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ABBREVIATIONS

en the bidentate ligand ethylenediamine, NH2CH2CH2NH 2
acac acetylacetonate anion

prac propionylacetonate anion

tn trimethylenediamine, NH2(CH3)3sNH2

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. Consequently,
although this article is limited primarily to Werner’s achievements, it should nevertheless
provide a wide coverage of the most important and fundamental problems in optical
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isomerism. Also, in the words of Sykes and Weil?, referring to polynuclear compounds but
true of optical isomers as well, “It is fitting once again to give credit to the work of
Werner and his students, which continues to dominate the background of the field despite
the corrections and elaborations which have now been made.” The viewpoint in this
review is largely “historical”, and no pretense is made as to coverage of the contemporary
literature. In some cases Wemner’s results have been related to later developments, but this
article is not intended to compete with recent reviews or with standard treatments of the
subject® 1, Summaries of the literature can be found in Gmelin’s Handbuch'7"?3 and
Pascal’s Traité?*2° and reproducible preparative procedures3?=7 and significant papers

by Werner®® and others®? in English translation are also available. )

The highlights of Werner’s research on optical isomerism are summarized in his magnum
opus, Neuere Anschauungen, beginning with third (1913) edition®®. His work on optically
active cobalt complexes is described in his twelve-paper series (1911-1914), Zur Kenntnis
des asymmetrischen Kobaltatoms® ™% and three additional papers’>~7%, and his work on
optically active chromium complexes is found in his three-paper series (1911-1912),

Uber Spiegelbildisomerie bei Chromverbindungen 76-78  His work on rhodium comprises
two papers?2-80, while one article each is devoted to iron®!, platinum®?, and iridium®3.
Werner also discussed various aspects of his work on compounds of a number of metals in
review articles and in published and unpublished lectures 4798 Because many of the
compounds resolved by Werner were first prepared in racemic form by him and his students,
reference will also be made here to a number of his other articles®® 123,

Shortly after Werner had received the Nobel Prize, the progressive and degenerative
illness that eventually claimed his life made its appearance, and as early as 1915 he was
forced to give up his lecture duties (ref. 1, Chap. 15). Consequently, Werner did not
publish some of his work that was carried out during the decade of the 1910’s and which
often concerned optical isomerism. Because Paul Karrer, Werner’s successor at the
Chemisches Institut der Univeristit Ziirich, soon turned his interest to problems of
organic chemistry, these results remained buried in Werner’s students’ dissertations, many
of the titles of which are so general as to give little hint of their contents. Hence a pro-
minent feature of this review is the citation of more than sixty 124784 of the two hundred
odd dissertations written by Werner’s Doktoranden or Doktorandinnen (a surprisingly
large proportion of Werner’s students were women).

Such dissertations are of value to today’s chemists for both the positive and negative
information that they contain. For positive results on compounds resolved by Werner
and his students, which have never appeared in the open literature, see Miscellaneous
Compounds (Section B(v)) and M3[Rh(C,04)3] (Section E(i) (b)). Unsuccessful reso-
lutions were of two types — (1) proof that frans compounds are not resolvable, e.g. the
attempted resolutions with ammonium (+)-bromocamphorsulfonate® of the frans isomers
of [Co(en),Cl, ICI (p. 44 of Wera Tupizina’s (1915) dissertation!”?), {Co(en);(NO2),]-
NO; (pp. 44-45), {Co(en)2(NH3), [Cl3 (pp. 4546), {Co(en)2(CsHsN)Br]Br, (pp. 46-48),
and {Co(en),(CsHsN)NH;3]Br; (pp. 48-49), and (2) attempted resolutions of potentially

* Because of possible confusion of observed rorations (d for dextrorotatory and { for levorotatory)
with D and L, whers the capital Jetters refer to absolute configurations, a preferable system for
designating the obszrved rotation of optical isomers is the notation (+) for a dextrorotatory isomer
and (-} for a levorotatory isomer.
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resolvable compounds, e.g. the attempted preparation of optically active cis-[Co(en)s-
(NCS), JX by treatment of active cis-[Co(en), (NCS)C1]X with KNCS (pp. 39-40), ref.
172), cis-[Co(en),(NCS), ]SO, with barium (+)-bromocamphorsulfonate or the free acid
(pp. 40-42), and cis-{Co(en), (NCS), } X with (+)-[Co(en),(NO,), INO, (pp. 42-43), or
the attempted resolution of the cis-[Cr(H,O0)(OH)(C;04),]* ~ ion by spontaneous crystal-
lization, diastereoisomer formation (with strychnine, brucine, cinchonine, cinchonidine,
quinine, quinidine, and the (+)- and (—)-[Co(en); ]>* ions in various solvent media), esteri-
fication with active alcohols, or biochemical methods, contained in Hans Surber’s (1915)
dissertation (ref. 171, pp. 56-57). Only a fraction of Werner’s students’ dissertations were
available to the present author, and, considering Werner’s central role in coordination
chemistry, it would be of great value to contemporary coordination chemists if at least a
detailed list of the contents of all the dissertations were somehow made available to them.

The concepts of asymmetry and optical activity, although introduced fairly late into
inorganic chemistry, have played venerable and central roles in organic chemistry. In fact
if modern organic chemistry is considered to commence with Friedrich Wohler’s synthesis
of urea*®® in 1828, then Jean Baptiste Biot’s discovery of optical activity'®® in 1812 ante.
dates the very genesis of this field. Moreover, LeBel'®7 and van’t Hoff’s'®® concept of the
tetrahedral carbon atom (1874), which constitutes the foundation of organic stereochem-
istry, was proposed primarily in order to explain the optical isomerism investigated by
Louis Pasteur and others. It is to Alfred Werner, however, that we owe the introduction of
the concept of optical activity into coordination chemistry »58:18%:190,

Although it is true that compounds containing asymmetric atoms other than carbon,
e.g. nitrogen'®!, phosphorus®?, sulfur'®3, selenium'??, tin'?%, and silicon'%¢, had been
resolved before Werner and King’s resolution, all these cases had involved atoms of tetra-
hedral configuration. Werner’s work, on the other hand, involved a2 compound of the pro-
posed, but as yet unproven octahedral configuration. As a result of this work, the eminent
English stereochemist Sir Gilbert T. Morgan was able to state in his obituary of Werner'®?
that “the spatial configuration of the co-ordination complex with six associating units
is now as firmly established as that of the asymmetric tetrahedral carbon atom.” Werner’s
indirect proof has been amply corroborated by direct X-ray diffraction studies.5?

The resolution of optically active coordination compounds, which John Read, a former
Doktorand of Werner’s, has called **® a “stereochemical achievement of the first order”,
was Werner’s greatest experimental triumph. This feat, which *“shook chemistry to its
innermost foundations™'®°, gained for the coordination theory the widespread recognition
for which Werner had been striving so long. Nor was the theory’s founder neglected, for
two years later, largely in recognition of “‘the most brilliant confirmation of [his] stereo-
chemical views”290 as Lifschitz has described the resolution, Werner was awarded the
Nobel Prize in chemistry.

Unfortunately, we do now xnow exactly when Werner first realized that one of the
geometric consequences of his octahedral model was molecular asymmetry for certain
types of complexes containing chelate ligands or when he first recognized that a resolution
of such compounds would provide an elegant and definitive proof of his stereochemical
views. Contrary to common belief, no mention of this topic appears in his first paper®®
on the coordination theory. Werner’s first published work in the field of optical activity
(1899) dealt with the resolution of an organic compound, frans-hexahydrophthalic
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acid19312% [ the same year, in a paper dealing with oxalatobis(ethylenediamine)cobalt-
(11K) salts!®®, [Co(en),C,04]X", Werner apparently mentioned for the first time in print
the possibility of optical isomerism among coordination compounds. A dozen years of
work involving what others might have considered insurmountable difficulties were to
elapse before his insightful prediction was fulfilledS!:201,202,

For mononuclear complexes Werner distinguished three types of asymmetry:

(1) Asymmetry involving an asymmetric metal atom, as exemplified by ions of the

cis-{M(en), AB] type.
en [=i4]
8 8
en en

This type contains two nonsuperimposable tetrahedra (M, en, A, B), and the first coordi-
nation compounds resolved®! belong to this class.
(2) Molecular asymmetry I (Molekiil-Asymmetrie I )62, as exemplified by ions of the

cis-[M(en)3B2] type.
en 8 B (3]
é:a B:;
en en

According to Werner, since such octahedra cannot be regarded as containing two non-
superimposable tetrahedra, they do not contain an asymmetric cobalt atom, but the octa-

hedron as a whole is asymmetric.
(3) Molecular asymmetry 11 (Molekiil-Asymmetrie II )85, as exemplified by ions of the

[M(en);] type.

These octahedra, consisting of only one type of metal atom and one type of bidentate
ligand, likewise cannot be regarded as containing two nonsuperimposable tetrahedra.
Werner considered types (1), (2), and (3) to represent acidopentaammines, diacidotetra-
ammines, and hexaamines, respectively, since in compounds of these types five, four, and
six groups, respectively, were bound to the central metal atom by secondary valences
(Nebenvalenzen). We shall now examine Werner’s contributions to the field of optical
activity according to the type of compound. The discussions follow in approximate
chronological order within each type.

¥ Although these salts were not the first coordination compounds to be resolved, Werner did succeed
in resolving them66,7 jn 1912,
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B. COBALT COMPLEXES
() Type M{en),AB

(a) cis-[Colen),(NH3)CIX, and cis-[Co(en),(NH3)BriX,

The first person to resolve a coordination compound was Victor L. King (1886-1958),
an American chemist, who received his doctorate summa cum laude under Werner in
1912 (ref. 58, pp. 157-158; ref. 150). According to King’s laboratory notebook (January
1910) (ref. 203, pp. 2-10), the compound that he was assigned to resolve was carbonatobis-
(ethylenediamine)cobalt{III) bromide, [Co(en}),CO; [Br. Although King’s results on the
unsuccessful attempts to resolve this compound with silver (+)-bromocamphor-n-sulfonate
were never published, they are found in his dissertation (ref. 150, pp. 39-40).

King was, of course, successful in resolving not this compound but the cis-chioro-
and bromoamminebis(ethylenediamine)cobalt(I11) salts®!. All attempts to prepare optical
isomers of the {Co(en),CO;]" ion by diasterecisomer formation with optically active
anions were unsuccessful until in 1912, together with another American, the late Thomas
P. McCutcheon, who was the present author’s instructor in general chemistry at the
University of Pennsylvania, Werner was finally able to synthesize such compounds by the
action of potassium carbonate on optically active cis-[Co(en),Cl, ]* salts®6, a reaction
which is discussed later (Section B(u)(b) and (c)). Similar reactions have since been
investigated by Bailar et al 2047206

In his classic paper with King, the first in a series of twelve papers entitled Zur
Kenntnis des asymmetrischen Kobaltatoms (*Toward an understanding of the asymmetric
cobalt atom™)®', Werner used stereochemical arguments reminiscent of van’t Hoff’s
famous paper!88 of 1874 on the asymmetric carbon atom. After citing several conse-
quences of the octahedral hypothesis that are amenable to experimental verification, such
as the occurrence of complex ions [MA¢B] in only one form and the occurrence of com-
plex ions [MA4B,] (refs. 105, 117) and [MA4BC] (refs. 104, 106, 107) in two isomeric
series, Werner discussed a much more decisive proof—the existence of the optical isomers
required by the octahedral model. For the complex [MA,BCD] in which the three A’s
or B, C and D occupy the three comners of an octahedral face (cis; 1, 2, 3), the mirror
images are not superimposable.

8 8
A A A A
o C [ D
A A

The same is true of the complex [MABC,D,] if the groups are arranged in the following

manner.
c C
Cc B B [
D A A D
=] s)
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The number of different groups that are required to produce molecular asymmetry is
reduced considerably when the coordinated groups are united by bridges, i.e. when mono-
dentate groups are replaced by bidentate groups®. Werner demonstrated that if the groups
CC and DD in the last structure are each replaced by a molecule of ethylenediamine,

the molecular asymmetry is maintained in the resulting complex cis-{MAB(en), | T,
Consequently, compounds with this structure should contain an asymmetric central atom
and should therefore be resolvable into optically active antipodes

en en
8 8

A A
en en

The most widely used resolution method, Pasteur’s diastereoisomer formation®?7,
although general in principle, often failed in practice, largely because naturally occurring
optically active acids and bases are weak and their salts are not very stable in solution.
In the same year in which the coordination theory was published, Kipping and Pope?08
has synthesized the strong acids, (+)-camphorsulfonic acid and (+)-bromocamphorsulfonic
acid, from naturally occurring (+)-camphor and thus had provided the stereochemist with
a series of versatile resolving agents. It was the silver salt of the latter compound that
- brought Werner his widely acclaimed success

The first series of coordination compounds to be resolved were the cis isomers of
[Co(en),(NH3)C1)X; (ref. 17, pp. 159-163; ref. 18, pp. 468-470); ref. 24»)§ . The results
were published®! along with those for [Co(en);(NH3)Br] X, (with Ernst Scholze, Ph.D.,
Universitit Ziirich, 1911) (ref. 17, pp. 176-178; ref. 18, p. 470; refs. 24, 37, 170). The
salts of the bromoammine series were easier to resolve because their diastereoisomeric
(+)-bromocamphorsulfonates exhibit a great difference in solubility. For both series, the
(#)-bromocamphorsulfonate of the (+)-form, which is less soluble than that of the (—)-
form, crystallizes out first. The diastereoisomers were converted into the bromides either
through intemediate conversion to the dithionate or directly by grinding with concen-
trated hydrobromic acid. For the bromides, Werner obtained the specific rotations,

[a] o= +43° (chloroammine) and +46.25° (bromoammine).

Contrary to Werner’s expectations, the compounds proved to be remarkably resistant to
racemizatior in solution, both on prolonged standing at room temperature and even on
heating to incipient boiling. He was able to interconvert various salts within each series
without loss of activity. Even more remarkably, he succeeded in replacing the coordinated
bromine atom in the bromoammine bromide with water

cis- [CO(en)g(NH3)BI]Bl’2 +3 AgN03 + HQO > Cis- [CO(EH):(NH3)H20](NO3)3 +3 Ang

* As a matter of fact, no one has yet succeeded in resolving a complex containing monodentate

groups only,

;Wemer had already developed experimental criteria for distinguishing cis from frans isomers!2!,
Although Wemer used the method of Kipping and Pope20?, improved syntheses for (+)-bromo-

camphorsulfonic acid and its salts have since been reported210-212,

§ These compounds were discovered in 1890 by Sophus Mads Jergensen, Werner’s principal scientific

adversary (ref. 213, pp. 454, 459). It is one of those ironies of history that many of the compounds

which played crucial roles in the victory of the coordination theory over the Blomstrand-Jargensen

chain theory were first prepared by Jorgensén himself214,215,
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and he found that the resulting aquoamminebis(ethylenediamine) salts were optically
active (ref. 121, pp. 21, 186, 188; ref. 149).

According to Werner, the investigation proved that “‘metal atoms can act as central
atoms of stable, asymmetrically constructed molecules [and] that pure molecular com-
pounds can also occur as stable mirror image isomers, whereby the difference between
valence compounds and molecular compounds, which is still frequently maintained, dis-
appears entirely” (ref. 61, p. 1890). Moreover, it confirmed *‘one of the most far-reaching
conclusions of the octahedral formula”. King considered the resolution to be “*the last
proof for the octahedral formula assumed by A. Werner” (ref. 150, p. 59). He attributed
the optical activity to mirror image isomerism rather than exclusively to the presence of
an asymmetric atom. “Whereas until now only a few carbon compounds with such steric
structure are known, a considerable number of such metal-ammines have already been
successfully prepared” (ref. 150, p. 59).

Improvements in instrumentation which occurred in the first decade of the present
century may have played the largest role in Werner’s success>'®*?'7. Before this time,
polarimeters, color filters, and light sources were still in too primitive a state to permit
easy observation of the deeply colored solutions with which Wemer was forced to work. It
was only shortly before the time of Werner’s success that the Schmidt and Haensch Model
No. 8142 polarimeter became commercially available. This instrument, which brought
Werner his long-sought success, was based upon the specifications of Hans Heinrich
Landolt?!%:21% and included several new features of importance for measuring small
rotations, especially the Lippich Halbschatten (half-shadow) device?29:22! which better
defined the uniform gray appearance midway between the extinctions of the two halves
of the field and thus increased the precision in determining the zero points.

Another factor that may have proved crucial was Werner’s choice of the wavelength of
the light used for his measurements2!7, Most of the rotations at that time were measured
at the wavelength of the sodium D-line produced by thermal excitation (589 nm), but
the intense color of Werner’s solutions would have rendered use of this wavelength
difficult. At about the time of Werner and King’s success, Landolt had described the use
of filters to obtain different wavelengths. By employing z pair of colored solutions {(crystal
violet and potassium chromate) as a filter for his Nernst projection lamp?22:233, Werner
obtained a light of optical mass-center 665.3 nm, very close to the wavelength of the
Fraunhofer C-line (656.3 nm), and all of his optical rotation values®! are reported as
[a] ¢ rather than {a] 5.

“Whenever Werner opened up a new field, he expanded it with unbelievable speed.”
This statement!®® of Paul Karrer has been amply confirmed by Werner’s investigations of
optically active complexes, for once Werner and King®! had found the key to the resolution
of complexes in 1911, a large number of articles describing additional resolutions appeared
from Werner’s institute with great rapidity. Within eight years, he and his students had
resolved more than forty series of complexes. As will be seen below (Section B(iii)(a)),
Werner even repaid his debt to Pasteur by using optically active inorganic octahedral
complexes, which had been resolved by means of organic substances, to resolve in tum
dimethylsuccinic acid22:165 and diphenylsuccinic acid!76, both organic tetrahedral com-
pounds. These numerous resolutions by Werner and his students will now be discussed,
but in much less detail than the historic resolution by Werner and King.
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(b) cis-[Co(en),(NH3)H, 01X 5

Both the cis- and frans-aquoammine compounds are red and are prepared by the action
of potassium hydroxide solution on the corresponding haloammine compounds (ref. 17,
pp. 112-113; ref. 18, pp. 402-403; ref. 24; ref. 121, pp. 185-192; ref. 149). As mentioned
in Section B(i)(a), Werner and King converted a solution of the active bromoammine
bromide to one of the active aquoammine compounds by heating with silver nitrate
(ref. 61, pp. 1889, 1896), but no details were given, and the solid compound was appar-
ently never isolated. They (ref. 61, p. 1896) only reported a rotation of 0.25° for a 0.8%
solution of “aquated” (+)-cis-[Co(en),(NH3)Br]Br; in a 2-dm tube in order to show that
the resulting (+)-cis-[Co(en),(NH3)H,0]3* salt was optically active. From these data, the
specific rotation [x] o should equal +15.62%. The only other citations by Wermner of these
compounds are in a lecture given before the Société Chimique de France on May 24th,
1912 (ref. 90, p. XXI), where he gives an [a] value of +124° for [Co(en),(NH3)H,0]X;
and in Neuere Anschauungen (ref. 60(a), p. 362; ref. 60(b), p. 382) with the value
[M] = +392°. Tupizina in her dissertation (ref. 172, pp. 14, 23) reports a value of
[M] = +700°. More recent measurements at wavelengths from 440-650 nm of the optical
rotation, circular dichroism, and absorption spectra of a solution of the (+)-nitrate
prepared by Werner’s method were obtained by Mathieu (ref. 224, p. 698).

(c) cis-[Co(en),(NO3)CIIX

Werner was the first to prepare both the cis (bright red)*97:*2-131 and trans (brownish
red)'®%12! forms of the chloronitro compounds by the action of sodium nitrite on trans-
[Cofen), Cl, [X. Because compounds containing Co-N bonds are usually yellow or brown
while those with Co-O bonds are usually red, Werner and Zinggeler initiaily believed these
salts to be nitrito (Co-ONO) compounds, but they later (ref. 112, p. 768; ref. 133) decided
that they were nitro (Co-NQC;} compounds. The configurations of the isomers were
confirmed by Werner’s resolution of the cis series®3-84:161

Werner's resolution of these compounds, described in the third paper of his series on
the asymmetric cobalt atom®3, illustrates an unusual case of mutarotation, similar to
that observed with dextrose in the organic field. He isolated the (—)-nitrate and the (+)-
and (—)-chlorides and iodides (ref. 17, pp. 261-263; ref. 18, pp. 490491, ref. 24). He
found that, on standing, [a]p for the (+)-chloride rose from an initial value of +20° to a
constant value of +52°, accompanied by a change in color from red to yellow*. Both effects
were due to the rapid aquation reaction

[Co{en),(NO2)CIICL + H,0 - [Co(en),(H,0)NO, ICI,

which caused difficulties when silver (+)-camphorsulfonate and (+)-bromocamphorsulfon-
ate were used for the fractional crystallization of the diastereoisomers. Werner therefore
used the ammonium salts, which rapidly precipitated the diasterecisomers. By heating the
active chlorides with NaNO,, Werner obtained the corresponding active flavo compounds,
(+)- or (—)-cis-[Co(en)(NO; ), X, which were isolated as the perchlorate salts. By the
action of KSCN on the (—)-chloride, Werner obtained active (—)-[Co(en),(NO,)NCS]X
(see ref. 161).

* The value eventually fel to zero after a week because of autoracemization.
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(d) cis-[Co(en),(H,0MNO, 1 X,

Although both cis and trans isomers of nitroaquobis(ethylenediamine)cobalt(I1l) salts
exist, salts of the cis series were not isolated by Werner in the solid state (ref. 17, pp.
143-144; refs. 24, 121). Solid compounds, however, were later prepared by others (ref. 18,
pp- 461-462; ref. 225). Of the optically active cis series Werner described only the (+)-
and (—)-chlorides, which he obtained in aqueous solution by aquation of the correspond-
ing chloronitro compounds (see previous section) (ref. 63, pp. 3273, 3276; ref. 84, p. 457;
ref. 90, p. XXI). He reported the following values of the specific rotation {a} for the (+)-
and (—)-salts for red, yellow, and white light, respectively: +31°, —35%; +52°, —48°;
+52°, —55°. The compounds racemized only slowly, but the solutions became completely
inactive after a week. Werner also prepared an insoluble polyiodide, from which he prepared
an active iodide, but he gave no details or numerical data (ref. 63, pp. 3273, 3276).
Tupizina (ref. 172, pp. 14, 23) reports [M] = +196° for cis-[Co(en),(H,0)NO, ]X;.

(€) cis-[Co(en),(NO,)Br1X

The optical isomers of the bromonitro series are described in the dissertations of two of
Werner’'s Doktoranden, Alexander Fraenkel!>S and Otto Ditwiler (ref. 17, p. 264; ref. 18,
p. 533; refs. 24, 178). Resolution was accomplished by means of ammonium (+)- or (=)-
camphorsulfonate, and the chlorides, bromides, todides, nitrates, perchlorates, sulfates,
peroxydisulfates, dithionates, and thiocyanates were isolated (ref. 178, pp. 31-49). The
specific rotations are approximately the same as those of the corresponding chloronitro
compounds (Section B(i)(c)), but in aqueous solution the activities quickly increase to
maximum values caused by the formation of nitroaquo salts (see previous section). The
salts exhibit anomalous rotatory dispersion and the Cotton effect (ref. 226; ref. 227,
p- 247; ref. 228, pp. 473, 484; ref. 229).

(N cis-[Co(en),(NO,INCSIX

The cis salts are brownish-yellow, while the frans salts are dark brown; the two series
can be differentiated by the solubilities of their sulfates (ref. 17, pp. 269-271; ref. 18,
pp- 546-547; refs. 24, 102; ref. 121, pp. 157, 230-245; refs. 126, 131, 134, 137, 230).
Werner and Gerb first believed that the salts were nitrito compounds!©7:131:230 byt Werner
later designated them as true nitro compounds (ref. 121, pp. 162, 163). The cis compounds
can be prepared by the action of KNCS on cis-[Co(en),(NO, )C11X (see Section B(i)(c)).
The cis configuration was established by the preparation of optical isomers, not by
resolution, but by treatment of the optically active ¢is-[Co(en), (NO;)C1} X with KNCS
(ref. 63, pp. 3274, 3278; refs. 84, 90, 161). The optically active nitrites, nitrates, chlorides,
bromides, iodides, perchlorates, thiocyanates, and perchlorates were isolated and are
described in the dissertation of one of Werner’s numerous female Doktorandinnen, Ida
Wilbuschewitsch (ref. 182, pp. 44-59). The active bromides (ja} 5 = £100°) exhibit
anomalous rotatory dispersion and the Cotton effect (ref. 226, p. 146; ref. 227, p. 246).

(g) cis-[Co(en), BrCNI X

The cis (violet-gray to slate gray) (ref. 121, pp. 57, 118, 120) and trans (green) salts
(ref. 121, p. 119) of this series were first prepared by Werner by the action of concen-
trated HBr on cis-[Co{en),(H,0)C1]Br, or by dehydration of this compound at 110°C.
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Werner and Tschernoff, in the eighth article in the series on the asymmetric cobalt atom®®,
confirmed the configuration of the violet-gray series by resolution of the compounds with
ammonium (+)- and (~)-bromocamphorsulfonates. The nitrates, chlorides, bromides,
sulfates, and dithionates of both enantiomeric forms were isolated (ref. 17, pp. 265-266;
ref. 18, p. 533; refs. 24, 38). For the bromide, {Co(en), BrCl]Br-H,O0, the spec:t‘ ic
rotations [a]w for white light were found to be +148° ((+)-salt) and —155° ((—)-salt).

In solution, salts of the chlorobromo series readily undergo aquation with complete loss
of optical activity within 30-60 minutes.

(h) cis- [C‘o(en)z (NH3 )NO: ]X2

The salts of both sterepisomeric nitroammine series are brownish-yellow, but the ¢is
salts are more soluble and deeper in color than the frans salts, except for the dithionates,
for which these relationships are reversed. The compounds, first isolated by Werner and
Boés (ref. 121, pp. 55, 59, 168, 216-228; ref. 146), are usually prepared by the action
of NaNO, or HNQ, on cis-[Cofen); (NH3)H, O]X5, but other preparative methods are
available (ref. 17, pp. 139-141; ref. 18, pp. 466-468; ref., 24). The two series may be
differentiated by means of the dithionates. The configuration of the salts of the ¢is series
was confirmed by resolution. This work was not published by Wemner, but it appears in
the dissertation of Ida Wilbuschewitsch (ref. 182, pp. 55-60), who “oxidized™™ (+)- or
(—)-cis-[Co(en),(NCS)NO, JNO s with 30% H,0, and precipitated the corresponding
diastereoisomers with ammonium (~)- or (+)-bromocamphorsulfonate, respectively.
Treatment of the diasterecisomers with HBr yielded the (+)- and (—)-bromides
(fa] ¢ = £20°%; [a] p = £50°; [a] E = +150°). The enantiomers exhibit a2 pronounced
anomalous rotatory dispersion®? and the Cotton effect?26,

(i) cis-[Co(en),(H,0)CI1 X,

Although compounds of this formula should theoretically exist in two sterecisomeric
configurations, only one series of salts (blue-red) is known (ref. 17, pp. 168-170; ref. 18,
p. 460; ref. 24)*™. Werner identified these as the ¢is compounds by means of their colors
and substitution reactions (ref. 121, pp. 17, 46, 56, 121-125; ref. 120, p. 875; refs. 149,
158, 184). The most conc!usnfe proof, however, was provided by their resolution by means
of ammonium (+)-bromocamphor-II-sulfonate. This work was not pubhshed but appeared
in the dissertation of one of Wemer’s Dokroranden, Hermann Fischlin'?®, who isolated
both (+)- and (—)-forms of the chloride, bromide, sulfate, selenate, oxalate, and dithionate.
The salts exhibit anomalous rotatory dispersion!”? and the Cotton effect?Z5. The specific
rotation [a] p for the active bromide was found to be £215° (ref. 179; ref. 75, p. 117).
Bailar and Peppard2%6 consider the chloride, which is dextrorotatory for Nap light,
to be the (—)-compound. Treatment with ammonia converts the active chloroaquo salts
into the corresponding optically active chlorohydroxo salts (ref. 179, p. 42) (see the
following section), while treatment with acetylacetone or propionylacetone converts them

* Although Werner considered this reaction with Ha0, an oxidation, fione of the elements involved
N,C.or85) undergoes a change in oxidation number, and the reaction is more properly an aguation
and protonation: NCS~ + H20 + H*— NH3 + COS.

** The sole exception is tive chloride, which also exists in a gray~green (rmns) form (ref. 231, pp. 256,
257), which can be converted into the more stable blue-red cis form232
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into the corresponding optically active acetylacetonatobis(ethylenediamine) and propionyl-
acetonatobis(ethylenediamine) salts”S (see Section E<ii)(f)).

{71 cis-[Co(en),(OHNCII X

Like those of the previous series, these compounds exist in only one series, the ¢is
(dark violet) salts (ref. 17, pp. 259-260; ref. 18, pp. 527-528; ref. 24; ref. 121, pp. 18,
122, 130). Only the chioride exists in a pigeon-gray (trans) form (ref. 231, pp. 241, 255).
The cis compounds were not resolved per se, but by treatment of active cis-
[Co(en),(H,0)C1]Br, (see previous section) with a 1:1 mixture of concentrated ammonia
and absolute ethanol. Fischlin!”? obtained the corresponding active bromides of the
chlorohydroxo series, which he was also able to convert into the active nitrates. For the
nitrates, which exhibit anomalous rotatory dispersion (ref. 179, pp. 44, 46) and the
Cotton effect (ref, 226, p. 46), [a] p = +530°(+) and —542°(—). The values are only
approximate and quickly decrease because of autoracemization. According to Pearson
et al.233 | [Co(en),(OH)CI]X salts are unknown in the solid form and are stable in
solution to only a limited extent.

(k) cis-[Colen),(NCSYCII X

The trans-chloroisothiocyanato salts are violet, easily soluble, and stable in aqueous
solution, while the cis salts are bluish pink, soluble only with difficulty, and in aqueous
solution are quickly converted into isothiocyanatoaquo salts (see next section). At first
(1899), Werner et al. (ref. 102, p. 154; ref. 125) erroneously considered the
[Co(en),(NCS)Cl}X salts, obtained by the action of KNCS on trans-[Co(en),Cl; JCl, as
thiocyanato compounds, but later (1912) Werner realized that they were isothiocyanato
compounds (ref. 17, p. 271-275; ref. 18, pp. 547-549; refs. 24, 121; ref. 120, p. 876).
The cis chloride was resolved by Wera (Vera) Tupizina, a young Russian Doktorandin
of Werner, by means of ammonium bromocamphorsulfonate®?: 172, She isolated both
antipodes of the chloride, bromide, iodide, nitrite, nitrate, perchlorate, dithionate, and
thiocyanate!”2. The compounds exhibit strong anomalous rotatory dispersion and the
Cotton effect?26, Absorption spectra for the compounds were measured by several of
Wemer's students'#9:177:18% Treatment of the (—)-salts.with NaNO, produces (+)-
[Co(en),(NQ,)NCS] X salts. In aqueous solution, the optically active compounds are
converted into the corresponding active cis-{Co(en),(H,O)NCS]X, salts®4,

() cis-[Co(en),(H,OINCS1X, -

Both series of isothiocyanatoaquo compounds are formed by action of mineral acids
on the corresponding isothiocyanatohydroxo compounds; the cis salts are yellow-red,
whereas the trans salts are violet (ref. 17, pp. 185-186; ref. 18, p. 466; ref. 24). Wemer
proved!?! the compounds to contain Co-NCS bonding in both series by “oxidizing” them
with H,0,, evaporating them with HCI, and obtaining cis- or trans-[Co(en),(NH3)C1]Cl,.
The cis compounds were obtained in optically active form, not by resolution, but by
aquation of the corresponding chloroisothiocyanato compounds (see previous section;
ref. 84, p. 459; ref. 90, p. XI; ref. 172). Absorption spectra, rotatory dispersion, and
circular dichroism have been measured (ref. 224, p. 696).
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(m) cis-[Co(en)(NH;INCS1X
Werner first prepared the brick-red to brownish red isothiocyanatoammine salts in two

stereoisomeric series by treating the corresponding isomers of [Co{en),{INCS)CI}X or
(Co(en) (NCS)Br] X with liquid ammonia (ref. 17, pp. 183-185; ref. 18, p.471; ref. 24;
ref. 121, pp. 49-55, 205-213; ref. 120, p. 876; ref. 172, pp. 38-39). The series are
separated by means of the thiocyanates, the cis compound being much more soluble than
the frans. Werner showed that the compounds contained Co-N rather than Co~S bonding
since on “oxidation” with H,0, they yielded the corresponding [Co{en),(NHj3),3*
compounds. The ¢is compounds were not resolved per se, but Wemer’s Doktorand Rudolf
von Arx converted the optically active (+)- and (—)-cis-[Co(en),(NCS)CI]CIO, (see
Section B(i)(k)) to the corresponding active cis-[Co(en),(NH;)NCS](NCS)CI with liquid
ammonia (ref. 177, p. 55). He also isolated the active chloride, bromide, nitrite, nitrate,
perchlorate, and thiocyanate (ref. 177, pp. 64-73). The compounds exhibit strong
anomalous rotatory dispersion (ref. 177, p. 55; refs. 226, 228, 234).

(it} Type M(en),B,

(a) cis-[Co(en),(NO3),]X

The dinitrobis(ethylenediamine)cobalt(I11) salts can be prepared by the action of
ethylenediamine on K3 [Co(NO3)e] and by other methods (ref. 17, pp. 216-222; ref. 18,
pp. 505-509; ref. 24; ref. 32, pp. 243-247; refs. 39-42, 104, 105, 121, 130, 132, 158).
They exist in two stereoisomeric series, cis (flavo) and trans (croceo). Werner!04-105 first
{1901) believed them to be nitrito compounds but later, after discovering the true nitrito
compounds (1907) (ref. 111, p. 264; ref. 112, p. 771; refs. 133, 140), he designated them
nitro compounds.

In the second paper®? of his series “Toward an understanding of the asymmetric cobalt
atom”’, Werner resolved compounds of the cis-[Co(en),(NO,), 1X (flavo) series by a
combination of two resolving agents®* 163, With the flavo salts, which led to Werner's
postulation of molecular asymmetry I, (+)-camphorsulfonic acid forms a less soluble (—}
salt, whereas a-(+)-bromocamphorsulfonic acid forms a less soluble (+)-salt. In this way,
Werner was able to avoid the use of the sulfonic acia derivatives of the uncommon
(—)-camphor. All attempts to resolve salts of the rrans-[Co(en),(NO; ), IX (croceo) series
ended in failure although crystalline camphorsulfonates were obtained. This result lent
further weight to the octahedral hypothesis, which predicted that the ¢is, and only the
cis, form should be resolvable. It simultaneously added resolvability as a new and powerful
weapon to the arsenal of the stereochemist seeking to determine the configuration of
isomeric complexes.

Werner isolated both antipodes of the chloride, bromide, iodide, nitrate, perchlorate,
sulfate, and thiocyanateS2. He later (1914)7! resolved (¥)-cis-[Co(en);(NO;), 1 X
compounds by preferential crystallization with “seed crystals” of (+)-[Co(en)2,C2041X
(see Section B(ii){(d)). Dwyer and Garvan®® have also accomplished the resolution by
means of potassium (+)-tartratoantimonate(I1I) (tartar emetic), and Kuroya et al 235
have reported the asymmetric adsorption of the dissolved compounds on powdered
quartz®3% . Mzasurements of rotatory dispersion and the Cotton effect have also been
made on the optically active compounds (ref. 227, pp. 246, 250; ref. 228, pp. 487, 489;

refs. 237, 238).
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(b) cis-[Co(en),Cl1X

The dichlorobis(ethylenediamine)cobalt(111) salts constitute the oldest known case of
geometric isomerism among octahedral complexes and probably the best known example
of cis-trans isomerism among inorganic complexes in general. Both the green frans {praseo)
(ref. 239, p. 15) and violet cis (violeo) (ref. 213, p. 448) series were first prepared by
Jorgensen. He obtained the latter from solutions of the former by repeated evaporation.
Numerous preparative methods for both series are available (ref. 17, pp. 235-243; ref. 18,
pp. 514-524; ref. 24; ref. 32, pp. 237-239; refs. 43, 84, 121, 136). Jergensen claimed
that the two series were structural isomers produced by different bondings within the
ethylenediamine molecule, whereas Werner, beginning with his very first article on the
coordination theory (ref. 99, p. 298) insisted that they were cis-trans stereoisomers, and
the compounds thus played an important role in the history of coordination chemistry.
Another theory of their constitution was later advanced by Friend?*? and opposed by
Turner?#, but, as is well known, Werner’s views prevailed.

Wemer proved the cis configuration of the violeo salts by preparing them through
treating with hydrochloric acid cobalt complexes containing closed rings such as

OH
[Co(en),CO3 X, [Co(en),505]X, and {(en)2Co<HO>Co(en)2}X4, but more conclus-

ively by resolving them in the fourth paper“1 in his series Zur Kenntnis des asymmetrischen
Kobaltatoms, in which he isolated both enantiomers of the chloride, bromide, sulfate,

and dithionate®®. The resolution has since been repeated by Bailar®3, and resolutions by
means of (—)-quartz®*? and (+)-quartz?*3 have been reported.

Since coordinated chlorine atoms appear to be replaced by water when silver salts are
used as resolving agents, Werner resolved the cis-[Co(en), Cly ] X compounds by use of the
ammonium salts of (+)- and (—)-bromocamphor-n-sulfonic acids®®. Although the active
salts are perfectly stable in the dry state, they racemize rapidly in solution, losing all
activity within a few hours, and forming chloroaquo and diaquo salts. Nevertheless, in
some cases, Werner ohserved that not only could the coordinated chlorine atoms be
replaced by other ions without loss of activity but that some reactions of inorganic com-
plexes proceeded with a change in the sign of rotation. Thus when the (—)-chloride® was
allowed to react with potassium carbonate in aqueous solution, the (+)-carbonato chloride
was obtained.

(-)-cis-[Co(en),Cl,]C1 + K,CO3~ (+)-[Co(en),CO;3 ICl + 2 KCl

At first glance, one might erroneously conclude that this reaction is an inorganic counter-
part of the well-known organic Walden inversion 47+ 164,2447247

KOH
HOOC-CH,-CHCI-COOH R s P HOOC-CH,-CHOH-COOH

(+)- or (—)-chlorosuccinic acid (—)- or (+)-malic acid

* Now that the absolute configuration of this complex has been determined, Werner's designation
“I* should be replaced by “D".
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Yet Werner was astute enough to realize that the sign of rotation is not determined
simply by the absolute configuration of a complex and that consequently a change in the
sign of rotation need not be attributed to an inversion of configuration®.

On the basis of reactions involving the least soluble bromocamphorsulfonate diastereo-
isomers of the cis-[Co(en),(NCS)C1]" and cis-[Co(en),(NO,)C1]* ions with NO, ™ and
NCS™ ions, respectively, Werner®® concluded that displacement reactions always occur
with retention of configuration. Although Wemer’s general conclusion was incorrect, his
belief that the reaction observed between (—)-cis-[Co(en),Cl; ]Cl and potassium carbonate
was not a true inversion was a correct one. The first example of a “Walden inversion™

among inorganic compounds was not discovered until 1934 by Bailar and Auten204299:250
(—)cis-[Co(en),Cl,]* (#)-cis-[Co(en), Cl, I*
retention of ale. aq. g0, alc. retention of
configuration  HCI || K,CO4 M HCl configuration
Copg: Vlon
ool .
(+)-[Co(en),CO;] n (—)-[Co(en);CO;5]

Circular dichroism (ref. 228, p. 497) and rotatory dispersion?2%-22% studies showed that
the reaction of the chloro complex with potassium carbonate first observed by Wemer
actually takes place with retention of configuration, whereas the reaction with Ag,CO4
results in inversion (Sy 2 displacement process). Another Walden inversion occurs when
(—)-cis-[Co{en), Cl, ]Cl is treated with liquid ammonia?%!, and the phenomenon is currently
of great research interest24%:259

(©) [Co(en);CO;3]1X
Since the carbonate ion is easily replaceable by other anions and it forms a ring with

the cobalt atom (Co’\'g>C=0), these bluish red compounds exist only in the cis config-

uration, and consequently, together with the carbonatotetraammine compounds, they

have served for configurational determinations of diacido and diaquo tetraammines and
diaquobis(ethylerediamine) compounds (ref. 17, pp. 283, 284; ref. 18, pp. 536-538; ref.

24; ref. 32, pp. 229, 230; ref. 121, pp. 72-79; ref. 145). Absorption spectra relating these
series have been especially important in such structure-proofs (ref. 149, pp. 98, 99; ref.

158, pp. 39, 40; refs. 252, 253). Werner prepared the racemic carbonatobis(ethylenediamine)
compounds by heating solutions of trans-dichloro compounds with sodium carbonate or
potassium carbonate (ref. 121, pp. 72-79). Since King and other students of Werner were
unable to resolve [Co(en),CO1 X compounds by diastereoisomer formation, Werner and
McCutcheon obtained the desired optically active compounds by heating solutions of

*As a pertinent example, Werner's (—)-cis-[Co(en)zClal* ion, which he found to be levorotatory
toward cadmium red light (644 nm)$4, was later found to be dextrorotatory toward sodium light

(590 nm)348,
** Bailar and others later found that Ag* is unnecessary; addition of base is sufficient to produce

invexsionzsoa:bac.
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optically active cis-dichloro chloride with potassium carbonate and reported this in the
sixth paper®® of the series Zur Kenntnis des asymmetrischen Kobaltatoms.

(#)- or (—)-cis-[Co(en),Cl; [Cl + K,CO3 = (—)- or (+)-[Co(en),CO5 ICI + 2KCl

They found that the rotation of the active salts was opposite in sign from that of the
dichloro compounds from which they were prepared. The chlorides, for which they
obtained the value [a] o = #350°, became inactive when heated in solution to 90°C. At
room temperature the activity of a chloride solution fell to one-half its initial value. Werner
and McCutcheon also isolated the optically active iodides and dithionates.

The optically active isomers have since been prepared by reactions similar to those
used by Werner and McCutcheon?947206 Resolutions by means of selective adsorption on
powdered quartz?3% or on starch?5% have been reported. Measurements of circular dichro-
ism, rotatory dispersion, and the Cotton effect have also been made?27-22%,

(@) [Co(en),C2041X

These extremely stable yellow-red to brown-red compounds exist only in the cis form
and are similar to the corresponding carbonato salts (ref. 17, pp. 288-291; ref. 18. pp.
538-539; ref. 24; ref. 100, pp. 150-157;ref. 121, p. 77). Even on prolonged boiling in
solution, aquation does not occur. Werner and McCutcheon (ref. 66, pp. 3286-3287)
obtained the optically active salts by heating solutions of the optically active cis-dichloro
chloride with potassium oxalate

(#)- or (—)-cis-[Co(en);Cl, JC1 + K2C,04 = (—)- or (+)-[Co(en),C,04]Cl + 2 KCI

As was the case with the carbonato compounds, the rotation of the active salts was opposite
in sign from that of the dichloro compounds from which they were prepared. The anti-
podes were found to be extremely stable, and racemization did not occur on warming the
solution. Wemner and McCutcheon also prepared the optically active iodide and nitrate.

The optically active oxalato compounds have since been obtained by others294:206 3n4

the stable antipodes used in turn to resolve other coordination compounds*?®, Réesolutions
have also been accomplished by adsorption on quartz235:242 and measurements of
rotatory dispersion and the Cotton effect have been made?27 ~229:238

In the eleventh article of the series Zur Kenntnis des asymmetrischen Kobaltatoms
Werner and Bosshart reported not only their development of a new method of resolution—
preferential crystallization (ref. 8, p. 332)—but also their finding that the previous
rotation values®® for the active oxalato salts were too low. Addition of a “seed” crystal of
(+)-[Co(en);,C, 04 ]Br to a concentrated solution of (£)-[Co(en),C,04 ]Br, followed by
addition of ethanol and ether, produced a precipitate of pure (+)-[Co(en),C504]Br. The
{—) salt was then recovered from the solution. The optically active chlorides, iodides,
nitrates, perchlorates, dithionates, and thiocyanates were also isolated.

Werner showed that the method was not limited to salts of the same series or even of
the same metal by his use of “seed” crystals of (+)-[Co(en),C404}X in resolving (¥)-cis-
[Co(en),(NO,), 1X (resolved the previous year)®? and (+)-cis-[Cr(en)2C204 1X. The
chromium compounds had previously resisted all attempts at resolution. Any isomorphous
“seed™ crystal may be used, but the new method is applicable only when the active salts
are much less soluble than the racemic salt. Marcel Delépine?°5:2 Jater used a similar

71,159
3
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process in developing his method of *‘active racemates”, which has been used not only for
the resolution of racemic mixtures but also for the determination of relative configurations,
Relatively little work has been done with the technique of preferential crystallization,
largely because of the success of other methods, yet Werner’s method possesses consider-
able potential as a method of resolution and configurational determination®7.

(e) cis-[Co(en),(NH3);1X

The brown to red-yellow diamminebis(ethylenediamine)cobalt(III} salts exist in two
stereoisomeric series, one easily soluble (¢is) and one difficultly soluble (zrans) (ref. 17,
pp- 85-89; ref. 18, pp. 395-396; refs. 24, 102, 110, 121, 125, 138, 143, 152). A mixture
of compounds of both series is obtained by the action of liquid ammonia on cis-
[Co(en),Cl, 1 X, cis- and rrans-[Co(en),Br,1X, trans-[Co(en), (NH3)C1] X, or cis- and trans-
[Co(en),(NH3)Br]X. Werner established the configurations of the isomeric series from
their preparations by oxidation of the corresponding isomers of the diisothiocyanato
compounds, but because of a mistake in the configurational determination of the latter
compounds (ref. 110, p. 65), the desigrations of the configurations of the diammine
compounds are reversed in his paper of 1906 (ref. 110, p. 79). Wemer later corrected
his error (ref. 121, p. 78), and his configurational assignments were confirmed by his
preparation, with Shibata, of optically active cis compounds in the seventh paper of the
series Zur Kenntnis des asymmetrischen Kobaltatoms%”.

Because all attempts to resolve racemic cis-[Co(en),(NH3), JX; salts by means of
active acids had ended in failure, Wemner and Shibata%7 converted active eis-[Co(en),(NH3)-
Br]X, salts®! into the corresponding active diammine salts by treatment with liquid

ammonia.
cis- [CO(C“}Q(NHg)BY}XQ + NH; = cis- {CO(BR);(NHg): ]XQBE'

Since the first complex contains an asymmetric cobalt atom, whereas the second shows
molecular asymmetry I, the reaction indicates that a transition from one type to the
other is possible. The active chlorides, bromides, iodides, perchlorates, and nitrates were
isolated, and the preparations have since been repeated by others®*!258, Measurements
of rotatory dispersion and the Cotton effect have been made by Werner’s students'?7226
and by 0them228.234,259

() [Co(en)y(acac)} X, and [Colen),(prac)] X2

Werner was the first to prepare a metal g-diketonate compound %8, but since his day a
large number of such compounds have been prepared?6%. In the last article he published
before his death, Werner, together with his Russian A ssistentin Sophie Matissen”% 151,
found new evidence for his long-held view (1901) that metallic salts of diketones should be
viewed as inner complex salts in which a g-diketonate anion cccupies two coordination
positions'%8, They succeeded in introducing the anion of the simplest g-diketone, acetyl-
acetone, into the coordination compound [Co(en),(H,0)OH]Br, in place of the two
coordinatively monovalent groups H, O and OH. Attempts to resolve the resulting
[Colen),(acac)]Br, were unsuccessful, but by treating (+)- and (—)-cis-[Co{en)2(H,0)-
Cl1]Br, (see Section B(i)(i)) with the calculated amount of aqueous KOH, Werner
et al.”%, Schwyzer®! and Karrer!3? obtained solutions of the corresponding optically
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active cis-[Co(en),(H,0)OH]Br,. By warming these solutions with acetylacetone or
propionylacetone, they obtained the corresponding optically active salts

CHy CHCHy
Cl‘,——O C/ o
ol ~ =
CH Colen), B, or|cCH Co(er, | Bry (ref. 17, pp. 187 -189; refs. 24,75}
e e ~ o
C==0 C=—=0
\
CHy cHy

They isolated the chlorides, bromides, iodides, nitrates, perchlorates, peroxydisulfates,
and thiocyanates of the first series and the iodides, nitrates, perchlorates, and peroxydi-
sulfates of the second series. The red compounds are extremely stable, and the solutions
can be evaporated to dryness without racemization. The salts exhibit anomalous rotatory
dispersion and the Cotton effect”5:226

(i) Type M(en),

(@) [Co(en)3]X;

These brownish yellow compounds, first prepared by J¢rgensen (ref. 239, pp. 8-15),
can be obtained by oxidation of cobalt(ll) salts in aqueous ethylenediamine or by heating
acidopentaamminecobalt(IIf) salts with aqueous ethylenediamine (ref. 17, pp. 73-80; ref.
18, pp. 351-369; ref. 24; ref. 32, pp. 186-188; ref. 34, p. 1538; ref. 35, pp. 93, 100;
refs. 36, 45-47). In the fifth paper of his series Zur Kenntnis des asymmetrischen Kobalt-
atoms (ref. 36, pp. 66-74; refs. 65, 169), Werner reported his success in resolving
[Co(en);1X; salts, designated as examples of molecular asymmetry H, by crystallization
of the chloride tartrate or bromide tartrate, one of the few cases among inorganic com-
plexes in which tartaric acid proved useful as a resolving agent, the other case being the
structurally similar [Rh(en); [ X3. The active salts of this series were found to be extremely
stable, and Werner and Basyrin later used them in the resolution of dimethylsuccinic
acid'22:15_ Other workers?7:59:256,2617226 phaye since utilized this technique of using
stable optically active complexes as resolving agents. Werner regarded the resolution of
tris{ethylenediamine)cobalt(1Il) salts as particularly important in that it furnished culmin-
ating proof for the correctness of the octahedral configuration, for it ruled out the hexa-
gonal planar and trigonal prismatic configurations*, which would possess a plane of sym-
metry for compounds of type [M(AA);]. It also demonstrated that optical activity does
not require the linkage of different groups to the central atom, and it explained the optical
activity and enantiomorphism of many minerals (Schweinfurt green and apatites) which
may be regarded as constitutionally similar to [M(en);] salts, i.e. basic polynuclear saits'!

HO RO
of types such as [M 0 M) 3] Xy or [M(RO M)3] Xy.

* Coordination compounds with the trigonal prismatic configuration were discovered more than a
half-century later267,
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Werner®S isolated the optically active chlorides, bromides, and nitrates. His resolution
was repeated by Jaeger, who isolated the optically active iodides, perchlorates, and
thiocyanates268:25%, The optically active tris(ethylenediamine)cobalt(III) salts have bezn
extensively investigated (ref. 18, pp. 351-369; refs. 158, 238) and a number of additional
resolutions by various methods have been reported (ref. 36, pp. 66-74; refs. 47, 242, 243,
254, 263, 270, 271). Studies of optical rotatory dispersion and circular dichroism®:27%:2373
have also been made. In 1955, by means of anomalous X-ray diffraction, Saito et at.2747276
established the absolute configuration of the dextrorotatory ion as D(+)-[Co(en)3]3*.

(b) K3[Co(C204)3]

Oxalate chelation has long been used as a diagnostic tool in coordination chemistry,
and consequently the complex oxalates have been extensively investigated?2”. In fact,
more resolution and racemization studies have been made of oxalate complexes than of
any other class of coordination compounds. A wide variety of methods is available for
preparing the well-known deep green potassium trioxalatocobaltate(III) (ref. 24; ref. 30,
pp- 115-116; ref. 31, p. 550; ref. 33, p. 75; refs. 45-50, 278). This compound was the
third of the complex oxalates to be resolved by Werner, being preceded by the corres-
ponding chromium(HE)?® and thodium(I11)2? compounds.

In 1915, Hans Biland, one of Werner’s Swiss Doktoranden, resolved K3 [Co(C;04)3]
by means of strychnine, but the results of his dissertation'®® were never published. Several
years later Jaeger and Thomas (ref. 5, pp. 113-120; refs. 279, 280) first demonstrated
the method of spontaneous crystallization of antipodes from a racemic mixture of a
complex by crystallizing this compound above 13.2°C and mechanically separating the
optical antipodes (ref. 8, p. 331). In practice, however, the standard technique of frac-
tional crystallization of the strychnine diastereoisomers has been used256:279 =282 partijal
resolution on optically active quartz has been reported?#?, Selective decomposition of
the antipodes by circularly polarized light was investigated with negative results by Jaeger
and Berger?®3, but partial resolution by this method has been claimed by Tsuchida
et al.28%, More recent resolutions with optically active complex cations, e.g.
(—)-[Ni(o-phen)3]?* (refs. 50, 263, 285) and (—)-[Co(en)3]3* (ref. 266) are simpler and
vield higher optical activity values. Both antipodes of the [Co(C,04)5]3~ ion racemize
rapidly in solution'66:286:287 and even in the solid state®®2, and numerous racemization
studies have been carried out166:282:286-288 Qntica] rotatory dispersion measurements

have been used to determine the absolute configuration of the trioxalatocobaltate(I1l)
jon281,282,289

(iv) Polynuciear complexes

NH.
@ | emco] 2

ON

The ninth paper in Werner’s cobalt series®9%! was particularly noteworthy not only in
that it proved that polynuclear??? as well as mononuclear complexes could be resolved but
also in that it demonstrated the theoretically predicted analogy between compounds

S
/CO(ER)z X. 4
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containing two asymmetric carbon atoms and polynuclear complexes with two metal
atoms, another striking confirmation of his octahedral hypothesis. In complete analogy
with tartaric acid, HOOC-C*HOH-C*HOH-COOH, which, in addition to the racemic (%)
form, also exists in (+)- and (—)-enantiomers and in an internally compensated nonresolv-

able (meso) form.
H H
COCH i COoH

Identical

CH

HO H
HOOC

HO ko — =~ COOH —_-———nH H

{+)-torm {=)-form meso: form
Werner was able to demonstrate experimentally for the brown binuclear complex

[(en)ZCo(gI: ;I}‘Co(en)z X4 (ref. 17, pp. 360-361; ref. 18, p. 627; ref. 24), the exist-

ence of a racemic (*) form, (+)- and (—)-enantiomers, and an internally compensated,
nonresolvable (meso) form

NH, NH, ) 1 N [T L~ |nH, [y
l / l Identical ‘ l
NO, NO, NG, NOg
. T ¥
(¥)-form (-)-form meso - form

for the bromide, iodide, thiocyanate, and (+)-bromocamphorsuifonate®. Resolution was
accomplished with silver (+)-bromocamphorsulfonate, and treatment of the diastereo-
isomers with concentrated hydrobromic acid yielded the bromides (active with 5H,0,
[a] for white light = +164°, inactive with 6H,0, [a] = 0). The optically active com-
pounds were also prepared’® 37 from the optically active y-amido-u-peroxo compounds
by treatment with HNO,.

According to the coordination theory, the two cobalt atoms in these complexes should
not be structurally identical since one is bound by a principal valence to NO, and by a
secondary valence to NH;, and the other vice versa. The inactivity of the meso-form, how-

- ever, indicates that the two cobalt atoms exhibit no difference even in their action on the
plane of polarized light and that the NH; and NO; groups are symmetrically located with

*1 am indebted to Dr. John C. Bailar, Jr., for pointing out that complexes bridged by NO ; cannot be
symmetrical and that Werner was therefore incorrect in his reasoning (The bridge is M=N-0-M, not
M-0-N-0-M); (see, e.g. U. Thewait and R.E. Marsh, Inorg. Chem., 9 (1970) 1604—1610).
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respect to the cobalt atoms. Consequently, Wemner concluded that “no essential difference
can exist between principal and secondary valence bonds” (*kein prinzipieller Unterschied
zwischen Haupt- und Nebenvalenzbindungen bestehen kann’) (ref. 69, p. 3676) a state-
ment which he also made on other occasions’ %21,

NH.
® (en);Co'f\O;:cqen)z } X,

The next polynuclear ion to be resolved by Werner, in the tenth paper of his cobalt
series’?, the ion regarded by him as the tetrakis(ethylenediamine)-u-amido-u-peroxo-

cobalt(I1)cobalt(IV) ion

g+
(en);CO{W’Qij\;COGm(en)g
0,

first described by him in 1910 (ref. 17, pp. 352-353; ref. 18, pp. 624-625; refs. 24, 119),
presented several interesting problems. Because the two octahedra comprising the complex
contained asymmetric cobalt atoms ([M(en), AB] type) and were also different in that
Werner considered them to contain cobalt atoms in different oxidation states ((1II) and
(IV)), he predicted-the existence of four optically active isomers—(1) (+)-[Co(ID],(+)-
[CoV)], (2) (-)-[Co®™],(~)-Co™], (3) (+)-[Co™P(—)-[Co®™], and (4) (-)-
[Co™P(+)-[Co®™]* (according to the concept of resonance, the last two combinations
are identical, and only three possibilities exist). By diastereoisomer formation with silver
(#)- and (--)-bromocamphorsulfonates, Werner isolated in low yield two optically active
forms for the bromide, nitrate, and dithionate. The active salts were stable in aqueous
solution, but the rotation fell to zero after a week’s standing.

A letter of July 16th, 1911 from Werner to his assistant, Dr. Aegidius Tschudi, shortly
after King's first success shows that Werner had worked on these compounds for several
vears before publishing his results.

“Your congratulations on the asymmetric cobalt made me very happy, and I can tell
you that meanwhile we have resolved some more cobalt-ammines, e.g., the ones that you
found in your private laboratory—series containing two cobalt atoms

(ensCo %2 * Colen), | X,
NH,

with 4-valent cobalt.

* If both octahedra were structurally similar, an internally compensated, nonresolvable (meso) form
should be theoretically possible.
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The series rotates to an extraordinary extent; according to our determinations to date,
the specific rotation is ca. £280°*. i.e., it corresponds to the highest rotation values found
for carbon compounds. Of course we are working feverishly.”

Werner!!? regarded these green (paramagnetic) salts

(en)2Co“V)<NH">‘Coam(en)2 Xa
0,

as “valence isomers” (a particular kind of structural isomer)??? of the red, diamagnetic
salts

HX
NH-~_
(en),Co®™ Co™(en), | X
2 \02 / 2 3

(see Section B(iv)(c)), and a number of polynuclear cobalt complexes which contain
-0,- bridges exist in green (paramagnetic) and red (diamagnetic) series. In a private
communication of June 21, 1946 to Prof. John C. Bailar, Jr., Dr. E.O. Brimm (ref. 293,
p. 100) suggested that, because all the complexes which, according to Werner, contained
“tetrapositive cobalt™ also contained O, - bridges, the magnetic evidence cited on behalf
of Werner’s Co™) state could be explained equally well by assuming these compounds to
contain the superoxide group (O, 7) and tripositive cobait. It was not until twenty years
later that this view was confirmed experimentally25%294-297,

Werner transformed the active salts of the

NH
(en),Co7  *Cofen), | Xa.

series into salts of other series in order to see if the activity persisted and to observe the
effect of substitution on rotatory power. By allowing the parent compound to react with
various reagents, he obtained products, each of which possessed a rotation of opposite

* Werner later9,157 obtained considerably higher values, e.g., [a] 3 =+ 840°, (M]3 =+ 6854° for
the compound

(en)QCoix:)H 3::C0(en)g Bry-5H,0
Fy

He suggested that the valence of the central atom has a marked influence on the magnitude of the
optical activity inasmuch as the rotations for binuclear complexes containing only trivalent cobalt are
much smaller than those observed for these compounds.
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sign and smaller magnitude than that of the starting material®. In this way he prepared
optically active compounds formulated by him as follows.

NH
(enh(:o'\’o ;;‘;Co(en),—; X4 (previously resolved in ref. 69; see Section B(iv)(a)); ~
L. 2 -
NH
(en)2Co™) " >Co™(en), | X
\-0 ~
2

later formulated?®® as

~Cofen), } X3-HX

[(en)ZCU\O 2

but actually?°¢

(en),Co CQ(en)z X4 (see Section B(iv)(c));

NH
\/
i OH

(en)g(:o(m’<iﬁ >Co(“"(en)2 X4 (see Section B(iv)(d));
2

- -
(en),Co::Nﬁz\*Co(cn)g X4 (see Section B(iv)(e)); and
H

(en)2Co/ NHa~, Co(en)2 X3 (see Section BGv)(E))
~s0s”

~

These preparations, which proceed without racemization, represent the first examples of
oxidation-reduction reaciions among optically active complexes. A number of similar redox
reactions have since been demonstrated2°%:390,

* Later rotatory dispersion studies have shown the generic configuration of the products to be the
same as that of the reactant252,
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(©) (en)zCo/\N:2/\Co(en)2 X,

OH

These red, diamagnetic salts were first prepared by Werner by careful neutralization of

f:(en)ZCo’iNP!)Co(en);} X3 (Section B(iv)(d))

with mineral acids (ref. 17, pp. 350-351; ref. 18, pp. 624-625; refs. 24, 119, 301). These
unstable compounds give a strongly acidic reaction in aqueous solution and are converted
into

(en) Co”” H2\‘ch(en) X, (Section B(iv)(b))
2 \0 // 2 4 .

2

Wermner considered the two series to be “valence isomers™ (ref. 119, p. 7). Thompson and
Wilmarth?®® later considered the compounds to be acid salts

~NH,<,
[(en)zco ~ /Co(en)zl X:;‘HX

but Thewalt and Marsh??? showed them to contain hydroperoxide bridges,

NH
(en)zCﬂ\ /CO(en)z X4

OH

Wemner %157 prepared the optically active bromides of this seties by treating optically active
[(en)2Co\ /Co(en)2 Brg

with concentratéd aqueous ammonia, cooling, and adding concentrated HBr. From these,
he prepared the active dithionates by metathesis.



128 G.B. KAUFFMAN

@ !:(3")200<NH/\3C0(€”)2:{ X

Werner was the first to prepare these brown salts from the green, paramagnetic

{(en);CO\ /CG(CH)Q :’ Xa

compounds by removing one molecule of HX with NHj (ref. 17, pp. 349-350; ref. 18,
p- 623; ref. 24; ref. 119, pp. 74-76; ref. 301). Werner et al. prepared the optically active
iodides from the optically active u-amido-u-superoxo iodides by this method (ref. 70,
pp. 1963, 1973; ref. 157).

NH,., 1
e | (en),co”” Co(en), | X.
[ " 2J

These red salts were first prepared by Werner by reduction with HI of either the green

[(en)zc' \ Co(en);]

or the red

(en), Co” “Co(en), Xg

S /

OH
(ref. 17, p. 356; ref. 18, p. 626; refs. 24, 90; ref. 119, p. 76; ref. 301). Werner, Kuh and
Wiist prepared the (+)-iodide ([a], apparently for the Na D line = +110°) from

-)- [(en):Co(”gif;ﬁ Cﬂ(en)z] (NO3)q

by conversion to the polyiodide, which in turn was converted into the iodide by treatment
with Na,S,0; (ref. 70, pp. 1964, 1977; ref. 157).
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NH
(" | (en)o€o " *>Cofen)s| Xs
S04

These bright red salts were first prepared by Werner from the corresponding p-amido-u-
superoxo salts by treatment with sulfur dioxide

4+

NH NH 3*
[(en)zco"\o2/“‘;*Ccn(em)2 +50, te-—r {:(en)QCof\SOz;Co(en)g]
2 4

a reaction that Werner misinterpreted as a “reduction” of one ““cobalt(IV)”” atom to the
trivalent state (ref. 17, pp. 342-343; ref. 18, p. 628; ref. 24; ref. 119, p. 77). Aithough
Werner, Kuh and Wiist were able to isolate a (+)-bromocamphorsulfonate diastereoisomer
from the racemic bromide, conversion of this to the corresponding nitrate resulted only in
inactive salts (ref. 70, p. 1976; ref. 157). Consequently, they reduced

NH
)| (en)2€o_ 7 >Colen); | (N34
0;

with SO, and obtained the (+)-nitrate ([a] apparently for the Na D line = +200°) (ref. 70,,
pp. 1965, 1977). The salts exhibit large rotatory dispersion”®3%!.

HO_
Co ‘NH X6
®) [ [HQ/CO( 3)4]3}

Although the complexes that Werner had resolved up to 1914 represented a remarkable
variety of compound types, they all possessed one common characteristic — they all
contained carbon. Even though the symmetrical carbon-containing ligands (ethylenediamine,
dipyridyl, or oxalate ion) are themselves optically inactive, those chemists still antagonistic
toward Werner's views stubbornly maintained that the optical activity of these compounds
was in some way due to the presence of these ligands. By such devious reasoning, they
were able to cast doubt on the validity of his octahedral configuration for Co(m), Cr(‘m,
Rh®D, and Fe™. .

For this reason, the twelfth and last article”? in Wemner's series on the asymmetric
cobalt atom was a particularly welcome and satisfying one to him, since it served to vin-
dicate his octahedral concept for even his most sceptical contemporaries®® %7, In his own
words, the investigation proved that “‘carbon-free inorganic compounds car: also exist as
mirror image isomers” and that therefore *“the difference still existing between carbon
compounds and purely inorganic compounds disappears” (ref. 72, p. 3087). At last
Werner had experimentally verified a belief that he had held for many years.

The brown, lustrous tetranuclear tris [tetraammine-y-dihydroxc-cobalt(1il)] cobalt(HI)-
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salts were first discovered and named “Anhydrobasische Tetrammindiaquodiamminko-

baltsalze™ by Jergensen3%? in 1898 (ref. 17, pp. 370-372; ref. 18, pp. 630-631; ref. 24;
ref. 34, pp. 267-268; ref. S1)*. In 1907 Werner et al.}'* showed that they possessed the

constitution

HO- *
[CO l HO/CD(NH3)4}3 ]XG* .

Since they are thus structurally similar to [M(en)3]X,; salts with

HO *
{H0>Co(NHa>4]

ions in place of ethylenediamine molecules, they should be capable of existing in non-
superimposable mirror image forms. -

Werner’? succeeded in resolving the bromides by diastereoisomer formation with silver
(+)-bromocamphorsulfonate, but the process was extremely tedious because of the
smali differences in solubility between the diastereoisomers. Optical measurements were
hindered by rapid racemization and the deep color of the solutions. Rotations were

mancnirad in SO, annenus acatons enliitinne in grder to minimizs racomiration The
I1ICAIURLUNE 1L JF /U u\{u\'uua OO LIl SWALELINWALY 411 ViAW E W A1 MRILIAW LQAWWILIALQGALIV L. § IAG

highest values found were [alsgo = —4500°, [] 560 = ~47,475° for the pure (—)-bromide
and [a] sgo = +1050°, [M] 550 = +11,109° for the (+)-bromide. Although the structure of
these compounds has not yet been determined by X-ray diffraction, the structure of the
corresponding ethylenediamine cation has been so determined and found to agree with
Werner’s formulation3%3. To the present day, with the sole exception of F.G. Mann’s
resolution3%* of Na-cis-[Rh(H,0), {SO,(NH2); }, ], Werner’s resolution” of

HO
[Co { HO)‘:O{NHs)d }J X

remains the only example of the resolution of a completely carbon-free coordination com-
pound and marks his crowning achievement in coordination chemistry.

(v) Miscellaneous compounds

In Neuere Anschauungen, Werner mentioned three series of cobalt compounds that he
claimed to have resolved, but he gave no details concerning the resolutions, which are
not cited in either Gmelins Handbuch'™*® or Pascal’s Nouveau Traite® . These details are
probably contained (in the third case, they definitely are contained) in unpublished
dissertations of Werner’s students, thus underscoring the need for making these results
available to all coordination chemists. Two of the three cases involved later work by
John C. Bailar, Jr., dean of American coordination chemists, whose knowledge of the
literature is second to none. Although Bailar was familiar with Werner’s published results
pertinent to his own studies, his work would undoubtedly have been facilitated had he
been acquainted with Werner’s unpublished results. These three cases are illustrative

* See footrote§{on p. 6.
** For a discussion of Werner's reasons for assigning this configuration see ref. 290, pp. 357-358.
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rather than exhaustive; a thorough study of Wernet’s students’ dissertations would
probably disclose additional similar examples.

(a) [Coen(NH3),CL1X

In the posthumous fourth (1920) edition of Neuere Anschauungen (zef. 60(b), p. 371),
edited by Paul Karrer, the compound series [Coen(NH3),Cl; X is cited as the only
example of the type {Men(NH3),AB] tc be resolved. (Actually, the compound is an
example of the type [Men(NH3),AA], but at any rate, it would be the sole example
resolved by Werner of a complex containing only one molecule of a bidentate ligand.)
The citation may be an error, for it does not appear in the third edition®®, published
in 1913 when Werner was in full possession of his faculties, or in the posthumous fifth
edition (1923) edited by Paul Pfeiffers%®). Nevertheless, Werner did prepare compounds
of this type, so the possibility of his resolving them cannot be discounted.

Compounds of type [Coen(NH,),Cl,]X exist in three isomeric forms, one of which is
theoretically resolvable (ref. 17, pp. 245-246; ref. 18, pp. 581-582; ref. 24, pp. 581-582).

NN, Ci c Ct
ci ! Ct Ci ! NH4
e eof/ | IN\en e
(o] NH, HaN NHy
NH, NH,y NH, ci
- ", ) 4 ; y _— LN — 3

I b1 m
2,3-dichioro-1,6 -diammine 1,2-dichloro-3,6 -diammine 1.8-dichloro-2,3-ciammine
¢is -trans cis-cis trans-cis
blue violet green

Werner and one of his Doktoranden, Franz Chaussy”, prepared the chloride, nitrate, iodide,
bromide, thiocyanate, hydrogensulfate, and dithionate of Series lII, the bromide and
dithionate of Series II, and the carbonato complex related to Series 11, [Coen(NH3),CO,]-
Cl (zef. 121, pp. 254-264). They recognized the two series as trans-dichloro and cis-
dichloro, respectively, and they predicted (ref. 121, p. 255) the existence of a second cis
series, 1, discovered twenty-eight years later by Bailar and Peppard3%%, who prepared the
chloride, bromide, iodide, thiocyanate, and a-bromo-(+)-camphor-w-sulfonate. Bailar and
Peppard>®* also prepared the chloride and bromide of Series II and the chloride of Series
I11. Lobanov later prepared the periodates3?® of both Series I and IH and an iodate-iodic
acid addition compound3®7 of Series III. Bailar and Peppard?® prepared the carbonato
carbonates ([Coen(NH3),C03),CO3) of Series I and 1I and attempted to resolve them

by shaking solutions with (+)- or (—)-quartz. The carbonate related to Series I1 was partially
resolved; the solution racemized completely in 3 minutes at 90°C or in 3 days at room
temperature. Bailar and Peppard3©® also prepared the bromide and thiocyanate of a
dibromo complex [Coen(NH3), Br; [ X corresponding to Series IIL. The rate of aquation of
the series 111 chloro chloride has been determined3°2,

* pven thaugh Chaussy’s dissertation!92 of 1909 may contain more details than the published paper palt
it antedates Werner and King's work! of 1911 and could therefore not involve any successful resolu-
tion, the details of which must be sought elsewhere.
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(B) cis-[Co(en),(WH 3 NH,OH] X 3 and cis-[Co(en),(NH,OH)Br| X ,

in the third, fourth, and fifth editions of Neuere Anschauungen (ref. 60(a), p.365;
ref. 60(b), p. 376; ref. 60(c), p. 368), Wemer claims to have resolved compounds of the
[Co(en)-(NH;)NH,OH]X, series (obviously cis, although they are not so specified) and
gives a value of [a]p = 112° ([M], = 545°) (no sign of rotation specified), a value that is
also quoted in a published lecture of 1912 (ref. 90, p. XIV). Yet Werner gives no details
of the resolution or even of the preparation of the racemic compounds, and they are not
listed in either Gmelins Handbuch"**® or Pascal’s Nouveau Traité**, In the published
literature, the only hydroxylamine-containing cobalt complexes prepared by Werner are
the series [Co(NH,0H)s]X3, described by Werner and Ber1'%:3%% jn 1905.

In the fourth and fifth (but not the third) editions of Neuere A nschauungen (yvef.
60(b), p. 375; ref. 60(c), 368), Wermner lists compounds of the series [Co(en),(NH,OH)-
Br]}X, (obviously cis) as being resolved but gives no details or rotations here or in any
of his other publications. The compounds are not listed in Gmelins Handbuch'7®or
Pascal’s Nouveau Traité**, However, the closely related compound3!® [Co(en),(NH,OH)-
Cl]Cl, was used by Wermner and Berl'®® in their preparation of [Co(NH;OH)¢ 1X;. Details
of the preparation and resolution of both c¢is-[Co{en), (NH3)NH,OHIX; and cis-
[Co(en),(NH,OH)Br]X, are probably given in the dissertation (1913) of one of Werner’s
Polish Doktoranden, Chil Szaja Borzekowski'®4, which was completed two years after
Werner and King’s historic resolution, but this work was not available to the present

author.

{¢) [Co(en),tn]X; and [Co(tn)3]1X,

In the fourth and fifth (but not the third) editions of Neuere Anschauungen (ref. 60(b),
pp- 372, 376; ref. 60(c), pp. 367, 368), Werner lists compounds of the two series
{Co(en),tn]X; and [Co(tn);]X; as being resolved and cites rotation values of [a]p = 85°
(IMlp =622°) and [a]p= 74° ([M]p = 550°) for the iodides of the two series, respéctively.
Although Werner mentioned complexes of cobalt with trimethylenediamine in a 1906
lecture3!! and cited {Co(en),tn]X; as a resolved series in a lecture of 1912 (ref. 90,

p. XIV), neither series is mentioned elsewhere in his publications, and his work on these
compounds is not cited in Gmelins Handbuch (ref. 18, pp. 370, 397) or Pascal’s Nouveau
Traité. Among Werner's publications, the only trimethylenediamine compléxes whose
preparations are described are trans-[Co(tn),(NO,),]X, where X = NO,,Cl, Bror I

(ref. 17, p. 222; 1ef. 121, pp. 264-269), trans-[Co(tn),Cl1,]X, where X = Cl or 4PtCl,
(ref. 17, p. 245; ref. 18, p. 562; ref. 121, p. 269-271), and [Co(tn),CO;]Cl (ref. 17,

p. 562; ref. 121, pp. 271-272; ref. 312).

Full data on the resolved series in question, however, are found in the 1914 dis-
sertation %0 of Werner’s Norwegian Doktorand, Johannes Flood, who describes the
preparation of his starting materials frans-[Co(tn);(NO;),INO; (ref. 160, p. 31) and
trans-[Co(tn), Cl, JClI (ref. 160, p. 31), both previously prepared by Wemer and Lindenberg
(ref. 121, pp. 265-266, 269-271), and then goes on to describe the preparations of the
apparently new series [Co{tn); X3, where X = Cl, Br, I, ClO,4, SO4, CO3, NO; or NCS
(ref. 160, pp. 32-39), [Cofen), tn]X;, where X = I or NO; (ref. 160, pp. 44-45, p. 48),
and the compound [Co(tn),CO3JI-H,0 (ref. 160, p. 50). For his resolutions, Flood
employed silver (+)-tartrate. After encountering difficulties in resolving the chlorides and
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bromides, he resolved {Co(tn)3]l3, obtaining rotation values of [a]p = +74° or —71° ang
[a]c = +36° or —35° (ref. 160, pp. 40-43). For [Co(en),tn}l3, another difficult resolu-
tion, he obtained values of [a]p = +85° or —82° and [a]- = +40° or —38° (ref. 160,

pp- 46-48). By metathesis with silver nitrate, he converted the active iodide into the

active nitrate, [o] p = +100.5° or —80° and [o] - = +40° or —35° (ref. 160, pp. 48-49).
Although Lindenberg’s dissertation*3? of 1906 could not possibly contain a description

of any successful resolutions of additional trimethylenediamine complexes, such data might
be contained in the 1917 dissertation of Emil Liischer!”. In their paper (1946), “Some
coordination compounds of cobalt containing trimethylenediamine and neopentane-
diamine™3'3, Bailar and Work prepared trans-[Co(tn),Cl, ]Cl, {CoentnCl, ICl, [Co(tn);]Cl,
and [Co(en);tn]Cl3.{They were aware of Werner and Lindenberg’s published work but not
of Flood’s unpublished dissertation.

C. CHROMIUM COMPLEXES

(@) Type M(en),B,

(@) cis-[Cr(en),CL]1X

From the very beginning of his studies of optical activity, Wemer did not limit himself
to complexes of cobalt8587-89.90  ess than four months after receiving the manuscript
describing the first resolution of =z complex®!, the editor of Berichte received from Werner
a manuscript?® describing the resolution of cis-[Cr(en),Cl,]X (molecular asymmetry 1),
where X = Cl, Br or NO3. This, the first article in his three-paper series Uber Spiegelbild-
isomerie bei Chromverbindungen, preceded the paper describing the corresponding cobalt
compound®? by two weeks. Werner achieved the resolution of the racemic chromium com-
pound, first prepared by Pfeiffer (ref. 19, pp. 190-196; ref. 25; ref. 32, pp. 222-224; ref.4,
p. 1356; ref. 35, pp. 93, 99; refs. 52, 135; ref. 314, p. 294; refs. 315, 316) by diastereo-
isomer formation with ammonium (+)-bromocamphorsulfonate. Werner thus showed that
optical activity among complexes is not confined to those of cobalt and that chromium(III),
like cobalt(III), possesses an octahedral configuration. The rotation, however, is apparently
dependent on the central atom as well as on the ligands, for he found that the values were
less than those for the corresponding cobalt salts, a conclusion that was confirmed in his
later study of tris(ethylenediamine)chromium(II) salts”? (molecular asymmetry II).

(b) [Cr(en);C,04)1X

These compounds were first described in the dissertation of Werner’s student Heinrich
Schwarz33, Since they must be cis compounds because of the bidentate oxalate group,
Pfeiffer et al.3!5 ysed them for determining the configuration of related chromium (11II)
compounds (ref. 19, pp. 202-204; ref. 25; ref. 32, pp. 227-229; ref. 123, pp. 223-225;
refs. 167, 171). Werner’s attempts to resolve the [Cr(en);C,04] X compounds by the
usual resolving agents were unsuccessful. Unlike the corresponding cobalt compounds (see
Section B(ii)(d)), which could be resolved by treatment of active cis-{Co(en),C1,1*
salts with K;C,04, the chromium compounds yielded only racemic mixtures. However,
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by the method of preferential crystallization (see B(ii)(d)) in which (+)-[Co(en),C,04]Br
was added to a solution of racemic [Cr{en),C,04]Br, Werner and Bosshart” were able to
isolate both antipodes of the latter compound. Resolution was subsequently accom-
plished?28:287 by the action of (NH4)2C304 on (+)-cis-[Cr(en),Cl,]Cl, and a partial
separation of the antipodes on levorotatory quartz has also been claimed?42. More recently
the direct resolution of the racemic bromide with potassium (—)-ethylenediaminetraacetato-
cobaltate(III) has been reported26.

@i) Type M(en)

(@ [Cr(en)3]X;

Tris(ethylenediamine)chromium(III) salts were discovered by Werner’s former student
and assistant, Paul Pfeiffer, in 1900, and a variety of preparative methods are available
(ref. 19, pp. 67-87;ref. 25; ref. 32, pp. 172-175; ref. 34, pp. 1354-1356; refs. 53-57;
ref. 314, p. 286; refs. 315, 317). Although Werner’s attempts to resolve these compounds with
tartrates, camphorsulfonates, and bromocamphorsulfonates were unsuccessful, diastereo-
isomer formation with sodium (+)-nitrocamphorate proved satisfactory and led to the
isolation of optically active iodides and thiocyanates’”. The same method '*® was also
used for resolving [Rh(en)3]Xs. The resolution of the tris(ethylenediamine)chromium(II)
ion has been attempted by others3!8 7320 ysing various methods, including partial chromato-
graphic separations on optically active quartz2#%*32! and potato starch (ref. 254, p. 100).
Numerous measurements of optical rotation have been made227.237:281

(0) K3[{Cr(C104);5]

This compound, sometimes called Gregory’s salt, has been known since 1839 (ref. 25,
pp- S08-510; ref. 31, p. 386; ref. 34, p. 1372; ref. 35, p. 56; refs. 44, 48, 322, 323) and
is similar to, but less stable than, the corresponding cobalt(III) compound. Werner’s
resolution of K3[Cr(C204)3] in 1912 by means of strychnine in ethanol solution”%:
possesses the double historical distinction of being the first resolution of both a complex
anion and of a complex that did not contain nitrogen. The aqueous solution loses its
activity very rapidly, and in 13 h Werner found that the rotation had fallen to zero. The
loss occurs more slowly in acetone solution. The compound has since been resolved more
effectively by means of optically active cationic coordination compounds as resolving
agents, e.g. (+)-[Ni(o-phen)3 ]%* (ref. 263) or (—)-[Co(en)3]3* (zef. 266).

The chromium complex racemizes so rapidly in aqueous solution that it has been
resolved by a second-order asymmetric transformation®?. In connection with the
[CH(C204)3]> " ion, Werner was the first to suggest that complexes may racemize by an
intramolecular process, a mechanism which has since been shown to be correct by means of
oxalate exchange studies32%325_ He proposed that one end of a chelate group breaks free
of the central atom yielding a pentacoordinate intermediate in which there is either a plane
of symmetry or at least a reasonable probability of forming either antipode when the free
.end of the chelate re-forms a bond with the central atom”8. A number of alternative

mechanisms have since been suggested for such racemizations®87-288,326-328

148
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D. IRON COMPLEXES
(i) Type Mien),

(a) [Fe(dipyridyl);1X,

The red tris(a, o -dipyridyl)iron(1I) complexes are easily prepared and have been Known

since 1888 (ref. 26, p. 361; refs. 329-335). They are of great analytical importance336733%

their pink coloration making a,a’-dipyridy! one of the most sensitive and specific reagents
for iron(II). The iron(IN-(I1N-ov o'-dipyridyl system is also one of the best known redox
systems, and a,o-dipyridyl is a well-known redox indicator for the determination of iron.
It has also been used as a spot test reagent, and the complex, being soluble in both water
and organic solvents, has been utilized in colorimetric and spectrophotometric determin-
ations336:337,339
Wasrrmar arntlyy intan A ¢t~ mnlr
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compounds, for his only article on the topic, Uber szegelbxld -Isomerie bel Eisenverbin-
dungen®-1%8 is subtitled Vorldufige Mitteilung (Preliminary Communication). By means
of ammonium (+)-tartrate, Werner was able to prepare the (— )-{Fe{dipy);,,]“ diastereo-

isomer, from which he isolated the (—)-bromide ([a],, = —520°) and (—)-iodide
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(—)-series.racemize rapidly in solution, losing all activity within a few hours, and an intra-
molecular mechanism seems likely. The rate of racemization is also greater than that of
dissaciation340,

Werner’s resolution proved that iron(lII), like cobalt(III) and chromium(1Il), possesses an
octahedral configuration. [Fe(dipy)3]X, salts were the first optically active complexes of
a divalent element to be resolved; all complexes resolved previously had contained trivalent
ions (Co or Cr) as central atoms. Furthermore, they were the first complexes resolved that
did not contain ethylenediamine. For iron(II) salts, the new compounds proved remarkably
stable to atmospheric oxidation—an excellent illustration of stabilization by coordination,
a phenomenon that has been widely utilized in the synthesis of compounds containing
elements in unusual and ordinarily unstable oxidation states®?3,
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E. RHODIUM COMPLEXES
@) Type M(en)s

(a) [Rh(en)s] X

The tris(ethylenediamine)rhodium(III} compounds are extremely stable, easily prepared,
colorless salts that were first prepared by Werner’® in 1912, specifically for the purpose
of attempting their resolution (ref. 21, pp. 104-105, 113-118; refs. 27, 55). The
racemic as well as the optically active compounds are completely isomiorphous with the
corresponding cobalt(II[), chromium(IIi), and iridium(III) compounds279:341-343

In the first of his two papers entitled Uber Spiegelbild-Isomerie bei Rhodium-
Verbindungen®, Wemer not only established the existence of mirror image isomerism and
the octahedral configuration for another metal—the first case among the platinum
metals—but he also enunciated a valuable empirical rule for determining the generic con-
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figuration of optically active complexes, a principle which he later developed and extended®?
and which has become known as Werner’s solubility method. Together with the rotatory
dispersion technique developed by Mathieu, Werner’s method is probably the most impor-
tant means for determining the reiative configuration of complexes.

It has already been shown that Werner realized that the absolute configuration of a
complex cannot be directly determined from the sign of rotation6%°. Some other con-
figurational criterion was therefore needed. According to Wermner’s solubility rule, ail
antipodes of a corresponding type which give the least soluble diastereoisomer with a
given resolving agent have the same absolute configuration, regardless of the sign of
rotation. Applying this rule to the resolution of the tris(ethylenediamine) complexes of
tripositive cobalt, chromium, and rhodium by means of (+)-nitrocamphorates and
(+)-tartrates, Werner concluded that the (+)-[Co{en);3]*, (+)-[Cr(en);]3*, and (-)-
[Rh(en)3]3* cations possess the same absolute configuration. The Dutch stereochemist,
Francis Mauritius Jaeger, together with Blumendal, first criticized this theory* and
attempted to disprove Werner's rule3#?, but Jaeger subsequently acknowledged its validity
and actually used it himself to determine the relative configurations of optically active
complexes319.345.346_

Werner’? isolated the optically active chlorides, iodides, and thiocyanates, while
others have isolated the (—)-enantiomorphs of the bromide and nitrate

(ref. 256; ref. 279, p. 198; ref. 343, p. 249; refs. 347, 348). The active compounds are very
stabie; no noticeable change in activity occurs after months of standing at room temperature
or on heating or in the presence of acids (ref. 79, p. 1229; ref. 349). Numerous studies of
rotatory dispersion and the Cotton effect have been made (ref. 281; ref. 349, p. 85), and

the absolute probable configuration of the tris(ethylenediamine)rhodium(lII) ion has

been dctermined (ref. 21, pp. 104-105). Optically active racemates also exist (ref. 21,

pp. 117-118; ref. 347).

(0) M3[RA(C304)5]

The trioxalatorhodates were discovered in 1899 and are stable, water-soluble compounds
(ref. 21, pp. 83-85; refs. 27, 350). In 1914 Werner and Poupardin® resolved the potas-
sium salt with strychnine nitrate and then also isolated the sodium, rubidium, and barium
saits. They found the optical rotations to be smaller than those of the trioxalatochromates.
The rhodium salts are much more stable than the corresponding chromium compounds and
do not racemize appreciably even in hot solution. Measurements of rotatory dispersion 842!
circular dichroism (ref. 5, p. 125) and the Cotton effect3>! have been made.

Wemner and Poupardin®® claimed that cooling a hot concentrated solution of the racemic
mixture produced hemihedral crystals of (+)- and (—)-K3 [Rh(C,04)3], which they were
able to separate mechanically with the aid of a microscope. Jaeger®>? was unable to
duplicate their results with this compound, but he and Thomas were able to resolve
K3 [Co(C504)3] into its optical antipodes in a similar manner?7%:289, the first example of

* “This view is quite arbitrary because, in general, solubility is a so highly complicated and constituent.
property of matter that, even where we seem to have established rules for homologous series, some-
tin;es most unexpected and surprising exceptions spring up. This makes these rules quite iflusory™

(ref. 5, p. 92).
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the successful application of Pasteur’s method of spontaneous crystallization to complexes.
Additional resolutions have since been devised, using the (+)-tris(o-phenanthroline)nickel-
(I1)*%3 and the (-)-tris(ethylenediamine)cobalt(III)*°S cations as resolving agents.

Some question has arisen about the number of molecules of water of crystallization
contained in optically active K3 [Rh(C204,);}. Whereas Werner and Poupardin®® and
Jaeger (ref. 279, pp. 262, 265) claimed only one molecule, Charonnat353 and Delépine
(ref. 256, p. 1258), o the basis of isomorphism with the corresponding iridium salt whose
water content was well established, claimed two molecules. Werner considered his resolu-
tion to be evidence for an octahedral configuration for rhodium(Ill) with coordination
number 6, whereas Charonnat>53, on the basis of the formula K3 [Rh(H,0)2(C204)3],
proposed a coordination number of 8, together with a structure that would require two
additional isomers, which have never been found.

The citation in Tupizina’s dissertation (ref. 172, pp. 15, 24) of resolved [Rh(en),-
(C30)1X ([a] = +153° to +275°) has already been mentioned in the Introduction.

F. PLATINUM COMPLEXES
(i) Type M(en),

(@) {Pr(en)s]lX4

Ethylenediamine that is coordinatively bonded to platinum(IV) readily loses protons
and thus the [Pt(en)3]*" ion gives an acidic reaction in solution (ref. 22, pp. 470-474;
refs. 28, 353, 354). In the first paper®? of a projected but never continued series, “Uber
Spiegelbildisomerie bei Platinverbindungen”, Werner was the first to describe the preparation
of the tris(ethylenediamine)platinum(IV) salts. He resolved the chloride, iodide, thio-
cyanate, and nitrate by means of ammonium (+)- and (—)-tartrate®?. This resolution
simultaneously showed that mirror image isomerism could exist among coordination com-
pounds of tetrapositive elements and confirmed the octahedral configuration proposed for
PtUY) by Werner in 1893 (ref. 99, p. 297 et seq.), a configuration that has since been
amply corroborated by numerous subsequent resolutions355 357,

G. IRIDIUM COMPLEXES
() Type M(en),; B,

(a) cis-[Ir(en)2(NO»),) X

These colorless, very stable salts were first prepared and resolved by Werner and
Smirnoff and described in a posthumous publication (ref. 22, pp. 167-169; refs. 29, 83).
Although the action of ethylenediamine on [IrX¢]? ~compounds yielded only dark
uncrystallizable syrups, the action of ethylenediamine on{Na; [IrCl,(NO;)4] - 2H,0
yielded a mixture of [Ir(en)2{NO;),]X and [Ir(en);]X;. The mixture was isolated as the
mixed iodides and separated by treatment with silver a-(+)-camphorsulfonate, whereupon
the (+)-[Ir(en),(NO, ), [*|salt separated first. The filtrate was converted to bromide, treated
with silver a{(—)-camphorsulfonate, yielding the (=)-[Ir(en),(NO3),]" salt, and addition
of KBr to the filtrate precipitated racemic [Ir(en);]Brg.
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The new dinitro compounds closely resemble the cis-[Irf(NH3)4(NO,),]X salts first
prepared by Wemer and de Vries!18:181 The optically active bromides, perchlorates, and
nitrates of the dinitro series were prepared. The nitro groups are bonded so strongly
that evolution of NO, occurs only after heating for several hours with concentrated
sulfuric acid. In the visible portion of the spectrum the compounds exhibit normal
rotatory dispersion.

Werner and Smirnoff’s resolution of [Ir(en),(NO3),]X simultaneously proved that the
compounds possessed the cis configuration (no trans compounds were isolated) and,
together with the resolution of [Ir(en)3]X3, confirmed the octahedral configuration for
iridium complexes proposed in 1914 by Delépine3%2.

(i) Type M(en);

(@ [r(en)s]X3

The colorless, very stable, easily soluble salts of this series closely resemble the
[Ir(NH;)¢]X3 salts first prepared by Palmaer (ref. 22, p. 148-151; refs. 29, 359). Werner
and Smimnoff®3 resolved the racemic bromide described above (Section G(i)(a)) by
treatment with sodium a-nitro-(+)-camphorate. They isolated the optically active
bromides, iodides, perchlorates, and nitrates. They found that the rotatory power corres-
ponds to the analogous compounds of Rh™D and Pt®™? and is greater than for the simul-
taneously resolved [Ir(en),(INO3),]X salfs. Their resolution confirmed the octahedral
configuration proposed by Delépine358 for iridium complexes. Delépine and Charonnat’s
“active racemate” method347 and Mathieu’s rotatory dispersion studies?37-34? confirmed
Werner's solubility rule and showed that the (—)-[Ir(en);]3* ion possesses the same con-
figuration as the (+)-[Co(en)3]3*, (¥)-[Cr(en)3]3* and (—)-[Rh(en)3]>* ions.

H. COMPLEXES WITH OPTICALLY ACTIVE LIGANDS

Coordination compounds containing optically active bidentate ligands are of great
stereachemical interest because they involve types of isomerism for which there are no
counterparts in the organic realm. The first of such compounds, {Co((+)- or (—)-pn);3]X3,
were prepared by Chugaev and Sokolov3%%-3¢! fours years before Wemner and King’s
historic resolution. The Russian chemists isolated only two of the twenty-four possible
optically active combinations. No effect of the position of the methyl groups in the propyl-
enediamine could be found nor has it been yet found. Stereospecificity, the fact that coor-
dination compounds containing optically active ligands exist in only certain preferred
stereoisomeric configurations rather than in all the possible forms, has since been studied in
depth by many workers (ref. 10, pp. 220-222; refs. 276, 362-370). It has been used both
to prepare optically active complexes and to resolve coordinating agents.

Of all optically active urisymmetrical ligands, the one most extensively investigated is
still propylenediamine (1,2-diaminopropane). Wemner published four papers’3-101.1 13,115
on complexes of this ligand, and such complexes were the topics for the dissertations of
a number of his Doktoranden'27~12%:144,153,162,173,175,183 The only conclusive proof of
isomerism caused by the position of the methyl group on a coordinated molecule was
presented by Wemer and Smimoff?3:98 in the very first article in Helvetica Chimica Acta,
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a journal founded largely through Werner’s efforts. Their resolution of cis-{Co(en)(pn)-
(NO,),]Br contains both asymmetric cobalt and asymmetric carbon and hence illustrates
a new and complicated type of isomerism. The isomerism possible in this compound arises
from three causes—(1) cis (flavo)-trans (croceo) geometric isomerism, (2) ligand isomerism
{(+)-pn or (-)-pn), and (3) structural isomerism caused by the unsymmetrical nature of
the pn ligand (cis isomer only). In the cis (flavo) series, the methyl group can be situated
either near to the plane of the two nitro groups or distant from this plane. Werner
distinguished these isomers as a (prisms) and § (needles). Neglecting the optical isomerism
of the propylenediamine, five isomers can be distinguished (I = methy! group).

NO,
2 en en en
NO, OpN NO, OpN
- H/ - <0 o NN
oNTT2, N N =
NO, DR }1 pn
«, ~ S — '3 g
trans {(croceo) ¢is (tavo)

Inasmuch as the propylenediamine molecule can exist in (+)- and (—)-forms, the number
of isomers shown should be doubled.

trans(t)-pn
trans{—)-pn
cis-a{+)-pn{+)-Co cis-f{+)-pn-(+)-Co
cis-o(+)-pn{-)-Co ¢is-f{(+)-pn{(-)-Co
cis-a{—)-pn{+)-Co cis-f-{—)-pn{+)-Co
cis-a{—)-pn{—)-Co cis-f{—}-pn{—)-Co

It is a tribute to Werner’s octahedral model that such isomers were predictable and a
tribute to his experimental skill that he was able to isolate all ten optically active isomers
even though he was unable to assign unambiguous structures to all of these (ref. 17,

pp- 223-225; ref. 18, p. 583; refs. 371-373). The products of the reaction between
[Coen(NH3}{NO,)3] and (—)-propylenediamine have recently been separated chromato-
graphically and shown to contain six of Werner and Smirnoff’s isomers®7%.

A similar complex containing two active propylenediamine molecules was investigated
by two of Wemer’s Doktoranden, Hugh Edmund Watts'*3, a young Englishman, and Hans
Hiirlimann'75, scion of a famous Ziirich brewery family. Although the cis-[Co((+)- or
(-)-pn)2(NO,),]" ions should exist in twelve forms, Watts and Hiirlimann were able to
isolate only two optically active isomers. The complex has since been reinvestigated by
O’Brien et al.37%, who, on the basis of rotatory dispersion studies, concluded that
Hiirlimann’s isomer must have had the #rans configuration. Experiments on compounds
similar to those of Hiirlimann were carried out by Cooley et al¥%,

1. CONCLUSION

During his last years, then, Werner devoted himself almost exclusively to studies of the
compounds which had brought him the Nobel Prize and had proved beyond the shadéw
of a doubt his stereochemical views. Without the impetus of his octahedral hypothesis,
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who would have thought of looking for optical activity amone comnonnds en a2¢ the
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trioxalato salts R} [Mm(0204)3] previously regarded merely as double salts

3RAC,04 - ME(C,04)3, similar to the alums? Wemer’s investigations of the optically active
coordination compounds of cobalt, chromium, rhodium, iridium, and iron underlie much

of the more recent and sophisticated studies of the thermodynamics, kinetics, visible,

Bomert 1ot e A2 loncnd cmanden ratntary dismarcion . circuilar dichroism Beoand axchanoas
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racemization, and absolute configuration of these and similar compounds. Although soms= of

his methods of resolution have been improved and his specific rotation values for many
complexes have been shown to be too low, it must always be remembered that Werner was
the pioneer who first opened the door to a previously unsuspected field. In his last works,
he stood on the threshold of an extremely complicated research area—the investigation of
optically active coordination compounds containing optically active ligands. Had the
powerful, creative trend of his life not been cut short by his untimely death, there is no
telling what Alfred Werner might have accomplished in this field.
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