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ABB ATIUNS 

en the bidentate: @and ethylenediamine, NH#i$X2NH2 
sac acetylacetonate anion 
WC propionylacetanate anion 
tn tximethylen mine, ~2(~~~)~N~2 

A review article devoted primarily to the research efforts of one man is unusual, but when 
the field is coortiation 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. ~o~q~en~y, 

arily tu a&i It Lslm.ad ~~v~r~~~~ 
t impor fund ro~~ern~ in opticd 
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resolvable compounds, e.g. the attempted preparation of opticfly active c&[Co(er& 
(NCS)z]X by treatment of active c&[C~(~~)~(NCS)C~]X with KNCS (pp. 39-40), ref- 

arium f+)-b~umocamphors~~fo~ate or the free acid 
x with (~~~r~~~~~~~~~~~* ]NU~ (pp. 4243), or 

r(H,O)@H)(~204)21 2 - ion by spontaneous crystai- 
lization, diastereoisomer formation (with strychnine, brucine, cinehonine, cinchanidine, 
quinine, quinidine, and the (+)- and (--)-[Co(en)#” ions in various solvent media), esteri- 
fication with active alcohok, or bicrchemicaf methods, contained in Hans Surber’s f 19 15) 
di~s~~tat~o~ (ref. I7X t pp. 12%~57), ~~~~ a fraction of We~er’s student’ d~ss~r~a~~~~ were 

able to the present arbor, and, co~s~de~ng We~~r~s central role in coordination 
chemistry, it wouId be of great value to contemporary coordination chemists if at least a 
detailed list of the contents of alI the dissertations were somehow made available ta them. 

The concepts of asymmetry and optical activity, although introduced fairly late into 
inor~~~e chemist ble and central roles in organic chemistry. in fact 
if ~~d~~ organ red to commence with F~~~~ch W~~er’s synthesis 
of urea “’ in 18 ~~~~*s ~~sc~v~~ of 0~~~~~ a~~~~~~~~ in 1812 ante- 
dates the very genesis of this field. Moreover, LeSeix8’ and van’t Hoff’srs8 concept of the 
tetrahedral carbon atom (1874), which constitutes the foundation of organic stereochern- 
istry, was proposed primarily in order to explain the optical isomerism investigated by 
Louis Pasteur and ~tbers. ft is to Alfred Werner, h~wev~r~ that we owe the ~trodu~t~o~ of 

e csncept of opticall a~t~~~t~ into c~~rd~~at~o~ 
~tho~~ it is true that compounds containing a tric atoms other than carbon, 

e.g. nitrogen”‘, phosphon#‘, sulfurrg3, selenium lg5, and siliconrg6, had been 
resolved before Werner and King’s resolution, all s had involved atoms af tetra- 

configuration. Werner’s work, on the other hand, involved a compound of tie pro- 
but as yet ~~~rove~ o~t~edra~ con~~~rati~~” As a result of this work, ttte eminent 

mist Sir Gilbert T, organ was able to state in is ~b~t~a~ of We~er~‘~ 
that “the spatial co&iguration of the co-ordination complex with SIX associating units 
is now as fimdy established as that uf the asymmetric tetrahedra carbon atom-” Werner’s 
indirect proof has been amply corroborated by direct X-ray diffraction studies.s9 

ctive coordination compounds, which John Read, a former 
edxp” a ~~stereo~h~m~c~ a~~~ve~ent of the first order”, 

was Werner% greatest exp tal t~~rn~h- This feat, which “shook ~~ern~s~~ ts its 
innermost foundations”*99, 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, Iargely in recognition of “the most brilliant confirmation of [his] stereo- 
chemical views”200, as Lifschitz has described the resolution, Werner was awarded the 
Nobel in ~~e~i~t~* 

Un ateIy, we do now know exactly when Werner first real ed that one of the 
geometric consequences of his octahedral model was molecular etry for certain 
types of complexes G ntaining chelate ligands or when he first recognized that a resolution 
of such compounds wouId provide an elegant and definitive proof of his stereochemical 
views. Contrary to summon belief, no mention of this topic appears in his first paper” 
on the: ~o~rd~ati~~ theory. We~er~s first ~ub~she~ work in 
~1~~~~ dealt with the resu~ution of ZUI organic co~~~u~d, 



acid103*124. In the same year, in a paper de bg with oxalatobis(ethylenediamine)cobalt- 
(III) salts’OO, [Cofen)2C204}Xz, Werner apparently mentioned for the first time in print 
&e ~o~~~~~~~ of optical isom~~sm among ~oord~at~on compounds. A dozen years of 
work invo~~g ~bat others tight have c~~~dered ~~s~~~~n~b~e d~f~~~~t~es were to 
elapse before his ~~si~tfu~ prediction, was fulf~ed61~z~~~~~2* 

For mononuclear complexes Werner distinguished three types of asymmetry: 
(1) Asymmetry invoIvin i31n asymmetric metal atom, as exemplified by ions of the 

cis-[Mje&AB] type. 

According to Werner, since such octahedra cannot be regarded as containi 
superimposabfe tetrahedra, they do not contain an asymmetric cobalt ato 
h~d~~~ as a w~~~~ is a5y~et~c~ 

en en 

These oetabedra, consisting of only one type of metal atom and one type of bidentate 
Iigand, likewise cannot be regarded as containing two nonsuperimposable t 
Werner considered types (l), (Z), and (3) to represent a~~d~~~nta~~~s, diacidotetra- 
ales, and hexa ties, ~es~e~t~ve~y~ s cz: in compounds Of these types five, four, and 
six groups, respectively, were bound to the central metal atom by secondly valences 
(iVe~envalt?rzz~). 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. 
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B. COBALT COMPLEXES 

(a) cis- [Co(m) 2(~~~~C~~X2 and cis- 
The first person to resolve a coordina on compound was Victor L. King (18 

an American chemist, who received his doctorate stlmllz~2 cum ikude under Werner in 
1912 (ref. 58, pp_ 157-l 58; ref, 1 SO). According to King’s laboratory notebook (January 
19lOj [ref. 203, p. 2-101, the compound that he was assigned to resolve was c~~~nat~~is* 
fe~yIenediamine)cobaItf;III) br~rn~~e~ ~~o~e~~~C~~ fBr. A~~~~ 
u~s~~~~ssful attempts to resolve this compound tith sitver (a)-b o~~phor-~-s~fonate 
were never published, they are found in his dissertation (ref. 150, pp+ 3940). 

King was, of course, successful in resolving not this compound but the cis-ch.Ioro- 
and bromo~n~bi~(ethylenedi~min~)cob~~(II~) s&s6*. All attempts to prepare optical 
isomers of the ~~~(en)~~~~~~ ion by diastereo~um~r fo~atio~ with opt~~~y active 

s were uns~c~~ss until in I9 12, toge~e~ with another A erican, the late Thomas 
Cutcheon, who was the present author’s instructor in general chemistry at 

University of Pennsylvania, Werner was finally able to synthesize such compoun 
action of potassium carbonate on optically active cis-[Co(en)pClz]’ salts66, a reaction 
which is discussed later (Section S@)(b) and (c)). Similar reactions have since been 
investigated by Bailar et d.2w-206 

In his classic paper with King, the first in a sagas of twelve papers untitled Zur 
Ktznntnis des asymmetrischen KcQwltatmns (“’ rd an ~nde~s~an~ng of the asymmetric 
cobalt atom”)61, Werner used stereochemical ents reminiscent of van? Hoff s 
famous paper lB8 of 1874 on the asymmetric carban atom. After citing several conse- 
quences of the octahedral hypothesis that are menable to experimental verification, such 
as the ~~~ur~en~~ of complex ions @l&B] in OIII~ one ~~~ and the o~~~~~n~~ of com- 
plex ions ~~A~~~~ (refs. 105,117) and [~A~~~~ (refs. 104,106,107) in two isomeric 
serks, Werner discussed a much more decisive proof-the existence of the optical isomers 
required by the octahedral model. For the complex [MA3BCD] in which the three A’s 
or B, C and D occupy the three comers of an octahedral face (cis; 1,2,3), the mirror 
pages are not s~p~~mpo~ble. 

A 

The same is true of the complex ~~A~~*~~~ if the groups are flanged in the f~l~ow~g 
manner, 

c C 
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The number of different groups that are require 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 th st str-ucturc are each replaced by a molecule of et 

the rnoI~c~~~ as etry is rn~~tain~d in the ~~s~ltj~~ complex eis- [ 
~onseque~tIy, cumpounds with this st~ct~r~ sbo~Id contain an asymmetric central atorn 
and should therefore be resoivable into optically active antipodes 

The most widely used resolution method, Pasteur’s diastereoisomer formation207, 
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 neon was pubIish~~, ~~~~g a 

the strong acids, ~*)-c~phors~~fo~~~ acid and ~*)-br~rno~ 
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? 
ties of coordination compounds to be resolved were the cis isomers of 
)Cl]X, (reC 17, pp. 159-163; ref, 18, pp. 468-470); ref, 24)s. The resufts 

‘r along with those for ~e~e~)~(~H~)3r] X2 (with Ernst Scholze, RLS).~ 
Universitit Ziirich, 1911) (ref. 17, pp. 176-178; ref. 18, p. 47 i es. 24,37,170)- Tk+ 
salts of the bromoamrnine series were easier to resolve because their diastereoisomerk 

horsulfonates exhibit a great difference in solubihty. For both series, the 
~~)-bromo~~mphor~ulfu~t~ of the (+)-form, which is less soh.rbIe than that of the (-)- 
form, ~~~t~~~es out first. The ~ia~t~r~o~~~~~ were converted into the bromides either 
~rou~-~nte~~~~ate conversion to the di~io~~t~ or directly by grinding with concen- 
trated hydrobromic acid. For the bromides, Werner obtained the specific rotations, 

[ru] c = +43O (chloroarnmine) and 246.25” (bromoammine). 
Contrary to Werner’s expectations, the compounds proved to be remarkably resistant to 

~~ern~atior tn solutions both on prolonged st~d~g at room temperature and even on 
e was able to i~t~rco~v~rt valves 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 

* As it matter of fact, RO one has yt=t succeeded in r~~~~ a compfex eonta- _ ~~~~~~~~~~ 
ps cm&. 

bd hxdy deveIoped experimental trite for d~~~~~ cis from @s?~s isomers’“. 

though Werner wed the method of Kipping and Pepe2e9, improved syntheses for (+)-hromo- 
o\mphorsuJfonic acid and its salts haye since been rtq~orted~~~-~~~. 
8 These compounds were discovered in 1890 by Sophw Mads Jsrgen~en, ‘Werner’s princip& scientific 
adversary (ref. 213, pp_ 454,459). It is one of those ironies of histow that many of the wrnpowds 
Which played crucial mks in the victory af the c~~r~ti~n theory over ttfe ~Iorn~~a~-J~~e~e~ 
chaCn t~~~r~ were fi prepared ‘by J0~e~~~ asps 143L §a 



and he found that the resulting aqu minebis(ethylenediamine) salts were optically 
active (ref. 121, pp. 21 f 186, 188; re 49). 

According to Werner, the investigation proved that “metal atoms can act as centd 
atoms of stable, asymmetrically constructed molecules [and] that pure molecular corn- 
pounds can also occur as stable mirror image isomers, whereby the ~iffer~n~~ betw~n 

valence compounds and molecular compounds, whiGh is st f~e~ue~~y rn~~~a~~~d, dis- 
appears entirely” (ref. 61, p. 1890). Moreover, it confirmed “one of the most far-reacting 
conclusions of the octahedral formula”. King considered the resolution to be “the last 
proof for the octahedral formuIa assumed by A. Werner” (ref. f50, p_ 59). He attributed 

~sorn~~~rn rather than e~~l~siv~ly to 
carbon ~ornp~~~ds 

metal-ammines have 
successfully prepared” (ref. 150, pa 59). 

Improvements in instrumentation which occurred in the first decade of the present 

century may have. played the largest role in Werner’s success216*217. Before this the, 
~ol~~rneters, color filters, and light sources were stilf in too ~~itive a state to p 
easy obse~atio~ of the deeply cslgtred solutions with whi was forced to work. It 

was only shortly before the time of Werner’s success that dt and Haensch Model 
No. 8142 polarimeter became commercially available. Th nt, which brought 
Werner his long-sought success, was based upon the specifications of Hans Heinrich 
Landolt2’8*2’9 and included several new features of importance for measuri 
r~~~~iu~~, especially the Lippich ~~~~~~~~~~e~ ~~al~-shad~w~ d~~~~~2~~221, etter 

de~~ed the uniform gray appearance e ~xt~~~~~~ns of the two halves 
of the field and thus increased the pr g the zero points. 

Another factor that may have pre emer’s choice of the wavelength of 
the fight used for his measurements ?-17. Most of the rotations at that time were m 

at the wavelength of the sodium D-line produced by ~e~~ excitation (589 nm’), but . 
tense color of Wer~er~s solutions would have rendered use of this wavel~~~t~ 

difficult. At about the time of Werner and King’s success, Landoft had described the use 
of falters to obtain different wavelengths. By emplaying a pair of colored solutions (crystal 

violet and potassiu chromate) as a filter for his Nemst projection, 1amp222v233, Werner 
obtained a light of optical mass-center 665.3 run, ry close to the wavelength of the 
F~u~of~r Gline 6.3 M$, and alI of his optic rutatiun v~ues~’ are reporter as 
ia] 6 rather than 

““Whenever Werner opened up a new field,.he expanded it with unbelievable speed_” 
This statement I” of Paul Karrer has been amply confirmed by Werner’s investigations of 
optically active complexes, for once Werner and Kin@1 had found the key to the resolution 

exes in 1911, a large number of articles d scribing additional resolutions appeared 
rnefs i~st~t~t~ with great rapidity, Wider ei&t years, he and his students had 

more than booty series of complexes. As will be seen below ~~~ctio~ aide), 
Werner even repaid his debt to Pasteur by using optically active inorganic octahedral 
complexes, which had been resolved by means of organic substa resolve in turn 
dimethylsuccinic acid122n*65 and diphenylsuccinic acid*76, both tetrahedral com- 
pounds. These numerous resolutio s by Werner and his students 
but in much less detail than t 



(b) cis-lsc7(en),(NH,)fP,O]X3 
Both the cis- and trans-aquoammine compounds are red and are prepared by the action 

of ~~tass~~~ hydroxide sQl~tion on the ~~~~es~~~d~ng b~o~rnine c~~~o~nds (ref. 17, 
pp_ 112-113; ref. I&, pp_ 4~24~3~ ref. 24; ref. 121, pp_ 185-192; ref 149)_ As rn~~t~~~~d 
in Section ~~i~~a~, Werner and King converted a sofut.ion of the active bromoamm~~ 
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) ordy reported a rotation of Q.25O for a 0.8% 

s~~~~~~~ of ~~~qu~t~d” (-t)-cis- ~Cu~e~)~~NH~) r]Brz in a 2-&n tube in order to show that 
the resenting ~+)-& [~o~~~~*~NH~) &f3*saft was upt~~~~~ active. From these data, the 
specific rotation f.c~] c slmuld equal + 15.62”. The only ather citations by Werner of these 

co_mpounds are in a lecture given before the Soci@th Chimique de France on May 24th 
1912 (ref. 90, p. XXI), where he gives an [ar] value of *124’ for [CO(~~)~(NH~)H~O] 
and in AJkzwz Anschrzuungen (ref. 60(a), p- 362; ref. 60(b), p. 382) with the value 

= +392’, Tu~~z~na in her djssertat~~~ (ref. 272, p 
= +700”. More recent measurements at waveless 

rotation, circuIar dichroism, and absorption spectra of a solution of the (+)-nitrate 
prepared by Werner’s method were obtained by Mathieu (ref. 224, p. 698). 

Werner was the first to ~r~~a~e both the ciS 
red) fW~t2i forms of the c~~ron~tru confound e action of sodi itrite on trans- 
[Co(en)zC12 IX. Because compounds containing Co-N bon 
whi.Ie those with Co-0 bonds are usually red, Werner and Zinggeler initially believed these 
salts to be nit&o (Co-ONO) compoundsa but they later (ref. 112, p. 768; ref. 133) decided 
that they were nitro ~Co-Nap) compounds* The cun~~~r~tions of the is 

We~er~s r~so~ut~o~ of the ~2% seriesG3*a4* rdr _ 
solution of these cornpour& described in the third paper of his series on 

the asymmetric cobalt atorrP3, ikstrates 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+ 26 l-26 490-491; ref. 24). He 

on st~nd~g~ [orl~ for the ~~)oc~o~de init~~ value of +20” to a 
ue of-SE*, accom~a~ed by a change in co m red to yeflow*_ Both effects 

were due to the rapid aquation reaction 

which caused difficulties when silver (+)-camphorsutfonate and (+)-bromo~amphorsu~f~n- 
ate were used fur the fra~t~o~~ c~~t~i~~t~o~ of the di~~te~eo~s~rner~. Werner therefore 

, Werner okmined the corresponding active fl 
(+)- or (~)-cis-[Co(en)zCNO,),]X, whkh were isolated & the perchlorate 
action of KSCN on the (--}-cfiloride, Werner obtained active (-)-[Co(en)~(N02)NCSJx 
(see ref, 161). 
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(cl) cis- [C++. (Hz @NOa ] X2 
though both cis and O-MS isomers of nitroaquobis(ethylenediamine)cobalt(l 
salts of the cis series were not isolated by Wearer in the solid state (ref_ 1.7, 

l43-144; refs, 24, i2l). Solid co~~~o~~ds, boweve~~ were later prepared by othc 
pp. 461-462; ref. 225). Of the opticaNy 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; 

reported the following valu of the specific rotation far] for 
, yellow, and wKte light, re ~~t~Q~~y: +3 I”, --35* ; +s2”, -4 

~~~~d~ racemized only sl 
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 [&I] = + 196” for ~is-[Co(en)~(H~o)NO~])C~. 

itro series are described in the d~ssertatio~$ of two of 

Werner’s Doktrzranden, Alexander Fraenkelrs5 and Otto DSwiler (ref. X7, p. 264; ref. 18, 
p. 533; refs. 24, 178) Resolution was accomplished by means of ammonium (+)- QT (-)- 
camphorsulfonate, and the chlorides, bromides, iodides, nitrates, perchlorates, sulfa 
~er~~~~su~fates, ~t~onates, and ~ucyanat~s were isolated (ref. 178, pp. 3 149). 
specific rotations are ~~~~~~a~~~y the same as those of the correspon g c~lor~~~~~o 
compounds (Section tic)), but in aqueous solution the activities ~~~c~y increase ts 
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). 

v‘) cis- ~~~~~C~~~ 
The cis br~~~sh-ye~~w~ while the Pans salts are dark rown; the two series 

can be differentiated by the solubihties of their sulfates (ref. 17, p - 269-271; ref- 18, 
pp. 546-547; refs. 24, 102; ref. 121 l pp- 157,230- 45;refs. 126,131,134, 137,230). 
Werner and Gerb first believed that the salts were nitrite compoundstQ’*‘3’*230 
later de~~~at~d them as true nitro cum~o~~ds fief, 12 1, pp_ 162, 163). The c& 
can be prepared by the action of K.hKS on c~~-~C~~~~~~~~~*~l~~ (see 
The clis configuration was established by the preparation of optical isomers, not by 
resolution, but by treatment of the optically active cis-[C~(en)~(NO~)Cl] X with WCS 
(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 

d in the dissertation o ~e~e~‘s ~~me~o~ femur ~~~~~~~~~~~~~~ fda 
h~~~c~ (ref_ 182, pp . The active ~r~rn~de~ ([ar] D = ~~~~*~ exh.ibit 

axxomalous rotatory dispersion and the Cotton effect (ref. 226, p. 146; ref. 227, p_ 246). * 
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into the corresponding optically active acetylacetonatabis(ethylenediamine) and propionyl- 
acetonatabisfetftytene ~a~~~~~ saitP (see Session ~~~~)(~~. 

v] cis- [Co(et2) 2 (O~CI] X 
Like those of the previous series, these compounds exist in only one series, the cis 

(dark violet) salts (ref. 17, pp. 259-260; ref. 18, pp. 527-528; ref. 24; ref. 121, pp. f 8, 
122, 230). boy the ~~~~de exists in a pigeon-gray (f ns) form (ref. 23 1) pp. 24 I J 255). 
The cis ~orn~o~nd~ were nut resu~v~d per se, but by t~e~tm~~t of active cis- 
[Co(en)&-IzO)Cf]Brz (see p revious section) with a 1: 1 mixture of concentrated ammonia 
and absolute ethanol. Fischlin I79 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* 224, p. 461, [a] D = ~5?~~(~~ and -542”(-). The vafues are ody 

appru~mate and qu~c~y decrease because of ~~tora~~m~zat~on_ According to Pearson 
et al 2331 [Co(en),(OH)Cl]X salts are unknown in the solid form and are stable in . 
solution ta only a limited extent_ 

The trans-cfiioruisothiocyanato salts are violet, easily sofrsbfe, and stable in a~~~~~~ 
solution, while the cis s ts are bluish pink, soluble only with difficulty, and in aqueous 
solution are quickly ca erted into isothiacyanatoaquo s&s (see next section). At first 
(1899), Werner et al. (r&f_ 102, p. 154; ref. 125) erroneously considered the 
ICo(en),(NCS)Cl]X’satts, obtained by the action of KNCS on marts-~Co(en)~Cl~~Cf, as 
~o~ya~a~o ~om~ounds~ but Eater (19 12) W erner realized that they were ~oth~ocy~~~to 

~o~~ou 17, p. 271-275; ref. 18, pp_ 547-549; refs. 24,f2t; ref. 120, p. 8%). 
The cis cIrtloride was resolved by Wera (Vera) Tupizina, a young Russia i9oktmmdin 
of Werner, by means of ammonium bromocamphorsuifonatea4’ I”. She isolated both 

antipodes of the chloride, bromide, iodide, nitrite, nitrstte, perchlorate, dithionate, and 
thiocyanate’72. The compounds exhibit strong anomd us rotatory dispersion and the 
mottos effect 226 Abso~i~on spectra for the ~ornpo~~ 

- 249,177 * 184 
s were rn~a~u~~d by sev~al of 

Werner’s students . ~~ea~me~t of the (-)-saltstwith NaN02 produces (f)- 
[Co(en)&KI#ICS]X s;rlts. In aqueous solution, the optically active compounds are 
converted into the corresponding active cis- [Co(en)Z(HzO)NCS]XZ salt~$~. 

Both series of ~sot~~~yana~oaquo c~rn~~~~~~ are ~~~~~ by active of 
on the corresponding isothiocyanatohydroxo compounds; the cis salts are yellow-red, 
whereas the nans salts are violet (ref. 17, pp. 18S-186; ref. 18, p. 466; ref. 24). Werner 
proved lzL the comDounds to contain Co-NCS bonding in both series by ““otidizing” them 
with HzQ2, evaporating them with HCI, r frarzS- [~~~n)~(~~)~~]~l~. 
The cis ~~~~~un~s were ~~t~~e~ in c3p not by re~~~~~~Q~, but by 
aqu~t~~~ af the corr~~~~~di~g ~~ur~is rrds (see ~r~~ou~ section; 
ref. 84, pU 459; ref. 90, . XI; ref. 172). Absorption spectra, rotatory dispersion, and 
circular diehroism have been measured (ref. 224, p. 696). 



Werner first prepared the brick-red to brownish red isottiocyanatoammine salts in two 

stereoisomeric series by treating the corresponding isomers of [Co(en),(NCS)Cl]X or 

(Co(en~~~S~3r] 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 itre 
separated by means of the thiocyanates, the cl’s compound being much rnure soluble tha 
the mzns. Werner showed that the compounds contained Co-N rather than Co-S bonding 
since on “oxidation” with HzQ2 they yielded the corresponding [Co(en)2(NH&]3’ 
compounds. The cis compounds were not resolved per se, but Werner’sDokruFand Rudolf 

vun Arx cu~verted the o~ti~~Iy active (+)- and (-)-cis-[Co(en)2(NCS)C1]C104 (see 
Session ~(~~(~)~ to the ~orr~spo~di~g active ic& ~~o(~n~~(~~) 
ammonia (ref. 177, p. 55). He also isoiated 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). 

The dinitrobis(ethylenediamine)cobalt(III) salts can be prepared by the action of 

ethyIenediamine on K3 [Co(NO&] and by other methods (ref. 17, pp. 216-222; ref. 18, 
pp_ 505-509; ref. 24; ref. 32, pp. 243-247; refs, 3942, 1 o$, f 05, 12 1, 130, 132, I58). 
They exist in two st~reo~so~~~~c series, cis (Gave) and tro~.s (cro~~~~_ W~~~~r~~*l”s first 
(1~~1~ be~~~v~d them to be nitrite ~orn~u~~ds but later, aftetr dis~ov~r~~ the true nit&o 
compounds (1907) (ref. 111 I p. 264; ref. I 12, p_ 771; refs. 133, 140), he designated them 
nitro compounds. 

In the second paper 62 of his series “Toward an understanding of the asymmetric cobalt 

atom”, Werner resolved compounds of the ~~~-~C~en)~~~*~~]X (ff avo) series by a 
combination uf two res~~~~~ agents *%lG3 With the ffavo salts, which led to ~e~er~~ _ 
~~~tu~a~~~ of rnule~~~~r ~~rnrne~~ I, t+)-c ~b~r~~l~~~i~ acid forms a less soluble (--) 

salt, whereas a-(+)-bromocamphorsulfonic acid forms a less soluble (+)-salt. In this way, 

Werner was able to ?void the use of the sulfonic aci;l derivatives of the uncommon 
f-)-camphor. All attempts ta resoIve salts of the rrans-[Co(en),(NO,),1X (croceo) series 

re ~~0~~ crystalline c~ph~rsu~fonates 
t to the o~t~edr~ hyp~~esis, with pred 
td be resoIvable* It s~u~t~~o~s~y added 
arsenal of the stereochemist seeking to determine the configuration of 

0th antipodes of the chkxide, bromide, iodide, nitrate, perchlorate, 
sulfate, and t~~o~~a~ate 62. He fater ( 19 14)” resolved (~)~~-~Co(en~~(N~~~* ] X 
~orn~o~~ds by ~~efg~e~~~ ~~~t~~~t~~~ with ‘*seed crystds”’ of (*)- [Co(err)2 CT204 ]X 
(see Section B@)(d))_ Dwyer and Garvan 4o have also accomplished the resolution by 
means of potassium (+)-tartratoantirnonate(IIIj (tartar emetic), and Kuroya et al.235 
have reported the asymmetric adsorption of the diss 
quartz _ 236 Measurements of rotatory dispersion and 



(b) cis- [Co(en),Cr, ]X 
The dichlorobis(ethylenedia cobalt(III) salts constitute the oldest known case of 

eometric isomerism among oc ral complexes and probably the best known example 
of cis-trans isom~~sm among inorganic complexes in general. Both the green ctalts (praseo) 
(ref. 239, p_ f 5) and violet ci”s (vioteo) (ref. 2 13, p. 448) series were first prepared by 
~~rge~en_ He obtained the latter from safuticrns of the former by repeated ~~a~orat~o~_ 
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). .kgensen claimed 
f&at the two series were structural isomers produced by different bondings within the 
ethylenedi~~~ molecule, whereas Werner, b~~~nnin~ with his very first article on the 
~uordinat~on t~eo~ (ref. 99, p* 29Sj insisted that they were ~~~-r~~~~ stereois~~~rs~ and 
the compounds thus played an ~~~~ta~~ role in the history af ~oord~nat~u~ chemistry. 
Another theory of their constitution was later advanced by Friendz40 and opposed by 
Tumer241, but, as is well known, Werner’s views prevailed. 

Werner proved the cis configuration of the violeo salts by preparing them through 
treating with hydro~~o~~ acid cobalt complexes conta~~g closed rings such as 

~~~(e~~*C~~ IX, fCo(erQ2SOB IX, and 
,OH~ 

[(en)aCoy 
H d” 

o(en)a 1X4, but more conclus- 

ively by resolving them in the fourth paperh4 in his series Zur Klrznnrnis ties asymmernxhen 
baltaroms, in which he isolated both enantiomers of the chloride, bromide, sulfate, 

and dithionate _ ‘* The reso~ut~~~ has since been repeated by Batiar43, and r~~u~u~~ons by 
moans of (-)-quartz2”’ and (~~~~~art~~4~ have been retorted. 

Since coordinated chlorine atoms appear to be replaced by water when silver salts are 
used as resolving agents, Werner resolved the cis-[Co(en)zClz ] X compounds by use of the 
ammonium salts af (+)- and (-)-bromocamphor-n-sulfonic aciddg4. Although the active 
salts are perfectly stable in the dry state, they racemize rapidly in solution, losing all 
nativity withy a few hours, a~ forming ~~Qr~a~uo and diaquo salts, ~evert~~Iess~ in 
some cases, Wearer observed that not only coutXd %he ~~~~dj~~%~~ ~~~~~e atoms be 

replaced by other ions without lass of activity but that some reactions of inorganic com- 
plexes proceeded with a change in the sign of rotation_ Thus when the (-)-chloride* was 
alIowed to react with potassium carbonate in aqueous solution, the (+)-carbonato chloride 
was obtained. 

At first glance, one might erroneously conclude that this reaction is an inorganic counter- 
part of the well-known organic Walden inversion’“’ s ‘649 244-247 

(I-)- or (--)-chlorosuccinic acid (-)- or (+)-m&c acid 

*Now that the absolute confguration 
“l” should be repined by “I)“, 

of this complex has been determined, Werner’s designation 



Yet Werner was astute to realize that the sign of rotation is not determined 
simply by the absolute ration 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 reac nvo~v~g the ieast soluble brumocamphor 
corners of the cis-[Co( - ~~o~e~~~~~~)~~~~ ions 
NCS ions, respectively 
with retention of configuration. Although Werner’s general conclusion was incorrect, his 
belief that the reaction observed between (--)-cis-[Co(en)zCla ]Cl and potassium carbonate 
was not a true inversion was a correct one. The first example of a “Walden inversion” 
bang inorganic compounds was not d~co~ered until 1934 by Baifar and A~te~z~?24g~2~o 

(-)-cis-[Cc$en)2C12 J’ 

Circular dickroism (ref. 228, p. 497) and rotatory dispersion224*229 studies showed that 
the reaction of the chloro complex with potassium carbonate first observed by Werner 
actuary takes place ~th r~t~~t~on of confi ration, whereas the reaction wi A~2~~~ 
results in inversion (SNZ djsp~acement process). smother Wades oversize occurs when 
(--)-cis-[C~en)2C12JCI is treated with liquid ammoniazsl, and the phenomenon is currently 
of great research interest249”250. 

Since the carbonate ion is easily replaceable by other anions and it forms a ring with 

the cobalt atom (C /o %>c=O), these bluish red compounds exist only in the cis config- 

uration, and csnsequentiy, together with the carbonatotetraammine compounds, they 
have served for configurational determinations of diacido and diaquo tetraammines and 
diaquob~s(~thy~e~edi~~~e~ corn~o~~ds (ref. 17, pp_ 283,284: ref- 18, pp. ~36-~38: ref. 

.229,230; ref. 121, pp. 72-79; ref. 145). A~s~~~o~ spectra re~~t~~ tftese 
n especially important in such structure-proofs (ref. 149, pp* 98,99; ref. 

158, pp. 39,40; refs. 252,253). Werner prepared the race c carbonatobis(ethylenediamine) 
compounds by heating solutions of frans4ichloro compounds with sodium carbonate or 
potassium carbon ef. 121, pp. 72-79). Since King and other students of Werner were 
enable to resolve 
~c~~~cheo~ ~b~~ned the y active compounds by healed s~~u~~uns of 

*As a pertinent examp le, Werner% (-)-&-[Co(en)$Z!l ]+ 2 ion, whkh he found to be lawrotatory 
toward cadmium red light (644 run]w, was later found to be dextrorotatory toward sodium light 
(590 IimP*. 
tf Bailat and others iatm fhznd that Ag* is u~~~s~~; addition of base is sufficient to produce 
~~~Qrn~~~~*~,~. 



sptically active cis-dichloro chloride with potassium carbona .te and reported 
sixth paper 66 of the series Zur Kennrnis des iz~ymmerrischen K~baltatum. 

this in the 

(+)- or (-)-cis$h(en)2C12 ]C1+ KC&U3 + (-)- or (+)-[Co(en),Cc?,]Cl f- 2KCl 

They found that the rota~on of the active s ts was opposite in sign from that of the 
they were ~re~~~ed_ The c~~~des, for which 

obtained the value [ar] c = 5X?‘, became inactive when heated in solution Ito 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 R prepared by reac~ons similar to those 
used by ferret and ~cC~tch~~~2~-*~~* su~ut~~~~ by means of selective ads~~t~on on 
powdered quart~‘~~ or on starch’s4 have been reported. ~feas~remen~ of circular dichro- 
ism, rotatory dispersion, and the Cotton effect have also been made227-22Q. 

These extremity stabIe yeHow-red to ~r~w~-~ed compounds exist on& in the cis form 
and are s~rn~a~ to the corres~~~d~g carbonate salts (ref, f 7, pp_ 2~~-29 I; ref. 18. pp- 
538-539; ref. 24; ref. 100, pp. 150-157; ref. 121, t p. 77). Even on prolonged boiling in 
salution, aquation does not occur. Werner and McCutcheon (ref. 66, pp. 3286--3287) 
sbtained the optically active salts by heating solutions of the optically active cis-dichloro 
ckloride with potassium oxaIatc: 

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 

er and McCutch~~n also prepared the optically active iodide and nitrate. 
e optic~y active oxalato ~~~~o~n~~ have s ce been obtruded by otbers~~4a*u~ and 

the stable antipodes used in turn to resolve other coordination compounds44~ ~~so~~t~ons 
have also been accomplished by adsorption on quartz235*242 and measurements of 
rotatory dispersion and the Catton effect have been made227-22g*238. 

In the eleventh article of the series Zur Kennrnis &es asymme~rischen Kobaltutcms71* H, 
Wearer and t reported not only their development of a new method of resoktion- 
~~efer~~t~~ c zation (ref. 8, p_ 332)-but also their ~~~~~ that the prevbus 
ratation values for the active oxalato salts were too low_ ion of a “seed” c of 
(+)- [Co(en)+&?~]Br to a concentrated sobtion of (*)-[C Cz04]Br, fsllow 
addition of ethanol and ether, praduced a precipitate of pure (+)-[Co(en)2C~04]Br. The 

chlorides, i&ides, 

[Cc$en)2(NO&JX (resolved the previous 
chromium compounds had previously resis 

same series ior even of 



process in developing his method of ‘Lacfiv racemates”, which has been 
the resolution of racer& mixtures but also for the determination of rela 
~eI~tively littIe work has been done with the teehniqu~ of ~~efe~~~~~ c 
iargdy ~e~~~~~ of the succeSS of 0 er rn~~~~~ yet ~~~~~~~~ method possesses consider- 
able pote~ti~ 8s a ~e~od of res~I~ti~~ and ~u~~~~ratio~~ $~t~~~a~i~n~~~_ 

~~s-[Co(en)z(NH3)BrfXz =k NH3 -+ cis- ~~~~~~~*~~~~)~ IX, _ 

Since the first compfex cant s an ~~~~~~~~ ~~~a~~ atom, whereas tEft; 533x3 
molecufar ~yrnmet~ I, the reaction indicates that a transit&n frum one type to the 
other is possible. The active blondes, bromides, iodides, ~e~~~o~ates, and ~t~ates were 
isolated, and the preparations have since been repeated by others251s258. ~~~~rements 
of rotatory dispersion and the Cotton effect have been made by Werner’s students”7~226 

d by othe~~2~,234~259 



active cis-[Co(en)2(H~O)OHJBr~ 
propianylacetone, they obtained 

warming these solutions with aeetylacetone or 
optically active salts 

anrX thiocyanates of the fust 
sulfates of the second series. 

series and the iodides, nitrates, pert orates, and peroxydi- 
The red compounds are extremely stable, and the solutions 

can be evaporated to dryness without racemization. T%e salts exhibit anomalous rotatory 
dispersion and the Cotton effect?5*226 

'These brow~~h yellow compounds, first prepared by J#rgensen (ref. 239, pp 8-l 51, 
e obta~ed by ~~da~o~ of~~b~t~I~~ salts in aq~~~~s e or by ~e~ti~~ 

acidopentaamminecobaIt(IIX) safts with aqueous e~ylened~~i~~ (ref. X7, 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 Kemtriis des asymmetrischen Kbbalt- 
atoms (ref. 36, pp. M-74: refs. 65, lti9), Werner reported his success in resolving 

salts, designated as exampIes of r ~~y~met~ If, by crystaIE.zation 
e tartrate or bromide tartr~te~ o few cases Gove inorg~i~ earn- 
h tartaris: acid proved useful as g agent, the other case being the 

stnrcturally similar )31X3. The active salts of this series were found to be extremely 
stable, and Werner yrin later used them in the resolution of dimethylsuccinic 
acid*22S165. 0th er workers47,50,2s6r26~126 h ave since utilized this technique of ‘rl 

tally active complexes as redoing 1(( Werner regarded the resol~~~~ of 
edi~~)~ob~t(II~~ salts as parti ~~ort~t in that it fu~shed euImin- 
for the correctness of the octahedralconfiguration, for it ruled out the hexa- 

gonal planar and trigonal prismatic configurations*, which would pnssess a plane of sym- 
metry for compounds of type [M(n)3 J. It also demonstrated optical activity does 
not require the linkage of different oups to the central atom, it explained the opt&d 
activity and en~~~rno~ ~hw~~f~~t green and ap~~tes~ whkh 
may be regarded as c~~stjt~tio~~y similar to en)3] salts, i.e, basic ~oIy~uclea~ salt~“‘~ _ . - 

of types such as 



WernerGS isolated the optically active chlorides, bromides, and nitrates, His resolution 
was repeated by Jaeger, who isolated the optically active iadides, perchlorates, and 
thiocyanates. * 268S269 The optically active t~~(e~yle~~di~~e~~obalt(III~ salts have be:n 
~xt~~iv~~~ investigated (zef_ 18, pp- 351-369; refs. 158,238) and a number of additi~‘~ 
resolutions by various rne~~ds have been. retorted (ref. 36, pp_ 66-74; refs. 47,242,243, 
254,263, 270,27 I), Studies of optical rotatory dispersion. and circular dichroism5~272127” 
have also been made. In 1955, by means of anomalous X-ray diffraction, Saito et aL274M276 
established the absolute configuration of the dextrorotatory ion as D(+)-[Co(en)s] 3$ 

Oxalate chelation has long been used as a diagnostic tool in c~~r~~~~~~~~ ~~~~i~~~~ 

and consequently the complex oxalates h ve been extensively investigated227. ln 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 
pre~a~ng the we~-~ow~ deep green pot~sium t~ox~at~~ob~tate(IIl) (ref. 24; ref. 30, 
pp_ 11 S-1 16; ref. 3 I 550; ref. 33, p. 75; refs. 4550,278). T is Gom~ou~d was the 
third of the@ complex ates to be resolved by ~e~er~ being preceded try the corres- 
ponding chramium(I and rhodium(IIi)SO compounds, 

In 1915, Hans Eland, one of Werner’s SwissDoktorandsn, resolved K3 [Co(CZO&] 
by means of sky&nine, but the results of his dissertation166 were never published. Several 
years later Jaeger and ~~rnas (ref. 5, pp. X X3-120; refs, 279,280) first demonstrated 
the rne~~d of spont~eQ~s c~st~~atio~ sf antipodes from a racemic mixture of a 
complex by c~s~~liz~n~ this compound above 132°C mec~~ic~y separating the 
optical antipodes (ref. 8, p. 33 1). In practice, however, e standard technique of frac- 
tional crystallization of the strychnine diastereoisomers has been used2561279-282. PartkI 
resolution on optically active quartz has been reported 242. Selective decomposition of 
the ~tip~des by ~irc~arl~ polarized Iight was investigated with ne~~v~ results by Jaeger 
and Berger *a3 but partial ~eso~~~o~ by this me~od has been claimed by ~s~~~da 
et al 284. More’ recent resolutions with optically active complex cations, e.g. 
(-)-ii@?-&en),] 2+ (refs. SO, 263,285) and (-)- [Co(er&] 3+ (ref. 266) are simpler and 
yield higher optical activity values. Both antipodes of the [Co(C20&] 3- ion racemize 
rapidly in solution1661286*287 and even in the solid state21)2, and numerous racemization 
studies have been carried ~~~*6~~~82~2~6-2~~ _ 0 ptid ~Q~t~~ disp~~l~~ measurements 
have been used to defense the absolute ~o~~~r~~~~~ of the triox~atoeobattate(If1) 
ion281,282#289 I 

The ninth paper in Werner’s cobalt series6q*g1 was particularly noteworthy not only in 
that it proved that poIy~u~Iear2’~ as welf, as ~ononu~I~a~ complexes could be resolved but 

tie ~eoreti~~~y ~red~~te~ ~~~~ b~~~e~ ~orn~ou~ds 
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containing two asymmetric carbon atoms and poiynuclear complexes with two metal 
atoms, another striking confirmation of his octahedral hypothesis. In corn 
with tartar% acid, HOOCgC*IIOH.C*HO~~COOH, which, in addrtion to the racer& (*) 
form, also exists in (f)- a.nd ~-~~n~tiorne~ and in an inte~~y compensated nonresolv- 
able {meso) form. 

[+f-iotm f -I-term 
I 

mesa-form 

Werner was able to demonstrate experimentalfly for the brawn binuclear complex 

[ 

/m2r 
@~~zC~~*~/Co(en)z 1 x14 (ref. 17, pp 360-362; ref. 18, p_ 627; ref, 241, the exist- 

ence of a ~~~mi~ (k) form, t-f-)- and ~-~-e~~~~~~r~~ and an I~t~~~y ~om~nsated~ 

entrca 

(+)-form I-1 - form 
Y 

meso - form 

for the bromide, iodide, thiscyanate, and (+)-bromoca.mphorsulfonate* . I?.esoiution was 
accomplished with silver I(+)-bromocamphorsulfonate, and treatment of the d&stereo= 

a d the bromides ~~~t~v~ with SW$B, 
t = f 1 @IQ, facile with a] = 0”). The o~t~c~y active com- 

s were also prepared 70* I57 from the optically active lu_a.rnido-p-peroxo compounds 
by treatment with IINO2. 

Accord@ to the coordination theory, the two cobalt ato s in these complexes should 
not be s identical since one is bound by a p al valence to NO2 and by a 
seconda to NH2 and the other vice versa. m~so-fo~~ how- 

* ever, indicates that the two cu~~t‘~t~~s exhibit no difference even in their action on the 
plane of polarized light and that the NH2 and NO2 grclups are symmetric&y located with 



se tie twCB ~~~~~d~ 

Werner considered 
~~~~ and were 

them to contm cab& atoms in different oxidation states ((III) and 

on 3Iie etric cobalt made me very h~~~~, and I can t&I 
you that meanwhile we have resolved some more cobalt-&es, e,g-, the mes that you 
found in your private Iaboratory-series containing two cobalt atoms 

with 4valent cobak 



The series rotates to an extraordinary extent; according to our determinations ire date, 
the specific rotation is ca. k280”*. i.e., it corresponds to the highest rotation values found 
for carbon compounds. Of course we are working feverishly,” 

We~ef “’ regarded these greetn ~~ar~ag~~tie) sat fs 

[ 

(en)2COwJAm2L , o,/ Cow@02 

I 

X4 

(see Section wiv)(c)), an d a number of polynuclear cobalt comptexes which contain 
-Q2- bridges exist in green (parmagnetic) and red (diamagnetic) series. In a private 
cu~~~~cati~~ office 21,1946 to Prof, John C. Bailar, Jr., Dr. E-0, (ref. 293, 
p* 1~~) su~~st~d that, because all the complexes which, accord to We~e~~ contained 
‘“tetrapositive cobalt” also contained -0 2- cadges, the magnetic evidence cited on behalf 
of Werner’s CoIw) state could be explained equally well by suming these compounds to 
contain the superoxide 3 and tripositive cob&. It was not until twenty years 
later that this view was experirnent~y2g0*2g4-2? 

W~~~~ transfused aks of the 

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

C6(en)2 Er4dH20 1 



sign and sm&ler magnitude: than that of the starting materhI*. In this way he prepared 
optically active compounds formulated by him as follows, 

later formuhted2g8 as 

but actuaUy2g4 

1 

& (see Section 

I 

x4_ (see 

X3 (see Section B(iv)(f)) 

l&se preparations, which proceed witbut racemizak@, represent the fir%0 examples of 
oxidation-reduction reactions among optka.l.ly active complexes. A number of similar redo8 

reactions have since been demonstrat@2g9’300. 



ALFRED WERNER’S ~~EAR~~ 

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

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 
inta 

X4 (Section B(iv)(b)). 

but Thewalt and Marsh 2q4 showed them to contain hydroperoxide bridges, 

Werner’*’ I” repared the optically active bromides of this se*ies by treating optically active 

1~3th concentratkd aqueous ammonia, cooling, and add&g concentrated HI&. From these, 
he prepared the active di~~nat~s by ~et~~~~+ 



Werner was the first to repare these brown salts fram 

co~~~~nds by re~u~~8 one ~uI~cule of I-IX with NILIf (ref. 17, pp. 349~3~~~ ref. f 8, 
p. 623; ref. 24; ref. 119, pp. 74-76; ref. 301}+ Werner et al. prepared the ~~tic~y active 
iodides from the optically active p-amid+p-superoxo iodidsrs by this method (ref. 70, 
pp. 1963,1973; ref. 1.57). 
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a reaction that Werner misinterpreted as a “reduction’” of one “cobah( atom to the 
trivalent state (ref. 17, pp. 342-343; ref. 18, p, 628; ref. 24; ref. 119, p. 77) Aithough 
Werner, Kuh and Whist were able to eolate 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). C~n~~~uen~y, they reduced 

f-l- fen)2col\ 

i 

2--k 
/X902 (No314 

02 1 with SO2 and obt~ned the ~~)~~trate ( 
pp_ 1965,1977)- e salts exhibit large 

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 thou the symmetrical carbon-containing liganda (ethylenediamine, 
dipyridyl, or axalate ion) are the~~lves optically inactive, those chemists still antagonistic 
toward Werngr’~ views s intaiid that the optkd trctivity of th 

was in some way due to of these ~~g~ds. By such devious reaso 
were able to cast doubt on the validity of his octahedral confi 
IUI~, and Fe(n). _ 

For this reason, the twelfth and last article 72 in WemefS series on the asymmetric 

cob& atom was a par~c~~a~~~ welcome anti sa~sfy~g one to him, since it served to vin- 
his concept for even his most scepticat co tem~ora~es~4~9~~ in I+s own 

,th ion proved that %atbon-free inorganic compounds carp also exist as 
mirror image isomers ” and that therefore ‘“the difference still existing between carbon 
compounds ad purely inorganic compounds disappears” (ref. 72, p_ 3087). At last 

Werner had experimentally verified a belief that he had for 
The brown, ~ustro~ t~t~~~lear t~s~t~t~~~e~ dro 



Since they are thus structur 

ions in place of ethyfenediamine molecules, they should be capable of existing in non- 
~upe~~u~~~e tirrar tiage forms. _ 

~~~~~~~~ ~~~~~~~~~ in r~~~~~~~ the bromides by dia~ter~o~some~ f0~m~tio~ wi &lver 
(+)-bromocamphorsuZfonate, but the process was extremely tedious because of tie 
small differences in solubility between the diastereoisomers. Optical measurements were 
hindered by rapid racemization and the deep color of the solutions. Rotations were 
measured in S@% aqueous acetone solutions in order ta minimize racemization. The 
crest v~ues hound were fCYj560 = -45 ure ~-~-bromide 

and f4 iid0 = + 1 OS@, [M] 560 the ~~~c~r~ af 
thtse c0m~0und~ has 110t yet been ~et~~~~d by X-ray diffraction, the structure of the 
corresponding ethylenediamine cation has been so determined and found to agree .with 
Werner’s formulation 303 To the present day, with the sale exception of F.G. Mann’s 
resolution304 of Na-cis-[&(H~Q), {S02(NH2)2 I2 1, Werner’s resc3hftian72 of 

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

coordination cam- 

In Neut~e Anschuuuflge~, 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 GrrzeZ~~~s Hundbuch 17# X8 or Pascd’sN~uvem lk~ite~_ These details are 
probably contained (in the third case, they defutitefy are contained) in un~ub~~~d 
~s~er~~t~~ns ok We~er’s students, thus und~~~~~g tie need for rn~~g these results 
ava~ab~~ to ~oord~a~i~n chemists, Two of the three cases involved later work by 
John 42, Bailer, Jr., dean of American ccxxdination chemists, whose knowledge of tile 
literature is second to none, Although Ba.iJar was familiar with Werner’s published res~Its 

pertinent to his own studies, his work would undoubtedly have been factitated had he 
been ac~~~t~d wi W~r~er~s u~pub~~ed results. T&se three cases are ~u~~~t~v~ 

ti For a &cussion of M’~ETNz’s reasons for gssi@ng this co iamtion see ref. 290, pp. 357-358* 
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rather than exhaustive; a thorough study+ of Wemet’s students’ dissertations would 
probably disclose addI~on~ similar examples. 

In the posthumous fourth (1920) edition of Narere AnscFrauungen (ref. 60(b); p* 371), 
edited by Paul Karrer, the compound series [Coen[NHs)zC1,]X is ci 

Is of the type fM&(NH&AB] ts be resolved. (Actually, the 
of the type ~Men(~~)~~~~ but at any rate, it woulid be the sole example 
by ~~~~1 of a ~~~~~~~ ~~~~a~~~ only onf: moleeul~ of a b~d~ntat~ lig~d*) 

The citation may be an error, for it does not appear in the third edlti 600, publ~h~d 
in 19 3 3 when Werner was in full possession of his faculties, or in the posthumous fifth 
edition (1923) edited by Paul Pfeiffer 60@‘). Nevertheless, Werner did prepare compounds 
of this type, so the possibility of his resolving them cannot be discounted. 

Compounds of type ~Coen(~s)*CI~~X exist in three: ~~orn~ri~ forms, one of which is 
~~~ret~~~l~ re~ol~a~~~ (ref. 17, pp- 245-246; ref- IS, pp_ 581-582; ref. 24, pp_ 581-5 

M en en 

, /I_, 
c v I c 

” 
J 

I 4 I.4 
2,3- dics?lQro -1.6 -dlammm@ 7,2-dkhlQ~-3.6-diammilW 1,6-dichlaro-2.3-diammrne 

cis - trans SiS -CiS tlV!JhS-CiS 

blUt5 viOtet g-n 

Werner and one of ~~~~~~~~~~~ Franz Ch et prepared the c e, nitrate, ~ud~de, 
bromide, thiocyanate, hydrogensulfate, and di aa& of Series III, amide and 
ditionate of Series II, and the carbonate complex related to Series II, [Coen(NH&CO& 
Cl (ref. 121, pp. 254-2G4). They recomized the two series as tians-dichlsro and cis- 
dichlora, respectively, and they predicted (ref. 121, p+ 255) the existence of a second his 
seGesz I, d~~overed i&t years later by Ballar and P~ppa~d3*~~ who prepared the 

i and a-bromo~~)-camphor-n-s~lfonate. Bailar and 
Peppard e chloride and bromide of Series II and the chloride of Series 
III. Lobanov later prepared the periodatcss cries II and ILI and an iodate-iodic 
acid addition compound 307 of Series III. Bailar and Peppard305 prepared the carbonato 
~rbo~ates ([Co~n~~)~C~~~~C~~) of Series I and II and attempted to resolve them 

nilte related to Series II was parti 
etely in 3 mimites at 90°C OT in 3 days at room 

temperature. Bailar aPld Peppard 3os also prepared the bromide and mocyanate of a 
dibromQ complex [Coen(NHs)~Bra]X corresponding to Series III. The rate of aquatisn of 
the series III chloro chloride has been determked3? 



(b) cis- [C~Y(EW)~(N'.'H~)AW~OH] X3 and cis- [Co(en)2(NHz lMfj.Br] X2 
In the third, fourth, and fifth editions ofN~%@re Anschauungt?n (ref. 60(a), p-345; 

ref. 60(b), p. 376; ref. 60(c), p. 368), Werner claims to have Fesobd compounds of the 
tC~(eR)2(NN3)NH20HfXj series (~~~o~sly cr”s altho 
gives a value of [cv]~ = 11ZP ([MD = 545O) (no sign Q;f 
also quoted in a published lecture of 1912 (ref. 90, p. XN). Ye 
of the resolution or even of the preparation of the racemie compounds, and tiey are not 
listed in either Gmeiins Hamibuch 17*18 or Pascal’sNouveau 7?f~if&*~. In the published 
~terature~ the only ~y~roxy~~~R~-~o~~ - g ~~~~~ complexes prepared by We~er are 
the series OI-l),jX,, des~~bed by We’ve and Bert 109f 3o9 in 1905. 

In the fith (but not the third) editioris ofNaex A 
60(b), p. 375; ref. 60(c), 368), Werner lists compounds’of the seri 
Br]X2 (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 buch r7* r so, 
Pascal% ~0~~~~~ ~a~t~ *24 However, the etosely related co I ~~~)~~~*~~- 

JQ was used by ~~~~~ and erlxf19 
of the preparation and resoiutian of both cis-[C~(en)~(NfI~)NH~o~fX~ and &- 
[Co(en)2(NH,0H)BrJX2 are probably given in the dissertation (1913) of one of Werner’s 
Polish Doktol;anden, Chil Baja Borzekowski*54, which was completed two years after 
Werner and King’s historic resolution, but this work was not available to the present 
author. 

In the fourth and fifth (but not the third) editions ofA!aere AHSC~~UUVIJFW (ref. 6C@), 
Pp. 372,376; ref. 60(c), pp. 367,368), Werner lists compounds of the two series 

fCo(en),tnJXa and [Coftr& JX, as being resolved and cites rotation values of f~rf~ = 85” 
2*) arid tfre iodides of the two sex-&s, ~es~~~~ve~~. 
erner m with t~e~yl~nedi~~e in a f9U6 

and cited [Co(en)a tn]Xa as a reso series in a lecture of 1912 (ref. 90, 
p. x3V), neither series is mentioned elsewhere in his publications, and his work on these 
compounds is nut cited in GmelinsHarrdbucft (ref. 18, pp. 370,397) or Pascal”siVouveclu 

er’s publications, the only trim whose 
cribed are tram- ~C~~~~~~~*~ 
121, pp. 2&l-269), tram-[Co(t 

(ref. 17, p_ 245; ref. 18, p. 562; ref. 121, p. 26%271), and [Co(tn),CO&l (ref- 17, 
p. 562; ref. 121 3 pp* 271-272; ref. 3 12). 



bromides, 8ie resolved [Co(tnj&, obtaining rotation values of [a]~ = +74” or -71” an$ 
[a]~ =t +36” or -3S” (ref. 160, pp. 40=-43). For [Co(en)2tn]IB, another difficult resolu- 

tion, he obtained values of [arlc, = +8$’ or -82' and [arfC = +40° or -38” (ref. 160, 
sis with silver nitrate, he converted the active iodide int 
100,5° or -Stl” and [a] c = -i-4@ or -35O (ref. 160, pp 

13’ of 1906 could not possibly contain a descnptron 
itianai trimethyknediamine complexes, such data might 

be contained in the 19117 dissertation sf Emil Liis~fier”~. In their paper f 19461, “‘Some 

Ca CHROMIUM COMPLEXES 

From the very ~e~~~g of his studies of optical activity, Werner did not limit ~mse~f 
to complexes of cob t&s-~~~8~~g~. Less th tie m~~~ript 
descrWng the fust resofutian of z complex ” , the editor of ~~~~~~~@ received from Werner 
a manuscript 76 describing the resolutJon of cis-[Cr(en)2C&]X (molecular asymmetry I), 
where X Z= Cl, Br or NOS. This, the firsb article in his three-paper series &er &iegelb&% 
&sorn&~ bei Chrumverbindun..en. prec the paper describing the corresponding cob&t 
~om~ound64 by two weeks. Werner ac d the resolution of the racemic c~omi~m com- 
pound, fist prepared by Pfeiffer (ref- 59,pp ~9~~~~~~~~ 25; ref, 32,pp 222-224; r&,4, 
p. 13%; ref. 35, pp. 93,9b; refs. 52, 135; ref, 314, p* 294; refs. 315,316) by diastere* 
isomer formation with ammonium (+I-bromocarnphoasulfonate. Werner thus showed that 
optical activity among complexes is not confined to those of cobalt and that chromium(III), 
like cobatt(III), possesses an octahedral configuration. The rotation, however, is apparently 
dependent on the central atom as well as on the Iigands, for he found that the v~ues were 
less than those for the ~~~e~ond~ cobalt salts, a conclusion that was ~~~~~ed 
later study of tris(ethyIenediamine)chromium(III) ts” (molecular asymmetry II). 

These ~ornpo~~d$ were first deserted in the ~~~~tio~ of We~er~s student ~ei~~~h 
Schwar~r~~, Since they must e c& ~ornpo~~~ because of the b~d~ntate oxalate ~~~~~ 
Pfeiffer et aL3rs use for determining the co tion of related chromium (III) 
compounds (ref. 19 2-204; ref, 25;ref. 32, 7-229;ref. 123, pp_ 223-225; 
refs. 167, 171). Werner’s attempts to resolve the [Cr(en)&04] X compounds by the 
usual resolving agents were unsuccessful, Unlike the corresponding cobalt compounds (see 

waft could esolved by trea~~nt of active e~a~Co(en~2~2]~ 
4, the ~hrom ~~rn~~~~d$ y~~~d~d only ~~~rniG ~tures. ~~w~v~I, 



by the method of preferential crystaIl.kzation (see B@)(d)) in which (+)-[Co(en),C,O,] IElt 
was added to a solution of racemic [Cr(er~)&‘#~]Br, Werner and Bosshart” were able to 
isolate both antipocles of the latter foxhound- Resolution was subs~q~~~~y aceom- 
posted 22**283 by the ac 4 on (+cis ~~~~~~~~~~1, and a parthJ 
separation of the ant&o qutiz hzks Q been claimed 242. More recently 
the direct resolution of the racemic bromide with potassium (-)-ethylenediaminetraacetato- 
cobaltate(III) has been reportedz6’. 

Tris(ethylenediamine)chromium(III) s-tits were discovered by Werner’s former student 
and assistant, Paul Pfeiffer, in 1900, and a variety of preparative methods are available 
(ref. 19, pp. ~~~~; ref, 25; ref. 3’2, pp. 172-175; ref. 34, pp. 1354. 356; refs, 5?-57. 
ref. 3 14, p refs. 3 15,3 1 if). ~~0~~ Werner~s attempt to resolve these ~ompou 
tartrates, c orsulfonates, and bromacamphorsulfonates were unsuccessful, diaste 
isomer formation with sodium satisfactory and led to the 
isolation of optically active iod e same method’@ was also 

for resolving [Rh(en)s ylene~~~e)chro~um(III) 
as been attempted by ods, ~cl~d~g partial c~omat~ 

optic tato starch (ref. 254, p_ I 
Numerous measurements of optical rotation have been rnz~de227*237*28f. 

@) K3 [er(c, O4)3 1 
This c~rnpo~~d, som kno 

pp_ 508-510; ref_ 3 I, p. ref. 34, p. 2372; ref. 35, 
is similar to, but less stable than, the corresponding co 
resolution of & [Cr(C204 jS] in 1912 by means of strychnine in ethanol solution78S14* 
possesses the double historical distinction of being the first resolution of both a complex 
anion and of a complex that did not contra nitrogen. The aqueous solution loses its 
active very rapi at the rotation had 
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]2+(ref. 263) or (-)-[Co(er$#+(ref. 266). 

The chromium complex racemizes so rapidly in aqueous solution that it has been 
solved by a second-order asy~et~c t~~~o~a~o~44. In connection with the 

Cr(G20,jS]3 - ion, Wem~r was th suggest that ~~rnp~e~~s may r~c~rn~e by an 
~tr~olec~lar process, a mechar& has since been shown to be correct by means of 
oxalate exchange studies324s325. H ed that one end of a chelate group breaks free 
of the central atom yieldim a pentacoordinate intermediate in which there is either a pike 

xy or at least a reasonable probability of forming either antipode when the free 
chelate Redford a bond with the central atom’*. A number of ~~er~tiv~ 

n sidestep for such racemiZations287~288,a26-~2a. 



D. IRON COMPLEXES 

f4 ~F~~~j~Y~~~Y~3~~2 
e red t~~~,~~-di~y~dyl~iro ily Frep~ed and have been known 
1#388 [ref. 26, p. 361; refs. reat anafytical i.mportance336-339 
ink coloration making cw,cr’ most sensitive and specific reagents 

for iron( The iron(II)-(III)~,~‘-dipyridyl system is also one of the best known redox 
and &,a’-dipyridyl is a well-known redox indicator for the determination of iron. 

solve~ts~ has been u~~~~ in ~~~~~~~t c and spectro~hotom~t~c dete in- 
.&ions336,337,339 . 

Werner apparently intended to make a thorzugh of optical isomerism in iron 
compounds, for his only article on the topic, uber ibi&i-lkxnen’e bei Ekenverbin- 
~~g~~~l* 1=, is subtitled Vu~~~~~~ ~i~~~~~~~~ (P 
of a~~ni~~ 
isomer, from which he iso 

(MD = -440Q). No optic 
(-)-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 
di~~ciation~4~_ 

W~rner~s resolution proved that iron( rn~U~~III~~ possesses an 
octahedral configuration. [Fe(dipy)a]Xz salts were the first opti y active complexes of 
a divalent element to be resolved; ail complexes resolved ad contained trivalent 
ions (Co or Cr) as central atoms. Furthermore, they were the first complexes resolved that 
did not contain ethylenediamine. For iron s, the new compounds proved remarkably 
stabEe to atrnos~h~r~c ~~da~o~-a~ excellent tration of stab~ization by coord~ati~n~ 
a p~~~o~~non that ed in the ~n~esis of cornpo~~d~ co~t~~ng 
elements in unusual and ordinarily unstable oxidation states2g3. 

E, ltHUIIIUM COMPLEXES 

‘IThe tris(ethylenediamine)rhodium(III) compounds are extremely stabIe, easily prepared, 
colodess salts that were first prepared by Werner” in 1912, specific&y for the purpose 
of ~tte~pt~~ their resolu 8; refs. 24,55). The 

re completely ~s~~io~~o~~ with the 
um(III) compaunds27Q*341’3*t3. 

i&-lsomerie biei Rhodium- 
not only established the existence of mirror image isomerism and 
ion for ~~~e~ metal-the first case bang the platinum 

~et~l~~b~t he aisa e~u~~~ted a ~~~bl~ ern~~~c~ nzle for dete~~ng the g~~~~c con- 



@3 M3 ~~~~~~U~~3~ 
The t~ox~at~rh~da~es were discovered in 1899 and are stable, wa~~r-s~~~~~~ c~rnp~u~ds 

(ref. 21, pp. 83-85; refs. 27,350), Jn I914 Werner and faupardinsO resolved the potas- 
turn saft v&h ~t~~~~ ~trat~ arc& then also isolated the s~d~~~ ~b~~~~ ad barium 

e optical r~ta~~~s to be 
th 

ds not racemize appreciably even in hot solution, Measurements of rotatory d~~~~~~~nl~~~ g 
circular dichroism (ref. 5, p_ 125) and the Cotton effect3s’ have been made. 

Werner and Paupardins~ claimed that cooh.q a hot concentrated solution of the racetic 
tats off+)- and (-- fr which ?h?y were 

was unable ao 

Ka [Co(CzO4)3] into its optical 



the successful application of Pasteur’s method of spont~eous crystallization to complexes. 
Additional resolutions have since been devised, using the (~)-tris(o-phenantroline)nickel- 
(II)263 and the (-)-trisCethylenediamine)cobalt(III)266 cations as resotvixg agents. 

Srrnre ~~~~~~ has a&en about the number of rnol~c~es of water of c~§ta~~a~o~ 
coaxed in optic active IL3 ~~(~*~~)~]. here’s mer and Pou~ard~O~ and . 

f. 279, pp. 262,265) claimed only one molecx& Charon 
(ref. 256, p 1258), OR the basis of isomorphism with the correspon iridium salt wlzose 
water content was well established, claimed two molecuks. Werner idered his resolve 

evidence for an octahedral c~~~~ra~on for ~h~dium(III) with coord~a~u~ 
er 6, whereas Cha~o~at~~3~ on tic basis pf the formula X3 f 2QkG2 04>3J 9 

proposed a coor~~ati~~ 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. Ilfjt 24) of resolved [Rh(en)z- 

(c204)1 x f @I = +153” tu +275”) has already been mentioned in the Introduction. 

is coordinativ~ly bonded to ~I~ti~um~I~ readily loses profess, 
ion gives acidic r~~~t~~~ in ~~Iution (ref. 22, pp. 47~74; 

refs. 28, JS3,354). In the-first papers2 of a projected but never continued series, “@%&~ 
Spiegelbildisomerie bei Pkn%zverbindungtm”, Werner was the first to tribe the preparation 
of the tr@(ethylenediamine)platinum(IV) salts. He resolved the chlo ) iodide, thio- 
cyanate, ad nitrate by s of ~mQ~i~rn (+)- and (--=)-tartrates2. This resolution 
~~~~~~~u~y showed mirror image ~some~m coufd exist am0 coordination com- 
p~~~d~ of tetra~ositive ents and c~~~~ed the o~t~edr~ confi ration proposed for 
Pt(“) by Werner in 1893 (ref. 99, p. 297 et seq.), a configuration that has since been 
amply corroborated by numerous subsequent resolutions3ss-3s7. 

These colorless, very stable salts were first prepared and resolved by Werner and 
Smirnoff and described in a pos~umous publication (ref, 22,. pp. 167-169; refs. 29,83), 

e action of ~~yle~~di~~~ on flrXJ2 -compounds yielded only dark 
ble syrups, the action of et~y~en~d~~e onfNa3 ~~~2~~2)~~ - 2I-I@ 

yielded a mixture of fIr(cn)2(N02)2JX and [Ir(en)s]X,. The mixture was isolated as the 
mixed iodides and separated by treatment with silver a_C+)-camphorsuIfunate, whereupon 
the (+)-fIr(en)2(NU2)z &ah separated fast. The fdtrate was converted ta bromide, treated 
with silver ~~-)~~ph~~~lfo~ate~ yields the ~I~en)2~02)*]~ salt, and addition 
of K.&to the E&rate p~~cI~~tat~d racemic [Irfe 



The new dinitro compounds closely resemble the ~is-[~r(BJH~)~(N01~ first 
prepared by Werner and de Vries 1*8B14’. Thlt? optically active bromides, tes, and 
nitrates of the dinitro series were prepared. The nitro g onded so strongly 
that evo~~t~o~ of NOa occ only after hying for sev entrated 

rtion of the S~~ct~rn the normal 
rotatory Oispersion. 

Sm_irnoff% resolution of [Ir(en)@JO&JX simultaneously proved that the 
compounds possessed the cils configuration (no trms compounds were isolated) and, 
together with the resolution of [Ir(en)a]X3, confirmed the octahedral configuration for 
~~di~~ ~~rnp~exes proposer in 1914 by ~~~~p~e35~. 

(ii) Type M(m)3 

(4 ~wd3lx, 

soluble salts of this se es ciosely res~mbIe the 
aer (ref. 22, p. 8-151; r&s. 29,359). We~~r 

i~~f~~ resolved the P rumide described ve (Section pi)) by 
treat,ment with sodium ar-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 (r.rrI and Ptw) and is greater than for the simul- 
t~eo~~Iy ~~s~~ved ~I~e~)~ elr reso~~~~n curried 
co~~~ra~~~ ~ro~~~~d by 358 for i~d~~rn corn~~~xes. relapse and Charonnat~~ 
“active racemate” methods” and Mathieu’s rotatory dispersion studiesa37x349 confinned 
Werner’s solubility rule an (-)-[Ir(en)a]“* ion possesses the same con- 
figuration as the (+)-[C~(en)~] 3+, (i)-[Cr(en)sj j4 and (-)-[Rh(en)j] 3+ ions. 

Coordination compounds containing optically active bidentate ligands .are of great 
stereochemical 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 Sokolov 360*361 fours years before Werner and King’s 
~st~~c res~~~~~~. The ~~~~~ ~hem~ts isolated only two of the ~en~-f~~r p~sible 
op:icaUy active curn~~a~~ s. Nu effect of the p~~t~o~ of methyl ~~~p~ in the prapyl- 
enediamine could be found nor has it been yet found. Ste ecificity, the fact that 333r- 
&nation compounds containing optically active ligands exist in only certain preferred 
steredisomeric configurations rather than in all the possible forms, has since been studied in. 
depth by rn~y workers (ref. 10, pp. 220-222; refs- 276,362~370)_ Xt has been used both 
to prepare ~pt~~~~y activ xes and to resolve co 

Of all op~c~y active t&al ligands, the one most exte~ively ~v~sti~ted is 
still propyl~nediamine (1 t opropar~e). Werner pubtied four papersT3*101*1 ’ 3*1115 
on complexes of this @and, and such complexes w&e the tapics for the dissertations of 
a number of his Doktom 127-129,199,153s I62,173,175,183. me ody conc~usiye proof of 

~orn~~~ caused by the on of the rn~~~l group on a ~oor~ated molecule was 
predated by in the very first article ~~~~~~~~ ~~~~~~~ AcN 



a journal founded largely thr Werner’s effOrti_ Their resolution of ck- [Co(en&n)- 
(NQ&]Br co&ins both asy tric cobalt and asymmetric carbon and hence illustrates 
a new and complicated type o somerkm. The isomerkm possible in this compound a&?~ 
from three causes-(l) eis (ff -OVRS (croceo) geometric ~urn~~~~ (2) I&and isomerism 
((+)-pn or f-)-p), and (3) s rd ~orn~~sm caused by the u~y~~t 
the pn @tmi @is isomer only). In the ck crave) series, the methyl group c 
either near to the plane of the two nitro groups or distant from this plane. Werner 
distinguished these isomers as Q! (prisms) and p (needles). Negkcting the optic 
of the propylenediamine, five isomers can be distinguished ( f =: methyl group). 

~na~rnu~h as the propy~enedi~~e molecule cafl exist in (+)- md (-)-fogs, the ~~rnb~r 
of isomers shown should be doubled. 

trans_C+)-pn 
nans-f-)-pn 
~~~-~~i)~p~~i)-Co ~~S-~~~~-~~~~~-~~ 

c~s-~~~~-pn~~)~~~ ~~S-~~~~~~~~~~~~ 

cis-ck+)-pn+)-Co cis-/3-(-)-pn-(+)-co 
cis-ar(-)-pn+‘+Co cis-&(-)-pn(--)-Co 

It is a tribute to Werner’s octahedral model that such isomers were predictable and a 
t~b~t~ to his ex enti s at he was able to isolate ten opt~~~~y active corners 
even though he s unable to a4 to all of these (ref, 117, 
pp* 223-225; ref. 18, p. 583; refs. f the reaction between 
[Coen(NH&NO&] and (-)qropylenediamme been separated chrsmato- 

phically and &own to contain six of Werner and Smimoff’s isomers374. 
A similar complex containing twu active propylenediamine mole 
two of We~~r~s ~~~~~~~~~~* Hugh Ebbed Watts~s3, a y 

s&n of a flop Z&i&. brewery family, Al 
C&)$ions should exist in twelve forms, Watts and 

isolate only two optically active isomers. The complex has sine 
O”Brien et al?‘” , who, on the basis of rotatory dispersion 

isarner must have had the fmns c~~f~~a~on. ents cm cumpaunds 
Ose of ~~~~ were e I d out by poorly 

1, CONCLUSION 

_L?uring his last years, then, Werner devoted bim*lf almost exclusively to stu&es of the 
compounds which had brou&t the Nobel Prize and had praved beyond.the 

of a dodgy his &us of his deeds hyp 



who would have thought ofloaking for optical activity among compounds such as the 
trioxalato salts Rk m*(C$&)3] , previously regarded merely as double salts 
3R12C204@%04?3, s ar ta the alurns? Werner’s investigations of the optically active 
c~or~atio~ compounds obdt, chrom~~m~ rhodium, drum, and iron ~~der~~~ rnu~~ 
of the more recent and su~~sti~ated studios of the therm0 

-infrared spectra, rotatory dispersion, circul d exchange, 
racernization, and absolute configuration of these and similar compounds though some of 
his methods of resolution have been improved and his specific rotation v s for Inany 
complexes have been shown to be too low, it must always be remembered that Werner was 

e pioneer who fast opened e door to a ~~~~0~s~~ ~ns~s~e~ted field, fn his last warks, 
stood on the ~~e~~~~d of extremely c~m~~~cated fes~~rch area- vest~~t~on of 

optically active coordination mpounds containing optically active ii Had the 
powerful, creative trend of his life not been cut short by his untimely there is no 
telling what fred Werner might have accomplished in this field. 

The author Is indebted to Dr. John C. Bailar, Jr., for assistance in the preparation of 
this paper. He also wishes to acknowledge the assistance of the John Simon Guggenheim 
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