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A INTRODUCTION

A review article devoted pnmanly to the research efforts of one man 1s unusual But
when the field is coordination chemistry, and the man in queston 1s Alfred Wemer, iis
founder*, the hmitatzion in the scope of such an article 1s more apparent than real. Wemer
played such a central and monopoliste role 1n coordination chemmstry that his name 1s vir-
tually synonymous with the field. Even today, mote than a half-century after his death, co-
ordinaton compounds, particularly metal—ammines, are known as Wemer complexes, and
the coordination theory, the theoreucal and practical basis for the field, is colloquially
called Wemer's theory.
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Consequently, although this arficle on structural )somensm is ltmited primanly to
Wermer’s achievements, it should nevertheless provide a wide coverage of the most impor-
tant and fundamental prablems in this area and be of use to practicing chemists as well as
to histonans of science

The viewpoint mn this review is Jargely “histoncal™, in the sense that no pretense 1s made
as to coverage of the contemporary hterature. Althaugh 1n some cases Wermner's resulte
have been related to later developments, this article 15 1n no way intended to compete wath
the excellent recent reviews of what 1s probably the best investigated type of structural 1so-
mensm, viz linkage isomensm?“, or with the standard treatments 1n vartons textbooks
and reference works®™'' Enghsh translations of sigruficant papers by Wemer'? and oth-
ers!® on some of the compounds cited 1n the present article are also availabie

In 1832 Berzehus “proposed to call substances of the same compasition but different
properues isomeric, from the Greek fovpepns (composed of cqual parts)™’#, and the con-
cept of 1somensm was bom  Although 1somensm s sometimes divided into several types,
basically there are only two types — (1) structural or posuon isomensm, and (2) stereo-
SOmEnsm Or space 1somensm Structutal or posttion 1somensm results from differences in
the arrangement of atoms or groups of atoms in the molecules (consttution) In ather
words, an actual difference in bonding exisis between the different 1somers Steremso-
mensm or space 1somerism results from differences in the spatial arrangement of atoms or
groups of atoms {configuration) In other words, the same bondng 15 present in the duffer-
ent 1somers, but the bonds are onented differently 1n space Sterecisomerism'S~*? n tum,
1s subdivided 1nto geometnc 1somensm and optical 1Isomensm?**, which do not concem us
here.

Although of the two main types of 1somensm encountered among coordination com-
pounds sterecisomerism has been the most extensively 1nvestigated, the more neglected
structural isomensm has also been of great importance 1n providing a bnlhant confirmanon
for Wemer’s coordination theory. From the very inception of his theory, Werner was well
aware of the existence of structural 1somers Magnus’s Green Salt?*, [Pt(NH;), ] [P1CLs],
and the dichlorodiammines?*~* of platnum(ll), cis- and trams-[Pt(NH;3 )2 Cla 1, later to be
classed by Wemer as polymenzation 15omers, are mennoned in Wemer’s first publicaton?®
on complexes { 1893) In Wemer’s second study of conductivity 3° with Miolat: (1894),
the two mentioned Jdrgensen’s®* eight polymenzation 1somers of [Co(NH3}3(NO1)a],
and they measured the conductivities of four of them. Yet 1t was not until 1899 that
Wermner and Vilmos®? drew a sharp dishnction between stereoisomers (rimmitche fsomeren)
and struc tural 1some s {Koordinasionsisomeren) (not to be confused wath lus later use of
the latter tenm for the particular type of structural 1somers histad below 1n Sect. D).

Stnctly speaking, .somers must contain the same numbers of the same atoms differently
arranged, 1 e. they must possess the same molecular we:ghts, For the phenomenon exhibited
by compounds it which the relative numbers of atoms in the two compounds are the same
but the absolute numbers are different, Berzelius'**? cowed the tenn pof mensm™ Inas-

* The clagsicat example of this phenomenon and the one cited by Berzelius 1s the casa of the two hydro-
carhons olefiant gas or ethylene (C3H,4, then wntten CHjy) and butylene (C4Hg, then whtien CeHy)
Another famihar par of such “‘polymers'” s acetylene (Calfa) and benzene (CgHg), the latwer com-
pound, incidentally, can actually be obtmined by palymernzation of the former.
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much asa Wemer considered such “polymers™ as isomers and 1t has become genereal practice
to do so, Wemer’s classification and nomenciature, as grven m lus magnum opus, Neuere
Anschauungen auf dem Gebiete der anorganischen Chemte™ | beginning with sts first edi-
tion (1905), will be used in the present article Not only did Wemner devise a classification
system for structural isomers but also he and his students prepared many such 1somers for
the first time or improved syntheses for known 1somers Despiie occasional overlap of the
various types of isomensm, Werner’s ¢lassificanon has proven extremely useful Alterna-
tive classifications are menuoned briefly m Sect L

B PCLYMERIZATION ISOMERISM OR COORDINATION POLYMERIZATION ISOMERISM
{KOORDINATIONSPOLYMERIE}

Wemer used this ferm to dencte compounds with the same empirical formula but with
formula weights that are different multiples of the same formula weight (xefs 34a, pp.
159162, 34b, pp 252-256, 34c, pp 319-324; 344, pp 328-333, 34e, pp. 330335,
35, p. 6). The term 1s used 1in a formal sense only and 15 not miended fo imply that any of
the 1somers are related by actual polymerization processes In other words, the fact that
the compounds happen to have the same composition may be regarded as purely fortu.
itous — as a comncrdence, 50 to speak As would be expected from the great differences in
structure among such compounds, their properties differ wadely 1n physical and chermcal
properties.

The classic and best known exampie cited first by Wemer 1s that of the nine known
compounds™ of empincal formula Co(NH;);(NO, );

Compound Formula werght muttiple

(1}  [Co(NH;)s(NO. )] (refs 36,37, 1
38, p.302,39,40,p 174,41, p. 166,
42,43)

Tnmtrotriammmecobalt{Il)

(2) [Co(NHs)a] [Co(NO;)s] (ref. 31, p 2

177
Hexaammunecobatt(1If) hexanitroco-
baltate(IH)

(3) [Co(NH1)(NO1),][Co(lNH;)s- 2 Stereoisomers (cis and rrans) of both
{NO, )] (refs 31,p.180,39,p 183, the cation and aruon are theore ticaily
30, p. 514) possible, they actually exast in the case
Dintrote tragmaunecobal ((I11) tetra- of the canon, but the anton 1s known
mtrodiamminecobaltate(II) only i the trans form

* Actually many more 1samers are theoretically possible 1f one constders the unknown jon i
[Co(NH3),(NO; )5 12" (anly the trans somet 1s hnown} as weil as miro—~minto 1somensm {See link-
gge 1somensm, Sect. I)
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Compound Formula weight multiple
(4) [Co{NHi)sNO;l[Co(NH;3),~ 3 The anmion is known only in the trans
(NO, )41 2 (l’Ef- 31,p 177) form

Nitropentaamminecobalt(IIF) tetra-
nitradiamminecobaltate(1i1)
(5) [Co(NH3)s][Co(NH;),(NO2)]; 4 The anion 1s known only 1n the frans
(ref 31,p.177) form
Hexaamminecobalt(Iil}) tetrantrodi-
amminecobaltate(111)
(6) [Co(NH1),(NO;);]3 [CoNO;)s] The cation exisis in steremsomeric
(ref. 31,p. 178) forms (cis and trans)
Dinitrote traammnecobalt(I{I) hexa-
nutrocobaltate(111)
(7) [Co(NH;)sNO:]:[CoNO;):]2 (ref. 5
30,p 514)
Nitropentaamminecobalt(Iif) hexa-
nmitrocobaltate(I11)

i<y

Such 1somerism 1s obviously not lunited to complexes of cobalt A similar example
among chromium compounds cited by Wermner and Jovanovits** was the series of 1somers
of empincal formula Cr(INH;3),(SCN), . simple formula weight (1) [Cr(NH3)3(SCNDa ],
double formula weight (2) [Co(NH, )6 ] [Ct{SCN); ], (3) [CH(NH,; )4 (SCN), ] [Cr(NH 3 ).~
(SCN), ], tniple formula weight (4) [Cr(NH,;)sSCN] [Cr{NH;),(SCN), | 23 quadruple for-
mula wetght (5) [Ct(NH,)s] [Ct(NH4),(SCN),] 5, (6} [CH(NH3)s(SCN), 11 [CH(SCN)¢ ],
and quintupie formula weight (7) {Cr(INH3)sSCN] 3 {C1(SCN}s}2 One of the oldest
known examples of polymenzation 1somensm 1s the series of platinum(Il) compounds of
empirical formula Pt(NH, ). Cl, . simple formula weight (1) czs- and trans-[Pt(NH, ), Cl; }
(refs 26—28); double formmula weight (2) [Pt(NH;),] [P1CL, ] (Magnus's Green Salt, the
first platinum—ammune to be discovered)**, triple formula weight (3) [Pt(NH3)4] [Pt
(NH3)Cl, ] 5 (ref 45),and (4) [Pt(NH;3)1Cl] » [PtCl4] (refs 46—48) Among other cases
of polymenzation 1somensm involving compounds prepared by Wemner and lus students
may be listed

(1) Co(H,0)4] [Cr(H3 0)4Cl; 1(SO4), 2H:O (ref 49), 1somenc with [Cr(H, 0)sCl] SO, -
H; O (Recoura’s Sulfate)*°, and

(2) Cr(H; 0)3F3 ], 1somenc with [Co(H,0)s] [CtF4] (both prepared by Werner and
Costachescu)*®!

In some cases, the phenomenon of polymenzation 1somerism has resulted in musinter-
pretations and cases of mistaken identity. For example, the large number of such isomers
of empincal formula Co(NH, )3 (NO, ), resulted m uncertamnties as to which compounds
were actuzlly the monomolecular isomers ¢is- and rrans-[Co(NH3)3(NO,): |, predicted by
Wemer's coordination theory Inasmuch as the existence of two and only two non-electro-
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Iytic 1somers of zero conductivity were required by Wemer’s theory, the confusion in this
case enabled Jgrgensen to attack the new theory In fact, the uncertainties were not cleared
up unhli very recently. According to MacDermott and Barfoed®?, the various claims for the
isolation of the facial (1,2,3) 1somer of [Co(INH3)3(NO;)3] required by Wemer's theo-
ry337%2? are all without foundation, and the compound most commonly assigned this con-
figuration 15 actually trans-[Co(NH3 )3 (NO; ), ] trans-[Co(NH;3)2(NO;),]5?. Only the me-
ndiongl ( 1,2,6) ssomer has been 1dentified (refs 60,61, p 475).

Another recent case typifymng erroneous conclusions based on polymenzation 1somer-
1sm is Lthat of the yellow and red compounds of empincal formula Ir {(C;H;5),8} 3 Cl;, as-
sumed by their discoverers®® to be cus and trans 1somers (1933) Thirty years later®s , mea-
surements of dipole moment, electroly tic conductance, electrophoresis, visible and ultra-
violet absorption and reflectance spectra, and NMR specira later confirmed the yellow
form to be cis(1,2,3) [Ir {(C3 Hs )2 S 12 Cl; but showed the red form to be a polymeriza-
tion 1somer, mans-[Ir {(C1Hs);, S} Cl, | #rans-[Ir {(C,H4),5},Cl;] The preparanon of a
third 1somer has been claimed by Frntsman and Knnitsku®®, but no details or properties
are @mven. This compound might possibly be Lthe true frens 1somer. An anatogous case of
polymenzation 1somensm occurs®? wath [If{R; As);Cl,], where one of the two forms is
monomeric, while the other s the electrolyte [In(R3 As)sCly ] [Ii(R3 As), Cly .

C NUCLEAR POLYMERIZATION ISOMERISM ({KERNPOLYMERIJE)

Thus type of 1somerism s not mentoned by Werner w the first ediion of his Newere
Anschauungen®®, and in the second edtion (ref 34b, pp. 259—260) 1t 13 mentioned under
“Polymerism Phenomena of Another Type” (“Polymeneerscheinungen anderer Art’’}. In
the third (ref 34c, pp 324-325) and fourth editions (ref 34d, pp 333-334), 1t1s con-
sidered a separate type of 1somersm, butn the fifth editton, Paul Pfeifter, the editor,
merely considers 1t under “Polymenc Compounds™ (“Polymere Verbindungen™) (1ef. 34e,
p. 345) It1s so closely related to the previous type of 1somerism (Coordination Polymer:-
zation Isomensm) that many workers make no distmchon between the two In nuclear
polymenzation somensm, not only 1s one compound a *polymer” of the other, but also
one complex cation 15 a “polymer”™ of the other or can be formed from it by a polymenza-
tion reaction At least one of the 1someric compounds 15 polynuclear®® and mnvolves a
bndged structure

Two panrs of 1somers, all prepared by Werner, wll suffice to illustrate thus type of 1s0-
mensm

-

OH. HO
(NHyLCO -~ HO —CO(NH, )y [ Xatref 69)and Co{ >C0(NH,)4}3 Xg trefs 70,71)
oM

HOY

The second compound, tns{tetraammine-di-u-hy droxocobalt(1I1)] cobalt(1IY) halide, was
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the firs. completely inorganic coordinanon compound to be resolved™ Werner's resolu-
tion of this compound, first prepared, iromcally enough, by his scientific adversary
Jargensen™, provided the final, unequivocal proof for his coordination theory and the oc-
tahedral configuration of cobalt

On,

[Eot NH33 (HOIOH] By, (ret ‘M}WENH,}_,CO‘/ '/c::mn,x] Bry 24O (ref 75)
THY

The cation of the first compound can thearetically exist in cis and frans configuranons,
but only the crs cathon has been found Werner postulated thus configuration from the fact
that the monomeric compournd could “polymenze™ to form the dinuclear complex, which,
in tum, could be cleaved to re-form the monomer. In ths case, the termwmology chosen by
Wemer seems particularly justified mnasmuch as the compounds are interconvertible by
polymerizauon and depolymerizanon

An example which Karrer and Wemer ™77 believed to belong to this type of isomerism
was the case of the red and black compounds of emptrical formula [Co(NH;3)s NO] X,
ongnally discovered by Sand and Genssler™ Wemer and Karrer behieved that the black
isomer was the monomernic nitrosopentaammne compound [Co(NH; ) NO] X, and the
red 1somer was the binuclear cornpound [Coa{NH;3) (N2 0,)] X4 These cornpounds are
discussed 1n Sect J because for many years they were believed to exemphfy the phenom-
enon of valence isomensm The compounds are now believed to be polymenzanon 1somers

Like the poulymenzation 1scmers to which they are closely related, the physical and
chemical properues of nuclear polymenzation 1samers differ greatly from each other

B. COORDINATION ISOMERISM (KOORDINATIONSISOMERIE)

Isomensm of this type, possible for satts in which both the cation and anion are com-
plex and 1n which etther central metal atom can act as a coordination center for the ligands
mvolved, arises from the different distnbuuon of the Iigands with respect to the coordma-
tion centers (refs 34a, pp. 165—169, 34b, pp. 260—265, 34c, pp 328-—333;34d, pp 337—
342, 34e, pp 325-330,35,p. 7) If two different metals are involved, isomers of the type
[MA.] [M'B.], [M'A] [MB,], or any combination between these extrernes are possible
A few examples should suffice

(1) [Co{NH;3)5] [Cr{CN)s] (ref 80) and [Cr(NH;)s) [Co{CN)s] (refs 81,p 31,82,

p 42)
(2) [Cu(NH3)a] [PtCl4] (rel 83) and [Pi(NH;)s ] [CuCly] (refs 84, 85)
(3) [Co(en)s) [CH(C2Oa)5] ™ (reF. 82),[Colen)s C2 Oa] [Cr(en)(C204)a ] (ref 82),
[Cr(en}, C2 041 [Colen)(C10.);] (ref 82), and {Cr(en);] [CHC.04}s] (ref 82)
1t 1s not necessary, however, for the metal 10n in the cation and anion to be different As
examples, Werner cites the following pairs

*en= ethylenediamine
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(1) [Ca(NH;3)6] [Co(NO; )5 ] (ref. 31, pp. 177, 180) and [Co(NH; ), (NO:)- |-
[Co(NH3)2(NO32)a] (ref. 31, pp. 177, 180)

(2) [Pt(NH;)4] [PtCls] (Magnus's Green Salt)** and [PU{NH);Cl} [Pt(NH3)Cla ] (ref
86)

Such 1somers may tnvolve differences in oxidation state and thus in configuration as welfl

(1) [PO(NH;). 1 [PtIVClg ] (refs 27a, p 429, 87, 88) and [PtIV{NH, ), Cl; ) [PHICL |
(ref 27a,p 429,87

(2) [PtO(py)s] [PLVCl ] T (refs. 89,90, p. 26, 91) and [PV(py)sCh ] [PICI, | (refs
90, p. 49,92)

E COORDINATION POSITFON ISOMERISM (KOORDINATIVE STELLUNGSISOMERIE}

Werner fizst defined ths type of 1somensm 1n 1910, and it appears in Neuere Anschau-
ungen beginming with the third edition (refs 34c¢, pp 340—341,34d, pp 350, 351, 34e,
pp 328, 329} This isomensm, which Werner regarded as anatogous to the familar substitu-
tion or posttion 1somensm of organic chemistry CH,-CHX; {ethylidene chioride) and
CH, X-CH; X (ethylene chlortde), oceurs among dinuclear compounds m which different
distributrons of the ligands about the two coordination centers are possible {refs 35, pp 7,
8,30,32,107, 111,93) For example of the complexes

NH,

MH,
o~ a2
‘ izl o DT tHz)y ‘ " ‘ AR minat | o
x °\°{,C4F o [xF and tNH;).Ccv‘E\ /CJ‘ o | X

where X = C] or Br, the first or symmetncal salts are grayish green and difficultly soiuble
mn water, while the second or unsymmetrcal salts are browmsh green and easily soluble The
two senes of salts are very different in chemical properties

F STRUCTURAL ISOMERISM (STRUKTURISOMERIE}

We have used thus term to refer to the overall type of isomensm that is different from
stereotsorernsm. The term 15 also used to refer to the type of 1somensm known as sait 1so-
merism or inkage 1somensm (Sect {) However, Werner (1efs 34a, p. 176, 34b, pp 275, 276,
34c, pp 339, 340,344, pp 349, 350, 34e, p 342) used this term to denote the type of
1somerism exemplified by the compounds H, N NO. (rutramude) and HO® N - NO {nitroso-
hydroxylamine) Asexamples of this type of isomerism among coordination compounds,
Wetner cited three pairs of complexes®® which involve the thiourea—ammonium throcyanate

1 Py = pyndme -
Although Werner formulated these substances as perono (04~ )} compounds contaimng one atom of
tripasitive cobait and one atom of tetrapositive cobalt, recent work has shown them to contain supzr-
oro (O05) bndges and two triposttive cobalt atoms®+%¢”
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1somensm analogous to the classical urea—ammonium cyanate sornerism first observed by
Wohler™

(1) [(NH);C8]; -Hg(SCN)2 and (NH4S8CN), -Hg(SCN),

(2) [(NH;),C8]; -Co(SCN), and {NH4SCN); -Co(SCN),

{3) [(NH;),CS8] s -Zn(SCN), and (NH48CN); -Zn(5CN),

G IONIZATION METAMERISM (JONISATIONSMETAMERIE)

This type of 1somensm, in which compounds of the same composition yield different
1ons 1n aqueous solution, was the first of the structural (as opposed to stereo) types to be
singled cut by Wemer (1897) (ref. 41, p 145) for special attention although he did not
give 1t a specific name at that time. In the first (1905) edition of Newere Anschauungen
(ref 3da, pp 172, 173), he dessgnated the phenomenon tomzation isomerism {fomsations-
1isomerre], but 1n his leciure Unrersuchungen uber anorganische Konstirutions- und Kon-
Afgurations-Fragen mven before the Deutsche Chenmische Gesellschaft 1n Berhin on November
3rd, 1906 (rel, 100, p 33), he changed the name to tonzation metamerssm (fonsanons-
meranierie] because the namne formsarnionsisomerie had previously been used by lus teacher
Arthur Hantzsch for another ssomeric phenomenon 1o the second and later edstions of
Neuere Anschauiingen (refs 34b, pp 269--271, 34c, pp 336338, 34d, pp 345347,
34e, pp 338-—340), Werner used the term Jomisarionsmetamerie He reparded it as analogous
to the 1somensm exhibited by the pair of organic eompounds

NICH,), N{CHS Y,
cgm/ ¢t and 4/ Br
. ™~
Br cl

The classic example 1s the pair of 1somers of empirical formula Co(NHj)s Br-S0O,4 pre-
pared by Jprgensen, viz red-viclet [Co{NH;3)sBr]SO, (ref 101) and red [Co{NH;)s S04 ] Br
(ref. 102) The first compound gives an :mmediate precipstate with aqueous banum chionde
but not with aqueous silver nitrate, while the second compound exhibits the reverse behavior
Smce ths type of isomensm occurs frequently among metal—-ammines, we shall it our-
selves to a few of the cases in which Wemer was expenmentally involved

[Co(NH1)s(NO;)CI Cl (ref 61, p 468) (red) and [Co{NH3)4Cl; INO; (ref 103) (green)

[Co(en), (NO;)CI] Ci (ref 104) (red) and [Co(en),Cl, ] NO; {refs 103, 106) (green)

[Co(en), (NO, JCIINO; (ref 104) (red) and [Co{en)2(NO, ); ICl (ref 107) (yellow-brown)

[Colen), (NO, YCI}SCN (ref 104) (red), [Colen), (NO,)SCN]C] (ref 108) (red-brown) and

{Co(en) {SCNICI| NO; (ref 109) (brown-violet)

A pecubar vanmation on this type of 1somensm 1s the pair
[Co{NH1)sSO31NO; (ref 110) and [Co(NH1)sNO; 13S0, (ref. 31,p 172)
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H. HYDRATE ISOMERISM (HYDRATISOMERIE}

This type of 1somensm anses from the different possible modes of bonding of water n
coordmation compounds, viz. (1) as coardinated water within the complex 1on or (2) as
water of crystalhzation bonded outside the coordination sphere Wemer called these two
types of compounds aquo salfs {Aquosalze) and eso hydrates {Esobiydrute), respectively.
Such 1somerism may also be regarded as a specral case of ronization 1somerism, although 1n
most cases the anions tn the 1somers differ not in kind but only 1n number Water, of course,
15 the most widely used solvent, and hence isomers involving differently bonded water
molecules are the most common O’Brien® preferred to regard this type of 1somerism as a
special case of what he called solvare isomerism, and he mentioned the possibility of such
1somers 1n which alcohols, armines, or ammonia take the place of water molecules

The classic example of hydrate 1somerism, the first type of structural 1somensm to be
given a specific name (1901) by Wemer (refs 34a, pp 169—172, 34b, pp 265-269, 34c,
pp 333-3385, 34d, pp. 342-345, 34e, pp. 335—338, 111), 1s furmshed by the three chro-
mrum(1{[) chiondes of empincal formula CrCls +6H, O. 1t was these intriiguing compounds,
already considered in his first (1893) paper on the coordination theory (ref 29,p 290),
that marked Werner’s entry mnto the field of chromiem complexes, an area to whose study
he was to devote a dozen and a half papers®? 511117126

Werner applied to these hydrates of chromum(liI) chlonde the same type of physico-
chemical methods that had done yeoman service 1n elucidating the constitution of the
metal—ammmes (conductivity measurements, cryoscopic molecular-weight determinations,
and behavior toward aqueous silver nitrate) As a result, he proposed'! the formulae
[C(H,0)s]Cl; and [Cr(H; 0)4Cl, } C1+2H, O for the so-called Recoura’s gray 127+12® and
green 27130 chromium chlorides, respectively © Kinetic studies of the aquation of the green
1somer to the violet 1somerT led Niels Bjerrum to predict the extstence of an intermediate
compound containing the [Cr(H,0}sCl] *" 1on A story by Bjerrum concerning this chloro-
pentaaquachromum(ill) chlonde that he discovered ***™¥3° will pve some insight into
Werner’s modus operandi and dlustrate the speed and efficacy of his simple and direct
techmque

* Werner also proposed the formulae [Cr(H; 0);Cl3 1 Ct (ref 111) and [Cr(H20},Cl, [CI-6H,0
([CH(OH; +Ha 0)4(Cl-Hz0), JCI) (ref 113} for Godefroy’s *'*'2 hydrates CrCl3+4H, O and
CrCly+10H, 0, respectively Furthermore, together with his assistant Robert Huber*?* %, he prepared
a new green chromium chiorosulfate 1somenc with Recoura’s green chlorosulfate 13%1% Based on s
reachons, he claimed that the new compound was a doubte salt {Cr(H; 0)4Cl3 } ICr(H20)1(804)2 - 2H,0
similar to the alums, a view with which the Damsh physicat chemist Niels Bjerrum 135,13 conourred
However, when Werner proposed the same formula for Recour's chlorasulfate wself, Bierrum, who
bebeved 1t to be [Cr(H;0)5C1] 50,4 -Ha Q. disagreed Although the chemustey of these chromwum com-
pounds 15 far from simple, Bjerrum’s formulaton seems to be correct

i Although the system [Cr(H30)6] *~[Cr(Hz0)5C1} 2~ [Cr(H20)4CY2 ]“ ts probably more intricate than
Werner believed, his proposed equilibria still offer the best simple explanation for a complicated phe-
namenon 137 1%
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“When 1 came to Zurich [May-June, §907] I had a short time before published a paper
on a new chromic chloride with only one coordinatively bound chlomnne atom
[{C(H; 0)s C1J Cl, «H; O] In order to be able to check this result Werner asked me to pre-
pare a small amount of it, but instead of carrying out a titration with silver nitrate 1n order
to test it, he only treated a small amount of it on a watch plass with suifuric acid and m thus
way prepared a chlondesulfate, which he at once recognized as the so-called Recoura’s
chlorosulfate {[Cr{H,O)s C1]SO;+H,; 0] Thus in the course of a few munutes he had ac-
quired the conviction that the substance was really a new monochiorochromc chloride
frefs 1,p. 63,1501 >

Actually, in solution the three aquated chromium(IIl) chlondes are interconvertible and
the ymtrally green solutzon changes i color to violet in the course of several days according
to the equilibra ¥43

[Cr(Hz 0)Cl, | C1 222 [Cr(H, 0)5 Cl} CLy 225 [Cr(H,0)6 1 Cls

Recoura’s miermmediate chlonde Recoura’s Violet
Green Chlonde  predicted by Wemer Chlonde
and 1solated by Bjerrum

emerald-green blue-green

Sdver nitrate precipitates from the three compounds one-third, two-thirds, and all of the
chlonne, respectively Itisindeed a remarkable coincidence that each of the three sohd
hydrates contains the exact number of water molecules needed to mamntain the constant
total number six required to make the compounds isomenc The commercial product 1s
the dichlorotetraaquo salt, and syntheses for the other two tsomers have been devised (refs
148,149, 153, pp 102, 103, 154) Wemer proposed that the “excess” water molecules in
the dichlorotetraaquo and chloropentazquo compounds are bonded indirectly 1 the complex
cation as [Cr{H; 0)4(Cl-H;0), ] Cl and {Cr(H; 0)s(Cl-H; O)] Cly, respectively. The lattice
structures of [Cr{H,0)s] Cls (ref 151) and trans-{Cr{H, )4 L1, 1 Ci-2H, O (ref 152) have
been determuned by X-ray crystallagraphy.

Relationships stmilar 1o those among the three hydrates of chromum(iil) chionde also
exist between the two hexahydrates of chromwum(IIT) bromide (ref 34e,p 336) From
a solution of the blue 1somer all the bromine 15 iImmediately precipitated by siver nitrate,
whereas from a solution of the green 1somer the bronune is only partially precipitared

[Cr(H, 0), ] Br, and {Cr(H,0).Br, | Bre2H, 0
hexaaquechromum{IIl) dibromotetraaquochromum(IIl)
bromide brom:de

blue green
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Werner (ref. 155, p 344) proved the formulanon of the green 1somer by preparing the
difficultly soluble sait [Cr{H. O}4Br, ] [Co(NH, ), (NO;)s]2H,0

Wemer’s student Paul Pfetffer '%6 | together with M Tapuach, discovered a number of
cases of hydrate 1somertsm among other chromium complexes

(1) [C(H;0)4(py)2 ] Br3-2H, 0 and [Cr(H,0):(py):Br; | Br-4H,0

(2) [C(H; 0)2(py)2 CL; } CI and {Cr(H;O}py),Cls] H,O

(3) [C(en),(H,0), | Bry and [Ce(en),{H,0)Br}Br; H,0 (ref. 157)

Hydrate somerism is, of course, not limeted to chromism compaunds, witness the fol-
lowing four cases recognized by Werner among the complexes of cobalt

(1) [Co(NH; }4(H, O)CH] Cl, (ref 103) and [Co{NH;)sCl;]Cl-H,O (ref. 111, p 1587)

violet ETeen

(2) {Co(NH1)3{H> 0}, C1] Br; (ref. 158) and [Co{NH3)3(H, O)CiBri Br-H, O (ref 158)
violet brown

(3) [CeiNH21)4(H; O)Cl] Bry (ref 159} and [Co(NH,;),Br; ]CI-H, 0 (ref 160, p 213)
violet areen

(4) [Co(NH1),(NO2)ClICl-H; O (ref 161) & [Co(INH;)a(H; OXNO, )} CL; (ref. 161)
red yetlow-brown

The two compounds listed as (3) above are also examples of ionization 1somers because
in solutton they yield different amons (see Sect G) The two compounds hsted as (4) above
are especially interesting because the red eso hiydrate, on dissolution 1n water, 1s rmmediately
transformed mto the yellow-brown aquo salt The reaction s reversaible, for the red eso
hydrate can be precipitated from ihe resulting solution of the aquo salt by addition of po-
tasstum chlonde

In the fifth edition of Werner's Neuere Anschauungen (ref 34e, pp 337, 338), Plesffer
cites as a case of what he calls kydrate polymertsm (Hydratpolymerte) the interconvertible
pair of compounds

’
o
feomm,y o man]en, et 7a) and | tNH,)Co7

" CoNH), [Br, 2HQ tret 75)
HO/

The dinuclear compound has twice the molecular weight of the mononuciear compound
In the earher editions of Meuere Anschauungen, Werner had classified these compounds as
examples of nuclear polymenzation isomernism (Kernpolymerie} (see Sect C,p 166)

1 SALT ISOMERISM, STRUCTURAL ISOMERISM, OR LINKAGE ISOMERISM (SALZISOMERIE}

Although this type of 1somensm was called salf isomenism by Werner (refs 34a, pp
173176, 34b, pp 271275, 34c, pp. 338, 339, 34d, pp 347--349, 34e, pp. 340, 341,
100, p. 34), 1t has also been referred to as structieral isomerism®:? | a term that Werner
reserved for somers of the type hsted in Sect F of this paper Since we have used the term
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strucrural 1somerism to refer to the general type of 1somensm exhibited by all the compounds
treated in the present review and since the term linkage isomerism has now almost

unwversally come into use, we shall use the term linkage isomerism in this paper Of ali the
types of 1somensm discussed in this artiele, linkage isomensm 15 probably the one most ex-
tensively investipated in recent years The examples cirted here are dlustrative rather than
exhaustive, and articles™* reviewing the toptc should be consulted for further examples

and detailed information.

It 15 a well known fact of arganic chemistry that tautomeric acids can give rise to two
series of covalent isomenc denvatives, e g R—Nfé'g (nitro compounds) and R—0=N=0
(nutrites), R—C=N (nitriles) and R—N=C (isonitriles), R—O—C=N (cyanates) and
R—N=C=0 (isacyanates), R—S—C=N (thuocyanates) and R—N=C=S§ (1sothiocyanatas)
Such isomensm, of course. cannot exist for ronic salts of these acids, but the phenomenon
would be expected to occur amang complexes cantaining these anions as ligands, 1e co-
valently linked to 2 metal atom Ligands which contain more than one coordinating group
are known as ambidentare®, and if only one of these donor groups can coordinate with
a given metal at one time, linkage 1somers, differing only :n the mode of attachment of the
lipand to the metal, are possible?

One 1somer (xanthocobaltic chlonde) '? of the first pair of inkage 1somers, was 1solated
in [852, but the second 1somer (1soxanthocobaitic chloride) was not 1solated until 1894
(ref 31, pp. 168—-174) In 1899 Werner'® mustakenly believed that he had prepared several
sentes of 1somers exemplifying thiocyanato—isothiocyanato 1somensm, and he referred to
ths 1somerism as structural 1somensm In his first (1905) edition of Neuere Anschawngen
(ref. 34a, pp 173—176), he cited these compounds as examples of what he then and hence-
forth called salt :somerism It 1s strange that he did not mention the xantho and 1soxantho
1sommers However, he did cite them m the second edrtion (ref 34b, pp 274, 275) Little
conclusive work on linkage 1somensm was performed untl the 1960's, but since thatr ime
more than thirty pairs of 1somertc compounds have been synthesized and characterized by
physicochemical methods®. Most of these have been synthesized by relying on mechanistic,
electronic, and steric considerations These compounds involve pnimary six ambidentate
ligands

(1) M-NO, and M-ONO somers (tels 4, pp 225-228, 5, pp 216—220)

As already stated, the first and best known case of hinkage isomernsm among complexes,
and until recently the only substantiated case, was first observed by Yérgensen, who 1solated
an unstable red salt of empincal formula CaCi, *NO, -SNH; (refs 31, pp 168-—174,163,

p 149), which he cailed 1soxantho cobaltuc chloride because 1t was 1someric with the yellow
Rantho salt discovered by Wolcott Gibbs *62°'% 1q November, 1852 and published by Gibbs
and Genth 1957187 1q 1856

Because of the stability and color of the xantho compound, J$rgensen regarded 1t as a

nitro compound involving a Co—N bond; the 1soxantho compound he regarded as a mtrito
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compound wnvolving a Co—O bond Wemer and Zinggeler '*® formulated these compounds
as [Co(NH3); NO, 1Cl, and [Co(NH;); ONQO] Cl,, respectively, and also prepared other
compounds exhibiting the same type of 1somerism such as cts-[Co(en); (NO; or ONO); | X
(ref. 168), trans-[Co(en); (NO; or ONO), } X (ref 168) and rrans-[Co(NH3 )2 (py)2 (NO; or
ONO), 1 X (ref 168). Although some workers "1™ have expressed doubt as to the exis-
tence of distinct xantho and 1soxantho somers, such 1somernism has definitely been venified
(refs 171176, 177, pp 409-418), and studies of the 1somerization reaction have been
made Thus the nitropentaammine and mtritopentaammine of cobal tl(li[} constitute the ¢
most extensively studied ease of hnkage 1somerism, and reproducible syntheses and 1so-
merization reactions for these compounds have been devised and used as undergradnate
laboratory experiments (refs 153, pp 105, 106, 178—180). The xantho and 1soxantho
cobalt compounds remained the only confirmed case of hnkage 1somensm uniil 1962, when
the corresponding nitritopentaammines of thodium(EiE}, 1riduum(EI and platinum(iVv)
were synthesized for the first time, and therr tsomerization to the nitropentaammines was
studrcd *#!

[Rh(NH,)sONO] ** 2 [Rh(NH;3)sNO, } **
[Ir{NH,)sONO] ?* 2 {I{NH,)sNO,]**
[Pt(NH;)s ONO] ** 2 [Pt(NH;)sNO, | **

More recently, the unstable nitnto 1somers [Ni{Me; en), (ONO), ] and [Ni{Etsen), (ONO), ]
have been detected 1 solution hut were not 1solated '®2 In short, the nitnito group rematns

one of the most versatite ambidentate hgands'®? *

{1} M-CN grid M-NC 1somers (refs 3,4, pp 233, 234,5,p 215)

The first clear-cut case of isomerism nvolved pseudohalogen salts Unul Waohler '™ had
analyzed siiver cyanate and found its composition to be identical with that found by
Liehtg®? for stver fulminate, it was considered axiomatic that substances with the same
composttion had to be 1dentical '8 . As a result of Wohler’s discovery, Berzelus' proposed
the concept of 1somensm, as mentioned in the Introducthion

Although bifunctionahity 1s known for halogens and many pseudohalogens, it 1s most
promnent for cyamide and 1t mfluences the structures, properties, and reactions of cyanide
derivatives In the older hiterature cyanide linkage 1somers were often propased, but defimtive
evidence for their existence has been fairly recent?. Examples include [Co(CN)s(CN or
NC)] 3~ (refs. 189, 190) and {Cr(H,0)s(CN or NC)} ** (ref 191), 1n both cases the unstable
M-NC isomer was detected m solution but was not 1solated. [t was not uatd 1967 that

* A new type of isomensm fconformaronal isomerism), which lies cutside the scope of this paper, has
recently been distovered 34182 for the yellow and brown 1somets of [Co(en)NH3(NO3)a ], ongmally
ssolated by Wemner and Grun 135
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1socyano (M-NC) complexes that do not isomenze to the cyano (M-CN) form were reported *>*
These hnkage isomers, which constitute the first mononuclear N-bonded cyanide complexes

ever 15olated, were

cis-a-[Co(tnen)(CN); ] C104 and  ars-a-[Co(trien)(NC), ] ClO,
hght yellow deep yellow

where trien ts the tefradentate Iigand tniethylenetetramine

Pseudohalides, ltke halides themselves, can form bridges and consequently lead to the
formation of polymers The first recorded morganic complex, Prussian Blue, contamns such
bridges® In 1965 Shnver et al '* predicted and discovered linkage 1somerism i the com-
pound K{FeCr{CN),] (containing Crill_C=N_Fell), which on heating 1somernzes to
K{CrFe(CN)s ] (containing Crll—N=C—Fell) In 1968 cyanide hinkage isomensm was found
to occur 1n the solid state for the polymeric complex Fea [Ct{CN}g] 5 (ref 194) A total
of four distinct structures exist, two intermediate stages were detected beiween the two
Linkage 1somers Fe**—N=C—Cr* and Cr**—N=C—Fe*",

(it} M-SCN and M-NCS 1somers (refs 4, pp 228-231, 5, pp 205-210)

In the last (1899) of his papers '® to appear in the Zeutschrift fir Anorgamische Cherme™,
Werner believed that he had encountered salt 1somercism, i e. inkage isomertsm, involving
thiocyanate ligands In fact, 1t was for such isomers rather than for the longer known nitro—
nitrito 1somers that he ongmated the term Salzisomerie For complexes of formula
[Co(en); (NCS}; ] X, he obtamed two series of compounds, an easily soluble one and a
difficultly soluble one Since oxidation with chlorine converted the first series to trans-
{Co{en); (NH;3), ] Cls, he assumed that in these compounds the thiocyanate nitrogen 1s
bonded directly to the cobalt atom, i e these are 1sothiocyanato compounds Sumuar treat.
ment converted the second series to frans-[Co{en); Cl, ] Cl, in which the thiocyanate group
had been removed by complctc oxidation, and Werner supposed that these compounds con-
tained Co—S bonds, 1 e they were true thiocyanate compounds In 1907, Werner and
Zinggeler '*® reported a similar case of supposed ltnkage isomernism for compounds of for-
mula [Co(MH,).(NO,)SCN] X Finally, 1n 1912, on the basis of oxidation studies mvolv-
ing hydrogen peroxide and fumtng mitrie acid in addition to the previously employed chlo-
nne, Wemer (ref 196, pp 22, 41-43, 192—194) admitted that he was in error and that
these compounds were sterecisomers, not structural isomers In all cases of thiocyanate
coordination !®+16%:1?7 the hizand was coordinated as ssothiocyanate, 1 e through the m-

* After 1899 most of Werner's papers appeared m Berfchte der Deurschen Chemischen Gesellschaft
probably because he no longer approved of the philosophy underlying Zeuschrift fiir Anorgamsche
Chemie In a letter of June 23rd, 1904, to Richard Losenz, editor of the Zereschrift, Wemer resigned
from the edstorsal board because that journal had “gradually developad so strongly in the physico-
chermucal direction that it no longer meets the needs and expectations of the pure inerganic chemist” 1
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trogen The easily soluble ““dusothiocyanato’™ compounds were found to be rrans 1somers,
and the sparnngly soluble “dithiocyanato” compounds the corresponding cs 1somers.

Since Werner's day, chemists have learned tha¢ the thiocyanate 1on forms both thio-
cyanato and 1sothiocyanato complexes depending upon the central metal atom, but untsi
recently 1t was heheved that for 2 gwven metal atom, only one type of complex could
exist 2% Then in 1961, Turco and Pecile 2™ observed that for palladium(Il) and plat:-
num{) complexes, coordinated thiocyanate 1on 1s etther S- or N-bonded, depending upon
the ather hgands present Their discovery that the presence of other ligands in the coordina-
tzon sphere can affect the nature of the metal—thiocyanate bond provided the impetus for
much of the current snterest tn ambidentate igands®. Acting on Turco and Pecile’s observation,
Basolo et al 2'%?!! were able to synthesize thiocyanato—isothtocyanato linkage 1somers of
[Pd {(CsHs)a As}2(SCN); ] and [Pd(2,2’-bipynidine), (SCN).] Once again, another of
Alfred Werner’s predictions had been fulfilled The monopoly of xantho—isoxantho compounds
on what was ence the {east famihar type of complex 1somerism was broken, and numerous
thiocyanato—isothiocyanato linkage 1somerts were soon prepared, e g [PAd(W NN’ N -tetra-
ethyldiethylenetriamine)NCS]* (refs 212, 253), [CA(NCS)q] % (refs 214—216),

[Mn(CO);s SCN] (ref 217), [Pd(Bu”;As);(SCN);] (ref 218), [Rh(NH;)sNCS] 2* (refs
219, 220}, [It(NH3 )s NCS] ** (refs 220, 221), [Ci(H,0)sNCS1 ** (refs 222, 223),

[(Cs Hg JFe(CO), NCS] (ref 224), [(Cs Hs Mo(CO}; NCS] (ref. 224) and

[Pd {P(OMe); }2 (NCS),] (ref. 225). The 1somers of [Pd(4,7-diphenyl-1,10-phenanthroline)
(SCN)2 ] (ref. 226) and [Cu(tnethylenetetramine NCSYSCN)] (ref. 227) invelve both M-
SCN and M-NCS bonding 1n the same molecule A case in which all three possible Iinkage
15omers are known, for a complex containing two thtocyanate groups, 1s provided by
[CuL(SCNJ{NCS}]. [CuL{SCN); |, and [CuL{NCS), ], where L 1s the bidentate Itgand
(2-pyndylamine ¥

(ev] M-8eCN and M-NCSe isomers (refs 4, pp 234,235,5 pp. 210-214)

Virtually no research was carned out on the ambidentate selenocyanate ligand untid the
1960’s The first pair of linkage 1somers to be 1sojated **23 was [Pd(NV,N.N ',V -tetracthyl-
diethylenetnarmine}(SeCN or NCSe)) {B(CsHs)4] , this cation represented the first example
of the dependence of the banding mode of an ambidentate hgand on the nature of a non-
coordinated group 23

(v) M-5501 and M-O5,0; 1isomers

Another potentially ambidentate iigand 1s the thiosulfate 1on Since it possesses the struc-

ture
a-

0=?—0
o
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either a sulfur atom or an oxygen atom could theoretically function as a donor in formung
a coordmation compound, thus leading to linkape 15omerism. Such 1somerism has heen
reported 2*! for the compound Hg [Co(S; O3 }(CN)s ], which was said to exist mn gold and
brown forms More recently, linkage 1somers of the [Co(NH3)5S203]" 1on have been de-
tected by kmetic and spectral data from electron transfer studres?32°2% | The mmxture of
1somers was mmitially 1solated m the solid state

(vi) M-OS0, and M-S0z isomers {ref 4, pp 236, 237)

The o.ly pubhshed snformation (ref 2, p. 298) on sulfite linkage 1somers 1s based upon
an incorrect quotation of D.R Stranks by R T M. Fraser. Stranks was said to have prepared
the unstable pink O-bonded [Co(NH3)s0S0, ', but this species was not 1solated nor was
any evidence presented that would pomt to its existence 1n solutton?3® Only the stable
yellow-brown S-bonded species 1s known 235,

{vir) Miscellaneaus isomers (ref 4, pp. 237, 238)

“Linkage 1scmerism involving bridging groups 1s rare. In addition to the polymenc cyamde
compounds'**'* cited above (Sect. 1 (i), the dinuclear compounds %77, &. and §-
[Pi2 (SCN).Cla {PF(C3Hq)3}2 ], first beleved to be structural 1somers and then stereoisomers,
were finally shown by X-ray analysis to be linkage 1somers 23%72%

n- 124 n-
LTINS -y IR NS
Cl/ \NCS/ \P(n-C3H7}: Cl./ \SCN/ \P(n-C3H7)3
o a

In 1901, Wemner?*! discovered the acetylacetonate complex K [Pt{acac), Ci] . Although
several distinet bonding and structural types involving acetylacetone and 1ts enolate anion
are known **?, hinkage 1somers mvolving chelating figands are shil rare Both hnkage 1somers
have been 1solated*** m the 1somerization reaction

H
T 4
] C—0
- eotacae) = —c—c TN
i A 2 Oy ; A Col{acac)
o - Q /c =
CHy CHy

J VALENCE ISOMERISM (VALENZ{SOMERIE)

According to Werner {(ref 34d, p 382), “Valence isomerism is predicated upon the fact
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that in the isomers the same molecular components are linked by different valences [n one
isomer the radicals in questron are linked to a definite atom by secondary valences (Neben-
valenzen), while the bonding 1n the other isomer resuits from primary valences (Haupt-
valenzen).” All the examples of this type of 1somerism cited onginally by Werner (refs 34a,
pp 185-187,34b, pp 290, 291, 34¢, pp 370373, 34d, pp 382—385,34e, pp 377379,
35, pp. 6,7) have been disproved or shown to be 1somers of a different type Indeed, since
no essential difference, but only an artifictal one, exasts between prunary and secondary
valences, as Werner himself readily admitted, such tsomerism 18 meaningless (ref 10, pp.
172, 173). Nevertheless, these 1somers present a number of mteresting problems, and we
shall now bniefly examine the history of three of them

The most frequently cited example of valence 1somensm now appears to be a case of
palymerization 1somerism (ref. 177, pp. 408—412) The mirosopentaamm:nes corresponding
to the dimolecular formula [(NO; ), {Co(NH;3)5)2] Xs were found to occur mn two senes,
an unstable black one and a stable red one, to which their discoveres, Sand and Genssler 7%
assigned the formulae

X,(NH,)sCo .0=N X, (NH,)s Co._
and 7 102
X, (NH;)sCo.. O=N X2 (NH;)s Co

Werner and Pau} Karrer, his successor as head of the Chermsches Institut der Universitat
Zunch™ 7, reinvestigated Sand’s compounds and concluded that the red salis were di-
motecular, [CoyN203(INHj)0] Xa, but that the black salts were monomolecular,
{Co(NH4)5s NO} X, . Since that tune, these perplexing compounds have been the subject of
numerous expenimental studies***?%* The results of many of these have ted to conflicting
interpretatrons On the basis of several measurements of magneiic suscepiibility ***7>** | which
apparently showed the black isomer to be paramagnetic and the red 1somer to be drarnagnetic,
a new type of 1somerism — “electronic 1somensm” — was proposed and the foliowing struc-
tural formulae were assigned. [Coll(NH3)s(NO)®} X, (black) and [Coll{NH,;)s(NQOY]X,;
(red)*** Others**®?*° suggested that Werner and Karrer’s formulations should be reversed
and that the red salt was a mononuclear compound and the black salt a dinuclear compound.
However, the mononuclear structure artributed to the red salts®** was not confirmed ex-
permentally. Asmussen ct al.**? showed that previous magnetic measurements Were Incorrect
because of the presence of cobalt(Il) impunties, salts of both the red and black senes were
diamagnetic Mika et al 232 believed the compounds to be linkage (mtro—nitrito) isomers
Recent studies have confirmed Wemer and Karrer™s assignment of a dinuclear structure
to the red salt Thus, Brintzinger and Plessing**® reported an 1onic weight of 380 for the
ron of this salt. Ardon?®?, by means of the elution rate of the red salt from a cation-exchange
resin, showed that the 1on had a +4 charge, and conductiity studies by Feltham**® have
shown the red isomer to be a 4 1 electrolyte The monomeric salt 1s believed to contain
Co—NO bondmg, while the dinuctear salt 1s thought to contam an ONNO?™ 1on of some con-
figuration between the cobalt atoms®*®:?%_ Reproducible preparations for both compounds
have been published 261:262
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Of a second parr of valence 1somers cited by Werner (ref. 35, p. 18)

=
v
ten JECoE\ Co™lenl| %, and ten),Cam<, >Comien)2 X,
NHy NH
green, neutral reaction red. acid reaction

the second compound has been shown not to be 1somenc with the first at all, Instead, it
was found to contain only tripositive cobalt, and Thompson and Wilmarth®*?® formulated

1t as the acid salt of the one-glectron reduction product of the first, viz

R
AN
/

o
en),Cao Co (en) -HX
N 2 | X

Thewalt and Marsh®® later showed for the nitrates of the two seres that the green para-
magnetic compound contains a superoxo (0, ") bridge, while the red diamagnetic compound
contains a hydroperoxide {(OOH?*") bndge %*

[a 2o V] P
o—a_ a+ é
— PaN
(en),Cd Coten), |{NOL), H,O and ten),Co Colenl, [ (NOG) 2
I 2 ‘.:\\N/ 2 G H 2 \N/ Wla2ho
T
| Wy EaY
green, paramagnetic red, d:amagneatie

A third case of valence 1somerism cited by Werner (1ef 34d, p 383) concerns the so-
called rhodo and erythto salts of chromium, first discovered in 1882 by Jprgensen 25266
The relationships of these compounds to each other and to their basic salts, together with
their properties and Werner's constitutional formulae, are best shown schematically as

¢ normal(acidic] rhodo salts tasic rhedo salts ™
CriNHy s - Cr(NH
AN QH “ 3‘.’- X,
H Xy
* -~ [w. ]
PO, Yy CF(NM,ly
{red, neutratl) {ind1go blue, strongly basic)
valence <J 100=C oa standing 1onrzation
ISOMETS Isamearism
normat {acidict erythre salis basic erythro salts
CriHH Criny
3k on- 3h %
O--HK | X, o hio
CritHy), H Cr(NM,), |
. tred, strongly acidic) tcarmune, nzutrat} ,
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In 1937, these compounds were remvestigated by Jensen 87, who, by use of X-ray
powder pattern techniques, found the thodo and erythro bromides to be 1somorphous
Since no difference actually exists between primary and secondary valences, the formulae
proposed for the normal thodo and erythro salts are identical Consequently, Jensen pro-
posed the following formulation to explain the isomenc relationships

rormal taciche) rhado salts pasic rhodo salts
Cr\(NH:]S Crint,lg
QH x Xa
~ s — /O H,O
Cr{nNH,), Cri{NHy)g
narmal tactdic) erythro salts basic erythro saits
Cr{N CriM
IV (NHy,
NH, Xy [ Xg
- HzO
CFINH,) tHO) Leriumg),om

More recently, on the basis of analytical data, degradation reactions, and measurements
of acidity constants and magnetic suscep tibilities, Wilmarth et al %% have concluded that
the rhodo and erythro 1ons are not 1isomeric at all, and they reformulated the situation as

normal tacidhic) rhodo salts basic rhodo salts
CreN s . Crinmg), 14
TN " G
oH O
e = e
CriNK), - crindg L,
y-uu,,-u._.o *HEP 2 ~NH;
normat (acidicy erythro salts basic erythro salts
CriNH;, 5 CrinHy), a
-] - 5
\0 ’ - \O?-I
H —_———
e “H* C/
CritHy), (HO) TINHy 3, {OH)

The alleged 1somerism had been predicated upon Jérgensen’s incosrect nitrogen analyses

for the erythro compound Inasmuch as Jensen analyzed the erythro bromide for chromum
and bromine only, he naturally did not detect the replacement of an ammonia molecule

by water Wilmarth et al 23 ysed both Dumas and Kjeldah! analyses to show that the erythro
1on contamned nine rather than ten nitrogen atoms The conversion of a hydroxo bridge to

an oxo bndge, as in the formation of basic rhodo salts from nommal rhodo salts, 1s readily
detectable by dramatic changes 1n the near-ultraviolet spectra?$®-27
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% COORDIMNATION NUMBER ISOMERISM (KOORDINATIONSZAHLISOMERIE)

This type of ssomerism s not yet mentioned in any of the standard textbooks It was
proposed by Werner :n an unpublished, but complete, 10-page, touble-spaced, typewntten
manuscnpt ““{her Koordinanonszahi “acht ™ und itber die wechseinde Koordmmationszahl™”,
found by the present author among Werner's papers i Zunch **  In this manuscnpt
Werner describes the preparation, properties, and constitution of a senies of supposedly
octacoordinate chromium complexes which remawns unreported in the hiterature up to the
present day He cited the following pair of compounds as 1somers contamnmg the same metal

with different coordination numbers

iCden), Cl, ]CI-H, O and [CHen): (H;0)Cl5)
Pfeiffer 2™ Wemer
coordination number 6 coordination number 8

On heating, the latter compound 15 transformed into the anhydreus fonm of the former

compound
On the basss of prehminary reflection spectra®™, the compound formulated by Werner

as HICr(en);Cl; } has been tentatively identified as octahedral I, 2, 3- [Crlen)}enH)Cl,JCL, n
whuch one molecule of ethylenediamune s bidentate, but the other (pratonated) one 15
monodentate¥™ The coordination number would thus appear to be 6, not 4, and the
compounds do not exemplify Wemer's proposed type of isomerism The aquo compound
would presumably be 1,2,3-[Cr{en}(enH)Cl3] OH, and the type of 1somensm exhibited
would be 10nization 1somerism '**

L OTHER CLASSIFICATIONS

Other workers have defined additional types of isomerism such as hipand 1somerism, ring
s1Ze 1IK0metism, summation tsomerism, and electronte isomensm (ref 9, pp 271--273)

Ligand isomerism anses from isomensm within the lipands themselves, e.g the two tnos of
180mers

[Co(en); (CH,CsHe NH, )CH Cl, (ref 276), where CH3CgHaNH, = o-, m-, or p-tohndine

{Pt{NH, CcH,COOH), Cl, ] (ref 277}, where NH,C3H,COOH = o-, m-, or p-aminobenzoic
acid
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Ring size isomerism is llustrated by the pair of 1somers*™

Cog | Clg propylenedianine forms S-membered vings

| % trimethylenedinmme forms 6-memhbered Tmgs
Co¢ CHal» [Cly

Summarion tsomerism 1s illustrated by compounds in which entirely different groups are
coordinated to the central atom, but the sum of all the atoms ts constant, e g 2™

{Co(NH, CH, CH, CH, CH, NH, )(NH, CH, CH, NH, )C!, ]* and
[Co(NH, CH, CH, CH, NH,),C1, T

Elecrronie isomerism has afready been mentioned in connection with the hlack and red
“valence womers™ of the compounds of empincal formula Co{NH;}s NOCl, (Sect 3)

As we have seen from the examples m this article, Werner’s classification of structural
1somensm is so thorough and detailed that the sheer number of the types defined ts almost
overwhelmung at first sight Even Paul Pfeiffer, in hus fifth edition of Neuere Anschauungen®®,
teduces the number of different types of 1somerism by combining several Since most cases
of structural 1somensm anse from the different permutations and combinations of igands
and metal atoms, Martin and Martin2® propose a classification of such 1somersms wto three
main types (1) coordinarion-sphere isomerism, which arises because of different distmbutions
of Ligands inside and cutside the coordination sphere and includes Werner’s hydrate, iomiza-
tion, and valence 1somerisms, (2} distribunon isomertim, which is due to different distobu-
tions of a set of Lpands about two or more coordination centers and ircludes Werner's
polymenzaton, coordination, and ¢oordination position isomerisms, and (3) ligand tsomerism,
whuch 1ncludes Werner’s salt 1somerisin  Regardless of whether ar not such proposals even-
tually supersede Werner’s ongina} classification, his scheme, which for many years pronided
a frumtful frame of reference for research in the field, will undoubtedly retam iis place in the
annals of coordination chemistry.
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