ,.

3.6. Choice of Vessel Material

The best material is still sintered corundum. Nevertheless,
there are some fluorides, such as Cs;F[MnFg] (cf. Section
2.7) which can only be produced in magnesium boats, pre-
viously passivated by F,. Obviously the intermediate CsHF,,
formed from HF, reacts here with the corundum.

Part B: Oxometalates with d-Metals

Are oxo- and fluorometalates comparable? Even Schol-
der'V) referred to the classical ideas of complex chemistry, ac-
cording to which no principal difference in constitution ex-
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ists between the two. In fact the different charge of F~ and
02~ leads to marked differences: For the same oxidation
state (example: Ba[MnF,] and Ba[MnO;}=Ba[MnO,]!"*"})
the composition, and therefore the structure (“isolated” an-
ions in the former, 3-dimensional giant anions in the latter) is
fundamentally different. For the same composition (example:
K[VO;]=K[VO;,,0,,,]'"*® and K[VF;] =K[VF,,,]"*%) then,
non-commensurable substances with different structures are
present because of the different oxidation states. Tetrahedral
groups with high oxidation state are well-known in oxome-
talates such as e.g. colorless Cs,[MoQ,]"*” (isotypic with B-
K,S0,). In the case of fluorometalates, so far only fluoro-
berylates such as K,[BeF,]!'%" (related to olivine Mg,[SiO4])
are known. For Cs[LiF,] = Cs[LiF,,,] and RbLiF,!'*? there is
no analogy to silicates (here to “stuffed” framework struc-
tures of the SiO,-type) but a characteristic layer structure de-
termined by “double tetrahedra” i e. Cs2F,,,LiF,LiF,,,] oc-
curs.

Remarkable differences between both groups of com-
pounds result from the fact that there are “cation-rich” oxides
A,O (A=Li—Cs, Cu, Ag, T]) which form numerous deriva-
tives, however the fluoride analogs are missing; the unique
sub-fluoride Ag,F!'%% is “without chemistry”.

The plethora of the new investigations compels a limita-
tion: Only “genuine” oxometalates with “small” anions of the
d-metals are considered here.

1. What is an Oxometalate?

I do not know a generally applicable definition.

If a ternary metal oxide e.g. KMnO,, dissolves in water
without decomposing and thereby dissociates into ions, here
K * and [MnQO,]~, then an oxometalate is undoubtedly pres-
ent. But the overwhelming majority of the compounds re-
garded as “oxometalates” are hydrolytically decomposed by
water; in most cases other solvents are unknown. If e.g.
Na,[Zn0,]!"*? is dissolved in concentrated sodium hydroxide
to give a clear solution, then nothing is known about the ions
present in solution. If solid phases are formed e.g.
Na[Zn(OH),]'**), then they crystallize as the phase with the
lowest solubility under the reaction conditions. It is still not
known to what extent they are involved in an equilibrium in
solution.

The frequently used arguments derived from the geometry
of the atomic positions are of doubtful value. I ask again:
Does a shorter distance always represent also a stronger
chemical bond?

An example might arouse further doubt: Li,Si0O; has been
known for a long time. If, as in all previously known sili-
cates, one assumes the C.N. 4 for Si** relative to O?~, then a
structure of the type [Si0,,,0,,,] must occur which contains
O?~-bridges. This means that it has either an infinite chain or
a finite ring (found for the first time for alkali metal silicates
with K¢[0,,,510,,,]5!'%%}, see Fig. 24) as a structural charac-
teristic. But C.N. 4 is also to be expected for Li*!

If we assume (in agreement with the known crystal struc-
ture of Li,Si0,!'%")) that a (here: hexagonal) closest-packing
of O?~ is present and Li* and Si** occupy tetrahedral inter-
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Fig. 24. [Si;04]° - group of K¢[Si;Os]; bond lengths in pm.

stices in a regular fashion, then the cations are arranged
themselves in a close-packed manner. Assuming that, for en-
ergetic reasons, the Si** have the greatest possible distance
from one another, then, according to Figure 25, there is only

a)

----0"-"'—0————'T--0""'—-

a

-——-—--A!—o———— A G S

Fig. 25. a) Li,Si0;: @ Si**, m Li* within a layer; 0 and @ possible positions of
Si** in the next layer (in projection). b) Arrangement of ® Si**. O Li* in a
layer, 0 Si** in the neighboring layer.

one possibility, to arrange Li* and Si** electrostatically fa-
vorably within each layer. If these layers are stacked along
[00.1] due to a closest packing, then [O,,,5i0,,,] chains are
automatically built in this direction; this is found in the case
of Li,Si0;.

Resumeé: If Li,Si0;, according to Lig 47810130 is an ordered
variety of the ZnO family, then the composition already de-
termines the formation of [Si0,,10,,,] “chains”. And if so
can these then be regarded as “characteristic™?

2. Oxometalates with “Isolated” Anions

Thirty years ago one learnt for examinations that “iso-
lated” oxo-complexes such as [MnO,]~ only exist if the oxi-
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dation state is “high”, but also e.g. [MnO.)*>~ in green
K,MnO,"** or the phosphate ion analog [MnO,)’~ in blue
Na;[MnO,)- 10H,0!"*"! may be possible.

The new syntheses of numerous ternary and multi-compo-
nent oxides containing metals in lower oxidation states con-
firmed this concept over many years: “Highly-polymeric”
anions were found not only on typical double oxides e. g. the
perovskites such as CaTiOs, or the spinels of the MgAl,O,
type!'79, but also in those compounds which correspond to
anhydrous derivatives of amphoteric hydroxides (cf. Table
18).

Table 18. Order variants of the NaCl-type in oxides AMO,.

Compound Type Color a{A] c[A] c/a
LiCrO, a-NaFeQ, olive-green  289.9 1442 4974
hex. R3m
LivVO, black 283.8 1480 5.215
NaAlO, colorless 286.8 1588 5.54
a-NaFeO, black 301.9 1593.4 5.28
NaYO, colorless 3386 1643 4.85
KInO, colorless 329.6 1829 5.55
KTbO, colorless 349 1860 5.33
KRhO, red 317.5 1721 5.42
RbTIO, colorless 3453 1914.8 5.54
RbHoO, colorless 346 1940 5.61
RbLuO, colorless 340 1915 5.63
CsTIO, colorless 338.8 2077 6.13
a-LiFeO, a-LiFeO, black 405.7 8759 2.16
tetr. I4,/amd
LiTmO, colorless 440.5 1015 2.30

There are “ordered variants” of simple structural types
here (NaCl, ZnS, also Na,O etc.). Surprisingly, “cation-rich”
oxides also comply with this picture if the distances
d(A'-—0) and d(M'"!'—Q) are of about the same length e.g.
colorless LisAlO,""" or yellow NasTIO,""?. Vacancies ap-
pear not only in the cationic part (i.e. LisAl,[1,0,=Li304),
but also (though more rarely) in the anionic part (example:
red Na,Mn,0;!'"3=Na,Mn,0s,; =Na,Cl,, derivative of
the rock salt type) if cations and anions are not present in the
same quantities.

In  addition, even the crystal
Na;[Ag0,] = [Na,O,] (colorless single crystals) is a somewhat
similar example!'’¥. In contrast to K,[HgO,], the [O—Ag-
—O] dumbbells are not all arranged the same, but in two al-
ternating directions (cf. Fig. 26).

structure  of

Na3A902

®:Ag O=o

a

Fig. 26. Crystal structure of Na;{Ag0,}, arrangement of the {AgO;] dumbbells in
the unit cell.
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There was a surprise with colorless, transparent single
crystals of KAgOU7%! Because of the diagonal relationship of
Ag* to Hg?* in the periodic table, a [AgO,,,] “chain” of
..O—Ag—O0.. dumbbells, as with HgO!""®!, would be “nor-
mal”. However, a “ring”, i. e. an almost square planar unit of
the type K4[(AgO,,2)4]""""! was observed. Would this point to
the existence of further oxides with “small anions” having
low oxidation states? Today we can answer this question
with a Yes. Such “cation-rich” oxides are reported in the fol-
lowing Section.

3. Oxometalates with “Mononuclear” Groups

An unsolved, but current question concerning these metal
oxides is whether groups with a single ligand exist, i e. com-
pounds of Cs{MO]}-type, like Cs[CIO].

3.1. Monomuclear Groups with Only One Ligand

Three separate questions may be raised:

a)Intermediate phases appear in the system Li,O/
Cs,01*'7% Would the “isolated” group [LiO} be capable
of existence in (the still hypothetical) CsLiO, or would it
polymerize according to [LiO;,,] or [LiO4,)?

b)Could a [:T1—O]-type dumbbell with a lone pair as an “in-
visible” ligand occur in oxothallates(t) A[T1O], where A~
is extremely large, larger than Cs™*!)?; colorless K[T1O] is,
e.g. well known!'”%),

¢) Which structures do KAgO analogues have? Is the tetra-
meric “ring” (see Fig. 27) always formed? The structural
elucidation of water-clear, colorless single crystals of re-
cently obtained CsCuO!'*% show that here, as in the case
of red HgO!"7%, there is a chain built of linear dumbbells of
OCuO (Cu—O—Cu angle =89°). Contrary to our hopes,
the d(Cu—O) distances within the dumbbell are of the
same length.

- @
[ T
@ :Ag (2025 —]
<> .0 {z=025) I_
a

Fig. 27. Crystal structure of K [AgsO4], arrangement of the [AgsQOy] rings in
projection along [001].

@ : Agiz=075)
O 10 (z=0.75)

Can oxides such as e.g. (PhsAs)[CuO] be prepared? Are
perhaps the mentioned differences of the O...Cu—O dis-
tance present here?
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Yellow CsAuO!'*¥ follows K,[Ag,0.] corresponding to
Csa[AuqQy]. It is the first defined oxoaurate(i) and was ob-
tained by direct oxidation of green CsAu!*®,

3.2. Mononuclear Groups with Two Ligands

These groups are very rare for metal oxides, two examples
are known:

a)We had already obtained oxomercurates(ir), such as
K,[HgO,}!"*, in the form of colorless single crystals. For
this it was important that the reacting mixture (e.g.
K,0+ HgO) was annealed in a sealed vessel. It has one of
the rare “stuffed” molecular structures (see Fig. 28). The ar-
rangement of the [O-—Hg—O} dumbbells corresponds to
the structure!"*! of XeF,!''®).

Fig. 28. The tetragonal K,[HgO,}-type. for example K;[NiO.]; only half of the
unit cell is reproduced. The arrangement of the [ONiO] dumbbells corresponds
to the XeF,-type.

b)Little is known about the system K/Ni/O. For years
many'*® experiments, including our own!'*”, remained
unsuccessful. Finally we heated the mixture (e.g.
K,O0+NiO) in a sealed Ni-tube and used the otherwise
dreaded “reaction with the surface” in order to hinder the
partial oxidation of Ni'" to Ni'", caused by unavoidable
traces of O,. This resulted in strongly dichroic (red/green),
lustrous dark red single crystals of K,[NiQ,], which, like
Rb,NiO, and Cs;NiQ,, is isotypic with the oxomercu-
rates(11)!1#8],
It is fascinating that inspite of the unusually short
d(Ni—0)=1.68 A distance in the linear dumbbells, the
samples are paramagnetic and the Curie-Weiss law is
obeyed with p=3.0ps, 6= —-30K (as expected by
Klemm!"), Nothing is known about the bonding behav-
ior.

3.3. Mononuclear Groups with Three Ligands

In contrast to oxides of non-metals (BO3™, CO?}~, NO3,
SO3™ etc.), these groups are rare in the case of metal ox-
ides!
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a) Although “FeQ” is of great industrial importance and has

been thoroughly investigated, oxoferrates(11) remained un-
known for a long time, since unavoidable traces of O, ef-
fected oxidation of Fe" to Fe!"! when appropriate mixtures
were annealed (e. g. BaO + FeO). Again, the “reaction with
the vessel surface” (here: a Ni-bomb with Fe-lining) led
for the first time to garnet-red single crystals of
Na,[FeO;]!"*” (see Fig. 29 and Table 19).

0
337 188 301
}’ Fe%

Fig. 29. The {FeO.}*" group in Nay{FeO;]}, distances in pm.

Table 19. Motifs of mutual adjunction in NasFeOs; distances {pm] are given in
addition to the Mo. A.

ot 02 03 C.N.
Nat ;g;z 2332/2235 ;Q; 4
Na2 2372/2243 ;g; ;é : 4
w W% w
Nad ;gz{; 264 2322/2236 4
R

C.N. 6 6 6

0

Fig. 30. The two crystallographically independent [CoOs]*~

Carbonate-like, almost planar [FeOs]*~ groups, exist. This
finding confirms our concept, which had been developed
to deal with the occurrence of such remarkable groups.
The C.N. of the 3d-metal is so low here because of the nu-
merous counter-cations which also have an affinity to
coordinate to O?~ and because of the tendency of O?~ not
to coordinate to more than a total of six cations.

This experimental finding obliged us to check the usual
conceptions about “oxometalates”. Contrary to all classi-
cal ideas, here the coordination number of the ligand has
much more influence on the structure than does the nature
of the central ion. In addition, there is the influence of the
“ligands” on the crystal structure. Apparently, this latter
mentioned influence (cf. **!) is responsible for the individ-
ual components exhibiting unexpected coordination num-
bers in the structure of even “classical” examples of com-
plex chemistry such as K,[PtClg] (here; 12 for K* with re-

0 0
333 18& 333 186 \30?
Co Co
1 190 181 192
330 0 o 329 0

groups in

Nay{Co0;], distances in pm.
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spect to Cl—, instead of 6 as in KCl). The interplay of var-
ious influences which lead to the formation of this or that
crystal structure is best surveyed if the “motifs of mutual
adjunction” are considered (see e.g. Table 19).

b)From mixtures of 2Na,0+ “Co0O” we obtained deep red

single crystals of the oxocobaltate(1r)
Na,[CoOs]"'*"%; it also contains carbonate-like groups (see
Fig. 30).

analogous

¢) In the search for the still unknown K4[NiO;], we obtained

black single crystals of Ko[Ni"Os][Ni''0,}!"*%, a mixed
valence oxoniccolate(1y,111) (see Fig. 31 and Table 20). In
addition to the paramagnetic [N1'"0,)*~ groups, there are
diamagnetic planar [NiOs]*~ groups, like those occurring
in the two previously cited oxides.

3.4. Mononuclear Groups with Four Ligands

Fig. 31. Crystal structure of cubic KofNi"'Os]{Ni'"'O,], unit cells in projection

along [001].

Table 20. Motifs of mutual adjunction in KoNi,O5; distanrces [pm] are given in

addition to the Mo. A.

o1 02 03 C.N.
3t
K/t 268 3
3/1 3/1
K2 304 273 6
3/1 31
K3 310 276 6
2/2 2/2 1/3
K4 263 277 262 5
288 278
22 2/2 1/3
Ks 284 286 307 5
285 293
) 3/1 1/1
Nit 189 196 4
. 3
Ni2 180 3
C.N. 8 7 7
81
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Such groups have only recently become known in lower
oxidation state oxometalates. Sulfate-analogous groups were
found to be present in the colorless oxides Nas[GaO,], and
Nag[ZnO,]!". In the meantime the oxomagnesate
K[MgO,]""*", which is isotypic with Nac[ZnO,], has been
obtained, so it would now seem that Cs,[LiO,] should also be
accessible. Single crystals of Nas[FeQ,]"*"! are yellow, those
of Nas[CoQ,]°% are violet, and those of Nas[NiO,]""*" are
steel gray, all are isotypic with colorless Nas{GaO,}. The re-
cently prepared red-brown Nas{MnQ,] also belongs to this
group.

Oxometalates with “single” O°~ are hardly known. To our
surprise Li,[SiO,] is not the Li-richest silicate, rather it reacts
with excess Li,O to form LigO,[Si04] = (OLi4),[S10,]'"*%. We
obtained this silicate by a directed synthesis after we had suc-
cessfully prepared lustrous-red single crystals of LisO,[CoQ.],
the first compound of this type among the oxometalates of
the d-metals!®’! (see Fig. 32).

A gwgwI Ay
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c Qe ] l ' %;"
-0 90" 0"-90"-90 -9
N \jo
Ol Lit
Liw pu'l QL’#{ fh
D SN LN G N R

Mo/l e TIERG T l

Oco
DR A *vilh *- s s
L3 i

A / L / L‘ll / Um J \Li"'
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Fig. 32. Structural principle of LigO2[CoOu], sequence of the layers of O~ along
[00.1) with Co?* and Li* incorporated in the tetrahedral interstices.

c— [ ° °
a— @ a O
-~ OO0
b— ° ° °
c— L4 L4 i Noa,, Mn,0g
— ] holes
5 m e ND’
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Fig. 33. Occupation of the tetrahedral interstices by Na* and Mn?* (with holes)
in the cubic closed packing of 0%~ in Na;;Mn;Oy; sequence stacking along
[001].
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The oxometalate Na,,O[MnQ,],, which shows the highest
content of alkali oxide should be mentioned here. It is the
first oxomanganate(11)/?°! and forms pale red single crystals.
The crystal structure is illustrated in Fig. 33.

Oxometalates with “solitary” O°~ (cf. Section A 2.7) are
still unknown.

4. Oxometalates with Binuclear Groups

These groups, which have been known for a long time in
oxochromates(vi) such as K,[Cr,0;], are present in only a
few compounds of “cation-rich” metal oxides.

4.1. Binuclear Groups with a Total of Two Ligands

There are no examples known. A hypothetical example
would be the [:T1O,TL:]*>~ group, in which the “lone pairs”
act as “extra ligands” and could form bridges to the comple-
mentary cations, as has been found in yellow K, [Pb,04)!"8"
(¢f. Fig. 34) and orange-yellow K [Sn,05}?%8.

Binuclear groups with three ligands are still unknown.

4.2. Binuclear Groups with Four Ligands

To date these are also unknown in the case of metal oxides
of the d-metals; only two examples of such groups are
known:

a) light-yellow K,;[OPbO,PbO] (see Fig. 34), in which each
Pb?* has a “lone pair” as the fourth, invisible ligand!'®!!.

154 15¢

15¢ 154
[¢] [¢]

Fig. 35. a) Planar [Be;O4] group in K4[Be,0,], distances in pm.—b) “butterfly”
[Be,Os] groups in Nag[Be,Os), distances in pm.
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b)colorless K, [OBeQ,Be0]**? (see Fig. 35a), which contains
two triangular groups linked via a common edge. The an-
ion exhibits the shortest Be— Be distance known so far, i. e.
d(Be—Be)=2.07 & (in metallic Be: 2.23 A). MAPLE, how-
ever, does not reveal any unusual energetic features.

4.3. Binuclear Groups with Five Ligands

There are no examples known for the d-metals, and only
one such metal oxide has been prepared, namely
Na,[0,BeOBe0,]1***, which contains a *“butterfly-like” an-
ion (cf. Fig. 35b).

4.4. Binuclear Groups with Six Ligands

There are two examples; K¢[Fe,0s] and K¢[Mn,O4]?% (cf.
Fig. 36). Unexpectedly, the groups contain edge-to-edge-
linked tetrahedra. It is also unusual that the C.N. of part of
the 02~ exceeds the usual limiting value of 6. This grouping
was recently found in Nag[Fe,Sq] and Rbe[In,S]?%%.

Fe

Mn——-2.800 Mn

Fig. 36. [M;0¢] groups with M =Fe, Mn (double tetrahedra) of K¢[M,Os]; dis-

tances in A.

In Nag[Au,04]?%!, pale-yellow transparent single crystals,
Au** has a planar environment (cf. Fig. 37).

Fig. 37. NayJAu,0); arrangement of the planar [Au,Og] group in the tetragonal
unit cell, projection along [001].
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4.5. Binuclear Groups with Seven Ligands

These are well known in oxometalates of higher oxidation
states, such as red Rb,[Cr,0,]?" and its analogues. General-
ly, but by all means not always, all [0;M—O—MO;] groups
of such an oxide have the same conformation. However, in
red Sr[Cr,0,]*°%, two groups of different conformation are
present in the ratio 1:1 (cf. Fig. 38).

4

Fig. 38. Conformation of the two different [Cr,Q,]>~ groups in Sr{Cr,04].

In connection with the structure determination of thortvei-
tite Sc,[S1,0,]2%, the following questions arise. When does
the valence angle M—O—M reach the value 180° within this
group? When does the bridging O?~ lie at a center of sym-
metry, and when not? Why does the bridging angle vary so
much? Experimental findings are listed in Table 21.

Table 21. Bond angles M—O—M of some $i,O$ -groups.

Compound M—O—M [°]
S¢, 81,0 180
Y2510, 134
LieSi,04 136
Rb,Be,Si,0, 171

Only two examples are known for d-metals in Jower oxida-
tion states, and they are remarkably different: The yellow,
transparant single crystals of Nag[Fe,0,]?'% are isotypic with
Nag4[Ga,0,]?'"T and have the smallest M—O—M valence an-
gle of 119.7° hitherto found in such [M,0;] groups. Whereas
with K¢[Co0,0], which contains the isoelectronic anion, this
angle widens to 180° and, moreover, the bridges are found at
a center of symmetry! We obtained K4[Co0,0,] in the form of
permanganate-colored single crystals®'?, The enormous dif-
ference in the valence angle at the bridging O?~ in the case
of these two isoelectronic anions shows that attempts to in-
terpret such differences of structure using ideas which are
confined to the bonding situation inside the “closed” groups
and perhaps include the “hybrid orbitals”, are fundamental-
ly insufficient. The influence of the “completing” cations is
clearly seen; in one case eight smaller (Na*) and in the other
six larger (K*) decidedly influence the crystal structure and
with it the configuration of the anion.

5. Oxometalates with Tri- or Multinuclear Groups

Illustrative examples are known with d-metals in poly-
acids, above all of the elements of groups Va and VIa of the
periodic table. While attempting to synthesize Na,[CoO;]—
cf. Section B 3.3-—we found dark red single crystals of
Na,[C0,04]?'%, the first example of an analogous lower val-
ence oxide of the d-metals. The anion, which corresponds to
the still unknown tetracarbonates such as K,[C,0], has a
conformation (see Fig. 39) which leads to one especially short
Co—Co distance.
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[Co‘ 09] -group

Fig. 39. [C040s] group in Nao[Co040,], conformation in perspective.

Bright red Ag,o[S1,0,;]*'* was obtained as the first oxosili-
cate with a tetranuclear anion, and recently Na ,[Al,0,5]?"
was obtained in the form of clear, colorless single crystals and
is the first oligooxoaluminate.

6. On the Syntheses of New Oxides

When we started preparing “cation-rich” oxoferrates(11r),
the system Na,O/Fe,O; was considered to have been essen-
tially investigated. The crystal structures of the different
forms of NaFeO, (ordered variety of the NaCl-type, and in
the case of 3-NaFeO, the ZnS-type) were known. Surpris-
ingly, we then obtained Nas;FeQ,*'® and Nag[Fe,0,]?'%
with an island structure, Na 4[FecO,0]2'® with a chain struc-
ture (see Fig. 40a), and Na,[Fe,O5]?'") with a sheet structure
(Fig. 40b). There is probably at least one further phase pres-
ent in “Na;FeO,”. It is assumed that these advances materi-
alized because in each case mixtures of Na,O and “active”
Fe,0, were used, whereas previously Na,CO; instead of
Na,O was often used along with “normal” Fe,0O,.

However, here, as with the syntheses of practically all oth-
er ternary or multicomponent metal oxides, the reactants are
the binary components. We consider this type of reaction
control to be improvable, even if especially “active” forms
are introduced, and have already made some progress in this
direction which will now be briefly reported here:

a) The oxidation of intermetallic phases has not been investi-
gated in sufficient detail. The amount of moisture in the
O, used proved to be important for the course of the reac-
tion e.g. for NaTl. We obtained whisker-like, efflorescent
single crystals of LiSbO; from the melt of LiSb under simi-
lar conditions.

b)Ternary oxides of the noble metals are obtained only with
difficulty in the form of single crystals, since thermal de-
composition usually occurs before the single crystals grow.
We succeeded, however, in preparing glass clear, well
formed single crystals of Nas[AgO,]!"7%, again by using the
“reaction with the surface”, and by exploiting a side reac-
tion:

An oxide with a new type of formula results from the
exchange  reaction of NaNiO,?'"® and K,O:
K;[Ni''Ni"™"0Q,]?'*1 is formed by the partial reduction of
Ni'™ to Ni', and in addition Na,O. Apparently it is this
“Na,O” in statu nascendi, which with nascent O, enables
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Fig. 40. a) Repeat unit of two rings in the “band structure” of Na 4[FeO4}.——b)
Section from the [FesO,q] layer of Nas[Fe,0s).

the formation of single crystals in situ which cannot other-
wise be prepared at temperatures as low as 300 °C.
¢) From suitably chosen exchange reactions, e. g.

2LiInO, + Na,O — 2NalnO, + Li,O
2KInO, + Na,O — 2NalnO, + K,0

the change of AH%g is estimated to be only small (+2
kcal/mol). Such reactions are therefore especially sensitive
to changes of T because finally AGy decides their fate.

Keeping this in mind, we have more closely investigated
the reaction between yellow K,PbO;?*, an oxoplumbate
which has the remarkable C.N. 5 for Pb**, and excess
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Li,O. We obtained glass clear, colorless single crystals of
K,Li 4[Pb:0,4]1%2", the first oligooxoplumbate with pre-
viously unobserved triple-octahedra groups (see Fig. 41).

S

==

Fig. 41. The [Pb;0,4] triple octahedra of K;Li:4[PbiO14] in perspective.

Further results of these investigations also reveal that oth-
er lead oxides for which similar unsuccessful searches had
been made can also be grown at relatively low tempera-
tures.

Part C: Synopsis

From the plethora of new results which can hardly be sur-
veyed by a single person, those chosen for this progress re-
port originated from the investigations of Wilhelm Klemm, or
were prompted by his questioning.

Our knowledge of the fluoro- and oxometalates has with-
out doubt not only broadened, if the number of new sub-
stances and elucidated crystal structures can be called simply
broadening, but also deepened, because:

~ New synthetic routes have been discovered, of which the
high-pressure synthesis of novel fluorides and oxides should
be forcefully emphasized!”. From known thermody-
namic relationships it follows that even F,- or O,-pres-
sures of S kbar do not open up a “new world of phenom-
ena”. Nevertheless, under such conditions substances
whose existence was only hinted at or even overlooked in
experiments performed under normal pressure, can be
prepared in the form of well characterized compounds,
and, if the conditions are chemically favorale, single crys-
tals of e g. “active fluorine” compounds can then be ob-
tained.

- Exploitation of the “reaction with the surface” for the
preparation of oxides (and fluorides?) which otherwise
cannot be prepared or cannot be obtained as single crys-
tals, undoubtedly constitutes a most invaluable extension
to the normal preparative methods that are available.

- The “cation-rich” oxides, which (still) have no parallel in
the fluorometalates, show a previously unexpected wealth
of new compounds, some with “exotic” structures or com-
ponent groups.

- Not only magnetic investigations and identification of
“magnetic structures” by neutron diffraction, but also the
interpretation of vibrational spectroscopic measurements,
measurements of the electrical resistance or those made
by electron spectroscopy, as have been carried out on e. g.
suboxides of the alkali metals!***, promise to yield more
detailed information about chemical bonding in the solid
state.
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But the new results not only help to broaden and deepen
our knowledge, they also reveal even more clearly than
before our inability to understand and interpret some of
the profound peculiarities within the periodic table:

—~ What actually enables the coinage metals to break the
normal rules of the periodic system of elements to such an
extraordinary degree, and to form stable, “producible”
compounds of the oxidation states +2, +3 and even +4
and +5?

- Has a yawning gap not developed after the synthesis of
the noble gas fluorides, which brought a long and over-
due harmoniously balanced confirmation of the periodic
system? Does this gap extend up to the chemistry of the
elements of the second sub-group zinc, cadmium and
mercury, as many suppose and try to confirm through hi-
therto unsuccessful experiments?

— Are there possibly other still unknown gaps in the period-
ic system, which on critical and purposeful research
would reveal further cracks in the trusted architecture of
the system?

What is the situation in the field of solid state chemistry,
where an abundance of metastable phases largely die latent
in the shady gray of superficial knowledge? What revolution-
ary changes in our “solid” ideas would be brought about if
new experimental techniques were to allow the growth of
single crystals from metastable phases.

Why and to which end are the metal fluorides and oxides
still being studied?

-~ If there are substances of simple composition, with
“small” formulas and which can be regarded as being
built up of ions, ie are accessible by simple calcula-
tions—they are to be found here.

— If the search for the “vis vitalis” fans out into a dendritic
labyrinth of ever more complicated substances and reac-
tions, and “progress” suggests we would understand the
ocean of complications more and more, is it not necessary
then to prove with such simple substances how difficult
the interpretation of the known is, and how uncertain
prophesies about the comparatively unknown remain? Is
it not salutary to realize how hopeless it is, even with sup-
posed elementary nature, to predict what could be cap-
tured by casting a line or net into the sea of the un-
known?

We study them further in order to learn how difficult it is
to acquire knowledge and how almost hopeless the percep-
tion of elementary nature is.

My thanks go to my revered teacher Wilhelm Klemm who
knows how to spice friendship with criticism and stimulating
agreement. How little he, how little all those professors to
whom [ feel indebted— Otto Ruff, who answered all the school-
boy questions about the colors of metal fluorides, Walter
Hiickel who supplied “organic epistles” to he who had tried fu-
tilely for years to study;, Werner Heisenberg, who activated
Osenberg; Otto Diels, who even as a Nobel prize-winner could
still become so wonderfully excited over the incomprehensible
properties of oxalic acid; Hans Martin, to whom it was worth a
night to discuss the fluorouranates(vi) of the alkali metals—
how little they all resemble that caricature of the German pro-
fessor—outlined as an object of ridicule by inadmissable gener-
alization of some regrettable single cases, and which still dis-
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turbs the human trust between the already experienced elder
and the striving young student.

Without my co-workers only a fraction of the fruits of this re-
search would have been harvested. I thank them for their more
than enthusiastic assistance with the experiments.
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A Novel Entry to Corticoids

By Ulrich Kerb, Manfred Stahnke, Paul-Eberhard Schulze,
and Rudolf Wiecher'"!

Compounds of type (1} and (2) are key substances for the
synthesis of highly active corticoids!'! such as dexametha-
sone, betamethasone and triamcinolone. The usual methods
for their technical production are based on microbiological
hydroxylation at C,, and dehydration with cleavage of the
11- and 17a-hydroxy groups.

CH,R CH.R
0 0

17

T (O
o " (1) 0 “ (2)

(a), R = H; (b), R = Acyl

A remarkable alternative to the enzymatic functionaliza-
tions at C,;—the radical relay chlorination was discovered
by Breslow et al.®. They demonstrated, specifically on the
example of 17-epitestosterone m-iodobenzoate, a regiospe-
cific 9a-chlorination.

We have investigated this reaction on numerous steroids
and developed a technically useful method for the produc-
tion of corticoid precursors. The esterification of the sterical-
ly hindered 17a-hydroxy group on 17a-hydroxyprogesterone
(3) was accomplished in high yields with m-iodobenzoic an-
hydride and 4-(dimethylamino)pyridine®.

The long-wave UV-light induced chlorination of the ester
(4) with (dichloroiodo)benzene afforded the 9a-chloro com-
pound (5) as major product and the 6,9-dichloro compound
(6) as by-product. By addition of the HCl-scavenger potas-
sium acetate it was possible to completely suppress the allyl-
chlorination to (6) and to isolate (5) in quantitative yield.

For the elimination of HCl and m-iodobenzoic acid a
method was developed for thermolysis in high-boiling aro-
matic hydrocarbons. At 200—220°C only HCl is cleaved off

[*] Prof. Dr. R. Wiechert, Dr. U. Kerb, M. Stahnke, Dr. P. E. Schulze
Forschungslaboratorien der Schering AG Berlin/Bergkamen
Miillerstr. 170—178, D-1000 Berlin 65 (Germany)
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to give the 4,9(11)-diene; at 240—260 °C the desired triene
(1a) i1s formed in very high yields. The tetraene (2a) was pre-
pared in an analogous sequence.

CH3 C HS
O @]
-OH -O-R'
_
(3) 0 (4)
hv | PhICI;
CH,

(la)
R' = m-ICgH,~CO

Procedure

(4): A mixture of (3} (33.05 g, 100 mmol), 4-(dimethylami-
no)pyridine (48.87 g, 400 mmol) and m-iodobenzoic anhy-
dride (95.6 g, 200 mmol) in toluene (300 cm?) is stirred in a
closed flask for 18 h at 50 °C (bath temperature). For workup
the mixture is diluted with 800 cm® CH,Cl, and successively
washed with water, 1N HCI, 5% NaHCO; solution, and once
again with water. After drying over sodium sulfate and evap-
orating down in a vacuum, 57.4 g of crude product is ob-
tained. Recrystallization from acetone affords 53.46 g (95%)
pure (4), m.p. 187193 °C.

(5): A mixture of (4) (33.62 g, 60 mmol) and potassium
acetate (60 g, previously dried over P,Os) in distilled CH,Cl,
(3.6 dm?) is stirred under argon in a 4-liter Quickfit flask and
after treatment with (dichloroiodo)benzene (19.8 g) is ir-
radiated for 5 mins with a water-cooled Hanau TQ 150 immer-
sion lamp. For workup the mixture is washed successively
with 5% NaHSO; solution, 5% NaHCOQO; solution, and water
and then evaporated down in a vacuum. The crude product
is rubbed with pentane and filtered; yield 35.7 g (5), m.p.
208—210°C (dec.).

(1a): (5) (35.7 g) is added to preheated Dowtherm A (300
cm*)™ (oil-bath temperature 280 °C) and the mixture stirred
for 25 min under argon at 250 °C internal temperature. After
cooling in a stream of argon the mixture is diluted with
CH,Cl,, washed with 5% Na,CQ; solution and water, evapo-
rated down, and steam distilled. The residue after distillation
is dried in a vacuum and recrystallized from methanol. 15.82
g of 4.9(11),16-pregnatriene-3,20-dione (1a) [m.p. 199.5—
201°C (199—201°CP); A\,..=239 nm (e=25200)] is ob-
tained. Yield of the photochlorination and thermolysis 85%.
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[2] R. Breslow. R. J. Corcoran, B. B. Snider, R. J. Doll, P. L. Khanna, R. Kaleya,
J. Am. Chem. Soc. 99, 905 (1977).

3] G. Hofle. W. Steglich, Synthesis /972, 619.

[4] Eutectic mixture of biphenyl and dibenzofuran.

[S] S. A. Szpilfogel, V. Gerris, Recl. Trav. Chim. Pays-Bas 74, 1462 (1955).

Preparation of Labeled Aldehydes and Ketones from
Enamides!™

By Bernard T. Golding and Ah Kee Wong!"!

Full exploitation of '"O-NMR spectroscopy!"! in mecha-
nistic organic chemistry requires efficient, simple methods for
the synthesis of '"O-labeled compounds. The classical meth-
od for labeling aldehydes and ketones with '"O or '*0 is
based on their reversible hydration'”. However, to obtain by
this method aldehydes or ketones with the atom percentage
of labeled oxygen approaching that of the water used, either
a large excess of labeled water or repeated exchange is re-
quired. Several methods have been described in which an al-
dehyde or ketone is converted into a derivative which can be
hydrolyzed with a stoichiometric amount of water. Suitable
derivatives are acetals!®, dithioketals'®), and aminals®,

1 2 1 2 1 2
R H /R R*NH; R H R PhCOCI R R
>g S > P <
KOH -
R? @) RS nre M@ R? I}IR“
COPh
(n (2) (3)
1 2
Hy0* R H R
— + PhCO-NHR*
H 3 [e) s
(1%
R’ R? R? R4 Educt (1)
a Pr H H Et pentanal
b H H H Et acetaldehyde
< —(CH;);— H Et cyclopentanone
d —(CH;}— H PhCH, cyclohexanone
elal Et Me H PhCH, 2 ¢
H Pr H PhCH, “pentanone

{a} (3e) is a mixture of (3¢') top row and (3e”) (bottom row).

We have found a convenient, efficient method for prepar-
ing oxygen-labeled aldehydes and ketones based on the hy-
drolysis of enamides (3). N-alkylideneethylamines (obtained
by treating an aldehyde or ketone with EtNH,/KOH)! or
N-alkylidenebenzylamines (2d), (2e) (from ketone + benzyl-
amine/3A sieves in CH,Cl,)!" are allowed to react with ben-
zoyl chloride/triethylamine!® in ether [(2aj—(2¢c)] or haloal-
kanes® to give enamides (3a)—(3e). These derivatives are
quantitatively hydrolyzed to their parent aldehydes or ke-
tones (1) and N-ethyl(or N-benzyl)benzamide by one equi-
valent of water in ether or haloalkane containing 0.05 mol-%
HCL. The use of ['70]- or ['®*O]water in this procedure with
(1a) and (1¢) gives unlabeled N-ethylbenzamide (analysis by
mass spectrometry) and labeled pentanal (7a*) or cyclopen-
tanone (Ic*). The extent of labeling of the aldehyde or ke-

{*] Dr. B. T. Golding, Mr. A. K. Wong
Department of Chemistry and Molecular Sciences
University of Warwick
Coventry, CV4 7AL (England)
[**] We thank the British Council for an award to A. K. W. Thanks are also due
to Dr. J. Schreiber, ETH Ziirich for a gift of diisopropylaminomethylpoly-
styrene.
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tone was shown to be equivalent to that of the water used (IR
spectroscopy as well as reduction with LiAIH, and derivati-
zation with «-C;oH;NCO to an «-naphthylurea that was ex-
amined by mass spectrometry).

The advantages of this method for synthesizing labeled al-
dehydes and ketones are that the precursor enamides (3) are
easy to prepare™ and can be stored (under N,, —20 °C) until
hydrolysis is effected; the by-product of hydrolysis, N-
ethyl(or N-benzyl)benzamide, is easy to separate and does
not catalyze further reactions of the aldehyde or ketone!'®,
pure aldehyde or ketone is readily obtained in acceptable
yield; if desired, oxygen-labeled alcohols (e. g. ['*O]-1-penta-
nol) can be obtained by addition of LiAlH, to the solution of
(1*) in ether, after filtration of N-ethylbenzamide.

Benzaldehyde reacts with EtNH,/KOH to give N-benzyl-
idene-ethylamine, which with benzoyl chloride gives the ad-
duct PACHCI—N(Et)—COPH. This adduct was directly hy-
drolyzed with 1 equivalent ['*O]water (23 atom-% '*O) to
benzaldehyde and N-ethylbenzamide. Extraction of benzal-
dehyde with ether and final purification by Kugelrohr distil-
lation gave 23 atom-% ['*O]benzaldehyde (86%).

Procedure

To (3a) in dry ether (2 cm?/10* mol) was added 1 mol
equiv. 31 atom-% ["7O]water (BOC Ltd. Prochem) and 0.05
mol equiv. HCI (soln. in ether). The hydrolysis was followed
by TLC and after 2 h/room temperature, diisopropylamino-
methyl polystyrene (2 g/mmol HCl) was added. Filtration
and partial evaporation caused crystallization of N-ethylbenz-
amide which was filtered off. The filtrate was concentrated
and processed by preparative GLC (20% DEGS/chromosorb
WHP, 130°C) to give ['"O]pentanal (1a*) (52%); IR: v=1697
(C=-"%0), 1711 (C==0"") and 1720 cm ~' (rel. int. ca. 5:3:2);
54.24-MHz ""O-NMR (CDCl,): 8=7582.9 (relative to exter-
nal 1:1 H,0-D,0).
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2oyl chloride in ether to a mixture of (2a)—(2c) + triethylamine in ice-cold
ether. After filtration of triethylammonium chloride, the filtrate is concen-
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[10] We have investigated the hydrolysis of (2) with 1 equivalent each of water
and HCI as a route to labeled aldehydes and ketones. For aldehydes (e. g.
pentanal) this method is unsatisfactory because of competing aldol conden-
sation. However, the N-ethyliminium hydrochloride of camphor is a satis-
factory precursor of oxygen-labeled camphors.-—The N-ethylimine of cam-
phor does not react with benzoy! chloride/Et;N in CHCI; at room tempera-
ture over several days.

Polymer Model Membranes!™™

By Akira Akimoto, Klaus Dorn, Leo Gros,
Helmut Ringsdorf, and Hans Schupp")

The synthesis of stable model membranes which can be
used to study biological processes, for instance cell recogni-
tion or cell-cell-interaction, has been a scientific goal for a
long time!’). Especially liposomes—artificial, spherical par-
ticles with a bimolecular membrane and an aqueous inte-
rior—serve as models for biological membranes; however,
they show a significantly decreased stability'®.

To stabilize synthetic double layers Khkorana et al.™® syn-
thesized lipids carrying photoreactive groups and could
prove a crosslinking of membrane components. Another
method to stabilize model membranes providing an even
broader scope of possible applications is the polymerization
of lipid-analogous systems!** (Scheme 1).

Scheme 1. Possible preparation of polymer model membranes (x = polymerizable
group). (a—c): polymerization preserving head-group properties; d: polymeriza-
tion preserving chain mobility (Monomer examples, see Table 1).

All four possibilities in Scheme 1, however, alter the physi-
cal properties of the membrane: polymerization in the hydro-
phobic part of the monomers (examples a—c) especially in-
fluences the phase transition temperature, while polymeriza-
tion in the hydrophilic moiety changes the headgroup prop-
erties. Nevertheless, in our opinion, the properties of biologi-
cal membrane systems can be thoroughly achieved by mak-
ing the right choice of polymerizable groups. Furthermore,

[*] Prof. Dr. H. Ringsdorf, Dr. A. Akimoto, Dipl.-Chem. K. Dorn,
Dipl.-Chem. L. Gros, Dipl.-Chem. H. Schupp
Institut fiir Organische Chemie der Universitit
J.-J.-Becher-Weg 18—20, D-6500 Mainz 1 (Germany)
[**] Polyreactions in Oriented Systems, Part 23.—Part 22: H. Koch, H. Rings-
dorf, Makromolek. Chem. Commun., in press.
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by adding natural phospholipids the properties of biological
membranes can be imitated to an even greater extent.

The different possibilities shown in Scheme 1 have all
been realized. So far only a few contributions have appeared
in the literature: acrylate and diacetylene systems have al-
ready been described by us'* and by Regen et al.'**), Chapman
et al.®, and O’Brien®. Due to the conjugated double bonds
of the polymer chain resulting in a rather rigid conformation
in poly(diacetylene) compounds no phase transition temper-
ature can be observed, in contrast to biological mem-
branes!*™**!. New monomer systems for the polymerization
according to Scheme 1 are collected in Table 1.

Table 1. Polymerizable and liposome forming lipid analogues Type (a)—(d)}, cf.
Scheme f. R=CH,=C(CH;}—CO.

Type Compound M.p. [°C]
(a) R=NH~CHp)1o-CO-0~(CHgly g, Clly
N Br® (1) 99
R-NH—{CH,)o~CO-0-(CHy)” CHj
(b) HOOC—(C Hy)gC C~C=C~(CH,)p-COOH (2) 119 {15]
() H3C—(C Hy);,-CH=CH-CH. -CH-CO-0,
X
H3C—(C Hylyp-CH -CH-CH-CH-C O~
X = =(CHy),-N(CH3)~(CHa)p— (3) 36
®
X = —{CHy)p=N(CH;)3—(CHylp— Br® 4) 94
]
X = ~CHy~CH-CH,0H (5) 39

o}
! i ®
X = ~CHp-CH~CHp-O-P-O~(CHa)N(CHy); {6/ 220

o@
(d) H3C—(C Hp)y g CO~O-CH, (7) 51
HyC—(CHp) g CO~O-CH
CHy-O-R

HC—(C Hz)n—o“q H;

Hs(T-(CthrO—(}H Y = CO~(CHz)s~NH-R (&) 54

CHAOY y g (9} 38
HyC—(CHaa
/N—Y
HyC—(CHy)»
n=11,Y =R (10) -
n=17,Y =R (1) 36-38
n=11,Y = (CHy)3-NH-R (12) -
n =17, Y = {CHyly-NH-R (13 35-36
H;C—(CHz)”—O—?O
i
*CH-NH-Y
HyC—(CHy)12-0-CO
Y =R (14)  64-68
Y = CO—(CH,)s-NH-R (15) 8

The spreading and polymerization behavior of the mon-
omers were investigated at the gas-water interface. The pres-
sure-area diagrams of compounds (3) and (4) qualitatively
resemble those of the corresponding diacetylene deriva-
tives'®l. However, they already show a liquid-analogous phase
at substantially lower temperatures. The pressure-area dia-
gram of (5) shows a solid-analogous phase at 2 °C, and a lig-
uid-analogous film with transition to a solid phase at 25°C
(Fig. 1a).

In contrast to the diacetylenes, which react only topo-
chemically'®®, the butadiene and acrylic derivatives can be
polymerized by UV light at any temperature in the solid-
analogous as well as in the liquid-analogous phase. The poly-
merization can be followed by measuring the contraction of
the film. The pressure-area diagrams of the polymers show a
steeper slope corresponding to the closer packing of the mono-
mer units. This is shown for the butadiene derivative (5)
(Fig. 1a) and the acrylic system (13) (Fig. 1b).
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These high packing densities together with the increased
stability of the monolayers provide a basis for the use of
these polymer systems as model membranes.

03 04 05 06 10 03 04 05 06 10
A A—

Fig. 1. a) Surface-pressure-area diagram of (5) at 2°C (----- ) and 25°C (——)
and of polymeric (5) at 25°C (~-—-— ). b} Surface-pressure-area diagram of (13)
{(——) and of polymeric (73) (----- ), each at 25 °C. p=surface pressure (mN/
m); A =area (nm?/molecule).

Liposomes, i e. cell models with bimolecular membranes,
were prepared by sonicating aqueous dispersions?®? of the
monomers at ca. 40 °C. On filtration through a 8§-pm Milli-
pore-filter, clear or slightly opaque solutions are obtained,
which turn turbid after some days.

The polymerization of these monomer vesicles is carried
out by UV-irradiation of the agqueous solutions. The poly-
reaction of the butadiene derivatives (3)—(6) in liposomes
can be followed by the decreasing monomer absorption at
265 nm. The polymerization of the acryl derivatives (7)—(9)
was proved by freeze-drying the aqueous solutions followed
by gel-filtration. In contrast to the monomers the polymer
vesicle solutions are stable for weeks.

It could be shown by electron microscopy that the vesicle
structure is preserved during the polymerization. This is con-
sistent with results obtained on polymerizing diacetylene ves-
icles®®l,

Compounds (74) and (15) were synthesized in order to
study the influence of chiral membrane components on mod-
el reactions. In addition, mixed systems of polymerizable lip-
id analogues, natural phospholipids, and proteins are under
current investigation. For investigations on cell recognition,
monolayers and polymer liposomes consisting of glycolipids
have been prepared (cf. <),

Procedure

(1): 11-(N-Methacryloylamino)undecanoic acid is ester-
ified with N-methyliminodiethanol in the presence of dicy-
clohexylcarbodiimide (DCC) and 4-(dimethylamino)pyrid-
ine and quaternized using methyl bromide!®.

(3): 2,4-Octadecadienoic acid® is esterified with N-methyl-
iminodiethanol adding DCC/4-(dimethylamino)pyridine
[8].

(4): Monomer (3) is allowed to react with methyl bromide
in acetone.

(5) and (6) are synthesized via conventional lipid chemis-
try methods!'?.

(7)—(11), (14), (15): The corresponding 1,2-diglycerine es-
ter [(7)]1'", 1,2-diglycerine ethers [(8), (9)1!'%, dialkylamines
[(10), (11)] (Fluka, Eastman) or L-aspartic acid dioctadecyl
esters [(14), (15)]'"* are allowed to react with methacryloyl
chloride or 6-(N-methacryloylamino)hexanoic acid [(15)]
and DCC.

Angew. Chem. Int. Ed. Engl. 20 (1981) No. I
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(12), (13): The corresponding dialkylamines are added to
acrylonitrile, reduced with LiAIH,'¥, and then allowed to
react with methacryloyl chloride.
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Liposomes from Polymerizable Glycolipids!™™
By Hubert Bader, Helmut Ringsdorf, and Josef Skura'’l

Polymerizable analogues of cell membrane components,
e.g. phospholipids and lysophospholipids bearing acryl-, bu-
tadiene-, and diyne groups!!! in the hydrophobic parts of the
molecules have already been synthesized and investigated in
monolayers and liposomes™!.

In this connexion glycolipids are of particular interest,
since they exhibit vital functions and properties in the natu-
ral cell membrane such as cell recognition, antigenicity, his-
tocompatibility, and lectin affinity. Especially their proper-
ties as lectin receptors make glycolipids useful tools for
studying specific interactions between lectins (sugar recog-
nizing proteins) and saccharide bearing liposomes!. We re-
port here on the first glycolipids with the diyne group [(1)
and (2}], their behavior in monomolecular films, their poly-

CH,OH
HO 2 O—(CHp)g-R (1)
HO 2/9
HO
HO cH,0H og O
O o ¢ §
HO SNH-NH-C—(CH)¢R (2)
HO OH
HO™ “oH,0H

R = CEC—CEC—‘<CH2)12-CH3

[*1 Prof. Dr. H. Ringsdorf, H. Bader, Dr. J. Skura

Institut fiir Organische Chemie der Universitit
J.-J.-Becher-Weg 18—20, D-6500 Mainz 1 (Germany)

[**] Polyreactions in Oriented Systems, Part 24.—Part 23: [1].
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merization in monolayers and liposomes, as well as their in-
teractions with the lectin Concanavalin A (ConA).

The glycolipids (7) and (2) (see Procedure) were spread as
monomolecular layers at the gas-water interphase on a Lang-
muir film balance. Figure 1 shows the corresponding surface-
pressure-area isotherms.

010 020 030 040 050 A~

Fig. 1. Surface pressure-area isotherms of (7) at 20°C (-—-~- ~yand 1°C (- ).
of (2) at 20°C (——), and of polyrmer () at 1°C (~——-- ). p=surface pressure
(in mN/m), 4 =area (in nm?/molecule).

While (7) 1s only in a liquid expanded phase at 20 °C with
a collapse point of 0.29 nm?/molecule and 43 mN/m, at 1 °C
it shows a liquid expanded phase up to about 0.45 nm?/mol-
ecule and 8 mN/m followed by the solid-analogous phase
with a collapse point of 0.31 nm?/molecule and 51 mN/m.
The high area value at the collapse point evidences the large
area occupied by the glucopyranose ring bound directly to
the diyne alcohol.

The glycolipid (2) has a solid phase in the whole tempera-
ture range investigated from 20°C to 40 °C (collapse point
0.18 nm?*/molecule and 63 mN/m). The head-group of (2)
occupies a smaller area than that of (1); the reason for this is
the hydrophilic spacer between galactopyranose and diynoic
acid which permits a deeper penetration of the sugar moiety
into the subphase.

When a monomolecular film of (7} is UV irradiated at
1°C and a surface pressure higher than 10 mN/m, the typ-
ical polymerization of the diyne group takes place. The col-
orless monomer film turns blue and then red™. As expected
the polymerized film does not exhibit a liquid expanded
phase any more. The occupied area at the collapse point is
only insignificantly smaller than in the monomer film.

The monomolecular film of (2) also yields a blue polymer
film when irradiated at 20°C and 35 mN/m, but does not
show the color change to red caused by change of the polym-
er conformation even after 30 min of irradiation. As in the
case of (1), the contraction of the film during the polymeriza-
tion is very small. When an aqueous suspension of (7} is soni-
cated for 15 min at 50°C, a clear colorless solution is ob-
tained, which is polymerized in a quartz cuvette at 0°C by
UV irradiation. As in monolayers, during the polyreaction
the color change via blue to red takes place, as had already
been observed in the case of different liposome forming di-
acetylene compounds!'). In contrast, no liposomes are formed
by (2} when sonicated for longer periods (up to 30 min) and
at higher temperatures (up to 80°C). Only a crystalline sus-
pension is formed. Its filtrate turns faintly blue on irradia-
tion. The strong tendency of the hydrazide linkages to form
hydrogen bonds make glycolipid (2) excessively rigid and
poorly dispersible in water, which is also confirmed by the
missing liquid expanded phase in the monolayer.

The interaction of (1) with the lectin ConA was investi-
gated in monolayers and with monomer and polymer lipo-
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somes. When a con A solution in phosphate buffer (pH 7.4) is
injected under a monomolecular film of (1) on the same buff-
er at a constant surface pressure of 10 mN/m, a considera-
ble expansion of the film can be observed due to strong inter-
action of the lectin with the monolayer.

Solutions of monomer and polymer liposomes of glycolip-
id (Z) react with Con A solution by agglutination and preci-
pitation within a short period of time. This effect could not
be observed with different polymer liposomes not bearing
saccharide moieties.

Procedure

The glucose derivative (1) was obtained as a colorless solid
(m.p. 73—75°C)® when acetobromoglucose and 10,12-
hexacosadiyne-1-ol in dry ether were allowed to react in the
presence of silver 4-hydroxyvaleriate (Koenigs-Knorr reac-
tion™), followed by the cleavage of the protective groups
with sodium methoxide.

The lactobionic acid derivative (2) could be synthesized
from lactobiono-1,5-lactone!” via its hydrazide, followed by
coupling with 10,12-hexacosadiynoic acid via its mixed an-
hydride with ethyl chloroformate (m.p. 114°C)®.
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Palladium-Catalyzed Reduction of Multiple Bonds
with Mg/CH,;OH"!

By George A. Olah, G. K. Surya Prakash,
Massoud Arvanaghi, and Mark R. Brucel’

It has long been known that magnesium in methanol (or in
ethyl or isopropyl alcohol) can been used for the reduction of
carbon-heteroatom double bonds!!! and N-oxides®; more re-
cently, the selective reduction of «,3-unsaturated nitriles*!
and aryl-substituted ethylenes has also been achieved in this
wayP®l In all these reactions, however, isolated, nonacti-
vated double or triple bonds were found unaffected by the
reducing system. We now wish to report that addition of cat-
alytic palladium metal on carbon to the Mg/CH;OH re-
agent dramatically enhances its reactivity, thus allowing rapid

[*] Prof. Dr. G. A. Olah, Dr. G. K. S. Prakash, M. Arvanaghi,

Dr. M. R. Bruce
Hydrocarbon Research Institute and Department of Chemistry
University of Southern California
Los Angeles, California 90007 (USA}

[**] Synthetic Methods and Reactions, Part 94. This work was supported by the
National Science Foundation and the National Institutes of Health.—Part
93, G. A. Olah. S. C. Narang, L. D. Field, G. F. Salem. ). Org. Chem. 45,
4792 (1980).
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and facile reduction of nonactivated multiple bonds (Table

1).

Table 1. Reduction of multiple bonds with Mg/CH;OH/Pd—C.

Substrate Product [a] Yield B.p.
[b] [°C/torT]
[%] M.p.
r°c
Bicyclo[2.2.2]octene Bicyclo]2.2.2Joctane 96 169-170
2-Octene n-Octane 89 122-123/760
1-Methyl-1-cycloheptene  Methylcycloheptane 92 131/760
Ethynylcyclohexane Ethylcyclohexane 82 132/760
t-Nonene n-Nonane 86 35/10
Cyclododecene Cyclododecane 85 60
2-Cyclopentenylacetic Cyclopentylacetic acid 93 125/17
acid
5-Norbornene-2- 2-Norbornane- 91 62/7
carbonitrile carbonitrile [c]
5-Norbornen-2-yl 2-Norbornyl 96 95/15
acetate acetate [c]
3-Cyclohexenol Cyclohexanol 66 160-161/760
Ethyl-3-cyclohexene- Ethylcyclohexane- 91 81-83/12
carboxylate carboxylate
1-Ethynylcyclopentanol 1-Ethylcyclopentanol 90 170~171/760
2-Cyclopropyl-3- 2-Cyclopropyl-2-butanol 78 162~163/760
buten-2-ol
2-(3-Cyclohexenyl)ethanol 2-Cyclohexylethanol 87 102/17
2-Butynol 2,2,3,3-Tetradeuterio- 69 118/760
1-butanol [d]
trans-Stilbene 1,2-Dideuterio-1,2- 89 49-50
diphenylethane {d]
Diphenylacetylene 1.1,2,2-Tetradeuterio- 86 50-51

1,2-diphenylethane [d]

[a] All products were characterized by elemental analysts, and '"H-NMR and IR
spectra. [b] Yield of isolated product. [c] Mixture of exo and endo derivatives. [d]
Reduction with CH;0[2H).

The present reducing system has distinct advantages over
the conventional catalytic hydrogenation procedures: cy-
clopropyl groups are not reduced by the system and also ben-
zylic ethers and alcohols remain unaffected under the reac-
tion conditions. On the other hand, the deuteration of multi-
ple bonds is readily achieved in good yields with the use of
CH;O[?H]. The system Mg/CH;0H/Pd—C thus serves as a
useful convenient alternative procedure for catalytic hydro-
genation or deuteration.

Procedure:

To the well stirred mixture of the corresponding unsatu-
rated compound (10 mmol) and 50 mg of 10% Pd/C in
methanol (30 cm?®) in a 250 ml round bottom flask at room
temperature is added magnesium turnings (five equivalents
of Mg per double bond). After a sluggish induction period
the reaction starts with brisk evolution of hydrogen gas. Af-
ter all the magnesium metal has dissolved, the mixture is
poured with vigorous stirring into 30 ¢cm? of an ice-cold 3N
HCI solution and extracted with ether (3 x 100 ¢cm?®). The
ethereal layer is washed twice with saturated brine solution
(2 x 100 cm?) and dried over MgSO,. The solvent is removed
by evaporation and the residue purified by distillation or re-
crystallization.—The reduction with CH;O[?H] is carried out
under a dry argon atmosphere.
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2,6-Barbaralane Dicarbonitrile: A Probe for Dewar-
Hoffmann-Type Homoaromatic Molecules!™

By Helmut Quast, Yvonne Gorlach, and
Josef Stawitz!"!

The originally postulated existence of neutral homoaro-
matic molecules through cyclic homoconjugative interaction
of (4n+ 2) w-electrons, which are located in even m-electron
parts of the molecule, meets apparently unsurmountable en-
ergy barriers!"). By extrapolating structural effects on the en-
ergy barrier of the degenerate Cope-rearrangement, Dewar
and Hoffmann postulated a novel type of homoaromatic mo-
lecules, which is characterized by cyclic homoconjugative in-
teraction of uneven m-electron parts of the molecule®®. In-
deed, by structural modifications, the energy barrier of the
degenerate Cope-rearrangement may be drastically lowered,
which leads to fluxional molecules, e. g. semibullvalene (1a)
[AG, =23 kJ/mol| and barbaralane (1b) [AG =33 kI/
mol]P). Reducing the energy barrier further might result in
stable molecules with a homoaromatic ground state. This has
been predicted to be effected by azasubstitution at positions
2 and 6 or, alternatively, 3 and 7 of semibullvalene (/a) or by
donor substituents at C-1 and C-5 and acceptor substituents
at C-2, C-4, C-6, and C-8%. So far, no such compound is
known. We now report a simple synthesis of 2,6-barbaralane
dicarbonitrile (6), which should allow an experimental inves-
tigation of the above predictions.

-~
~
o

=
o}

H
[

The readily available bicyclononanedione (2) was con-
verted quantitatively with trimethylsilyl cyanide and zinc
iodide in dichloromethane®® into the O,0’-bis(trimethylsi-
lyl)biscyanohydrin (m.p. 97—99 °C), which apparently ex-
ists as one stereoisomer ('H-NMR spectrum). By refluxing
for 1.5 h in methanol and concentrated hydrochloric acid
(1:1), the trimethylsilyl derivative was hydrolyzed to the bis-
cyanohydnn. Without purification, this intermediate was al-
lowed to react with 12 moles of trichlorophosphane oxide
(per mol of biscyanohydrin) in boiling pyridine (2 h) and
thereby converted in 53% yield [based on (2)] into the unsat-
urated dicarbonitrile (3), which was sublimed at 110-
125°C/4 x 10~ ¢ torr.

The bromination of (3) with N-bromosuccinimide in tet-
rachloromethane proceeds smoothly and completely diaster-
eoselectively. However, even in other solvents, the bromin-
ation cannot be stopped at the stage of the bromodicarboni-
trile (4). Instead, with one mol of N-bromosuccinimide in
boiling tetrachloromethane after 2 h, one obtains a mixture
of 0.51 mol (4) and 0.22 mol dibromodicarbonitrile (5),
which can be easily separated by preparative layer chromato-

[*] Prof. Dr. H. Quast, Dipl.-Chem. Y. Gérlach, Dr. J. Stawitz
Institut fir Organische Chemie der Universitit
Am Hubland, D-8700 Wiirzburg (Germany)
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graphy (silica, ether/tetrachloromethane 1:1). According to
the NMR spectra (Table 1), (4) and (5) form only one ster-
eoisomer. Because of the C, symmetry of (5} its bromine
atoms are homotopic.

The ring closure of the bicyclo[3.3.1]nonane to the barba-
ralane system has already been accomplished in different
ways®. In the case of (4) and (5}, it is achieved extremely
rapidly with alkoxides in alcohols. Thus, with sodium
[D;]methoxide in [Dgjmethanol, immediate quantitative
ring-closure occurs to give the (bromo-)barbaralane dicar-

NC
Br
CN NG >—CN (s
\ Br Y

CN CN
NC&\} (7)
Br

bonitrile instead of H/D exchange. In preparative runs using
1.15 moles of sodium methoxide in methanol/benzene per
mol of (4} and (5), 77% (6) and 95% (7), respectively, are ob-
tained as crystalline products.

The assigned structures (3)—(7) are based on elemental
analyses and IR, NMR, and mass spectra. X-ray structure
determinations have been performed on (3), (4), (5), and (7)
which provide unequivocal proof of structure!”.. In particu-
lar, they establish the exo position of the bromine atoms of
the bromodicarbonitriles (¢) and (5) inferred already on the
basis of steric arguments. The IR spectra of the bicyclonona-
diene dicarbonitriles (3), (4), and (5) show only one C=N
frequency arising from o,3-unsaturated nitrile groups. In
contrast, the IR spectra of the barbaralane dicarbonitriles (6)
and (7) display two nitrile bands. An analogous situation is
found for the C=—C frequencies.

(2) ©

¥

(4) NC

<

(6) NC

¢

While the '*C-NMR spectra can be easily interpreted,
long-range couplings complicate the 90-MHz '"H-NMR spec-
tra in most cases (Table 1). The reported coupling constants
were assigned with the aid of decoupling experiments under
the simplifying assumption of first order spectra. The 'H-
NMR data are in harmony with those of the parent hydro-
carbons, viz. bicyclo[3.3.1]nona-2,6-diene™® and barbaralane
(1B)"), respectively. Like barbaralane (15), (6) exhibits aver-
aged NMR spectra at ambient temperature. In the 50-MHz
C-NMR spectrum of (6) in [D,]dichloromethane, the signal
of C-2/C-6 as well as that of C-4/C-8 begins to broaden only
at —60°CU'%. That is, at —60°C the degenerate Cope rear-
rangement of (6) still occurs rapidly on the '*C-NMR time
scala; on the IR time scala, however, it is slow at +30°C.

The 'H-NMR spectrum of the bromobarbaralane dicar-
bonitrile shows the signals of two vinyl protons and two cy-
clopropane protons. As anticipated, the compound prefers
the structure (7) and hence may serve as a model for a static
(non-fluxional) system.—OQur approach offers a possible syn-
thetic route to the hypothetical homoaromatic semibullval-
enes of Dewar and Hoffmann®!.
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Table 1. Melting points, IR frequencies (KBr), and NMR data (in [D]chloroform, 8 values, J [Hz]) of the bicyclo[3.3.1]nona-2,6-diene-2,6-dicarbonitriles (3)—(5) and the
2,6-barbaralane dicarbonitriles (6) and (7). The assignments of the '’"C-NMR signals of (4) and (5) were supported by off-resonance decoupled spectra.

'H-NMR *C-NMR

Cpd. IR [em "] 1-H 3-H 4H 9-H Jox Jio e Ct c2 c3 Cc-4 c-9 C—N
M.p.[°C] —C-N C=C 5sH 7-H 8-H Jas Jss  Ju  CS5 c-6 C-7 c-8
22)9 00 212 1631 285 662 252 1.90 3.2 3.7 287 1159 1424 307 263 1183
(4) fal 084 593 422 ? 5.1 288 1133 144.0 [b] a9 o 115
154155 2218 1630 252 510 186 Y 19 36 38 370 1164 1402 {b] 30.6 : 1172
251)6 ayg 2225 1623 308 665 460 234 1.7 32 52 37.1 137 1415 09 178 116.6
() [c] 2240 1628

. . 32 73 2. 8.2 283 66.9 1269 78.8 15.5 1193
9394 215 1610 295 614 450 13 6 8
(7) 1di 2240 1618 146 612  — 256 13.7 231 307 1199 116.1 79 116.9
163—164 2215 1606 324 666 1.66 : — 409 {120 1358 25.1 : 1195

[a] '"H-NMR. spectrum in [D¢]benzene; J, y=J35=0.8 Hz; J,;=Js ;=0.7 Hz; W-coupling: *J;5=1.3 Hz. [b] The assignment may be exchanged. [c] Weak C==C bands

at 1628 cm ~' "*C-NMR spectrum in [D¢]benzene. {d] J, =2, J1s=1.4 Hz.
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Radical Cations of Sterically Hindered
Bicycloalkylidenes: An Experimental Contribution
Concerning the Planarity of the Ethylene Radical
Cation!™" '

By Fabian Gerson, Javier Lopez, Adolf Krebs,
and Wolfgang Riiger!’!

Experimentally derived information on the geometry of
the ethylene radical cation is scarce!'l. Most semiempirical™
and ab initio MO calculations? predict a planar arrangement
of the atoms in this one-m-electron system, but the potential
curve for the twisting of the CH,-groups is expected to be ex-
tremely flat. Deviations from planarity should thus easily be
brought about by bulky substituents. Investigations on the
radical cations of 2,2,2',2",4,4,4’,4’-octamethylbicyclobutylid-
ene (1), 1,1,3,3-tetramethyl-2-(2,2,4,4-tetramethylcyclobu-
tylidene)cyclopentane (2)™! and 2,2,2°,2,5,5,5,5"-octamethyl-
bicyclopentylidene (3)!*) ought to verify this statement.

HiC CHy H;C CHy  HyC CH; HiC CHs H3C CH, Hyc CHs

HiC CHy HiC CHy  HiC CHy HiC oy HC CHs HiC

(n (2 (2)

As shown by cyclic voltammetry!®), the first oxidation
wave of the three compounds is reversible; in each case, one
electron is released and taken up again. The relevant poten-
tial is substantially lower for (3) (+1.37 V vs. SCE) than for
(1) (+1.81 V) and (2) (4 1.65 V). Moreover, the dependence
of the cyclic voltammograms on the scanning speed would
point to the radical cation (3) ¥ having a longer lifetime than
(1)* and (2)*.

The ease of formation of (3)* under a variety of condi-
tions (reaction with AlCl; in CH,Cly; electrolysis in CH,Cl,,
CH,Cl,/CF;COOH/(CF5;C0),0 or CH3;CN) and its re-
markable stability (persistence) are consistent with these
findings. Thus, the concentration of (3) * remains almost un-
changed for weeks, when a solution of the radical cation is
allowed to stand at room temperature with exclusion of air.
Even upon the addition of water, the concentration decreases
only gradually. In the temperature range 183-—313 K, the
ESR spectrum of (3)* exhibits the coupling constants
a(12H)=0.203 and a(4H)=0.028 mT for the methyl and
methylene protons, respectively, of only one cyclopentylidene
moiety (g=2.0026)U"1.

The radical cations (1) * and (2)* are less easily generated
than (3)* and their persistence is substantially lower. Elec-
trolytic oxidation of (f) and (2) in CH,Cl,/CF;COOH/
(CF5C0),0 (volume ratio 10:1:1)!® proved to be the best
method of preparation of the corresponding radical cations.
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In the range 193—293 K, (1) * shows a hyperfine interaction
with the methyl and methylene protons of both cyclobutylid-
ene moieties: a(24 H)=0.123 and a(4 H)=0.049 mT, respec-
tively (g=2.0027). The ESR spectrum of (2)* recorded in
the same solvent mixture (g=2.0026s) is strongly tempera-
ture dependent with strikingly varying line-widths of the in-
dividual hyperfine components. Computer simulations are
consistent with the assumption that this behavior is due to
electron exchange between the cyclobutylidene and cyclo-
pentylidene moieties of (2)*. An exact analysis is difficult,
however, in the investigated temperature interval, whose
lower (193 K) and upper (263 K) limits are determined by
the freezing point of the solvent mixture and by the persis-
tence of the radical cation, respectively. This is because
neither the range of the “slow” nor that of the “fast” ex-
change is attained. The analysis is made all the more difficult
by the fact that, in contrast to (1)t and (3) %, the two cycloal-
kylidene moieties in (2}* are not equivalent.

From the ESR spectra of the three radical cations, it is
possible to estimate the frequency of the electron exchange.

HiC CH, H,C CHs HiC CH, H,C CH,

(H,0 © @ (CH), T— (HO, & © (CHp,

H,C CH3 HiC cH, HsC CH3 HiC CH,

Whereas for (2)* (m=1; n=2) this frequency is evidently
of the same order of magnitude as the hyperfine time-scale
(10’—10% s~ %), it must be substantially lower (< 10®s~") for
(3)* (m=n=2), and considerably higher (>10° s~') for
(1)* (m=n=1).

The frequency of the electron exchange depends on the
overlap between the 2p, AO’s at the two sp’-hybridized car-
bon atoms and therefore on the extent of the coplanarity of
the m-system. Hence, the experimental result implies that the
energy required to approach coplanarity increases in the or-
der (1)t < (2)* <(3)*. This conclusion bears out the expect-
ation that the planar arrangement is more difficult the larger
the size of the cycloalkylidene moieties, because of the en-
hanced steric hindrance by the alkyl substituents. The same
sequence should also hold for the trend of the moieties to
twist about the central C—C bond. The high persistence of
(3)* could then be rationalized by a nearly perpendicular ar-
rangement of the five-membered rings, which offers an opti-
mal protection of the radical and cationic centers by the meth-

gy
=D

Finally, it should be mentioned that the structural parame-
ters of the neutral molecules (1), (2), and (3) have not yet
been determined. At present, merely results of calculations
by the force-field method are available!®, according to which
there should be no appreciable twist about the double bond,
even in (3). Presumably, the twist comes about only when the
neutral two-w-electron system changes into the one-m-elec-
tron system of the radical cation.

~,

@
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CAS Registry numbers:
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NMR Spectroscopic Investigation of Intercalation
Compounds of Organic Molecules and Sheet
Silicates—p-Xylene-Hectorite and Related
Systems!™

By Colin A. Fyfe, John M. Thomas, and
James R. Lyerlal"!

Many categories of sheet silicates are known to be capable
of taking up, within their interlamellar spaces, a wide range
of organic compounds!"-?2. The majority of these “organic”
intercalates break down upon heat-treatment simply to yield
the separate parent materials, but it has of late become in-
creasingly apparent that several, highly selective chemical
conversions!"*? % can be carried out through the agency of
such intercalates. In elucidating the nature of the microenvi-
ronment to which the organic molecule is exposed in the in-
terlamellar region little use has so far been made of NMR
spectroscopy, even though this technique has already proved
illuminating in probing the properties of clay:water sys-
tems!®, and also in clarifying the nature of adsorbed organic
molecules at exterior surfaces (of ZnO for examplel®2)), of or-
ganic clathrates®® and of small organic molecules, such as
methanol, in zeolites and silica gel’®*l.

We here report how, using a commercially available
pulsed FT-NMR spectrometer, it is possible to assess (i) the
degree of molecular freedom, (ii) the composition of mix-
tures and (iil) the keto-enol equilibrium of certain organic
species retained in the interlamellar spaces of a synthetic
hectorite—idealized formula Nag ¢;Sig(Mgs 33L16.67)O20(OH)4.

Experimental methods for preparing a range of room-tem-
perature stable intercalates of hectorites (and of montmoril-
lonites) are given elsewhere’l. X-Ray diffractometry and

{*] Prof. C. A. Fyfe

Guelph-Waterloo Centre for Graduate Work in Chemistry
University of Guelph
Guelph, Ontario N1G 2W1 (Canada)
Prof. J. M. Thomas
Dept. of Physical Chemistry, University of Cambridge
Lensfield Road. Cambridge CB2 1EP (England)
Dr. J. R. Lyerla
IBM Research Laboratories
Monterey & Cottle Roads, San Jose, California 95193 (USA}

[**] This work was initiated when two of us fJ. M. T. and C. A. F.) were visiting
scientists at [BM, San Jose. We are grateful to IBM and particularty to Dr
G. Castro for their hospitality and support, and also to the Science Research
Council (U, K.) and the Natural Sciences and Engineering Research Coun-
cil of Canada for their support.
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TG A readily reveal the degree of uptake and extent of c-axis
expansion that accompanies the formation of these intercal-
ates. High-resolution 'H- and *C-NMR spectra were ob-
tained using a conventional Varian CFT-20 spectrometer at
80 MHz and 20 MHz, respectively. Both proton and carbon
spectra were obtained using a spinning sample. The proton
spectral widths were such that no extra proton decoupling
power in addition to the 3 kHz available from the basic spec-
trometer was necessary to obtain ‘*C spectra at ambient tem-
perature.

Typical spectra of powdered specimens of the organic in-
tercalates at 30 °C are shown in Figures 1 and 2. Although
the proton peaks are rather broad they are much narrower
than would be obtained from solid p-xylene or solid y-buty-
rolactone, indicating that these organic molecules have con-
siderable freedom of motion in the interlamellar region. The

A
CH
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CH 1000 Hz
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3
®
Wy VRTINS Nyt
mﬁmﬁ_‘mﬁw
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Fig. 1. A) "H-NMR spectrum of the p-xylene-hectorite intercalate at 80 MHz (50
pulses). The vertical arrow indicates the position of a small, sharp peak arising
from HOD impurity in the D,O lock reference which has been deleted for clarity
(see also Fig. 2A). B) '*C-NMR spectrum of the same intercalate at 20 MHz
(4000 pulses).
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Fig. 2. A} '"H-NMR spectrum of the y-butyrolactone intercalate of hectorite at 80
MHz (15 pulses). B} "*C-NMR spectrum of the same intercalate recarded at 20
MHz (16000 pulses).
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two proton peaks for the xylene intercalate have relative in-
tensities of 2:3 and the chemical shifts are very similar to the
aromatic and methyl resonances in the high-resolution solu-
tion spectrum. The '*C-NMR spectrum shows separate sharp
absorptions for each of the three different types of carbon in
the molecule (linewidth ca. 25 Hz); and the relative chemical
shifts [§=0.0 @), —114.0 @ and —108.5 ()] are identical to
those of the pure liquid, again indicating that the molecules
are motionally relatively free. The *C-NMR spectrum of y-
butyrolactone (Fig. 2) shows four distinct peaks; and good
quality, readily interpretable, NMR spectra are obtained
from hectorite intercalates of several other organic molecules
including tetrahydrofuran, ethylbenzene and 1,3-pentane-
dione.

The composition of ethylbenzene/p-xylene mixed intercal-
ates could readily be deduced from the '*C-NMR spectra of
the powdered solid. Moreover, the keto-enol equilibrium of
1,3-pentanedione in the interlamellar space is seen, by in situ
NMR measurement, to be displaced in favor of the enol
form.

It proved readily possible with these systems to measure,
by standard methods, *C spin-lattice relaxation times. For
the p-xylene intercalate the values are:@490, 430 and
C3 480 ms, essentially indistinguishable from one another
within the accuracy of the experiment. (Compare the corre-
sponding values of 11.8, 13.5, and 44.7 s for the pure p-xylene
as liquid.) These differences again point to the integration of
the xylene guest into the sheet-silicate host. We have also
shown, and shall describe more fully elsewhere, that magic-
angle spinning, as expected!®, enhances the resolution of
both the proton and the carbon spectra of these intercal-
ates.
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Selective 7-Glycosylation of 4-Amino-7 H-pyrrolo[2,3-
d)pyrimidine to Ara-Tubercidin and Its a-Anomer

By Frank Seela and Heinz-Dieter Winkeler'

4-Amino-7-(B-p-arabinofuranosyl)pyrrolo[2,3-dlpyrimi-
dine (ara-tubercidin) (4b), like its aza analogue ara A", has
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antiviral properties; however, it is not deaminated by adeno-
sine deaminase! and is therefore not deactivated.

Whereas ribonucleosides are only biologically accepted as
B-anomers, the a-anomers of arabinonucleosides are also of
interest since their 2°-hydroxy group is frans to the nucleo-
base and therefore several enzymes recognize a-D-arabinonu-
cleosides like B-p-ribonucleosides?.

Ara-tubercidin (4b) can be obtained either semisyntheti-
cally from tubercidin'¥l or by total synthesis via glycosylation
of 4-chloro-2-methylthio-7H-pyrrolo[2,3-dlpyrimidine?. A
selective 7-glycosylation of the aglycone () has hitherto not
been described, since an exclusive activation of the pyrrole
nitrogen avoiding the N-glycosylation of the pyrimidine ni-
trogens was not possible.

NH>
Bn0O 0
= N
N N
H 0Bn
(1) 2)
NHZ NH»
NL N
N
RO 0]
R
OR
(3a), R=Benzy! (40), R=Benzy!
(3b),R=H (4b) ,R=H

We were able to couple (7)° with the halogenose (2)°!
selectively at N-7 without protecting the 4-amino group un-
der the conditions of phase-transfer catalysis’. A 1:1 mix-
ture (‘"H-NMR) of the anomers (3a) and (4a) is obtained in
57% yield, which, however, is difficult to separate on a prepar-
ative scale. Debenzylation of the mixture is accomplished
by hydrogenation in the presence of palladium on charcoal
and the reaction product is separated on an ionexchange col-
umn!® yielding ara-tubercidin (4b)** and its «-anomer
(3b).

Procedure

2,3,5-Tri-O-benzyl-1-0-p-nitrobenzoyl-p-arabinofura-
nose!® (2.55 g, 4.4 mmol) is converted into the yellowish, vis-
cous halogenose according to the procedure given in Ref. ™%
(2). A suspension of pulverized (7) (0.5 g, 3.7 mmol)**! in
dichloromethane (10 cm®) and dimethoxyethane (5 cm?) is
stirred with benzyltriethylammonium chloride (0.15 g, 0.55
mmol) and 50% aqueous NaOH (15 cm?) for 5 min in a vi-
bromixer.—The halo sugar is added dropwise to the emul-
sion and mixing of the layers is continued for a further 30
min. The organic layer is separated off, extracted with water,
dried over sodium sulfate, filtered, and evaporated. The oily
residue is dissolved in a small amount of chloroform/metha-
nol (99:1) and chromatographed in the same solvent on sili-
ca gel (Lobar pre-packed column, size C, Merck). The main
zone is separated and the solvent removed; 1.12 g (57%) of a
yellowish, viscous mixture of the anomers (3a) and (4aj) (1:1)
is obtained. TLC (CHCl;/CH;OH 98:2): R,=0.3; UV
(CH30H): Apax =270 nm (e = 11 400).

The mixture (3a)/(4a) (1.0 g, 1.9 mmol) dissolved in meth-
anol (100 cm?) is hydrogenated at room temperature under
normal pressure with 10% palladium on charcoal as catalyst.
After filtration of the catalyst and evaporation of the solvent
a colorless, oily crude product is obtained which is applied
on a 2.5 x 30 cm ion-exchange column (Dowex 1 x2, OH~
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form)®!. Water elutes a byproduct, methanol/water (2:3)
elutes compound (3b) (25%) followed by (4b) (34%)PL.
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Direct Metal Exchange in Carbonylcobalt
Clusters""!

By Harald Beurich and Heinrich Vahrenkamp'!

Experience so far indicates that it should be extremely dif-
ficult to devise a directed synthesis of a tetrahedral frame-
work structure consisting of heteroatoms, since each corner
of the tetrahedron must be bonded to the remaining three
corner units. It is therefore all the more astonishing that
tetrahedral heteroatom clusters can be fromed indirectly
in one-step!'’ or in multi-step addition and substitution re-
actions by the systematic addition and incorporation of orga-
nometallic units®?l. We now wish to report that these types
of organometallic expansion reactions can be performed by a
still simpler direct metal exchange process. In this connec-
tion, carbonyl cobalt clusters were reacted with simple binu-
clear carbonyl (cyclopentadienyl) metallic compounds (7)
which are present in equilibrium with their mononuclear rad-
ical moieties!”l. The latter species are able to attack the clus-
ters and substitute the Co(Co);-units by organometallic
groups. The binuclear complexes (7) and CH;CCos(CO),
react to produce the hetero clusters (2), of which we had al-
ready obtained (2a) and (2b) by the Co—As-elimination
method. The reactions are accelarated by thermal and photo-
chemical stimuli and proceed in low yield in the case of (Z¢)
and in high yield with an excess of (1d).

£

C
LaM~MLy (CO)aCo\-—\—MLm

Co

(CO);
(1a), MLn = MoCp{CO); f2a), MLm = MoCp(CO),
(1b), MLy = WCp(CO)3 (2b), MLm= WCp(CO),
(Ic), MLp = FeCp(CO), (2¢), MLm = FeCpCO

(1d), ML, = NiCpCO (2d), MLn = NiCp
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When (1d) was reacted with other cobalt clusters, similar
products were obtained e.g. with XCo3(CO)s (X=CF,
CCqHs)the clusters (3a)and (3b) were formed, and the NiCos-
cluster (3c) was formed from Co4(CO),, and (Zd) in at least
twice the yield (50—90%) of the previously described proc-
essPl. Table 1 gives the most important spectroscopic data of
the new compounds.

s
X C
(3a), X = CF \ \
(3b), X = CCeHy  (CO)BCo—\—NiCp  (CO)3Co— \—NiCp
{3c), X = ColCO); \Co/ NS
(COJ)3 Cp(CO)2 (g

Table 1. Important spectroscopic data of the new hetero-cluster compounds. 'H-
NMR in C,D,, TMS int. std., 8-values. IR in cyclohexane, »(Co) [em ™ ')

Cmpd. 'H-NMR IR

(2c) 398,376 2073 s, 2030 vs, 2020 vs, 1996 m, 1988 w, 1920 m

(2d) 4.76,343 2078 m, 2038 vs, 2020 vs, 2009 m, 1994 w

(3a) 479 2085 s, 2048 vs, 2030 vs, 2021 m, 2011 w

(3b) 478 2078 s, 2040 vs, 2020 vs, 2012 m, 1998 w

(4) 4.84.4.68, 2053 m. 2034 5, 2005 m, 1990 vs, 1976 s, 1968 st. 1947 vw,
3.70 1934 m, 1916 w, 1898 vw, 1870 vw

The chiral trimetal cluster (4) was obtained from
CH,CCo(CO), by a stepwise double metal exchange which
proceeds via (2a) or (2d). Compound (4) spontaneously
forms optically active crystals, a structural analysis of which
was carried out (Fig. 1), we have endeavored to obtain
larger single crystals of (4) so that a separation of them into
their enantiomers by manual selection can be carried out.
Furthermore, since the cluster compound (4) can readily be
prepared, it would be a suitable species with which to exam-
ine the process of optical induction in cluster catalysis reac-
tions. This species should also provide definite proof that
cluster compounds, viewed as a structural whole, can be ca-

talytically active!”),

'\C) y

’@(c)

Fig. 1. Structure of (4). The most important bond lengths are as follows; Co—Mo
265.1 (4), Mo—Ni 255.7 (3), Ni—Co 233.6 (4), Co—C 187 (2), Mo—C 208 (2),
Ni—C 188 (2) pm [6].

Experimental

A solution of (2a) (100 mg, 0.21 mmol) and (Zd) (190 mg,
0.63 mmol) in 15 cm® benzene was stirred for 5 d at 60 °C.
Chromatography on a silica gel column (3 x 30 cm) using a
hexane/benzene eluent (9:1) produced firstly (2a) (green),
secondly (1d) (red), and (4) (brown) as the third fraction. Re-
crystallization from hexane gave 20 mg (19%) of (4) as dark
brown crystals (19%) (m.p.=152°C).
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Commun. /977, 393,

Phenyl-Substituted Dimethyleneammonium Salts:
2-Aza-allenium Derivatives!™™

By Ernst-Ulrich Wiirthwein'"!

Dimethyleneammonium salts (7) have been postulated as
intermediates!'*® and were observed in mass spectrometric
fragmentations!'), but little is known about their synthesis
and reactivity!?. These linear 2-aza-allenium salts, which
have the topology and electronic structure of cumulenes, are
of considerable theoretical interest. They are novel examples
for the influence of positively charged, sp-hybridized nitro-
gen on charge distribution and structural preference. For or-
ganic synthesis the salts (1) can be used as highly reactive
C—N—C synthons (“double” methyleneammonium or im-
inium salts), e.g. as electrophiles, dienophiles and as stable
precursors for nitrile ylides!'®,

R!, Rr® (laj, R}, R?, R}, R* = Ph
;C~N——c SbC1®  (Ih),R', R%, R = Ph; R*=H
R? R* (Ic), R', R® = Ph; R? R*=H

We report here a simple method for the synthesis of substi-
tuted dimethyleneammonium salts () which is applicable
not only to the known tetraphenyl derivative (1a)*, but also
to the tri- and diphenyl derivatives (14), (1¢) and others. (1¢)
is the first chiral representative of this class of compounds.

Starting materials are the easily accessible N,N’-bisalkyli-
denediaminomethanes (2) (“iminals”)?!, of which “hydro-
benzamide” (2¢)*"! is the best known. Acylium salts, power-
ful acylation reagents!®l, attack (2) at nitrogen and lead di-
rectly to (1). The N-acyliminium salts (3) could not be de-

R! R? R!
i
CHCz0® SbC1P +  C=N-C-N=C] = —»
R? B R?
(2)
CHj ®
R} C=0 % R!
N 1 o e’
JC=N_ R | SbC1O—>(1) + CHyC-N=C(
R? C-N=C R?
371 N2
R L4 R (3) (4)

[*] Dr. E.-U. Wiirthwein
Institut fir Organische Chemie der Universitit Erlangen-Niirnberg
Henkestrasse 42, D-8520 Erlangen (Germany)
{**} This work was supported by the Fonds der Chemischen Industrie. I thank
Prof. Dr. P. von R. Schleyer for discussions and R. Kupfer, R. Neuferr and R.
Bauer for valuable experimental assistance.
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tected as intermediates. (1a) and (Ic) are isolated as crystal-
line solids when the reaction is performed in CHCl; or
CHCl,/CCl, (1:1), respectively, whereas (1b) is obtained as
an oil, which does not crystallize easily from CHCl;/CCl,
(cf. Procedure).

Apart from (1), the cleavage of (3) yields the N-alkylide-
neacetamides (4), which are of theoretical and synthetic in-
terest as reactive dienes’® and 1,4-dipoles®®. The driving
force which facilitates the formation of the highly reactive
dimethyleneammonium salts (Z) is the strong acyl-imine
bonding in (4)!.

The linear allene-like structure of (1} is especially evident
from the very intense cumulene-stretching bands in the IR-
spectrum, [v=1870 (1aj), 1890 (1b), and 1910 cm~' (Ic)]
whose frequencies are similar to the corresponding absorp-
tions in the allene spectrum. The planar, bent 2-azaallyl cat-
ion structure, (5), can therefore be ruled out as a valence
isomer of the cation (1’) for (1a), (1b) and (1c). Compounds
with amino-substituents in the 1- and 3-positions prefer the
allyl form (5), however, because of the formation of the elec-
tronically favorable amidinium fragments!-®.

R« ._N-_ .. R®

® Ne SN~
(r) c-N=c{ = (7o (s)
R4 rR? R*

The 'H-NMR signals for the cumulene protons in (15) and
(1c) occurs, as expected for methyleneammonium salts, at
low field: 5=9.8 (1b) and 9.4 (I1c). The *C-NMR spectrum
of (1¢c) (CD;NO,, 70 °C) exhibits a triplet at §=145.3 for C-1
and C-3 with an unusually large *C-'"*N coupling constant
('Jscen=16.3 Hz); comparable methyleneammonium salts
absorb at §~170 ppm, and the corresponding allenes at
5=280—100.

Dimethyleneammonium salts (/) are valuable C—N—C
synthons in organic synthesis; they react rapidly and under
mild conditions with nucleophiles to give substituted N-me-
thylimine derivatives (6), which in turn can be subjected to a
second, specific, nucleophilic attack at the imine group. The
salts (1) can be used as ene-partner in cycloadditions; depro-
tonation of the derivatives (1b) and (Zc) with strong, non-nu-
cleophilic bases leads to the nitrile ylides (7)1°), which cannot
be isolated, but give trapping products typical for this type of
1,3-dipole.

Rl\ -H® (1 ne  RY Pfa
N _R4 - _ NN
SONGRY) < a ) SC=N-C-Nu
R Rr2 Rt
(7) l (6)
Cyclo- Nu®= OR®, NR, CRf etc.
y
adducts

Experimental

All operations were performed under a nitrogen atmo-
sphere.

(Ic): A solution of (2¢)*®! (1.5 g, 5.0 mmol) in 20 cm? dry
chloroform is treated with 0.4 g (5.0 mmol) acetyl chloride at
room temperature with stirring. The reaction mixture is
cooled to 0 °C and a solution of 1.5 g (5.0 mmol) antimony
pentachloride in 20 ml CHCI; is added dropwise. When the
addition is nearly complete a colorless precipitate forms.
This solid is filtered off under nitrogen after 3 h stirring in
the dark and is washed twice with 10 m! portions of CHCl,.
2.0 g (76%) of the white, microcrystalline, extremely mois-
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ture-sensitive salt (7¢) is obtained after vacuum drying; m.p.
201-202 °C (decomposition above ca. 190 °C).
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Crystal Structure of P,O,!""

By Martin Jansen and Marlen Voss'”)

Dedicated to Professor Wilhelm Klemm on the occasion
of his 85th birthday

P,O¢ opens up several preparatively interesting possibili-
ties, which, however, have hitherto remained largely unex-
ploited. The reason for this appears to be coupled with the
problematical isolation of pure P,O4!"? and the complexity of
the P40(,/P40[0 syStemm.

We report here on the reaction of P,Q with alkali metal
oxides A,O (A=K, Rb, Cs), which proves to be unexpected-
ly difficult: whereas no reaction occurs at low temperature
(20—50°C), increasing decomposition of P,O4 is observed
with increasing temperature above 50 °C. In the temperature
range 120—180°C violent and uncontrolled reactions take
place. On sublimation of the heterogeneous solid reaction
products pure P,O, separates in the form of translucent,
strongly refracting crystals in the warm zone 120—130°C of
the temperature gradient (170-25°C).

Owing to its extreme sensitivity towards moisture and oxi-
dation the compound was prepared under argon for the X-
ray crystallographic and vibration spectroscopic investiga-
tions. The structure determination® shows that P,O, molec-
ular units are present (cf. Fig. 1), The anisotropy of the
temperature factors can be ascribed to librational motion of
the rigid P,O, groups (almost about the baricenter); the in-

{*] Priv.-Doz. Dr. M. Jansen, Dipl.-Chem. M. Voss
Institut fir Anorganische und Anatytische Chemie der Universitat
Heinrich-Buff-Ring 58, D-6300 Giessen (Germany)
[**] This work was supported by the Deutsche Forschungsgemeinschaft, the
Fonds der Chemischen Industrie, and Hoechst AG (sample of P4O).
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Fig. 1. Perspective representation of a P,O, molecule. Bond lengths [pm] and an-
gles [°] in P4O; (maximum standard deviations: 0.7 pm and 0.3°, respectively):
P1—O1 {02, 03; 04)=145.0 (159.7; 158.9; 159.5), P2—0O4 (OS; 06)=1682
(164.2; 164.7); P3-—03 (06; O7)=168.9 (166.2; 164.4); P4—02 (0S5; O7)=168.2
(164.2, 163.7), O1—P1—-02 (03 O4)=1145 (1(53; 115.0), O3—P1—0O2
(04)=103.8 (103.4). 02—P1—04=103.2; 04—P2—05 (06)=99.1 (97.9)
05—P2—06=99.5; 03—P3—06 (07)=97.1 (98.6); 06—P3—07=1003;
02—-P4—05 (07)=989 (98.1); O5—P4-—-07=100.2; intermolecular:
03—-05=300.5; P2—02=319.7.

tramolecular distances quoted take into account this ef-
fect!).

Despite the low positional symmetry 1 in the crystalline
state P,O; has, within the limits of error of the structure de-
termination, the C,, symmetry to be expected for the free
molecule. One can clearly distinguish between pentavalent
(P1) and trivalent (P2, P3, P4) phosphorus by virtue of the
atomic environment (coordination number, P-—QO distances).
However, the concept based on models that such molecules
are made up of P,O,, and P,O¢ moieties with retention of the
P—O bond lengths is reconcilable only to a limited extent
with the structural data found here. Thus, for example, the
distance from P1 to the terminal O1 (145.0 pm) in P,O; is
significantly longer than the corresponding distances in
P,Oy0 (139.0—142.9 pm)®.. This observation points to a cer-
tain reduction in the “pentavalent character” of P1, which
could be caused by a shift of electrons from the trivalent P2,
P3 and P4 atoms linked by oxygen bridges. The marked dif-
ference in lengths of P—O bonds from P2, P3 and P4 un-
doubtedly follows from the stronger interaction of 02, O3
and 04 with P1. The shortest intermolecular contacts exist
between bridging oxygen atoms and correspond exactly to
the sum of the respective van der Waals radii.

Indications of a deviation from the ideal composition, as
have been described in the case of P,O . ", have not been
observed in the case of P,O,.
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Electrochemical Processes in Supercritical Phases!™"!

By Giuseppe Silvestri, Salvatore Gambino, Giuseppe Filardo,
Carmelo Cuccia’, and Enrico Guarino™™

Dedicated to the memory of Professor Raffaele Ercoli

Substances in the supercritical state, i e. at temperatures
and pressures above their critical point, exhibit unusual sol-
vent properties towards many organic and inorganic com-
pounds!'L. The conductivity of supercritical steam containing
various dissolved salts has been the object of considerable at-
tention both for basic studies on the thermodynamic proper-
ties of such systems, and for the investigation of the corro-
sion processes taking place in power plants!?. To our knowl-
edge, nothing has been done to examine substances other
than water as media for electrochemical processes in the su-
percritical state, although the combination of the solvent
properties and fluid dynamic characteristics of such systems
make them an interesting area to explore. In this communi-
cation we report our preliminary results concerning the use
of carbon dioxide, bromotrifluoromethane, hydrogen chlo-
ride, and ammonia as supercritical solvents for electrochemi-
cal processes. Precise conductivity measurements were not
the intention of this research, which was rather an initial
evaluation of the synthetic possibilities opened by these sys-
tems!®.

Among the substances tested, a correlation between the
conductivity of the liquid phase and that under supercritical
conditions was observed e. g. a solution of tetrabutylammon-
ium iodide in CO, was a poor conductor in the liquid, as well
as in the supercritical state. Bromotrifluoromethane, in
which electrolytes are practically insoluble, also proved to be
a very poor conductor. CO, and CF;Br are consequently un-
suitable as solvents for preparative electrolyses in the super-
critical state, and were therefore not considered further.

Ammonia and hydrogen chloride, have high dielectric
constants and also appreciable solvent properties even in su-
percritical conditions (see Table 1). In a series of preliminary

Table 1. Conductivity of electrochemical systems in supercritical condition [a].

Solvent p [bar] T1°C]

exp. crit. exp.- crit. 1 ImA] U (V]
CO, 177 73.8 83 31 1.37 300
CF,Br 97.5 50.8 85 67 0.2 80
HCt 103.4 83.0 80 514 4.1 57
NH; [b] 171 113.8 155 1325 25 47

[a] Conducting salt: nBusNI. {b] Conducting salt: NaCl.

experiments in sealed glass capillary tubes®, it was observed
that at 50 °C NaCl was relatively insoluble in NH; and that
the meniscus disappeared at 129 °C; preparative scale elec-
trolyses on this system with similar electrolyte concentration,
were therefore performed at temperatures above 129 °C. The

[*] Prof. Dr. G. Silvestri, Dr. §. Gambino, Dr. G. Filardo, C. Cuccia, E. Guari-
no
Instituto di Ingegneria Chimica, Viale delle Sienze, Palermo (Italy)
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variation of the conductivity of the cell with temperature, for
the system: Ag/NH,, NaCl/Ag, is plotted in Fig. 1.
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Fig. 1. The voltage of the NH;/NaCl system at a constant current (5 mA}) as a
function of temperature. Measurements were carried out in a cylindrical stainless
steel autoclave (206 cm?). Silver foil (surface area of inner and outer cylinders
8478 and 20.41 cm? resp.; electrode separation 0.8 cm) served as the electrodes
which were held in Teflon frames and insulated from the autoclave jacket.

A:77.48 g/NH,, 154 mg NaCl, p=387 g/dm*
O: 64.5 g/NH,, 154 mg NaCl, p=313 g/dm’®
O: 57.63 g/NH;, 154 mg NaCl, p=280 g/dm?

It was determinant, for the conductivity of the medium,
that the supercritical system should have a high density
(280—390 g/dm?) (p at the critical point 235 g/dm?).

The curves show that the dependence of the conductivity
with temperature beyond the critical point is approximately
inversely proportional to the specific weight of the supercriti-
cal phase. Electrolyses were also performed over long periods
of time, in which up to 4000 Coulombs were passed through
the cell; it was observed that the conductivity of the system
remains substantially unchanged during electrolysis. The
data on electrolyses involving the above mentioned system,
as well as the Fe/NaCl, NH;/Fe system, are summarized in
Table 2.

Table. 2. Preparative scale electrolyses in supercritical ammonia (Q = quantity of
charge transported).

Anode ¥4 T p Q Anodic current
{bar) [°Ci [g/dm?) {C] efficiency [%]

Ag 207 141 336.7 78.5 95

Ag 171 155 359.2 1177 82

Fe 161 146 368 4093 45

The anodic dissolution of silver takes place with very good
current yields. Reduction of the silver ions at the cathode re-
sulted in a deposit of fine silver powder on all the internal
surfaces of the cell. In the case of iron, the anodic process of
dissolution of the metal accounts for only 45% of the charge
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passed, assuming that Fe(III) is produced at the anode. Hy-
drogen was also produced, in a quantity corresponding to
48% of the charge passed. The formation of hydrogen can be
explained by assuming that, in addition to the oxidation of
iron, the anodic reaction involves the well known oxidation
of ammonia to nitrogen and ammonium ions: (4NH;—
1/2N,+3NH$ + 3e¢), and the ammonium ions so formed are
reduced at the cathode, producing molecular hydrogen. Elec-
trochemical reactions in liquid ammonia behave in a similar
way!¥.

The use of hydrogen chloride as electrolytic medium is
also of interest, but experiments with this solvent were diffi-
cult due to its high corrosive action. The experimental data
obtained up to now confirm that hydrogen chloride contain-
ing dissolved potassium iodide gives rise to an increase in the
cell resistance similar to that observed for the systems with
ammonia. Electrolysis of the supercritical HCI/KI system
produced elementary iodine at the anode.

The transition of a system from the liquid to the supercriti-
cal state results, as seen in these experiments, in an increase
in resistance by one to two orders of magnitude (also Fig. 2).
Looking at the possible use of these systems for synthetic

0 5 70
I[mA]—

ik

Fig. 2. Dependence of the current strength on the voltage U in the NH;/NaCl
supercritical system.

O: 380 g/dm* NH;, NaCl 0.22%, p=237 bar, T=159°C.

4:313 g/dm* NH,, NaCl 0.24%. p=219 bar, T=160°C

purposes, the results obtained so far show that it is possible
to obtain good conductivities when cells having a narrow gap
between the electrodes are used with supercritical phases of
high density.
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Isoflavone Synthesis with 1,3,5-Triazine

By Hem Chandra Jha, Fritz Zilliken, and
Eberhard Breitmaier'’!

Dedicated 10 Professor Rudolf Tschesche on the occasion
of his 75th birthday

The isoflavones (5), which are of interest as antioxidants!',
fungicides” and anticontraceptives™, are usually obtained
by formylation of o-hydroxydeoxybenzoins (7) and subse-
quent cyclocondensation. Hitherto the systems formic acid
and orthoformate/base!**), zinc cyanide/hydrochloric
acid®*, dimethylformamide (DMF)/phosphorus oxide chlo-
ride®? and DMF/boron trifluoride/methanesulfonic acid!
have been used as formylating reagents. However, with ex-
ception of the latter method the yields are frequently poor
and many by-products are obtained.

Since 1,3,5-triazine (2), as a carbonyl-analogous electro-
phile, is attacked by CH-acidic compounds®! and is effec-
tive as a formylating agent®®® we have tested it as a possible
C,-synthon in the synthesis of isoflavone. (2) reacts with o-
hydroxydeoxybenzoins (1) in the presence of boron trifluo-
ride ether in glacial acetic acid to give the corresponding iso-
flavones (5). The advantages of this method are: good yields
(up to 90%), short reaction times (2—3 h), mild conditions,
and the simplicity of the technique and workup (Table 1).

The ring closure can be accomplished via the formyldeoxy-
benzoin formed from 1,3,5-triazine (2) and deoxybenzoin (1)
in the sense of the Gattermann aldehyde synthesis®". In
analogy to earlier formylations®* the cyclization could also
start with a nucleophilic addition of the acidic methylene
group of (1) to the electrophilic carbon of (2). The isoflavone
(5) can be formed from the open-chain tautomer (4) of the
primary adduct (3) with cleavage of the further reactive 1-
amino-2,4-diaza-1,3-butadiene.

Procedure

A solution of (1) (0.05 mmol) and (2) (0.1 mmol) in glacial
acetic acid (1 cm?) is treated with 0.1 cm? each of boron tri-
fluoride ether (50% in diethyl ether) and acetic anhydride.

[*] Prof. Dr. F. Zilliken [*], Dr. H. Ch. Jha
Institut fiir Physiologische Chemie der Universitit
Nussallee 11, D-5300 Bonn 1 (Germany)
Prof. Dr. E. Breitmaier
Institut fur Organische Chemie und Biochemie der Universitit
Gerhard-Domagk-Str. 1, D-5300 Bonn 1 {Germany)
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Table 1. Isoflavones from o-hydroxydeoxybenzoins (/) and 1.3,5-triazine {2).

Cpd. R R R? R} R¢ Yield [%] M.p. [°C] Ref.
(5a) OCH; H OCH, OCH; H 95 174—175 6]
(5b) OCH;, OCH, OCH, H H 92 151 {71
(5¢) OH H OH H H 72 320—321 (dec.) 18}
(5d) OCH; H OH H H 91 257258 (8]
(5e) OH H OH H OH 78 295296 (dec.) 81
(5 OCH;, H OH H OH 81 212 (81
(5g) OH H OH OH H 58 320321 (dec.) (6]
(5h) OCH, H OH OCH; H 90 228229 16]
(5) OCH, H OH OH H 60 291292 9

The mixture is boiled gently under reflux for 2—3 h, then
cooled and poured into ice-water (20 cm?). The precipitated
isoflavone (5) is filtered off and purified by column chroma-
tography (silica gel 60, particle size 0.063—0.200 mm; eluant
benzene with increasing amounts of methanol) and recrystall-
ization from methanol. The identities of the isoflavones thus
obtained (Table 1) were confirmed by comparison with auth-
entic samples (thin layer chromatography, melting points, IR
and '*C-NMR spectra).
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(NHY)4[P4Sg] - 2H,0,
the Salt of a “Square” Phosphoric Acid!™"

By Hans Falius, Werner Krause, and William S. Sheldrick)

We have obtained a series of previously unknown phos-
phates upon oxidation of elemental phosphorus with poly-
sulfidic sulfur!!. Two of these, which were prepared from red
phosphorus, display an identical composition, namely M'PS,
(without water of crystallization). They were shown to be cy-
clo-thiophosphates(111) with respective ring sizes of five and
six members.

We have now succeeded in synthesizing a further thio-
phosphate with the same composition, in this case by the

[*] Prof. Dr. H. Falius and Dr. W. Krause
Institut fur Anorganische Chemie der TU
Pockelsstrasse 14, D-3300 Braunschweig (Germany)
Priv.-Doz. Dr. W. 8. Sheldrick
Gesellschaft fiir Biotechnologische Forschung
Mascheroder Weg 1, D-3300 Braunschweig-Stockheim (Germany)
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reaction of white phosphorus with polysulfides in a non-
aqueous medium. This reaction is very rapid at room tempera-
ture and leads to a mixture of different thiophosphate an-
ions, one of which, however, predominates proportionally. 1t
could be isolated as the moderately soluble ammonium salt.

From the analytical and spectroscopic findings
(NH,;:P:S=1:1:2, oxidation number of phosphorus: +3,
3'P_.NMR: only one singlet) it was reasonable to assume that
this salt was once again a cyclic thiophosphate(ii1). Further-
more, since the compound had been prepared from white
phosphorus, it could be concluded that it contained a four-

Fig. 1. Structure of the anion [P,S]*" . Bond lengths and angles: P—S81 197.6(1),
P—S2 198.0(t)., P—P’ 228.0(1), P—P~ 228.7(1) pm; S1—P—S2 118.6(1),
S1—P—P’ 121.7(1), St—P—P” 111.8(1), S2—P—P' 119.7(1). S2—P—P”
110.7(1)°.

membered ring. This supposition was confirmed by the X-
ray analysis™”! (Fig. 1).

The triethylammonium salt formed by the reaction (a) was
converted into the sodium salt with sodium hydroxide, with-
out having been first isolated. Addition of NH,NO; to an
aqueous solution of this readily soluble salt led to the crystal-
lization of the less soluble ammonium octathiocyclotetra-
phosphate(111), (NH,)4[P,Sz]-2H,0 (7). Similarly, use of a
readily soluble potassium salt, such as potassium acetate, in-
stead of NH,NO,, yielded a precipitate of the less soluble
Ku[P4Sq]- 2H,0 (2.

P, + 4[Et;NH]HS, ; — [Et;NHL[P.Ss] + 2H,S (a)

(1) forms shiny flaky platelets. Its >'P-NMR spectrum (H,O)
displays a singlet at §=121 (85% H,PO,, external). The
aqueous solution of this salt of a monobasic polyvalent acid
has, as expected, a pH of 7; the anion is remarkably stable.
Alkaline hydrolysis at boiling heat leads to thiomonophos-
phates(1r1): [PHOS,]>~ (high yield), [PHO,S]>*~ (low yield),
[PHS;]?~ (very low yield). On acid hydrolysis [PO,4]*~ and
{PH,O,}~ are formed in addition to the previously men-
tioned phosphates(111). Precipitates are formed for the cyclo-
thiophosphate with the following cations: Pb!' (red-brown),
Sn" (orange), Bi (brown-black), Cu'' (yellow-brown), Cd
(white), Hg'" (bright yellow), Ag (yellow, slowly becoming
brown and then black).
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The anion of(1) is the first known homocycle consisting of

four tetracoordinated phosphorus atoms. It represents, there-
by, an ionic analogue to cyclobutane.

& &0 ]

X

4
<F LB
A ~

Fig. 2. Projection of the crystal lattice of (/} perpendicular to [001].

O\\\

The crystal structure of (7} is stabilized by a network of
N—H.---S and O—H-.-S hydrogen bonds to S2, and
N—H-..O hydrogen bonds between N1 and the water of
crystallization. N1 and the water oxygen lie in the mirror
plane at z=0.5, N2 in the mirror plane at z=0. [P,S¢]*~ has
crystallographic C,,-symmetry, P’ being related by a C,-axis
and P” by a mirror plane to P. The four-membered ring
must, therefore, be exactly planar with angles of 90° at phos-
phorus. The P-—P distances of respectively 228.0(1) and
228.7(1) pm are significantly longer than those which are
normally observed (218—222 pm), independent of oxidation
state and the nature of the substituents. Longer P—P bonds
have been observed in caged phosphorus sulfides, namely
235 pm in P,S,;™ and 236 pm in o-P,S,PL

Experimental

Solvents and H,S are dry. A mixture of Et;N (14 cm?, 0.1
mol) and CHCl; (50 cm?®) is saturated with H,S. 3.2 g (0.1
mol) of sulfur is added in portions, with stirring and further
introduction of H,S. After the sulfur has dissolved, the gas
stream 1is strongly reduced and a solution of phosphorus (1.5
g, 0.05 mol) in CS, (5 cm?) is added dropwise (water cool-
ing). After stirring for a further hour the reaction mixture is
shaken with 50 cm?® of ice-cooled 10% NaOH. A mixture of
sodium salts is exhaustively precipitated with ethanol from
the upper aqueous phase. This is dissolved in 90 cm? of water
and 10 cm® 25% NH; and NH,NO; (15 g) are added with
stirring. The cyclo-thiophosphate begins to crystallize during
this addition. Yield 3 g (50%).—If recrystallization is neces-
sary, (1) is dissolved in the required quantity of 10% NaOH
and added to the described solution of water, 25% NH; and

NH4NO;. Received: June 11, 1980 [Z 681 IE]
German version: Angew. Chem. 93, 121 (1981)
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Oxidation of Alcohols with
Benzyl(triethyl)ammonium Permanganate

By H.-Jiirgen Schmidt and Hans J. Schéifer'”

Benzyl(triethyl)ammonium permanganate, which is safe to
handle below 50°C!"], can be used for the oxidation of hy-
drocarbons to alcohols or ketones® and of ethers to es-
ters!?®. We report here on the oxidation of primary and sec-
ondary alcohols with this reagent (Table 1).

Table 1. Products of the oxidation of alcohols with benzyl(triethyl)ammonium
permanganate.

Alcohol [a] Oxidation products (yield isolated [%])

Methylene dibenzoate (62), chloromethyl benzoate (11), Ben-
20ic acid (18)

Benzyl alcohol

1-Heptanol Methylene diheptanoate (70), chloromethyl heptanoate (9).
heptanoic acid (15) {b]

1-Decanol Methylene didecanoate {71), chloromethyl decanoate (13),
Decanoic acid (15) [¢]

2-Octanol 2-Octanone (89}, hexanoic acid {10} [d}

D,L-1-Phenyl- Acetophenone (78), benzoic acid (19)

ethanol

Benzhydrol Benzophenone (95), benzoic acid (3)

[a] General reaction conditions: 5 mmol alcohol, 10 mmol benzyl(triethyl)am-
monium permanganate in 75 cm? dichloromethane, 1—2 d at 5 to 40 °C. [b) Mix-
ture of 94% C;-, 5% Cs-, and 1% Cs-acids. [c} Mixture of 88% C 4, 7% Cy-, and 4%
Cy-acids. [d] Mixture of 70% Ce-, 5% C;-, and 20% Cg-acids.

The main products of the primary alcohols are the meth-
ylene diesters, which are presumably formed by nucleophilic
attack of the carboxylates on the solvent dichloromethane®.
While the carboxylic acids formed as byproducts contain
shorter chain homologs—apparently by oxidative follow-up
reactions—the diesters are uniform. Secondary alcohols fur-
nish high yields of ketones, accompanied by the carboxylic
acids formed by a-cleavage.

While benzyl alcohol and benzhydrol are oxidized with te-
trabutylammonium permanganate in pyridine in yields of
the same order!, in the potassium permanganate-oxidation
in water or glacial acetic acid the yields of the alcohol oxida-
tion are distinctly lower®®., In the oxidation of primary alco-
hols the title reagent is superior to solid carriers such as mo-
lecular sieves!®®, copper sulfate!®” and aluminum oxide®
impregnated with potassium permanganate.

Received: July 9, 1980 (Z 670a IE]
German version: Angew. Chem. 93, 124 (1981}
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noate, 20177-68-8; Chlormethyl heptanoate, 76068-79-6; methylene didecanoate,
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phenone, 98-86-2; benzophenone, 119-61-9
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Oxidation of Amines with Benzyl(triethyl)Jammonium
Permanganate

By H.-Jiirgen Schmidt and Hans J. Schdfer!”!

Dedicated to Professor Wilhelm Klemm on the occasion
of his 85th birthday

Tertiary amines can be heterogeneously oxidized with po-
tassium permanganate only with difficulty, and even then to
a mixture of products of little preparative use!'l. In contrast,
the homogeneous oxidation with benzyl(triethyl)ammonium
permanganate in dichloromethane affords an N,N-dialkyl-
amide as single product in high yield. In the case of second-
ary and primary amines the oxidation is less selective (see
Table 1).

Table 1. Products of the oxidation of amines with benzyl(triethyl)}ammonium
permanganate.

Amine [a] Oxidation products (yield isolated [%])

n-Decylamine [b] Decanonitrile (11), decanamide (6), decanoic N-decylam-
ide (35)

Decanonitrile {54), decanamide (13), N-decylformamide
{4), decanoic N-decylamide (15), decanoic acid (10) {d]
Butyric N-butylamide (44), methylene dibutyrate (14),
butyric acid (30) [e}

Octanoic N-octylamide (49), methylene dioctanoate (11).
octanoic acid (20} [f]

N-Benzylbenzamide (36), dibenzamide (6), benzamide
(20), benzaldehyde (7), benzoic acid {25)
N-Methylbenzyl- N-Methylbenzamide (36), benzaldehyde (33), benzoic
amine acid (27)

N-Methylaniline N-Phenylformamide (< 10)

N-Ethylaniline N-Phenylacetamide (<10}

n-Decylamine [c]
Di(n-butyl)amine
Di{n-octylyamine

Dibenzylamine

Tributylamine N,N-Dibutylbutyramide (93), butyric acid (5)
N,N-Dimethyl- N-Methyl-N-phenylformamide (78)

aniline

N,N-Diethyl- N-Ethyl-N-phenylacetamide (63)

aniline

N,N-Dimethyl- N,N-Dimethyldodecanoylamide (30), N-dodecyl-N-me-
dodecylamine thylformamide (42}

N-Methyl-N.N- N-Methyl-N-octyl-octanoylamide (51), N,N-dioctylform-
dioctylamine amide (21)

N,N-Dimethyi-
benzyiamine
N-Ethyl-
piperidine

N,N-Dimethylbenzamide (70), N-benzyl-N-methylform-
amide (7), benzaldehyde (3), benzoic acid (14)
1-Ethyi-2-piperidone (72), N-acetylpiperidine (13)

fa} General reaction conditions: 5 mmol amine, 10 mmol benzyl(triethyl)ammon-
ium permanganate in 75 cm® dichloromethane, 0.5 to 2 d at 0 to 40 °C; isolation
of the product: HPLC separation. [b] At 20°C and 1 equiv. benzyl(triethyl)am-
monium permanganate. [c] At 40°C and 2 equiv. benzyl(triethylJammonium
permanganate. [d] Additional lower homologs. [¢] Mixture of 80% C,-, 20% C;-
acids. [f] Mixture of 75% Cg-, 20% C5-, and 5% Cq-acids.

The formation of the products can be explained (in part
analogously to %) according to Scheme 1.

The amine (1) is oxidized with permanganate to (2) or (3).
For example, n-decylamine reacts (1) via (2) to give the imine
(5), which with decylamine and after secondary oxidation
yields decanoic N-decylamide, or (ii) via (3) to give the nitrile
(6); under milder reaction conditions the former pathway
predominates, on more rapid oxidation the latter. Secondary
amines furnish the amides (4) in yields between 35—50%.
Side reactions are markedly reduced in comparison to the
oxidation of primary amines; secondary amines give carbox-
ylic acids and esters, presumably by oxidation of the imine
(5). Tertiary amines afford the amides (4) in 75-—98% yield,
practically without formation of byproducts. The different
CH bonds react with about the following chemoselectivities:
benzyl: CH,:CH;=24:2:1.

[*] Prof. Dr. H. J. Schiifer, Dipl.-Chem. H.-J. Schmidt
Organisch-Chemisches Institut der Universitit
Orléans-Ring 23, D-4400 Miinster (Germany}
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R~CHy-NR,; —» R-CH-NRy ——> Rcl—NR2 —— RCNR,
[0)'¢
(1) {2) (3) (4)
l- R'OY l—z R'OY
R-CH-NR' R—-C=N
(5) (6)

R = Phenyl, Alkyl; R'=H, Alkyl; Y = H, MnOgH®

Scheme 1.

There are only few preparatively useful methods for the
conversion of secondary and tertiary amines into amides. N-
Methylamines form formamides on oxidation with oxygen
on platinum®); N-methylanilines are oxidized with manga-
nese dioxide to N-phenylformamides, while in anilines with
longer-chain alkyl groups one residue is decomposed to
formamide!®. Other oxidizing agents such as benzoyl perox-
ide®, bromine’®, N-bromosuccinimide!” lead, similarly to
aqueous permanganate solution, to aldehydes. Benzyl(tri-
ethyl)ammonium permanganate extends these possibilities,
in particular, to the oxidation of tertiary amines.
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CAS Registry numbers:
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noylamide, 3007-53-2; N-dodecyl-N-methylformamide, 76058-02-1; N-methyl-
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Topotactic Electron/Proton Transfer Reactions
of Transition Metal Complexes with Columnar and
Cluster Structures

By Robert Schéllhorn, Klaus Wagner, and Hermann Jonke'

Considerable work has been devoted in recent years to the
investigation of reversible topotactic redox reactions, at am-
bient temperature, of electronically conducting solids with
layer, chain and framework structures of the host lattice ma-

[*] Prof. Dr. R. Schéllhorn, K. Wagner, H. Jonke

Anorganisch-chemisches Institut der Universitat
Gievenbecker Weg 9, D-4400 Miinster {Germany)
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trix!l. There are no comparable reports, however, on this
type of reaction in the case of molecular solids which is ob-
viously a consequence of low electronic conductivities and of
modest lattice energies which usually prevent topotactic
processes. Favorable conditions should be expected in case
of (i) extensive intermolecular delocalization of electrons,
e.g. via charge transfer or metal d-orbital interaction, (i)
small guest ion size, i. e. minor steric perturbation of the host
lattice, and (/ii) appropriate intracrystalline transport path-
ways for guest ions with low activation energy. Since protons
are the smallest guest ions available, we decided to start a
systematic investigation on reversible topotactic electron/
proton transfer reactions {eq. (1)] in molecular solids and re-
port here on electrochemical and structural studies of transi-
tion metal complexes with metal/metal bonding.

xH* + xe+Z 2 HL{Z]*~ (Z=host lattice matrix) 1)
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Fig. 1. Potential/charge transfer curve for anodic oxidation of (a) Magnus Green
Salt [Pt(NH3)a][PtCLy] in 50% aqueous H,SO, electrolyte, n=e/formula unit; (b)
[TasCl,4)(H20)x in aqueous { M HCI/1 M NaCl electrolyte, n=e/formula unit.
Current density 100 wA cm ™2 (see text).

The heterogeneous oxidation of Magnus’s Green Salt (MGS)
{Pt(NH,)4]**{PtCl,]>~ —whose structure is characterized by
stacks of planar PtX, complexiions!?—has been described by
Tschugajeff"”. The crystals obtained on H,SO,/0, oxidation
behave as one-dimensional metallic conductors'®’; two differ-
ent structure models have been proposed suggesting either
Pt—Pt chains with coordinated HSO,-ligands!™ or chlorine
bridged --X—Pt—X-—Pt-- chain polymers!®. We observed
on galvanostatic anodic oxidation of single crystal or poly-
crystalline electrodes of MGS in aqueous H,SO, electrolyte
(40—70 wt-%; 300 K) quantitative oxidation with the forma-
tion of bright copper-red needles. The potential/charge
transfer curve for this process is given in Fig. 1a. X-Ray stud-
ies and analytical investigations showed that the potential
plateau of region A corresponds to a two phase region MGS/
oxidized product. At low current densities the reaction in the
two phase region is fully reversible and MGS is obtained
quantitatively on cathodic reduction. The long axes of the
crystal needles of the oxidized phase are oriented parallel to

110 © Verlag Chemie, GmhH, 6940 Weinheim, 1981
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the original MGS crystals. Tetragonal symmetry was found
with the lattice parameters a=946.4, ¢=572.7 pm. Charge
transfer values, X-ray results and analytical data are consist-
ent with the formula

[Pt(NH;),PtCL]%**[H, s80,]°°~(H,0),. The structure can
be described as consisting of partially oxidized MGS type
chains with metal/metal bonding and a Pt—Pt distance
d=c/2=1286 pm; the excess positive charge of the chain ma-
trix is compensated by hydrated HSO 7 anions in the inter-
chain space (Fig. 2). Further oxidation (region B, Fig. 1a)

Fig. 2. Structure scheme of tetragonal [Pt(NH;)sPtCly]** (H, sS04)%° (H.0).
with partially oxidized PtX, chains and hydrated interchain anions (H,O mole-
cules not indicated). @ =Pt, O=0, @ =Cl, © =NH,.

corresponds in agreement with the continuous rise in poten-
tial to a nonstoichiometric phase region and represents a re-
versible topotactic redox reaction by electron/proton transfer
with very small changes in lattice parameters [eq. (2)]. Since
the redox range

[PNH;),PtCL]°S *[H, sS0.]°*~(H,0), # @
[PH{NH;)PICL] >+ 0+ [H, 5 _ SO, +- (H,0), + xH* + xe

corresponds to 0< x <0.1, the average oxidation state of Pt in
the nonstoichiometric region varies between +2.25 and
+2.3. The electron transport path is provided by the Pt me-
tal chain, while hydrogen transport must proceed via the in-
tracrystalline HSO% /H,O electrolyte phase. A two phase
range is found on further oxidation (region C, Fig. 1a),
which is presently under investigation. On anodic oxidation
of MGS in acid electrolytes with other tetrahedral anions,
e.g. HCI1O,, H;PO,, HBF,, similar reactions and products are
observed. The perchlorate compound is isomorphous with
the sulfate and undergoes partial dehydration at 300 K /10>
torr; tetragonal lattice parameters of the dehydrated phase
are a=747.5, ¢=572.1, d(Pt—Pt)=286 pm. A series of pla-
tinum complexes related to MGS were found to exhibit ana-
logous nonstoichiometric phase ranges on anodic oxidation,
e. g. cis-PtCl,(NH;), which yields reversibly a sulfate with co-
lumnar structure and an intrachain Pt—Pt distance of 295
pm.

Redox and exchange reactions of M,-cluster halides (M
e.g. Nb, Ta, Mo) are well known from studies in homogene-
ous solution!”. We have now found that TasCl,,- 8 H,O is
able to undergo reversible oxidation by topotactic electron/
proton transfer in the solid state [eq. (3), Fig. 1b]. The struc-
ture of this cluster halide consists of TagCl,, 4 H,O molecu-
lar units which are arranged in sheets via hydrogen bonding;
the remaining four H,O are located between these layers!®.
The accessible redox range [eq. (3)] of 0<x<1.5 is equival-
entto a

[TasClia}(H20)s 2 [TacClia] ' (OH ) (H,0)s_ . + xe + xH* 3)
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change in Ta average oxidation state from +2.33 to +2.58.
The hexagonal lattice parameters vary between a=936.7,
¢=2600.5 pm (reduced state, dark green) and a=938.0,
¢=2589.6 pm (fully oxidized state, dark brown). It is as-
sumed for electrostatic reasons that the deprotonation takes
place at H,O molecules coordinated directly to the Taq-clus-
ter. NbeCl4-8 H,O electrodes may be oxidized similarly;
cathodic reduction is, however, kinetically hindered.

Electrochemical studies on quinoliniumtetracyanoquino-
dimethane (QH *)[(TCNQ),] "—which behaves as a one-di-
mensional electronic conductor!®— revealed reversible elec-
tron/proton transfer according to eq. (4) (electrolyte 0.1 N
H,S0./K,S0,, two phase region at 150 mV vs Ag/AgCl with
x=2). The protons are assumed to be bound to the —C=N
groups.

(QH")(TCNQ)]™ + xH™ + xe & (QH " )(H*)[(TCNQ),]"' -
)

The results presented demonstrate that under appropriate
conditions reversible topotactic redox reactions may be ob-
served readily also for molecular inorganic and organic sol-
ids which is of interest with respect to synthetic aspects (pre-
paration of novel metastable phases), to the modification of
physical properties of molecular solids and to potential tech-
nical use of these systems, e.g. as electrode materials in sec-
ondary batteries, nonemissive electrochromic devices, heter-
ogeneous catalysts efc.
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Negative Ion Field Desorption Mass Spectrometry
(NFD-MS) of Saltst™!

By Karl H. Ou, Franz W. Rollgen, Jan J. Zwinselman,
Roel H. Fokkens, and Nico M. M. Nibbering'")

The low field-strength required for field electron emission
from metals and semiconductors and secondary effects such
as cathode sputtering and gas discharges prevented in the
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past the development of field desorption mass spectrometry
of negative ions (NFD-MS). However, more recently we
were able to show that field desorption of negative ions is
possible if the samples are admixed with polymers such as
polyethylene oxides!'l. The viscous polymers reduce the field
strength necessary to desolvate negative ions from the con-
densed phase below the threshold field strength for field
electron emission.

With this method the compound to be investigated and
polyethylene oxide 4000 (mixing ratio 1:1) is dissolved in
water and deposited onto a 10-pm tungsten wire emitter.
Thereafter the wire covered with the mixture is introduced
into the FD source of a conventional mass spectrometer. Af-
ter applying a voltage of —4 kV to the emitter, a mass spec-
trum of negative ions can be recorded in the usual way by
heating the emitter wire.

Table 1. Negative ions in the NFD mass spectra of some salts. M =salt mole-
cule.

o COK
OH N
@[ QOCHZCONHLS—/ECHs
COzNa Hy
‘1) (2)
o SOaNa
oo OO0
o
(3) (4)
SHa SO, Na
NaOySCHN_ o,
l—% Na0;S
oL N-CH,
() @ (6)
Salt Ions Salt lons
NaCl Cl-, NaCi3, {CH;)4P1 1, (CHa)PI,
Na,Cl3
CaCl; Cl- (CH;),S1 17, (CH;),S13
NaNO; NO3, H(NOj)3. NaB(CeHs)a B(CsHs) 5
Na(NO;)3
Ca(NO;), NO3 Na(CH,CO,) (CH3:COy) .
H(CH;CO,) ;.
Na(CH,CO,)»
MgSO, HSO3 Ca(CH;CO,) (CH;CO,) ™
NaCN CN-, Na(CN)3 CH4(CH,)(«<CO;Na (M —Na)
KSCN SCN -, K(SCN)3 (1) {M—Na)
NaH,PO, H,PO; (2) {bl (M-K)
K,Cr,04 HCr,07, KCr,O5 (3) (M —Na)
KMnO, MnO3; (4) [c] (M —Na)
KiFe(CN),  K;Fe(CN)j [a] (5) [d] (M—Na)~
NH,CI Cl7, NH,Ct, (6) (M —Na)
(C2Hs).NI [~. (C:Hs)NI3

[a] Very weak signal. [b] Potassium salt of penicillin V. [c] Metanil yellow
orange. [d] Novalgin.

We have employed the new ionization method for the
analysis of a number of inorganic and organic salts. A selec-
tion of the salts together with the characteristic ions observed
in the NFD mass spectra are listed in Table 1. The spectra
are very simple and do not exhibit fragment ions. The cluster
ions which appear at higher salt concentrations and higher
emitter temperatures allow the mass of the cation to be deter-
mined?!. Doubly charged anions have not been detected so
far. Additional ion signals resulting from fragmentation of
the matrix have been observed with fluorides, hydroxides
and strong oxidizing agents such as KMnO,.

Comparing the widely used field desorption mass spec-
trometry of positive ions (FD-MS) with NFD-MS there are a
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Table 2. Negative ions in the NFD mass spectrum of a soap.

lon Rel. int. {%] Ton Rel. int. [%]
CHx(CH,)1.CO, 52 CH;(CH>),,CO ; 100
CHx(CH)14CO, 42 CH3(CH»)«CO3 20
CH,(CH),CO3 48 CH3(CH>).CO» 18

few points to be emphasized. 1. The detection sensitivity for
anions of salts is significantly higher with NFD-MS; for the
analytically important salts of sulfonic acids by at least one
order of magnitude (with FD-MS information about the an-
ion is provided by the cluster ions). 2. Without the exchange
of cations no useful spectrum is obtained by FD-MS from
salts such as MgSO,, CaCO; and Ca(CH;CO,),. Particularly
difficult to analyze are also salts of disulfonic acids such as
(6). 3. Anions of salts can selectively be detected from techni-
cal and biological mixtures without further preparation. In
general this is not possible with FD-MS. As an example the
mass spectrum obtained by NFD-MS of a soap containing
potassium salts of fatty acids is listed in Table 2. For record-
ing this spectrum it was not necessary to admix polyethylene
oxide. The results demonstrate that NFD-MS opens up new
possibilities for the analysis of salts.
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n>-Allyl(hydrido)phosphaneplatinum(ir) Complexes

By Giovanni Carturan, Alberto Scrivanti, and Franco
Morandini'!

We recently reported that allylpalladium(ii) complexes are
effective catalysts in the selective hydrogenation of dienes to
monoolefins!!); the understanding of the mechanistic facets
of this reaction were in part speculative because of the im-
possibility of detecting the intermediate active species. With-
in a d8—d'® metal system, the process accounting for selec-
tive hydrogenation might involve as a fundamental step the
equilibrium between allyl (hydrido)-d* and olefin-d'° spe-
cies. Indeed, this equilibrium, although frequently invoked
in a variety of homogeneously catalyzed reactions, has been
recognized only for a limited number of organometallic com-
plexes!>?.

Our current interest prompted us to prepare novel allyl
(hydrido)platinum(1r) complexes (3) as outlined in Scheme 1.
Complexes (1) react in dimethyl ether with AgBF, to give

<‘M<: _ J—M~L

the solvated species (2), which on treatment with NaBH,
form complexes (3) at —70°C in good yield. The new com-
plexes have been fully characterized by their 'H- and *'P-
NMR spectra (Table 1).

[(7°-C3Hs) PY{PR,)C1] —> [(n®- C3Hs)Pt(PR3)(Me,0)® BF 2

(1) . (2)
H4 H3 /

Pt/H (3) (a), R = tBu

“PR,6 ). r=<)

Scheme 1. Synthesis of complexes (3). Reaction conditions: a) AgBF,, —40°C,
6 h, Me,O; b) NaBH,, —60°C, 48 h, THF; after THF evaporation in vacuo, (3)
was extracted with toluene and crystallized by addition of pentane at —70°C.

H H

In analogy to the allyl(hydro)nickel(11) complexes'?, but at
variance with the usual allylplatinum(i) complexes™®, com-
pounds (3} display a dynamic behavior in the '"H-NMR spec-
trum even at low temperature. The presence of the strongly
electron perturbing action of the hydride ligand may account
for this fact; indeed, for compounds (3)—as for the nickel
complexes—a substantial reduction of the coupling constant
Jp. ..p (of about 500 Hz) and a general upfield shift of the al-
lylic proton signals with respect to those of the parent chloro
complexes (1) was observed!.

Compounds (3) are very unstable and decompose above
—30°C with propene evolution, even in the solid state. This
instability is expected, for the behavior of alkyl(hydrido)pla-
tinum(11) derivatives suggests that the reductive elimination
of CH,==CH—CH,—H should be favored in allyl(hy-
drido)platinum(11) complexes™. This elimination reaction
leads, in the case of allyl(hydrido)-complexes of d®-metals, to
extremely labile 14 electron species, a fact upon which the
versatility and the large catalytic application of these com-
pounds is based®).
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Table 1. NMR data of allyl(hydrido)(tri-fert-butylphosphane)platinum(it) (3a) and allyl(hydrido)(tricyclohexylphosphane)platinum(u} (3b) (8 values, coupling constants
in Hz). 'H-NMR in CD,Cl, at —73°C; *'P{'H! in toluene/CsDs, at —69°C. The allyl-H atoms are numbered as in Scheme 1.

Cpd. Nucleus Hydride H' H? H’ H* H* Phosphane
S
(3aj 'H —~7.01 3.6t 2.22 378 4.13 135 Ju »=13
Ju =27, Jy »=1548 Jis=14,Jy p=72 Jss=8
p — ~ +89.3; Ju »=3859
(3b) 'H ~6.25 3.66 3.92 1.9-1.1

Ju p=28, Ju p =1505
3tp

+43.5; Jp, p=3782

[*] Dr. G. Carturan [ '], Dr. A. Scrivanti
Centro di Chimica Metallorganica del C.N.R.
Via Marzolo 9, I-35100 Padova (Italy)
Dr. F. Morandini
Centro di Chimica dei Composti di Coordinazione del C.N.R.
Via Marzolo 1, 1-35100 Padova (Italy)

112 © Verlag Chemie, GmbH, 6940 Weinheim, 1981

0570-0833/81/0101-0112

CAS Registry numbers:
(1a), 70602-41-4; (1b), 71035-50-2; (2aj), 76173-86-9; (2b), 76173-88-1; (3a),
76173-89-2; (3b), 76173-90-5

[1] G. Carturan, G. Strukul, J. Organomet. Chem. 157, 475 (1978). G. Strukul, G.
Carturan, Inorg. Chim. Acta 35, 99 (1979).

$ 02.50/0 Angew. Chem. Int. Ed. Engl 20 (1981) No. !



[2} H. Bonnemann, Angew. Chem. 82, 699 (1970); Angew. Chem. Int. Ed. Engl.
9, 736 (1970).

{31 E O. Sherman, P. R. Schreiner, J. Chem. Soc. Chem. Commun. 1978, 223; J.
F. Nixon. B. J. Wilkins, ). Organomet. Chern. 80, 129 (1974); J. W. Byrne, H.
U. Blaser. J. A. Osborn, J. Am. Chem. Soc. 97, 3871 (1975); T. H. Tulip, J. A.
Ibers. ibid. 101, 4201 (1979); E. L. Muetterties, J. R. Bleeke, Acc. Chem. Res.
12,324 (1979).

{4] G. Carturan. A. Scrivanti, B. Longato, F. Morandini, J. Organomet. Chem.
172,91 (1979).

[5] L. Abis, A. Sen, J. Halpern, J. Am. Chem. Soc. 100, 2915 (1978).

6] P. W. Jolly, G. Wiike: The Organic Chemistry of Nickel. Vol. I and I1. Aca-
demic Press, New York 1974 and 1975, respectively.

Pronounced 1,3-Dipolar Cycloaddition Behavior
of an «-Cyanimino Carbene!™!

By Daniel Danion, Bernhard Arnold, and Manfred Regitz"")

Open-chain a-oxocarbenes such as benzoylmethyl or ace-
tylmethyl carbene readily undergo Wolff rearrangement to
ketenes, and only reluctantly undergo 1,3-dipolar cycloaddi-
tions—for instance, with acetonitrile—the yields of which
are minimal and can be increased to a maximum of 17% only
by addition of copper or copper compounds!'l. By way of
contrast the a-cyanimino carbene (4) shows a pronounced
readiness to undergo such cycloadditions.

A suitable starting material for the generation of (4) is the
triazole-1-carbonitrile (2), obtained in 90% yield by reaction
of the methylenephosphorane (1) with cyanazide in dichloro-
methane/acetonitrile at 20 °C with concomitant formation of
triphenylphosphane oxide [m.p. 140°C; IR (KBr):
ve_n=2260 cm~'; 'H-NMR (CDCl;): 3=2.65 (CH;)]"?. In
spite of the pronounced tendency of 1,2,3-triazole-1-carboni-
trile to undergo ring-opening!?, no a-diazoimine (3) can be
detected alongside (2) in the equilibrium (no C.. -N, absorp-

NMR (CDCl,): 8=2.48, 2.58 (each CHs)]; the nitrile group
in (5) can be readily cleaved by treatment with potassium hy-
droxide in ethanol™. (4) even adds to benzene (12 h reflux)
with formation of 2-methyl-3-phenyl-3a,7a-dihydroindole-1-
carbonitrile (6) as the sole reaction product [yield 80% m.p.
93°C; IR (KBr): ve .n=2219, ve ¢=1662 cm~'; 'H-NMR
(CDCL): 3=4.18 (broad d, *Ju.3. 4.7, = 14.5 Hz, H-7a), 4.90
(dd, *Jy.3a p.7a) = 14.5 Hz, *Jy.7 4.3, =4 Hz, H-3a), 5.50, 6.18
(each m, H-4, H-7), 5.85 (m, H-5/H-6)].

As a 1,3-diene, (6) reacts with 1-phenyl-1,3.4-triazoline-
2,5-dione (dichloromethane, 20 °C) in a [4 + 2]-cycloaddition
to give (7) (m.p. 268 °C) in 86% yield. On heating with 2,3-
dichloro-5,6-dicyano-p-benzoquinone in benzene (6) 1s dehy-
drogenated to 2-methyl-3-phenylindole-1t-carbonitrile (yield
70%; 89°C); 'H-NMR (CDCly): 5=2.54 (CH,), 7.0—7.6
(aromatic H).

The ketenimine rearrangement of (4) involving a 1,2-me-
thyl shiftl®!, which is observed alongside OH insertion (ratio
25:75) in the photochemical decomposition of (2) in metha-
nol, does not occur in the presence of the dipolarophile.
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tion in the IR spectrum (CDCl;) at 20 °C); nevertheless, (4) is
presumably formed under thermal conditions vig a small
equilibrium concentration of (3).

When a solution of (2) in acetonitrile is heated under re-
flux for 10 h, 2,5-dimethyl-4-phenylimidazole-1-carbonitrile
(5) is formed by [3 + 2]-cycloaddition of (4) to the solvent
[yield 75%; m.p. 158°C; IR (KBr): ve n=2222 cm™F; 'H-
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anti-[4+ 4]-Dicyclopentadiene

By Wolfram Grimme, Lothar Schumachers, Rolf Gleiter,
and Klaus Gubernator!’!

The [4+4]cycloadducts of conjugated carbocycles are
more strained than their [2 + 2] and [2 + 4] structural isomers
and are not directly accessible by thermal, photochemical or
metal-catalyzed routes. Their high energy content and the in-
teraction between the central o-bonds, and the flanking dou-
ble bonds, make this class of compounds of interest for ther-
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mal studies and photoelectron spectroscopic investigations.
The syn stereoisomer of the title compound could be pre-
pared!" by partial ring opening of an appropriate cage com-
pound in the key step. However, in the synthesis of the anti-
[4 + 4]-cyclodimer of cyclopentadiene (7) we used an alterna-
tive procedure: ring contraction of its readily available tro-
pone [4 + 6]-cycloadduct (7a)!®.

R* R!
2 (3
(la}, R* R?= 0O “ )
(1b), R! = H, R* = OH

(lc), R! = H, R? = 0S0,CHs

Cl
C1 1
O
L@ — Lﬁ/ ?T/E( —
Cl o
(4) (3)

C1
Cl

C1
Cl1

(6)

Table 1. Physical data for compounds (2) to (7). '"H-NMR spectra were recorded
at 90 MHz in CCl [(3) in CDCl;]; He(I)-PE spectra were recorded on a PS 18
spectrometer (Perkin-Elmer).

{2), M.p.=37°C; 'H-NMR: §=6.02 (m, 2H), 545 (m, 2H), 24 (m, 6H).
1.8 (m, 3H), 1.3 (m, 3H); C-NMR: 8=135.08, 128.48, 47.54, 38.02, 34.74,
30.50, 27.13

(3), '"H-NMR: 8=6.07 (m, 4H), 5.96 (m, 2H), 2.77 (m, 2H), 2.43 (m, 2H), 1.65
(AB, Av=100 Hz, J=12.5 Hz, part A split into triplets), 1.45 (AB, Av=>51 Hz,
J=10.5 Hz, part B split into triplets); "C-NMR: 8= 140.51, 133.44, 126.30,
47.63,35.49,34.42, 2536; MS: m/e= 158 (M *), 92 (M * — CsHq, 100%), 91 (C-H 3,
98%), 66 (CsH); UV: Apmax =241 (e=5800) sh, 250 (7100), 259 (7500), 269 nm
(4800); PE: 8.25, 8.75, 10.3, 10.7 eV

4}, "H-NMR: §=6.02 (m, 2H), 5.93 (s, 2H), 3.23 (s, 2H), 2.33 (m, 2H), 1.75 (m,
2H), 1.73 (AB, Av=96 Hz, J=10.5 Hz, part B further split), 1.47 (m, 2H); MS:
mie=158 (M*), 92 (M* —CsH,, 85%), 91 (C;H %, 100%), 66 (CsH?)

(5), dissociation temp.=240°C; MS: m/e=404 (M *), 378 (M* — C,H,), 322
(M* —2C0O—C,H,), 216 (C.H2Cl3), 132 (CioH 13), 106 (CeH 1), 91 (C,H3), 78
(CsH1), 66 (CsHZ): UV (acetonitrile): Amas =235 (¢ =3000) sh, 278 (1400), 435
nm (200)

(6), M.p.=133°C; 'H-NMR: 8=5.94 (s, 2H), 2.97 (s, 2H), 2.87 (m, 2H), 2.48
(m, 2H), 2.0—1.0 (m, 6 H); MS: m/e =348 (M *), 216 (CsH.C13), 132 (CioH T2),
106 (CsHio), 91 (C:H3), 78 (CcHE), 66 (CsHE, 100%);, UV (dioxane):
Amax =272 (£=2700) sh, 287 (4000) sh, 297 (4800), 310 (4100) sh, 327 nm (1600)
sh

(7), M.p.=135°C in fused glass capilliary tube; 'H-NMR: §=6.08 (s, 4H),
2.12(m, 4H), 1.83 (AB, Av=22.3 Hz, J=9.0 Hg, part B further split); >*C-NMR:
5=134.81 (C-3,47,8), 47.36 (C-9,10), 36.56 (C-1,2,5,6); MS: m/e=132 (M*,
3%), 66 (CsHZ, 100%); UV (hexane): Amax=211 nm (¢=4500); PE: 8.2, 9.8 eV

The syn alcohol (1b), obtained by reduction of (Za) by di-
isobutylalane in dichloromethane, is transformed by treat-
ment with methanesulfonyl chloride in ether/triethylamine
into the ester (1¢) (m.p.=99°C) in 82% yield; (1c} is then re-
duced to the hydrocarbon (2} (44%, for physical data see Table
1) by sodium in liquid NH,/THF. Reaction of (2} with di-
chlorodicyano-p-benzoquinone in boiling CCl, gives (3) (55%),
which in ether solution cyclizes to the four-membered ring
compound (4) in 72% yield when photolyzed at 0°C (Hanau
Hg low-pressure lamp NK 6/20) through quartz. The assign-
ment of the exo configuration to the photoproduct (4) fol-
lows from the absence of coupling between the aliphatic pro-
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tons of the four-membered ring and the bridgehead protons,
and from the small change in the chemical shift difference
(A3=1.06 ppm) between the methylene protons of the nor-
bornene part in going from (3) to (4). The cyclobutene ring
in (4) is degraded using the method of Warrener et al®®, by
first forming the cycloadduct (5} (74%)™! with o-chloranil in
CCl, (70°C). Irradiation of a solution of (5) in dichlorome-
thane with an incandescent lamp (Osram Bellaphot, 400 W)
through Solidex gives the bis decarbonylated product (6)
(69%). Compound (6) dissociates into a mixture of anti-tricy-
clo[4.2.1.1*5]deca-3,7-diene (7) and tetrachlorobenzene when
photolyzed under similar conditions using a Hg high-pres-
sure lamp (Philips HPK 125)"®). The title compound (7) is
separated from tetrachlorobenzene by column chromatogra-
phy (silica gel, pentane) and from residual eluent by gas
chromatography (10% DEGS, 0.5 m, 30°C); it forms color-
less crystals (38%) which have a high vapor pressure and a
penetrating smell.

The PE spectrum of (7) is characterized by two broad
bands of equal intensity at 8.2 and 9.8 eV; the large splitting
(AIP = 1.6 eV) of the vertical w-ionization potential is caused
by the strong interaction between the double bonds and the
central single bonds!®. This same electronic effect also
manifests itself in the UV spectrum of (7), the absorption
maximum of which occurs at A=211 nm (¢=4500); an un-
usually long wavelength for an unconjugated diene!®®,

The {4 +4]-dicyclopentadiene (7) dissociates to the mon-
omer at 180°C by a [4 +4]retrocyclization, which according
to the rules of conservation of orbital symmetry!”! must pro-
ceed via the diradical (8). Its intermediary is indeed indicated
by small amounts of endo-[2 +4]-dicyclopentadiene (9) and
anti-cis-[2 + 2]-dicyclopentadiene (10), products of recycliza-
tion, which under the reaction conditions also dissociate to
the monomer® 1%,

lg (9)

)

&> ~ ()
/ -

(7) (8) CP([O)

The thermal behaviour of anti-[4+ 4]-dicyclopentadiene
differs significantly from that of the syn stereoisomer!'),
which at 58 °C forms syn-cis-[2 + 2]-dicyclopentadiene via a
synchronous Cope rearrangement without giving the prod-
ucts of a radical process.
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(1b), 68926-88-5; (1c), 75993-66-7; (2), 75993-67-8; (3), 76024-05-0; (4), 75993-
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101, 7599 (1979).

[2] 2) R C. Cookson, B. V. Drake, J. Hudec, A. Morrison, Chem. Commun.
1966, 15; S. Itd, Y. Fujise, T. Okuda, Y. Inoue, Bull. Chem. Soc. Jpn. 39,
1351 (1966). b) S. 116, 1. Itoh, Y. Fujise, T. Nakatsu, C. A. Senkler, P. v. R.
Schleyer, ibid. 51, 2379 (1978).

[3] E. E. Nunn, W. S. Wilson, R. N. Warrener, Tetrahedron Lett. 1972, 175.

[4] In addition to (5) a 2:1 adduct, caused by a second addition to the nor-
bornene double bond, is formed.
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[5] In the analogous degradation of the photoketone (11) (M.p.=38°C; T. Mu-
kai, Y. Akasaki, T. Hagiwara, J. Am. Chem. Soc. 94, 675 (1972)) was formed
the anti-tricyclof4.2.1.12%)deca-3,7-dien-9-one (/2) (dissociation temp.
=152°C): W. Mauer, Dissertation, Kéln 1978.

(1) i — W (12)

O o

6] a) MINDO/3 result [eV]: 8.61 (az(w)}; 9.90 (b, (m)}; b} CNDQ/S-CI result
[nm]: 221.4, £=0.000, w*(b,)—m(ag); 210.0, £=0.146, w*(az) —m(ay).

7] R B. Woodward, R. Hoffmann, Angew. Chem. 81, 797 (1969); Angew.
Chem. Int. Ed. Engl. 8, 781 (1969).

(8] G. S. Hammond, N. J. Turro, R. S. H. Liu, J. Org. Chem. 28, 3297 (1963).

[9] In the thermolysis of anti-[4 + 4]-dicyclopentadienone the corresponding re-
cyclization products of the intermediate radical are formed: U. Klinsmann,
J. Gauthier, K. Schaffner, M. Pasternak, B. Fuchs, Helv. Chim. Acta 55, 2643
(1972).

{10} The kinetic analysis of the dissociation of (7) has been carried out by Prof.
W. R. Roth, Universitit Bochum, and will be published separately.

Generation and NMR Spectroscopic Investigation
of Diheteroanthracenide Ions: Stable 4nw Systems!™"

By A. G. Anastassiou, H. S. Kasmai, and M. R. Saadein""!

The three potentially antiaromatic 4nw systems (1a)—(Ic)
were recently prepared and analyzed (NMR) in our labora-
tories!!! to reveal, at least in the case of the first-row variants
(1a)''*) and (1b)!"Y), the presence of well-developed molecular
paratropicity. In an effort to assess the possible effect that in-
creased w-frame electronegativity may have on the magni-
tude and/or nature of this ring current effect we next fo-
cussed our attention on a group of direct diheteroatomic rel-
atives of (1), namely the amide ions (5) and wish to briefly
elaborate on our findings in the area.

oo o0

H

1

N N (a), X = NMe
@i :© = @ (b)l 29

x -30°C X (c), X =5

(4) (5)

The desired diheteroanthracenide ions (5a)—(5c) were
prepared as deeply colored, thermally stable solutions™™ by
deprotonation of the amines (4a)—(4c) with KNH,; in NH,
at ca. —30°C. For purposes of direct comparison the 'H-
NMR spectra of the N-methyl-5,10-dihydrophenazine anion
(5a) and phenooxazine anion (5b) are reproduced in Figure
1. As expected, the 'H-NMR spectrum of the phenothiazine
anion (5¢) is similarly patterned [6=5.7—6.2 (m, 6 H), 6.41
(dt, 2 H)), while that of the diphenylamide ion (3) is marked-
ly different [3=6.0—6.4 (m, 2H) and 6.7—7.1 (m, 8 H)]. The
BC-NMR data of the compounds described are collected in
Table 1.
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Direct comparison of the 'H-NMR data of the anions (5)
with those of the conjugate acids (4), all of which exhibit
bands in a region (8 = 6.5—7.0) normally reserved for meso-

T
A HF
Me
B THF
7 6 5 4 3
i . A Y

—d

Fig. 1. 60-MHz '"H-NMR spectrum (A) of the phenoxazene anion (55) and (B) of
the N-methyl-9,10-dihydrophenazine anion (5a) in liquid ammonia (THF as in-
ternal standard) at ca. 34 °C.

Table 1. *C-NMR data [a] of compounds (2), (3), (4b), (4c), (5a)—(5¢c). The in-
stability of 5,10-dihydrophenazine (4a) in hiquid ammonia precludes the record-
ing of 2 '*C-NMR spectrum.

Cpd. Chemical Shift {b}

tert. C-atoms quat. C-atoms
{5a) ¢} 40.51, 45.15, 45.74, 55.25 72.99, 86.62 [d]
(5b) 44.02, 44.99, 48.31, 57.09 80.28, 82.72 (d}
f5¢) 47.00, 50.55, 57.74, 60.35 49.27, 89.05 (d]
(4b) 46.49, 48.47, 53.48, 57.04 76.86, 66.64
(4c) 46.77, 54.20, 58.92, 59.96 49.75, 75.66
(2) 50.63, 53.11, 62.46 77.78
(3 43.57, 50.86, 62.00 91.62

{a] The spectra were recorded at 60 MHz and ca. 30°C in liquid ammonia con-
taining ca. 10~ cm? [Dy]tetrahydrofuran as standard. [b] 3 values, referred to the
central signal of the low-field multiplet of [Ds]THF (&tms= —67.9). [¢]
8= —36.33 (CH,). [d] C-9a.

merically enriched benzenoid moieties, clearly reveals the
“4n”-w diheteroanions (5) to be endowed with elements of
molecular paratropicity. Additionally, internal comparison
along these lines between (5a), (5b), and (5c) appears to
establish the magnitude of the induced ring current to be
largest in the former and smallest in the latter®®. Interesting-
ly, this interpretation gains credence from an analysis of the
3C-NMR data (Table 1) which appears to also offer a rea-
sonable explanation as to why sulfur is less effective than
either oxygen or nitrogen (NMe) in contributing its lone pair
to the development of m delocalization in (5). Specifically,
one notes that whereas the signals of the tertiary carbons of
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(5) appear at increasingly high field on passing from (5¢) to
(5b) to (3a), as required for increased = participation of the
system’s two heteroatomic lone pairs, the degree of overall
delocalization of the nitrogen-centered negative charge as as-
sessed by the increasingly downfield shift of the directly adja-
cent quaternary carbon unit, i e., C-9a!¥}, is seen to implicate
the existence of an alternate sequence namely (5b)
(3=82.72)< (5a) (5=286.62)< (5¢) (5=2389.05)!

We are thus faced with an interesting situation whereby
the effectiveness of X in mobilizing the nitrogen-centered
negative charge increases in the order S<<O<NMe for ex-
tended delocalization into the benzenoid moieties and in the
order O <NMe < § for overall but spacially limited participa-
tion. This apparent discrepancy, which was recently also
shown to obtain in the case of the related monoheterocarb-
anions ()", is best reasoned by the second-row nature of
sulfur and its consequent ability to stabilize an adjacent neg-
ative charge be it inductively or via direct expansion of its
“octet™.

Finally, it is notable that whereas the data presented in
this report relating to the “benzenoid” chemical shifts of (5)
clearly implicate, at least in the case of the diaza derivative
(5a), the presence of a substantially delocalized distinctly pa-
ratropic molecular periphery, the effect does not appear to be
as extensive as was recently observed with the monohetero
carbanionic relatives (1)!'). For obvious reasons the increased
electronegativity of the negatively charged center on passing
from (1) to (5) is believed to account for much of the ob-
served differences.

Received: July 10, 1980 (Z 662 IE]
German version: Angew. Chem. 93, 111 (1981)
CAS Registry numbers:
(2, 122-39-4; (3), 61057-05-4; (4a), 20057-16-3: (4b), 135-67-1; (4c), 92-84-2; (Saj,
76069-02-8; (5b), 76069-03-9; (Sc) T6069-04-0

{1} a) A. G. Anastassiou, H. S. Kasmai, Angew. Chem. 92, 53 (1980), Angew.
Chem. Int. Ed. Engl. 19, 43 (1980): b) 4. G. Anastassiou, H. S. Kasmai, M. R.
Saadein, Tetrahedron Lett. {980, 3743.

[2] The sample remained qualitatively and quantitatively unchanged (NMR)
after 10 h exposure to ambient temperature.

[3] The centers of both major and minor absorption manifolds consistently un-
dergo 0.2 to 0.25 ppm upfield shifts on passing from (5c) to (5b) to (5a).

[4] An increase in the degree of amide ion dclocali%alion ought to enhance the
double bond character of the link connecting —N— to C-9a with consequent
deshielding of the carbon center. Hence one’s expectation that increased am-
ide ion delocalization should lead to a downfield shift of the C-9a reso-
nance.

Novel Nickel- and Palladium-Complexes with
Aminobis(imino)phosphorane Ligands for the
Polymerization of Ethylene! ™

By Wilhelm Keim, Rolf Appel, Arnold Storeck,
Carl Kriiger, and Richard Goddard"”

Few investigations have been carried out on the influence
of chelate ligands in homogeneous catalysis with transition
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metal compounds. As we discovered earlier, remarkable ste-
reoselective effects can be achieved with bidentate ligands®.
We report here on novel nickel- and palladium-complexes
containing an aminobis(imino)phosphorane as chelate li-
gand.

The in-situ reaction of bis(1,5-cyclooctadiene)nickel or bis-
(n>-allylnickel with the aminobis(imino)phosphorane (1) in
toluene yields a catalyst which polymerizes ethylene to
polyethylene at 70 °C and 50 bar. Activities of 1000 mol eth-
ylene per mol of nickel are achieved. The physical properties
of the short-chain branched polymer lie between those of
high-pressure polyethylene and “EPDM”. Catalysts of this
type are of interest because of their potential for the produc-
tion of high-pressure polyethylenes.

In the stoichiometric reaction of bis(n’-allyl)nickel with
(1) we isolated the complex (2), whose structure followed
from spectroscopic data (‘H-, '*C-, and *'P-NMR, IR), the
mass spectrum (M * with the expected isotopic ratio) and the
comparison of these data with those of the analogous palla-
dium compound (3). The formation of (2) proceeds via an
unexpected allyl rearrangement, which leads to a P-bonded
o-allyl group.

SiMes
|
. 8 MesSiNg L N o~
<M> + JP-N(SiMeg); —» <M\ Y
MesSiN N N(SiMes)s
(1) SiMles

(2), M = Ni; (3}, M= Pd

The complex (2) contains a four-membered ring made up
of two nitrogen atoms, the nickel atom, and the phosphorus
atom. Four-membered rings of aminobis(imino)phosphor-
anes are well known!?, but so far not in combination with
transition metals. With respect to electron distribution and
bonding there exist resemblances to the phosphoniobis(me-
thanide) derivatives described by Schmidbaur®!. A sulfur
analog of (1) could recently be complexed as “P==S side-on”
ligand to platinum!™.

In analogy to the synthesis of (2) we also reacted bis(m>-al-
lyD)palladium with (7) to give the remarkably stable complex

ci3

Fig. 1 Molecular structure of complex (3) in the crystal. Cell data: o=9.174 (1),
b=17.745 (2), ¢=18.900 (2) A, B=104.610 (7)°, space group P2,/c, Z=4 with
pesie=1.24 gem ™ %, R=0.037, R, =0.04.
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(3). The 'H-, *C-, and *'P-NMR spectra as well as the IR
spectrum corresponded to those of (2). The mass spectrum
shows the molecular ion with the expected ratio of isotopes.

A crystal structure analysis was carried out on (3) (Fig. 1).
The primary skeleton of the molecule is characterized by its
near C(m) symmetry, the mirror plane running through
N3, P, Pd and C2 perpendicular to a planar (+0.03 A) four-
membered ring formed from Pd, P, N1 and N2. Only the ar-
rangement of the trimethylsilyl groups at N1 and N2 do not
correspond to this symmetry. The terminal atom C6 of the
allyl group is disordered. The phosphorus atom has approxi-
mate tetrahedral configuration. Like the Si—N bonds the
P—N bonds are of varying length. Thus, in the strained four-
membered ring!’™ we find on average P—N=1.598 A, and
thus high multibonding character. The length of the exocy-
clic P——N bond (1.685 A) in comparison with the sum of the
covalent radii of the two atoms (1.84 ;\) is likewise indicative
of multibonding character, albeit to a lesser extent. As com-
plex ligand the R—N—PR,—N—R group, like the isoelec-
tronic phosphoniobis(methide) group (H,C—PR,—CH,)!,
is to be regarded as a three-electron donor with analogous
geometry and bonding. Thus a 15-electron configuration is
present at the central palladium, like in the educt bis(n?-
allyl)palladium.

The palladium complex (3) cannot catalyze the polymeri-
zation of ethylene. Dry (3) is air-stable for several days at
room temperature, but decomposes within hours at 50 °C.

Procedure

All operations must be carried out under argon.

(2): A solution of (1)® (6.8 g, 0.019 mol) in toluene (15
cm?®) was added dropwise within 30 min at —78°C to a stir-
red suspension of bis(n*-allyl)nickel™ (2.5 g, 0.018 mol) in
toluene (10 cm?®). A reddish brown solution was formed. Aft-
er standing for several days at —78 °C, red-brown crystals
separated out (1.17 g); on concentration of the mother-liquor
and addition of a small amount of dichloromethane a further
3.1 g could be isolated. Total yield 4.27 g (47%) of (2), m.p.
135°C (dec.).

(3): (1) (5.5 g,0.015 mol) was added dropwise within 3 min
at —20°C into a solution of bis(n3-allyl)palladium' (2.8 g,
0.015 ml) in toluene (20 cm?). After ca. 12 hours’ stirring at
room temperature the solvent was removed in an oil-pump
vacuum and the residue taken up in 10 ml dichloromethane:
Yellowish-green crystals precipitated at —15°C. Yield: 3.53 g
(43%) (3), m.p. 95—96°C (dec.).
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Synthesis of Multielectron Ligands for Transition
Metals via Spiro[cyclopropane-1,1'-indene]""

By Karlheinz Berghus, Angelika Hamsen, Alfons Rensing,
Annegret Woltermann and Thomas Kauffmann!’

Dedicated to Professor Wilhelm Klemm on the occasion
of his 85th birthday

We have recently shown that spiro[2.4]hepta-4,6-diene (1)
is highly suitable for the synthesis of multielectron ligands
for transition metals!'!. As anticipated, analogous ligands e. g.
(4a), (5a), (6a), and (6b) (Ind=3-indenyl) can be prepared
from spirofcyclopropane-1,1'-indene] (3) by similar transfor-
mations'?,

2) NaNH,

[><: PhoAsLi
—_—
PhyAs PhyAs (2b)

(1) (2a) .

’6 th@A (20)
O (3)

Attempts to extend the donor capability of the compounds
obtained by addition of a cyclopentadienyl- or indenyl group
as five-electron donor®® demonstrated the expected superior-
ity of indene derivatives for this purpose. Thus, while the
reaction of (2a)!"! with 1,2-dibromoethane and sodamide led
to an (as yet) inseparable mixture of the isomers (2b) and
(2c), the corresponding reaction of the indene derivative
(4a)—(4b) and the comparable reactions (3)—(4c) and
(5a)— (5b) gave single products.

1) Br{CH,)2Br

1) 2 NaNH, /\
——

2) Br(CHy),Br PhyAs i

2) H,0 PhoAs

(40), 72% (4/7), 37%
1) PhpAsLi
2) O=CH-Ph 1) PhaAsLi
2) R20
Ph
v
H

od
Pth S
O 1) a-Pico-

2) H20 yl-Li
(dc) . 2% H Ph

PhoAs 5 AsPh,

(4e), 61%

0
@ NQ (4d), 70%

(4b) and (4c) were coupled with a further 2-electron donor
group and by this means the potential 9-electron ligands (4e)
and (4d)™ respectively, were obtained.

PhyAs
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_Ph
1) PhyPLi Ind DLiNGPn, CH
(3) ——
2) Ha02 thPO 2) O=CH-Ph PthO @
(5a), 62% (5b), 54%

Table 1. Physical Data of the cited compounds. '"H-NMR; & values rel. to TMS
in CDCly; Mass spectra 70 eV, m/e.

'H-NMR

MS

Com- M.p.
pound orn
(4a) 71°C
(Ethanol)
(4b)  np=
1.6495
(4¢) 134°C
(Toluene)
(4d)  np=
1.6259
(4e) ny=
1.6551

(5a) 155—156°C
(Ligroin)

(5b) 200—201°C
(Toluene)

(6a)  niy=
1.5849

20 _

(6b) np =
1.5798

(6  np=

1.6434

2.2—-2.9 (m; 4H,
As—CH,;—CH,), 3.2 (mc; 2H,
CH,—CH==), 6.15 (m¢; 1H,
==CH-), 7.0—7.65 (m; 14H,
aromatic H)

1.51 (s; 4H, CH,—CH,—C),
2.2—29 (m; 4H,
As—CH,—CH,), 592 (s; 1H,
-=CH--), 7.0—7.6 (m; 14 H, aro-
matic H)

2.2—3.1 (m; 4H,
As—CH,—CH,), 6.83 (s; 1H,
=C—CH==), 7.1—7.8 (m; 20H,
Ph—CH, aromatic H)

1.9—2.8 (m; 4H,
As—CH,—CH,), 3.1—4.1 (m;
4H, CH,—CHPhCH), 6.3 (mc;
=CH—), 6.7—7.6 (m; 22 H, aro-
matic H), 83—86 (m: tH.
N—CH)

1.6—2.8 (m; 8H,
As—CH,—CH;), 3.3—3.5 (m;
1H, CH—), 6.15 (mc; tH,
- 2CH-—), 6.9—7.5 (m; 24 H, aro-
matic H)

24—3.0 (m; 4H,
P—-CH,—CH,), 3.25 (mc; 2H.
CH,—CH- =), 62 (mc¢; 1H,
=~ CH—). 7.0—7.9 (m; 14H, aro-
matic H)

2.5—3.15 (m; 4H,
P—CH,—CH;), 6.72 (s; tH,
=CH-—C=-), 7.5--7.9 (m; 20H,
Ph—CH=:, aromatic H)

1.95—3.0 (m; 6H, (CH.),), 3.3
(mc; 2H, -=CH—CH,), 6.2 (mc;
1H, :=CH—), 6.9—7.6 (m; TH,
aromatic H), 8.35—8.6 (m; 1H,
N—CH)

1.8—2.6 (m; 8H, CH,—CH),),

285, 295 (2 me 2H,
=CH—CH,[Cp}]), 2.85—-2.95
(m; 14, :CH—), 3.3 (m¢; 2H,
(=CH—CH,{Ind}), 5.95—64

(m; 4H, =CH—), 6.9—7.7 (m;
7H, aromatic H), 8.5—8.7 (m;
1H, N—CH)

in CcDg 2.0-27 (m; 8H,
CH,—CHj,), 2.95 (m; 2H [Cp)),
3.7 (mc; 1H [Cp]), 398 (d; 1tH
[Ind]}. 44 (mc; 1H [Cp]), 4.5—
48 (m; 1H, CH—), 4.85 (d;
1H [Ind]), 6.65—7.6 (m; 7H,
aromatic H), 86 (m; tH,
N-—CH)

372 (6%, M '), 229
(24). 227 (51). 219
(45), 152 (100), 143
(26). 128 (48), 115
(34)

398 (69%, M *), 229
(63), 227 (75), 169
(100), 141 (88), 129
(31). 115 (31)

460 (39%, M *), 432
(), 307 (61), 231
(100), 229 (61). 227
(67), 115 (24)

553 (19%, M), 461
(18), 324 (3), 229
(16), 227 (16). 182
(18), 93 (100)

628 (38%. M *), 399
(19), 229 (43). 227
(43), 149 (100), 128
(24), 115 (13)

344 (65%, M *), 215
(100), 202 (71), 201
(30), 155 (10), 115
)

432 (54%, M*), 344
(10), 230 (100), 215
(67), 202 (5T), 155
(13), 115 (8)

235 (21%, M *), 141
(7). 128 (12), 115
(10). 106 (13). 93
(100)

327 4%, M*), 235
(7), 185 (6), 128
(10), 115 (5), 106
(100)

381 (47%, M), 276
(14), 142 (6), 115
(11), 106 (9), 84
(100)

The ligands with the indenyl group have the distinctive
feature, not shown by the cyclopentadienyl analogues, that
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they endow their transition metal complexes with chirality;
the stable iron complex (6¢)! was prepared by us and illus-
trates this capability. This feature could be useful in the de-
velopment of asymmetric homogeneous catalysts.

@ (g 20 @ [ N0d g1, 30
W CH, »(l) N CH
- 3)Hy0 L/CP

(6a), 51%

12 nBuNFeCll
1) a-Picolyl-Li 3 @\Y é
2) H,0 (3) N CH Fe

(6¢), 24%

The structures of the products have been determined by
mass- and NMR-spectroscopy and elemental analysis (see
Table 1).
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CAS Registry numbers:
(1), 765-46-8; (3), 19770-38-8; (4a), 76124-28-2; (4b), 76124-29-3; (4c), 76124-30-
6; (4d), 76124-31-7; (4e), 76124-32-8; (5a), 76124-33-9; (5b), 76124-34-0; (6a),
76124-35-1; (6b), 76124-36-2; (6¢c), 76137-11-6; PhAsLi, 19061-48-4; Ph,PLi,
4541-02-0; O==CH—Ph, 100-52-7; a-picolyl-Li, 1749-29-7; Br(CH.),Br, 106-93-
4

[1) Th. Kauffmann, J. Ennen, H. Lhotak, A. Rensing, F. Steinseifer, A. Wolter-
mann, Angew. Chem. 92, 321 (1980); Angew. Chem. Int. Ed. Engl. 79, 328
(1980).

[2} In the absence of synthetic details [S. W. Staley, M. A. Fox, T. K. Hirzel, J.
Am. Chem. Soc. 98, 3910 (1976)] we obtained a 58% yield by reacting a solu-
tion of indene in THF with 2 equivalents NaNH,; and 1 equivalent 1,2-dibro-
moethane.

[3] Conventional count of electrons in donor ligand with transition metals.

{4] The position of the CC double bond in the five-membered ring of the indene
residue of (4d) is not clear. The compound (6b) consists of a mixture of the
isomers with Cp=1,3- or 1,4-cyclopentadienyl respectively. It should be pos-
sible to separate (6¢j into two diastereomers, but to date this has been unsuc-
cessful.

Crown Arsanes; Air-Stable Multielectron Ligands
for Transition Metals!""

By Johann Ennen and Thomas Kauffmann'"!

Dedicated to Professor Wilhelm Klemm on the occasion
of his 85th birthday

Many of the transition metal reagents and catalysts used in
organic synthesis contain ligands which do not participate
directly in the reaction (“passive ligands”™) and which are
often not optimal (low stability of bonding to the metal, easily
attacked by nucleophiles, or toxic ligands such as CO or
NO). We have therefore synthesized polydentate multi, elec-
tron ligands!"? and now wish to describe macrocyclic poly-
arsanes. These “crown arsanes” are air stable and are
therefore considerably easier to handle and store than the
highly air sensitive macrocyclic polyphosphanes®®. Both
types of compounds suffer from the disadvantage however
that the isolation of pure chiral products is difficult. To our
knowledge crown arsanes were not known!¥, although open
chain polyarsanes have already frequently been used to com-
plex with transition metal elements.

The starting materials (7), (2), (3), and (4), which are not
described in the literature, were synthesized (reactions were

{*} Prof. Dr. Th. Kauffmann, Dipl.-Chem. J. Ennen
Organisch-Chemisches Institut der Universitat
Orléans-Ring 23, D-4400 Miinster (Germany)
[**] Multielectron Ligands, Part 3. This work was supported by the Deutsche
Forschungsgemeinschaft. Part 2: [1].
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2 Br{CH3)1Cl 1
PhasLi, o ppag ©
~70°C

(1), 8%

Ph
{

1) 2 PhAsHLI : 2 Br(CHy)5CL AS/\/\Cl

AsLiPh
- hAs AsLiPh — o PhAs

2)2 nBuli b -70°C l?s\/vcl

Ph
(2) (3),25%
N

1) 2 PrAsHLI AS AsLiPh

———— PhAs (4)

2) 2 nBuLi As AsLiPh

Ph

carried out in THF at 20°C unless otherwise stated)!®. Of
these, only the electrophiles (1) and (3) were isolated [(3);
yield 25% relative to (7)]. In this connection it was advanta-
geous that the arsane group reacted with alky! halides much
less readily than the phosphane group.

Using the principle of dilution (all reactions carried out at
20°C in THF) oily fractions of the crown arsanes (5)—(7)!
were obtained from the starting materials and were cleaned
by passing through a chromatographic column (SiO,: diethyl-
ether/pet. ether 1:20) and isolated by chromatography. Ste-
reoisomeric mixtures were obtained; this also applied to (3).

CKCH2)3Cl j/js
() S C ASJ (1)+(2) 2 <: ;}

f5
) (6)
Ph\ Ph
As A
(1 +(4) = Ph-As - As—Ph o (2)+(3)
As As
7 \
Ph Ph
(7)

Table 1. Physical data of the compounds obtained. ‘H-NMR; 3-vatues rel. TMS
in CDCl,. Mass spectra; 70 eV, m/e {a]

Cpd. M.p. 'H-N.M.R. MS
orn
) niy= 7.23—7.68 (m; SH), 306 (M*, 4.2%), 229 (15), 189 (25),

1.5691 3.33—3.71 (m; 4H), 187 (100), 153 (19), 151 (19), 78
1.75—2.12(m; 8H)  (19)

(3 Oil (b}  7.12—7.68 (m; 15H), 617 (M* —78, 37%), 425 (37), 423
334-3.65 (m; 4H),  (98), 311 (92), 227 (54), 187 (100),
1.53--2.12 (m; 20H) 119 (56), 117 (60)
(5) Oil[b]  707—771(m; 15H)., 581 (M* —1, 2%), 539 (45), 505
1.82—-2.14 (m; 18H)  (48), 463 (100), 346 (51), 311 (75),
227 (84)
(6) 106.5°C  7.18—7.63 (m; 20H), 775 (M* —1, 2%), 733 (29}, 699
fc} 151211 (m; 24H) (17}, 463 (30), 423 (33), 346 (74),
311 (71), 227 (100), 187 (48), 153
(76)
7 Oil {b)  7.13—7.53 (m; 30H), 1164 (M*,0.2%), 1122 (1), 969 (1),

135217 (m; 36H) 811 (4), 617 (34), 423 (88), 403

(38), 227 (100), 187 (81), 153 (84)

[a) For **Cl-isotope. {b] Oily isomeric mixture. {c] From pet. ether (60—90 °C).
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The crystals which separated from the crown arsane (6) frac-
tion (32% of fraction) had a sharp melting point (106.5 °C)
and this led us to believe that only one product had been
formed.

The structures of the isolated compounds (1), (3), (5)—(7)
are consistent with the elemental analyses, and mass and "H-
NMR spectral data (Table 1).
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(6), 76124-40-8; (7), 76124-41-9; PhAsLi,, 1073-41-2; PhAsHL; 40965-94-4;
Br{CH,);Cl, 109-70-6; CI{(CH,);Cl, 142-28-9

{t] K. Berghus, A. Hamsen, A. Rensing, A. Woltermann, Th. Kauffmann, Angew.
Chem. 93, 116 (1981); Angew. Chem. Int. Ed. Engl. 20, 117 (1981).

12} Th. Kauffmann, J. Ennen, H. Lhotak, A. Rensing, F. Steinseifer, A. Wolter-
mann, Angew. Chem. 92, 321 (1980). Angew. Chem. Int. Ed. Engl. 79, 328
(1980).

{3] L. Horner, H. Kunz, P. Walach, Phosphorus 6, 63 (1975); L. Horner, P. Wal-
ach, H. Kunz, Phosphorus Sulfur 5, 171 (1978); T. A. DelDonno, W. Rosen, J.
Am. Chem. Soc. 99, 8051 (1977); Inorg. Chem. /7, 3714 (1978); £. P. Kyba.
C. W. Hudson, M. J. McPhaul, A. M. John, J. Am. Chem. Soc. 99. 8033
(1977).

[4] A. Tzschach, J. Heinicke: Arsenheterocyclen. YVEB Deutscher Verlag fir
Grundstoffindustrie, Leipzig 1978.

{5] For the preparation of PhAsLiH and PhAsLi,, see A. Tzschach, G. Pacholke.
Chem. Ber. 97, 419 (1964).

6] The yields of (5), (6), and (7) are calculated relative to (1}, the assumption be-
ing made that the formation of (2} from {7} as well as (4) from (3) is quantita-
tive.

Alkyl(dicyclopentadienyl)lutetium Complexes:
Monomeric Alkylanthanoid Derivatives!™™

By Herbert Schumann, Wolfgang Genthe, angd
Norbert Bruncks'™

Dedicated to Professor Wilhelm Klemm on the occasion
of his 85th birthday

Alkyl derivatives of lanthanoids of low coordination num-
ber are very unstable. Hitherto, the isolation of such deriva-
tives at room temperature could be accomplished only with
sterically very demanding alkyl groups, with possible asso-
ciation via basic ligands or with formation of multinuclear
electron-deficient compounds!'!. According to X-ray struc-
ture analysis the cyclopentadienyl(methyl}lanthanoid deriva-
tives' first described in 1975 are dimeric with CH; bridges
between two lanthanoid atoms!!.

We have now found that dicyclopentadienyllutetium chio-
ride reacts with organolithium compounds in tetrahydrofu-
ran at —78°C to give monomeric alkyl(dicyclopentadi-
enylMutetium derivatives, some of which are remarkably
thermostable. Whereas the methyl, ethyl and n-butyl deriva-
tives can be detected only NMR spectroscopically in benzene
at room temperature as 1:1 complexes with tetrahydrofuran
(THF) we have been able to isolate corresponding com-
pounds with larger alkyl or aryl ligands as colorless to pale
yellow needles which are stable up to 100°C (Table 1).

{*] Prof. Dr. H. Schumann, Dipl.-Chem. W. Genthe, Dipl-Chem. N.
Bruncks
Institut fir Anorganische und Analytische Chemie der technischen Univer-
sitat Berlin
Strasse des 17. Juni 135, D-1000 Berlin 12 (Germany)

{**} Organometailic Compounds of the Lanthanoids, Part 8. This work was sup-
ported by the Fonds der Chemischen Industrie and by the Senator fiir Wirt-
schaft des Landes Berlin (ERP grant, Project 2327).—Part 7: A. Schumann,
G. M. Frisch, Z. Naturforsch. B 34, 748 (1979).
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Table t. NMR spectroscopic data of the complexes (1); 3 values, in C¢D¢, measured relative to benzene and converted with reference to TMS external, 8(' Hpenenc) = 7.27.

8("*Creneenc) = 129 fa).

Cpd. R Dec. pt. 'H-NMR *C-NMR
{°Cj H. Hg H, Hs H, C. Cy C, Cs C,
(1a) CH, — -0.62s
(1b) C,H;s — 0.16 q 1.77 ¢
(lc) CsHy — 0.15m 127 m
(1dj C(CH:)s 70—80 ~ 139 s 38.6 36.8
(1e) CH,C(CH3;); 90—100 027 s — 1.51s 37.6 62.6 383
(1) CH,Si{(CHas)s 100—110 —0.63s — 0.55s 28.3 — 59
r1g) CH,CHs 100—110 197 s — «——745m,737m, 717 m—> 48.6 1289 125.7 118.4
(th) CsHs—CH;p 110—120 — 793 d, 739d — 249s 184.2 1422 129.7 1343 22.6
(J=7 Hz)

[a) Additional ‘"H-NMR signals: 6.15—6.25 (s, CsHs). 3.3, 1.3 (m, THF); additional '*C-NMR signals: 111.82—110.79 (5, CsHs), 73. 26 (m, THF).

THF .
(C5H5)2LUC1 + LiR *W (CgHs)zLURTHF + LiCl
(1a)—(1h)

The X-ray structure analysis of the trimethylsilylmethyl
derivative (1f) (Fig. 1) shows that the lutetium is surrounded
by a distorted tetrahedral array of the methylene carbon Ci,
the oxygen of the THF, and the centers of the two cyclopen-
tadienyl ligands. The distance between lutetium and C1 is
only about 11 pm shorter than the Yb—C distance in dimer-
ic dicyclopentadienyl(methyl)ytterbium, in which the methyl
group bridges two ytterbium atoms!™, The surprisingly large
bond angle of 131 °C at C1 is determined by the spatial re-
quirement of the trimethylsilyl group bound to the same C-
atom, and the cyclopentadienyl and THF ligands around the
lutetium.

Fig. 1. Structure of (CsHs)LuCH,Si(CH;);-THF (1f); orthorhombic, space
group P2,2,2,, Z=4, a=1738.1(8), b=1226.8(3), c=917.0(3) pm, ¥=1.955 x 10°
pm’, p.=1.58 g/cm®; 2735 independent reflections; Syntex P2, four-circle dif-
fractometer R=0.058. Important bond lengths and angles: Lu—C1 238, Lu—O
229, Lu—Ringl 235, Lu—Ringll 234, Si—C1 183 pm; Lu—Ct—Si 131,
C1—Lu—0O 96, O—Lu—Ringl 106, Ringl—Lu—Ringll 130, Ringll-——-Lu—C1
t11, O—Lu—Ringll {04, Ringl--Lu-—C1 105°.

The new compounds (1a)—(1h) are extremely sensitive to-
wards moisture and oxygen. On hydrolysis all the ligands are
removed from the lutetium with formation of Lu(OH),. (1f)
forms stoichiometric amounts of cyclopentadiene, tetrame-
thylsilane and THF. With I,, on the other hand, only the
alkyl moiety is removed; reaction of (1f) and I, leads to
(CsHs),Lul- THF and (CH;):SiCH,I. In the thermolysis of
(1e) and (1f), which commences at 100°C, THF is first re-
moved and then at 130°C [(7e)] or 180 °C [(1f)] the alkyl re-

120 © Verlag Chemie, GmbH, 6940 Weinheim, 1981

0570-0833/81/0101-0120

sidue; (7e) yields, via B-elimination, isobutane and isobu-
tylene in equimolar amounts, whereas tetramethylsilane is
formed from (1f). Above 300°C the remaining (CsHs),Lu
fragments comproportionate with formation of (CsHs);Lu
which sublimes at this temperature.

Procedure

A solution of LuCl, (3.3 g, 11.8 mmol) in THF (50 cm?) is
treated at room temperature with 9.5 cm> of a 2.58 M solution
of NaCsHs in THF and the mixture stirred for 1 h. After
cooling to —78°C, 16 c¢m® of a 0.756M solution of
LiCH,Si(CHs); in pentane is added dropwise and the reac-
tion mixture stirred for 2 h at —78°C and 6 h at 25°C. The
solvent is removed and the residue dried at room tempera-
ture and extracted with toluene (3 x 200 cm?). The residue is
dissolved in pentane/diethyl ether (20:1) and cooled within
2 days to —30°C; yield 4.4 g (81%) yellow needles.
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{1} H. Schumann in T. J. Marks, R. D. Fischer: Organometallics of the f-Ele-
ments. Reidel, Dordrecht 1979, p. 81 ff.

2] N. M. Ely, M. Tsutsui, Inorg. Chem. /4, 2680 (1975).

(31 J. Holten, M. F. Lappert, D. G. H Bullard, R. Pearce, J. L. Atwood, W. E.
Hunter, J. Chem. Soc. Chem. Commun. /976, 480.

Crystal and Molecular Structure of
[Li(tmen)]5[Er(CH)g] "™

By Herbert Schumann, Joachim Pickardt, and
Norbert Bruncks!'l
Dedicated to Professor Wilhelm Klemm on the occasion

of his 85th birthday

By using N,N,N’,N'-tetramethylethylenediamine (tmen) as
a stabilizing base we have succeeded for the first time in syn-

[*] Prof. Dr. H. Schumann, Doz. Dr. J. Pickardt, Dipl.-Chem. N. Bruncks
Institut fur Anorganische und Analytische Chemie der Technischen Univer-
sitat Berlin
Strasse des 17. Juni 135, D-1000 Berlin 12 (Germany)

[**} Organometallic Compounds of the Lanthanoids, Part 9. This work was sup-
ported by the Fonds der Chemischen Industrie and by the Senator far Wirt-
schaft des Landes Berlin (ERP grant, Project 2327).—Part 8: [5].
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thesizing peralkylated lanthanoid complexes!’!. However, the
extreme sensitivity of the isolated permethylated erbium and
lutetium complexes (1) and (2), and the fact that interpreta-
ble "H-NMR spectra could only be obtained for the diamag-
netic lutetium compound, have so far precluded concrete
data on the structure being obtained.

We report here on the X-ray structure analysis of the title
compound (7). Single crystals were obtained by slowly cool-
ing a solution of (7) in diethy! ether to —30°C under ar-
gon.

The structure analysis shows that lanthanoids can form or-
ganometallic compounds in which all coordination sites on
the metal are occupied by carbon atoms of monohapto-
bonded alkyl groups. In the crystal the erbium is surrounded
by the 6 methyl groups in a slightly distorted octahedral ar-
rangement. All the Er—C bonds are of equal length, and the
methyl groups are bridged pairwise by lithium atoms, result-
ing in a slight widening of the corresponding Me—Er—Me
angles to 93°. The lithium atoms are each located at the cen-
ters of tetrahedra made up of two methyl groups and the two
nitrogen atoms of a tmen ligand. Thus, an octahedron results
that is coupled via three corners, which are not linked with
each other, to three tetrahedra (Fig. 1). Since both N atoms

Fig. 1. Structure of {Li(CH;);NCH,CH,N(CH,),}:;{Er(CHj3)s] (7); thombohedral,
space group R3c, Z=2, a=1309(2) pm, a=79.39(10)°, V=2.139x 10° pm”’,
p.=0.97 g/em?, J,,4n =0.91 g/cm?; R =0.085. Syntex-P2, four-circle diffractom-
eter; bond lengths in pm.

of a tmen group are coordinated to a lithium atom, (7) is
monomeric in the crystal. By way of contrast the bidentate
dioxane ligands in [Li(dioxane)});{Cr(CH;)¢] function as
bridges between two hexamethylchromium units??,

The bond angles at the lanthanoid as well as the Er—C
bond lengths in (1), the first electron-deficient compound
with methyl bridges between lithium and a lanthanoid, are
comparable with those in electron-deficient compounds with
other metal atoms. Thus, the dimeric [(n*-CsH;),YbCHs],,
which contains a Yb,(CH;), four-membered ring, also pos-
sesses an angle of 93° at the ytterbium atomPl. The bond
lengths d(Yb—C)=254 pm in [(n*-CsHs),YbCH;L,™ and
d(Yb—C)=1253 pm in (1*-CsHs),Yb(CH;),Al(CH,),!, two
further lanthanoid derivatives with electron deficient bonds,
correspond to the Er—C bond length of 257 pm. In contrast,
the lanthanoid-C distance is shortened if the alkyl group has

Angew. Chem. Int. Ed. Engl. 20 (1981) No. 1
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no bridging function: in (n°-CsH;),LuCH,Si(CH,);- THF",
d(Lu—C)=238 pm.

In order to test the validity of this structural principle in
the series of the hexamethyl complexes of the lanthanoids,
we prepared the complexes (3)—(7) in the same way as (1)
and (2).

Et,O .
MCl; + 6 LiCH; + 3tmen —L»[Li(tmen)h[M(CH;),,] + 3LiCl

—78°C
(1)—(7)
tmen =(CH,),NCH,CH,N(CH,),

Cpd. M Color Thermal behavior

(3) Pr green dec. pt.  59—62°C
(4) Nd blue dec. pt.  78—83°C
(5) Sm yellow dec. pt.  85—88°C
(1 {1} Er pink m.p. 138—139°C
(6) Tm white m.p. 109—114°C
(7) Yb white m.p. 141—142°C
(2) {1} Lu white m.p. 141—142°C

The compounds (7)—(7), which have been completely
characterized by eclemental analyses, are extremely sensitive
towards moisture and atmospheric oxygen; some of them
even ignite spontaneously. A notable feature is the enhanced
thermal stability of the complexes with increasing atomic
weight of the lanthanoid.
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Structure of the Antibiotic Moenomycin Al

By Peter Welzel, Franz-Josef Witteler, Dietrich Miiller,
and Werner Riemer!"!

Moenomycin A is a major component of flavomycin®,
which is employed in animal nutrition!'. It inhibits the trans-
glycosylation step'” in the biosynthesis of murein, the rigid
component of the bacterial cell wall. For moenomycin A we
propose structure (1).

It was known from degradation studies that moenomycin
A is built up of parts A-B-C and D-E-F-G-H-IPl. Thus, the
sugar chain in (Z) could be cleaved quite selectively at the
glycosidic bonds of the two ¥N-acetylated amino sugars with

[?1 Prof. Dr. P. Welzel, Dr. F.-J. Witteler, Dr. D. Miiller

Abteilung fiir Chemie der Universitat

Postfach 102148, D-4630 Bochum (Germany)

W. Riemer

Institut fur Strahlenchemie im Max-Planck-Institut fir Kohlenforschung
Stiftstr. 34—36, D-4330 Miilheim/Ruhr (Germany)

[**] This work was supported by the Fonds der Chemischen Industrie and
Hoechst AG. We thank Dr. H.-W. Fehihaber, Hoechst AG, for recording
the mass spectra, and Herr K. Hobert and Fraulein 4. Ponty for their valua-
ble assistance.
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trifluoroacetic actd™. In order to determine how the two par-
tial structures are connected to each other we have exploited
the observation that glycosides of free amino sugars are par-
ticularly stable towards hydrotysis'), It was to be expected
that, after cleavage of the N-acetyl groups, the glycosidic
bond of the quinovosamine unit {(C) could be preserved on
acid hydrolysis, not, however, the linkage between the glucos-
amine (E) and the moenuronic acid unit (F), since moenu-
ronic acid 1s known to decompose with loss of CO, and water
on acid treatment®®. After cleavage of the amide bonds in
(1) (1~ NaOH), acid hydrolysis (2N HCI), reaction of the
cleavage products with methanolic HCI and methanolic NH;
(to convert the galacturonic unit into the uronamide), acety-
lation and chromatographic separations, the trisaccharide
derivative (2) was obtained with the glycosidic linkage of the
quinovosamine unit (C) intact. Total hydrolysis of (2) with
2N HCl or 1.5N methanolic HCI yielded quinovosamine,
glucosamine, and galacturonic acid”.

“b o

AcO  OAc AcO  NHAc AcG  NHAc

H,N HoN
O@
Q AcO N

AcO OAc AcO NHA

O 1@@
@ --OAc /:\
\ AcO NHAc
AcO NHAc
Scheme t. Fragments in the mass spectrum of {2) that are important for the
structure elucidation.

The sequence of the monosaccharide units in (2) follows
quite clearly from the fragments of the high resolution mass
spectrum shown in Scheme 1. Whether the quinovosamine
unit is (1-3) or (1--4) linked to the glucosamine could be
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elucidated only on the basis of the 250-MHz "H-NMR spec-
trum, which was completely analyzed by double resonance
experiments (Table 1). From the large coupling constants
Jr35 Jya, Jos it can be deduced that the quinovosamine
unit is present in the *C, conformation; J; - =8.6 Hz then
proves the $-glycosidic linkage of the quinovosamine and
glucosamine units. The (1—-4) link of the two sugars follows
from the chemical shifts of 4-H (ether proton) and 3-H (pro-
ton next to an ester group).

Table 1. "H-NMR data of (2) (270 MHz, CDCl,).

8=16.08 (d. 1-H), 4.40 {m. 2-H), 5.19 (dd, 3-H), 3.70 {dd. 4-H). 3.90 (m, 5-H), 4.14
(dd, 6a-H), 4.50 (dd, 6b-H), 5.80 (d, NH), 4.31 (d, 1"-H), 3.99 (m, 2’-H), 5.04 (dd,
3-H), 3.51 (dd. 4’-H). 3.4 (m, 5’-H), 1.3t (d, CH;-6), 4.76 (d. 1""-H), 5.10 (m, 2"~
H. 37-H), 5.78 (narrow, not resolved m (W, ca. 4 Hz), 4"-H), 4.25 (br. s (W, ;
ca. 3.4 Hz) 57-H), 5.88 and 6.59 (N"H,), 1.94, 1.98, (.98, 2.06, 2.07, 2.07, 2.08,
2.5, 249 (Ac), Ji2=3.7, Ja3 =110, J34=88, J45=10.0, Jse, =14, J500=3.5,
Jooen =129, Jonu=10.0, Jy =86, Jy3=104, J34=92 J45=92,
Jrnn=9.6Ji3-=77 Hz

In the region F-G-H-1, compound (1} exhibits structural
analogies with the intermediate consisting of a substituted
disaccharide and a polyprenol diphosphate found in the
murein biosynthesis, whose use for the synthesis of the poly-
saccharide chains is inhibited by (1) (see !'}).

Procedure

A solution of (1) (2.0 g) in 1N NaOH (16 cm?) is heated
under reflux in an argon atmosphere for 24 h; subsequently,
the solution is neutralized and lyophilized. The residue dis-
solved in 10 cm? of 2~ HCI is heated under reflux for 1 h.
After neutralization, the solution is diluted with water and
extracted several times with chloroform. The aqueous layer
is lyophilized and freed from inorganic salts by chromatogra-
phy on 50 g of silica gel (2-propanol/conc. NH; 65:35). The
eluate is lyophilized, the residue stirred in 100 cm® of 1.5%
methanolic HC! for 22 h at room temperature, evaporated to
dryness, taken up in 80 cm? of methanol, treated with 30 cm?
of saturated methanolic NHs-solution, stirred for 15 h at
0°C, and evaporated. The residue is dried in a high vacuum
and then acetylated for 3 d at room temperature in 28 cm? of
pyridine and 14 c¢m’ of acetic acid anhydride in the presence
of catalytic amounts of 4-(dimethylamino)pyridine. After di-
lution with dichloromethane, washing with water, drying,
and evaporating, the residue is chromatographed, firstly on
250 g of silica gel (petroleum ether/chloroform/ethanol
4:2:1) and then on a Lobar column (60 g silica gel; toluene/
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chloroform/ethanol 2:1:1); yield 36 mg (2), m.p. 309—
310°C (from ethanol/petroleum ether).
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Tri-tert-butylcyclotriarsane "]

By Marianne Baudler and Paul Bachmann!™!

Dedicated to Professor Wilhelm Klemm on the occasion
of his 85th birthday

Numerous homo- and heterocyclic phosphorus three-
membered ring compounds have become preparatively ac-
cessible in recent years!', Following the synthesis of the di-
phosphaarsirane (tBuP),(tBuAs)!""? and the phosphadiarsi-
rane (iPrP)(tBuAs),? the question arose whether also mono-
cyclic triarsanes (RAs), are capable of existence and can be
isolated. Hitherto, only compounds were known in which the
arsenic three-membered ring is stabilized by bracketing in a
polycycle [As,*, As,S;1*", CH,C(CH,As), 1, As3 ~19] or by
complexation[As;Co(CO),P2, [(triphos)M(As;)M(triphos))>+
(M=Co, Ni)®™]. A previously reported triphenylcyclo-
triarsanei®®! has so far not been confirmed"!.

We report here on the synthesis of the tri-ters-butylcyclo-
triarsane (3), the first monocyclic homonuclear three-mem-
bered ring compound of an element of the 4th period.

Problems were to be expected through oligomerization to
higher-membered cycloarsanes (RAs), (7> 3); owing to the
lower bonding energy of the As—As bond compared to that
of the P—P bond, such reactions should proceed even more
rapidly than in the case of the cyclotriphosphanes™. A cer-
tain kinetic stabilization of the three-membered ring moiety
could, however, be expected by steric shielding with fert-bu-
tyl substituents.

The simplest method for the synthesis of tri-fert-butylcy-
clotriphosphane'™ cannot be employed for the synthesis of
the arsenic compound (3): on dehalogenation of dichlo-
ro(tert-butyl)arsane with metals we obtained always the cy-
clotetraarsane (fBuAs),®#! as main product; in addition
(tBuAs)s and polycyclic arsanes could be detected by 'H-
NMR spectroscopy. The thermal stability and tendency of
formation of (3) are obviously less than in the case of the cor-
responding cyclotriphosphane.

{*1 Prof. Dr. M. Baudler, Dipl.-Chem. P. Bachmann
Institut fir Anorganische Chemie der Universitit
Greinstrasse 6, D-5000 Koln 41 (Germany)

[**] Contributions to the Chemistry of Arsenic, Part 3. This work was supported
by the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen
Industrie.—Part 2: M. Baudler, H.-J. Stassen, Z. Anorg. Allg. Chem. 345,
182 (1966).
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_ (3) can, however, be obtained as main product by directed
[2 + 1]-cyclocondensation of 1,2-dipotassium 1,2-di-tert-butyl-
diarsenide (7) with dichloro(tert-butyl)arsane (2) in apolar

lB\u tBu
/
-78°C As As
K(tBu)As—As(tBu}K + rBuAsCl, —— \
- 2KCi /
(1) (2) 1}5 (3)
tBu

solvents at low temperature. ({BuAs), and small amounts of
unidentified compounds are also formed. The product pat-
tern depends on the molar ratio of the reactants, on the con-
centration of the rBuAsCl, solution, the reaction time and
the quantities used; the yield of (3) which can be isolated
pure by low-temperature crystallization and sublimation was
optimized by 'H-NMR spectroscopy.

The cyclotriarsane (3) forms colorless, tabloid shaped crys-
tals (m.p. 41 °C (dec.), sealed tube), which are stable in the
dark and in the absence of air at —30°C. They are readily
soluble in benzene or n-pentane. On exposure to air they
spontaneously ignite, on exposure to light they turn yellow
within a few hours, and at room temperature oligomerization
gradually takes place to (tBuAs),. The composition of (3) is
confirmed by elemental analysis (As, C, H), cryoscopic mo-
lecular weight determination (in cyclohexane), and the mass
spectrum (field ionization, M *: m/e=1396, 100%). The 'H-
NMR spectrum (benzene) shows two singlets at $=1.16 and
1.41 in the ratio 1:2. It follows then that the tert-butyl substit-
uents are arranged on both sides of the ring plane; the all-cis
isomer was not detectable. In agreement with these findings
the *C{'H}-NMR spectrum (benzene) shows two singlets
each for the primary and tertiary C-atoms at 34.48, 32.41 and
35.88, 29.55, respectively of which each high-field signal cor-
responds to the trans substituents. The IR and Raman spec-
tra of (3) exhibit characteristic differences from the spectra
of (tBuAs), in the lower wave number region (cf. Table 1).

Table t. IR- and Raman frequencies (<700 cm ‘) of (rBuAs); (3) and
(1BuAs),.

Cpd. IR (KI disk) Raman (krypton)
fem ™"} fem " Y]

(tBuAs); 685 (m), 558 (m), 535 (vw, sh), 540 (w. sh), 513 (m), 398 (vw),
(3) 515 (vw, sh), 490 (vw, sh), 395 328 (m), 298 (w), 284 (w), 250
(m), 388 (w, sh), 348 (w), 293  (yw), 221 (m), 197 (m), 182 (s).
(w), 278 {(w) 139 (m), 116 {m), 107 (m, sh)
(1BuAs)s 699 (w), 565 (vw), 519 (w), 386 522 (s), 391 (vw), 308 (m), 294
(w), 288 (m) (m), 292 (m, sh}, 217 (s), 158 (s),
123 (m), 112 (s)

Procedure

A solution of (2} (8.4 g, 41.4 mmol, substoichiometric
amount) in n-pentane (40 cm?) is added dropwise within 30
min at —78°C to a vigorously stirred suspension of (1)
(15.5 g, 45.3 mmol) in pentane (100 cm?). The mixture is stir-
red for a further 30 min; thereafter the proportion of (3)
amounts to about 60 mol-% (‘H-NMR). The precipitate is
rapidly filtered off in the cold and the filtrate which is col-
lected in a precooled vessel is concentrated to about 60 cm?
at —78°C. After 5 days storage in the cold the solution is si-
phoned off from any precipitate which has settled out (main-
ly (tBuAs),) and concentrated to ca. 50 cm?; removal of pre-
cipitate is repeated again after 3 days. The workup is moni-
tored by 'H-NMR inspection of all fractions. The solution is
then concentrated to ca. 30 cm?® at — 78 °C and the yellowish
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crude product which has precipitated out after 3 d is sepa-
rated off. Dissolution in a little pentane at room temperature
and cooling to — 78 °C yields 3.4 g (21%) of pale yellow (3),
purity 90—95% (rest (tBuAs)s;, '"H-NMR). Molecular subli-
mation (2 cm) at room temperature and 10~* torr, during
which partial rearrangement to (tBuAs), already takes place,
however, affords 1.2 g (7.3%) of colorless, finely crystalline
{(3) as middle fraction; purity 100%.
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cyclo-Leu’-Enkephalin!'!
By Horst Kessler and Giinter Holzemann'™

The discovery, isolation and elucidation of the composi-
tion and structure of the enkephalins

H-Tyr'-Gly?-Gly?>-Phe*-Xxx>-OH
(1), Xxx =Leu, Leu*-enkephalin;
(2), Xxx-Met, Met’-enkephalin

as endogenous ligands for the opiate receptor aroused con-
siderable attention. Although detailed studies on the confor-
mation of these pentapeptides have indicated a preferred
conformation with a B-loop between the amino acids 522,
the backbone and the side chains are very flexible and per-
mit the participation of many conformations at equilibrium
in solution®>L Therefore, conclusions on the receptor geom-
etry and comparisons with the steric structure of rigid mor-
phine are problematical. Our findings on cyclic pentapep-
tides!** would lead one to expect considerably restricted
mobility in the case of ¢yclo-enkephalins. We report here the
synthesis of, and first conformational studies on, cyclo-Leu®-
enkephalin (c1)®®.

For the synthesis of (c1) we did not cyclize a peptide hav-
ing a natural sequence, but the linear peptide H-Gly-Phe-
Leu-Tyr-Gly-X using the azide method. The region Gly?-
Gly® was chosen to ensure minimal steric hindrance during
the cyclization, to avoid racemization and to circumvent

[*] Prof. Dr. H. Kessler, Dipl.-Chem. G. Hélzemann
Institut fir Organische Chemie der Universitit
Chemiegebidude, Niederurseler Hang, D-6000 Frankfurt am Main 50 (Ger-
many)
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problems in the hydrazinolysis!”? of the Boc-pentapeptide
methyl ester. The ester was obtained from the fragments
Boc-Gly-Phe-Leu-OCH; and H-Tyr-Gly-OCH;, which had
been prepared by usual methods of peptide synthesis.

Table 1. 270-MHz 'H-NMR data of cyclo-Leu®-enkephalin (c/) in [Ds]-DMSO
at 25°C. 3 values, J [Hz].

fct) Tyr' Gly? Gly? Phe* Leu?®
fa) [b]
NH 8.29 8.62 715 8.09 7.96
C.H 4.23 A 3.86 A 374 432 4.06
B 343 B 3.59
CxH A 2.85 A 295 1.32
B 284 B 294
C,H 1.52
C:H A 0.83
B 0.77
A3NH/K [c] 4.49 5.09 1.14 5.13 1.50
S INHCaK 7.8 A 57 A 44 8.0 8.7
B 61 B 638
2Iucan 15.5 149
e e A 7.7 A 82
B 59 B 6.1
nept 13.6 14.0

[a}) Aromatic protons A 6.94, B 6.64; OH 9.22. [b] Aromatic protons around 7.2.
{c] Temperature-dependence of the NH-proton signals between 20 and 100°C
(ppb)-

The 270-MHz "H-NMR spectrum of {c1) in [D¢]-dimethyl
sulfoxide ([D¢]-DMSO) (see Table 1) is very similar to that
of

cyclo(Phe’-Gly*-Gly*-Phe'-Phe?)*® (3)

The assignment of the Gly*- and Gly*-signals, which sug-
gests itself by way of analogy with (c1) and (3), and the dif-
ferentiation of the Tyr'- and Phe*-signals was confirmed by
NOE measurements. Irradiation of the NH frequency pro-
duced a more or less significant effect on the a-H atom of the
amino acid preceding the peptide sequence'. The tempera-
ture gradients of the NH signals in (c!) and (3) and the spec-

Tyr1 G{yz
Rr!
I
N .
_ 0 x
H—N p 0
Q vt ——N and/or

RS
S HM“\‘

RE H
Phe®

Fig. 1 Conformation of cyclo-Leu*-enkephalin (cfj in DMSO. R'=p-
CH,C¢H4OH; R*=CH,CH;s; R*>=CH,CH(CH,),. Left: -, right: yy-confor-
mation.

tra obtained on titration of the DMSO solution with CDCl;
are also very similar. Such a spectral similarity can only be
expected if the conformations of the two peptides resemble
each other. Hence, exchange of the amino acids Phe*—Tyr!
and Phe?—Leu® in the transition from (3) to (cZ) has no ef-
fect on the conformation. Arguments regarding the dominat-
ing conformation of (c1) in solution correspond to those in
the case of (3)™!: the internal orientation of the leucine-NH
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(small temperature coefficient, see Table 1) can only be
brought about by a v-loop of the amino acids 5— 3, while the
NH proton of Gly* can form a -loop to the Leu®-CO or a -
loop to the Tyr'-CO (Fig.1). We do not as yet wish to stipu-
late a particular conformation, though the sizes of the
NH—C_.H coupling constants would appear best explained
in terms of a yy-conformation. The poor solubility of (c7} in
water thwarts a check on the biological activity.
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Crystal and Molecular Structure of Co3;(CO);COH,
A Possible Intermediate in the Reduction of CO
by Molecular Hydrogen!™"!

By Hans-Norbert Adams, Giuseppe Fachinetti, and Joachim
Strihlet”

Co03(CO)sC—OH (1} can be obtained in solution by acidif-
ication of the [Co3(CO),0] = anion!'?. (7) has the property of
being quantitatively converted into HCo(CO), and
Co4(CO),; (or Coy(CO)s, depending on the CO partial pres-
sure), thus demonstrating the first conversion of an O-
bonded hydrogen to a metal-bonded hydrogeni'?l. Moreover,
HCo(CO), was converted into the trinuclear cluster
Co5(CO)C—OH (1) on reaction with Co,(CO); in the pres-
ence of NEt;, thus showing for the first time that the pre-
viously mentioned hydrogen migration can be reverted!'®. In

Hy + Co3(CO)y === 2 HCo{CO), (a)

~ e
HCo(CO); + Cop(CO)s 55> ~F° Co~ (b)

{*] Dr. G. Fachinetti { '}
Istituto di Chimica Generale, Universita di Pisa
Via Risorgimento 35, 1-56 100 Pisa (Italy)
Prof. Dr. J. Strahle, Dr. H.-N. Adams
Institut fir Anorganische Chemie der Universitat
Auf der Morgenstelle 18, D-7400 Tibingen (Germany)
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view of the already established? reaction (a) these findings
were believed to represent an unprecedented example of a
cluster-formation assisted four-electron one-step reduction of
CO by molecular hydrogen.

The IR and 'H-NMR spectra (in solution)!'® suggested
the basic structure shown in equation (b) for (7). However, it
was important to verify whether the molecular parameters of
(1) were in agreement with a substantial reduction of the api-
cal CO group. For the X-ray structure analysis solvent-free
(1} was prepared by acidification of LiC03(CO);0." with an-
hydrous HCI in a hydrocarbon solvent at low temperature
(see Procedure).

Fig. 1. Part of the unit ceil of (). Relevant bond distances (average). Co—Co.
2.478(5); Co—C(terminal), 1.811(8); C—O(terminal}, 1.131{(10), Co—Ctapical}.
1.928(8); C(123)-—0(123), 1.328(10): C(456)—0(456), 1.314(10);
O(123)—0(456), 2.77(1); O(123)—0O(53)", 2.94(1) Al crystallizes monoclini-
cally, space group P2;, a=7.750(3), b=22.96(2}), c=8.683(2) A, B=111.68(3)",
Z =4, four circle single crystal diffractometer CAD4F-PDP 11/60 (Enraf-Non-
ius), Mo-K,, radiation, graphite monochromator. Data collection at —110~C,
1632 independent reflections with />3 o(/) in the range of §=3—25°, Program
System SDP. The structure model, derived from Patterson methods, was refined
with anisotropic temperature factors for the Co and O atoms to a reliability index
R=0.051. A final difference Fourier map did not show any significant electron
density for the H atoms.

In the Co3;(CO)q clusters (Fig. 1) each Co atom is bonded
to three terminal CO groups. The three Co atoms form a reg-
ular triangle which is completed to a tetrahedron by an api-
cal CO group. The Co—C and C—O distances in the termi-
nal CO groups as well as the Co—Co distances are of the
same magnitude as observed in LiCo3;(CO);o-iPr,O™. The
position of the hydrogen atom could not be determined with
certainty. However, the C—O bond length of the apical CO
group was found to be 1.33(1) A, which clearly indicates that
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the H atom is bonded to the oxygen atom of the apical CO
group. In addition, short intermolecular O—O distances are
found between the apical O atoms of two neighboring clus-
ters as well as between O(123) and O(53)" of a third cluster,
thus supporting the assumption of intermolecular hydrogen
bridges.

133 A is the longest CO distance found for metal-coordi-
nated CO, thus showing a considerable reduction of CO
bond order (the average terminal C—O distance is 1.15 A;
the C—O distance in methanol is 1.43 A). For comparison:
in [HFe,(CO),5]~ ), which is presented as a model!®*P of
CO scission to hydrocarbons, the CO distance is 1.26(3) A.

We suggest (1) as a model for hydrogenation of CO to me-
thanol in homogeneous phase. We believe that (1) behaves in
solution as a discrete molecule with no important intermolec-
ular contacts, as evidenced by its high solubility in hydrocar-
bons. On the other hand, the multisite interactions in the sol-
id state, similar to those already found!¥ in the lithium deriv-
ative LiCo;(CO),0-/Pr,O qualify (1) as a possible model
also for the hydrogenation of CO in the heterogeneous
phase.

(1) could possibly be a real intermediate in the homogene-
ous phase hydrogenation of CO to methanol™; high
H,—CO-partial pressures and high temperature are neces-
sary for HCo(CO),-assisted low-nuclearity endothermict®
cluster formation. The thermal® and photochemical®”’ hy-
drogenation of Co;(CO)sC-—R to hydrocarbons provides
further experimental evidence for this claim.

Procedure

Ether-free LiCo5(CO),0: A suspension of
LiCo,(CO)yo° Et,O (10 g) in diphenyl ether (50 cm®) stirred
at 28.5°C/ca. 5x 10~ torr for 12 h under argon. The result-
ing green pyrophoric solid is filtered after addition of toluene
(50 cm?), washed with toluene and dried in vacuo. The yield
is almost quantitative. The IR spectrum of the product
in dibutyl ether 1is superimposable on that of
LiCo,5(CO),q-iPr,0% and LiCoy(CO),,- Et,OF! in the same
solvent.

Solvent-free (7): A suspension of LiCo;(CO) (2.8 g) in
toluene (10 cm?) and hexane (30 cm®) is acidified, under an
Ar atmosphere, at — 80 °C with the stoichiometric amount of
anhydrous HCI; after 5 minutes’ stirring at about — 17 °C the
mixture is filtered at this temperature. The solution is cooled
to —65°C under a CO atmosphere and allowed to stand
overnight; the crystals which separate are finally filtered off
and dried in vacuo (25% yield). During all of these operations
the temperature should not exceed —10°C. The brick-red
compound (1) is unstable thermally and must be kept under
a CO or an Ar atmosphere at liquid nitrogen temperature.
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Trimethylsilylmethyl Isothiocyanate,
An Isothiocyanatomethanide Equivalent""

By Toshikazu Hirao, Atsushi Yamada, Yoshiki Ohshiro,
and Toshio Agawa'™

Functionalized isothiocyanates!'?! are useful reagents for
heterocycle synthesis!'™, particularly when a carbanion cen-
ter can be generated in the «-position relative to nitrogen.
The metalation of activated isothiocyanate was reported by
Hoppe™, but this method is unsatisfactory in the case of me-
thyl isothiocyanate. The well known fluoride ion-induced lib-
eration of carbanions from silyl compounds®® would indi-
cate that trimethylsilylmethyl isothiocyanate (a) is a suitable
precursor for isothiocyanatomethanide (2).

(1) was prepared by the addition of sulfur® to trimethyl-
silylmethyl isocyanide! in 76% yield. It is a stable liquid at
room temperature and can be stored for some time under
nitrogen (¥ncs = 2180 and 2080 cm ~'). Compound (15} was
prepared analogously (80% yield).

CeHg
Me;SiCH-NC + S, Me,SiCH-NCS

R

—_—
26 h, 80°C

(la), R = H
(16}, R = SiMe,

The isothiocyanate (Za} was allowed to react with carbonyl
compounds in the presence of a catalytic amount of tetra-n-
butylammonium fluoride®®! to produce the oxazolidine-2-
thiones (3) (Table 1). The reaction proceeds smoothly at

R R

mBUNF 1) RCOR’ Y—\
(la) ——— (“cH,NCS] ——> O\r(NH
2) Hy0

(2) S (3)

Table 1. Synthesis of oxazolidine-2-thtones (3). Catalyst: n-Bu,NF (0.} equival-
entj.

RCOR’ ! Yield [%] M.p. (°C]
R R i fa} [}
(a) Ph H 8 74 130—131
{c& Phn H 2 74
[dj Ph H 5 65
(b) Et H 5 63 87~89
() iPr H 10 67 101—102
(d) Ph Ph 40 25 186—188
fe) Ph Me 23 35 201—203

[a] Isolated yield. [b] Uncorrected. [c] Catalyst: KF(1.0)+ TEBA-Cl (0.1 equiv.).
{d}] Catalyst: KF(1.0)+ [18]crown-6 (0.1 equiv.). [e] Together with 17% 5-methyl-
3-( N-methylthiocarbamoy!)-5-phenyloxazolidine-2-thione as a by product.

room temperature. Potassium fluoride with triethylbenzyl-
ammonium chloride (TEBA-Cl) or [18]crown-6 is also ef-
fective as a catalyst (Table 1).

When bis(trimethylsilyl)methyl isothiocyanate (/b) was
used in the reaction with benzaldehyde under similar condi-
tions, B-styryl isothiocyanate (7)!! was obtained as a major
product along with 5-phenyl-4-(trimethylsilyl)oxazolidine-2-

{*] Dr. T. Hirao, A. Yamada, Prof. Dr. Ohshiro [ '}, Prof. Dr. T. Agawa
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thione (5)! in 31 and 6% yields, respectively. Nucleophilic
attack of the carbanion (4) on benzaldehyde leads to the -
trimethylsilyl alkoxide intermediate (6), which fragments (7).
The formation of (5) can be explained in terms of a ring clo-
sure of a rotamer of (6).

n-BugNF

(1) ——— [Measi—gHNCS] (4)

PhCHO

PhCHO
Ph SiMe, Ph NCS Ph
OHNH {)NS’M — h
Y @\j‘l e NCS
S
(5) (6) (7)

It could also be shown that the fluoride-catalyzed reac-
tions of (Za) and (1b) offer a facile and mild generation of
the carbanions (2) and (4), respectively.

Experimental

(3a): A solution of 0.430 g (3.0 mmol} of trimethylsilyl-
methyl isothiocyanate (7a) in THF (2 cm®) was added drop-
wise at 20 °C to a solution of 78 mg (0.3 mmol) of tetra-n-bu-
tylammonium fluoride and 0.640 g (6.0 mmol) of benzalde-
hyde in THF (3 cm?). The resultant mixture was stirred at
20°C for 8 h, poured into 60 cm® of water, and extracted
with chloroform. The combined organic layer was dried over
Na,SO, and concentrated in vacuo. The residue was chro-
matographed on silica gel; yield 0.40 g (74%) (3a).
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Dilithiated Allyl N-Alkyl- or N-Phenylcarbamates,
Readily Accessible Propionaldehyde-d®
Equivalents"™

By Rudolf Hanko and Dieter Hoppe'™

We recently reported!'! on the deprotonation of allyl N,N-
dialkylcarbamates (1) to (carbamoyloxy)allyllithium com-
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pounds (2) and their use as “carbonyl-d* reagents”™. On
comparing these lithium compounds with other homoenolate
equivalents™ a remarkable feature is their substituent com-
patibility; even lithium compounds of 1,2,3-trialkyl-substi-
tuted 1-oxyallyl anions (2) have been obtained!™.

RZ
2
R! /C[Z 1 \ 3
“~C# CHR? R R ®
] I o Li
H o~(l%~NR‘; H O—%—NR%
(1) (2)

For generation of persistent solutions of (2), their carbonyl
function must be protected against nucleophilic attack. This
can be achieved by shielding the carbonyl group with steri-
cally demanding N-alkyl moieties'”! or—as reported here—
by reducing the electrophilicity of the carbonyl group (“elec-
tronic protection”). Deprotonation of the allyl N-alkyl- or N-
phenylcarbamates (5) provides lithium salts (6), hence even
strongly nucleophilic alkyllithium compounds can be used
for the metalation.

Double deprotonation of the carbamates (5) with 2.1 equiv-
alents of a hexane solution of n-butyllithium (#BulLi} in te-
trahydrofuran (THF)/N,N,N’,N’'-tetramethylethylenediam-
ine (TMEDA) at —78°C to —50°C yields stable solutions
of dilithiated esters (7). In their reaction with electrophiles
(EX) predominantly Z-configurated --adducts (8) are
formed, along with small amounts of the allyl esters (9) (cf.
Table 1). The enol esters (8) are hydrolyzable under acidic
conditions to yield B-substituted carbonyl compounds
(10)',

H H
Cl i
H-C*““CH-OH + R2N=C=0 —» H-C?°>CH-O-C-NHR®
iR Eohd
(3) (4) (5a), R' = H, R? = Me;
(56),R* = H, R? = iPr
(5¢), R' = H, R? = Ph;
(5d), R! = Me, R? = Ph
H
nBuLi Cl nBuli
(§}) —— H-C? >CH-O-C-NLiR? ——
MEDA | il TMEDA
RI
1
(6) @R
© @
O_ _NR*| 2Li
E
(7)
1
1 EX Rl RE

(7)) ———> E = + = 9
2) HOAc 9)
() O-C-NHR® O-C-NHR*
O O

(10) E-CH,CH,~C-R! N Li® (1)
I OLi

(6) is also deprotonated by lithium diisopropylamide
(LDA), as has been demonstrated by isomerization of (5¢) to
(8k) and “in situ” methoxycarbonylation!"! of (5a) to (8e).

The educts (5) are obtained from allyl alcohols (3) and iso-
cyanates® (4). The salt (6) alternatively can be generated in
a one-pot process by reaction of (4) with metalated (3)
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(nBuli; cf. (8j) and (9j) in Table 1). (7) thus replaces the un-
known!? “dilithiated allyl alcohol”(11)""). The ready cleava-
bility of the Z-enol esters (8) should promote their use as
enolate precursors in regio- and diastereoselective C—C
coupling.

Table 1. Yields and product ratios in the synthesis of the carbamates (8) and (9)
via the dilithiated ester (7) [a]. {5a), R' = H, R?=Me; (5b), R' = H. R?=Pr; (5¢),
R'=H, R?=Ph; (5d4), R'=Me, R*=Ph.

Educt EX Products Yield (8) : (9)
& +(9 (%] [e]

(5a) Mel (8a) + (9a) 74 (f] 89 : 11 (i}
(5a) iPrl (8b) + (9b) 75 [ 60 : 40 [i]
(Sa) Me;SiCl {8c) + (9c) 55 [g) 92 : 8[ij
(5a) MeSSMe (8d) 69 [f] >97: 3[j]
(5a) [b] MeOCO,Me (8e) 53 1] >97: 3]
(5b) DOMe 80 + (9 79 [g] >90: 10 [i, j}
(5b) iPrl (8g) + (9g) 58 {gl 70 : 30 [i]
(5b) nCyH 51 (8h) + (9h) 65 [g} 66 : 34 [if
(5¢) Mel (85 + (99 58 [f] 85: 15 [j]
(5¢) [c] iPrl (&) + (9) 61 [f, h} 72 :28 [K]
(5¢) [d) HN(Pr,) 8k} 81 [f] >97: 3[j]
(5d) {c} Mel (8l + (9 40 [f] 90 : 10 [j]

{a] For conditions see Procedure. [b] With 3.3 equivalents LDA and dimethyl
carbonate [1] in THF /hexane (2: 1) at —78 °C. [¢] Solvent: dimethoxyethane. {d]
With 2.1 equivalents LDA. [e] Yields of pure (8) or (8) + (9) isolated. [f] After 1i-
quid chromatography. [g] After distillation. [h] One-pot process, yields referred
to phenyl isocyanate. {if Determined by gas-chromatography. [j] Determined ‘H-
NMR spectroscopically. {k] Determined liquid-chromatographically.

Procedure

A 1.6N solution of nBuli in n-hexane (13.2 cm®, 21 mmol)
is added dropwise under N, at —78 to —60°C to a solution
of (5) (10.0 mmol) and TMEDA (1.16 g, 10.0 mmol) in THF
(20 cm®) and the mixture finally stirred for 2 h at —50°C. A
solution of EX (see Table 1) (11.0 mmol) in THF (5 cm?) is
added to the yellow solution of (7) at —78 to —70°C and the
mixture stirred for 1 h, neutralized below —70°C with gla-
cial acetic acid (1.80 g, 30 mmol), and worked up in the usual
way. The crude product of (81 and (9)®* is purified by dis-
tillation, separation on silica gel (<63 um) with ether/pen-
tane (1:5), or gas-chromatography (polypropylene glycol
2025 on Chromosorb W, 90 to 180 °C).
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Lithiated N-pivaloyl-tetrahydroisoquinoline—a
Supernucleophile

By Jean-Jacques Lohmann, Dieter Seebach, Max A. Syfrig,
and Masaaki Yoshifuji"l

The Reissert reaction!'! [equation (a)}], an umpolung of the
a' reactivity™ of isoquinolines, leads to electrophilic substitu-
tion at C-1 of the heterocycle; this approach is considered as
the method of choice for this transformation. Its limitations,
amongst others, are the poor nucleophilicity of the interme-
diate benzyl-, cyano-, and amide-stabilized carbanions; to
our knowledge no alkylation reactions with secondary alkyl
halides are known. Furthermore, no 1,1-dialkylated isoquin-
oline derivatives can be prepared.

R R R
N A x
m—’* N_Cels N @
Z > A%55 =
H CN O E

Investigations of the acidity of secondary amines such as
(1) indicated that as expected, the benzyl site of the corre-
sponding nitrosamines (X=NO) and triphenylacetamides
(X=COC(C¢H;),) as well as the urea derivative (4}, could be
readily deprotonated™. The nucleophilicity of the lithium
compounds obtained however left much to be desired. It is
therefore all the more surprising that the pivalylamide
(6)1**¥! reacts quantitatively within 5 min with zerr-butylli-
thium/tetramethylethylenediamine ({BuLi/TMEDA) to pro-
duce an orange red solution of the lithium derivative, which
at low temperature can be “titrated” against most electro-
philes. Products of type (6) (Table 1) are produced even
when the electrophile is a primary alkyl chloride, a secondary
alkyl iodide! or an easily deprotonated ketone. The adducts
formed from propionaldehyde and benzaldehyde are separa-
ble mixtures of the corresponding hydroxypivalamides {6k}
or (6ij, and the aminoalkyl pivalates (8 or (9), each com-
pound being diasiereoisomerically pure according to NMR
spectroscopy. Dimerization with iodine produced only one
isolable product (10), of unknown configuration!®’. The ab-
straction of the tertiary benzylic proton from (6a) (E=CH,;)
using the conditions described above was also facile, as
shown by the formation of the dimethy! derivative (11).

The conversion of the amide (6) into the amine (5} could
best be performed{” by reaction with exactly one equivalent
of the aluminate (12)'® in benzene at 20-—80 °C (see example
in Table 1). The hydroxyalkylated compounds (6)
E=C(OH)R'R?, rapidly rearrange in trifluoroacetic acid to
pivalates of type (8) or (9)C.

As seen in Table 1, the a-hydroxy-isobutyramide (3} is
also a candidate for the alkylation of the tetrahydroisoqui-
noline system. It may be lithiated by two equivalents Buli/
HMPT and the products cleaved in boiling methanolic po-
tassium hydroxide. We have however been unable to find

{*] Prof. Dr. D. Seebach, Dr. J.-J. Lohmann, Dipl.-Chem. M. A. Syfrig, Dr. M.
Yoshifuji
Laboratorium fiir Organische Chemie der Eidgendssischen Technischen
Hochschule
ETH-Zentrum. Universitatstrasse 16, CH-8092 Ziirich (Switzerland)
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Table 1. Yields (from chromatography and/or recrystallization) and melting or boiling point of the products {5;—{{ ). The reaction of the iithium derivatives (2) and {3) to
give (6) and (7) respectively E =D, produced in both cases = 95% monodeuterated compounds ("H-NMR, MS analysis). Al spectroscopic data and elemental analyses are
consistent with the structures given. For the preparation and data of the aducts (2) and (3), see ref. [4b, c].

Educt Reagent Product E Yield [%] M.p. [°C] or
(Li derivative) B.p. [*C/Torr}
(2) Methyl iodide (6a) CH; 94 66
{2) {-Chloro-, {-Bromo-, {-lodoctane (6b) CygH,y 85, 85, 86 40
(2) 2-lodopropane (6¢) (CH;).CH 90 T
(2) lodocyclohexane (6d) c-CeHy, 89 125
o} CH,
(2 3.4-Methylenedioxybenzy! bromide (6e) <OU 77 101
(2) Trimethylchlorosilane (6f) (CH;):S1 88 11
(2) Tributyltin chloride (6g) (C4Hs):Sn 84 210/0.01
(2) Propanal (6h) and (8) C:HsCH(OH) {3:1] 69 129
105/0.02
(2) Benzaldehyde (6i) and (9) CsH:CH{OH) {3.5: 1} 78 160
T6—78
(2) Cyclopentanone 6)) (CH,)sC(OH) 75 132
(2) Benzophenone (6k) {(CH:)>-C(OH) 83 182
(2) Iodine (10) 45 243
(6a) Methy!l iodide (11 59 80
(3) Methyl iodide (7aj CH, 56 9798
(2) (12) (1) 90 115/14 {a]
(6a) (12) (5a) CH, 77 125/14 [a)
(6) (12} [c] (55} (CH):C(OH) 88 106
{3) KOH (1) 85 150/70 {a]
(7a) KOH (Sa) CH;, 71 187 [b)

{a] Boiling point on Kugelrohr distillation. [b] Picrate; m.p. 187 °C (Beilstein: Handbuch der Organischen Chemie, Vol. 20, EII 185). {c] 1.5 equivalents.

X
E

(1), X = H (5),X=H

(2), X = COC(CH3)3 (6), X = COC(CH;);

(3), X = COC(OH)(CHs)s (7}, X = COC(OH)(CHjz),

0
(4), X = coN oj

(8), R = C,Hs, X = COC{CH;)s
(9), R = CgHy, X = COC(CHs)s

(10), X = COC(CHj)s

N.

~X
e CH, Na[A1H{OCH,CH,OC Hy),)
(11), X = COC(CHjs)s (12)

suitable reaction conditions for deprotonation of the corre-
sponding benzamides.
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In ligand exchange reactions of metal(0) complexes such as
Co,(CO)y or Pd(PPh;), with ditertiary phosphanes such as
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bis(diphenylphosphino)maleic anhydride (7} and -N-methyl-
imide (PP) we observed the formation of paramagnetic com-
plexes in which the coordination of the bidentate ligand to
the metal is accompanied by an electron transfer from the
metal into a w* orbital of the ligand!-?. The ligand is con-
verted into a complex bonded radical anion (PP ™), as illus-
trated by the formulas Co*(CO);(PP~) and Pd?* (PP ),.
Such complexes are in part extremely reactive, so they only
occur as non-isolable intermediates, e.g. in the reaction of
Ni(CsHs), with (1)1, We have now observed a further sec-
ondary reaction to the deep-brown radical complexes (2) and
(3} which are obtainable from [Mo(CsH;)(CO)s], and (1) or
(PP), respectively.

o)
PPh,
2 X ‘ + [Mo(CsHsg) (CO)sl, —
PPh,
o)
(1), X=0
(PP), X = NCH,4
0
Phaco
N @
2 Xo | Mo™(CsHs) + 2 CO
F CO
O Ph,
(2),X=0
(3), X = NCHy

The reaction of [Fe(CsHs(CO),l, with (PP) or (1} analo-
gously leads to paramagnetic complexes of the type
Fe* (PP ~)}(CsHs)(CO). However, we restricted our studies to
(3) and its secondary reactions.

The following findings show that in the formation of (3)
an unpaired electron is transferred from molybdenum into a
T* orbital of the complex bonded ligand.

1. The magnetic moment of (3) is obtained from the sus-
ceptibility pg, which follows the Curie law, per=1.72 pg (at
295 K). Accordingly, an unpaired electron is present.

2. The ESR spectrum of (3) in tetrahydrofuran consists of
a triplet of three groups of signals in the intensity ratio 1:2:1.
The triplet structure is due to coupling between unpaired
electron and P nucleus, the fine structure of each triplet com-
ponent to corresponding coupling with the N and H nuclei of
the NCH; group (ap=9.28, an=1.84, a;; =0.68 gauss)™l.

3. In the IR spectrum the vCO bonds of the ligand PP on
complexation to (3) are lowered by about 80—100 cm ™', as
we have previously always observed when such ligands are
transformed into radical anions!*?.

4. Oxidation of (3) with I, in CH,Cl, leads to the iodide (4)
of the cation formed by withdrawal of electrons from (3). (4)

@

0
Phco
N ©
(3)+ 1/2 1, ~> [H;CN | Mo(CsHs)|
P CO
O Ph
(4)

is diamagnetic and the vCO bands of the ligand PP occur in
the same region as the free ligand. A crystal structure analy-
sis confirms the presence of the complex cation and the an-
ionic nature of the iodine outside of the coordination shell.
The yield of (3) is satisfactory only when the synthesis is
carried out in a relatively short reaction time; a secondary
reaction occurs on prolonged reaction in boiling toluene. On
heating a solution of (3) in toluene for several days we ob-
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tained yellow crystalline (5), which, in contrast to (3), is dia-
magnetic. According to the IR spectrum, (5) contains CO li-
gands; the ligand PP has somewhat modified IR bands. The
phosphorus atoms are no longer symmetry equivalent (>'P-
NMR: 8= -265 and -729, referred to 85% H,PO,;
Je . p=10 Hz¥l. A crystal structure determination!™ enabled
(5) to be characterized and, at the same time, provided an ex-

(3) + PhCH, —

o)
R €O
HyCN o, H>M{o@(C5H5) + 1/2 PhCH,CH,Ph (a)

P
5 thCO

(s)
planation of the secondary reaction that takes place on pro-

longed heating in boiling toluene {eq. (a)]. The formation of
1,2-diphenylethane could be demonstrated.

C4

Fig. 1. Molecular structure of the molybdenum complex (5) in the crystal {5].

(5) crystallizes from toluene as a 1:1 solvate with the sol-
vent. Figure 1 shows the molecular structure, in which the H
atoms except that on C51 added during the formation of (5}
from (3) have been omitted; it was unequivocally located in a
difference Fourier synthesis. The formation of a CH bond at
C51, which previously belonged to the C==C bond in the
maleimide system of (3), follows from the sum of the angles
of the bonds from C51 to P1, C52 and C53 (332°). The atoms
C52, C53, C54 and N in the five-membered ring, on the oth-
er hand are planar coordinated.

By addition of the H-atom, C51 becomes a center of chi-
rality, and is probably formed by participation of the pre-
viously unpaired electron in the PP radical of (3). The elec-
trons of the original C=-C bond are shifted to C52. The
strong influence of the new bond system on the bond lengths
in the Mo(H-—PP ™) part of the molecule of (5) follows from
the following data (in pm):

