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Contribution of the Chemistry
Institutes to the Early Development of
Stereochemistry
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Abstract: This article is a translation from German of a paper submitted by Kurt Hermann to the University of Zur-
ich Prize committee in 1968, with additional editing by Jay Siegel. It covers a survey of the historical contributions
of faculty at UZH to the fundamental development of stereochemistry. It is appropriate in light of the 90" birthday
of Andre Dreiding, pioneer of stereochemistry and founder of the Buergenstock stereochemistry meeting, that we
reflect on the chain of historical events responsible for UZH’s leading role in this important molecular discipline.
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Wiire die Natur in ihren leblosen Anfdn-
gen nicht so griindlich stereometrisch, wie
wollte sie zuletzt zum unberechenbaren
und unermesslichen Leben gelangen?

J. W. von Goethe

Introduction

The term ‘stereochemistry’ was introduced
in 1888 by V. Meyer.[!l The concept of the
spatial arrangement of atoms in chemical
compounds is, however, older. It will prob-
ably never be possible to determine with
certainty who first expressed the idea that
molecules possess a three-dimensional
shape. It may have been W. H. Wollaston,
who postulated as early as 1808, that not
only the composition of a compound but
also the spatial position of individual at-
oms in that compound must be determined
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to fully explain the chemical properties. He
even discussed the possibility that com-
pounds of the general formula AB, could
exist as regular tetrahedra.l?l This was no
more than speculation at that time. Howev-
er, when in 1874 van’t Hoff13! and Le Bel#!
postulated independently the tetrahedral
arrangement of substituents around a four-
coordinated carbon atom, they did so from
a desire to explain the discoveries of other
scientists that could no longer be rational-
ised using only two-dimensional structural
chemistry concepts.

Today it is possible to determine the
geometric relationships between indi-
vidual atoms extremely accurately using
spectroscopic methods. In many ways,
stereochemistry has developed into an ex-
act science and an important aspect of all
chemistry disciplines.

It is not the aim or the purpose of this
article to present an exhaustive account of
the stereochemistry research at the Chem-
istry Institutes of the University of Zurich.
The main emphasis is on a description of
the fundamental contribution of A. Werner
(1866-1919) to the stereochemistry of in-
organic complexes. The other, much short-
er sections on the research of J. Wislicenus
(1835-1902), P. Pfeiffer (1875-1951), P.
Karrer (1889-1971) and A. S. Dreiding
(1919) illustrate that research on stereo-
chemistry has always been pursued at the
Chemistry Institutes of the University of
Zurich.

Johannes Wislicenus

The Different Modifications of

Lactic Acid
In Innsbruck!®! and Zurich,®! Wislice-

nus reported his work on homologues of

lactic acid (hydroxypropanoic acids). He
differentiated between the following modi-

fications (Fig. 1):

i) 3-Hydroxypropanoic acid (1) - syn-
thesized by Wislicenus in 1863 from
2-chloroethanol;!”!

ii) 2-Hydroxypropanoic acid (2) - synthe-
sized by Wislicenus in 1863 from acet-
aldehyde;[”!

iii) 2-Hydroxypropanoic acid (3) - d-lactic
acid.

The 2-hydroxypropanoic acids are
structurally identical. Wislicenus postu-
lated that only by assuming different spa-
tial arrangements of the atoms in the two
compounds, was it possible to differenti-
ate between the two isomers. (Wislicenus
summarized his arguments in 1873[81)

This theory was taken up by van’t
Hoff in 1874. In a short article he pro-
posed the tetrahedral arrangement of the
substituents of the carbon atoms.! With
this theory, generally accepted today, it
became possible to explain the difference
between the two 2-hydroxypropanoic
acids: 2-hydroxypropanoic acid (2) (fer-
mentation lactic acid) is the 1:1 mixture of
d- and [-isomers, lactic acid 3 is the pure
d-isomer (Fig. 1).

CHOH  CHy CHy

CHy CHOH CHOH

COOH COOH COOH
1 2 3

COQH COZH COZH
HO“‘)\H + H7\"OH H—\"OH
H3C CH3 CH3
inactive dextrorotatory

Fig. 1. Isomers of lactic acid.
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It is generally recognized that the re-
search carried out by Wislicenus in Zurich
on the different modifications of lactic acid
made an important contribution to the de-
velopment of stereochemistry. Although
Wislicenus did not make the decisive step
towards the new theory, his research en-
couraged van’t Hoff to take up the prob-
lem and ultimately led him to become the
founder of the stereochemistry of organic
chemistry.

Also after he left Zurich, Wislicenus
continued to work on stereochemistry
problems. The translation of van’t Hoff’s
work by F. Herrmann, at the suggestion
of Wislicenus, did much to gain acknowl-
edgement for his theories, which had not
attracted much attention initially.®! The
article by Wislicenus on the stereochem-
istry of ethylene derivatives also made an
important contribution to the subject.[10]

Alfred Werner

The most important contributions from
the University of Zurich to the develop-
ment of stereochemistry come undoubted-
ly from Werner and his coworkers. Before
this work is described, the situation before
Werner’s work, the coordination theory
itself, and one of the most important ana-
Iytical methods relevant to stereochemistry
are discussed.

The Theory of Blomstrand and
Jorgensen

This theory is also known as the ammo-
nia theory. According to C. W. Blomstrand
ammonia molecules in metal ammonia
salts can form chains in the same way as
methylene groups in organic compounds.
Halide ions or other acidic groups are con-
nected either directly or via the ammonia
chain to the metal atom.['!121 Tetrammine
platinum(ir) chloride (4) is given as an
example in Fig. 2. A similar situation is
found for the metal ammonia salts of co-
balt, iridium, rhodium, etc.

In 1890 S. M. Jgrgensen showed that the
complexes formed from cobalt(111) chloride
and ammonia were monomolecular and not
bimolecularaspostulatedby Blomstrand.[!3]
As early as 1883, Jgrgensen had discov-
ered that in cobalt ammonia salts with the
composition (CoCl,(NH,),), (n assumed to
be 2, up to 1890) only a third of the chlo-
rine atoms had ionic character.['4l His ex-
planation was that the ‘masked’ chlorine
is directly connected to the cobalt atom
whereas the chlorine with ionic character
was indirectly connected to the cobalt (Fig.
2). Jgrgensen remained a staunch life-long
believer in his theory, which was based on
the strict rules of classical valence theory
by A. S. Couperl5! and A. Kekulé. ol
However, his careful preparative and ana-

cl
cl
NHz—NH3—NHz—NH3—Cl

cl
NHg-NH3-Cl €029\ NH. NH,—NH;—Cl
P{_ al Co—NHz—NHz—NHz—NH—Cl
NHs—NH5—Cl cl ol [CO(NH3),CloICI
4 5 6 7
Fig. 2.

Iytical work contributed a great deal to
the development of Werner’s coordination
theory.

Werner’s ‘Contribution to the The-
ory of Affinity and Valence’

The above-mentioned theory of con-
stant, indivisible, individual valencel!l5:16]
was eminently suited to describe the struc-
ture and stereochemical properties of or-
ganic compounds but failed in other cases.
In his article published in 1891, Werner
presented his belief that atoms are spheres
that exert an attractive affinity equally in all
directions.l!”l He wrote: “Valence means
an empirically determined numerical pro-
portion (of atoms) in which the atoms are
connected to each other, independent of
the valence unit”. The hydrogen atoms in
methane are tetrahedrally arranged around
the carbon atom because this arrangement
ensures the greatest possible exchange be-
tween the affinities of the hydrogen atoms
and the carbon atoms. The application of
these principles to the metal ammonia salts
enabled Werner to postulate his coordina-
tion theory in 1893.

Coordination Theory

In 1893, shortly before he was elected
successor to V. Merz (1839-1904), Werner
published his article ‘Contribution to the
Structure of Inorganic Compounds’.!8]
Werner concentrated principally on the
metal ammonia salts and their derivatives.
He recognized that the many ‘molecular
compounds’ or ‘compounds of higher or-
der’, as these complexes were also called
at the time, could not be explained by the
constant valence theory. He created the
term ‘coordination number’. The coor-
dination number describes the maximum
number of ions or molecules that can be
connected directly to the central atom (or
central ion) to form the ‘primary sphere’.
The number of coordination positions de-
pends essentially on the type of central
atom and spatial factors, but not on the va-
lence of the central atom. Cobalt(1ir) has
the coordination number 6 in all its com-
plexes. Therefore, compound 7 (dichlo-
rotetrammine cobalt(i) chloride, Fig. 2)
has the formula: [Co(NH,),CL]ICl. The
group of atoms in square brackets make

up the primary sphere. The chlorine atom
outside the parentheses is not directly con-
nected to the cobalt: in contrast to the oth-
er two chlorine atoms, it possesses ionic
character. Werner divided the complexes
into two main groups: complexes with the
coordination number 6 and those with the
coordination number 4:

[ML,]: M = Co™, Pt™), Ir*?, Cr™, Fe™,
etc.

[ML,]: M = Pt®™, PA™, etc.

(L =NH,, H,0, CI', Br, CN", SCN",
NO,, etc.)

Further aspects of the coordination
theory will be discussed, where appropri-
ate, during the description of Werner’s re-
search.

Conductivity Measurements

Knowledge of the exact composition of
complexes was required to provide experi-
mental support for the coordination theory
and Werner’s stereochemistry theories.
The methods available in 1890 were not
always able to provide this information.
Correlations between the composition of
complex salts and the electrical conduc-
tivity in aqueous solution, as determined
by Werner and Miolati,[19-211 provided a
real improvement in the analytical meth-
ods in complex chemistry because the
number of ions in the individual complex-
es could be established. The demonstra-
tion that the complexes [Pt(NH,),Cl ] and
[Co(NH,),(NO,),] had no electrical con-
ductivity was particularly significant since
this had been predicted to be the case by
the coordination theory (Fig. 3).

General Observations on the
Stereochemistry of Complexes
with the Coordination Number 6

In principle there are an infinite number
of possible arrangements of ligands around
a central atom. Werner!!8! excluded with
high probability all unsymmetrical ar-
rangements, since no isomers of complex-
es with the general formula [MA ]X and
[MAB]X had ever been observed. (An
exception are complexes where B = NO,",
where either the nitrogen or the oxygen can
coordinate to the central atom, i.e. salt or
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A | [Pt(NH3)6]Cl4
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C | [Pt(NH3)4Cl5]Cl, i [Co(NH3)5(NO,)ICI, Fig. 3. Molar
conductivity of
D | [Pt(NH3)3Cl3]CI 5 [Co(NH3)4(NO,),]CI 0.1 M aqueous
E | [Pt(NH3),Cl,] i [Co(NH3)3(NO,)5] solutions. *This
F | [Pt(NH3)Cl5]K i [Co(NH3)o(NO,) 4K value was measured
G [PtCI 6]K2 by Tschugaeff and
Wladimiroff.2

structural isomerism). Therefore Werner
took only the planar (8), prismatic (9) and
octahedral arrangements (10) into account
(Fig. 4).

Werner decided against the first two
possibilities because only a maximum of
two isomeric series had been observed
for all known compounds with the for-
mula [MA B_IX ; a planar or prismatic ar-
rangement would have given rise to three
isomers (Fig. 5). Therefore the ligands in
transition metal complexes with the coor-
dination number 6 should be arranged oc-
tahedrally around the central atom.

The evidence for this was relatively
weak at that time and Werner took almost
20 years to establish finally his theory.
Many experiments at that time were aimed
at solving stereochemical problems. These
experiments are described in the following
section.

Cis-Trans Isomerism
Nomenclature

The two isomeric series of complexes
with the general formula [MA B,]X often
differ in colour, solubility, crystal mor-
phology etc. Werner(23] named them cis
and trans in analogy to the isomeric ethene
compounds (Fig. 6).

Determination of Configuration and
Stereospecific Synthesis

Maleic anhydride (13, Scheme 1)
is produced when maleic acid (12) is
heated; the same product is obtained at
higher temperature by rearrangement of

Fig. 4. Possible arrangements of complexes with coordination number 6.

fumaric acid because ring closure cannot
occur in the frans compound for steric
reasons. Werner assumed that bidentate
ligands occupy neighbouring coordina-
tion sites. This applies in particular for
geometric reasons to carbonato ligands
(Fig. 7).1231 The existence of the strained
four-ring system on the carbonato com-
plexes had been frequently contested.
In 1962 their existence was finally and
unambiguously established by an X-ray
study of carbonatotetrammine cobalt(111)
bromide.[24]

[Co(NH3)sCIT?* —. [Co(NHg),Clol*
+
H3 H3 H3
N cl N N
- 7 7
cl” NH, c” SNH, a” cl NHs
| Co | _ Co | + | Co | + | Co |
HSN\N/NH3 H3N\N/NH3 H3N\N/NH3 HaN_ _-Cl
H3 H3 H3 H3
HN——=nNH, Cl——=nNH, HNT——=nNH,  HNT—=nH,
cl cl cl Cl
Y N B W1
HaNS _—=NH; H3N\N/NH3 H3N\C|/NH3 H3N\N/C|
Hs Hs Hs
Hj Hs Hs
N

HN//Cl/\\l//NH3 - (:l/ﬁg)\§
3 ﬁ}

3 Hs

—_NH3

5 ﬁﬂ/

Hs

Fig. 5. Possible isomers for complex ions of the type [MA B,]* using [Co(NH,),Cl,]* as an example.

A A H. _COOH H._ _COOH
S 2 AP I I
B—A A—B HOOC H”™ “COOH
A A 11 12
Fig. 6.
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o this mechanism with the reaction between
trans-dichloro-bis(ethylenediamine)
1 275°C o 140 °C 12 cobalt(tir) chloride (18) and ammonia
- H,0 - H,0 (Scheme 5).

5 Theoretically direct attack of the in-
coming ligand on the coordination site of
13 the leaving group is also possible. In such
Scheme 1. cases configuration is retained. Scheme 6
shows how Werner would probably have

actant in the second coordination sphere. formulated such a reaction.
This interaction is not equally strong in all In this way, Werner was able to explain
A ? directions. The reagent enters the primary experimental observations, but he could
Ad+—o0 sphere preferably at the position with the not predict the reaction pathway. His at-

/M /4. analogousto || O ; . X . .

B—O o strongest interaction, at the same time dis- tempt to discover patterns (for example ex-
A ol placing the most weakly bound ligand from  clusive or preferred formation of the most
the primary sphere. Werner?%! illustrated favoured product) based on a large number

Fig. 7.

Werner did not share these doubts be-
cause he used these complexes for the de-
termination of configuration. He had to as-
sume that complexes that are generated by
the substitution of carbonato ligands or that
can be converted to carbonato complexes
would have cis configuration (Scheme 2).

An example: Two dinitrotetrammine
cobalt(mr) salt series were known: the
brown flavo- and the yellow croceo salts.
In the reaction of carbonatotetrammine
cobalt(mr) salts with sodium nitrite, Jgr-
gensen obtained only the flavo series.[23
Werner concluded that the flavo com-
pounds had cis configuration, the croceo
compounds trans.

A further method used by Werner to
prepare cis complexes was the cleavage of
binuclear complexes bridged by hydroxyl
groups.[20] Stereochemical considerations
required that the two hydroxyl ligands in
the reactant (15) and the two chloro or
aquo ligands in the products 16 and 17
should be cis to one another (Scheme 3).

This line of reasoning was not in-
contestable. Werner observed rearrange-
ments in many reactions.?] In 1889
Jgrgensen had established that trans-
dichlorobis(ethylenediamine)  cobalt(1ir)
chloride (18) could be transformed to the
cis compound (16).281 Under suitable con-
ditions the reverse reaction could even be
performed (Scheme 4).

Such rearrangements are clearly highly
undesirable in substitution reactions unless
it is possible to predict their occurrence.
Werner recognized this and researched
extensively on the subject.[2729] The re-
sult was a theory on substitution reaction
pathways that are today known as reaction
mechanisms.

Reaction Mechanisms

Werner27.291 proposed the following
pathway for substitution in coordinatively
saturated compounds. An interaction oc-
curs between the central atom and the re-

A A
/A—I—M /o HX /A—I—M /x
B—I—OAO CO5% A—I—X
A A
Scheme 2.
en ES kL en BE
en H en
(0] HCI OH, Cl
Co Co —_— Co + /" Co
O/ O/ Cl
en H en en Ha en
15 17 16
_ /\
M= HN  NH,
Scheme 3.
?I Bk en BE
evap. of aq. sltn. Cl-
enZ ?
Co < /
i en HCI Cl Co
en
18 green 16 purple
g pure Scheme 4.
(NHS
C|)I C|)I ( (|JI
——NH
ené Co Zen — ené Co z;en - ené Co /°
| |
Cl Cl en
N———7
18 19
Scheme 5.
(OH
OH
en en ( J en
—UCl —UCl —OH
Co / — Co / — Co /
en 8 en 3 en Hs
20 21
Scheme 6.
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of reactions of complexes with the general
formula [Coen,XY]Z failed.? This is not
surprising since up to 1956 methods to pre-
pare trans compounds, for example, were
purely empirical.30!

Werner’s theory of the Walden inver-
sion developed from the above-mentioned
theory of rearrangement in substitution
reactions of coordinatively saturated com-
plex compounds. Werner proposed?”! the
following reaction sequence for the reac-
tion of an alcohol with a hydrogen acid
HX:

R,COH + HX

‘ — [R,COH,]X
[R,COH,]X

- RCX+H0

The site of attack of the nucleophile
determines whether the substitution occurs
with the conservation of the configuration
or with Walden inversion (Scheme 7).

Similar thoughts were expressed at the
same time by E. Fischer3!7and P. Pfeiffer.32!
Werner’s analysis of the Walden inversion
is very similar to the mechanism accepted
today. It provides a convincing explana-
tion for the inversion; but, it should also
be noted that it is not possible to predict
under which conditions it will occur. Our
current understanding of substitution reac-
tions with conservation of configuration is
quite different from that of Werner’s.

Optically Active Compounds

Werner obtained the most convinc-
ing evidence for the octahedral configu-
ration of complexes with the coordina-
tion number 6 with racemate resolutions
published from 1911 onwards. As early
as 1901 Werner and VilmosB3! discussed
the possibility of mirror-image isomers
in oxalatobis(ethylenediamine) cobalt(1ir)
salts (22) (Fig. 8). They compared this
type of stereoisomerism with that in spiro
compounds (23).

Werner and Vilmos hoped that the crys-
tals of the complex salts 22 would show
hemihedrism and could be mechanically
separated into their enantiomers. Pasteur
used this methodB4 for the first racemic
resolution, the separation of sodium am-
monium salts of d,/-tartaric acid. Werner
and Vilmos were, however, unsuccessful.

The First Racemic Resolution

This succeeded in 1911 with complex
salts of the general formula [Co(en),NH, X)
Y, (24) (X,Y = Br, Cl). Werner®! used a
well-known technique from organic chem-
istry:[34 A racemate d,I-A is reacted with
d-B, to produce diastereoisomeric salts of
composition d-A, d-B and /-A,d-B which
differ in their physical properties and can
frequently be separated by fractional crys-
tallization. The first experiment made use
of silver salts of d-a-bromocamphor-m-
sulfonic acid (d-25) (Scheme 8).

A
A attack of X~ on the ABD / ,\
D\O}B A
S)
H, attack of X~ on any of the / \
other planes: retention D\X/'B
Scheme 7.
en |+ en ]+ ]+
g en
0204 Cp QO 0204 = Cgo@
en en en
22
OHO
0204 =
o0 0o
23
Fig. 8.
To Werner’s surprise, the enantiomers
racemised only very slowly in aqueous
solution. Their molar rotation at 656.3 nm
(Fraunhofer line C) was
_l 2+ —| 2+
[M],. = +172.34°, ~168.54° for cis- en NH N "
[Co(en),NH,CI]Br, Co ./ 2 ¥\ Cco
[M],. = +201.65°, —196.2° for cis- X X
[Co(en),NH,Br]Br, en en
24

Therefore, Werner had proved that
(coordination) complexes could also be
optically active. At the same time he had
found a good method to differentiate be-
tween cis and trans compounds: only the
cis compounds could be resolved into their
enantiomers.

Publications on further successful reso-
lutions rapidly followed.[36-411 Three inter-
esting examples are described here.

Resolution of [Co(en) ] X, (26)

Although all six coordination sites are
occupied by structurally identical groups,
these compounds are optically active
([M], = £602° for X = Br). This is due to
the chiral arrangement of the substituents
(Fig. 9).1391

l d-25
(d-24 d-25) + (I-24 d-25)

fractional
crystallisation

(d-24 d-25) (I-24 d-25)

l removal of d-25 l

d-242+ enantiomers |-242+

Scheme 8.
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en ]+

Co n eny_Co

en |3+

en en

26

Fig. 9.

Inorganic meso-Compounds

Earlier Werner had repeatedly inves-
tigated polynuclear complexes. In the
bis(ethylenediamine) cobalt(1ir)-p-amido-
U-nitrobis(ethylenediamine) cobalt (11r)
salts (27) he discovered isomerism anal-
ogous to that observed for tartaric acid
(28) (Fig. 10).1401 The meso-compounds
(meso-28) could not be resolved into enan-
tiomers by any of the known methods. In
contrast the two enantiomers d- and [-27
could be obtained from the other series
using  d-o-bromocamphor-7-sulphonic
acid (25). After prolonged heating in water
the enantiomers lost their optical activity.
Werner proposed an intramolecular rear-
rangement to form the meso-compound
(Scheme 9).

HOOC
HO,
H

COOH
\ OH
H

HOOC
HO",
H

COOH
\ OH
H

meso-28

HOOC
HO"

COOH HOOC

CoH Hes
OH HO

COOH
\ OH

d- and /-28

Fig. 10.

An interesting aspect of the general
coordination theory is mentioned briefly:
Werner originally differentiated between
primary and secondary valences of the
central atom. Primary valences could only
be neutralised by negative ligands or ions
in the second sphere; secondary valences
in contrast by any ligands. If there really
were fundamental differences between the
two types of valences, this would mean
that meso-27 would be a racemic mixture
and therefore could be resolved into enan-

en

en

27

T4+

= primary valency
-- secondary valency

Fig. 11.

d- and /-27

tiomers (Fig. 11). After his unsuccessful
resolution attempts, Werner abandoned the
differentiation into primary and secondary
valences that he had anyway previously
considered to be unsatisfactory.[*?l (For
this reason, we have never used such a dif-
ferentiation).

Optically Active Cobalt Complexes
without Carbon-containing Ligands

The only objection to Werner’s octa-
hedral theory with respect to the above-
mentioned results could have been that
all the investigated enantiomers contained
carbon (in ethylenediamine). Therefore
the successful enantiomer resolution of
the four-centre carbon-free compound 29
(Fig. 12) in 1914 was all the more signifi-
cant.[*1]

Optically Active Complexes without
Cobalt

The proof provided by Werner and his
coworkers that complexes of chromium,
iron, thodium, platinum and iridium could
also display optical activity (Table 1) was
also important for the general acceptance
of the octahedral theory.

Only the iridium compounds were pro-
duced by a chemist other than Werner: in
1914 M. Délepinel*8! published the suc-
cessful racemic resolution of [Ir(C,0,),)
K,.2H,0.

Resolution with Optically Active
Complexes

The first resolution of racemic com-
plexes was performed by Werner with the
help of various optically active organic
compounds. But with the first resolu-
tion of the racemic sym-dimethylsuccin-
ic acid (30) Werner utilized a different
method.[*91 As reagent he used the d-
tris(ethylenediamine) cobalt(ir) ion. The
isomer that melted at 127 °C was shown
to be a racemic mixture, with enantiomers
having a specific rotation of £8°, whereas
the isomer that melted at 195 °C could not
be resolved (meso-compound). There is
no graphic representation of this reaction
shown here since the same principles as in
the isomers of tartaric acids (28) are appar-
ent. These methods were further developed
more recently by Dwyer and coworkers, in
particular.[50]

o2 en en/] 0, en (HaN)aCe-0H
/ 60 G~ Co P%'DO'\*
: H ' HO i ﬁ——CO(NHsM
en 2l—en \ o

29

Scheme 9.

Fig. 12.
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Table 1.
Complexes [M] Light source Ref.
[Cr(en),CL]CI +415.1° Na, Werner*3
[Fe(dipy),|Br,.H,O  -4117.8° Nernst lamp Wernert#4
[Rh(en),JI, +323° Na, Wernert*s!
[Pt(en),J(SCN), +510.3° Na, Werner!“él
[Iren),J(NO,), +320° Na, Werner and Smirnoff’]

Table 2.
Reactant Reagent Product
I-[Co(en),CIINCS)]* NaNO, d-[Co(en),NO,(NCS)]*
d-[Co(en),CINO,J* KSCN d-[Co(en),NO,(NCS)]*
d-[Co(en),CINO,J* NaNO, d-[Co(en),(NO,),I*
I-[Co(en),CL,]* K,CO, d-[Co(en),CO,J*
d-[Co(en),CL]* K,C,0, I-[Co(en),C,0,I*

Comparison of Configuration

In 1912 Werner presented the prin-
ciple that those stereoisomers that form
the least soluble salts with the same op-
tically active organic acid will have the
same configuration.[5! With the applica-
tion of this principle Werner concluded
that the following complex ions had the
same configuration: d-[Co(en)3]3*, d-
[Cr(en),]’*, [-[Rh(en),]**. The rotation
was determined at the same wavelength
for all three complexes.

The detailed publication containing an
explanation of this principle, although an-
nounced by Werner, unfortunately never
appeared. Despite this the above method
has been applied successfully. For exam-
ple, Brandt et al.,51 related the configu-
rations of different tris(ortho-phenanthro-
line) complexes by means of resolution
with d-antimonyl tartrate. Mdusen showed
that enantiomers that formed the least
soluble salts from the same reagent all
demonstrated higher intraperitonale tox-
icity compared to their antipodes. Since
the biological effect is probably closely
associated with the stereochemistry of the
compounds, this is an independent proof
for the structural identity as proposed by
Werner.

The value of this method lies principal-
ly in the relative ease with which a series
of compounds can be compared to a com-
pound of known configuration.

Substitution Reactions on Optically
Active Compounds

Not all racemic compounds can be
equally well resolved. Werner’s observa-
tion that the optical activity is retained in
many substitution reactions on complex
ions of the general formula [Co(en),XY]™
was therefore a valuable one. In addition,
by the application of the above-mentioned
solubility method, Werner was able to show

that no change in configuration occurred
in these substitution reactions although in
many cases the sign of the optical rotation
was reversed.[3752331 Some examples are
shown in Table 2.

More recent investigationsi>* have
shown that under certain conditions rear-
rangement reactions (Bailar rearrange-
ments) occur in which the configuration is
retained.

Racemisation

All the optically active complexes
mentioned up to now are cationic. With the
resolution of trioxalate chromate (111) salts
(31), Werner demonstrated that also anions
can be optically active; in addition this was
the first nitrogen-free racemic mixture to
be resolved.[>]

The behaviour of the enantiomers of
31 in solution is interesting: they racemise
relatively quickly. Werner assumed that a
bond is broken upon solution. The inter-
mediate product can either revert to the
starting product 32 or recombine to form
33 with a change of configuration (Scheme
10).

In a 1966 lecture, Bailar discussed dif-
ferent mechanisms for the racemisation
of complexes with the general formula
[M(AA),] and [M(AB),]. One of these
mechanisms that could not be excluded on
the basis of existing research findings, cor-
responded exactly to Werner’s mechanism
described briefly here.[30]

Optically Active Ligands

Werner was not satisfied with solely
the investigation of simple optically active
complexes. This is demonstrated with an
example here. Under Werner’s supervision
the stereoisomerism of the complex ion
[Co(en)(pn)(NO,),]*(34) was investigated. 5!

e

Cr ~L,0,

C,0,

C.05
32

33

Scheme 10.
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The presence of propylenediamine (pn)
increased the number of potential isomers
considerably, since this bidentate ligand
can coordinate in two different ways (o-
and [B-series) and it is also optically active.
This leads to the ten theoretical stereo-
isomers shown in Fig. 13.

It was possible to isolate all these ster-
eoisomers (the o~ and the (-series have
different crystal morphologies). From the
ORD curves of individual enantiomers in
the publication and from specially pre-
pared enantiomeric mixtures, Kuhn and
Szabol38] were later able to draw some in-
teresting theoretical conclusions.

Stereochemistry of Complexes
with the Coordination Number 4

Werner’s few investigations into this
class of materials were limited mainly to
complexes of platinum(ir). Two isomer se-
ries of complexes with the general formula
[PtA X] were known. Assuming that the
compounds are symmetrically construct-
ed, only planar or pyrimidal structures are
possible (Fig. 14).

Werner!!8] only discussed the planar ar-
rangement (35). Confirmation that this was
correct came from the observation that the
complex [Pt(NH,),]X, (37) could be oxi-
dized with halogens to increase the coordi-
nation number of the central atom to form
[Pt(NH,),X,]1X, (38) (Scheme 11).

Platinum(i1) complexes are indeed
planar; this also applies to complexes of
palladium(1r), gold(in) etc. In other cases
tetrahedral arrangement of the four li-
gands has been observed, for example in
manganese(ll) complexes.

Determination of the Configura-
tion of Isomeric Dichlorodiammine
Platinum(i) Complexes

Two isomers with the formula
[Pt(NH,),Cl,] were known; platosammine
chlorlde (39) and platosemidiammine
chloride (40). Jgrgensen!! assigned the
following formulae to them (Fig. 15 left).

Using the experimental results from
Jgrgensen,5%1 Werner was able to assign
the correct structures of the two isomers
already in 18930181 (Fig. 15 right).

Fig. 16 shows a summary of the most
important arguments that enabled Werner
to make his assignments. This assignment
of configuration is a good example of the
care that Werner took in his own research
and in assessing that of other chemists and
how he was able to apply logical reasoning
to come to important conclusions.

The Significance of Werner’s
Stereochemistry Research

“The inorganic metal complexes form
a special chapter in the development of
stereochemistry. This chapter is entirely
the shining creation of one single chem-

/Pt\ /Pt
/APt 2 /XPt A /—\—/x %_\B/A
A——xX A——x G A X

35 36

Fig. 14.
—|2+ X —|2+
X
HaN———NH 2 H3N NH
H N/s—PtNﬁ 3 H N/a—rPtNH/ 3
3 3 3 3
X
37 38
Scheme 11.
NH3—Cl NHz-NHz-Cl o
/ s H.N——CI Cl NH
Pt Pt APt S /TPt
N N Cl——NH; Cl—NH;
NH3—Cl Cl
39 40 39 40
Fig. 15.

Determination of the configuration in compounds of the formula [PtA5Cl,].
Known:

platosemidiammine chloride + 2 Py ~ A
i [Pt(NH3)5Py,]Cl, — 1 platosammine compound

platosemidipyridine chloride + 2 NH3
£
platosammine chloride + 2 Py
\ [Pt(NH3),Py,]Cl, i» 2 platosammine compounds
platopyridine chloride  + 2 NH —

Assumption 1: Assumption 2:
I——A . N
/C Pt/ = platosammine compound = /Clpt /A
A——-Cl Cl——A
Cl—A . ) Cl—A
C|/ PtA/ = platosemidiammine compound = / PtCI/
It follows: It follows:
SCls—NHs Clo— Clar=NHs CI—Py ClorNHs CI—P L5 NHs  Clo—Py
CI—NHa CI—Py H3N—CI Py—CI HsN——Cl Py—CI CI—NH3 CI—Py
\ %NHs \ /NHS \ /NH3 \ /NH3
NH.
PV N Slc, # /F't/a P Nl /Pt/3
Py——NHj HsN——Py
Cl—_Cl Cl—°lI —
/CIPt NHs i /7 Pt/ PO PPy BNg O
py—ocl H3N—CI cf HsN——Py H;N——Py Cl—Py HaN—CI

Py = pyridine

Conclusion: Assumption 1 is correct because it also offers an explanation for the product
distribution after the second reaction.

Fig. 16.
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ist, who combined genius with admirable
logical thinking continually to develop
and use his own experiments to test and
confirm his theories. The long sought after
bridge between organic and inorganic has
been built; the frequently discussed differ-
ences between the two have been put aside.
Alfred Werner must now be considered the
equal to the two great chemists J. H. van’t
Hoff and Le Bel.”

It is not necessary to expand upon P.
Walden’s words.[001 What should be noted
is that for a period of almost twenty years,
the most important research on the stereo-
chemistry of complexes came almost ex-
clusively from Werner’s laboratory. We
should not forget that Werner, together
with his mentor A. Hantzsch, founded the
field of the stereochemistry of nitrogen
compounds in 1890.1611 At that time Werner
was still employed at the ETH.

Vindication of Werner’s Theories
The X-ray study of complexes with coor-
dination numbers 4 and 6,[92-64] carried out
shortly after Werner’s death, completely
vindicated his coordination theory. How-
ever, the award of the Nobel Prize in 1913
shows that Werner’s contempories were
already convinced of its veracity.

Paul Pfeiffer

The Stereochemistry of
Chromium(im) Complexes

Up to now, the description of Werner’s
work on complexes with the coordination
number 6 has relied heavily on the cobalt(1ir)
complexes. Werner did in fact concentrate
on these compounds, although he already
had spoken in 1893 about similarities in
complexes of chromium(ir), platinum(1v),

Fig. 19.

rhodium(t), erc.'8] Pfeiffer’s achievement
was that he tested and confirmed Werner’s
results on the complex- and stereochemistry
of cobalt(11r) by means of chromium(1ir) com-
plexes, although Werner had apparently tried
to dissuade him: “because these complexes
are much too instable” (R. Wizinger!®31).
Pfeiffer’s experiments will not be de-
scribed here since their value lies not in
their originality but rather in the additional
support for Werner’s octahedral theory.

Crystal Structure and Coordination
Theory

In 1915 Pfeiffer pointed out that the in-
formation on the three-dimensional struc-
ture of crystals, as determined by M. von
Laue and coworkers and W. L. and W. H.
Bragg, could also be used to confirm Wer-
ner’s coordination theory.l%l He was sup-
ported in this view shortly afterward by the
Zurcher crystallographer P. Niggli.[671 Ac-
cording to W. L. Bragg, in a sodium chlo-
ride crystal lattice the sodium and chlorine
atom are located alternately in the corners
of a cube.[8] Pfeiffer pointed out that the
chlorine atoms (or ions, as they would be
referred to today) were surrounded by an
octahedron of sodium atoms and vice versa
for the sodium atoms.[1 Fig. 17 illustrates
this concept.

In a further publication, Pfeiffer dis-
cussed the coordination numbers 8 and 12,

also based on crystallographic studies.!”"!

The connection between inorganic
stereochemistry and  crystallography,
as Pfeiffer originally demonstrated, has
gained continually in significance since
then.

Paul Karrer

Carotenoids with Hindered cis-
Double Bonds

Carotenoids contain, as a rule, seven to
fifteen conjugated double bonds, most fre-
quently ten or eleven. All-trans-compounds
are more stable than the corresponding cis-
isomers. In an article published in 1939,
L. Paulingl’! differentiated between un-
hindered and hindered cis-double bonds in
carotenoids (Fig. 18).

The repulsion between the hydrogen
atom and the methyl group is so large in
compounds with hindered cis-double bonds
that, according to Pauling, these should not
exist. In B-carotene (41) therefore only the
trans-double bonds in positions 9, 13, 15,
13’ and 9’ should be able to be converted
to the cis-double bond (Fig. 19).

Pauling’s proposal became widely ac-
cepted as a fixed rule. In 1948 Karrer et
al.[”21 produced evidence to the contrary:
they reported the synthesis of cis,cis-3-
methylmuconic acid (42, Scheme 12),

"hind_ered"

Scheme 12.
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dependent of the Karrer group, Oroshnik e#
HO O o a.l. prgpared a further series of compounds, CO,H COzH
o oH Yltamm A anglofgues, that were also excep- H,N—-C—H HoN—C—H
_ tions to Pauling’s rule.l”! ShooH }I?
The synthesis of compounds with hin- 2
43 dered cis-double bonds by partial hydro- I(-)-serine I-amino acid
genation of triple bonds presented an ele-
gant solution to the problem because direct
Fig. 20. transformation of frans-double bonds into ~ Fig. 21.

which contained a cis-double bond that
was ‘hindered’ according to Pauling.

Thereafter Pauling revised his theory.[”3!
He calculated that cis,cis-3-methylmucon-
ic acid (42) should be 7.1 kcal/mol less sta-
ble than the frans,trans-isomer and there-
fore could exist, whereas the existence
of carotenoids with hindered cis-double
bonds would be extremely unlikely due to
the loss of resonance energy.

The same opinion was shared some-
what later by Elvidge et al. In addition they
pointed out that Karrer’s cis,cis-3-methyl-
muconic acid (42) was in fact a cis,trans-3-
methylmuconic acid (43, Fig. 20) with an
unhindered cis-double bond.[74]

Karrer and his coworkers put an end to
the discussion by synthesizing compounds
that contained without a doubt, Pauling’s
forbidden hindered cis-double bonds.
They started with the observation that of
the four isomers produced in the synthesis
of  1,18-diphenyl-3,7,12,16-tetramethyl-
octadecanones, at least three contained a
cis-double bond.[’>] More careful inves-
tigation of the key reaction, the selective
hydrogenation of two triple bonds in 44
(Scheme 13), showed that compound 45
with two hindered cis-double bonds was
formed.[76]

The knowledge gained from these
model compounds was substantiated
shortly afterwards with the synthesis of
cis-lycopenes with hindered double bonds
by Garbers and Karrer.l”’I In 1955 Karrer
et al. even succeeded in the synthesis of
a compound analogous to 45 which con-
tained a much more sterically demanding
phenyl group in place of the methyl.[78] In-

hindered cis-double bonds has never been
achieved.80!

This example shows that even incor-
rect publications (the apparent synthesis
of cis,cis-3-methylmuconic acid) can lead
to progress in the field. It also shows that
nature and the practical chemist can pro-
duce ‘impossible’ compounds to confound
the theoreticians.

The Configuration of Natural
o-Amino Acids

Karrer’s stereochemical research was
carried out in close association with natural
product chemistry, as seen in the previous
section. This was confirmed by the inves-
tigations into configurational relationships
in the natural o-amino acids.

Karrer continued with the work done
by L. Pasteurl8! and E. Fischer and K. Ras-
ke.[82.831 Karrer and his coworkers were able
to prove the relationship of a whole series
of amino acids to /(-)-serine (46, Fig. 21),
which was used as a reference compound
by the application of known chemical and
physical methods. This work contributed
much to support Karrer’s proposal made
in 1923 that all a-amino acids of natural
origin have the same configuration. 34

In addition Karrer showed for the first
time that alkaloids were also related to the
o-amino acids: the asymmetric centre in
nicotine showed the same configuration as
[(—)-serine.[85]

Knowledge of the configurational re-
lationships among the individual natural
o-amino acids is significant for several
reasons. It is necessary for bioenergetic
investigations, for the study of enzyme
action and enzyme metabolism, and in
the investigation of the mode of action of

o™X

44

J H,/Pd (poisoned)

45

=

X XPh

Scheme 13.

antibiotics ezc.[8] Karrer’s research in this
field was more important as a contribution
to the development of the field of natural
product chemistry than to the development
of stereochemistry but it is still worth a
mention here.

André S. Dreiding

The Application of Stereo Models

The visualisation of steric relation-
ships often causes problems even with
relatively simple molecules. Not only
the beginner has difficulty understanding
projection- and stereo-formulae and pic-
turing the three-dimensional structure of
molecules. Models can help here. In many
cases these consist of sticks and balls
stuck together, sometimes even just a cork
ball and four pins with different coloured
heads, however, often a chemist will in
general not be satisfied with such simple
aids. In such cases, the chemist will often
seek greater insight from a Dreiding ste-
reomodel.

The Stereo Model from
Bretschneider

According to Galinovsky et al.,[87]
Bretschneider soldered together two
pieces of wire, each bent in the middle,
to form a tetrahedron. The individual car-
bon units were connected by means of
springs. These models were suitable for
the conformational analysis of hydrocar-
bon molecules.

The Stereo Model from Dreiding

In 1959 Dreiding announced a further
development of Bretschneider’s model.[88]
The most significant improvement was
based on the following knowledge: The
length d, , of a covalent bond between two
atoms A and B can be divided into two
so-called covalent bonding radii r, and r,.
These covalent bonding radii are constant
additive values (see for example E. S.
Gould®). Dreiding incorporated this into
his model. For the basic element he did
not take the individual atoms, but rather
their simplest hydrogen compounds (e.g.
methane for tetrahedral carbon, ammonia
for trivalent nitrogen, water for oxyether
etc.). These basic elements consisted of,
where possible, the same number of balls
and sticks or tubes. The distance between
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Fig. 22.

the mid point of one of these basic ele-
ments to the end of a stick or tube cor-
responds exactly to the bond length X-H
in the scale 1:0.4 x 10°%; the valence an-
gle corresponds to the true observed value
(Fig. 22).

Each tube has, measured from the end-
point, at the distance of two covalent hy-
drogen atom radii, a stopper. This ensures
that when two elements are joined together
the correct scaled bond length is attained
(Fig. 23).

A press-stud type mechanism prevents
the individual elements from falling apart.

In the meantime the Dreiding stereo
model has become widely distributed.
Therefore a further description is un-
necessary. It is the best known of all the
currently available models. It is particu-
larly simple to use (cyclohexane can be
constructed in six steps whereas other
models need 18) and it is exact. Its many
applications will be described in the next
section.

Applications of Dreiding Models

It is not possible to describe the full
range of applications that the Dreiding
models can be used for. Therefore a sum-
mary of uses from the brochure from the
W. Buechil® company who produce and
sell the models is given. (Some examples
are also given in Fig. 24.)

Dreiding Stereo models can be used

for.

— Stereochemical analysis

— Isomeric analysis

— Symmetry deductions

— Conformation analysis (energetic stud-
ies)

— Analysis of dynamic reactions

— Study of reaction mechanisms by visu-
alization of the transition state

— Investigation of steric hindrance

— Analysis of stereospecific reactions
controlled by orbital symmetry

— Interpretation of coupling constants
and magnetic field effects in NMR

— Analysis of chirality rules in optical
rotation dispersion and circular dichro-
ism

— Chirality and helicity determinations
This list demonstrates how extensive

the applications of Dreiding models are

and therefore by association also stereo-

chemistry.

'n 'y 'y s dAB
C_ + | I R —
2rH 2 'y
Ia+ Iy -2y trytrg — ra+ g = dag
Fig. 23.
fe) OH
a H
5-epiandrostan-3-on-17-ol bullvalene
Fig. 24.

The Stereo Model from Fieser

The Dreiding stereo model is too small
for use in teaching and it is relatively ex-
pensive. L. F. Fieser provided a solution
in 1963 by adapting Dreiding’s America
patent from 1961 to produce a larger and
cheaper version in plastic.[9-931 These
models do not have the precision and ma-
nipulability of the Dreiding models and
some elements do break relatively easily.
However, they are more suitable for wider
use in universities and schools and should
eventually replace the simple ball and stick
models.

Short Biographical Details of the
Chemists Mentioned here

Johannes Wislicenus

Johannes Wislicenus was born in 1835
in Thuringia. He studied chemistry in Zu-
rich under the supervision of Stidler. He
became associate professor in 1864 and
was full professor at the university from
1867 to 1870. He later moved to the Uni-
versities of Wiirzburg and Leipzig. He died
in 1902.

Alfred Werner

Alfred Werner was born in Mulhouse
in 1866. He studied chemistry in Zurich
and, after spending one year in Paris, be-
came associate professor at the age of 27
as the successor to Viktor Merz. He was
promoted to full professor two years later
and remained in this position until shortly
before his death in 1919. He was awarded
the Nobel Prize for Chemistry in 1913.

Paul Pfeiffer

Paul Pfeiffer was born in Elberfeld in
1875. He completed his dissertation under
the supervision of Werner in 1898, and
after postdoctoral studies in Leipzig and
Wiirzburg worked as associate professor
until he left Zurich in 1916. Via Rostock
(1916) and Karlsruhe (1919) he eventu-

ally took up a position at the University of
Bonn in 1922. He retired in 1947 and died
on 4. March 1951.

Paul Karrer

Karrer was born on 2. April 1889 in
Moscow to Swiss parents. He began his
studies in chemistry at the University of
Zurich in 1908, in 1912 he became an as-
sistant to P. Ehrlich. In 1918 he was elected
professor and one year later he became full
professor of chemistry at the University.
He remained in this position until 1959. In
1937 Karrer was awarded the Nobel prize
for chemistry. He died in 1971.

André S. Dreiding

Dreiding was born on 22. June 1919 in
Zurich. He studied in the USA, where he
also worked as an assistant and a visiting
professor. In 1954 he completed his habili-
tation at the University of Zurich and be-
came lecturer. From 1962 to 1987 he was
professor in chemistry at the University.
At the age of 90 he continues to profess
stereochemical philosophy from his home
in Herrliberg, Switzerland.
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