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A. INTRODUCTION

A review article devoted primarily to the research efforts of one man is unusual. But
when the field is coordination chemistry, and the man in question is Alfred Werner, its
founder!, the limitation in the scope of such an article is more apparent than real. Werner
played such a central and monopolistic role in coordination chemistry that his name is vir-
tually synonymous with the field. Even today, more than a half-century after his death, co-
ordination compounds, particularly metal-ammines, are known as Werner complexes, and
the coordination theory, the theoretical and practical basis for the field, is colloquially
called Werner’s theory.

Consequently, although this article on polynuclear complexes, mostly those of cobalt,
is limited primarily to Werner’s achievements, it should nevertheless provide a wide cover-
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age of the most important and fundamental problems in this area and be of use to practicing
chernists as wel! as to historians of science, Also, in the words of Sykes and Weil 2, “It is
fitting once again to give credit to the work of Werner and his students, which continues ta
dominate the background of the field despite the corrections and efaborations which have
now been made.”

The viewpoint in this review is largely “historical™, in the sense that no pretense is made
as to coverage of the contemporary literature. Although in some cases Werner’s results have
been related to later developments, this article is in no way intended to compete with ex-
cellent recent reviews, whose number underscores the increasing interest in the field. Many
of these are concerned largely with polynuclear complexes containing —(Q, — bridges, a re-
search area of considerable current activity *7'°, while others deal with different bridging
groups'™+'%, Summaries of the literature can be found in Gmelin’s Handbuch ™ and Pascal’s
Traité **, and preparative procedures '*717 and English translations of significant papers by
Werner **>3* and others'? are also available. Inasmuch as Werner's procedures often leave
much to be desired regarding reproducibility and yield, the devising of modern syntheses
should be encouraged.

B. POLYNUCLEAR COMPLEXES

Polynuclear cobalt—amrnines, i.e. those containing more than cone central atom and more
than one coordination sphere in the complex, were first prepared in 18352 by the French
chemist Edmond Fremy ?®. They were subsequently investigated by Gibbs?!, Vortmann and
Blasberg?*™25  Jérgensen 272* Maquenne®®, and Mascetti®?. Yet it was not until the be-
ginning of this century that their constitutional formulae were unequivocally established
as a resuit of the extensive and systematic studies of Werner and his students. Werner not
only succeeded in showing that a number of the longest-known “compounds™ of this class
such as Fremy's “oxycobaltammines™*® and Vortmann’s **"2° “‘anhydrooxycobaltammines”,
“melano chloride™ and *“fusco sulfate” were actually mixtures, but under the guiding star
of his coordination theoty he also went on to prepare series after series of complexes un-
dreamed of by his predecessors. During the sixteen-year period between his first3? (1898)
and last®* (1914) publications devoted to these complexes, his views developed and matured.
He himself recognized a number of his earlier assigned constitutional formulae? as incor-
rect, and consequently he revised these to forrnulae more in keeping with the properties
and reactions of the compounds in question*.

It would be a mistake to regard polynuclear complexes as merely a peripheral chapter
in the history of the coordination theory. In keeping with their central role, Werner devoted
no less than fifteen articles exclusively to them, including one of his longest publications,

a comprehensive review of 144 pages®, a classic of its kind summarizing the work of twenty-
four Doktoranden and Assistenten, replete with both practical and theaoretical considera-
tions of previously prepared compounds as well as of thirty-nine new series of complexes.

On the practical side, many polynuclear complexes are intermediates in the formation

[
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of mononuclear complexes, and a proper knowledge of their properties and reactions is of
immense value in the development of synthetic methods. On the theoretical side, the for-
mation of mononuclear complexes by the cleavage of polynuclear complexes was frequently
used by Werner as a means of establishing the structure of these compounds; the most crucial
and familiar of such structural proofswas the formation of violeo salts from octaammine-di-
y-hydroxo-dicobalt(EIT) salts (di-u-hydroxobis [tetraamminecobalt(11)] salts)*S. Another
theoretically important application of polynuclear complexes has been their resolution,
particularly that of the completely inorganic tris[tetraammine-di-u-hydroxocobalt{III)]-
cobalt(11I) salts, which provided a final, cogent proof*? for the octahedral configuration of
cobalt(1H}. Investigations of polynuclear complexes have also served to throw much light

on the nature of primary and secondary valence ¥*73%,

Werner began work on this intrigning but complicated class of compounds relatively
early in his career. In his article*? on the nomenclature of cobalt—ammines (1897), he re-
ferred to “substantially more complex series of compounds, which contain several cobalt
atoms® { “wesentlich komplexere, mehrere Kobaitatome enthaltende Verbindungsreihen''},
but he postponed their discussion to a future study and made no proposals for their classi.
fication or nomenclature. )

In a letter of January t4, 1897, Werner wrote to a colleapue in an unusually elated out-
burst of enthusiasm (ref. 1, p. 36}

“We have definitely clarified the constitution of the polynuclear metal—ammines. [ am
firmly convinced that [ will be able to clarify all the cobalt—ammines by the end of this
year”. A premature and unjustified prediction in view of the fact that he had really only
begun work on the polynuclear metal—ammines and had only published about half a dozen
articles on coordination chemistry. This quotation is an example of Werner’s consistent
underestimation, during his early career, of the magnitude of the task remaining before him.
From the time in question to his premature death at the age of fifty-two, more than 140
additional articles were to flow from his prolific pen.

The introduction t6 Werner’s first paper (58 pp.) on polynuclear complexes** — number
eleven in the series Beitrag zur Konstitution anorganischer Verbindungen — establishes his
experimental concern with these compounds as dating from late 1894:

“Although the investigation, the results of which we shall concern ourselves with in the
following, has not been concluded, I nevertheless feel obliged to report the results obtained
so far, since the experimental material has become quite voluminous, but especially since
the facts to be reported are in many respects of fundamental importance for the field to be
considered and therefore they may also be of interest to wider circles.

“As is well known, Férgensen has discovered complex chromium—ammine compounds:
the rhodo, erythro, and rhodoso compounds™®; urtil now, similar cobalt compounds have
not been known or have not been investigated in detail, although the number of superficially
observed compounds not corresponding to ordinary cobalt—ammine salts seems to be a re-
latively large one. The investigations which are reported here thus invoive a field which has

* See next page for footnote.
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not yet been cultivated, and they turned out to be even more difficult than was expected,
since among these complex compounds new phenomena, differing substantially from those
observed among simple cobalt—ammine compounds, appear. This is the reason why the in-
vestigation which was begun three years ago has only now succeeded to the extent that
definite facts supporting a view for the constitution of the compounds to be discussed have
been attained.” }

The class of polynuclear compounds quite properly encompasses a dazzling variety of
substances, including, for example, the following:

(1) Polymeric metal halides such as Al, Clg or Fe, Clg, formulated by Werner as™™

CI\M/C!' o M/Ci
/"'-.CI/ S~

(2) The complicated derivatives of chromium, iron, and similar metals with organic
ligands, many of which contain more than one kind of metal atom¥.
(3) A large number of minerals, of which the following formulations by Wemer are typical.

Cl

* In terms of Werner's coordination theory, these three series were fonmulated as [(NH3}sCrOHCr-
NH;3)5}Xs (tef. 27), [(NHa)sCrOHCriNHa ) Ha O] X5 {ref. 41) and [Cr {{OH), CtNHs ) }a} X6
{ref. 43), respectively. The rhodoso salis, [Cra{OH)s (NHa):s } X, were thus believed to be consti-
tutionally similar to tris[tetraammine-di-p-hydroxe-cobalt{Iii}jcobalt(I1I} salts that Werner re-
solved™ in 1914. However, a recent crystaitographic stul:l]("’3 has shown that the chloside of this
series is actually drp-hydroxo-iztrakis-u-hydroxo-bis{tetraamminechromium{IiI}}bis{diammine-
chrominm{[II} chloride, ie.

Hil  NHg
Ho—r—oH »
(NHaMCr HG  DH CriNHa); | Clg
HO—r—OH

HyN  NH3

The corresponding ethylenediamine complex has been shown to have a similar structure * . Polynu-
clear chromium complexes were later extensively investigated by Pfeiffer, Dubsky, Weinland, and
others, but, with the two exceptions mentioned near the end of the present review article (Sect. H},
not at all by Werner.

Wk Iy this article, I have followed Werner’s custom of using solid lines to denote primary or principal
valency (Wemer's Hguptvalenz) and dotted lines to denote secondary or auxiliary valency (Wemer's
Nehenvalens). Wemer, however, felt that the two types of valencies no longer differed in the final com-

‘plex, and he did not always distinguish hetween the two kinds of valency bond. According to
Schwmenbach‘s, Wemer never seemed to have been quite satisfied with the valency dichotomy
that he had proposed.

T See next page for footnote.
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(4) The isopoly and heteropoly acids and their salts* (e.g. K3 Cr; O and R, [PF(M0305)s],
respectively)*®2, In this review we shall limit ourselves almost exclusively to what is proba-
bly the most thoroughly investigated class of polynuclear complexes — the polynuclear co-
balt—ammines.

Polynuciear complexes result from the formation of bridges by atoms, ions or
molecules which are coordinatively unsaturated, i.e. which, after forming one bond, still
contain at least one unshared pair of electrons and are thus able to form an additional bond.
The most widely studied of such bridging groups, all of which were investipated by Werner,
inctude 0%~, 0,7, 0,7, OH™, NH,~, NH*", $0,%", HCOO™ and CH,;COO ™. Other bridging
groups include > 17 HO;, Se0,27, NO;', C,04%7, N, 0,7, HPO,?", C1” and Br . Recently,
cobalt complexes involving ambidentate bridging groups, e.g. [(NH3)s CoCNCo{CN)s] -H, 0,
have been prepared .

The difference between a singly coordinatively bonded group and a bridge group may be
illusirated most strikingly by reference to the —OH group. In the first case (hydroxo), the
oxygen atom is coordinatively unsaturated and can combine with a hydrogen fon to form

1 Alithough Werner apparently never prepared such compounds, he clearly foresaw their existence
and most likely tried to prepare them, as the following excerpt from his notebook of 1909 shows:
“We should try to join togerher the following two radicals:

LOH Ha0 .
Xa EEI’I};CO;OHJ + I:Ffo/,(:o(HHﬂg] Xa

oH
(eCo | COlNHgl |Xq

{Although it is not specified, these are obviously cis isomers.] If this succeeds, then the {ollowing
wouid also be possibiea:

OH HaZ,
{Hx Y Col CriNH
l: Ny O'OHe + HO - r{ ﬂ.J

A cobalt-chromium compoundf*™

* Much of the pioneering work on the structures of these compounds was carried out by Wemner's
friend Arturo Miolati (1869—1956)*7, who employed physicochemical measurements very similar
to those used to elucidate the constifution of metal-ammines. Miolati’s sttuctural proposals were
developed fusther by Hippolyte Copaux {(1872—-1934), Arthur Rosenheim {1865—1942) and Paul
Pleiffer (1875—1951). Wemer's views of heteropoly compounds are found in his magnum opus,
Neuere Anschauungen auf demt Gebiete der anorganischen Chemie ™.
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an aquo group. In the second case (u-hiydroxo or ol)*, the oxygen atom has already fulfilled
its maximum coordination number of three (the positions are accupied by the hydrogen

and the two central metal atoms) 2nd thus cannot combine with a hydrogen ion. Conse-
quently, in aqueous solution, complexes containing an ol group exhibit a neutral reaction,
whereas complexes with hydroxo groups show a distinctly basic one 3. Similar differances
exist between the singly bonded and the doubly bonded (bridge) species for the other groups
listed above,

Werner apparently did not realize that his polynuclear complexes constituted a transition
between coordination compounds and the infinite structure of the crystal Iattice 3555 Inas-
much as he knew that certain groups, especially hydroxide, could coordinate with two metal
atoms simultaneously to form bridges, it is possible that he might have considered the pos-
sibility of infinite structures with metal atoms bonded in this manper. In the case of ol
bridges, this infinite olation process would result in the lattice structure of crystailline metal
hydroxides, e.g. hydrargyllite, as established by X-ray crystallography. However, Werner
apparently did not reach such conclusions, and it remained for Pfeiffer*® and Nigpli ¥ to
point out that crystal structures were in beautiful agreement with the coordination theory.

Bridges may be formed singly (by joining the comers of two octahedra}, doubly (by
joining the edges of two octahedra} or triply (by joining the faces of two octahedra) — an
abvicus parallel to the formation of the single, double and triple bonds formed by carben
{Fig. 1). It should be obvious from Fig. 1 that the numhes of bridges connecting two metal
ions cannot exceed three. It is also evident that for hinuclear complexes containing one,
two or three bridges, each of the cobalt atoms can still be bonded to five, four or three
groups (X), respectively. If these positions are occupied by ammonia molecules, decaam-

b9

Single bridge {corner) Double bridge {edge) Tripte bridge (foce)

Fig. 1. Brdping in polynuclear complexes.

* [n 1907, Werner*? introduced the term of to distinguish the —OH bridge from the —OH group coordi-
natively bonded to only one metaf atom in the usual manner. Although the term ol has not been rec-
opnized by the Inorganic Chemistry Section of the Intemationat Unron of Pure and Applied Chemis
try *®, which recommends the desiznation g-hydroxo instead, the term is a useful one and will be used
mterchangeably with g-hydroxo in this article. The use of the letter u to desigmate bridged groups, in-
cidently, was introduced by Werner in 1907 in connection with the —NH, grc.up51 . Dlation, the forma-
tion of ol compounds from hydroxo compounds, was considered by Werner, especially in connection
with his theory of acids, bases and hydrolysis 52,83
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Fig. 2. Syntheses and interrefationships of polynuciear cobalt complexes.



346 G.B. KAUFFMAN

xXe
Decaammines [{ NHalgCo—B—CotN H3)5] toctahedral cornershared)

— ye

=]
Cctaammines {NH3)4C0/ \C0£NJ-|3J4 {octanedral edge shared)
L \3/
— a 7o
Hexanmmines | (NH3);Co—B—ColNHyy {octahedrat foce shared)
_ B/

mines, octaammines or hexaammines result, as shown by the above formulae, in which
B designates a bridging proup.

Relationships between, and typicat synthetic methods for, these compounds, as exempli-
fied in Werner’s work, are shown in Fig. 2, in which Werner’s nomenclature is used, with
modern nomenclature in parentheses. Just as in organic chemistry, the structures of poly-
nuclear compounds were established by their formation from, or their “degradation’ (cleav-
age) into, mononuclear “fragments” of known structure. Conversely, the structures of mono-
nuclear complexes have sometimes been determined by their formation from polynuclear
complexes of known structure.

Of course, just as is the case among mononuclear complexes, varying numbers of ammo-
nia molecules can be replaced by other neutral molecules or anions (see compounds I and
V1in Fig. 2). Also, since two different cobalt atoms are involved, unsymmetricat substitution
of the ammonia molecules may give rise to types of isomerism not possible among menonu-
clear complexes. Furthemmore, fGr complexes containing more than one bridge, the bridging
groups B need not be the same. Finally, although binuclear complexes are by far the most
common or polynuclear complexzs, compounds containing three or four cobalt atoms are
possible. All these factors contrizute toward making the chemistry of even the polynuclear
cobalt—animines alone extremely complex. Consequently, in the following review of Wer-
ner’s work, we shall limit ourselves to the simplest of these compounds in order to prevent
the treatment from becoming too unwieldy.

C. SINGLE-BRIDGED DINUCLEAR COMPLEXES

Asmentioned in the Introduction, much recent research on polynuclear complexes has
centered around complexes with —Q; — bridges. Single-bridged peroxo complexes are impor-
tant intermediates in the preparation of other dicobalt complexes and are useful as modets
of oxygen carriers in biological systems. In his first paper devoted exclusively to these com-
pounds (1898), Werner already recognized the difficulty in defining the oxygen-containing
bond in them (ref. 62, p. 251):

“In conclusion, it may be pointed out that the bonding of the oxygen in the compounds
discussed here is so peculiarly labile that one will be scarcely able to give a satisfactory answer
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to the question as to whether valence bonding or molecular addition is present in them, in
so far as the question in this form has any validity at all.” Although it was early recognized,
even before Werner’s time, that oxygen-bridged polynuciear complexes were of two main
types, it is only recently that a satisfactory and unequivocal expianation for the bonding

in these compounds has been given. According to X-ray 3% EPR®7 and infrared®® studies,
the two types of compounds are now best considered as containing peroxide (—0,?"—) and
superoxide * {(—0, —) bridges.

{i} w-Peroxo complexes

The general method for the preparation of many cobalt{lll)—ammines involves the ai-
mospheric oxidation of ammoniacal solutions of cobalt(I1} salts. Inasmuch as peroxo-bridged
complexes are formed as intermediates in these synthetically important processes, it is not
surprising that they are among the earliest known and best investigated of binuclear com-
plexes. The brownish, unstable, diamagnetic so-called Oxykobaltiake of Fremy*®, Vortmann
and Blasberg?™** | and Jfrgensen®-?, which are the first of the oxidation products that
are formed, were shown by Werner and Mylius®? to be decaammine-u-peroxo-dicobalt(ff)
salts {(modern, u-peroxobis(pentaamminecobalt(1i1) salis} or in a formal sense the addition
products of one mole of oxygen to two moles of a pentaamminecobalt(lI) salt.

2 CO(N03}2 + 10 NH3 + 02 - [(NH3)5C0“~0—0—C0(NH3)5}(NOa)q (l)

This brown binucleay complex is stable in solution only in about 7 M ammoniza. It decom-
poses into mononuclear cobalt(I1I} complexes slowly, but especially at higher temperatures,

a.g.

{(NHs)s Com0~0~Co(NHs)s 1% > 2 [Co(NH;)s Hy 0] * @

In highly acidic solutions it decomposes to simple cobalt{Il} salts with evolution of oxygen®5*:

[(NH;)5 Co—0—0—Co(NH, }s ] ¥ + 10 H* —— 2 Co?* + 10 NH," + 0, (3)
The oxygenation reaction showa in eqn. (1) is reversible®® ™ and can be reversed by in-
creasing the ammonia concentration or by reducing the partial pressure of oxygen, e.g. by
passing nitrogen through the solution®?. Because of the biofogical importance of such oxy-
gen-carrying systems, the diamagnetic p-peroxe-bis(pentaammine)cobalt(1il) salts®?*™ and
p-peroxo binuclear cobalt(I11) compounds with ligands other than ammaonia”*7? have been
extensively investigated and reproducible syntheses devised!”, In most particulars, Werner’s

* The use of the term superoxyd by Werner and others in the older literature to indicate that which we
now call peroxide (0,7 should not be confused with the current designation superoxide (Q7), as used
in Sect. C(ii} of this 1eview. .
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conclusions about these complexes, especially in regard to the peroxo (0,27) linkage, have

been confirmed 8- |

{ii) p-Superoxo complexes

1f the oxidation process shown in eqn. (1} is allowed to proceed to completion, acido-
pentaamminecobalt(IIl} salts are eventually formed, but if the decaammine-u-peroxo-dico-
balt(IIT} salts are warmed with dilate nitric acid, it is possible to isolate paramagnetic deep
green Anhydrooxykobaitiake of empirical formula 17 Co,(NH3),0; X5. Analyticaily,
such salts are similar to the previously described Oxykobaltiake in that they possess the
samie cation [(NH3)sCo—-0—0-—-Co(NH,)}s]* ¥, but in the Oxykobalriake the charge on the
cation is x = 4+, whereas in the Anhydrooxykobaltiake, x = 5+. The differences in proper-
ties and constitution hetween the two series, however, are profound. The green paramagnetic
pentapositive cation can also be formed from the brown diamagnetic tetrapositive cation
by a reversible redox reaction *,

Vortmann 2*, who was the first to prepare these compounds, regarded them as Oxyko-
baltiake containing one additional anion for each two cobalt atoms. Werner and Mylius®?
considered them in a formal sense as addition products of one mole of oxygen to one mole
of a pentaamminecobalt{ll) salt and one of a pentaarnminecobalt(11) salt. He later regarded
them>* as containing one atom of tripositive and ong of tetrapositive cobalt—{N(NH; }s Colf—
0-Q—ColV(NH1)s] X5. We know today that they contain two cobalt(III) ions joined by
a superoxo {O; ) bridge.

The Arnhydrooxykobaltiake can be differentiated from the Oxykobaltiake by their reac-
tien with agueous sulfur diexide and hydrochlori¢ acid. Whereas both series of compounds
yield a cobalt(II} salt and oxygen, the Auhiydrooxykobaltiake also yield chloropentaamn-
minecobalt{II1} chloride. Titration with reducing agents constitutes another distinguishing
test, which has also been offered as evidence of an average oxidation state greater than three
for the Anhydrooxykobaitiake. For example, four squivalents of sodium arsenite are suffi-
cient to reduce completely one maole of Oxykobaltiake to cobalt(II) {(one equivalent for
each cobalt atom and two for the peroxo group), whereas for Anhydrooxykohaltiake five
equivalents are required ’*. Furthermore, the former brownish compounds are 'diamagnetic
{as expected for cobalt(II1)}, while the latter green compounds are paramagnetic with ef-
fective magnetic moments of ca. 1.7 Behr magnetons {as expected for the one unpaired
electron originally believed to be present in cobalt{IV) but now known to be present in the
superoxo group) ™. More recently, paramagnetic resonance studies ?»® have shown that
the single unpaired electron interacts equally with both cobalt nuclei and has an equal prob-
ahility of being on either atom; however, it is predominantly (80%) found on the -0, —
bridge. Thus the formal oxidation number of each of the cobalt atoms is three.

In a private communication of June 21, 1946 to Prof. John C. Bailar, Jr., Dr. E.O. Bimm
suggested that, inasmuch as all the complexes which, according to Werner, contain “tetra-
positive cobalt™ also contain —0O, — bridges %, the magnetic evidence cited on behalf of the

%

* See next pape for footnote.
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ColV state proposed by Werner could be explained equally well by assuming these com-
pounds to contain the superoxide group (0, ) and tripositive cobalt. It was not until iwenty
years later that this view was confirmed experimentally 3:63765.77. %%,80.81 Tq{ay the older
designations paramagnetic peroxo (as contrasted to digmagnetic peroxo)® as well as Wer-
ner's peroxocobalt(HT, 1V)™ terminology, implying non-equivatent cobalt atoms, have fi-
nally been discarded in favor of the designation superoxo complexes™!”,

(iii] p-Amido complexes

Decaammines containing an amido group (amino group, in Werner’s nomenclature} in
place of 2 peroxo group are well known and can be prepared from octaammine-y-amino-ol
dicobalt(FII) salts (u-amidog-hydroxo-bisjtetraamminecobalt(I1)] salts) as shown in reac-
tion scheme (3) of Fig. 2 (see ref. 34, p. 43 and ref. 61, pp. 3915-3921). According to
Sykes and Weil 2, both the existence of the salt shown in reaction scheme (3) and the for-
mulation of its cation need to be confirmed. Because of their similarity to the so-calied
rhodochromium salts of Jdrgensen?? in color and crystal form as well as manner of prepa-
ration, Werner et al.* considered the bluish-red decaammine salts as analogous to the rhodo-
chromium salts but containing a bridging amido group [(NH3)sCo—NH,---Co(NH3}5] X5
in place of the ol group [(NHa)sCr—OH---C(NH,; )s ] Xs. The bridged amino group, of
course, does not exhibit the basic reaction characteristic of a singly bonded —NH; group.
Werner proved the structure of these compounds by their cleavage with hydrochloric acid
into mononuclear hexaamminecobalt{I1I) and chloropentaamminecobalt(f1I) salts (see the
last step in reaction scheme (3) of Fig. 2). The structure of the p-amidobis{pentaammine-
cobalt(lI1)} ion in the pentanitrate salt has been determined by X-ray diffraction ®+**_ and
the infrared spectrum of the jon has been reported ®*+5°,

Formally related to the above compounds are the substitted octzammines of formula

‘_ (NH3)4C (NH, )-il
|, Co-NHy-Co o X304

described in Werner's immense compendium™ (A = H,0, B=NO; (p. 12); A=Cl, B=NO,
(pp- 13,49): A=H,;0,B=CI{pp. 45-48); A=CNS,B=Cl(p.48),and A=H;0,B=Br

* For example, Wemer found that if the “peroxo™ group in binuciear complexes is replaced by other
sroups, the “Col¥™ ig simuitaneously “reduced” to the trivalent state™?,

Ao e B

/02\ /504

{NH4CO ColNHa)g | +50,te == | (NHy,Ca Cal{NHgy

s N

MH

On the other hand, if the furst ion were warmed with concentrated sulfuric acid, three equivalents of
axygen per mole of the jon were liberated, a fact that Werner interpreted by asseming that Colll, ColV
and Q5% were present.
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{pp- 12, 50, 51)). Werner proved the symmetrical distrdbution of the eight ammonia mole-
cules and the -NH, bridge in these compounds by cleaving them with hot concentrated
hydrochloric acid into mononuclear pentaamminecobalt(ilf) and tetraamminecobalt(iTf)
salts.

A series of amido-bridged substituted hexaammines was the subject of Wemer’s first
paper on polynuclear complexes®?. For a number of years, it had been known that a diffi-
cultly soluble black salt (schwarzes Salz), later named Melanochlorid by Vortmann =%,
could be precipitated by adding concentrated hydrochleric acid to a partially oxidized
ammoniacal solution of a cobalt(IT} salt??, According to Werner, this was not a pure sub-
stance but rather a mixture consisting mainly of a chloride of formula

(NH; )3 (NH3)3
Co—-NH, - -Co Cl, (ref.32, pp. 119, 159, 162;ref. 34, pp. 88, 89)
Cl, H,0
ca
Vi
Of
I:(Nl‘la)a (NH3)3] c )
ci, CO-—g.Hf - -Coc12 1 (ref. 32, p. 162)
together with a small amount of the doubly bridged binuclear compound
(NH,);  NH;. (NH3);
Co /'Co Cly
a o oTo, Cl
Wemer also succeeded in preparing the compound
{NH;3)3 (NHa)s
Co—NHy - -Co X  (ref. 34,p.97)
Clz N03
L Cl
related to VIII and
(NH3)3 (NHz)s
Co-NH, - Co X {ref. 34, pp.26,97,98,110)
| Br2 Bfg

related to compound IX.

Until recently, the source of all amido-bridged complexes was Vortmann’s sulfate*.
Even with Werner’s impraved syntheses®?:51-54:5%.88 (ks preparation is time-consuming and
gives poor yields, and better methods are now available for the y-amido-u-sulfato and p-
amido-p-superoxo components of Vortmann's sulfate (ref. 2, pp. 56 et seq.).
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D. DOUBLE-BRIDGED DINUCLEAR COMPLEXES
(i) Identical bridged complexes

With the exception of hydroxo-bridged species, polynuciear complexes having more than
one bridging group of the same kind are relatively rare '?. The preparation and reactions of
dinuclear compounds containing twe —OH bridges (ref. 2, pp. 76 et seq.) have already been
given {reaction schemes (1) and (2) of Fig. 2}. Many polynuclear complexes were not at
first recognized as such. For example, the formula for the chloride of compound I in Fig. 2,
originally prepared by Gentele ®*® in 1856, was for many years written as Co{OH)Cly -4NH,
until Werner® in 1907 proposed that this formula be doubled. In addition to the diol com-
pounds I, HIf and IV in Fig. 2, Werner et al.>**** prepared the substituted hexaammine diols
~(NH3)s _OH._  (NHj;),

I

o, Co
. H,0 “HO” H,0
and
r(NH3)s _-OH._ (NH3)a

CO__ /CO sz
-~ NO; "HO NO,

As an example of a dinuclear complex with two amido bridges we can cite Werner's

NH,_
ENH3)4C0<'NH /“CG(NH-_‘ )Q] Xa (ref. 2, p.64;ref. 13;ref. 34, pp. 23, 87)

2
(it} Non-identical bridged complexes

Dinuclear complexes containing two different Kinds of bridges are much more numerous
than those with identical bridges and can be mentioned onlty very briefly here. For a number
of such compounds, Werner’s first proposed structures proved to be incorrect, and he sub-
sequently modified them, as shown in Fig. 3. Infrared studies of the compounds X in Fig. 3
have confirmed Werner's conclusion that the —~NO, — group does indeed form a bridge and
that this bridging is through the nitrogen atom and one of the two oxygen atoms®*™ .
X-ray**? and infrared studies®-%%-%% of compounds Xil in Fig. 3 have also confirmed Wer-
ner’s conclusion that the —S0;— group forms a bridge and that the cation probably con-

tains a six-membered non-planar ring, viz.
-3

— H H
e
(N H3)4Co/ TrcotNHs
N
L o/ \O
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_~CotMH, ),
HeMN
e
H TColNH) I x, T (ret32)
SR
s ]
/CO(N'H:J:
H'N\
H “ColNHyl, [ 3T {ret.32,p.165)
6N
[=]
/l:c:flh'H,)4
H-r.{\
H TCOiNMy ), |x, XTI (ref 32, op 139,141 —143)
0...0
oo
_ o,
_-ColnHy),
N %, NI (rer.90,pnt06 108}
“SCothHy),
HaO
ENHy )y Ny )y
Co—NH—Co X, EIX {refs.32.62)
H0L (HyOY,
(N, )y {RH, ),
Co—NH—CoH0 Xy XF tret 50}
(HoL NQ,
Ny Y
{NH3, Co—MNH—Co
S0 |x, XX trer.32)
{H,), Co—MH—Co
INH
Y (e,
Co—NH—Co X, X {ret 32}
x x

Larer stroctyre

M
Co/"r\

thry), o

o
Hﬁc/“—"\

Co
ci SanT o

-
M, L CD\:’}WM*;:.

Campound XL Fig 2

iy

CotNH, )
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o, {ret 34,pp 14,54.55,58 —60)

X, (ret. 34,0 99)

Xyiref 34,053,
{ref 57, p a61Q)

X, {ref 34,014}

X (et 34)

X, (ret 34,pp1516,63,65; 1ef. 651

%, {refs 34,51

Fig. 3. Structures of some of Wemer's non-identical double-bridged cobalt complexes.
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Just as Wermer showed Melanochlorid to be a mixture, so did he show that Vortmann’s in-
soluble red Fuskosulfar, one of the earliest known polynuclear *“‘compounds™20:2%725,28
actually consisted of a mixture of the sulfates of series XVI and XVH in Fig. 3. As men-
tioned earlier, Werner’s postulate of cobatt(IV) has not withstood the test of time. X-ray
diffraction studies of the nitrate salt of the green paramagnetic series XV1 in Fig. 3 have
shown the presence of a superoxo bridge®®. The cation is thus g-amido-p-superoxo-bis|te-
traamminecobalt(IlI)] . A reproducible synthesis for the nitrate has recently been published *”.

Werner et al. originally prepared** the chloride of the red diamagnetic series XV1! in Fig.
3 in 1898, at which time it was noted that the chlorine content of the compound was 100
high (ref. 32, p. 151). In 1907, Werner reported an alternative preparation for the tetrahy-
drated chloride, which gave much better analytical results for chlorine (28.34% found;
28.30% calcuiated)®' . In their long paper of 1910, Werner et al. again commented that the
chloride content of this compound was too high, viz. 34.3% instead of the 28% required by
theory (ref. 34, p. 44). Probable reasons for the discrepancies have been recently suggested
by Barro et al. %, They beiieve that the compound described by Werner et al. in 1898 (ref.
32)and 1910 (ref. 34) was identical with the compound that they prepared and showed by
X-ray diffraction to be p-chloro-u-amido-bis{tetraamminecobalt(lII}] chloride tetrahydrate,
the first dicobali species shown to contain a chloro bridge.

ol
I:(NH;,)q Co ~Co(NH3 )4] Cly -4, 0
“NH,
The compound obtained by Werner®! in 1907, then, was the true chloride of the series
XV in Fig. 3. This compound and the chlora-bridged compound are closely related, and
the former can be readily prepared from the latier by standing in aqueous solution. Syn-
theses for hoth compounds have recently been published *~,

Some idea of the vanety of doubly bridged dinuclear complexes prepared by Werner may
be conveyed by the following series of complexes, shown in Fig, 4. Among polynuclear
complexes, isomeric relationships can become quite complicated, and methods for calcutat-
ing the number of isomers in these cases have been devised ™*'%?_ Optical isomerism occurs
among a number of these compounds, and Werner succeeded in resolving compounds of
series X VI, XIX and XXIV—XXVII into enantiomers®?. The cation of series XXVII has
the distinction of being the first polynuclear complex to be resolved. For a detailed account
of Werner’s work on optically active coordination compounds see another paper by the
present author ' | Of the series of compounds shown in Fig. 4, series XXI and XXUII are
isomeric with each other as are series XX1IV and XXV.

Of the series shown in Fig. 4, Werner considered series XX, XXH-XXIV and XXVI to
coniain peroxo bridges and one atom of tetrapositive cobatt, These series are now known
to involve superoxo bridges, and both cobalt atoms are tripositive. The O—Q distance in the
tetra-hydrated nitrate salt of Werner’s green paramagnetic series XXV was found by X-ray
diffraction ®* to be 1.36 A. (Alkali metal superoxides have an O—0 distance of 1.28 &,
while in most peroxides the distance is about 1.48 A.) Further evidence of a superoxe
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Col, Co
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{HH3}y (NHqly

Xy

XXVTIT
(ref.34,p.103)
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NH».

{en}2Co Colenl; |Xg
‘\\50‘/

XX
(ref.34,p 77;ref. 97}

(M Hy), NOp. (NHy)y
" x
CO‘_‘\‘_ /CO =
Ci orBr HO Ci or ar
I

{ref. 34, pp.124,126-129)

NH (NH,

R 'z

I - ™

{HH, 1 Co o 'y
L
\O / Cly 2
2

TEm

{ref. 34,p.111)
unsymmetiricol {qreen—hrown; $ofuble)

NH‘H'-..

~ ~
fen},Co Colenz {x
\0/
1
OH
I
{ref 34,p 73:ref97)
red, diamagnetic

NHZ.
{en),Co /“Co(enjz X4
‘O
em
(ref{s36, 57.98)

Yl
(NHyly PN INH 1,
Col, /'Co X3
"o ~Ha OCC-CH3
(ZEIX)

(ref.34,p.119)

Fig. 4. Additional non-identical double-bridged dicobalt complexes prepated by Werner.
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bridge was the fact that the five-membered ring

N-..
CQ/ Co
0-C
is almost planar. A synthesis for the nitrate has recently been published *”. Thewalt and
Marsh also showed that the dihydrated nitrate salt of Werner's red diamagnetic series XXV

contained a hydroperoxo bridge with a pyramidal arrangement of bonds around the bridging
oxygen atom®* . Werner formulated this series as

I:'.X
/N "\ NRa,
(er'hCo\ Coled, | %, but later the formula tem,Co ."Coten)z Xy HX
O Oz

was suggested.
E. TRIPLE-BRIDGED DINUCLEAR COMPLEXES

Among compounds of this type we have already encountered the tri-u-hydroxo-bis(triam-
minecobalt(TL[}) series (compound [T in Fig. 2), which are isomeric with the tris[tetraam-
mine-di-u-hydroxo-cobalt(II)}cobalt(IIl) salts. The latter series, which were the first car-
bon-free coordination compounds to be resolved, have twice the molecular weight of the
former series. Other compounds prepared by Werner are shown in Fig. 5.

X-ray diffraction studies®* of the bromide and iodide salts of the tri-u-hydroxo-bisf tri-
amninecobaly(III)] ion (series XXX in Fig. 5) have confirmed the presence of the three bridges
postulated by Werner. Since Werner’s time, little work has been done on the triple-bridged
di-u-hydroxo compounds of the type shown as series XXXH and XXXII in Fig. 5. X-ray
diffraction studies of compounds of series XXX have shown that the acetato bridge is
bonded symmetrically to the cobalt atoms by the oxygen atoms !%. Series XXXV in Fig.

S, prepared from crude Melgnachiarid, should contain a superoxo bridge. It was originally
formulated by Werner et al. (ref. 90, p. 109) as

NH3
P N s
W O
Oz NH [ Xy and later?? as {NHy3Ca-- -HO—ColNHa; | X5
COtNHI), joF

F. TRINUCLEAR COMPLEXES

As examples of this type which were prepared by Werner, we can cite the following com-
pounds, containing four, five and six ol bridges, respectively.
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/OH"-‘
tNH:):Co:\-‘-HO-—fCO(NH!}s Xy XEL {ref 34,p.3a;refs. 58-60)
P

QOH"

NO,.
{NHy ;€0 0N —CO(NHly| X3 XXEI {ref 34,p 130)
S " -
OH -

Noz-\_
INH3),C0% - HO —ColNH,), | X, XXX {ret. 34, ap. 121—-123)

OH ™

OH .

/ e
{NH 2000 ~HO——Co(NH;3)y | X, EXXIN {ref. 34,pp.415,117,118)
oco””

]

CH,

MHp .
(N!‘ij):.CO---—HOT-:CotNI-II)3 X, ZXEEEIZ {ref. 34, op. 101, 102}

o als g

]

CHy

NH;-.\
INHceml H°j¢°mfNH3‘: Xy XEX¥ (ref. 00,p 109:ref. 34, pp 28,31,104,107,108,110)
Oz

Fig. 5. Some triple-bridged dicobalt complexes prepared by Werner.
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Ha0
OH. ! _HO
lemiC 4 COn \cO‘”(em % (ref. BB, pp. 4429-4433:
G i S 2 tef. 34, p. 41)
os” : RO
L H>O
[ (eHa oH_ _HO ]
b r-;zo----_'-,'ci;:- ~HO——ColNHg, | %, {ref. 34, p. 143)
| a0 onH " HO | .
and
B OH, HO ]
(NH3)3CD——OH":‘:‘__C;;;‘--- HO—CoiNH, [ %, (zef. 34, pp. 141-143)
| OH" “HO B

G. TETRANUCLEAR COMPLEXES

Compounds of this type were the first in which Werner definitely recognized the presence
of an —OH bridge. Only two series are known. These correspond to the formula

RO

AN

Co Coh,iq | Xe

/

HO

in which*? A = NHj; or ¥ en. The ainmonia compounds were the first completely inorganic
coordination compounds to be resolved**. It is one of those ironies of history that the reso-
lution of this series of compounds, first prepared by Sophus Mads Jérgensen '®  Werner’s
principal scientific adversary 1%5+1% marked the final vindication of Werner's coordination
theory. Although the structure of these compounds has not been determined by X-ray dif-
fraction studies, the structure of the corresponding ethylenediamine cation has been so
determined %7, Both because of their intrinsic importance and also in order to illustrate his
method of proof of structure, we shall now examine in some detail Werner’s reasons for
assigning these compounds the above constitutional formula.

These brown, lustrous crystals'® were first prepared by Jétgensen®?:'%°  who named the
series anhydrobasic tetraamminediaquodiammine cobalt salts and proposed for them the
constitutional formula

HO x HO\ /X
\CO L & CO/ ‘e (H20}27C0 -0 - CO\ Xo
X{NH3}o{OHa)a (NHD X {NHp)J (NH,),

with a molecular weight one half that for Werner's formula. Werner et al.*® rejected Férgen-
sen’s formula for a number of reasons: (1) The hydroxide group could not be bonded to the
cobalt atem in the usual manner, for then it would react with dilute mineral acids to yield
the compound
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which was contrary to the observed facts. (2) An anion X could not be honded directly to

a cobalt atom because treatment of the salts with soluble sulfates yielded precipitates of X-free
insolubie sulfates.(3) According to Jgrgensen’s formula, cleavage of the salts with mineral
acids should yield a cobalt—tetraammine and a ccbalt—diammine in equimolar amounts. Yet
despite the known stability of cobalt—diammines, no trace of such compounds was found on
treatment with mineral acids. {4)Quantitative determination of decomposition products did
not lead to results in agreement with Jgrgensen’s formula. For example, cleavage of the sulfate
with hydrochloric acid should yield 89.6% of cis-diaquotetraamminecobalt{IlI) chloride accord-
ing to Werner’s formulation but only 68.1% according to J¢rgensen’s structure. Since cis-
{Co(NH;3)4(H» Q) 1 Cl; is fairly soluble, the experimentally determined value of 81.1%
seems much more in accord with Werner’s formuta than with Férgensen’s.

Not only did treatment of these salts with cold concentrated hydrochloric acid produce
the amount of diaquotetraammine salt required by Werner’s formula, but also the amount
of chlorine liberated (one half mole, i.e. one atom per four cobalt atoms) showed that one
of the four cobalt atoms in these salts is reduced to the divalent state during this process.
Since. according to all Werner’s previous experience, the only type of cobalt(TEl) radical
that is reduced to a cobalt{1l) radical is one in which the cobalt is not bonded to ammonia
or an amine, he assumed that in the compound in question one of the four cobalt atoms
is not bonded to ammonia, and he therefore apportioned the twelve ammonia molecules
équa}.{y among the remaining three cobalt atoms. The following equation is in agreement
with ali the facts.

HO
Co CO(NH), 1 3| Xg =6 HX-—3 cis- [COINHy(Hz00z | X3 » CoXar T X

HO

H. POLYNUCLEAR COMPLEXES OF CHROMIUM

Werner generally confined his work on polynuclear complexes to those of cobalt. Yet
he did, on a few occasions %!, investigate those of chromium although without ascer-
taining their structures. Together with Jovanovits '™, he prepared a series of green acetato
complexes which he formulated as [Cr, NH(OCOCH; };(H, 0}, ] X (where X = NO, :2H, 0,
I, AuCl,, or £ PtClg). They considered a closely related compound
[CraNH(OCOCH; )¢ {H; 0)3SCN] to be a non-electrolyte. In another paper %!, in addi-
tion to preparing a number of mononuclear hexaaquochromium(IIl) salts, Werner et al.
prepared a series of extremely stable compounds [Cra(OH);, R;1 X, where R = fonmate or
acetate. Such organic complexes of chromium, although extremely complicated, have been
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thoroughly studied because of their application in the tanning industry. For the trinuclear
formate complexes, Baldnyi (ref. 112, p. 169} has praposed the formula

/

HO— G - MCOO—Cr- - HCOO—Cr —QH | X

HCOO | HCOO,

. Nucoo” HCOO™
in which only one chronmtium atom has a coordination number of six, while the remaining
two each have a coordination number of four. This structure should correspond to a sym-
metrical combination of two tetrahedra with an octahedron, i.e. a thombohedron '*?, Per-
haps Werner would have preferred the constitution suggested by his former student and
assistant Edmund Stiasny '™*, who agreed with Werner’s view that the the two —OH groups
are bound as ol bridges.

HCOO h HCOO.

HCOO THCOO._ .
'-// \‘-Cr‘

Cr

\HCOO/:
: HCOO - ™ ;

1,0 .0

L POLYNUCLEAR COMPLEXES OF UNKNOWN CONSTITUTION

Although Werner’s systematic and extensive research on polynuclear eobalt—ammines
explained the constitution of virtually all of these compounds, it is rot true that the struc-
tures of all these complexes have been clarified. For example, in 1905 Wemer and
Feenstra''S prepared a yellow chloride and a yellow-brown bromide of empirical
formula Co, (NH3)g{py}: NHX,, which they regarded as octaamminedipyridine-u-imino-
dicobalt(Ifl} compounds. i.e.

(NH3 ) (NH3)4
[ Co—NH—Co }X.q
PY by
In a later (1908) article (ref. 61, pp. 3913, 3914), Werner stated that their constitution was
quite different from that which had been originally proposed. He planned to discuss the
question later but neglected to return to it.

As another case, one might cite the so-called dioxotriimidododecamminetetracobal t(III)
salts, [Coq {{0, )2 (NH)sHNH;3)10] X, where X = (N0, )s-5H, 0, Cl-2H, 0, or Brg-H, 0
(ref. 90, pp. 112, 113).

Werner et al. (ref. 90, p. 105) assigned to the nitrate the constitutional formula
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(NH3)3 H - (NHia): (NH3), NH (NH3)a
(NO3)2 CO/N /C __'NH“—CO< CO (NO3)2‘H10 ‘
H,O o057 H;0 o7~  H0

NO3

Since these compounds are not mentioned in Werner’s comprehensive summary of poly-
nuclear compounds, in which all complexes described previously as containing a single
p-imino bridge are assigned different structuses, the above constitutional formula is highly
unlikely. Nevertheless, despite such minor discrepancies, it is obvious that the foundations,
both experimental and theoretical, of our present-day knowledge of polynuciear cobalt
complexes were 12id largely by one man—Alfred Werner.
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