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SUMMARY
The bis(diethylenetriamine)cobalt(II1) complex system,

[Co dien 3+, has baen separated into its three possible geometric forms

2]
(designated s-cis (symmetrical), u-cis (unsymmetrical) and trans), and

the latter two isomers have been further separated into their optical

forms. Unequivocal assignment of the geometric configurations was made

from the different racemisation behaviours of the corresponding optical
isomers, and these assignments were confirmed by PMR spectral data. On

the basis of thase three known geometric structures, IR criteria have

been proposed for such assignments in simi{lar complexes.

The separation of the geometric isomers was achieved by fractional
crystallisation and chromatographic methods, which involved an extensive
study of the applicability of the various available chromatographic
techniques to this syatem,

Variable temparature studies of the synthasis of the complex under
equilibrium conditions allowed assessment of the enthalpy and entropy
differences betwaen the isomers., Furthermore, by variation of experimental
environmental parameters (concentration, ion-association, solvation,
temperature, and pH) the energetic contributions associated with the
changes in isomer proportions produced by these parameters could be
assessad.

Many of the previous studies of isomerisation mechanisms have involved
complexes containing bidentate ligands, and the mechanisms proposed have not

always been unequivocal. Because the tridentate ligand confers some



i
restrictiona to the ways in which isomerisation of the [Co dianzl3+
complexes may occur, the observed isomerisations have hean able to provide
evidence for intramolecular "twist'' mechaniems being involved in these
processes.

The absolute configuration of the active u-cis species has been
assigned from optical rotatory studies. The optical activity of the
trans isomer cannot be rationalised on the basis of the conventionally
considered chirality sources and has consequently been ascribed to a
previously unrealised source of chirality. Therefore thes absolute
configuration of this ion camnot be assigned from the optical data since
no appropriate reference structures are availsble. An absolute X-ray
crystal structure analysis to determine the absolute configuration of this
ion was unsuccessful however because of disorder within the unit cell.

The racemisation of the active trans isomer occurs through hydrogen
exchange at the coordinated secondary amino group which allows config-
urational inversion about this sec-N atom, accompanied by conformational
interchange in the two adjoined chelate rings. The detailed mechanism
of inversion about such nitrogen centres is of considerable current
interest, and the kinatic studies of the exchange and racemisation
procasses in this isomer are reported.

A study of the analogous [Co(lo—Medien)zla+ complex aystem should
allow comparison with the above work, and extension of some of the ideas.
The complex has been prepared and the three geometric isomers separated
but studies of the optical activity and isomerisation aspects have not been

completad.
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CHAPTER 1

INTRODUCTION

1.1 PREFACE

The stereochemistry and general properties of cobalt(III) complexes
form the major part of the knowledge of these aspects of octahedral
complexes generally. Their preparation is in general simple, and a choice
of the various methods available may allow different products to be obtained,
depending on whether thermodynamic or kinetic factors are more important.
Also, because of the inertness of the resultant complexes, geometric and
optical isonmers can be isoclated, and investigations of mechanisms of
reactions are relatively straightforward as ligand exchange is con-
veniently slow. The range of ligands employed is increasing continually,
and the knowledge of the stereochemistry and properties of coordination
compounds increases concomitantly.

A series of related ligands thaf has received particular attention
is the linear polyethyleneamines. The complexes of Co(III) with ethylene-~
diamine (en) have been studied extensively for many years. The stereo-
chenistry of many Co(III) complexes of triethylenetetramine (trien) have

been elucidated over more recent yonra.l’z

and systems involving the linear
tetraethylenepentamine (tetrlen)3 and linear pentaethylenehexamine

(pentcn)4 are at prasent being studied. However the complexes of the linear
triamine diethylenetriamine (dien) have nét been considered in any detail,
and the present work 1s a detailed study of a number of aspects of the

systen bis(diethylenetriamine)cobalt(III), [Co dicn2]3+.



2.

1.2 NOTES OF NOMENCLATURE

The abbreviations used for ligands (although sometimes indicated)
ara not generally explained in the text of the thesis. A full list of all
multidentate ligands mentioned throughout tha work is given after the Index.
The symbols (+) and (-) refer to the sign of optical rotation
measured at the NaD line (389.3 rm), unless another wavelength is
specified as a subscript.
R and S denote the absolute configuration about a tetrahedrally
bonded carbon or nitrogen atom in accordance with recent
recommandations.s The four atoms bonded to the asymmetric central atom
in the order of increasing atomic number.

are denoted Al’ A A3' and A

2’° 4
(If two atoms attached to the central atom are the same, thelr respective
states of substitution are considered, in accordance with a set of sequence

ruless to arrive at a priority order A _A4') Viewing the central atom

1
from the side opposite the lightest atom Al' the absolute configuration is
designated R or 8 according to whether the decreasing atomic number
sequence Ab-A3“A2 is clockwise, or anticlockwise, respectively,

The designations of five-membered chelate ring conformation and
absolute configuration in octahadral systems are used according to the
general propogals of the Commission on the Nomenclature of Inorganic
Chenistry of IUPAC,6 which are based on the principle that any two non-
orthogonal skew lines constitute a helical system. Two skew lines AA

and BB, viewed along their common normal, are deasignated A (for

configuration) or § (for conformation) for a right-handed helix, and
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A or A for a left-handed helix (Figure 1).

When applied to configuration, a chelate ring of a six-coordinated
complex is represented by the octahedron edge determined by ite donor
atoms. Any two such edges, which are neither adjoining or opposite
edges, will form a skew pair which can be associated with either (a)
or (b) of Pigure 1. Such a dasignation is independent of the molecular
gymmetry or pseudo-symmetry. With complexes of mqltidentate ligands,
the "{nteractions” between all the chelate rings whose corresponding
edges form akew pairs are considered, and either the dominant helicity
A or A designates the absolute configuration, or preferably the

helicities of all thae skew line pairs should be stltad.6’7

in which case
the order of citation is immaterial. For a case where all skew line pair
helicities are identical, for example in tris(bidentate) complexes whare
the three helicities are AAA or AAA, the configuration is denoted A or A.

The conformations of five-membered chelate rings are designated § or
A according to the rules glven above, and shown for a Co-en ring in Figure
1.

In the discussions of molecular symmetry, the Schoenflies notation
has been used, except in Chapter 9 where the Hermann-Mauguin terms have
been used in the context of crystallography.

The dasignation of geometric isomers for various syatems discussed

in the thesis has been described at the particular place in the text.

However, the empirical notation for the [Co trienx2]°+ aysten is given



A or & Aor A

right-handed helix left-handed helix

fo=RL==Ee——ge=s = == B3 . P il sl tlas sl ool

/ / / /
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/27N / // 0‘\
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§ conformation ’ ) conformation

(a) ' (b)

Fisure 1. ~ Designation of zbsolute configuration anc conformation

using helicities of skew line pairc.
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here; the three pussible topologies of the trien ligand have been

designated as o, B, and trans, as shown in Figure 2.

Ny—— ~X =N
‘%‘ -I— “"Wix‘ﬂ'l"r—
cis o cis B trans
., . : ] n+
Figure 2. - Topological isomers of [Co tr1enX2] .

A further distinction §1 and §2 is used for the two possible geometric

forms of B[Co trienXY]n+.

The linear tridentate diethylenetriamine ic & facultative ligand.
It can be disposed about an octahedral matal cecutre in cither of two ways,
which are described as meridional and facial, or as trans and cis
respectively, referring to the relative posiiions of the primary amino
groups of the coordipmated ligand. When twe of these ligands are coordin-
ated to the same metal, as in [Co dien2]3+, there are turee topological
possibilities. One of these (the trans form) arises from meridional
coordinaticn of dien, and the other two forws (s—cis and u-cis) from

facial coordination. The three forms are shown in Figure 3.



s—cis u—cis trans

s-fac u-fac mer

. i} . 24+
Figure 3. - Topological isomers oS [Co dlenz]‘)
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The s~cis (symmetrical-cis) isomer has a centre and plane of
sysmetry, and is therefore not dissymmetric (point group CZh)' The
u-¢cis (unsymmetrical-cis) form however has only a two-fold rotation axis
arnd is therefors dissymmetric (point group cz) and should be capable of
optical activity. For the trans {somer, Figure 3 indicates that if the
atoms of each chelate ring are taken to be coplanar, the structure has
two planes of symmetry, two C2 axes, and also an s‘ axis mutually
perpendicular to the two c2 axes shown in the figure. Consequently the
complex will not be dissymmatric (point group 82). However the chelate
rings will be puckered rather than planar, and when the ring conformations
are considered the planes of symmetry (Figure 3) disappear and the S4
axis i3 destroyed. Only one cz axis remains and relates the two ligands
of the molecule. The point group symmetry is thus reduced from sz to C2
by the ring conformations, and the molecule is thus dissyometric and will
be capable of optical resolution if the rings remain in the fixed
conformations. Figure 4 shows the chelate ring conformations which obtain
in the two optical forms of trans|[Co di-u2]3+, and also the mirror plane
retained in each individual coordinated ligand.

A meridionally coordinated dien ligand will have such a plane of
symmetry, and in isolation the two alternative dispositions of the

j:uz -~ H bond cannot be distinguished. Only when other ligands present
in the molecule create an appropriate point of reference for the two
orientations of this ::Nz ~ H bond can they be differentiated. For

example in the two trans isomers (these are conformational isomers) of



trans—-38-Nt trans—A~-NH

M(Cz)—NH P(CZ)—NH

- - J' 'l3+
Figure 4. - Optical isomers of trans{Co ulenzj .
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2+ 8,9

[Co(dien) (en)Cl] (I and II, Pigure 5), the Cl1 (or en) ligand can

be used as a point of reference to distinguish the two dispositions of
ot

the - H bond. In the present system [Co dion2]3+, the orientation

of one ':Nz - H bond can be designated relative to the orientation of

~n2

the other _N° - H bond in the molecule, and in this instance the two

forms are optical isomers, although each ligand separately contains a
mirror plane (Figure 4). In a related system 3IE[Co(trenen)X]n+ 10
(Pigure 6), which also lacks configurational dissymmetry, the two
possible orientations about the secondary nitrogen atom also correspond
to the two enantiomers of the complex ion. This atom is asymmetric on
coordination because the mirror plane present in coordinated dien has
been destroyed by the presence of the coupled rings at one end of the

ligand. In this situation the absolute configurations of the two optical

isomers may be designated simply as R or S.

1.4 PREVIOUS STUDIES OF [Co dien2]3+, AND OTHER DIFN COMPLEXES

The bis(diethylenetriamine)cobalt(I1I) iodide complex was first
prepared by Mnnnl1 in 1934 as part of an extensive programme involving the
preparation of new multidentate ligands and their complexes, and the
investigation of some aspects of the stereochemistry. It was found that
dien, 1,2,3-triaminopropane and 2,2'-diaminodiethyl sulphide coordinated
as tridentates. Despite the realisation that these ligands should be
sufficiantly flexible to be disposed facially or peripherally about an

octahedral metal ion, no attempt was made to separate isomers and/or to



{dissymmetric)

Figure 5. -

: L0+
Isoumeric forms of [Chr(dien) (en)t1l]l” .



)( S-sec nitrogen AV R-sec nitrogen
N\ —
. e ) 2+ 10 R ,
Figure 6. - Optical isomers of sym[Co(trenen)X]” . (This geometric isomer of the trenen

. AN . L2+ . ‘
conplex may alternativelv be designated [Co(sec~trenen)¥] where X is trans to

the secondary amine group.)
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assign a configuration to tha system [Co dien2]3+.

A study of the basicity of several cobalt(III) hexamine-type
complexeslz included the [Co dien2]3+ complex which was prepared (in a
similar way to that of Mann) and analysed, and the UV-visible spectral
dats quoted. The astructure of the complex was drawn as the trans
isomer without comsent.

]3+

The nature of the stereochemistry of tha {Co dienz syatem

however remained unknown for many years. The problam was discussed

13,14 but these various discussions

several times in the literature,
were conflicting and all at least partly erroneous. The correct
theoretical considerations were first given in 1967 by Sargeson and
Searle1 in their discussions of the stereochemistry of the cobalt(III)
complexes of the linear quadridentate triethylenetetramine.

The only esrly attempt to assign a configuration to the system
(Co dien2]3+ was by Crayton and Mltt.tnls in 1960. These authors
prepared a number of "inner" complexes of cobalt(III) of the type
[Co dicnxslo, X = NOZ-. SCE_, c1”, and NO3_. and compared their electronic
spectra with the spectra of the cis and trans isomers of the corrssponding
amnine species [Co(RHs)3X3] to which configurations had previously been
nssigned.ls On this basis they decided that dien was iavariably
coordinated weridionally or trans in these mono (dien) systems. Further-

more, in consideration of the [Co dien2]3+ system these authora stated

that the u-cls form would be resolvable while the g-cis and trans forms
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would not, although at this stage there was little appreciation of the
finer aspects of complex stereochemistry involving ring conformations.
After unsucceseful attempts to resolve the complex, and considering the
invariant existence of meridional dien in the above "inner" complexes
of Co(III), they concluded that diem did not coordinate facially, and
that the [Co dien2]3+ complex was the trans isomer. On the basis of
more recent knowledge their reasoning was invalid however. Firstly,
the trans form should be resolvable, and secondly they supposed that
only the most stable isomer would be isolated, Thirdly, failure to
resolve a compound does not prove that it is not dissymmetric. The present
work indicates however that their compound must have been an isomeric
mixture with the trans isomer dominant, so that their configurational
assignnent was fortuitously essentially correct.

The isolation of the analogous Cr(I1L) complex, [Cr dicn21013, has

17

also baen reported”’ but no comment was made on the isomeric possibilities.

After Crayton and Mattern's work in 1960, few atudies of the geometry

of coordinated dien were raported for several years. The complexas

18

[Au dianCl]Cl2 and [Pd dienCl]Cl 19 were preapared, both of which

would be expected to have dien coordinated meridionally in a square
planar complex. An X-ray crystal structure analysis of [Mo dion03] 20
shoved dien to be facial for this system, whereas recent X-ray structural
determinetions of [Co dicn(N02)3] 21 and [Cu dienzlxz (X = N03~’22
Br z3) have indicated meridional dien in these complexes.

Since 1966 however, the knowledge of the stereochemistry of
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complexes of dien has increased considerably from the work of several
research groups, whose various contributions are considered dalow.
However, a significant advance at this stage was the demonstration by

Halpern, Sargeson and Turnbullz4

of the properties of asymmetric
coordinated secondary amines, and in particular their optical stahility
under sufficiently acidiec conditions. Thase authors resolved
[Co(Nu3)4aarc]2+ (who&e dissymmatry arises solely from the coordinated
sacondary amino group of the sare lizand) undaer acidic conditions, where
the rate of N-H exchange with solvent protons ia slow and eonsequantly
the configuration of the asymmatrie nitrogen atom would bha retained,
The implications of this work, and of subsequent studies of donor atom
asymmetry (which are discussed in datail in Chapter 8) were that, due to
thae fixed orientation of M¥-H protons of coordfnated amines in acidic
solution, the two enantiomeric forms of tranme[Co dien2]3+ (Figure 4)
should be resolvable under acidic conditfons. Until this time the full
stereochemical possibilitiea for [Co dien2]3+ could not be appreciated,
and hence the justifiable errors of the early literature.

Schmidtke and Carthoff prepared the cis and trans isomers of
[Rh dien013].25 and in a subsequent paper26 pregented Infrared spectral
data for a range of [M(TIII) dienx3] complexas, some in both cis and
trane forms, (M(III) = Cr, Co, Rh: X = halogeno anion). In this latter
paper, the various infrared absorption bands of these complexes were
assigned, and empirical rules formulated for the assignment of the

configuration of dien in 1its complexes from infrared spectroscopy. These
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aspects will be discussed in detail aubsequently (section 4.3.2), but
of immediate interest is the demonstration of the ability of dien to
adopt either of its two configurations for a range of complexas of
Cr(III) and Rh(III). On this basis it seems surprising that a c¢cis or
facial disposition has not so far been observed in mono{dien) complaxes
of Co(III), [Co dienX,] (whare X = C1, Br , SCN, NO, , NO,).
Concurrently, House and co-workers reported the two geometric

isomers of [Cr dienC13] 27-29 and also the characterisation and inter-

conversion of the {Cr dien(OHz)n013_n]n+ and [Co dien(OHz)nCI3_n]n+
species.30 The latter part of this work was of particular interest
because it proposed the formation (but in solution only) of the first
cis Co-dien complexes, using aquo ligande (n = 1 to 3 in the above).
Subsequently, these workers also demonstrated the significance of the

~,.2

configurational stability of the coordinated R - H bond under acidic

conditions for coordinated dienm by the isolation of the four geometric

isomers of [Co(dien)(en)Cl]2+ &8

(Figure 5), where the two meridional
forms (I and II) differ only in the orientation of the :Nz - H hond
of the dien 1ligand.

Legg and Cooke meanwhile studied the stereochemistry of mono {dien)

E where L = IDA, MIDA and PDC. These

complexes of the type [Co dienL]+,3
anion ligands are symmetrical tridentates of the form 0/\N’\0, so that
[Co dienL]+ has the same geometric possibilities as [Co dien2]3+. The

isomeric forms for each complex were separated by chromatographic procedures

and the observed proportions discussed with reference to statistical and
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stereospecific effects. In the [Co(dien)(IDA)]+ species, the three
geomatric forms were obtained, demonstrating the facultative character

of the dien ligand. Howevar the anionic ligands were observed to dominate
the stereospecificity of these {Co dienL]+ complexes in the following way.
In [Co(dicn)(IDA)]+. the two cis isomers were predominant because of

the preference of IDA for the less strained facial coordination, even
though dien itself favours a meridional disposition. Similarly for
[Co(dten) (MIDA) 1T, the a—cis isomer was formed in greater

proportion than the trams form, vhile the u-cis could not be detected
presunably because of instability caused by interaction of the methyl
group with the dien ligand. The conjugation present in PDC constrained
its coordination to meridional so that onlj the ggggglco(dien)(Pnc)]+
form was observed.

Yamasaki and co-workers, in studies of the chromatographic

32-35 3+

resolution of coordination complexes, have considered the [Co dicnz]
system, and the X-ray structural analyses of the three geometric isomers
are in progress at preunt.36 The separation of the system into its
geometric isomers was achieved concurrently by the Japanese school and in
these laboratorias, as revealed in private correspondence., The work
described in the thesis represents our own appfoach although Yamasaki's
work 13 discussed where relevant with acknowledgement.

The [Co d1¢n213+ system has also been reported in some other studies,
where no mention was made of its stereochemical possibilities. Barclay

and Bnrnnrd37 demonstrated from magnetic susceptibility and conductance
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measurements that [Co di'on2]3+ was six-coordinate and mononuclear.

Basolo, Palmer and Peursonss used this complex in studies of the effect

of chelation on the rate of proton exchange, and the PMR spectrum of

[Co dien2]3+ in trifluoroacetic acid has also been reported by Japanese
workcrl.39 The rasults of these studies could not be adequately interpreted

and it is now realised that the materials used were isomeric mixtures.

1.5 SIGNIPICANCE AND SCOPE OF THE PRESENT STUDY
]3+

The [Co dicnz

these have been separated and fully characterised in the present work,

complex can exist in thres geometric forms, and

Because the donor groups are all amines, the complex is not easily
subatituted by other ligands so that it lends itself ideally to the study
of certain aspects of octahedral complex stareochemistry. Also, the
system is relatively uncomplicated structurally and the gross molecular
features can be deduced without the need of structural determinations

by crystallography,

Methods of predicting isomer stabilities and detailed geometries
(conformational analyses) have been greatly developed recently for metal
complexes, but experimental equilibrium data is to date very scant. This
system of three geometric isomers presents a convenient comparison with
the structures and stabilities determined from conformational analyses,
especially since equilibrium isomer proportions have been experimentally

determined under a variety of conditions. These aspectes are discussed
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in Chapter 6.

Spectroscopic methods (electronmic, IR and PMR), which are dependent
on the molecular symmetry, reflect isomeric geometries and conformational
situations existing both in the solid state and in solution. As the use
of thase techniques (in particular IR) can be somewhat enmpirical, this
simpla system provides a means of extending these correlations, as
presented in Chapter 4.

Deductions of absolute configuration by spectroscopic means (CD)
have been much in vogue recently, but these have been based largely on
empirical rules and correlations and sone errors have become apparent
in the literature. Further exercises of this nature are raquired to test
theories coupled with absoluta structural analyses, and in the prasent
system it was found one isomer (trans) could not be accommodatad by the
existing rules. Thus it has been inferred that anothar hitherto
unrealised but quite general comtribution to optical rotatory powar may
be present in complexes of certain puckered ring systems. The optical

rotatory properties and configuration of active u-cis and trans-

[Co dienzl3+ are given in Chapter §.

Whereas tervalent nitrogen is configurationally unstable, the
coordination of 2 nitrogen atom to a metal ion rendars the inversion
sufficiently slov under certain conditions for a kinetic atudy of the
process. Certain aspacts of the inversion mechanism are as yet uncertain,
but the racemisation process for trans[Co dinn2]3+ is particularly
interesting since inversion about the bridging > Nz ~ H group of a

meridional dien ligand (which is required for racemisation to occur)
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involves conformational inversion in each of tha two attached chalate
rings. The kinetics and mechanism studies of the proton exchange and
racemisation process of thls isomer are givean in Chapter 8.

A variety of mechanisms has been proposed for intermolecular and
intramolecular racemisstion and isomerisation reactions in metal
complexes, and in many instances a choice of mechanism {s2 not unequivocal.
The use of flexible tridentate rather than the more commonly atudied
bidentate complexes imposes restrictions on the mechanisws by which
isomerisation can occur. The observed isomerisations for the system
[Co di¢n2]3+ (reported in Chapter 7), which are uncomplicated by the pres-
ance of more labile acido ligands, provide evidence for the existence
of non-bond-breaking intramolecular "twist" processes.

Some of the problems associated with this system have not been fully
investigated, and the features that remain (partly) unanswered are
presented in the script. Several of these features rasult from the limited
configurational stability of the coordinated secondary amine. Tha system
7

[{Co(4~Medien) has therefore been preparad and the isomers characterised

(Chapter 10) with a view to such studies.
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CHAPTER 2

CHROMATOGRAPHIC SEPARATIONS OF COORDINATION COMPOUNDS, WITH

PARTICULAR REFERENCE TO THE SEPARATION OF THE [Co dien2]3+ SYSTEM

The preparation of the complex [Co dien2]3+, and the identification
of the three geometric isomers is anticipated at this stage (from the
following Chapter 3) since it is desirable to consider the chromatographic

methods in a single chapter.

2.1 CHROMATOGRAPHIC PRINCIPLES AND METHODS

Chromatographic lechanisms.

Two phases are involved in all chromatographic processes. The
solvent or moving phase is either a liquid or a gas, and the adsorbent
or stationary phase is either a solid or a liquid supported on a solid.

The various forms of chromatography differ essentially in the nature of
these two phases. All chromatography methods involve application of

the mixture to be separated to a particular point of the statiomary phase,
and the separation of the constituents, because of their differing physical
properties, on the passage of the moving phase through or past the
stationary phase.

There are four basic mechanisms that can be involved in the variety
of chromatographic methods: adsorption, partitioning, ion-exchange, and
exclusion. Few chromatographic separations appear to depend on a single
mechanism, and usually a combination of mechanisms operates simultaneously.

The combination may be deliberately chosen for the situation or may be



16,

inherent in the nature of the method and materials selected for the
separation. For an appreciation of the various methods used in this work
the four mechanisms will be considered briefly in general terms.

Msorption applies when the constituents of the mixture to be
separated show different affinities for the adsorbent, or differing
solubilities in the solvent. Thus the adsorbent and/or the solvent
themselves may each play an active role in this mechanism. In the
partitioning process however, the adsorbent itself is not involved in the
separation but merely supports a liquid which constitutes the stationary
phase. Substances may then be separated by the differences in partition
coefficients of sach constituent between the two liquid phases
(stationary and moving). The iou-exchange mechanism allows separation
of the constituents of a mixture according to differences in their
polarities (or in the extreme, differences in their ionic charges). The
fourth major principle {s that of exclusion or molecular sieving effect,
in which the particles of the adsorbent (as a gel in this chromatographic
type) are psrmeable to molecules below a particular size. The smaller
molecules penetrate the gel particles to a varying extent depending on
size and shape, while the larger particles pass unhindered around the
gel particles in the liquid phass. Elution is therefore in the order of
decreasing molecular size.

Other mechanisns are of minor importance here, as they are concerned
in more apecialised techniques. Such principles include differences in

vapour pressure (in gas chromatography), differences in the stabilities
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of complexes formed with a complexing agent (ligand-exchange chromatography),
and differences in the mobilities of fons subjected to a potential

gradient (electrochromatography, including electrophoresia).

Chromatographic Methods.

The types of chromatography used at various stages of this work
were paper chromstography, thin-layer chromatography (TLC), and
chromatography on the fon-exchange materials resins, celluloses, and
dextrans. In all chromatographic procedures, the mobility of a compound

is denoted by the RF factor which is defined as the ratio

3 distance travelled by compound
Ry distance travelled by solvent front °

(a) Paper chromatography involves almost eantirely the partitioning

mechanism. The caellulose of the paper will ebsorb and strongly bind the
nost polar constituent (which 1s usually water) of the solvent mixture,
to form a cellulose-solvent complex which constitutes the stationary phase,
The solvents used in partition chromatography are (almost) invariably mix-
tures of liquids, and very often contain aclds also.

As well as the dominant partition mechanism, the paper chromatography

also operates by some ion-exchanging,éo

as callulose has exchangeable hydro-
gen iong., When the cellulose is in contact with water, protons can be
dissociated from the hydroxyl groups of the cellulose (or from the
cellulose-water complex) leaving the paper with a negative charge and

increasing the acidity of the solvent., Higher charged cations will thus
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be more tightly held to negatively charged groups on the cellulose.
The use of acid in the solvent lowers the power of the cellulose-water
complex to absorb cations and therefore increases their mobilities.

These experiments of Yonada‘o

used an aqueous and basic solvent (IM
ethylamine solution) chosen to promote ion-exchange and exclude
partitioning affectsa. However with the mixtures of solvents as usually
used in paper chromatography partitioning would be expected to be the
dominant process. For example, in the separation of the cis and trans-

[°°(‘°)z(“°z)z]+ ions, paper chromntography41'42

(cis elutes first) and
ion-exchange chronntography43 (trans elutes first) give a different order
of elution, As the mobility of the ions has generally been observed to be
greatest with tha lowest charged ions in paper chromatography, it would
appear that some ion-exchange effect is alwvays prcaenﬁrsinca such a
mobility-charge dependenca would not be anticipated for partitioning,

vhich is considered to be the dominant process.

(b) TLC. The particular advantage of the TLC technique is ite
versatility and speed. The support consists of a thin film of finely
powdered adsorbent applied on a flat glass plate. The adsorbent can be
chosen to vary the mechanism as required., Any separation achieved using
TLC can be transferred directly to chromatography using & column of the
asme adsorbent, and the same solvent, whence the separation can be
achieved on a preparative scale. TLC can accommodate only small amounts

of sample, but it 1s considerably more rapid and i{nvariably more sensitive,
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for the same adsorbent-solvent system, than the uase of a column.

0f the adsorbents used in this work, kieselguhr probsbly involves
a purely partitioning mechanism, and cellulose a predominantly partition-
ing process with some lon-exchange processes operative in an analogous
way to paper chromatography. Alumina usually (i.e. in the absence of
water) involves a purely adsorption mechanism. Silica gel can use
either predominantly partitioning or predominantly adsorption, both
concurrent with fon-exchange, depending on the solvent system and the
extent of activation or dehydration of the layers before use. The
presence of water, which becomes strongly bound to alumina or silica gel
adsorbents modifies the nature of the surface sites, &nd will promote
partitioning as a mechanism. Activation, or drying of the layers of
these adsorbents will then promote an adsorption process.

The function of ailica gel as & weak cation exchanger has been

rationalised*®: 45

on the basis of the asurface sites consisting of ailanol
groups which are weakly acidic and to which the cations will ba weakly
bound. Burwell et 11.“4 have suggested that the nature of these surface

sites 18 —S1 -0 or —Si(0H), .

(¢) Ion-Exchange Chromatography. The use of ion-exchange materisls

leads to perhaps the most sensitive of chromatographic methods for
coordination compounds. As well as the ion-exchange proceas itself,
partitioning, exclusion and adsorption effects may also oceur to varying

degrees by the particular resin particles. However the effects of the
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partitioning and ion-exchange processas may be opposing.

In this work, three types of ion-exchange media were used in the
column form. Firstly, the strongly acid cation exchange resins
(sulphonated polystyrene) in very small mesh size should lead to a
dominantly ion~exchange mechanism with mome exclusion and adsorption with
aqueous golventms. The second type of medium was the cellulose jfon~
exchangers. In these derivatives of cellulose, phosphorylated (P)- or
carboxymethyl (CM)- cellulose, the cation exchange properties are

accentuated over the parent compound.

0

. +
I 0Ha _
~o-?2L _ ., 0 - CH, - COONa"
0 Na
P-cellulose CH~ceallulose

Because these adsorbents are celluloses, partitioning procasses can also
contribute. The third medium 1s similar to the lon-exchange celluloses

as it 1s based on the polysaccharide dextran, but combines the advantage
of resin-based exchangers in its higher capacity. The two dextran-based
cation exchangers used in this work were the strongly acidic sulphoethyl

(SE) and sulphopropyl (SP) derivatives.
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Used with aqueous solvents, these substances would be erxpected to be
predominantly ion-exchangers, hut alseo to exhibit some exclusion and
adsorption effects. The two tynez have very similar properties, bhut

recantly (from 1970) the SP- variety has renlaced the earlier SF- form,

Separation of Optical Isomers by Chromatography.

The separation of geometric igomers by chromatogranhic means can be
achieved because of differences in particular physical nroperties of the
isomers. For a pair of optical isomers these physical properties are
identical and ths separation of anantiomers by chromatographic techniques
telias on the premise that any differences between their properties will
be evident only when the environment itself is dissymmetric. The
celluloses and dextrans contain optically active centres, so that
resoiutions on these adsorbents should be possible, The use of an
ootically active solvent to resolve complexes chromatographically has

3lao heen proposed by Bosnich.éé
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2.2 HISTORICAL DEVELOPMENT OF CHROMATOGRAPHIC METHODS

Because of the empirical nature by which a chromatographic system is
usually chosen for separation of any particular mixture, the different
conditions proposad by authors in their studies of particular systenms
may not be generally applicable. The following brief survey of the
trends in development of chromatographic separative procedures of inert
charged coordination compounds is not intended to include a comprehen-
sive listing of individual separations.

The use of chromatographic methods, particularly paper chromatography,
for the separation of different metals in quantitative analysis, and the
separation of different compounds of the asame ele;ent. has been astablished
for some time. Their use for the separation of geometric isomers and
enantiomers of metal complexes is however a more recent achievement. 1In

43

1952, King and Walters - first reported the use of an ion-exchange resin

to separate cis and trans[Co enz(N02)2]+. In 1954, Stefanovic and

Junjicél separated these same isomars, and also the cis and trans forms

of [Co on2012]+. using paper chromatography. From their initial work and

42 they observaed

subsequent studies on other cobalt(III) tetramine complexes,
that cis complexes were always eluted faster than the corresponding trans
forms, whence they proposed this mobility as a criterion for the
assignment of geometric configuration of such complexes. However there
are exceptions to this proposed rule, and some of these are listed in a

47

review by Druding and Kauffman., Further, the dependence of order of

elution on the mechanism involved makes this criterion doubtful.
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Paper chromatography (and the mechanistically analogous chromatography
on & column of callulose pulp) received much attention after the initial
work of Stefanovic and Janjic, and proved quite a sensitive procedure
although somewhat slow., Many examples of its use are given in the
11tor¢tune.‘7 As a general observation, the separation of geometric
isomers was more difficult for complexes of higher charge than for +1
aud -1 charged species.

Possibly the best damonstration of the sensitivity of partition
chromatography was in the applications by Dwyer and co«ubrkcra.“a-so

where separations of isomers of wore subtle differences than in the above

cis and trans diacido complexes have been achieved. In their studies of
3+ 48

stersospacificity in the complex system [Co pn3] they separated the
internal diaetereoisomers of AICO(—)pn3]3+. A[Co(—)pn2(+)pn]3+ and
A[CO(-)PBC*)pnzl3+/A[Co(+)pn3]3+ (all with their enantiomeric forms) on
paper and on columns of cellulose pulp using n~butanol/water/HCl solvent.

Similarly, these workers separated all the possible forms of

3 49,50

[Co unx(*)pn3_x] with the same solvent systems on the two medias.
The separation on paper of the ARR-a, ASS-B, and ASR-8 isomers of
[Co trien(N02)2]+ (with their enantiomers, the two £ isomers being
conformational forms) also demonstrates the sensitivity of the partition’
mathod.SI
The spectacular growth of the use generally of TLC around 1960
included the separation of stersoisomers of coordination compounds.
Although the subsequent advent of precoated plates has made the method

even more attractive, the disadvantage of the small quantities that can
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be used has led to its decline in popularity in favour of the column
techniques based on ion-exchange materials, which are discussed subsequent-
1y.

Apart from the various separations using TLC that wvere part of various
individual studies there have been few very general works on the technique.

Druding and Hngnlas

studied the separation of {sowmeric cobalt(III) amine
complexes on silica gel using a methanol/dimethyl sulphoxide/perchloric
acid solvent, thie particular non-aquecus solvent being chosen to avoid
solvolysis of the halo spacies of cations. They found that complex ions
of different charge could be clearly separated, implying that the
mechanism of separation was based on ion-exchange equilibria, They aleo

found that cie and trans diacidotetraminecobalt(III) complexes could be

separated one from another, and that almost invariably the trans ion had
the higher mobility. This was rationalised by assuming that the linkage
to the silanol group was through the acido group. By virtue of their
stereochemistry, the two adjacent acido groups for the cis complexes can
forn two linkages, while the trans species can only form one linkage and
would thersfore be more loosely held. However if ion-exchange alone were
the mechanism (rather than coupled with adsorption) the same trend in
elution order would be anticipated, since the trans form might be expeacted
to be less polar than cis and as a consequence less strongly attached and
mors mobile.

The use of ion-exchange resins for isomer separation had been limited

since the original work in 1952, but their use has become very widespread
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since about 1965. The exclusion and adsorption effects, added to the
ion-exchange process, produced some excellent ueparationo.47 Almo at this
time the resolution of a polynuclear Co(III) species was reported on a

28 and this was in fact the first total

column of ion-exchange cellulose,
regolution by a chromatographic procedure. Taylor and Busch53 subsequently
resolved a large macrocyclic N1i(II) complex on microcrystalline cellulose.
These successful total resolutions were achieved with very large

molecules whereas reported rasolutions of small mononuclear coordination
spacies on ion-exchange celluloses have been only partial. Legg and
Douglaas4 (using NaClO4 eluent) reported partial resolutions (degree of
resolution of first eluant fraction ca. 607) for a considerable variety

of Co(II1) complexes of tri- and tetradentate ligands, on CM-cellulose.

32,33,35

Yoshikawa and Yamasaki also reported the partial resolution

(7%) of [Co en . on P-cellulose using an HC1l eluent.

3]
In an attempt to improve the degree of optical resolution obtained
in the chromatographic resolution of Co(III) complexes on ion-exchange

34 varied the eluent to include

celluloses, Yoshikawa and Yamasaki
(+)-tartrate ion, either in aqueous or aqueous-hutanol solutiona. These
variations improved the resolutions (807 and 92X, respectively, for
[Co en3]3+ on P-cellulose), but they were never total.

However, the use of the dextran-based fon-exchanger Sephadex (which
hae the advantage of a greater capacity than the ion-exchange celluloses)

]3+ 34 3+ 35

provided total optical resolutions of [Co en, and u-cis[Co dienzl ,

with sodium (4+)-tartrate solution as eluent. Such resolutions illustrate
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the very great senaitivity of these materials.

The evolution of chromatographic processes has resulted in a general
preference for the use of lon-exchange resins and dextran-based ion-
axchangers for separations of coordination complexes. However as no
chromatographic method can be considered as univarsal in its application,
and each separation raquired must ba considered individually and

empirically, paper and TLC techniques are still employed.

2.3 EXPERIMENTAL PROCEDURES

(1) Paper chromatography was carried out using Whatman MM

chromatographic paper in glass tanks by the descending method, The
papers were equilibrated with the saturated tank vapours for 12 hours

before development.

(2) TILC was performed on glass plates coated with one of the
following adsorbents: Whatman CC41 Microcrystalline Cellulose, Merck
Kieselgel (silica gel) H or HF254. Merck Kieselguhr G or Merck Aluminium
Oxide H. (The H notation denotes no added CaSO4 binder, G denotes with
binder, and HFZSA without binder and with a material fluorescent at about
A = 254 nm added.) The glass plates were cleaned with chromie acid,
rinsed with distilled water, dried, and wiped with n-hexane (to remove
grease) before use. The dimension of the plates was either 20 cm x 20 cm
or 20 cm x 5 cm. The adsorbents were applied to the plates using

56,57

established methods with ''Desaga’ equipment, dried in the air for
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several hours and stored in a desiccator over anhydrous c.so‘. The
alumina and silica gel plates were activated at 110°¢ for 1 hour before
use.

The chromatograms were developed in glass tanks using the ascending
method. They were dried in air and detection was accomplished either
visually, or under ultra-violet light where the complexes absorb strongly
due to charge-transfer transitions, and thus appear darker than the back-

ground adsorbent.

(3) Chromatography on ion-exchange resins. Resins used for

chromatographic purposes were Bio-Rad AG 350W-X2, 200~400 mesh in the
ﬁ+ form, or its X-4 equivalent. The resins were packed in columns of
appropriate length after soaking in distilled water for several hours.
All resins were washed after use with 4M HC1l, then with water. Samples
were applied as dilute aqueous solutions. Some shrinkage of these
Ttesins occurs in the presence of an electrolyte compared with the size
in distilled water, and column dimensions quoted in this work are the

size of the resin bed in distilled water.

(4) Chromatography on fon-exchange cellulose. The celluloses used

were the phosphorylated celluloses Bio-Rad Cellex-P (exchange capacity
0.765 meq gn-l of dry weight) and Whatman P11l Cellulose Phosphate (exchange
capacity 7.4 meq gn.l). and the carboxymethyl substituted cellulose

Bio-Rad Cellex-CM (exchange capacity 0.75 meq gn-l). When these substances
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were to ba used with aqueous solvents, the columns were prepared by
making a suspension of the cellulose in distilled water, de-aerating

this suspenaion (by vacuum) and pouring the settled suspension into a
column of appropriate size. For use with butanol-water solvent mixtures,
ethanol was substituted for water in the above procedure, and the columm
washed with the solvent to be used for sample application. The samples
were applied as either dilute aqueous solutions or as solutions in water-

saturated butancl.

(5) Chromatogravhy on dextran basged cation-exchangers. The media

used were SE- and SP-Sephadex C-25 Cation Fxchangers (Pharmacia, Sweden),
each of capacity 2.3 meq gm-l of dry weight and particle size 40-120 u
(50-100 mesh), as the Na+ forma. Columns of these adsorbents were
prepared by de~aerating a suspension of the materials in distilled water
and pouring the resultant suspension into the required columns. In the
presence of water, these Sephadex materials swell to 6-8 times their dry
volume. Column dimensions given in this work are those of the Sephadex
bed itaelf in distilled water, as some shrinkage occurs in the presence of
an electrolyte. Samples were applied as dilute aqueous solutions. After
use the columns were regenerated by washing copiously with 2M NaCl, then
with water. The Sephadex was stored in the columns in dilute sodium azide

solution (0.02%) to prevent microbial growth.
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2.4 CHROMATOGRAPHIC APPLICATIONS TO THE [Co dien,]3+ SYSTEM:

RESULTS AND DISCUSSION

Various chromatographic procedures were examined for their ability
to separate the geomatric isomers of [Co dien2]3+. It was observed that
the ion-exchange materials (resins, fon-exchange celluloses and dextrans)
allowed a clear separation of the three geometric forms whereas
chromatography on papaer or thin-layers allowed only partial separations
of isomeric mixtures. The best solvent mixtures found for each of the
chromatographic media, and the orders of isomer elution are listed in
Table 1, where 1 denotas the fastest moving band (highest RF) and 3 the
slovest or least mobile band. The Table also gives the approximate time

for development of clearly separated bands in each chromatographic process.

Paper Chromatography.

The solvent mixture gggﬁuOH:520:HC1 (70:20:10 by volume) was found
to produce the best separation using paper (partition) chromatography.
Thia system separated & mixture of the three isomers of [Co dicnzl3+ into
two bands, the faster moving (RF = 0,38) containing both the s-cis and
trans forms, and the slower band (RF = 0.30) containing the u-cis form.
No solvent mixture could be found that separated the three isomers on this

support.

TLC chromatography also would only allow separation of the u-cis



TABLE 1

Elution Orders for the Isomers of {Co dien2]3+

Chromatographic Techniques

with Different

Solvent Elution Order Approximate

Stationary Phase

(ratios by volume) s—cis u—cis trans Development Time
Paper secBuOH:E,0:5C1 1 2 1 36 hours
(70:20:10)

Thin-Laver Chromatography

Cellulose as above 1 2 1 3 hours

Kieselguhr as above 1 2 1 4 hours

Silica Gel EtOH:H,0:HC1 1 2 1 45 mins

(90:5:5)
MEK :104 HC1 1 2 1 30 mins
(85:15)

Alumina No separation obtained
Cation Exchange Resin

Bio~Rad AG50W-X2 ™ H3481 1 2 3 6 hours
Cation Exchange Cellulose

Cellex-P (Bio-Rad), or nBuOH:P,0:BC1 35

P—cellulose (Serra, (200:%5:15) 2 2 1 12 hours

Cermany)

P11l (Whatman) 0.5M HC1 3 2 1 12 hours
Cation Exchange Dextran

Sephadex, SE- or SP- 0.34 +)-tart 1 2 3 3 hours

SE~-Sephadex 0.154 +)~-tart Complete resolution of

u~cis (long column) 34,35 -
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igomer from a mixture of the s-cis and trans forms. In no inetances were

the s-cis and trans isomers ssparated by this chromatographic method.

With the solvent !!gpuOEzH201H61 (70:20:10), layeras of cellulose (Rr
(s-¢is + trans) = 0.34, R, (u-cis) = 0.26) and kieselguhr (R, = 0.71,
0,67 respectively) produced the same separation as paper chromatography
using the same solvent, the partitioning mechanism predominating in all
cases. On layars of silica gel, the bast solvent systems (ethanol:H20=Hc1
(90:5:5), Rp values 0.39, 0.28; methyl ethyl ketone: 10M HC1 (85:13), R,
values 0.36, 0,22) produced the same results as for the previous
adsorbents. No isomer separations could be obtained with any solvents
on alumina adsorbent.

The results indicate that the partitioning mechanism is important
]3+

in the separation of the isomers of [Co dien « Under conditions where

2
adsorption should predominate (alumina adsorbent), no separation could be
achieved. Silica gel layers would ba expected to promote the adsorption
mechanism when a singly constituted solvent, rather than a mixture of
solvents, was used. Because of the ifon-exchange properties of these
laysrs, the +3 complex was absorbed strongly, and only with an aqueous
solvent did the complex move without considerable streaking., However
when water is present the partitioning mechanism would be promoted at the
expense of adsorption. Thus the identical orxder of elution for silica gel
layers using these solvent mixtures, compared with the cases where

partitioning would be the predominant mechanism (kieselguhr and cellulose),

indicates a similar mechanism for all instances.



31.

Detection of the complax was difficult on kieselguhr (and alumina)
layers due to their absorption of ultra-~violet light, Also, some
elongation of spots was observed on silica gel layvers. Thus the
separation on cellulosa was considered the most convenient TLC method
to be used as a monitoring procedure for saparations by fractional

recrystallisations (section 3.2).

lon-Exchange Resins.

All the ion-exchange medis allowed the separation of [Co dicn2]3+ into
the three geometric forms, With a column (80 x 2.0 em) of Bio~Rad 50W-X2
cation exchange resin the isomers were eluted in the order s-cis,
followed by u-cis and then trans using a 2M NH,C1 eluent. If an lon-
exchange mechanism alona were operative in this case, the isomers might
be expected to be saluted in order of their increasing polarities, as has

47

been observed for many [Co N‘X21n+ systems, and for the

[Co(dicn)(IDA)]* syct¢m31 which has similar geometric fsomeric possibili-
ties to the [Co dicn2]3+ system. On perusal of these isomeric forms of

[Co dion2]3+ (Figure 3), the s-cis and trans isomers each have the

secondary amine groups opposite, while in the u-cis form they are adjacent.
Consequently, the u-c¢is would be expected to be the most polar, and
therefore the least mobile isomer in an fon-exchange process. This 1is not
observed however., In this case, the polarities of these isomers may not
be that anticipated from these theoretical considerations because of

solvation or ion-association., Alternatively some adsorption or exclusion
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effects occurring concurrently with the lon-exchange mechanism may modify

the anticipated elution order.

Ion-FExchange Celluloses.

Of the two ion-exchange cellulose derivatives used, the phosphorylated
derivatives were found to ba more useful. Using a low capacity
P-cellulose (made by Serra, Germany and equivalent to Bio~Rad Cellex-P,
capacity 0.76 meq‘gunl). Yamasaki and co-workersss separated the three

isomers using a partitioning solvent (gﬁuOH:H20:H01), the elution order

being trans, s-cis, then u-cis. This ordaer 1is consistent with that
obtained on ordinary cellulose (paper and TLC), but in addition the

s-cis and trans forms have now been separated. The similarity in elution

order indicates the ion-exchange properties of P-cellulosa may have been
diminishad to some extent by the usa of the acidic solvemt, so that

partitioning effecta have bacome dominant. The observation“7

that the
two mechanismz individually may rasult in a different order of elution
need not apply in this instance. Yamasaki also ohservad that the last
fractions of the slowest moving u-cis fsomer were optically active,
indicating partial resolution on the P-cellulose medium.33’35
Tha three isomers could also be separated on a column (40 x 3.0 cm)
of higher capacity (7.4 meq gm-l) P11 cellulose using 0,.5M HC1l eluent.

Under these conditions, lon-exchange effacts would he expescted to predomin-

ata and vet the elution order (trans, u-cis, then s-cis) is the complete

reverse of that ohtained on the resins. It appears therefore that the



33.

nornally considered minor contributions (to the overall chromatographic
mechaniam) by adsorption and exclusion may considerably influence the
observed separation in this instance. Thus any prediction of the order

of elution may be dubious imless the mechanism is definitely known, and
the present results i1Imply that such a situation, where a unique mechanism

1 known to occur, may be rare.

Dextran-Based lon-Exchangers.

The use of Sephadex materials (both SE~ and SP- derivatives) allowed
the easiest and best separation of the three geometric isomers of
[Co dien2]3+. With 0.3M Na26+)—tartrnte solution as eluent and a column
of dimensions 40 x 0.9 cm, the order of elution was s-cis, then u-cig
then trans, which {s the same order as obtained with the ion-exchange

200 for

resing, This medium was alse used by Yamasaki and co-workers
the optical resolution of u-cis[Co dienz]3+ on & long column (120 x 1.1
enm) with 0,15 sodium (+)-tartrate solution eluent, Thay observed that
the use of sodium chloride or sodium sulphate solutions led to little or
no activity in the first and last eluted fractions, indicating that
resolution had not occurred.“ In a similar way, no seperation of the

three geometric igomars of [Co dien 3 hag been observed in the present

2]
work using 0.5M NaCl solution eluent.

It seemns likely therefore that the mechanism of separation in these

instances 18 influenced by differential association between the optically

active tartrate anion and the enantiomerie forms of u-cis[Co dien2]3+ on



34.

the geometric forms of [Co dien2]3+. This chromatographic resolution
is the closaest approach to date to the use of an optically active
solvent as proposed by Bosnich (section 2.1), but there may also be
differential interactions betweean the optical ieomers with the active
centres of the adsorbent. These two effects, which are adsorption
processes, coupled with exclusion and the basic {on-exchange mechanism,

lead to the great sensitivity of these chromatographic materials.
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CHAPTER 3

PREPARATION OF [Co dien2]3+, AND SEPARATION AND IDENTIFICATION OF THE

TSOMERS

B e

3.1 PREPARATIVE METHODS FOR Co(III) AMINE COMPLEXES

Introduction.

The extensive use of Co(I1I) complexes in stereochemical studiaes
1s due in part to the ease and versatility of their preparation. This
unique situation arises because of the lability of the Co(II) state,
the Co(III) complexes once formed are inert to substitution, and the
rate of electron transfer between Co(II) and Co(IIX) species is
relatively slow. Thus the methods of preparation can be placed in two
broad categories - the stoichiometry required can be assembled in the
labile Co(II) state and then oxidised, or the complex can be formed by

substitution of the desired ligand into another Co(III) complex.

Oxidative Procedures.

There appears to be a quantitative relationship between the oxidised
product and the mixture of Co(II) species expected prior to oxidation.sa
This occurs because although the Co(II) species may be oxidised at different
rates, their lability does not imply that only the most easily oxidised
species will be formed because the redox potential of the oxidieing agent
may make it more accessible to one Co(II) complex rather than another.

Thus a thermodynamically unstable Co(III) species may be preserved because,

once formed, it is inert to substitution and the electron transfer process
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to the corresponding reduced species {s usually slow. In such an
instance however the rate of electron transfer between the Co(II)
species and the oxidising agent must be relatively fast.

The most common oxidi{sing agents used are oxygen (air), hydrogen
peroxide, and lead dioxide. Their reduction will produce hydroxyl ions
(from 02 or HzOz) or insoluble (weakly basic) lead oxide which will not
interfere with the isolation of the oxidised Co(III) species. Because
of the formation of basic by-products, pH econtrol of the reaction is
necessary. In the present work, the oxidising agent was oxygen, and the
stoichiometry for the aerial oxidation procedure, where L denotes a
tridentate ligand, 1is
2

+ 4+ 8L + 4" + 0, + &lCo 1.2]3" + 20,0,

In this type of reaction, the rate of oxidation, and the extent to

4Co

which it occurs, are markedly increased by the presence of catalysts,

- Basides the acceleration of the oxidation

and in particular charcoal.
process, the presence of charcoal also allows the establishment of
equilibrium between the various possible Co(III) species. Thus such
conditions preclude the dominance of thermodynamically unstable species
mentioned above. The equilibration properties of charcoal have been

38,5% Bailar and Hbrk60

demonstrated for saveral systems. first 1llustrated
these properties, in a substitution process, by aerating a solution
containing [Co(NH3)6]3+ and Noz" in the presence of charcoal. The
relative bonding tendencies to Co(III) of uoz' and NH, would appear

iinilar,ﬁo but statistical considerations favour the [CO(NB3)3(R02)3]
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spacies (for 1:1 ratio of the two ligands), which was found almost
axclusively (isomers not separated). Doug13961 also demonstrated the
marked catalytic effect of charcosl on the racemisation of A[Co ¢n3]3+
in aqueous solution. The ion is optically stable almost indefinitely in
aqueous solution, but on the addition of charcoal complete racemisation

occurs within two minutes at 900.

Proposed Mechanisms for Equilibration on Charcoal,

The catalytic properties of charceoal, and the proposed mechanismas by
which isomer aquilibrations occur, are discussed in some detail as the

principles are relevant to the study of the equilibrium preparations of

[Co dien ]3+ under various environmeantal conditions, as reported in

2
Chaptar 6.

Charcoal in effect 'labilises' the Co(III) state. The addition of
Co(II) 1ions increases the effectivenezs of the catalyst in many reactions
of Co(TIIX) eomploxes.62 In situations not involving such addition of Co(II)
species, the generation of some Co(II) has been demonstrated in Co(III)
systems, presumably because the presence of charcoal causes some reduction

63,64

of the Co(Ill) complex. Por example, Co(Il) is generated to the

extent of ca. 4% of the total cobalt in neutral conditions at room

temperature during the racemisation of A[Co en3]3+. Dwynrss has proposed

that charcoal may function by rendering the spin-free (high spin) state
of Co(I11), tzgaogz, more accessible. Rearrangements and ligand

dissociation are thereby facilitated as the transition from the apin-~
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284832 state involves expansion of the

3

paired t286ego to the spin-free t

complex and bond labilisation., An alternative mechanism 8 for the

equilibration arises as another consequence of the formation of the

spin-free state. It is probable that electron transfer between Co(II),

tzgsegz, is more favourable under the spin-free Co(III) conditions, which

itself confers mild reducing properties to the charcoal in allowing the
formation of some Co(II). Equilibration can then occur by rapid electron
transfer between the equivalent labile Co(II) complexes and the spin-
paired Co(IlI) complex.

ELECTRONIC REARRANGEMFENT

6 0 charcoal catalysis ? 4 2
Co(1I1I) tZg eg z Co(111) tzg 'g
low~-spin state high~spin state
(inert) (labila)

+a RLECTRON
REDUCTION TRANSFER
+ charcoal 4+ charcoal
reducing catalysis?
agent?

5, 2
2g g
(1abile)

Co(1lI) ¢t

It should be stressed however that the role of charcoal itself, or
of the impurities adsorbed on its surface, in the equilibration process is
still unknown. As yet no decision has been made between these proposed
mechanisms, nor have any other satigsfactory alternatives bean presented.

Circumstantial evidences?a may favour the second of Dwyer's proposala,58
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the electron transfer catalysis role of charcoal. For example, the charcoal
catalysed racemisation of A[Co cn3]3+ 18 inhibited by the presence of ncid64
although ca. 4% of Co(II) is formed, as it is under neutral conditions
where racemisation occurs. This effect of acid is probably due to the

2l but [60(520)6]2+. thereby not

reduced species being not [Co en3]
allowing electron exchange with [Co en3]3+. The increased effectiveness
of the catalyst in the presence of added Co(II)62 also suggests an
electron tranefer process is operative between the Co(III) complex and
the labile Co(II) complex. Despite such observatioms however, the
mechanisms by which the catalysed isomerisations occur, and the role of
the catalyst, are not unequivocal. Nevertheless, the ability of charcoal
to catalyse the attainment of thermodynamic equilibrium in Co(III)
systems ie well known.

The relevance of these considerations to the present work, despite
the uncertainty of the particular role of the catalyst, is that
preparations in the presence of charcoal should yield an equilibrium
distribution of the isomeric forms of [Co di¢n2]3+ under the onwironnontul
conditions used. Without charcoal present, a kinetically, rather than
thermodynamically, controlled distribution of products may be obtained.
Morsover any individual forw, or mixture of the Co(I1l) species, can ba
equilibrated to give the equilibrium isomer mixture by equilibration in
the presence of charcoal. Dwyer and co-workers used charcoal in this way
in their studies of stereoapecificity and dismutation (i.e. disproportion-

3+ 65,48 ]3+'49,50 A

ation) in the systems [Co pn3) and [Co en_pn

3-x
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detailed consideration of the factors affecting isomer stabilities,
equilibration and isomerisation reactions of [Co dicn2]3+ will be given

in Chapters 6 and 7.

Non-Equilibrium Oxidative Procedure.

An essentially kinetically controlled oxidation preparation
investigated in this work used dimethylsulphoxide (DMSO) to function
both as a solvent and as an oxidant to oxidise the assembled Co(II)
complexes to their Co(III) analogues. No charcoal catalyst is used. The
method involves mixing solutions in dry DMSO at 40° of anhydrous cobalt
chloride and (dien + dien.3HCl), the molar ratios heing Co(IIl):dien:-
dien.3HCl = 1:12, :1,3. An exothermic reaction occurs, and after cooling
to room temperature the Co(III) product can be precipitated in high

yield by adding ethanol.

Substitution Procedures.

The second category of synthetic methods for Co(III) complexes
involves substitution of one ligand for another in a Co(III) complex.
Ligands commonly replaced in this way are NH,, c1’, sr , Noz—, 0032- and
nzo as these may be easily dispelled as gases or retained in the reaction
solution as soluble salts.

The most common method, which has been used since Werner's time for

the preparation of Co(III) complexes, is substitution of the desired ligand

into the complexes ICO(NH3)501]2+ or ICO(NH3)5(0H2)13+ in the presence of
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carbon, which establishes isomeric equilibrium in the product. The
ammonia is dispelled from the solution once it has been de-coordinated,
as the reaction is usually completed at steam bath temperature.

A second general preparative method by substitution is the reaction

66-68

of the acid form of the ligand with Na3[Co(003)3].3H20. Charcoal

may be used as a catalyst, and the reaction can be performed at any
temperatura. In a recent re-examination of this carbonato compound.69

it was found that a substantial portion (ca. 20X%) of the cobalt was Co(II)
suggesting the substance was a sodium cobalt(II) salt of the required

anion, as the overall composition was variable but approximated

Co(coa)2 8 .SHZO. The almost quantitative conversions to Co(III)
66,67

Ne,.8
complexes that have been observed

using this method occur presumably
due to oxidation of the Co(II) component by atmospheric oxygen and cat-
alysed by charcoal.

In an analogous way, direct subastitution of the required ligand into
[ca(N02)6]3- can be carried out in the presence or absence of charcoal,
where in both cases some uoz' will remain in solution as the complex
counter—-ion, and some will be dispelled from the solution as gaseous Hoz,
particularly under acidiec conditions.

The final preparative method used in this work is not a general
procedure but involves substitution of dien into [Co dionx3]n+ (X = Cl-,

Noz‘, azo) to form {Co dien 3+

] 26

under non-equilibrium conditions. Both

2]
[Co dienCl and [Co dien(N02)3] 2 have been shown (infrar¢d26 and

3
x—ray21) to have the trans geometric configuration. [Co dion(oﬂz)3]3+
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has been claimed to exist in both cis and trans forms in solution,
30

although neither isomer has so far been 1solated. It was thought
that this triaquo complex might offer the possibility of preparation of

predominantly cis or trans[Co dien2]3+ by reaction of the corresponding

[Co dien(ouz)al3+ isomer with dien.

Sunmary.

The importance of the non-aquilibrium preparative methods to the
preparation of Co(II1) complexes is that a kinetically controlled preparation
might yleld a different product distribution from the case where
equilibrium is maintained by the presence of charcoal and the product isomer
distribution is thermodynamically controlled. It is feasible for a
thermodynamically unstable apecies of Co(III) to be a major product

under non—-equilibrium conditions.

3.2 FEXPERIMENTAL: PREPARATIONS AND OPTICAL RESOLUTIONS OF [Co diggﬁlzt

ISOMERS
Reagents.

Dien, from either Fluka (puriss) or Union Carbide Australia Ltd., was
used without further purification. The corresponding amine trihydro~
chloride and trihydrobromide were prepared by slowly mixing cooled aqueous
solutions of dien and the required acid (three molar ratio), and
precipitating the acid salt (dien.3HX) by the addition of ethanol.

The charcoal used was freshly finely ground "BDH charcoal for gas
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absorption'’. Anhydrous CoBr, was obtained by heating the hygroscopic

2
CoBr2.6H20 {(BDH) at 130° for 3 hours. The green anhydrous salt was cooled
in a desicecator, weighed, and used immediately. Na3[C°(N°2)6] (BDH) was
of laboratory reagent grade, and all other reagents were of analytical
reagent quality whera available.

71

[Co(m3>snr1m-2,7° [Co(NH,) (C1]C1,, "t and [Co dfen(N0,),] and

[Co dien013] i wvere obtained using methods given in the literatura,

Preparation of [Co dienﬁj3+ by aerisl oxidation. - To a solution of

CoC12.6H20 (47.6 g, 0.20 mole) in water (250 ml) was added dien (34.5 g,
0.33 mole), dien.3HC1 (14.5 g, 0.067 mole) and charcoal (25 g). Ailr was
bubbled through the solution for 36 hours, After filtering, the solution
was evaporated to & small volume using a rotary evaporator and the product
was then precipitated as completely as possible by the addition of
ethanol. The product was filtered off, washed with ethanol and acetone,

and air-dried. Yield of [Co dieu21013.xH 0, 76.0 g (932 calculated for

2
2-hydrate).

The complex was prepared as the bromide in an analogous manner using
CoBr2 anhydrous (44.0 g, 0.20 mole), dien (34.5 g, 0.33 mole) and
dien.3HBr (23.0 g, 0.067 mole) in water (500 ml)., After aeration and
filtration, the solution was evaporated almost to dryness, and the

reraining product was precipitated with ethanol. Yield 99.0 g (95%

calculated for [Co dicnlers.Bzo).
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Praparation of [Co 41552]3+ from [Co(NH,) X]X,. - A slurry in vater vas
prepared of charcoal (20 g), and either [co(nn3)5c1]c12 (100 g, 0.40
mole) or [00(M3)53r13r2 (154 g, 0,40 mole). Dien (91 g, 0.88 mole)
was stirred in, and the mixture was heated on a stean bath for 4 hours.
After filtering, the solution was evaporated almost to dryness and the
product was precipitated as completely as possible with ethanol. The
product was filtered off, washed with ethanol and acetone and air-dried.

Yiald of [Co d1¢n2]C13.2H 0, 153 g, 94%. Yield of [Co dicnzlbrs.ﬂzo.

2
200 g, 95%.

Separation of geometric isomers from preparative mixtures. - The above

bromide preparations were recrystallised from warm water by allowing the
solution to cool and stand until about 10¥ of the material had separated.
This was filterad off and fractionally recrystallised again from warm
wvater (3 times its weight). As each fraction was filtared off it waes
washed with 70X ethanol, and the filtrate was evaporated in a rotary
avaporator to induce crystallisation of the next fraction. The least
soluble fractions comprised pure s-cis([Co dieazlnr3 as relatively large
wall-formed prisms and tha point at which the wore soluble trans isomer
commenced to crystallise could be recognised visuslly from the very much
smaller thin needles of trans[Co dienzlnrs.nzo. This procedure allows
esseatially quantitative separation of the s-cis iscmer from the mixture.
The trans and u-cis isomers in the remaining solution were separated

by fractional precipitation by adding LiI in small amounts. The trans
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is the less soluble, but the precipitated products appeared (halide

analyses) to be mixed bromide-iodides. (The halide analysis figures for

the precipitated trans isomer were 1 = 32.4%, Br = 20.5X, indicating a

1:1 atomic ratio for these two anions. For the u-cis form, I = 43.7%,

Br = 5,32, giving a 3:1 ptoporiion for I:Br.) This separation was

monitored by running thin-layer chromatograms on cellulose of the

various fractions (daveloping solvent sec-butanol:water:conc HCl = 70:20:10).

The first and last fractions were isomerically pure trans and u-cis

respectively, but middle fractfons contained both isomers. The mixed
halide precipitates of the separated isomers were converted to pure
bromides or lodides using an snion exchanger. The trans and u-cis
iodides are anhydrous.

Anal. Calecd, for u—cis[Co(c&Blana)Z]BrS: c, 19.0; H, 5.19;
N, 16.6; Br, 47.3%. Found: C, 19.4; H, 5.40; N, 16.7; Br, 47.7.
Caled. for crans[00(6‘H13N3)2]Br3.H20: C, 18.4; H, 5.40; N, 16.1;
Br, 45.8. Found: C, 18,0; H, 5.12; M, 15.1; Br, 45.7. Calcd. for
u—cis[Co(CQHlsna)2]3r3.0.5H20= c, 18.7; H, 5.29; N, 16.3; Br, 46.6.
Found: C, 18.6; H, 5.29, N, 16.2; Br, 46.5. Calcd. for
trans[Co(C‘H13n3)2]I3: C, 14,9; H, 4.06; X, 13.0. Found: C, 14.9;
H, 3.91; X, 12.9. Calecd. for umcis[Co(CAH13N3)2]I3: C, 14.9; H, 4.06;
N. 13.0' !Qu!'ld: C, 14.7; H' 4906; N’ 13.0'

Isomeric purity was chacked by chromatography on a column of SE-
Sephadex C-25 cation exchanger (Na+ form), column dimensions 50 cm x 0.9

em. A dilute aqueous solution of a small portion (ca. 0.1 g) of a
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particular fraction was absorbed on the column and eluted with 0.3M
gsodium tartrate solution. Two hours were required to ensure a clean
separation on the column of the bands of the three isomers (if present),

the band order being s-cis (fastest moving), u-cis, and trans (sloweat).

2
gave less discrimination in solubilities between the u-cis and trans

Fractionation with other anions, Noa-, Br , CL, 0104_, and NO

forms.

Preparation of [Co dianq]3+ by oxidation in DMSO solvent. - A solution of

CoClz.6H20 (2.38 g, 0.010 mole) in DMSO (5 ml) was boiled for 5 mins to
remove water, After cooling to 40°, it was added to a solution of dien
(L.75 g, 0.013 mole) and dlen.3HC1 (0.75 g, 0.0067 mole) in a minimum
quantity of DMSO (10 ml) at 40°. An exothermic reaction occurred and

the mixture was kept at 65° for 5 minutes, and then cooled. A sample
(ca. 1 ml) of this solution was dilutad to 200 ml with water, and applied
to & column (50 x 0.9 cm) of SP-Sephadex C-25 Cation Exchanger and eluted

with 0,34 sodium (+)-~tartrate solution for isomar analysia,

Reaction [Co(N02)€1?— + 2dien. ~ An aqueous solution of Naa[CO(NOZ)G] at
50° was added to a solutfon containing a 2.1 molar ratio of dien, alsoc at
50°. An exothermic reaction occurred, and after cooling to room
temperature the resultant solution was diluted and analysed chromato-

graphically on a Sephadex column, as above.
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Reaction trans([Co dien(NOzlgj + dien. - A suspension of trans-
[Co dien(N02)3] in water, and an equimolar quantity of dien was heated
for 15 minutes on a steam bath, After cooling the solution was analysed

chromatographically on a Sephadex column.

Reaction trans[Co dienCl.] + dien. - An ethanol suspension of

trans[Co dienClS] containing an equimolar proportion of dien was refluxed
for 1 hour. The [Co dien2]CI3 formed was filtered off, dissolved in
water and refiltered (to remove unreacted [Co dienCl3]), and analysed
chromatographically on a Sephadex column.

This reaction has also been carried out by direct mixing of the
two reactants at room temperntura.35

H dien. - Cis[Co dian(H20)3]3+ was prepared

30,73

Reaction cis[Co diengﬂzgzal

and purified chromatographically by methods given previously, except

that the complex was eluted from Bio-~Rad AG 50W-X4 cation exchange resin

73 to reduce

with a solution 2.9M NaClOAIO.lM HC10, (replacing M HClOa.
the acidity).

Dien was added dropwise to portions of the red-violet
eis[Co dien(H20)3]3+ elute to adjust the pH to either 6 or 9; one set of
thase solutions was warmed on a steam bath {1 hour) and another set was
allowed to stand at room temperature. The [Co dienzl3+ constituents of

these yellow reaction mixtures were assessed by chromatography on Sephadex,

A faster moving violet band of unreacted mono~dien species was also
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obtained from all reactions but was more prominent in the less complete
reactions at pH 6,

In the purification of the cis(Co dicn(HzO)_.,]s+ species, an attempt
vas made to use phosphorylated cellulose (P1l), to obviate the use of
such a concentrated eluent as with the 50W-X4 resin above. However the
aquo complexes were observed to bind strongly to the cellulose, even in
the presence of 2M HCl solution. This affinity, which has also been
observed for cis[Co en2(820)2]3+,7a may either he dus to a specific

outer-sphere association between the cations and the phosphate group of

the cellulose support, or inner-sphere coordination.,

Besolution of u-cis[Co dion2|3+. - To a solution of u-cis{Co dien2]C13.ZHZO

(8.2 g, 0.02 mole) in warm water (200 ml) was added Ag{SbO(+)-tart]
(23.6 g, 0.06 mole). After shaking, the praecipitated silver chloride was
filtered off and the filtrate volume was made up to 250 ml, Secratching
the beaker induced crystallipation of the diastereoisonmer
(+)~-u~cis[Co dicnzl[8b0(+)—tart]3.2H20 and after cooling at 0° for several
hours it was filtered off, washed with 75% ethanol, absolute ethanol then
acetone, and air-dried. Yield 9.2 g, 80% of one optical form. It was
recrystallised from water (discarding the most soluble portions) until
constant rotation was attainad. ay = +0.533° for a 0.44% solution in
wvater, whence [a]D - 121°,

Anal. Calcd. for (+)12:gi!jCo(06313N3)2][Sb0(+)-(04ﬂ406)]3.2H203

C’ 20.9; H' 3.65; N’ 702. FOuM! C, 20.9; H. 3.65; N. 7.00
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This recrystallised diastereoisomer (2.6 g) was ground with Nal
in an aquaous alurry, and the (+)-u-cia[Co dien2113 which separated was
fileered off, washed with ice-cold Hal solution, ethanol and acetone,
and air-dried. Recrystallisation from hot water did not increase the
rotation. Yield 1.0 g, 8% from the starting racemate, oy = 40.033° for
a 0.13% aqueous solution, [a]b = 425.6°,

Anal. Caled. for (+)-u-cis[Co(C 1 C, 14.9; H, 4,06;

13372173
W, 13.0. Pound: G, 14.9; H, 3.95; N, 13.0.

The diastereoisomer remaining in the aqueous solution above was
fractionally precipitated by gradually adding ethanol and cooling. The
most aoluble of these fractions (4.0 g) was ground with sodium iodide
as before, and the (~)-u-cis[Co dien2113 obtained was recrystallised three
times from water to give constant rotation. The optical isomer was leas
soluble than the racemate. Yield 1.3 g, 10Z, [a]D - -24,9°,

The total resolution of u-cis[Co dian2]3+ has also been achieved using
a colum of SE-Sephadex €~25 (120 ¢m x 1.1 em) with 0,15M sodium (+)—

tartrate solution as eluent.34’35

Resolution of trans[Co dian2]3+. - Trans[Co dien21013.2.5H20 (8.3 g,

0.02 mole) was dissolved in water acidified with acetic acid (100 ml water
containing 0.5 ml of glacial acetic acid, giving a solution of pH 3-4).
Ag(+)-[Co en mal,].20,0 1 (28.0 g, 0.06 mole) was added, and after shaking
the solution in a stoppered flask, the precipitated silver chloride was

filtered off. Water (100 ml) and methanol (200 ml) were added to the
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filtrate, then ethanol (about 500 ml) was added carefully to incipient
erystallisation. Crystallisation of the diastereoisomer is somevhat
difficult, but with the sbove conditions (+)-trans[Co dien,](+)-[Co en mal,],-
.10H20 crystallised on cooling the solution for several days in a
refrigerator. Yield 7.3 g, 52% of one optical form. The diastereoisomer
was filtered off, washed with methanol, ethanol and acetone, and air-
dried. Because of the difficulty with crystallisation and the relatively
poor discrimination between the two diastereoisomers with this resolving
agent, optical purification of the diastereoisomer was difficult,

Apal. Caled. for (+)-M[Co(041113N3)2](+)-—[Co(02HBN2) (C3H204)2]3-
.IOHZO: ¢, 27.1; H, 5.8: N, 11.9. Found: C, 26.7; H, 5.2; N, 12.1.

The dextro isomer was obtained by dissolving the diastereoisomer
in 0,1¥ HBr and absorbing the cation on a solumn of cation-exchange resin
(Bio-Rad AG 50W-X2, 200-400 mesh, in H' form). The resolving anion was
washed from tha column with 0.1M HBr, then the (+)-[Co dien2]3+ cation
was eluted with 3M HBr. (+)-trans[Co dionZ]Bra.HZO crystallised on evapor-
ating the elute, and the product was recrystallised from 0.1M HBr four
times to constant rotation, the active bromide being less soluble than the
racenate, Yield 0.6 g. Gese ™ +0.089° for a 0.308% solution in O.1M HBr,
whence [a]546 - +28,9°,

Further diastereoisomer was crystallised from the cold solution by care-
ful addition of further portions of ethanol over several days, The product
was removed in fractions until the total diastereoisomer obtained was

about 80% of the total (both optical forms). The solution which then
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contained essentially only (~)-trans(Co dien21(+)-[Co en malzl3 wags passed
through the cation exchanger as above, and (-)-trans[Co dienzlsrB.Hzo
crystallised from the 3M HBr elute. Recrystallisation to constant
rotation gave [a]546 = -29,2°, Yield 0.8 g.

Anal. Caled. for (-)-55555[60(04813N3)2]Br3.H20= Cc, 18.4; H, 5.40;
N, 16.1; Br, 45.8. Found: C, 18.4; H, 5.30; N, 15.9; Br, 44.7.

The use of a more concentrated solution of HBr than 0.1M for the
recrystallisation led to less discrimination between the active and
racenic bromides. Use of HC].O4 rather than HBr in the isolation of the
active isomer did not allow satisfactory optical purification as there
appeared to be very little distinction between the solubilities of the

perchiorates of the active and racemic forms of the cation.

The preparations of the following copper and nickel complexes were

required for IR comparisons described in Chapter 4.

[Cu dien Brz.O.SHzg, - A solution of 0uBrz in ethanol was added to

dien (2.1 molar ratio) in ethanol. After cooling the solution, the deep

blue crystals were filtered off, washed with ethanol, and air-dried. The
product was recrystallised slowly from hot methanol. Yield 70X.

Anal. Caled. for [Cu(C )Z]Brz.O.SH 0: Cc, 21.9; H, 6.20;

44133 2
N, 19.2; Br, 36.4. Found: C, 21.7; H, 6,20; N, 19.0; Br, 36.4.
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[N1 dien2|5r2;§2Q. ~ A solution of NiBr2.3H20 in water was added to diem
(2.1 molar ratio) in water. The product was precipitated by addition of
ethanol, filtered off and washed with athanol and acatone, and air-dried.
Slow recrystallisation from hot water gave a yleld of 70%.

481337285+,
Br, 36.1. Found: C, 21.7; H, 6.33; N, 19.0; Br, 36.0.

3.3 RESULTS AND DISCUSSION

2]3+ was prepared as a mixture of the three geomatric

isomers by two general methods, tha standard method of serial oxidation

{Co dien

of cobalt(II) chloride or bromide in the presence of dien, and by a
substitution method invelving reaction of dien with [Co(NH3)5X1x2 X =
Cl, Br). All these preparations were carried out in aqueous solution at
room temperature in the presence of charcoal catalyst to establish
equilibrium,

The resulting mixtures contained all three isomers: the trans
isomer was the major component and the g-cis isomer was present in
smallest proportion. The presence of the s-cis isomer in both chloride
and bromide preparations was demonstrated by separations of the product
mixtures by a chromatographic procedura nsing Sephadex.

The same lsomer distribution has also heen obnerved35 for the
subgtitution of dien into "[Co(CO3)3]3~" at 0°C in the presence of charcoal
(equilibriuwm conditions). The similar isomer proportions obtained from

aerial oxidation and by substitution in three different Co(III) starting
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complexes is good evidence that charcoal effects rapid equilibration
between the [Co d1¢n2]3+ isomers, especially since the carbonato pro-
cedure was carried out at 0°.

The three isomers could be separated by fractional crystallisation,
but the s-cis could be isolated only from the preparations involving
bromides, as the least soluble bromide. WNo s-cis isomer, though present
(see above), could be separated by fractional crystallisation of the
product mixtures from preparations involving chlorides. Even when the
complex in a chloride solution was fractionally precipitated as complex
bromide by adding lithium bromide, the least soluble fractions obtained
vere always predominantly the trans isomer. The i{nability to isolate s-cis
by these methods from any preparation in the presence of chloride ion has

also been noted by Yanlllk1.35

so that the presence of chloride evidently
modifies the solubility relationships between the bromides of the three
isomers. This may ba dus to crystallisation as mixed chlorides-bromides,
since this effect was noticed with fodide precipitation of the u~-cis and

trans isomers from & solution of their bromides.

On a preparative scale the remaining trans and u-cis isomers (after

removal of s-cis[Co dicn213r3) were separated from the mixtures by
fractional crystallisation as iodides, iodide giving a better discrimination
than bromida. This separation required a chromatographic monitoring
technique, and either thin-layer chromatography on cellulose or
chromatography using a Sephadex column was suitable, although Sephadex was

prefarable for checking isomeric purity. The early and later fractions
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thus obtained were trans[Co dien2113 and u-cis(Co dinnzlla respactively
(these are actually mixed halides; see experimental section), and the
intermediate mixed fractions were discarded.

The separated isomers were charactarised by a number of mathods,
but of thess only racemisation behaviour and PMR spectra (section 4.3.3)
allowed unequivocal assignment of the geomatric configurations.

The u-cis isomer was reaolved into optical isomers through
diastereoisomer formation with antimonyl (+)tartrate. A solution of
active u-cis in buffer pH 8 (collidine-HCl) showed no measurable change
in rotation after standing for two months at room temperature. Thie
isomer is resolvable by virtue of alternate configurations about the
cobalt atom and therefore, like [Co en3]3+, is optically steble in base
since racemisation would have to involve a gross rearrangement of the
chelate rings,

The trans isomer was resolved with (+){Co en mnlzl' ion. The active
trans[Co dicn2]3+ complex should be handled in acid conditions to avoid
racemisation, and although in principle acid conditions are not essential
to obtain the solid less soluble disstereoisomer, such conditione were
used throughout the resolution procedure to avoid racemisation of the
more soluble disstereoisomer laft in solution. Since both optical forms
were obtained from the resolution and could be recrystallised to constant
rotation, this was taken to indicate that optical purity had been achiaved.
]3+

Of the other resolving agents tried for the resolution of trans(Co dionz

H

(+)-camphor-10-sulphonate and Cl (+)~tart (in combination) gave mno
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crystalline diastereoisomer, and the crystalline salt obtained with
(Br (+)-tart), (I (+)-tart), (SbOo(+)-tart), (AsO(+)-tart),

nitro-(+)~-camphor, =x-hromocamphorsulphonate, (+)-[Co(en)(ox)2]_,

(+)-[Co(EDTA)] , (+)-[Co ox3]3_. and (-)-[As clt3]- i did not yield
active trans[Co dienz]3+.
Trans[Co dien2]3+ will be resolvable into its two optical forms

(Figure 4) provided that the N2~H bonds maintain a fixed disposition,
thereby locking the ring conformations (section 1.3). It has been well
established that, in acidic conditions, such Nz-H bonds in Co(III)
complexes would be sufficiently inert to dissociation (and hydrogen ex-
change) to allow resolution of this isomer, although in solutions of
higher pH, where the N-H exchange process is facilitated, racemisation
will occur. Thus in contrast to the u-cis isomer, active trans racemises
in basic media, and these observations allow the above assignments. The
kinetics and mechanism of the exchange and inversion processes in the
trans isomer are discussed in Chapter 8.

The equilibrium preparations of {[Co d:lenzl3+ yielded the s-cis
isomer in only small proportion. In seeking a non-equilibrium method to
obtain the s-cis[Co dien2]3+ isomer in higher yield, the reaction of a
solution claimed to contain cia(Co dien(H20)3]3+ with excesas dien was
examined under various conditions of pH. The reaction was most complate
in alkaline conditions pH 8-9 (as judged by the colour change), and product
analysis by chromatography on Sephadex showed that the [Co dien2]3+

reaction products were almost all trans with only a trace of the u-cis
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isomer, and no evidence of any s-cis. This product proportion, while
quantitatively similar to that obtained by synthesis, involves an even
higher proportion of trans/cis. If the starting complex was in fact
cis[Co dien(H20)3]3+. these results would suggest that substitution of
the second dien ligand on a gigfmono(dien) arrangement evidently leads
to subatantial isomerisation. This would accord with the greater
stability of the trans configuration in the bis-complex as indicated by
all other preparative methods.

The starting triaquo complex was obtained by the reaction sequence30

NeOH HCIO4 3+
trans[Co d10n013] + trans[Co dien(OH)3] + trans[Co diau(ﬂ20)3]

and it is reported that on standing the trans triaquo isomerises completely
to the 51!.73 The cis disposition of coordinated dien would thus appear
to ba considerably stabilismed only by coordinated water. This might be
attributed to more favourable hydrogen bonding between the aquo ligands
all cis, as this factor may be used to rationalise the greater stability
of g[Co trinn(Hzo)(OH)]z+ compared with tha a configuration.76 The identity
of the complex species purported to be cis[Co dien(H20)3]3+ remains in
some doubt however since it has been obtained only in solution.

Other non-equilibrium preparations involving the substitution of
dien into trans[Co dienCl3] and trans(Co dien(N02)3] yielded a predominantly
trans product (ca. 90%) with some u-cis and only trace amounts of s-cis
present. Such an isomer distribution is not unexpected due to meridional
coordination of dien in the initial complex. However on substitution of

dien into [Co(N02)6]3- in aqueous solution, or the non-equilibrium
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oxidation procedure using DMSO as solvent, isomeric proportions of the

product [Co dien ]3+ similar to those above were obtained. Thus in all

2
non-equilibrium preparations, the kinetically controlled product was

alvays even more predominantly trans than in the thermodynamically controlled
preparations. The uss of methanol as solvent, rather than water, gave

similar results,

Preparative Methods Used by Other Workers.

In the previously reported studies of the system [Co dion2]3+. the

preparative method used has besn substitution by dien into

u Barclay and Bcrnnrda7) and ICO(NH3)501]2+

(Brignndo,12 Crayton and Mhttorn,ls and Basolo, Palmer and Poar-onss). The

[Co ;) (8,001 (aun,

present work shows that all the products cbtained by these researchers

were isoumeric mixtures.
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CHAPTER 4

SPECTRAL PROPERTIES OF THE [Co dienﬂ]3+ ISOMERS

4.1 INTRODUCTION

The three geometric isomers of [Co dien o were characterised by

]
their spectroscopic properties in the electronic, infrared (IR) and PMR
regions. In principle each of these spectral types, since they are
dependent on detailed molecular symmetry, should enable the geometric
configurations of the three isomers to be assigned. At this stage the
detailed interpratations generally of these spectra still involve many
uncertainties, but in the present system the geometric configurations

are known unequivocally (from racemisation behaviour, section 3.3), gnd
gsome of the chelate ring conformations can be reasonably inferred from
molecular models. It was the purpose of the work in this chapter to
attempt to interpret the differences in spectroscopic properties between
the three geometric isomers in the light of the known structural features.
It was hoped that these interpretations might be applicable and useful

in studies of new similar aystems, such as the [Co(4—Medien)2]3+ complex

(Chapter 10), and the four geometric isomers possible for the

[Co(lin-penten)]3+ complex, which is currently being studied.4

4.2 EXPERIMENTAL

Electronie (Qisible-ultra—violet) spectra were measured on a Unicam
SP700 recording spectrophotometer in 1 cm quartz cells against water as

raference. The extinction coefficients agreed with those obtained on a
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Shimadzu QR-50 manual spectrophotometer.

Infrared spectra were obtained on a Perkin-Elmer 457 grating infrared
spectrophotometer using KBr discs againet air reference. The discs weres
pressed, using a pressure of 25 tons, from ground mixtures of about 5 mgm
of the complex bromide in 200 mgm KBr (for the spectral region 4000-600
cm-l) or about 8 mgm complex in 200 mgm KBr (for the spectral region
600-250 em 1),

PMR spectra were obtained on a Varian HAl00 spectrometer or a
60 MHz Jeol spectrometer using solutions of complax of about 10%
concentration, with sodium trimethylsilylpropanesulphonate (TMP) as

internal reference or trimethylsilane (TMS) as external referencas.

4.3 RESULTS AND DISCUSSION

4,3.1 ELECTRONIC SPECTRA

The visible~ultra-violet spectra of the three geometric isomers of
[Co dien2]3+, measured as the bromides, are shown in Figure 7, The two
ligand field bands ares closely similar in form for the three isomers,
but there is a significant variation in intensities (Table 2). These
differences in spectra could not be interpreted in terms of the structures.
Neverthealess spectral comparisons between [Co dienzl3+ and the
[Co(lin—ponton)]3+ systems could be useful in igomer assigmments in the
lattcr,‘ since each of the four isomers in the latter can be closely
related to an isomer in the present system. Similar considerations apply to

isomer assignment for the three geometric forms of the [Co(é-Mhdion)2]3+
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system (Chapter 10).
TABLE 2

Visible Abgorption Maxima for the [Co dien2]3+ Isomers as Bromides

Band 1 Band 2
s-cis €61 = 68.5 €333 = 65.0
u-cis €68 " 96.4 €338 ™ 94.1
trans €466 137.0 €441 ™ 103.0

4.3.2 INFRARED SPECTRA

Introduction.

In the initial stages of this work it was considered possible that
infrared (IR) spectroscopy alone might permit assigmment of the three
geometric forms of [Co dien2]3+. using the considerable information

available concerning mono(dien) complcxes.9'19’26'30

The IR spectra of
the three isomers were distinctly different (and thereby useful for
characterisation), but isomer assignment by criteria established for the
mono (dien) systems alone was not altogether unambiguous. The main
coucrib;tion of the present work theraefore was the extension of the
previous work on the identification of the two topological forms of the
coordinated dien ligand by IR methods, to complexes of lower conformation

symnetry than the wono(dien) complexes.
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Previous IR Studies on Complexes of Dien.

Only in recent years have detailed IR studies of dien complexes
been used to establish the configuration of the ligand. Initially, Watt
and Kiet:lg assigned the &bsorption bands of the IR spectra (in the
region 4000~200 cm-l) for the planar systems [Pd dienX]X (X = I, Br, Cl)
and [Pd(tmdien)I]I (tmdien = 1,4,7-trimathyldiethylenetriamine). Using
thess rasults, and the IR spectrum of [Co di.nClsl, which had been
established as trans (or meridiomal) from electronic spectral comparisons
(with the two [c°(N33)3013] isomers) by Crayton and Mattetn.ls House and

co-workers assigned geometric configurations to trans[Co dienBr3] 27 and

cis and trans[Cr dienCl3] 27,30

Schmidtke and Garthoft’26 presented a wider study of the IR spectra of

by IR comparisons. Subsequently,

mono (dien) complexes, using the series [M dien13] (M = Cr, Co, Rh} X =
halogen). These authors were able to empirically assign the various modes
of vibration, and to deduce empirical rules to determine the configuration
of coordinated dien as cis (facial) or trans (meridional). House and

Gurnerg used these criteria to assign the four isomers of [Co(dien)(cn)01]2+.
However, subsequent X-ray crystal structure determinations of two of these

1somcrs77 have shown these original assignments to be in error.

Band Assignments in Complexes of Dien.

The comprehensive work of Schmidtke and Garthof£26 merits some

discussion in relation to the use of this technique for the atudy of

[Co d10n2]3+. These suthors found that the IR spectra of the various
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M dienx3] complexes corrasponded to one of two standard complexes,

trans[Pd dienCl]Cl or cis[Mo dien0,] (octahedral), whose configurations

78 20

had been established by kinetic =~ and X-ray structural™ " studies

respectively, so that structural assignments could be made.
The fundamental vibrations of the molecules were considered in

the following regions which overlap in frcquenny.79

(1) NH,(¥H), CH, stretching vibrations (v) (3500-2800 cu™ 1)
(11) HHZ(NB) deformations (bending §, twisting v,
wagging @, rocking p) (1650-600 cmrl)
(111) CH, deformations (1500-800 cm )
(1v) skeletal stretching vibrations (vc_c,
Ve-n’ “CZN (for secondary amines)) (1100-800 cm-l)
(v) skeletal stretching vibrations (v, .. V. o)
and ring deformations (8, . . o 8 .0 ) (<600 cm”l)
26

Schmidtke and Garthoff considered each of these regions and obsarved
the differences in spectra corresponding to the alternate dispositions of
the dien ligand. The band assignments were facilitated by the use of the
N-deuterated [M dienx3] species, and trans[Pd dienCl]Cl, trans-

[Pd(!:‘ditn)nrlnr and cls[Mo dionoal.

(1) Cis 1sowmers displayed a larger splitting (5 bands) than trans
forms (3 bands, + shoulder or another weak bhand) of the Vye-H
absorbance (3300-3050 cm 1), Also the intensities of the Vo-n

absorbances were considerably greater for the trans than for cis

isomers, vhere thay were barely detectable.
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Batween 1200-1100 cnal (uNH s Yym ), cis isomers vere observed
2 2

to have three well-resolved approximately equally spaced bands,
while the trans compounds showed only two absorptions. At ca.
1250 cmal, all trans complexes showed one medium-strong Yy-H
band which was absent or very weak for the ¢is counterparts.

With the DNHZ absorptions, two bands were observed at about 850
cnbl in the spectra of trans isomers, while they were of higher
intensities, and shifted to lower frequencies (800-700 cm-l) for
the cis forms. Also, although not specifically mentioned by thase
authors, the trans complexes possessed a rather distinctive quartet

in the region 930-300 cn~1.

The scnz absorption expected for all 1,2-disubstituted ethanes in
the region 1500-1400 cm'l was found for the trans dien complexes
at ca. 1450 cm.l, generally accompanied by another weak
absorption. The gis forms showed a rather distinctive band

triplet im this raegien.

Between 1100~1000 cm-l there were high intensity bands due to C-C
and C-N skeletal vibrations. The trans complexes in general
showed 3-4 strong bande while the cis isomers had only two strong
bands.

The region below 600 cm*I was not particularly distinctiva for

aither isomer.
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Three of these regions were found to be especially suitable for
distinguishing the geometry of the dien ligand (Table 3).
TABLE 3

Spectral Regions for Detecting Geometry of Coordinated Diethylenetr:lamine26

6°“z 1 °m!2
(1500-1400 ca Y)  (ca. 1250 cm 1) (850-700 cm 1Y)
cls 3 bands 3 1-2 bands (800-700 ca 1)
trans 1 band 1 band 2 bande (at ca. 850 cm-l)

Furthermore, cis isomers were always observed to show more numerous bands
and larger splitting in their spectra, presumably indicating their lower

point symmetry than trans isomers.

IR Studies of the Isomers of [Co dian2|3+.

Yrom this work on mono(dien) complexes, the technique of infrared

spectroscopy seemed likely to be capable of distinguishing the cis and

trans isomers of [Co dien2]3+. The infrared spectra of these three

isomers were recorded, and also those of trans([Co dicn6131,15

trana[Cu dienZ]Brz.%Hzo (trans by x-ray),23 and trans[Ni dianzlntz.ﬂzo

(trans by x~ray).55 The absorbances and their relative intensities

in the regions listed above are given in Table 4. The band assign-

ments shown are those given for [M dianx3],26 it heing assumed that



TABLE &

Infrared Absorption Bands® (cn-l) of Diethylenetriamine Complexes (spectra run as bromides)

Assignment trans- s-cis—- 3 u-cis- trans- , trans—- trans—

[Co dienCl;] [Co dien,] [co d1en2]’+ [co dleny]*" [cu dienzlz+ (N4 dien2]2+
3290 s 3187 s 3140 vs, br 3175 vs, br 3332 a 3358 m
3240 s 3095 s 3060 va, br 3055 ve, br 3300 w 3325 8
Vum,” Vi 3150 s 3080 sh 3255 ms 3268 vs, br
3115 sh 3235 sh 3190 =h
3155 sh 3175 vs
3138 s 3160 sh
2985 aw 2965 sh 2960 sh 2960 w 2950 sh 2945 8
2965 mw 2935 ww 2892 w 2945 sh 2922 ms 2918 s
"CH 2955 sh 2892 vw 2850 ww 2882 vs 2875 ms 2876 s
2 2918 mv 2865 ww
2835 mw
1625 w, br 1578 ms, br 1601 ms 1610 w 1619 mw 1627 ww
Sm 1588 sh 1555 sh 1587 sh 1562 sh 1568 s 1580 sh
2 1582 s 1570 sh 1550 s 1564 ms
1560 sh 1542 gh

{(contd.)



TABLE &4 (contd.)

Assigmeent trans—- s-cis— W u-cis- 3+ trans- trans- 24 trans-
[Co dienCl.] [Co dien.]) [Co dien,] [Co dien [Cu dien,] 8.5 dienzl
3 - 2 2 2 2
1487 vw, sh 1486 = 1481 ms 1482 m 1472 m 1482 sh
1457 s 1472 wo 1467 =ms 1462 ww 1454 sh 1476 mw
GCH 1412 w 1456 = 1450 ms 1454 nw 1449 ¢ 1450 ms
¢ 1439 » 1432 ww 1448 mw
1418 w
1387 w 1388 w 1395 sh 1390 w 1388 = 1387 uw
Woy 1371 w 1360 mw 1387 m 1380 sh 1365 ww 1375 sh
& 1352 =s 1362 w 1361 w 1368 vw
1354 ww
oy 1328 n 1331 w 1313 m 1328 ms 1326 s 1336 mw
2 1308 ms 1322 » 1309 ww 1322 =
1290 w 1299 m 1292 » 1300 w 1304 mw 1308 ww
Yer 1273 ww 1287 w 1272 gh 1290 w 1284 wmw
2 1264 w
e 1249 & 1241 » 1233 aw 1261 m 1253 = 1254 =

(contd.)



TABLE 4 (coatd.)

Assignment trans- s-cis— 3  u-cis- 3 trans- trans- 24 trans—- 2%
[Co dien(:13] [Co di.enzl [Co dienzl [Co dienzl [Cu dienz] [N4 dienzl
1137 s 1189 ms 1208 = 1205 ww 1147 ms 1145} d. ms
¥yh 1179 sh 1186 sh 1139 m 1140
2 1173 =ms 1146 w
Y:m 1119 s 1136 m 1148 =m 1122 m 1135 ms 1121 ww
2 114 » 1117 ww
1096 s 1087 ms 1082 sh 1099 s 1097 s 10389 va, bFr
C-C,C-K,C-N-C 1069 ns 1063 mw 1078 ws 1059 s 1078 s 1067 w
1057 m 1050 s 1064 s 1037 o 1068 s 1059 =
1036 s 1046 o 1052 s 1031 we
1039 sh 1014 vs
1029 vs
YHB 994 s 1000 ww 1003 ow 1010 ve 993 w 978 vs
B 988 w 981 s

(contd.)



TABLE 4 (contd.)

Assignment trans- s—cis- o, u-cis- ., trans- trans- ,, trans- ,,
[Co dienClB] [Co dienzl [Co dienZ] [Co dien2] [Cu dien2] [N dienZ]
930 s, sp 912 vw 905 ww 930 w 944 s 910 w
905 w 892 ww 884 w 898 m 919 w 892 s
872 m 882 w 868 m 868 w 899 vs 868 w
849 m 803 m 840 mw 839 mw 873 w 829 w
827 m 779 mw 810 sh 761 m 861 mw 672 wvw
pNH,pNHZ,pCHZ 730 vw, br 758 m 802 m 742 w 835 vw 644 w
and C-N 683 m 777 w 822 ww 619 m
755 w 660 m
743 sh
702 vw
667 w
576 ms 592 m 609 m, br 590 mw 559 w 578 sh
522 w 516 mw 58l m 573 mw 540 w 555 w, br
VoeN 501l m 540 ww 568 mw 527 m 523 ms
525 mw 528 m
501 w

{contd.)



LADLD % \COUId. )

Assignment trans— s—-cis- 34 u-cis- 34 trans- ,. trans- 24 trans- 24
[Co dienCl.] ([Co dien2] [Co dien,] {Co dien.] [Cu dien,] [Ni dien,]
. 3 2 2 A 2
458 ww 451 w 482 vw 487 » 471 s 456 mw
$ I 422 m 457 w 471 w 443 s 412 m
445 gh 446 mw
432 sh 439 wmw
360 w 389 w 388 w 414 v 375 w 87 w
GN-D!-N 340 s 374 m 3% m 370 m Sl w 373 sh
327 s 01l w 310 m, br 325 w

2 Relative band intensities: vs, very strong: s, strong; ms, medium-strong; =m, medium:

mw, medimm-weak; w, wveak; ww, very weak; sh, shoulder; gp, sharp;

br, broad; d, doublet.
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these assignments can be axtended to bis(dien) systems,

Before consideration of the isomer assignment for his(dien) complexes,
the detailed symmetry of the three possible geometric forms should be
appreciated. Schmidtke and Gatthoff26 deduced from the splitting present
in the IR spectra of mono(dien) complexes that the less symmaetric 8§

(and A)) forms (no plane of symmetry across the coordinated ligand) of
facially coordinated dien existed in the solid state, and the

symmetrical A8 comhination (plane of symmatry) would be the form of

dien in ggggg.cémplexoa. In bis(dien) complexes, the symmetry relation-
ships present for the mono(dien) complexes may be further destroyed as
the point symmatries of the [Co di.n2]3+ isomers need not be as high in
the sclid state as those given earlier (esection 1,3) - s-cis (C2h).

u-cis (Cz), and trans (C,). The five possible conformational
combinations for the s-cis species have varied symmetries, vis. Ad-A8
(c2h). AS~8A (C’). AA-A 8 (Cl). Ar-88 (ci). and AA~-AX (Cz). Similarly for
the u-cis species, for one configuration the combinations are A8-A$ (Cz).
AS-8A (cl), AA-A4 (Cl)' Ar~848 (Cl), and AA-AA (cz). (The order of ring
designation in this latter case has been chosen as that obtained as the
molecule is rotated clockwise about the C2 axis.) The two possible
conformational combinations for the trans molecule are the two enantiomeric
forms AS-A5/8A-8) (Figure 4).

Any lowering of the idealised symmetry for these molecules (from the
symmetry above as deduced from models) implies that more splitting will

be present in their IR spectra, thereby complicating structural assigmments.
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IR spectra may even provide in principle information on the conformational
possibilities, however the interpretation would be difficult. X-ray
crystal structure analyses of the various isomers of [Co dien2]3+ are in
progresa36 and these will elucidate the conformational situvation in the
solid state. The problem of deducing the conformations that exist in
gsolution is discussed subsequently (section 4.3.3, and Chapter 6).

When the infrared regions distinctive for mono(dien) complexes were
examined for the [Co dien2]3+ species, it was found there were similarities
but rarely identical band sequences, whence isomer assignment was difficult.
The bis(dien) complexes in general had much more complicated spectra than
the mono(dien) species, consistent with thelr having lower symmetry.

It is worthwhile to consider in turn the regions discussed earlier, but
neglecting those regions in the spectra of the bis(dien) complexes where

extra bands and splitting have virtually meant loss of information.

(1) The Vi region (3500-3100 cm_l) was broad and provided little
information. However the Ven region (2900-2800 cm—l) was of
reasonable intensity for the trans isomer but barely recognisable

for the two cis forms, and thus appears a reasonable criterion for

the type of coordination by dien (Figure 8).

(11) The trans isomer has a band (mN_H) at ca. 1260 cm_l characteristic
of meridionally coordinated dien. The s—cis form also has a
reasonably strong band at 1234 cm'-1 which was not present for cis

mono (dien) complexes previously investigated,26 and suggests that
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the s-cis{Co di-n2]3+ species may have considerable symmetry which
is more consistent with trans mono(dien) compounds. This band is
absent in the u-—cis(Co d10n2]3+ isomer and all cis mono(dien)
complexes. In the spectrum of trans(Co di¢n2]3+, the quartet in
the range 950-800 cm-l characteristic of meridional dien was
present, but only a triplet was observed here for the two cis

forms.

The region 1500-1400 cm L was complicated for all three isomers,

- although there were less bands for the trans form than for the two

cis forms.

The region 1100-1000 cnrl bacame too complicated in all isomers

to provide any information.

The spectra of the three geometric forms of [Co dien2]3+ in the

IR range 600-250 cm'l were distinctive, and although not useful

for isomer assignment, they proved very useful for characterisation,
(In the initial stages of the study of this system, IR spectra in
this region were used for characterisation of the geometric form,
and as a guide to {someric purity. It was estimated that this
mathod was capable of detecting 5-10% of one isomer as an impurity

in another.)

As a general observation, there vere more bands and more splitting

in the spectrum of the u-cis isomer cowpared with those of the a-cis and
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trans forms, consistent with u~cis having the lowest symmetry. On the
basis of these results therefore, the empirical criteria for the
assignment of the geometrical configuration of dian by infrared spectroscopy

appear to be, firstly, that the v absorbance (ca. 2800 cm-l) is much

C-H
more intense for trans (meridional) coordination than for cis (facial),

vhere it is barely recognisable. Secondly, the trans isomers show a

characteristic quartet between 9350-800 cm*l and the cis only a triplat,

and finally, the trans compounds have a sharp band at ca. 1250 _—

corresponding to the Nz-ﬂ wagging mode (wN_H).

To test these relationships, the IR spactra of both [Cu dien2]2+ &S

2+ 55

and [N1 dien (both of known configuration trans) were examined,

)]
and thay were found to obey the three criteria. TFigure 8 demonstrates
the first two criteria for all the bis(dien) complexes studied, and also for
trans{Co dienClS]. It is falt that these modified criteria will enable
the geometric configurations of all dien complexes to be assigned, as
well as N-substituted dien complexes (Chapter 10).

The initial assignment of the three forms of the system [Co dicn2]3+
was not possible in an unequivocal way from the criteria of Schmidtke

and Gurthof!zs

given in Table 3. By closer study of other regions using
their work on mono(dien) complexes, tentative geomatric assignments could

be made to the present system, and these subsaquently proved to be correct.
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The use of this prasent study however is to extend the information on
the infrared spectra of dien complexes using the more varied symmetry
possibilities associated with the bia(dien) complaxes. It should be
stressed however that assignments by IR methods must always be treated
cautiously, bescause of the dependence of the observed absorptions on the

detailed molecular symmetry.

4.3.3 PMR SPECTRA

Introduction.

KMR spectroscopy has been widely used in studies of Co(III) complexes
for the distinction of geometric isomers, the elucidation of chelate ring
conformations, and for kinetic studies involving N-H proton exchange. In
the present study of the three geometric isomers of [Co d1¢n2]3+, PMR was
the only spectroscopic method used which could unambiguously assign these
geometric forms, and the observed spectra were also rationalised in terms
of possible conformational situations. The kinetic studies of proton

exchange in trans{Co dicn2]3+ are reported subsequently (Chapter 8).

Conformational Studies in [M cn3]n+ Systems.

The knowledge of conformations of five-membered chelate rings in
coordinated chelates such as en, both in solution and in the solid state,
i now reasonably extensive and will be discussed in some detail subse-
quently in Chapter 6. Early conformational annlyacaso predicted that in

the complex system [M en ]n+ the A886/AAAN racemic pair would exiat
3
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predominantly (59%, see smection 6.1), so that the C-C bonds of each
chelate ring would be essantially parallel to the molecular 03 axis,
In the solid state, this has been verified i{n the X-ray crystal

structura analysis of [Co en3]3+.81 However subsequent crystal

82-84 have realised all four

structuras of [Cr ¢n3]3+ with various anions
possible combinations of conformations, 85§, §8), 82\, and AL due to
lattice packing effects and hydrogen bonding rather than the thermo-
dynamic stabilities of the isclated cations. Such X-ray determinations
may give little idea concerning the most stable conformer in solution.
The PMR data available for tha [M ¢n3]n+ complexes (M = Co(III),

Pt(IV), Ru(II), NLi(II), Rh(III), and Ir(xIr))®>86

in nzo solutions
generally indicated that the chelate rings undergo rapid inversion, and
that there is a conformational averaging so that the wost abundant
conformation in solution 1is A88A/AAAE. It was observed also that the
PMR spectrum of [Co on3]3+ was broad and featureless, presumably because
of coupling with the Co nucleus (spin = 7/2), but this feature seems to
be peculiar to that particuler cobalt complex. As it is not observed for
the [Co dicnzla* species, their spectra can be considered without concern

for such an effect,

PMR Spectra of the [Co dien2]3+ Isomers in DZD Solutions.

For the systen [Co d10n2]3+ there are three possibilities for

conformational changes in solution. PFirstly, as with the [M cn,]“+

couploxos.ss conformational inversion could be rapid and the relatively
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sharp resonsnce of the average conformer observed, Sacondly, the
conformational inversion could be very slow, in which case the super-
position of the sharp resonances of the individual conformations would
be observed. Finally, the rate of conformational inversion could be
intermediate in terms of the NMR time scale, and a dynamic broadening of
resonances would occur, and as there is no evidence for this case in

the present spectra it will not be discussed further. As the en rings

of M en 85

3]n+ are known to undergo rapid conformational interchange,
in conditions under which the N2~H protone of tha [Co dien2]3+ igomers
can be dissociated (in neutral DZO). free and rapid interchange would

be expected for all three isomers. The molecules may thus possess
essentially their maximum symmetries, s-cis (CZh)' u-cis (Cz), and

trans (sz) as rapid conformational inversion for the trans isomer implies
two planes of ayrmetry as explained earlier (section 1.3).

In nzo solution vwhere all N-H protons will be deuterated, only the
resonances corresponding to the methylene protons will be observed. Even
vhen rapid conformational inversion occurs, the four protons of each ring
(—CHZ—CHZ-) will have different environments {n the two cis isomers,
although the rings themselves may be related by symmetry to other ring(s).
Thus an AA'BB', rather than Aznz. contribution from each ring would be
expected, resulting in a complicated spectrum. With the effect of

14N and 39

quadrupole relaxations from Co transmitted through the chelate
ring, the observed resonances were somewhat broadened and although they

did wot show the detailed resonance pattern of AA'BR' thare wag some fine
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structure evident. On the symmetry considerations outlined above it would
be anticipated that the CH2 resonance ohserved for the u-cis form, where
the two chelate rings of each ligand are non-equivalent, would be
considerably more complicated than that for the s-cis isomer where the

two chalate rings of each dien ligand are staereochemically equivalent
(related by a plane of symmetry).

Tha CH, resonance of the trans isomer should be the least complex
when rapid conformational inversion was occurring, as in this instance
tha four CH2 protons a-~ to the Hz—D in each ligand then become equivalent
and an Aznz pattern would be anticipated.

Figure 9(b) shows the 60 MHg PMR spactra of the three iaomers in
nzo, and verifies the above predictioms. The 100 MHe spectra of the
same region showed greater fine structure so that the general features

ara less apparent, but the overall conclusions remain unaltered,

PMR $pactra of the [Co dicn.13+ Isomers in Acidified D:Q Solutions,

In nzo/nzso4 solutions, coordinated amine protons do not undargo
rapid exchange. The inertness of the :)uz - H bond 1in particular implies
that counformational interchange in the isomers of (Co dicn2]3+ may not
be as facile as when this bond dissociated (neutral solution, DZO).
Howaver it ssems 3 reasonable assumption that conformational inversion
in the ¢is isomers is still facile even in acid solution eince the
interchange of conformations in these two isomers can occur without

2

:>N - H dissociation. Consaquently, the time average of the conformers
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would make all four ‘NHZ groups equivalent for the s-cis isomer, and in
the u-cis form there would be two different enviromments for the -NH,
groups. With the rapid conformational flipping, the two individual
protons attached to any one primary nitrogen atom will experience some
environmental averaging. Furthermore, the amino proton resonances are
broadened because of quadrupole relaxation in the lﬁN nucleus, resulting
in at least partial loss of possible fine structure in the observed -NHZ
resonances, including that due to coupling with the contiguous :EHZ
protons. Therefore a single —HHZ resonance would ba expected for
s~cis{Co dien2]3+. and two -NIi, resonsnces for the u-cis isomer. These
were obsarved and are shown in Figure 9(a). The resonance assignments
shown in the figure folleow from the spectrum Iintegration which gave peak
area ratios 1:4:8 corresponding to MI:Z(NHz):é(CEZ).

In trans{Co dien2]3+, the ~NH, groups on each dien ligand are in
non-equivalent enviromments (Figure 4). In this isomer, conformational
inversion of ome ring would {involve :>N2 ~ H dissociation, which does
not occur readily in the acidie¢ solvent. Thus as conformational inter-
change 18 seaverely restricted under these conditions, the four individual
protons of the two primary amino groups of each dien ligand will be in
different environments, and & complicated -Naz resonance would be expected.
Any broadening of this resonance should result in either an uneymmetrical
resonance Or two Reparate resonances. Figure 9(a) shows a complex -RHz

region in the PMR epectrum of this isomer, consistent with the above

considerations. It will be shown later (Chapter 8) that inversion of the
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dien ring conformations in the trans isomer 13 slow under acidic
conditions substantiating this proposal.
]3+, both N - n protons in

For all three isomars of [Co dien P

2
each isomer would be expected to have the same environment and the observed

~

/,Hz - H resonance was single. The >CH rasonances were more complex

2
under the acidic conditions than in Dzo because of coupling with ::Nz - H
and _HHZ protons, but nevartheless the generalisations made for these
_CH, resonsnces in D,0 were still valid. (Note that the mpectra inm
Tigure 9 (a) and (b) were recorded at 100 MHz and 60 MHz respectively.)
If the conformations of one dien ligand invert in a molecule of
trans[Co dien2]3+, the product would be the emantiomeric form, which
would have an identical PMR spectrum. However, a rapid conformational
interchange in this system would produce a different PMR spectrum, asg
the symmetry of the molecule would effactively increase, with conformational
averaging, from C, to S,. Thus, in addition to the _CH, resonance being
more complex in acidie solution thanm in D20 because of coupling with
adjacent amines protonsz, this region will he further complicated for the
trans isomer by the decrease in molecular eymmetry expacted under acidic
conditions. This latter consideration does not apply for the two cis
isomers, where conformational averaging can occur in either solvent.
In summary, the assignment of the geometric isomers of [Co d13n2]3+
wvas unequivocal from the P!R studies in aqueous solutions, and some

conclusions as to the conformational gituation in these isomers have been

reached. In particular there appears to be rapid conformational inversion
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both in acdd and Dzo solutions for both eis forms. In the trans

1somer, conformational interchance hecomes restricted in acid conditions.

PMP.Studies in Mon-Aqueous Solvents.

Two other solvents were investipated in the study of the isomers

of [Co dien 3+ by PMR methods. Yamasaki et a1.35 recorded the 100 MHg

9]

PMR spectra in d ~PMSO. Although the CH, resonances were somewhat

6 2
masked by the ~CH3 impurity in the (CD3)50 solvent, there were two ~NR2
resonances for the u-cis isomer (5.08 and 4.68 ppm downfield from Me 51)
and also two for the trans isomer (4,75, 4,18 ppm), but only one peak
(4.80 ppm) for the s-cis form, consistent with the reasoning above.

The PMR spectra in trifluorpacetic acid (TFA) were qualitatively
similar, but less useful, The 60 MHz spectra of the three isomers in

this solvent showed all CH, pesks to be broad and unsymmetrical, but

the g-—cis isomer showed a single symmetrical -Nﬂz peak compared with

ungymmetrical —NHZ resonances in thia region for the u-cis and trans
forms, The 100 MHz spectra were similar in form, but showed more splitting
as expected. Tha PMR gpectrum of [Co dien2]3+ i4n TFA has heen reported

pfeviously,sg

but 1t is apparent from the present work that the sample
used was probably an isomeric mixture with trans predominating. The
spectrum could not be interpreted by the previous authors.

The resonances obhserved in both ds—DMSO and TFA =molvents vere

hroader than those in the less viscous nzo aolutions, and are consequently

of less value for the present purposes.
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CHAPTER 35

OPTICAL ROTATORY STUDIES ON THE [Co dien”]3+ ISOMERS

5.1 OPTICAL ROTATORY POWER AND THE ORIGIN OF OPTICAL ACTIVITY IN METAL

COMPLEXES

The visible absorption spectra of octahedral Co(III) complexes of

(III)N6 result from electronic transitions from the 1A18

ground state to the upper states 1118 and lng giving two absorption

the type Co

bands. However, lowering of the octahedral symmetry with chelating
ligands or unsymmetric substitution results in a splitting of the

degeneracy of the upper states. Theoretical calculations show that for

the IT

1g
specias) may be observable, but that the splitting of the 1T28 state is

state the splitting (which is dependent on the symmetry of the

mnuch less. Because of the nature of visible absorption spectroscopy,
with characteristic broad bands arising from vibronic coupling, such
small splittings are usually not detected as the broad absorptions are
overlapped to such an extent that the split lAlg -+ 1T18 band appesrs as
a single pesk.

If a complex is optically active however, such splittings may be
observed using more sophisticated optical techniques. For an optically
active compound the refractive indices and extinction coefficients for
the passage of left- and right-circularly polarised light (denoted by
subscripts L and R respectively) through the compound, or a solution, are
different. Thus when plane-polarised light (which can be considered as

being composed of the oppositely circularly polarised beams) is passed
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through such a medium, a difference in refractive index for one component
relative to the other will result in differential velocities of the
component light beama. On recombination to form plane-polarised light
the plane of polarisation will have been rotated. The angle of rotation
(a) is proportional to the difference in refractive indices (nL - nR),
and the rotation phenomenon is therefore known also as circular bire-
fringence. A plot of the rotation a as a function of the energy of the

. radiation is called optical rotatory dispersion (ORD). With the ORD
technique however, because there are usually non-gero rotations at
tadintiog energies far removed from the actual absorptions and because of
the S-shape of the ORD curve (described as “anomalous", usually having
both positive and negative signs) around the absorption maximum, it is
difficult to resolve the curve into the individual contributions since
thase are often energetically very similar.

The consequence of different extinction coefficients for the passage
of left- and right-circularly polarised light through an optically active
compound (or its solution) 1is that instead of the two components combining
to form plane-polarised light after traversing the medium, they form an
elliptically polarised emergent wave. This ellipticity is a measure of the
circular dichroism (CD), and is proportional to (cL - ek). For a compound
to be dissymmetric, and hence optically active, it must contain no improper
rotation axis (Sb) or plane (o) or centre (i) of symmetry. The absence of
these symmetry elements in a chromophore would imply that the rotational

strength of any transition within that chromophore was non-zero, and
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therefore that the transition itself was optically active. The separate
transitions constituting an unpolarised absorption maximum need not have
the same sign or magnitude of rotational strength, and consequently the
CD spectrum can often be resolved into the components corresponding to
the individual transitions.

The appearance of a CD band as well as the anomalous rotatory
dispersion associated with an electrenic transition (or absorption band)
is known as the Cottom Effect and can be positive or negstive., TFor
enantiomeric molecules the Cotton effacts are of identical magnitudes but

opposite signs.

3.2 THE ASSIGNMENT OF ABSOLUTE CONFIGURATION FROM OPTICAL MEASUREMENTS

5.2.1 INTRODUCTION

Optical activity arises from molecular dissymmetry, and is thus
sensitive to molecular stereochemistry and is related to absolute config-
uration. However, to predict theoretically the configuration from the
obsexved Cotton effect, the molecular factors which determine the sign
and magnitude of the rotational strengths of the indi{vidual transitions
must be known. While many theories of optical activity have been

87a none are coumpletely satisfactory in predicting the sign of the

proposad,
Cotton effect from first principles so that no ganeral model is available,
Nevertheless, because of the large amount of experimental information now
available it is possible to determine absolute configuration from optical

measurements using empirical relationships, and by reference to appropriate

structures whose absolute configurations have been datermined by X-ray
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methods.
The following discussion of such methods is intentionally brief,

and sufficient only for their application to u-cie and trans{Co dien2]3+.

A detajled diecussion, and literature review, of these techniques is

contained in a recent treatise by Hnwkinl.87

5.2.2 BMPIRICAL ASSIGNMENT OF ABSOLUTE CONFICURATIONS USING OPTICAL

METHODS
The basis of empirical methods of assignment of absolute configurations
by optical methods has been (+)-[Co ¢n3]3+, whose absolute configuration

was determined by the anomalous X-ray scattering uethod.81 For this 1onmn,

the first (lowest energy) ligand field absorption band lAlg + 1118 in
the octahedral (Oh) [CO(N33)6]3+ is split into two transitions, 1A1 + IE.

and lAl -+ lAz, in the dihedral (D3) field. From a single crystal CD

study Mason and codworketsaa have proposed that these transitions are

polarised perpendicular and parallel, respactively, to the molecular C3

axis. These authors deduced also that the 1A1 + lAz transition was of

1 1
Al - E. transition.

This interpretation seems to have heen generally accepted, but is not

without its criticl.sg The present author notes howvever that the

slightly smaller magnitude and of opposite sign to the

fundamental single crystal experiment was not extended by passing
circularly polarised light through the crystal at right angles to the
optic axie (and molecular 03 axis) to excite the A2 transitions only.

Once the transitions responsible for the observed Cotton affects had
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been identified, a solution (rather than a crystal) method of correlation

% using the observationgl'gz

of absolute configuration was suggested that
polarisable oxyanions (such as phosphate and selenite) changed the areas
of the CD bands of tris(diamine) complexes differentially by forming a
conformationally ordered ifon-pair (whose nature is alaborated subsequently
in section 6.4.3), thus modifying the ligand field by changing the

90 that the addition

effective symmetry of the molecule. It was proposed
of an anion such as PO‘S' to a solution of a tris(diamine) complex caused
in the CD apectrum an increase in the area of the Az component and aither

a decrease or no change in the area of the E‘ compound of the 1A1s »* IT

1g
transition.
3+ 3

The complexes (+)-cis(Co(en),(NH,),]” and (+)-[Co penten]” ,
although of lower symmetry (Cz) than (+)-[Co enjls*'(Ds) shoved the same
form of CD band area changes as tha tris(diamine) complcx.’o Mason proposed
that although the expsrimental assigmments of the alectronic transitions
of c2 symmetry ware not available, the sign of the CD band of mainly E’
(D3) parentage (identified by the band area changes on the addition of
polarissble anions) indicated that the absolute configurations of these
three ions, as realated by the proposed rules of the IUPAC Commiuion,6

vere 1d.ntical.9°'93

In this way the absolute configurations of moleculas
can be related using measurements of opticn; rotatory powver.

It should be noted that the above discussion pertains to five-
menbared chelate ring systems. Tha corresponding rules for six-membered

ring systems appear to be less straightforward.
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5.2.3 SOURCES OF OPTICAL ACTIVITY IN DISSYMMETRIC MOLECULES

The optical activity of dissymmetrie metal complexes has hitherto

94-97 hose contributions to the

been ascribed to three chiral sources,
overall rotational strength of the d-d transitfons are considered

additive.

87

The configurational effect is due to the distribution of the chelate

ringas about the central metal atom. This effect is considered to arise

in any molecule from any two chelate rings where the lines joining the
donor atoms of each ring are skew (i.e. they have a sensa of helicity or
chirality). In multidentate complexes there may ba several such pairs,
vhich need not all have the same skew, and the sum of these skews
constitutes the configurational effect of the molecule, This was clarified
by the "ring-pairing" method proposed by Lagg and Douglan,ga and was later
formulated in terms of general rules by the IUPAC Oomnisnion.6

87¢

The vicinal effect is due to an asymmetric atom in the chelate ring,

or to asymmetry conferred on a donor atom by coordination.

874

The conformational effect is a contribution by the conformational

chirality to the molecular dissyrmetry. In some complexes (e.g. of sctive
pn) the vicinal and conformational effects are coupled, since an
asymmetric centre in the ligand may predispose the chelate ring to adopt

a preferred conformation.



82.

The CD in the visible wavelength region (ligand field absorption)
is found to reflect primarily the stereochemical configuration of the
chelate rings about the central metal ion. The magnitude of the
CD in the UV region (charge-transfer absorption) is found to be influenced
by the configurational effact, and in addition by the conformational

and vicinal contributions.”’96

3.3 CD AXD CONFIGURATION OF u-cis{Co dien2|3+

It was atated earlier (section 1.3) that u-cis[Co dien ]3+ (Figure

2
3) had only a two-fold rotation axis (molecular point syrmetry Cz) and
hence exists in optical isomers, The dissymmetry arises primarily from
a confligurational effect. The active forms of this isomer were found to
be optically stable in basic conditions (section 3.3) in the same wav as
active [Co en3]3+ whose dissymmetry {5 alazo ascribed predomimantly to the
configurational effact, whence racemisation would have to involve gross
raearrangement of the chelate rings,

Some contribution to the chirality of u-cis[Co dien2]3+ would also
be expected from the conformations, as {t 1a prohable that there would
be a stereospacific preferance for one or more of tha five posaible
conformational combinations (section 4.3.2), There should bhe no vicinel
effect as there are no asymmetric centres in the ligands, However, in
their studies of stareospecificity in the chelation of aspartic acid,

99

Legg and Douglas™  attrihuted the difference in the CD spectra of

[Co(NHa)S(S—Aap)]+ and [Co(dien)(S--Asp)]+ to a (vieinal + conformational)
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contribution of coordinated dien resulting from the different con-
formations of the rings attached to the A>N2 - H atom,

u-cig[Co dien o was resolved Into optical isomers (section 3.3)

9]
and the ORD and CD spectra for the (+)-enantiomer are gshown (Figures 10
and 11). The results show that (+)-u-cis(Co d:lenz]3+ in aqueous

solution gives a major positive and minor negative CD band, at a lower

and higher frequency respectively, in the spectral reglon of the octahedral

(III)N

lAlg + lTlg absorption of the Co 6 chromophore. The areas of these

CD bands were diminished and enhanced, respectively, by the addition of

the polarisable oxyanion selenite. The signs and relative frequencies

and magnitudes of the lower energy CD bands of (+)-u-—cis[Co dien2]3+,

and the changes in band area on the addition of selenite are aimilnr90
to the analogous CD bands of (+)-[Co en3]3+, (+)ﬁgig[co(en)z(NH3)2]3+,
and (+)-[Co penten]3+, from which it is concluded that the (+)-u-cis-

[Co dien complex has the same configuration (Figure 12) as these com-

(1I1)

5]

plex ions which also contain the Co Hs chromophora.

81,100 93

Absolute X-ray crystal structure analyses, and CD studies

have shown that the (+)-[Co en3]3+,81 (+)fgig[Co(en)2(NH3)2]3+ and
(+)-[Co penten]3+ g are configurationally related, (A,A, and AAA(A)
respectively.6 where the brackets indicate the net or predominant
configuration obtained by "ring-pairing" the three sets of skew lines
in the (+)-[Co penten]3+ molecule). On application of the nomenclature

to (+)-u-cis(Co dien2]3+, Figure 12 shows that while the rings IT and IV

have a mutual A chirality, the two pairs I and IV, and II and III, have a
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mutual A ehirality, giving the configuration AAA. By the ring-pairing
scheme the overall counfiguration of the molecule u-cis[Co dienzl3+ shown

in Figure 12 is A, like that of (+)-[Co penten]3+ il

where the ring-
pairing relations are closely analogous,g3 the two complex {ons differing
only in that in [Co pcnten]3+ there 15 a fifth chelate ring hridging the
two secondary nitrogen atoms of u-cis[Co dien2)3+.

The determination of the ahsolute configuration of (4+)-u-cis-

[Co dien2][60(CN)6] by X-ray structural analysis is in pragress.36

5.4 CD AND CONFIGURATION OF trans{Co dienzlft
Trans(Co d,imzla+ is capable of optical activity provided that the
::NZ - H bonds remain in fixed dispositions (section 1.3). An aspect
of particular interest with this molecule however is the origin of the
dissymmetry, and to consider how far this can be exprassed in terms of
the conventional chiral sources (section 5.2.3).

In principle, the configurational and conformational effects ara
vanishing for this isomer. Figure 3 indicates that if the atoms of each
chelate ring are taken to be coplanar, the structure has two planes of
symmatry and two C2 axes (thers is alaso an 8‘ axis mutually perpendicular
to the two C, axes shown in the figure) so that the stersochemical dis-
position of the chelate rings sabout the metal ion 1s non-chiral, PFigure
4 shows the chelate ring conformations which must obtain in the optical
isomers. When these ring conformations are considered the planes of
symaetry in FPigure 3 disappesar and the s‘ exis is destroyed (although aach

coordinated ligand retains a mirror plane as in Pigure 4), but one of
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the Cz axea remains and relatas the two ligands in the molecule. The
point group {s thus reduced from sz (ring atoms taken to be coplanar) to
C2 by the ring conformations. A vicinal effect should not arise since
the two chelate rings constituting each dien 1ipand are (in principle)
mirror images. It {s also evident that for each dien ligand the
conformational effect is internally compensated, one chelate ring having
a 6 conformation and the othar the A conformation. Thus the conventional
sources of chirality, configurational and conformational and vicinal
effects, are not present in this molecule.

The dissymmetry of the molecule is due to another chirality type
which 1s exemplified and uniquely deseribed by tha stereochemical
relationship hetween the two trans NZ—H bonds of the secondary nitrogen
atoms in the two ligands (Figure 4). These two N-H bonds form a seguent
of either a right-handed or & left-handed helix taking either N-H bond
as the helix axis according to the IUPAC couvant:lon.6 and the absolute
configurations of the optical forms of the trans[Co dien2]3+ complex may
be designated as trans-6-NH and trans-A-NH respectively (Figure 4). This
source of chirality in such amine complexes can thereforsa be described as
the "N-H chiral effect”.

However the dissymmetry is not due solely to the presence of the
NZ-H bonds as the structure would retain dissymmetry even if such bonds
were absent, for emxample if a sulphur donor replaced the secondary amine
group. The same type of symmatry relationship holds betwaen any of the

Cz~r01ated C-H, N~H, R-C or C-C honds in the two ligands and these
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individual bond chiralitles should all contribute to the overall helicity
of the molecula. The absolute configuration can therefore be described
by any of these bond ralationships (thaese are oot all of the same ekew,

§ or A) and the Hz-H bonds have been chosen as the simplest description
for this complex as this means of nomenclature lends itsalf more
generally to a wider wvariety of potential ligands. With sulphur donors
for example, the lone pair directions might be employed in an analogous
stereochemical situation. An alternative designation for the absolute
]3+

configurations of the trans[Co dien optical isomers could be in

2
tarms of the left-handed (minus) or right-handed (positive) helicity of
the two NZ-H bonds about the 02 axia, M(Cz)-NH or P(cz)-NH respactively
(Figure 4).

Such chiral effects as described above have not hitherto been
realised as contributing effects to optical activity in metal polyamine
complexes, but should be present in complex systems such as [Co trianle+
in addition to the conventional sources of chirality. The activity of
resolved trans[Co trien012]+ (Figure 13) has been attributed to the
conformations of the chelate rings and the two asymmetric secondary

nitrogen atons.87'

The present work indicates however that these
conventional sources of chirality will not fully explain the observed CD,
and that thera will he a contribution from a bond-pair chirality of the
type described ahove and again typified by the stereochemical relationship

2

of the two :BN ~ H bonds, In a similar way, for optically active

ciaa- and ciagCo trianx2]+. u-cis[Co dienz]3+, and all puckered ring
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systens of multidentate ligands such as linear~tetraen and linear-penten,
this previously unrealised source of chirality would he expected to
contribute overall molacular chirality.

Although the contribution of "N2~H chiral effects" to optieal
activity of polyamine complexes has not previously been appreciated the
stereochemical basis is not new. An H2~H bond fixed in one of two
alterpative dispositions will confer isomerism providing these alternative
]3+

dispositions can he distinguished. 1In trans[Co dianz the alternative

dispoaitions of one ::Hz -~ ¥ are distinguished with reference to one
fixed disposition of the other ':Nz ~ H bond in the molecule, Due to
the particular symmetry properties of this molecule the 'N-H chiral
effect” 13 the only contribution to the diasymmetry, since these
coordinated nitrogen atoma themselves are not asymmatric. In complexes
of N~-Meen and sarc the secondary amine nitrogen becomes asymmetric on
coordipation (donor atom asymmetry) and the optical activity arises from
vicinal and conformational effects, In these instances with only one

')NZ ~ H bond however the chiral effect does not arise since there is
no second reference group or bond.

A similar situation to that in trens[Co dien2]3+ arises in the case
where dien is coordinated meridionzlly in the system [Co(en)(dien)01]2+,
shown in Figure 5., Here the two alternpative dispositions of the single
N2~H bond ean be distinguished by reference to the chloro ligand vwhich is
eis to the donor secondary nitrogen. This creates two geometric 1aomers,9

but optieal isomers are not possible as there is no "N-H chiral effect”

nor vicinal affect, and the conformational contributions in the



coordinated dien cancel as in trans(Co dton2]3+
Trans[Co dion2]3+ was resolved into its emantiomers under acidic
conditions (section 3.2), vhere they are optically stable.
The ORD and CD spectra of (+)-trans{Co di.n213+ are given in Figures
10 and 11, The CD spectrum has & minor positive and major negative CD
band at a lower and higher frasquency respectively in the spectral region

of tha lA13 -+ 1'1‘18 absorption of the oetahadral Co(III)N

6 chromophore.
The bands have the same signs and similar magnitudes to those given by
[Co(+)pn(e,), 1% ¥7

reference 97) or (—)-[Co(N-Mcen)(Naa)4

(no rotation sign was given for the complex in
]3"',101 vhere the optical activity
derives in each case from a single asymmetric centre in the ligand and a
single puckered ring. The CD spectrum indicates that the trans "NH
chiral" element gives rise to optical rotatory effects comparable in
magnitude to those of the (conformational + vicinal) effect of a single
fixed puckered chelate ring.

Although the measurements in the UV region wers taken down to 183 mm
(CD optical density detection limit 1 in 105). no CD response was

recorded over this region for the trans isomer. Thus the CD in this

charge transfer region, where = 39,000 at 222 nm, cannot be larger

“max
than about 0.3 compared with -30 for (+)-[Co en3]3+ or +12 for

(+)—tr¢nl[Co(-)vnz(nns)2]3+.9s This indicates that the conformational
]3+

contribution to the optical activity of trams[Co dionz is negligible,

95,96
since any such contribution would be expected particularly in thie region !

(section 5.2.3), and justifies the assigmment of the observed CD bands in
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the ligand field region to the "NH chiral effect'".

The recorded CD does not however distinguish between the two
structures of trans(Co di¢n2]3+ shown in Figure 4. Because of the unique
symnatry properties of this molecule no suitable systems are available
as references, so that at this stage only an absolute X-ray crystal
structure analysis would allow the absolute configuration to be
deternined. An attempted crystal structure of (-)-trans{Co dien,]Br,-
(0106>'2H20 is reported in Chapter 9.

The molecular models indicate some erowding in one quadrant of
]3+

trans [Co dienz , shown shaded in Figure 4. Such crowding might be

relieved by dietortion of one chelate ring of each dien ligand. Optical
activity could then arise from asymmetry of charge about the ::Nz -H

group since the halical contributions of the conformations & and A would
not cancel (as the rings of each ligand would no longer be related by

the plane of symmetry depicted in the Figure 4). Any such distortion in
the sclid state should he evident from a crystal structure annlyail.36
The solution CD has indicated howaver (see above) that any such distortion

is evidently too small to be detectable by this means.

5.3 EXPERIMENTAL

ORD curves wera racorded on a Perkin-Elmer P22 Recording

Spectropolarinater using ca. 0.3% solutions in 0.01M HBr.
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The CD spectra were recorded on a Jouan CD 185 Dichrographe (by
courtesy of Prof, S,F. Mason, School of Chemical Sciences, University

of East Anglia, Norwich, U.K.%®),

% Present address, Department of Chemistry, University of London,

King's College, U.FK,
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CHAPTER 6

EQUILIBRIUM ISOMER PROPORTIONS AND THEIR DEPENDENCE ON ENVIRONMENTAL

PARAMETERS

6.1 FACTORS DETERRMINING RELATIVE ISOMER STABILITIES

Introduction.

Some of the factors affecting relative isomer stabilities of
coordination compounds have been appreciated for many years, but the
quantitative estimation of these factors from theoretical considerations
has been a relatively recent development. In coordination chemistry,
the phenomenon of preference of one geometric isomer or internal
diastereoisomer over another is termed stereospecificity. Such an
effect is usually obpcrved in situations where a dissymmetric chelate
complex (e.g. of the tris(bidentate) type) contains an asymmetric
(optically sctive) ligand of one configuration and the two optical
forms of the complex, which are internal diastereoisomers, are not
obtained in equal amounts. From early experimental -tudien.1°2~lo‘
such stersospecific effects vere at first considered to he absolute,
and the discussions of the free energy differences ware in the qualitative
terms of the gross steric effects, non-bonded interactions and bond angle
strains, which were observable from models. However, the puckered nature

of chalate ring|81’105“103

of many coordinated ligands, such as ethylene-
diamine, introduce more subtle conformational effacts which contribute
significantly to stereospecificity. It is proposed to outline in this

section the development of ideas and methods to estimate the various
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factors involved, to provide a basis on which to discuss the present

experimental results in the aubsequent sectionms.

Corey end Bailar Calculations.

The first quantitative assessment of the energetics involved in the
specificity caused by non-planar chelate rings was made in 1939 by Corey
and Bailur,ao using essentially the methods of conformational analysis
which had been established for analogous flexible carbocyclic rings in
organic chemistry by that time. The two possible enantiomeric confor-
mations of the M-en ring, § and ) (section 1.2, Figure 1), are equal in
energy in isolation where they are geometrically equivalent (e.g. in
[M(N33)4an]n+). In the tris—chelate M en, system however, the four
possible conformational combinations for each optical configuration
(A or 8)° about the central atom (588, 68\, 8AA, and AAA) will have
different energles because they involve different non-bonded atomic
interactions. The above authors using the potential function of Mason
and Kreevoy.log assessed these interactions as giving rise to an “energy
difference" between the most stable AS88/AAA) and the least stable
AAL/A88S conformars of 1.8 kcal nolc-l. or 0.6 keal nolc-I per chelate
ring. In the former pair of conformers the C-C bonds of each ligand
are parallel (lel) to the molecular C3 axis whereas they are oblique (ob)
to that axis in the latter case, so that the energy difference 1.8 kecal
mle—1 essentially represents the difference between three lel

conformations and three ob conformations.
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In the coordination of en anmlogues which form five-membered chelate
rings, the same conformational possibilities have to be comsidered, but
with amines substituted on either the C or N atoms another factor is
involved in the determination of the stereochemistry. With active pn, the
C-substituted methyl group can be either axial or equatorial to the overall
plane of the ring (defined by the metal snd two donor nitrogen atoms)
depending on the ring conformation. Corey and Bnilatso estimated that
thera would be a difference of at least 2 keal mole - between these
axial or equatorial situations in favour of the methyl group being
equatorial where non-bonded interactions of the methyl substituent are
substantially less. With coordinated R(-)pn, where the ring conformation
would always be A to maintain the methyl group aquatorial, regardless of
the configuration A or A of ligands about the metal, there would be an
expected energy difference between the optical forms 4AAA[Co cnz(-)pn]3+
(a1l conformations lel) and A8SA[Co cnz(-)pn]3+ (two conformations lel)
of 0.6 kcal mole L in favour of the A diastereoisomeric fon. Such a
di{fference in energy would not lead to absolute stereocspecificity (xcnlc -
2,8/1) so that isolation of both ions should be possibla., Sterecapscific
effects in the analogous complex systems ICO(Qn/pn)3]3+ ware rationalised
in a similar way.

In the theoretical predictions of Corey and Bailarso only non-bonded
atomic interactions between the strain-free gauche conformations & and A

vare considered. Ko account was taken of the contribution to the free

energy of what were referred to as the “entropy effects" of solvation,
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ion-association, lattice forces, or statistical effects. Since the
molecules being compared were similar in overall shape, size and nature

it was suggested that such differences would be small.

Dwyer's Experimental Work on Stereospecific Systems of Bidentate Ligands.

At the same time, Dwyer was undertaking an sxtensive experimental
study of stereospecific systems. In the equilibrium preparations of the

]3+ 48,65
3

systems [Co pn and [Co cna_x(-)pnx]”.49 the close agreement

betveen experimental free energy differences (AG°) between pairs of
isomers and the calculated enthalpy differences (Ano)ao tended to support
the above contention of Corey and Bailar, after a statistical weighting
favouring the "mixed ligand" complexes such as [Co onz(-)pn]3+ or
[Co(+)pn(-)pn2]3+ had been applied to the calculations. The agreement,
coupled with the substantially correct prediction of the shape of the

M-en ring using methods of vector analysis, 0 led to wide acceptance of

the Corey and Bailar method of conformational analysis at the time,

It ia noted at this point however that subsequent calculationlllo
on the [Co ."3-x(-)p°x13+ system using energy minimisation techniques
(vhich will be outlined later) have indicated that the AR° values of Corey

and Bailar®®

were probably overestimated., The contribution of the "entropy
effects" to ACC 1s probably not negligible thersfore and the close
agresment with Dwyer's results may have been somewhat fortuitous.

From the experimental figures of Dwyer for the energy differences

between lel and ob conformations in these pn complexes, the conformer
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111,112 as (for

proportions in a solution of [Co ¢n3]3+ may be calculated
the A configuration) 885 (tris-lel):S88A:8AX:AAN (tris-ob) = 59:29:8:4,

The proportion of the AS6A/AAAS (lel lel ob) form thus appears to be quite
significant. The mixed conformers A\AS and A86 should be favoured
statistically over the forms 8§56 and AAA, but the ahove calculations

have not included this statistical weighting. When such allowance is

made the lel lel ob arrangement might become the most favoured, and

this is discussed further bhalow.

Bond Angle Strain in Multidentate Ligand Systems.

With nultidentate ligand systems, the various geometric isomers
nust involve different bond angles at the donor atoms bridging adjacent
chelate rings. Dwyerl‘ applied the above mentioned gross steric effects

* and [Co trienx2]+. For the

qualitatively to the systems [Co dicnz]
dien system, consideration of bond angle strain about the secondary
nitrogen groups of the dien ligands led to the prediction that the cis
forms should ba more stable than the trans. The trans isomer should be
more favoured however on the basis of non-honded atomic interactions only.
As the relative magnitudes of these two effects, together with any
conformational effect, was unknown it was concluded that there may

be appreciable amounts of both cis (facial) and trans (meridiomal) forms
present at cquilibrium.lh The present work indicates this to be substan-

tislly correct, and the greater stability observed for the trans form

implies, on the basis of the above qualitative argument, that the bond
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angle strain factor is not the dominant effect,
Yor the [Co trienlen+ svaten (Figure 2), it was similarly deduced
that on the basis of bond angle straine at coordinated sec-N, "angular"
coordination of adjacent rings would be energetically more favourable
than "planar" coordination, and accordingly the stability order of the

three isomers should be cilac > cisp > trans.l4 FAowever non-bhonded

interactions would be expected to be greater for the cisc than the
cisf form. The opposing nature of these two steric effects suggests
that the two cis forms could be of comparable stabilities. The above
stability order has subsgequently been established for [Co trian(N02)2]+

in aqueous modia.l

Although the cisa is generally more stable than
eisf, the o/8 ratio 1{s modified by the scido substituents, and in

[Co trian(QH2)2]3+ the cisf fsomer is favoured. Such dependence of rel-
ative isomer stabilities on acido substituents has also been noted in

other cobalt(ITI)-quadridentate ligend syltems.113

A priori Calculations of Non-Bonded Interactions.

Because of the apparent quantitative success of the Corey and Bailar

mothod,so qualitative considerations such as those above were supersaded

by semi-quantitative a priori calculationsllb

of enthalpies associated with
non-bonded atomic interactions. This method involved measurement of these
non-honded distances from accurate scale models (Dretding) assuming bond
angles to be octahedral at the metal atom and tetrahedral around each C

and N atom, and the various bond lengths to he average crystallographie
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distances. The most significant non-bonded interactions were minimised
as much as possible in the model by rotation of substituent groups, and
adjusting ring conformations within the flexibility allowed by the
models, and the non-bonded distances were then measured directly. The
repulsions associated with these non-bonded atomic interactions were
computed using the potential function of Kill,lls and summed for the
molecule. This potential function, which is more conservative than

a0% (used by Corey and Bnilarso) was preferred

116,117

that of Mason and Kraeevoy
as the Mason-Kreevoy expression may overestimate these repulsions.

Such calculations of energy differences have been made by Sargeson,

Buckingham and co-workers for the systems [Co .nzllt¢]2+,118 AB~SS- and

Ag-SR~-[Co trionx2]+.2 8, and g2[Co(tt1¢n)(larc)]2+,119 [Co(NH,) .-

(N-Mccn)]3+,1°1 and trans, trnnl[Co(NhMben)z(Noz)z]+,120 and by Gollogly and

Bawkins for [Co(Me—p.nt.n)]a*.117 For the above systems satisfactory agree-

ment was obtained between the enthalpy calculations (AH°) and the experimen-
tally observed stereospecificity (AG°). In the same way as for previous
conformational annlylcs,ao the a priori calculations considered only the
contribution of non-bonded interactions to the enthalpy. The notable
improvement of the & priori method was the quantitative assessment of
every serious interaction and the use of a more appropriate function, and
some minimisation of the interactions was achieved by the use of models.

As more complicated molecules wers considered along the above lines
some narked discrepancies emerged batween the theoretical predictions of

these calculations and experimental results. Maxwell et al. found that
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the two ga isomers of [Co(trion)(S-Pro)]2+ {(8-Pro = $-Proline =
e | -

NHCHzcﬂchZCHGOO ), shown in Figure 14, were formed in about equal
abundance whereas a priori calculations had indicated that considerable

stereospacificity was likely in favour of the (-)-__lg_2 form of the conplex.121

121,122 showed that what

X-ray crystal structures of these complexes,
were expected to be severe non-bonded interactions from models had been

slleviated by slight bond twisting and small changes of bond angles. The
validity of calculations based on rigid models with fixed bond lengths and

angles thus became questionable.

Enargy Minimisation Procedures.

Since Maxwell's work in 1969, the quantitative and more thorough
approach of energy search and minimisation procedures has been developed,
aided by advances in computer technology to allow the processing of a
large number of variables. The most popular of these approaches for

123 and tha

126-128

application to inorganic systems was originated by Boyd,

method has been developed and modified by Snow124'126

129,130

and Maxwell,

and Dwycr,131 and

applied to the following aystems: ICO(tetraan)Cll2+,125'126 Co(I1I) complexes

132,133 gQICo(:rion)(8—?ro)]2+.121'126 ring conformations im Co(III)

2+’128 N

and eubsequently, independently by Hawkins,

of tn,

f-trien systens gcncrllly.127 [Co(trien) (N-Me{S)-ala)] ing

conformations of coordinated en, pn and N-Meen ligands coordinated to

129,130 24191, m[c‘,(trmwma]u.ln

and trans, trans[Co(N-Meen) Cl2 ]+ ) 131

Co(I1I), sym[Co(trenen)Cl]

gzg[Go(Hn—tr.nen)Cl]z+ 151



r.’} c”
C—" \ N
\ N 4.,,C
4N | N C N= NN &
7 i ]~ /1l / 0’7

(~)=E5-RES-[Co (trien) (s-Pro) i (+)-85- 585 [Co (trizn) (5-Pro) i 2T

Figure 14. - The diastereoisomeric forms of B[Co(trien) (S—Pro)]2+.121
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The energy minimisation technique considers the total strain energy
U of the molecule as being separable into several components:

Umw EB +E._+ Ee +E +E

NB ¢ other

vhere EB = bond length deformation terms
ENB = non-bonded interaction potentials
EB = bond angle deformation terms
E0 = torsional energy, and

Eother reprasents other terms contributing to the strain emergy, but
these are ignored in the calculations. Using a suitable force field, the
total strain emergy can be minimised by allowing the atomic coordinates

129,130 differs in that it

to vary coutinuously. (The method of Hawkins
considers the strain energy as a function of independent geometric
variables which are varied one at a time.) Such calculations yield the
equilibrium energy of the molecule and its detailed geometry, and although
there is uncertainty in the arbitrary energy zero associated with U,
similar molecules can be compared in terms of energy diffaerences AU, which
are equivalent to differences in enthalpy (AH°).

The enthalpy differences thus calculated have generally been found to
be close to experimental free energy differences observed in stereospecific
lyltcml.lzémlza The prediction of geometry by the method has generally
been quite satisfactory where X-ray structural data is available, and
some discrepancies have been satisfactorily correlated with the effects of

125

lattice forces which can occur in the crystalline form. The energy

minimisation method is considerably more sophisticated than the previous
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methods as it considers all tha major contributors to the forca fiald.

It will for example, explain the energy situation and geometry for the

121,126

8,[Co(trien) (5-Pro)1** system, by which the a priori calculations

ware discredited,

Linitations of These Calculative Procedures,

Energy minimisation has so far been limited to calculating

1)
intramolec’

corresponding to a hypothetical isolated ion in the gas phase, and

enthalpiles arising from intramolecular effects only, AH

intermolecular interactions have not been considered. The experimental

energy differences are however free energiles, AG:xpt

from the measured equilibrium position, K. They will therefore involve

., a8 assessed

the terms which have been referred to earlier in this section as
“"entropy', and which will include solvation, ion-association, lattice
effectz and statistical considerations. The relationships may be sat

out in equation form as follows.

¢ " " "
expt Anintramolec + "entropy ternms
(calc from energy
minimigation)
o] o o
- Aﬁinttnnoloc TAsintramolec * Aﬂgnternolcc TAsintcrnolcc

The broad classification of these intermolecular interactions as "entropy
effects’ 1is somevhat misleading as the factors mentioned may involve
contridbutions from both entropy and enthalpy. Experimental results do

indicate that these intermolecular interactions with counter-ions and
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solvent may have a considerable bearing on stereospecificity, as dis-
cussed briafly below. Although the magnitude of these interactions

individually cannot be estimated, their sum may be obtained from tha

o o
difference betwean the AGexpt and the calculated Auintramolec

but this difference cannot be divided into the enthalpy (Adzntcrnolcc

o o
intramolec & Thsintermolcc)' The

figures,
)
and entropy contributions (TAS
thermodynamic consequences of intramolecular and intermolecular intexr-

actions will be discussed 1n the following section (6.2).

Recent PMR, CD, and X-ray Fvidence on Preferred Ring Conformations.
80

The early calculations of Corey and lailar  on the conformations

of coordinated en indicatad that lel rings were preferred. The most

111,112

stable conformer of [Co en * was predicted to he ASS8/ANAA

3]
(59%7), although a significant proportion (292) of the conformer

ASSX/AAAS should exist in solution. However the PMR spectra of several

M on, )™ complexes (M = Ru(II), Pt(IV), NL(II), Rh(IIL), Ir(III), Co(III))

85,86,134

3]
have recently been re-examined under high resolutien, and have
been interpreted to indicate rapid conformational inversion, with the
most abundant conformer being the racemic pair ASSA/AAAS and not
A885/AAAA. This result is not unexpected from statistics, which would

favour the mixed conformer situation (see above)., The addition of

2
3 4

spectra, which suggests specific aasociation

polarisable anions such as P043-, 8802, and 80,2 however, considerably

83,134 133

modifies PMR and CD

by these fons. These two spectral techniques are the most important methods
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for study of conformations in solutionm as they are strongly dependent
on molecular symmetry. In the PMR spectra of these complexes, the form
of the ")an resonance will depend on the number of differemt environments
in which such protons are situated and thus depend on the molecular
symmetry. A conformational change will alter this symmetry, and will be
reflected im a change in the form of that resonance (section 4.3.3).
Similarly for the CD speectra, a symmetry change of the molecule resulting
from conformation change will alter the electronic anergy levels and the
CD spectrum will change, either in the relative intensities of hande
or in the splitting of the band constituents (sectfon 3.1).

The only other method available at prasent for conformational
study i{s X-ray crystallography of fons in the solid atate. By this

method, [Cr en ]3+. in combination with various anions, has been shown

3
to exist in the four possible conformer combinations in the solid
state,az'oh presumably because of specific stabilisation due to hydrogen
bonding and lattice effacts, The bulk of X-ray structural avidence on
amine complexes to date however indicates that the tris-lel form is
preferred in non-hydrogen bonded structures, but this is probably a
lattice packing effect as it is apparently not the most stable conformer
in solution (from PMR evidence, see above). These lattice effects, as
part of the intermolecular contridbution to free energy, are only involved

in the solid state, 3o that preferred forms Iin the solid need not be the

predominant forms in solution.
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Effacts of Solvation.

Solvation would also he expected to contribute to the free energies,
especially in the case of cationic complexes which are likely to be
highly solvated. The magnitude of this effect could be considerable as
for axample in the [Co trienClzlf'.ysteml vhere cisfi[Co trianClz]+
isomerises to the trans isomer in methanol solution (ef. [Co en2012]+),
whereas no trans[Co trienx2]+ species have been isolated from aqueous

solutions to date.

Other Experimental Measurements of Isomer Stabilities.

Much of this discussion has involved hidentate amine complexeas.
Only in recent years have experimental determinations of equilibria,
coupled with some form of calculation of stereospecific effects bean
made for more complex systems, and a number of thase have been referred
to above. Other instances of systems involving five-membered chelate

rings which have been studied in this way include the following.

k) §

Legg and Cooke  considered the bis(tridentate) systems

[Co(di.an)(IDA)]+ and ICO(dien)(MIDA)]+, both of which have the same
geonatric possibilities as [Co dionz]3+. and they rationalised tha observed

equilibrium Lisomer proportions with qualitative conformational anslyses

and statistical arguments. The bis(tridentate) systems [Co(dien)(S-—Asp)]+ 99

and [Co(IDA) 136 have been studied in the same way.

5]
For complexea of tetradentate ligands, stereospecific effects in

(Co tricnxz +,1 [Cr trienle*,137 and Co(II1) complexes of
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N,N'-disubstituted ethylanediamineslla'las (such as EDDA) have been
considerad with reference to qualitative predictions of stabilitdes,
In a similar way, the proportions of isomers isolated for the Co (I11)
complexes of the trien analogue 1,8—d1am1no-3.6-dithiaoetane139
(cee = (NHZ-CHZ-CH2~S~CHZ-)2), and of various methyl-substituted
Crienslho’l‘l hava been correlated with stahilities predicted by the
study of models.

In all the previous studies, excepting [Co(IDA)zl', the complexes
involved mixed ligands or acido substituents and even in [Co(IDA)zl'.
different donor atoms N or O were coordinsted to the metal., In all
these systems there will thus be factore other than those of

environmental variations which may contribute to the observed stereo-

specificity.

Reagons for the Present Study on [Co dien213+.

Varioug experimental ohservations have thus shown that fon-
association, solvation, lattice packing effects, and gtatistical factors
contribute significantly to the AC® between isomeric (and conformational)

3

forms of metal complexes, Recalculations on [Co en by energy

mininisation methods have shown that the enthalpy differences between

80 vere too large so that in

conformers calculated by Corey and Railar
this instance the intermolecular factors are important. The relative
magnitudes of the individual contributions are unknown, and the limited

experimental data has not allowed estimates to be made, usually because
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of complications due to mixed ligands and acido substituents. In such
cases the various contributions to the intermolecular interactions may
not be varied independently. For example, disproportiomation can occur
with mixed ligand aystams,so and ligand exchange and dissociation may

occur with complexes containing acido ligands.sgb

No temperature variation studies of geometric isomer proportions or
envirommental effects ara apparent in the literature.

From this discussion, 1t would appear that a study of isomer
proportions in the [Co dian2]3+ system under conditions where thermodynamic
equilibrium exists should be useful. The systenm 1s inert and free from
the complications inherent with mixed l1gand complexes and with acido
substituents. It has a limited number of isomers (three geometric forms)
which can be readily separatad and charscterised (sections 2.4 and 3.3).
Moreover, by the preparation of the complex under conditions where
equilibration occurs (section 3.1) this system lends itself to the
variation of temperature, concentration, ion-association by a number of
anions, and solvation. The immediate aim of the present work was to
determine the effect on isomer proportions of varying the above parameters,
and for this purpose an accuracy of +1 in the isomer percentages was
considered satisfactory. X-ray crystallographic studies of the isolated
products36 would allow assessment of the contribution of lattice affects.

In addition, the equilibrium fsomer proportions between the three
{Co dien2]3+ {somera under various conditions were required for the

subsequent studies of isomerisation reactions, reported in Chapter 7,
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6.2 THERMODYNAMIC CONSIDERATIONS

For any system in equilibrium, the equilibrium constant K is related
to the difference in standard free energies of the species by
AG® = -RT 1n K
vhere R = gas constant
T = absolute temperature.
This 4G° has contributions from the differences in the standard
enthalpies and standard entropies between the species according to
6% = an® - ras®,
Over a limited temperature range, it can be assumed that enthalpies and
entropies are independent of temperature so that if an equilibrium is
studied, and AG®

expt
o o
at two tenperntut,sr then Aﬂ.xp: and Asexpt can be obtained for the

evaluated from the experimental measurements of K

system,

In the isomer equilibrium existing in the [Co dian213+ system, K
can be determined for each isomer pair. For any given sat of equilibration
conditions, using values of the isomer proportions obtained at two
temparatures, the enthalpy and entropy differences between esch isomer
pair can thus be evaluated.

The exprassion relating ac° to AR° and AS® can be separated into

further terms as follows:

o o
Aoe:pt - AH:otal - TAstotul
. o o
- Aaintranolcc Tﬂsintrnnoloc N Angntorunloc TAsintcruolcc'

For any two preparative conditions, A and B, it is therefore possible to
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asaess the differences betwsen the contributions of the individual

o 0
- ) and
t:otllA totalB

o o
(Allint lecA aaint lacn) from the difference in the experimental

results under the two conditions A and B, {if Aﬂgntramolcc

intermolecular interactions (AS AS

may be assumed

constant,

However 1if AH°

intras e were known (from energy minimisation

calculations) for each isomer pair, then the contribution to each K

o
and Astotal
parameters could be svaluated directly,

value of AR®

int lec for each of the individual envirommentsl

6.3 EXPERIMENTAL

Equilibrium isomer proportions of the three geometric isomers of
[Co dicn213+ were determined under a variety of conditions from separate
aerial oxidation preparations. The stoichiometry involved in all runs was

CoX, + 2dien + HX + 30, T Ico dten, ) + 3x7,

All aerations were of 36 hours duration, and were carried out either at
room temperature (13 + 2°) or over a steam bath (temperature 30 t,2°).
Analytical grade reagents (Co(II) salts, added salts and acids), and
freshly distilled dien, were used.

Equilibrium between the isomeric products was established by the
presence of charcoal. Freshly finely ground "BDH granulated charcoal for
gas absorption” was used for this work, and all determinmations employed
sanples from the same batch, whose catalytic activity wvaas tested to ensure

that it satisfied the criterion of causing racemisation of (+)[Co on313+
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within 2 minutes at 90°,%9

The following procedure was typical of most of the runs. It was the
method used for Run 5 (Table 5) where anion was added in excess of the
stoichiometry as required in the above equation.

Co(uos)2.7ﬂzo (0.29 g, 0.0010 mole) was dissolved in wvater (30 ml)
in a two-necked 100 ml round-bottom flask fitted with a reflux condenser
(to minimise loss of water by evaporation during the subsequent seration).
To this solution was added Nhuos (8.5 g, 0.10 mole) and the salt was
dissolved as complately as possible before the addition of charcoal (2 g),
and a mixture of dien (0.23 g, 0.0022 mole) and EHO, (1.1 ml of 1M,

0,0011 mole) in water (20 ml)., The mixtura was aerated for 36 hours
and the charcoal was then filtered off under gravity.

The equilibrium preparations weras carried out under a variety of
conditions, including variation in the anion X , sdding salts in some runs,
and varying tha cation concentration, temperatura, the solvent, and pH.
These variations are evident from Table 5.

In the preparations involving phosphate and selenite fons (runs
28-34, Table 5), tha Co(II) salts of these anions were not used directly
due to their low solubilities. NaaPO‘ and n.23¢03 were added to the
solution of CoCII. as in the procedure above, and the seration carried out
on the resulting suspension of the sparingly soluble cobalt(II) salt which
precipitated along with some cobalt(II) hydroxide. It was assumed that
this Co(I1) salt would dissolve as the reaction proceedad, so the
preparation should remain under equilibrium conditions throughout the

pProcass.
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The filtrate from each of the preparations wvas diluted so that the
concentration of tha +1 cations was less than 0.1M, and an aliquot of
approxinately one quarter of the total volume was applied to each of
two columns (350 em x 0,9 em) of SP-Sephadex C-25 Cation Exchanger (Na+
foran) for duplicate isomer separations. The absorbed complex on each
column was eluted with 0.3 sodium (4+)-tartrate solution to separate the
isomers in the order s-cis (eluted first), u-cis, then trans (last).
The separated bands were collected in volumetric flasks which ware
subsequently made up to the standaxrd volume (either 235 or 30 ml), and
mneasured spectrophotometrically in 1 em or 4 cm quarts cells,

The optical densities of the eluted ilaomers from each ¢hromato-
graphic separation werea measured at the first band maximum (ca. 466 nm,
Table 6) on a manual Shimadzu QR-50 spectrophotometer against water
reference., It was established (sectiom 4.3.1) that the separate isomers
gave identical spectra and extinction coefficients 1f dissolved in water

or 0.3 sodium (+)-tartrate solution (Table §).

TABLE 6
Chromatographic Elution Order, and Visible Spectral Data for the Geometric
Isomers of [Co dimzl}"
Isomer Eluticon order from Sephadex with First band mxinum]
Na, (+)-tart
s~cis 1 (fastest woving) iy = 68.3
u-cis 2 tign = 96.4
trans 3 (slowast) €r66 = 137.0




110.

For each set of separated isomers, the eluted isomer quantities

were calculated using the relationship

Dv
nuaber of moles =
1000 el

where D = optical density,

v = volume of eluted solution (25 or 50 ml),

¢ = molar extinction coefficient, and

1 = path length (1 or &4 cm),
so that the percentage composition of the three component isomers could
then be calculated. The values given in Table 5 for each run are the

means of these duplicate determinations.

Before the chromatographic separative procedure on Sephadex had
been developed, the isomer proportions were determined by the following
alternative method. The [Co dieu2]3+ equilibrium preparation was
performed on a 0.1 mole or 0.2 mole scale, and the aerated solution,
after filtering, was converted to the Br anion by a column of anion
exchange resin. The s-cis isomer was crystallised quantitatively (section
3.2), using IR methods to determine the first appearance of the next
least soluble trans isomer (section 4.3.2). The trans/u-cis ratio was
obtained by quantitative paper chromatography (section 2.4) of a sample
of the remaining solution (known volume), the eluted isomers being
estimated spectrophotometrically. The isomer proportions thus calculated

(assuning 96% formation of the complex in the aeration solution, section



TABLE, §
Isomer Proportions in Fquilibrium Preparations of [Co dionz)” with

Variations in Environmental Parameters

Run Temp. Solvent Co-' [Co®']  Added Salt  Isomer proportions
Ho. % Anion and [salt) s-cis u-cis trans
1 20 B0 Clo,~ 0.2 - 8 30 62
2 20 B0 Clo,” 0.02M - 8 30 62
3 20 H)0  ClO, 0,024 BaClO,, 2o 9 30 61
4 20 HO NO, 0.0 - 7 29 64
5 20 R0  NO,” 0.02M NaNO,, 24 8 30 62
6 20 H)0  OAs™ 0.0 - 7 21 66
7 80 H0  OAc 0,024 - 14 42 44
8 20 H)0  OAc  0.024 NaOAc, 2M 12 87
9 20 MeOH OAc~  0.02M - 18 29 53
10 20 t-AmOH OAc’  0.02M - 20 43 38
11 20 B0  Br  0.4M - 7 28 65
12 20 HO Br 0.2 - 7 27 66
13 20 5,0 Br  0.02M - 7 21 66
14 20 H)0  Br 0.2  NaBr, 2 7 15 68
15 20 B0 Br 0,024 Nabr, 2% 7 2 67

(cﬁﬂtd . )



TABLE 5 (contd.)

Run Temp. Solvent Co2+ [Coz+] Added Salt Isomer proportions
No. og Hailon and [salt] s-cis u—cis trans
16 20 H,0 Cl™ 0.4 - 7-**;§;“ 65
17 20 H,0 cl- 0. - 7 25 68
18 20 H,0 cl”  0.02M - 7 26 67
19 80 H,0 cl”  0.02M _ 12 41 47
20 20 H,0 ¢1”~  0.02M NaOH, 0,0I1M:pH.10 10 28 62
21 20 H,0 cl” 0.2 KC1, M 8 26 66
22 20 H0 CL  0.024 KCl, 2 7 28 65
23 20 Ho 50,77 . - 19 % 47
26 20 no  so 2" .oz - 18 3% 48
25 80 HO 50,77 .o s 22 44 34
26 20 RO 80,77 .M K80, 2 25 3 3
27 20 H,0 s0,” .02 K,50,, 2M 2% 39 37
28 20 H,0 cl” 0,024 Na,Se0,, 2M 59 28 13
29 20 H,0 €1~ 0.02M Na,HPO,, 24 37 38 28
30 20 H,0 cl”  0.02M NayPO,, 1.2M (sat) 59 29 12
31 20 H,0 Cl” 0.0 Na,PO,, 0.01M 16 31 53
32 20 H,0 cl”  0.02M Na,PO,, 0.02M 26 33 41
33 20 Hy0 €™ 0.024 Na,P0,, 0.04M 37 33 30

34 20 H,0 Cl 0.02M Na3P04, 0.08M 55 25 20
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6.4.1) were closely comparable to the present results obtained by a more

direct method,

6.4 RESULTS AND DISCUSSION

6,4,1 DISCUSSION OF THE METHOD

In the course of these studies on the equilibrium proportions of the
three geomatric isomers of [Co dionzls*. all results were obtained from
aerial oxidation preparations under equilibrium conditions by the presence
of charcoal. Variations of the parameters involved in the preparations,
cobalt concentration, temperature, solvent, the presence of different
anions (ion-essociation), and pH, could all be examined independently or
in combination, and the results are set out in Table 5.

It was shown earlier (section 3.2) that the aerial oxidation method
allows the crude (Co d10n21013 complex as an isomeric mixture to be
isolated in ca. 94X yield so that it can be assumed that in the present
isomer proportion studies the complex is formed in solution in at least
this yield., The maximum yield of Co(III) species anticipated would be
ca. 96X because of reduction (ca, 4% to Co(IX)) is known to oceur in the

64 The isolation of the complex in high yields also

presence of charcoal.
precludes any inaccuracies in the determined isomer proportions dus to
adsorption by the charcoal of the complex,

Studies of isomerisation (no charcoal) from each geometric isomer,
to be presented later (Chapter 7), allow an assessment of these

isonerisation rates, and it is apparent that negligible isomarisation
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will occur separately (from the aquilibration) between the isomers, once
formed in equilibrium preparations, at 20° over the pariod of the seration
(36 hours). At 80°, the rates of isomerisation in water are still
considerably slower than the rate of aquilibration on charcoal at that
temperature, Equilibration of sach isomar separately in the presence
of charcoal is known to be complete within 12 hours at this elevated
temperature (section 7.4). The values in Table 5 can thus be considered
as true equilibrium values since any isomerisation that occurred would
be re-equilibrated in the duration of the aeration under the conditions used.
It might be argued that since equilibration of any isomer at 20° 1n
the presence of charcoal is not complete within one week (Chapter 7), the
aerial oxidation preparations at that temperature should be performed on
a time scale consistent with the equilibration. However the isomer
proportions chbtained from the aerisl oxidation procedure (36 hours) were
identical (within experimental error) with the squilibration results, so
that presumably the catalytic properties of charcoal are enhanced by the
presence of the unoxidised Co(II) in the aerial oxidation propatations.sz
Furthermore at 80°, the aerial oxidation preparation (reported in this
chapter), the charcoal catalysed squilibration process and the uncatalysed
isomerisation process (both reportad in Chapter 7) produced identical
values of the isomer proportions. These results, in conjunction with the
observation (section 3.3) that all charcoal ecatalysed praeparations (both
oxidative and substitution) gave products of similar isomeric distribution,
forn substantial evidence that charcoal markedly catalyses the attainment

of a true thermodynmamic equilibrium distribution of isomers in the
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complex preparations.

In all preparations the concentrations were adjusted to ensure that
no product separated out, so that all results correspond to equilibria
in solution. If some precipitation of the complex had occurred, the
isomer proportions for the remaining solution might not be aquilibrium
values, although in principle the remaining solution would eventually

equilibrate under the conditions.

6.4.2 QUALITATIVE CONCLUSIONS FROM THE EXPERIMENTAL RESULTS

The results (Table 5) allow some new conclusions to be made concerning
the contribution of these intermolecular effects to the stereospecificity
of this complex system. More work could be dona however in the studies
of solvation, and of temperature variations as the studies reported here
are limited in scope. The main qualitative conclusions reached will be
listed here, and discussed in tha following section 6.4.3,

(1) The trans isomer of [Co d1¢n2]3+ is preferred to the two cis forms.

(11) The concentration of cobalt [Co] in the 20-fold range of 0.4M to
0.024 had no effect on the isomer proportions (compare data from
runs 11-13, and from runs 16-18). This effect will not be discussed

further.

(111) Changes of solvent, water and various alcohols, produced significant

changes in the proportions of isomers.
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(iv) The prasence of the anions 0104-, Nos-, Br or Cl1 , either in
stoichiometrically required quantities or in excess, gave the

sana values for the proportions.

(v) The use of basic conditions in the preparation mixtures (e.g.
excess acetate ion or added hydroxide ion) gave a slight increase

in the proportions of the less stable cis isomers.

(vi) The presence of the anions Poba_, 50032- (and to 8 lesser extent

3042') produced a marked increase in the proportion of the s—cis

isomer at the expense of the trans form.

(vii) An increase of the temperature under which the aeration preparations
were performed increased the proportions of the lass stable cis

isomars.

6.4.3 INTERPRETATION AND DISCUSSION OF QUALITATIVE CONCLUSIONS

Preoference for the trans Configuration.

It is not possible at this stage to comparas the experimental values
of the isomer proportions with theoretically calculated values since the
energy minimisation calculations for the [Co dien2]3+ system are not yet

eonplotcd.142

Semi-quantitative a priori calculations wers not considered
vorthwhile dus to the inherent approximations in these calculations, as
discussed earlier (section 6.1).

In a preliminary energy minimisation for coordinated diem, Snov163

extrapolated the results of the energy minimisation calculations on two
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conformational isomers of af[Co tctrunCl]z+ (one of the four geometric
isomers) shown in Figure 15, to considar facially and meridionally

coordinated dien by separate evaluation of interactions in rings T and
1I, and rings III and IV, respectively (Figure 15). It was found that

such transferred results indicated the meridional coordination was

prcfcrrcd.143

This result concurs with experimental evidence on some mono(dien)

complexes of Co(I1I), where the isolated complexes [Co dien013].15’26’27'3°

15,21 + 15

[Co dien(NO (Co dion(N02)201].15 and [Co dien(NOz)z(Nﬂa)]

2)3]9
were all found to be trans. Only in certain circumstances have cis
mono (dien) complexes of Co(IXI) baen observad. In the mixed bis(tridentate)

+ 3 and ICo(dicn)(S-Aap)]+ 99 the predominance

systems [Co(dien) (IDA)]
of the cis geomatric forms was ascribed to the strong preferance by these
two anino acid ligands for the less strained facial coordination. Of
the mono(dien) complexes involving three monodentate ligands however,
only in [Co(dien)(H20)3]3+. and corresponding chloro/aquo complexes, have

cis arrangements been rcpotted.30’73

It seems likely that aquo ligands
enhance the atability of cis(dien) coordination, presumably by some form
of intramolecular hydrogen bonding. These Co(III) mono(dien) complexes
with aquo ligands have been raported only in solution howevar,30'73 80
that thers may be some doubt as to the geomatric assignments.

There thus appears to be a general preference for meridional
coordination by dien in the above cobalt(III) complexes. It would thus

be expected that the trans{Co dicnzl3+ isomer should be favoured over the
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Figure 15. Conformational isomers of gﬁjCo tetraentl] .143
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two cis forms, at least under conditions where there were insignificant
intermolecular interactions, although the effect of the acido
substituents {8 unknown in the previous examples. Under normal prepara-
tive conditions st 18° in the presence of C1” or Br (runs 11 and 16,

Table 5) the proportions obtained were s—cis:u-cis:trans = 7:28:65,

and these figures will be used as a standard with which the other data

will he compared.

Effect of Solvation.

The present results are limited in the scope of the investigation
of solvent effects on isomer proportions. However the change from the
aqueous medium (run 6, Table 5) to alcoholic solvents (runs 9 and 10)
affected the relative isomer stabilities, consistent with the differential
solvation of the isomers, enhancing the proportions of the two cis

isomers in the alcoholic solvents,

Effect of C10,”, NO, , Br , and C1 .

In conditions where the anions Cl0, , noa', Br , C1 , and OAc were
present in stoichiometrically required quantities only, there was no
variation in isomer proportions from those quoted above (compare runs
2, 4, 6, 13, 18). This latter observation is consistent with known
association constants for outer sphere complexes with ions of the Co(III)

hexamine type, which (for a given hexamine complex) are of the same

order for all the above anionn.sgc The presence of a large excess of each
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of the anions 0104-, NO3_, Br , and C1~ did not cause any change in the

isomer proportions (rums 3, S5, 14, 15, 20, 21). pur134 135

and CD
evidence indicate that these anions have only a small effect on changing
the conformation population in systems such as [Co en3]3+, and therefore
associate only to a small extent with these complex ions. However the
present results with excess Cl anion make an interesting comparison

with those of Gillow and Harr19144 who reported that the less symmetric
(cis(dimethyl)) form of the trans-dichlorobis(N-methylethylenediamine)-
cobalt(III) ion appeared to ba stabilised in a solution swamped with C1~
because this form '"should be the more highly ion~paired"”. On this basis,
it would be expected that u-cis[Co dien2]3+ might be the more favoured
under such conditions. Since no change was observed in the proportions of

isomers, a preferred association of the anion with the isomer of lowest

symmetry does not seem to occur for the triply-charged species.

Effect of Excess Acetate; pH Effect.

Excess acetate ion slightly raised the proportion of s-cis[Co dien2]3+

(run 8). 1In all preparations involving 0104-, NOS-' Br, and €1, the
measured pH of the reaction solution was ca. 4, but the solution containing
excess sodium acetate was basic (pH ca. 8). To check that this was an
effect of pH rather than OAc specifically, a preparation involving
chloride ion was basified by the addition of OH (run 20) and a similar
effect on the isomer proportions was observed to that of acetate.

Increased pH thus has the affect of increasing the proportion of the least
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stable s-cis isomer to a small extent, from 7% to 12%. Basic conditions
also obtained for preparations involving P043- and 80032- (runs 28-34)
but the effects in thase caszes were due to specific associations by
these ions (discussed below) which swamped any effect due to pH alone.

3~ 2~ 2-

Specific Ion-Association with PO,” , 3203_ ~ s and 80, .

The greatest effect on the equilibrium isomer proportions was shown

2- and 80032-

by the addition of the polarisable anions 8042-. HPoaz-, PO,
(runs 23-34), but the effect of soaz' was less than that for the other
species. The proportion of the s—cis 1somer increased at the expense
of the trans, and the u-cis proportion remained nearly constant. Over a
range of P043- concentrations (runs 30-34) the proportions of isomers
altered continuously until a constant value was reached when the P043—!C0
ratio was about 4:1, when the trans:s-cis ratio had bean almost reversed
from the "standard" case. This suggests a specific interaction of these
anions with s-cis[Co dien2]3+ enhancing its stability and to a lesser
extent with the u-cis form, but considerably less association with the
trans isomer.

3

Of many anions tested, PO, ~ and Se0.2” (and to a lesser extent 8042_)

3

had a particularly marked effect on PMEI® ana cp'3’

spactra of M en,
complexes, caused prasumably by alteration of ralative conformer
populations. Although larger association effects would be expected for
thess more highly charged anions in any case, the results have indicated

that specific interactions occur so that in the presence of these anions
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the tris-lel conformer was even more strongly favoured. For these M en,
complexes, the tris-lel conformer has two sats (at the opposite ends of
the rmolecular c, axis) of three N-H bonds aligned nearly parallel to the
C, axis, a situation which does not hold for any ob ring conformation.
Hhuon135 suggasted that these tetrahedral polarisable anioms could
approach tha cation along the G3 axis to stabilise this particular
conformation by hydrogen bonding to the N~H bonds (Figure 16). If, as
guggested by PMRBS studies, the original conformation in eolution was
not predominantly tris-lel, the addition of such anions to stabilise

thie lel form should simplify the )cnz resonance of tha PMR -pcetrumm4

135

and changs significantly the CD spectrum. The recent X-ray crystal

143 hes indead shown the

structure analysis of [Co ¢n3]2(3P06)3.9E20
three chelate ring conformations to ba lel, with the phosphate ion
poaitioned approximately on the c3 axis of each molecule as proposed by
Mason.

In a similar way, P043— has also been observed to cause a significant
change in the g;g_: trans equilibrium position for [Co .nz(n20)2]3+ in
solutions of pH 7, and this was vationalised in terms of stabilisation of

the cis isomer by specific 1ou—ai-ociation.1‘6

3+ ion there are two sats of three N-H bonds

For the s-cis[Co dien,]
appropriately placed at each end of the molecule (Figura 17) to sllow
hydrogen bonding in a similar way as that proposed ahove for M en,.
Furthermore, Dreiding modals indicate that conformational changes in the

four chelate rings would not affect these N-H dispositions significantly.



igure 16. - The structure of the ion-pair between

-
L

P043".l35



Figure 17. - The proposed ion-nair betwecn s—cis[Co dien2]3

(A\-66, and PO4

. . . . . +
Figure 18. - The proposed ion-pair between u-cis[Co d:en7]3

(A(A6-61)) and PO43—_
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Figure 17 1is drawn for one particular conformer AA-8§ (point symmetry
ci) which would seem a likely conformer in solution from a qualitative
study of non-bonded intersctions using models, and from statistical
considerations. Stabilisation of the s-cis geometric isomer by ion-pair
formation involving hydrogen bonding with these oxyanions could thus occur
in the ssme way as conformational stabilisation for M .n3.135

In a sinilar vay, u-eis[Co dieny]>" has one set of thrae N-H bonds that
could lead to formation of an ion-pair, but the particular orientation of
these N-H bonds in this molecule seems considerably dependent on the
particular conformations of the rings. Figure 18 shows the u-cis isomer
in the A6~-4) conformer (symmetry cl) which is the form (indicated from
models) giving the greatest stabilisation from the association according
to the orientation of the N-H bonds, although this conformer, on the basis
of qualitative studies of non~bonded interactions, would be one of the less
stable forms of this isomer. The CD of u-cisfCo di¢n2]3+ changes on the
addition of selenite ion (section 5.3), indicating a change in the symmetry
of the molecule because of conformational change, implying that association
of this cation with the anion occurs,

In the trans form of the complex there appeaxs no such triple
locations to favour such association with tetrahedral anions.

It 1s proposed therefore that a specific association occurs between
these polarisable anions and the complex cations through hydrogen bonding
with suitably disposed sets of N-H bonds. The study of models indicates

that the existence of such sets would lead to stabilisation in the order
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s-cis > u-cis > trans, which is consistent with the present results.

In the M en, system, the effect of such associations can only be inferred
as conformational changes and a greater preference for one conformer.
In the present system the sssociation will be observed as changes in the
relative stabilities of geometric isomers which can be directly measured,
but these two effacts are entirely analogous. In the latter case there
will probably also be some conformational ordering, but this is of lesser
importance compared with the preferential stabilisation of goémotric forms.
It is not intended to consider in theoretical detail the conformational
situation in these {somers. Because of the intermolecular interactions
already discussed, and the complications of statistical preferences, any
qualitative arguments must be employed cautiously umtil the relative
stabilities of the various conformational combinations are known from the

142 and X-ray crystal structure analyscs36

energy minimisation calculations
in progress. Further PMR and CD studies of these complexes may then
allow a greater insight into the conformational changes occurring in the
individual isomers. Nevertheless, some general discussions of the
conformational situation in these isomers has already been made with

respect to the IR studias (section 4.3.2), the PMR studies (section 4.3.3)

and in the present chapter.

Effact of Temperature.

An increase in temperature was seen in all cases to enhance the

proportions of the less stable cis isomers of the system (compare rums
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6 and 7, 18 and 19, 24 and 23). However as little is known concerning
the relative contributions of enthalpy and entropy to conformational and
isomeric stability, the effect of temperature cannot be predicted.

A number of instances are known where higher temperatures may cause

isomerisation from cis to trans octahedral complexes in aqueous solution,

and it might appear at first sight that the trans fsomers are stabilised
at the higher temperatures. FExamples of such changes in CoN6 complexes
are: cis[Co ‘“z(“oz)2]+ changes to the trane on prolonged boiling in

water,sgd and gingo(z,B,2—tet)(N02)2]+ isomerises to trans in a weak

acid solution.lbl However in these cases the acido ligands and solvent
ara prohably involved in the isomerisation mechanism so that the products
under given conditions may depend on kinetic rather than thermodynamic
factors, and these reactions occur more readily than isomerisation within
the [Co dien2]3+ system.

It might be argued that increase in temperature would weaken the
hydrogen bonding with the polarisable anions proposed above and that the
equilibrium {somer proportions would tend to their values in a situation
where asmociation was not significant. Fowever, an increase in temperature
alone acts in the opposite direction and increases the proportions of the
two cis forms, and for the anion 8042‘ this temperature effect is
dominant (rune 24 and 25). An observation of the effect of temperature
on the hydrogen bonding could only be made on the individual isomers with

a technique such as CD where the conformational changes could be measured

directly, at least for the active forms of the complex. No such
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temperature variation studies of hydrogen bonding, using CD methods, in
systems involving five-membered chelate rings, have been noted from the
literature although the CD spectra of (+)-[Co en3]3+ and (-+)—[00(+)pn3]3+
have been racorded over the temperature range -78° to 57°C with the
different aim of assessing the conformational populations in the former
ion.95 PMR studies might also provide information on the temperature

variation aspect of hydrogen bonding.

In summary, the raesult of the present studies of the various
contributions of intermolacular effects to the equilibrium between the
isomers is that cationic concentration [Co] and added anien have little
effect, except where association is very specific and stabilisation of
particular isomers may result. There is also a significant effect due to

golvation, and temperature.

6.4.4 ESTIMATION OF ENTHALPY AND ENTROPY FACTORS FROM VARTIABLE

TEPERATURE RUNS

The present results (Table 5) do not allow a reliable quantitative
analysis because of the limited scope of the variable temperature studies.
However the following diacusaton illustrates the possibilities and
limitations of this experimental approach.

The three isomeric proportions for the system [Co dien2]3+ at 18°
and 80° allow the separation of the free energy differences between the

isomers into enthalpy and entropy contributions (section 6.2). The only
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experimantal errors involved in these determinations ware in the
temperaturs Qtzo) and in the isomer proportion percentages which were
in general observed to be reproducible to within +1. While this error in
the proportions appears at first sight reasonably satisfactory, it
results in appreciable uncertainty in the calculated energy values.
These uncertainties are quoted with the calculated energies in Table 7.
The temperature uncertainty is of leas importance.

In the three couditions in which temperature variations were studied
(Clﬁ, OAc—, 8042-), the results (Table 7) indicate large nepative entropy

differences (ca. -6 e.u,) for the equilibria s-cis > tramns and

u~cis ¥ trans, but the entropy contribution to s-cis » u-cis was small,
This is consistent with the trans form being the most ordered, which may
be rationalised by the greater conformational freedom possible in the two
cis (facial) isomers of the complex. This 1s also consistent with the

PMR studies (section 4.3.3) which were interpreted on the basis of rapid
conformational inversion in the two cis forms, whereas such inversion would
be restricted for the trans {somer under the acidic conditions (pH . 4)
obtaining in these preparations.

The equilibria between the isomers in the presence of c1” and OAe~
were essentially the @ame, as shown by the observed isomer proportions
(runs 18 and 19, and runs 6 and 7, Table 5) and the resultant thermo-
dynamic data (Table 7)., For the equilibrium in the presence of 8042-

(runs 24 and 25, Table 5), where associatlion occurs, the energy values

(Table 7) indicate that the difference in proportions, compared with the



TABLE 7

Enthalpy and Entropy Contributions to Observed Isomer Equilibria

in Aerial Oxidation Preparationms of [Co d:lenz]”
Isomer Pair  Anfon  Temp. 4 ac® I o -1as® as®
keal -ole—l keal -ole-l keal -ole.]‘ e.u.
trans/u-cis Cl 291 2.32 -0.49 + 0.03 1.8 + 0.4
-2.3 + 0.5 -6+1
353 1.15 -~0.10 + 0.03 2.2 4+ 0.5
OAc™ 291 2.44 -0.52 + 0.03 2.3 + 0.5
-2.8 + 0.5 -8 +2
353 1.05 -0.03 + 0.03 2.8 + 0.6
so,”” 21 1.41 =0.20 + 0.03 1.8 + 0.4
353 0.77 40.18 + 0.04 2.2 + 0.5
trans/s-eis C1 291 9.29 -1.3 4+ 0.1 1.6 + 1,0
-2.7 +1.2 -5+3
353 3092 "'1.0 j'_ 001 1,9 t 102
OAc™ 291 9.43 -1.3+0.1 2.3+ 1.0
353 3.14 -0.8 + 0.1 2.8 +1.2
so, > 2.67 =0.57 + 0.05 1.2 4 0.5
353 1.55 -0.31 + 0.05 1.5 + 0.6

(contd.)



TABLE 7 (comtd.)

o

Isomer Pair Anion  Temp. 4 AG A -ras® AS
¥eal mole !  kcal molel  keal mole e.u.
u-cis/s-cis C1 291 4.00 -0.8 +0.1 -0.3+1.0
-0.5 + 1.1 143
353 3.2 -0.9 + 0.1 0.3 + 1.2
OAe~ 291 3.86 -0.8 + 0.1 0+0.6
-0.8 + 0.8 0+ 2
353 3.00 -0.8 + 0.1 0+ 0.8
s0,> 201 1.89  -0.34 + 0.05 -0.7 + 0.5
+0.3 + 0.5 242
353 2.00 -0.49 + 0.05 -0.8 + 0.6
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first two conditions, may be due mainly to enthalpy contributions. Such
association is more usually considered as a contribution of entropy.
Hovever bscause of the limited accuracy possible with the present results,
the energy differences in these cases are within the quoted extremities
of experimental error, so that such conclusions must be treated with some
caution at this stage., Further, in the case of such an association,
temperature variation studies should ideally have been performed in the
presence of excess of the anion so that the degree of association would
renain as constant as possible throughout the temperaturs range used,

as this factor would also contribute to the proportions of isomers
observed, TFor this reasson, the greater effects of associstion shown by
the anions 50032— and P043~ were not examined in this way as solutions
containing these ions are strongly basic and at the higher temperature
used in these studies (800). the cobalt complex would therefore decompose.
Neverthelass, temperature variation studies could be made of these effects

using two controlled lower temperatures.

As the energy minimisation calculations of Auzntramolec for this
system are 1nconp1¢te.162 the AHS values between isomer pairs

intermolec
cannot be obtained from AH:otnl (Table 7). At the present time, only

such comparative studies of the energy values as given above, can be made.
Future temperature variation studies on the effects of solvation, ion-
association and other environmental parameters may yield useful information
on the energetic contributions of their individual effects. Howaver, it

is evident that for these results measured at various temperatures to be
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interpreted in a meaningful quantitative sense, a high order of
experimental sccuracy in the proportions (say +0.2 in each percentsge)
is required.

In another approach to the evaluation of thermodynamic data in
o

coordination complexes, the enthalpy differences (lﬂimu1

measured directly by calorimetric techniques. This approach has only

) may be

recently been undertaken, and for the aquilibriim betwaen QQ-SRF and
QQ-SS-ICo(tricn)(gly)]2+, AH® determined in this wvay vas found to be
very close to the experimental ac® value, indicating only a small

entropy difference hetween the forms.lh7
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CHAPTER 7

ISOMERTSATION REACTIONS IN THE [Co dian2]3+ SYSTEM

7.1 INTRODUCTION

Isomerisation and racemisation resctions of inert octshedral
complexes have been observed since Werner's time, The majority of these
studies have {nvolved bidentate ligands, such as em, oxz'. phen and bipy,
often in association with monodentate acido ligands such as water or halide,
and the detailed wechanisms involved have been reported for only a few
systems. In many of these imstances however the choice of mechaniem has
not been unequivocal.

The study of any observable isomerisation in the system {Co d10n2]3+
may elucidate some of these problems; because of the restrictions imposed
by the coupled chelate rings, the mechanistic pathways are more limited
than for the bidentate complexas., Further, the system has no acido ligands
so that isomerisation cannot be facilitated by easy ligand displacement

and/or substitution.

7.2 SUGGESTED MECHANISMS FOR ISOMERISATION (AND RACEMISATION) IN CHELATE

METAL COMPLEXES

The terms isomerisation and racemisation are used interchangeably
as a general description for the processes considered in this chapter as
racemisation is a special case of igomerisation. In the present context,
the only difference is in the classification of the relationship of the

product to the reactant.
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There are two general types of isomerisation mechanisms, which are

bast termad as intermolecular and intramolecular.

Intermolecular Processes.

Ligand interchange, with complete dissociation of the ligand from the
complex, is involved in an intermolecular process, and it is required
therefore that the ligand exchange must be at least as rapid as the
isomerisation (or racemisation). For example, in the racemisation of a

tris(bidentate) complex [M(AA)sl, the intermolecular pathway can be

represented
, ~AA +AA
AM@AA) ] 2 M(AA), > A[M(AA),)
+AA -AA

where the exact nature of the intermediate H(AA)Z is not defined. (It 1is
suggested that solvent probably occupies, at least temporarily, the

vacated coordination positions.) In a case vhere acido ligands are involved,
an intermolecular mechanism requires dissociation of at least one of these
acido groups with a subsequent rearrangement, presumably via a tetragonal-

pyramidal or trigonal-bipyramidal intermediate. Such s mechanism has been

594
proposed for the isomerisation/racemisation in the systems cis(Co ¢n2612]+.

cis[Co en2(320)2]3+.59‘ and [Cr oxz(HZO)zl- (pH 3—7).59£ which contain
esasily replaceable monodentate acido ligands. When only multidentate
ligands are present such a mechanism would appear less likely, although an

intermolecular process has baen shown to occur in the racemisation of the

nickel complexes [Ni phon3]2+, (84 phcnzbipy]2+, [Nt phmbipy2]2+. and
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[N b:lpy3]2+.598

Intramolecular Processes.

Although intramolecular mechanisms for isomerisations of complex
ions have been demonstrated in several instances, the mechanistic details
bave not always been clear. There are two classifications for mechanistic
pathways that are considered intramolecular, dissociative or "twist"
mechanisms.

The dissociativa or boud-rupture process could occur for a complex
of the type [M(AA)3] in two ways (Figure 19), depending on whether one or
two one-ended dissociations are involved. Several systems have been
reported which have been proposed to racemise or isomerise in this way,
since no total dissociation (i.e. an intermolecular process) of the
ligand(s) could be proved. For example, the isomerisation of

g;g[Co(on)z(Nﬂs)(OH)]2+,59h and the racemisation of both [Cr 2

]3- 591

and [Co ncacal 391 are consistent with the bond rupture process to give
intermediate (1) (Figure 19). In the Co(III) complex of Dwyer's sexadentate
ligand TET (Figure 20), the green form can isomerise to the brown form,

and does so with no loss of optical rotation, strongly supporting an

39k The difference

intramolecular process of the type shown in Figure 20.
between this process and an intermolecular process is that the unattached
atom is held within the coordination sphere as part of the ligand molecule
while the rearrangsment of the sexadentate is proposed to oceur via the

trigonal-bipyramid,



A[M(AR) ] //}

(i1)

Figure 19. - Pathways for racemisation of [M(AA)Q] via an iutramolecular

dissociative prozcess.
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Figure 20. - Intramolecular isomerisation of [Co(TEI)]+ by a

dissociative mechanism.
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The twist mechanisms have been proposed to explain isomerisation

reactions vhere no dissociation is apparent. For example, the race-
misation of [Fe phen3]z+. [Fa bipy3]z+ (in part),591 and [Co(EDTA)]™ 9
have been rationalised by this mechanism, and also the isomerisation/-
racemisation behaviour of g_i_._s_[Co(on)z(OH)2]+.148 Many examples remain
however whare the choice between intramolecular dissociative mechanisms
and the twist process is equivocal, as in the isomerisation reactions of
g;![M(III)(tfnclc)al,sgm where M = Al, Ga, In, Co, Rh,

There have beean several proposals invoked for twist mechanisms., Ray
and Ductlﬁg suggested that [H(AA)3] could racemise if one chelate ring
remained fixed in space while the remaining two rings rotated 90° in
opposite directions about axes through the metal ion, and perpendicular
to their ring planes (¥igure 21). This mechanism is called the Ray and
Dutt twist, or "rhombic" twist (referring to the geometry of the inter-

nediate).

150 151 152

In an alternative proposal Gehman, Seiden, and Bailar
formulated a mechanism for racemisation of [M(AA)3] by rotation of 120°
about the molecular 03 axis of one octahedral face (containing one end
of each ligand) relative to the face containing the other ends of the

»
ligands. This proposal 1is often called the "'trigonal" twist mechanism,

* This process has also been termed the "Bailar twist' although the idea

was proposed prior to Bailar's paper.



A[M(AA)B] transition ctate A{M(AA)3]

Figure 2i. - The Ray and Dutt, or vhombic-twist mechanism for the

racemisation of TM(AA)3].

> ->
< “
A[M(AA)B] transition state A[M(AA)3]
Figure 22. - 7The trigonal twist about the C3 axis for the racemisation
ot [M(AA)3].
> >
< <

transition state A[M(AA)3]

The trisenal twist about a pseudo—C3 axis fer the

Figure 23. -
racemisation of [M(AA)3}.
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Figure 24. - The Springer and Sievers mechanism for the intramolecular

racemisation of [M(AA)3].
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since it passes through a symmetrical trigonal prismatic transition state,
and 1t is shown in Figure 22. Although these authors suggested only
rotation about the molecular c3 axis, the same rotation invelving another
pair of octahedral faces would alsc cause racemisation (Figure 23). This
process is henceforth called the trigonal (pscudo-cs) twist, to distinguish
it from the trigonal (03) twist process (Figure 22).

Springer and S:l.overlls3 suggested a further twist mechaniem for the
racanisation of [K(AA)S], in vhich one chelate ring is considered fixed
in space (as in the Ray and Dutt mechanism) while the other two rings
revolve past each other, continually changing planes, as shown in Figure
24,

The intermediate or transition state for both the Springer and
Sievers mechanism and the trigonal (CS) twist process is the same (Figure
25a), although the A-M-A angles would be different. In the former process,
the ring angles would remain fixed at 90°. while during the trigomal (03)
tvist this angle would reduce to 81° 48', which is the calculated A-M-A
angle for a trigonal prism. In a similar way, the rhombic and trigonal
(pseudo-ca) twists involve a common geometry of intermediate (Figure 25b),
the thombic twist retaining the ring A-M-A angles at 90° while the latter
mechanism would lead to ring compression.

While all the above processes lead to racemisation of the [M(AA)3]
species, when an unsymmetrical bidentate ligand AB is involved there is a
difference between the processes. The Springer and Sievers and trigonal

(63) twist mechanisms which involve the symmetrical intermediate (Figure 25a)



(a) (b)
Figure 25, - Trigonal prismatic jntermediétes involved in twist mechanisms:
(a) Springer and Sievers, or trigonal (C3) mechanism
transition state, and
(b) rhombic. or trigonal (pseudo—C3) mechanism transition

state for the racemisation of [M\AA)B].

will account for racemisation of [M(AB)3] but not cis 7 trans isomerisatiom,
as these two pathways cannot alter the relative disposition of the ligands.
Conversely, the rhombic and trigonal (pseudo—C3) twists (intermediate kb),
Figure 25) will both produce isomerisation simultaneously with config-
urational charge. These clanges could be observed by using an unsymmetric
ligand in Figures 21-24, and are further elaborgted iﬁ analyses of intr:a-
molecular rearrangements in six-coordinate spaecies gilven i the
literature.148’154’155

The difference between thc Springer and Sievers mechanism and the
trigonal (C3) precess (which both involve the same intermediate) is
conceptual huwever, and chiey are actually idenﬁical as pointed out by

148,155 156

sevcral workeis nd particuiarly by Birady. The essential

difference in the propusals was that in the Springer and Sievers process
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the A-H-A ring angles remained at 90° whereas they were compressed in

the trigonal twiast process. This presumes that in the trigonal twist

the distance between rotating octahedral faces remains fixed, but this
would seem to be an unnecessarily atringent condition to be imposed on an
intramolecular rearrangement when bonds are being distorted, Should

the distance between these faces expand during the twist process so that
the ring angles remain at 900. then these trigonal (CS) and Springer and
Sievers machaniems become identical and the intermediatas (FPigure 25a) are
also identical., In a similar way, tha rhombic and trigonal (pseudo—cs)
processes (intermediate (b), Figure 25) are also identical., In summary
therefore, there are only two basic twist machanisms, represented by the
two differant possible trigonal prismatic transition states (Figure 25).
Thae apparent differences with the other presentations is conceptual only
since the detailed variations in bond angles to achieve the transition

state should have no bearing on overall stereochemical changes.

Significance of [Co dien2]3+ in the Study of Twist Mechanisms,

¥ost of the studies whare intramolecular mechanisms have been proposed
have involved complexes of bidentate ligands. For mechanistic appraisal,
such systems are not ideal ag the observed results may not always be
explained unequivocally. Moreover, the prasence of different liganda
("mixed ligand" systems) can lead to disproporiionationso so that

interpretation may be complicated. Also the presence of acido ligands may
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facilitate isomerisation because of easier dissociation of these ligands.
Isomerisation in [M tricnlen* compounds, for example, could conceivably
oceur by a wide range of mechanistic types. The [Co dien2]3+ system has
nona of these disadvantages., Further, it has a limited number of geometric
isomers which are well characterised (section 3.3), and two of these can
exist in optical forms. Because of the more restrictive nature of the
tridentate ligands (compared with bidentates) on the possiblae modes of
isomerisation, it was hoped that observation of isomerisation in this

system might allow an unequivocal assignment of the mechanism involved.

7.3 EXPERIMENTAL

All isomerisation reactions were carried out using the acetate salts
of the isomers of [Co dienz]3+. because of their appreciable solubility in
many organic solvents. They were prepared by shaking the corresponding
chloride with a 3.0 molar quantity of silver acetats for 1 hour, filtering
off the silvar chloride and evaporating the filtrate to dryness on a
rotary evaporator (40°%). These salts were stored in vacuo over anhydrous
CaCl,.

The solvents used are listed in Tables 8 to 10, together with the
reaction conditions. The complex concentration was in all cases ca. 0.4 g
complex {n 50 ml solvent (ca. 0.02M), and the solutions were kept at either
25 + 1° (ismersed in a constant temperature bath), or at steam bath
tenperature (82 + 19). Samples (10 ml) were withdrawn at appropriate

times and applied to columas of SP-Sephadex C-25 cation exchanger
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(50 x 0.9 cm) and eluted with 0.3M sodiwm (+)-tartrate solution (as
outlined in section 6.3). The analyses wera performed singly.

In some cases decomposition products were found to be present. These
red-purple compound(s) had an Ry factor intermediste between those of
s-cis and u-cis|Co dieni]3+ and were not totally separable from those
isomers, leading to some inaccuracy in the spectrophotometrically determined

{Co dien2]3+ isomer percentages (s—cis and u-cis high). The runs so affec-

ted are indicated in the tables with a footnote. An average discrepancy
of +3 might therefore be expected in each isomer percentage, rather than +1
as quoted for the isomer proportion studies (Chapter 6) where decomposition

was not observed and duplicate analyses were available.

7.4 RESULTS AND DISCUSSION

The use of complexes of bidentate ligands in previous isomerigation
studies has limited the possible observable isomerisation to cis 2 trans
only. The use of higher multidentates in igomerisation studies can poten-
tially afford more mechanistic information as there are more geometric
forms possible, and some stereochemical restrictions may be imposed on
possible pathwvays batween these forms. However, no higher multidentate
systems (involving amine donors only) have been studied in this way. Even
studies of multidentate systems involving acido ligands have been limited
to reactions of systems such as [Co trianx2]n+.76

The following results are from a study of the isomerisations of the

thres geometric isomers of [Co di.n2]3+ under various experimental
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conditions (temperature, solvent, anion, charcoal catalysis), and it is
believed that the present studies are of especial interest in that they
are the first of their type. It iz emphasised at the cutset however that
the present studies are preliminary in nature. The closest comparison

for isomerisation in a hexamine aystem is the racemisation of [Co .n3]3+

which has been studied under a limited range of conditionnsg"sl’s"lsy
(in water, with conditions acidie, neutral, or basic; presence or absance

of charcoal; presence or absence of [CcII

en3}2+. or CoZ¥ only, or en
only) and about which reasonable mechanistic proposals have been advanced,
These ideas should ba reasonably applicable to the present system, In

3+
5]

the absence of charcoal, for example, A[Co en d44 not measurably

lose optical activity after 24 hours at 90°.61 so that any {someriec
change from a particulaxr [Co dien2]3+ {somer was expected to be slow,
Each run undertaken was therefore exploratory in that it was difficult
to predict the most appropriate intervals for sampling and analysis.

It was expected that each run would eventually yield an equilibrium
nixture of the threa isomers (hence the necessity of the extensive
studies on the equilibrium isomer proportions in Chapter 6)., However,
the sampling was also important in the early stages of each run to assess
whether the equilibrium mixture was being formed directly from the

particular starting isomer used in each run, i.e., concurrent reaction routes

B

P4 xV

c

or whether the other two isomers were being produced (or being produced



TABLE 8

Isomerisation Reactions of z-cis and trans[Co d:len2]3+ at 25°

Run No. Isomar Solvent Time Isomer Proportions (2)
s-cis u-cis trans
s~-cis azo. MeOH, EtOH, ¢~BuOR,
1-7 HOAe (glacial), DMSO, 3 months No obgervable isomerisation
colliidine/UCl buffer
(pH 8).
trans nzo. MeOH, t-BulOH, HOAc
(zglacial), DMSO,
B-14 collidine/HC1l buffer 3 months No observable isomerisation
(pH 8), 1M aqueous
NazSaOS.
15 g~cis dien (4 water to dissolve 1 month 93 2 5
complex (0.5 ml)). 3 months 79 6 15
16 trans dien (+ water to dissolve 1 week 4 8 88
complex (0.5 ml)). 1 wonth 8 14 78%
3 months 25 31 442
17 s-eis nzolact:lvatad charcoal. 1 day 92 4 4
1 week 69 11 20
1 month 51 1?7 32
3 months 9 30 61
18 trans Ezolactivated charcoal. 1 day 2 13 853
1 week 5 29 67
1 month 9 31 60
3 months 10 30 60

(contd.)



TABLE 8 (contd.)

Run No. Isomer Solvent Time Isomer Proportions (%)
s~-cis u-cis trans
19 trans 1M aqueous lescoal- 1 day 17 41 42
activated charcoal. 1 waek 52 33 15
1 month 60 29 11
3 monthse S8 k3 | 12
a

Red-purple decomposition products observed,



TABLE 9

Isomerisation Reactions of the Isomers of {Co dien2]3+ in
Non-Aqueous Solvents at Steam Bath Temperature (820)

Bun No. Igomer Solvent Time Isomer Proportions (Z)

a—cis u-cis trans

2 hours 8¢9 4 7

20 s-cis t~BuOH 12 hours 64 20 16
24 hours 351 32 17

3 days k! 45 17

2 hours 5 80 15

12 hours 11 72 17

21 u-cis t-BuOH 24 hours 16 67 17
3 days 19 64 16
2 weeks 40 42 18

2 hours 3 5 92

12 hours 7 13 80

22 trans t-BuOH 24 hours 10 18 72
3 days 20 33 42
2 vaeks 32 A2 26"

2 houre 92 2 6

23 s—cis MeOH 12 hours 44 31 24
24 hours 38 37 27*

3 days 33 39 27"

2 hours 5 78 16
26 u-cis MeOH 12 hours 8 68 23*
3 days 13 59 28*

2 hours 4 4 92

28 trans MeOH 12 hours 6 9 8s
24 hours 7 13 80
3 days 14 23 63"

TR T SRR o S TTR ST O RS TR T M AP TIRLCEY SN TR SR e T IR TR R Y e TR AR S

(contd.)



TABLE 9 (contd.)

Run No. Isomar Solvent Tine Isomer Proportions (%)
s-cis  u-cis  trans
s-cis
HOAc
26-28 u-cis (glacdal) 2 veeks No observable isomerisation
trans

Decomposition products observed.



TABLE 10

Isomerisation Reactions of the Isomers of [Co dionz]3+ in
Aqueous Solvents at Steam Bath Temperature (82°)

Run No. Isomer Solvent Time Isomer Proportions (%)
s-cis u-cis trans
24 hours 69 7 24
29 s~cis 320 3 days 32 23 44
7 daye 18 37 45
2 waeks 15 41 44
3 hours 6 84 10
24 hours 7 62 3l
30 u-cis uzo 3 days 9 49 42
7 days 12 45 43
2 weeks 14 44 42
3 hours 4 7 89
24 hours 9 33 58
31 trans uzo 3 days 13 40 &7
7 days 13 LY} 43
2 weaks 13 43 44
32 trans H,0/activa- 12 hours 15 42 44"
ted a
chareoal 36 hours 16 41 43
33 s-cis 0.1M BC1 2 days No detectable isomerisation
34 s~cis 0.1M NaOH 2 days Complex decomposed

Decomposition products observed.
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in part) by consecutive routes A + B + C.

Conclusions from Experimental Results.

The results of the iscmerisation resctions of the isomers of
[Co dienz]y' are given in Tables 8, 9 and 10, representing a claseifi-
cation of the different conditions used: Table 8 - at 25°; Table 9 -
at 82° in pon-aqueous media; Table 10 - at 822 in aqueous media. Due
to the slownass of thesa reactions, most of the runs vere carried out
at 82°, The observations can be summarised as follows.
(1) Under conditions where isomerisation did occur, all three

igomers were found from each isomer separately.

(11) The isomerisation reactions were pH dependent. ILsomerisation
occurred under neutral and basic conditions (pH 6-9) but was not

obsarved under acidic conditions (pH < 3).

(111) In most cases where isomerisation occurred, "decomposition
products” were observad, and such decomposition was moere rapid

for the s-cis and u-cis forms than for the trans form,

(4v) In all runs at 82°, the final proportions of the trans isomer were
established rapidly, and these were the equilibrium proportions
measured in the pravious chapter (section 6.4). The two cis
forms then adjusted more slowly to their equilibrium proportions

(section 6.4).
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(v) Activated charcoal markedly catalysed the isomerisations.

(vi) Vhere data is available for comparisons, the same isomeric
distribution was obtained with and without activated charecoal,

but otherwise under the same experimental conditions.

Isomerisation Mechanisms for [Co dio_n_zl}.'.

The two genaral mechanistic types, intermolecular and intramolecular
(section 7,1), can be considered for the present system. The inter-
molecular isomerisation process (in which ona dien ligand would be
totally diesociated from the coordination sphere) could lead to all
possible interconversions as rearrangement of the coordinated ligand
could oceur before resubstitution of the fully dissociated ligand. Such
total ligand exchange could be absolutely proved by the use of a labelled
1igand, but this was not undertaken in the present work. Such labelling

experiments in the racemisation of A[Co ¢n3]3+ have nhmm”'

that thias
process is intramolecular, as the rate of ligand exchange is slower than
the rate of racemisation. The likelihood of simultaneous ramoval of the
three donor atoms of one dien ligand (compared with two donor atoms for
en) seems remotse, so that this mechanism will not be considered further.

The intramolecular processes, dissociative and non-dissociative

(twist), must therefore account for observed isomerisation in this system.

*
z]

s-cis and trans{Co dien Syl

have the _N° - H groups at opposite sides
of the metal atom vhereas in the u~cis form they are adjacent (Figure 3).

A bond rupture (one-ended dissociative) process can therefore lead only
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to the ccnversion s-—cis 7 trans via a tirigonal-bipyramid intermediate

(Figure 26), unless a major rearrangement occurs whereby secondary
nitrogen atoms move thelr relative positions, and no instance has been
reported ye: where this cype of gross rearrangement is reqsired. Tor
example, a sec-N displacement, involving two coupled rings, was considered

most unlikely for the o 7 B isomerisation of [Co trien(H20)2]3+a76

>
<—
s-cis proposed trigonal- trans
bipyramid intermediate
Figure 26. - The dissociative intramolecuiar mechanism for the

isomerisaiion g-cis > trans.

The two basic intramolecular twist mechanisws (section 7.1)
allow the interconversion of all three isomers, as they allow separatelvy

the isomerisations s—cis 7 u-cis and trans - da-cis, bul not s-cis > trans

directly. The two isomerisations are ghown in Tigure 27 where, for
conceptual simplicity, they are viewed as trigomal twists about *wo
different sets of octahedr»l 1aces.

The experimental results shew that 21l three isomers were involved

in the isomerisatinns so that a dissociative process alone cannot accourt



M

(a) s—-cis intermediate u-cis

-5
-
]
it~
&/ /
/ /
/ /
11/
4
T
(b) trans intermediate u-cis
Figure 27. - The twn possible intratolecular twist mechanisms for

g " , . . 3+ v
isomerisation in the [Cu alenz] a system, viewed through

alternative trigonal-prismatic -intermediates.
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for these results. This may be taken as good evidence for the involve-
ment (st least in part), of the twist processes, It was hoped however
that some indication of a stersochemical preference for one pathway
might be obtained in the isomerisation reactions by anslysis of the
isomeric composition at various times. Yor example, s-cis[Co dicn2]3+

could isomerise by two separate processes,

twint twiast
s~cis - u-cis 2 trans
or
dissociative twist
s—cis 2 trans b u-eis

or by two simultansous processes,

u-cis
twist x
s-cis
-
“
dissociative Erini

Depending on the relative rates of attaimment of these {ndividual equilibris,
with the simultaneous procaesses alone the u-cis and trans should remain in
constant ratio at all times. With consecutive processes however, the
u-cis/trans proportions should (in general) change with time. .The present
results are pot sufficiently comprehensive or accurate to allow a detailed
analysis of the product ratios with time. From the limited studies

reported in the Tables, it does appear that the product ratio was variable
with time, and this would be more consistent with consecutive rather

than with concurrent pathways.
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pH Dependence of Isomerisations.

Twist mechanisms ianvolve shifting but not breaking of Co-N bonds
and the rates are therefore axpected to be essentlally independent of
acid concentration. However, a dissociative process will be affaected by
pH if a change in acidity stabilises the dissociated donor, or promotes
easier solvent or anion substitution into the coordination sphere. For
example, the racemisation of [Fe bipy3)2+ 39n has been shown to proceed
by both intramolecular dissociative and twist wechanisms. While the twist
process in this instanca is virtuslly unaffected by increasing acidity,
the dissociative pathway is inhibited as the lifetime of the intermediate
(wvith one ring open) is decressed because of protonation.

Although the observed pH dependence of the isomerisation of
]3+

[Co dien would thus indicate a dissociative process, it has already

2
been indicated that such a mechanism alone cannot account for the observed

interconversion of all three isomars. It would seem possible therefore
that the isomerisation was base-catalysed (or at least in part). It is
proposed that in neutral and basic solution some deprotonation of the
coordinated amine groups occurs, facilitating steric change in the same
way as proposed by Poon and Tobe for [(:o(«-:yu].am)(01’1)(!!20)]2‘".1!”8 so that
it is the deprotonated [Co dicn2]3+ isomers which isomerise. The sanme
mechanistic possibilities pertain to these daprotonated forms as to the

3+

[Co dien species themselves, so that both intramolecular dissociative

2]
(Figure 26) and twist (Figure 27) processes are possible. On the basis

of the proposal that isomerisations occur through deprotonated forms, tha
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observed rates should be dependent on the deprotonation step itself,
so that the overall process would be expected to show base catalysis of
the type k , = = %[0M ] over the pH range in which the isomerisation was
observed (pH 6-9). Howevar, no runs have been undertakan so far to
enable the dependence of the observed rate on pR to be determined.
However at 23° the occurrence of isomerisation in d:l.cnlazo at pH ca, 10
(runs 15 and 16), while no isomerisation was detectable in water and
collidine/HCl buffer (pH 8) is consistent with base catalysis.
Alternative mechaniatic proposals invelve a reactive intermediate
consiating either of a molecule with five coordination positions occupied
by two dien ligands (one one~ended dissociation) and the sixth position
by the solvent, or alternatively a saven-coordinate intarmediate

139 a rapid

involving the solvent nzo. In electron exchange utxdic&
pentacoordinate-hexacoordinate equilibrium has been proposed for the
[Co(EDTA)]™ system, so that such an equilibrium in the present system
might provide the necessary reactive intermediate for the isomerisation
process. Tha seven-coordinate intermediate has been proposed by Cooke,

391,160 ¢\ gccount for the racemisation of [Co(EDTA)]™ (by

Im, and Busch
a trigonal twist mechanism). If H,0 (rather than OH ) were involved in
thosf two alternatives, the isomerisation of the isomers of [Co dimzlu
should not be base catalysed over a limited pH rangs. At this stage

these procssases cannot be eliminated as the isomerisation mechanisms, or

as pathways concurrent with the base-catalysed deprotonation process.

Rate studies as a function of pH in the rangs 6-9 would thus seem to be
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a valuable exercise, although similar studies using the wmethylated complex
should more immediately establish whether deprotomation at the sec-N is

iovolved (sea later).

Appearance of Dacomposition Products.

A red~violet product was detected in most reactions whera
isomerisation occurred (Tables). This product had an Ry value in the
Sephadex saparation intermediata betwean those of s-cis and u-cle, so
that it would appear to ba a Co(II1) apecies with a 3+ charge. (Any
conceivabla Co(II) species should have charges 2+ or 1+,) If any
dissociative process is occurring, this 'decomposition product" may be a
species in which water occuples one (or more) coordination positionms,
and suggests the possibility of this as the intermediate involved in the
isomerisation., No "decomposition products" were ohserved in solutions

where no isomerisation had occurred (runs 1-14, 26-28, 33).

Nature of the Proposed Deprotonated [Co dian2]3+ Species,

In the following chapter, it will be shown that the rate of hydrogen
exchange in aqueous media for the ::Nz - H bonds of trans[Co di¢n2]3+ is

about three times faster than the same process in the cis isomers. The

:sz - H exchange 1is also expected to be ca. 103 times faster than the

-NHz exchange process on the basis of rate messurements on the

10 If it 1s assumed that the re-protonation

kg
5]

!xg[Co(trcnen)N3]2+ systen.

rates for all the deprotonated amines in the [Co dien isomers are
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sinilar (they will all be extremely rapid, even perhaps diffusion
controlled), then the acidity of the amine protons in these isomers
will be ralated to their exchange rates. The trans molecule would thus

>N2 ~ H position, and in

deprotonate the most rapidly, and at the
aqueous solution the trans was observed to isomerise faster than the

twvo ¢is forms (compare runs 31 (trans), 29 (s—cis) and 30 (u-cis)).
Moreover, it was observed in the isomerisation reactions that there was
e rapid establishment of the finsl equilibrium proportions of the trans
isomer with a slower readjustment of the two cis proportions (runs
20-24, 29-31). As the deprotonsted trans form would ba the most rapidly

formed (and therefore the deprotonatad isomer in greatest concentration),

then the trans < u-cis (twist) and trans o a-~cis (dissociative)

isomerisations should be expected to be established more rapidly than

the s—cis o u-cis equilibrium, The slower s—cis p u-cis process could
occur directly by a twist process {Figure 27a) or by the consecutive

sequence of dissociative s-cis + trans and twist trans + u~cis mechanisns.

In both cases however, a twist process would be involved.

Suggested Further Isomerisation Studies.

The study of the isomerisation reactions of the isomers of [Co dionzl}"
presented here was preliminary in nature, but doas provide evidence for
twist processes. Further useful studies on this aspect now become
evident, For example, the confirmation of base-catalysis of the

isomerisations in the pH range 6 to 9 (by comparative rate studies) would
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provide evidence for the proposed deprotonation mechanism.

The twist mechaniems shown in Figure 27 involve no inversion at

the j:nz = H centres, and thus for the u-cis 2 trans process (FPigure
27b) the use of optically active starting materials should (in principle)
lead to a mutarotation and not a racemisation. If the isomerisation

occurred by a series of equilibria u-cis T scis 2 trans then a

racemisation would be observed since the intermediate s-cis isomer
is not dissymmetric. Thus some differentiation batween the mechanistic
paths could in principle be realised. However, the conditions found
necessary to bring about the isomerisation reactions of [Co dion213+
would lead to the racemisation of the trans molecule, so that this
approach is not realistic, and was not tried. The use of the
[Co(d-Modien)2]3+ system, in which the trans form is optically stable,
should allow such a mutarotation to be observed. If however the
deprotonation of the secondary amine in [Co dion2]3+ is important in
the isomerisation (as proposed above), then the use of the 4-Medien
ligand should lead to inhibition of isomerisation since the proposed
deprotonation 1is not possibla. The three geometric isomers of the
[Co(&-Mcdicn)213+ system have been separated and characterised (Chapter
10), and isomerisation studies using this system should be very profitable.
The use of unsymmetric tridentate ligands would also allow more
information to be obtained on the distinction of dissociative and twist
processes. However coordination of ligands euch as 2,3-tri or a

C~substituted dien could cause the sec~N atoms to become asymmaetric, in
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which case there would be eix geometric possibilities for [Co L213+

, all
of which would be dissymmetric, so that such isomerisation studies would
be very complicated.

The ICo(lin—ponton)]3+ system is closely analogous to [Co d10n2]3+
in that the lin-penten can be regarded as two dien ligands linked (through
end primary groups) by an ethylene bridge. It has a limited number of
geomatric isomers (four, all dissymmetric) and the additicnal central
ethylene bridge should impose some sterasochemical restriction on the
pathways possible for isomerisation. This restriction should be to
advantage in deducing mechanistic paths, so that the present isomerisation

atudies will usefully be extended to the ICo(lin-puntcn)]3+ lyatcm.‘

Charcoal Catalysis of Isomerisation.

Activated charcoal catalysed the 1aomeriutiom. as expected by
analogy with its effect on the racemisation of A[Co on313+.61 An
interesting feature of the present results howevar is that the same
final (equilibrium) isomer proportions wvere obtained with or without
charcoal (but the same experimental conditions otherwise). Thus charcoal
doea promote rapid attainment of a true equilibrium, but the present
results do not allow any new information concerning the machanism by
which it catalyses the process (section 3.1). It cannot be firmly stated
at this stage whether the isomerisation of the [Co di¢n2]3+ species on
charcorl is identical to the mechanism without charcoal (discussed abova),

since the complete role of charcoal 1is unknown, even in the [Co cn3]3+
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rncomiaation.ss 1f some electron exchange does occur (as in [Co cn3]3+).

the mechanism by which ICoIIdicn2]2+ isomerises could be intermolecular,

or may be intramolecular as in the [Co dien2]3+ species,
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CHAPTER 8

KINETICS OF RACEMISATION AND HYDROGEN EXCHANGE

IN trans[Co dian2|3+

8.1 INTRODUCTION

Donor Atom Asymmetry - The Historical Development.

Optical resolutions about the tetrahedrally coordinated atoms 81,

161 In particular,

Sn, N, P, As, and § are not extensive or mummerous,
nitrogen in organic compounds is tervalent and usually has a lone
slectron pair and is consequently configurationally unstable bacause of
rapid inversion. Nevertheless, optical separation of molecules about a
nitrogen centre has been achieved in some circumstances: when inversion
can be prohibited structurally (e.g. Troger's baae),l61 in some
quaternary awmonium salts (e.g. (CH,=CH.CH,)(CH,.C(Ry) (cghy) (cr N, 1o
and in metal complaxes where a nitrogen donor atom has become asymmetric
on developing the fourth, coordinate, bond to the metal (donor atom
asyametry). The last of these types is particularly interesting as it
is a general phenomenon; because of the properties of the resultant
complexes, mechanistic studies of the process of inversion about the
nitrogen centre can he made.

Keubler and Builar162

first demonstrated the phenomenon of donor
atom asymmetry unequivocally (about a nitrogen donor atom) by resolution
of the dinitro(N-methyl-N-ethylglycinato)platinate(II) fon (Figure 28)

where the nitrogen atom was tertiary in the free amino acid ligand.
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Figure 28. - The [Pt(N—Me—N—Etle)(N02)2]— ion.

Since quaternary ammonium salts R R R3NH+ were optically unstable,

these authors predicted that resolution of complexes of vnsymmetric
secondary amires RleNH would not be possible. The N-H exchange was
expected (as in the quaternmary ammonium salts) to be quite rapid,
implying invercion end consequent racemisation. However it had beca
demonstrated that when one of the alkyl eroups R was a metal ion such as
Co(III), the rate of N-H exchange with solvent water was drastically
redﬁced, so that for [Co(NH3)6]3+ the half-life for ev~hange in 1M D+
was ca. 106 minutes, although under neutral or basic conditions the

exchange was rapid.l63’164

The proton exchange rate in cobalt (TII)
complexes of secondary amines might thus ue sufficiently slow at suitably
low pH to restrict inversion at the nitrogen centre of an unsymmetrically
substituted secondary amine cooidinated to a metal ion, so that opiical
resnlvtion of the resulting complex should be feasible.
, . 24 . .
Using this fact, Halpern, Sargeson and Turnbull first resolved 2

] o 2+ . 2.
complex, [Co(JHQ)4s:rc] , whose sole source of optical activity was a

ccordinated szcondary nitrosen atom. Since that time severul examples of
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resolutions, geometric {somerism and stereospecificity arising from
the stability of coordinsted secondary amines have been reported.

Most of this work has been carried out by Sargeson and Buckingham

]+2

and co~workers. In the system [Co trionxz the inertness of the two

secondary nitrogen centres under acid conditions allowed the separation
of the two possible cisf geometric forms shown in Figure 29 (x2 -
(320)2, amino acid), and of the two optical forms of the trans dichloro

isomer (Figure 13). Stereospecific effects were observed for the

118

[Co onznar¢]z+ {on, the A-R/A-S ions being considerably more stable

than A-R/A-S. These authors also employed several Co(III), Pt(IX), and
Pt(IV) eystems containing asymmetric coordinated secondary amines in

studies of the mechanism of the base catalysed optical inversion about

the N atom. These complexes, ICQ(Hus)“carclz+.z‘ [00(“33)4(N“Ml0n)]3+.101

trans, ttln.[Co(N-Hcen)20121+,120’165.gz![Co trenenx)?*,10

[Pt(N—Hﬁ«n)(en)]z+ and [Pt(N—Moen)(nn)612]2+,166 will be discussed

subsequently in relation to the inversion mechanism.
The active Pt(II) complexaes but in their racemic forms,

[Pt (N-Mean)CL,], [Pt (N-Mean) (NH,),12* and [Pt (¥-Meen) (phen) 12*,1%7 and

]2+ 2+ 168

[Pt(N,N'-Mczcn)(NH and [Pt(N,N'-Me,en) (bipy)] have also been

32
studied by PMR methods in attempts to elucidate the mechanism of the ring
conformational inversion process.

In the same way as for the [Co trionx2]+ system,
5555;[00(2.3,2-:.:)012]+ has been resolved into its two optical forns.169

and complexes of the tetradentate EDDA have also bean shown to possess



- 3 ] +
Figure 29. - The two conformationral isomers Jf the cisB[Co trlean] ion.
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configurational stability about the coordinated secondary amine groups

54,170

under acidic conditions. Stereospecificity has also been cbserved

in complexes of N-substituted amino acids such as N~mcthy1~s-n1anin¢171’172

as mentioned earlier for sarcosine (N-methylglycine) .Y.t.m..24.118

Busch and co—workcr-173

have employed macrocyclic ligands coordinated to
N4(I1) and Co(III) to demonstrate both optical and geomatric isomerism
due to the restricted inversion about coordinated secondary nitrogen
atoms.

]3+

In an analogous way to the present [Co dienz systes, the

configurational stability of coordinated nitrogen atoms has led to the
isolation of four isomers of [Co(dicn)(cn)01]2+.3’9 two of which (I and
II in Figure 5, section 1.3) differ only in the orientation of the

SN? - H bonds in & meridionally coordinated dien ligand.

Inversion at the Secondary Nitrogen Centre in trans[Co d;ggzlzt.

Dien is a symmetrically substituted secondary amine so that
trans[Co d1¢n2]3+ does not contain an asymmetric donor atom. However
racemismation will result if one of the Nz—ﬂ bonds adopts the alternative
disposition (Figure 4). This process is equivalent to inversion of
configuration at the asymmetric nitrogen centre in the situation
Co-NHR,R,, and the term "{nversion" is used henceforth to descride the
analogous configurational change about a secondary nitrogen centre in
trans[Co d1¢n2]3+ despite the absence of asymmetry at that centre. This

configurational change must involve N-H dissociation and will be accompanied
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by conformational inveraion {n each of the adjacent chelate rings.

These phenomena provided an unequivocal method for establishing the
geonmetric configurations of the two dissymmetric formas of [Co dien2]3+,
gince the optizal rotatory powars darive from different chiral sources
in the u-cis and trans isomers. The u-cis form, whose optical activity
arises essentially from a configurational effect, should be optically
stable in base. The optical activity of the trans form arises essentially
from the bond-pair chiraiity described earlier (section 3.4) which is

2 _ H bonds. The

typified and uniquely deseribed by the two N
racemisation of the trans isomer should therafore be OH catalysed. It
was thus necessary to establish the OH dependencs of the racemisation
of the trans isomer, and this prompted the study of the kinetics of

both racemisation and hydrogen exchange under a variety of conditions in
the hope of further elucidating the mechanistic steps involved in the

racemisation,

8.2 MECHANISTIC CONSIDERATIONS FOR RACEMISATION AND HYDROGEN EXCHANGE

ABOUT AN ASYMMETRIC COORDINATED NITROGEN CENTRE

Recently the kinetics of racemisation and deuteration have been
studied by Buckingham and Sargeson and co-workers for several cobalt(III)

conplaxes where the sole source of asymmetry resides in a coordinated

secondary amine N atom, For the three complexes [co(!!tis)‘urc]”,z4

3+ 101 and trans, gtinn[Co(ﬂ-M.an)z(Noz)z]+ 120 the

[Co(NE ) , (N-Mean) ]

ratas of proton exchangs were several orders of magnitude faster than the
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respective rates of racemisation, and both measured processes were
described by rate laws of similar form,
R = k[complex][OH ].
101,120

The two mechanisms vhich have been proposed by the above authors
to sccount for all thase results are showm in Figure 30, where the part
chelate ring indicated may be aither N-Meen or sarc. The preferred
scheme A involves abstraction of the N-proton with OH (k,). The
alternative mechanism B proposes formation of an ion-pair with oD (kS)
and ion-solvent dissociation (k‘). The two mechanisms are equivalent
for the racemisation step as given by inversion of the deprotonated
intermediate kz. In mechanism B fon-solvent pair separation is required
for racemisation for wvhich k‘ could thus be the rate—determining step,
but this step is not required for exchange to occur with retention of

eonfiguration k—S' The absence of a substantisl isotope effect
Ik

protonation
120

kdcu:orltinn (knlkﬂ) for the exchanges, as would be expected

for the step k&' gave support for the former mechanism, and circum-

stantial evidence also supporting mechanism A has been sxpounded,’01:120

,kracnnilltion

during exchange in non-aqueous solutions have also been interpreted on the
165

Results of measurements of retention ratio kprotonntion

basis of mechanism A,

Ericksont ®

has noted that the value of kz for these complexes in
solution is relatively small compared with inversion rates for amines in
the gas phase, and suggests the deprotonated intermediate is stabilised

with respect to inversion in solution by hydrogen bonding to a solvent
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molecule. This intermediate them should probably be drawn with the
water molecule attached to the lone pair, so that the equilibrium shown

1in Figure 30A might be written:

N-H+08 2 Nt H-0 :

The deprotonated intermediate in Pigure 30B would be stabilised in a
sinilar way, although these refinements are superficial to the basic
iszaue at present,

The previous studies cited above are confined to complexes involving
an asymmetric donor nitrogen centre in the bidentate ligands N-Maen or
sarc. The chelate ring in the sarcosine complex is essentially plannrlzz
so that a ring conformational change is not involved. Mechanisus A and
B as drawn in FPigure 30 do mot specifically consider inversion of the
singlae chelate ring conformation in the N-Meen complexes, and kz in
Figure 30 refers only to the nitrogen inversion which is the essential
step for racemisation, The ring conformation must invert however if the
methyl substituent is to remain in the preferred equatorial disposition
with respect to the overall plane of the ring in the N-Meen eomploxos.1°1’12°
The increase in AH* and in retention ratio for the N-Meen complexes
compared to the sare complex was attributed to the additional energy
required to invert the N-Meen ring conformation as well ae the N

101,120 In the studies mantioned, no decision could be made as to

centre,
the time relationship between conformational interchange and inversion

at the nitrogen atom during the observed racemisation, ind Figure 30 1is
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non-commital on whether the ring inversion precedes, postcedes, or is
synchronous with k2.101’12°
A subsequent study of hydrogen exchange and racemisation of

(+)1515[00(tr0ncn)uslz+

attempted to clarify the issue of the interaction

between conformational interchangs and nitrogen 1nvernion.1° This complex
has coupled ring conformations (Figure 6, X = azido) and it was felt

that the conformations of the two rings abreast of the asymmetric nitrogen

(conformations designated & and 16

in the Figure) would invert synchron-
ously with configurational inversion at the asymmetric centre. The close
correspondence between observed sctivation energies for racemisation of
this system and of (+)‘a°—[0o(NBs)4(N-Mecn)]3+ wvas then taken to imply
that inversion at the N centre and conformational interchange might
coincide for puckered ring systems generally. Fowever the trenen complex
has multiple ring coupling at the tertiary nitrogen atom also, end this
should confer some restriction on the conformational interchange in
question (about the sec-N atom). The portion of the trenen ligand com-
prising the interlocked rings (& and 1) about the asymmetric nitrogen in
gzg[Co(tronen)N3]2+ should be closely similar stersochemically to each
dien ligand in trans{Co dionzla+ (compare Figurea 4 and 6). This latter
conplex is free of the restriction mentioned however, and is also a better
basis for comparison with [Go(ﬂﬂa)a(u-nneu)]3+ on account of similar
cation charge and the absence of the electronegative azide substituent.

The comparison of the kinetic patterns for the dien and trenen complexes

may be expected to give some further information on the affects of cation
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charge and azido substituent however.

8.3 EXPERIMENTAL

(+)-trans[Co dianzlgﬁoalaagzg. - The racemic chloride was resolved with

Ag(+)~[Co .nma12].2uzo as described earlier (section 3.2)., The active
bromide thus obtained was converted to the nitrate by passage of a
solution in 0.01M HN03 through an exchange resin in the nitrats form.
Tha elute was concentrated on a rotary evaporator, and cryatallisatfon
was completed by the addition of ethanol.

Anal. Calecd. for (+)155555[Co(C&H13N3)2](N03)3.H203 c, 20.5;
1, 6.0; N, 26,8. TFound: C, 20.6; H, 5.7: W, 26.3.

Deauterated (t)*ttanICO(dion-dslz|013.xD 0. - A sample of racemic chloride

2,5 hydrate was dissolved in nzo (99.8%), and after standing at 80° for 1
hour the nzo/uzo wvas evaporated off under vacuum. The process was
rapeated with fresh D20. and the PMR spectrum showed that deuteration

was essentially complete.

Buffer Solutions. - The bhuffer solution for each pH was made up using

2,4,6-collidine (frashly distilled) and the appropriate amount of HN03,175

and sufficient solid ﬂaN03 was added to adjust the {onic strength of this
golution to u = 1,94, The solid complex, when added for each race-

misation run, contributed a further 0.1M to the ionic strength.
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Racemisation Kinetics. - (+)~trans{Co d1m2]m03)3.520 (0.075 g) was

dissolved in coll:ld:lnc—mﬂos buffers (10 ml) giving solutions 0,016M in
complex, with ionic strength adjusted to 2.0M with Nlﬂoa. Racemisation
was conveniently followed at the Hg line 546.1 mm which is coincident
wvith the first peak of the ORD curve (section 5.4). Rotations were
measured on a Perkin-Elmer 141 MC polarimeter in a 1 dam cell jacketed
to _4;0.1°c from a water bath. Initial rotations were about a . . = +0.14°,
and individual measurements were accurate to 3_-0.002°. In the slower runs
1ight vas excluded between readings and each run was followed to at least
two half-lives.

The pH of each solution was obtained with a Radiometer model 22 pB
meter (+0.005 pH unit) by measurement of tha kinetic solution at the
run temperature after each run was complated (the collidine buffer is
temperature dependent). Rates were reproducible to +3% with the accuracy

1inited by the pH determination.

Hydrogen Exchange Kinetics. -~ The deuteration runs were carried out on

racemic trans(Co 41m21c13‘2.5n20 ia nzso‘/nzo, and the corrasponding
deuterated compound was used for the protonation studies in sto‘
solutions., The stock acid solutions were titrated potentiomstrically
against sodium tetraborate. PMR spectra were measured using a Varian T60
NMR spectromster with sodium trimethylsilylpropanssulphonate as the
external reference standard. All solutions were 0.33M in complex vwhence

= 2,0M, The NMR tubes were kept in the probe of the spectrometer
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throughout the runs at 34.9°c. and in a constant temperature water bath
for the higher temperatures. In these latter runs the tubes were
withdrawn from the bath at suitable times, cooled quickly to 33°, and
the N-H region of the spectrum was recorded immediately.

It was not possible to assass pesk areas using the iastrument
integrator due to its instability over the broad ¥-H peak and with time.
Relative peak areas wers obtained by making three tracings of the peak
recorded at each time (smoothing out noise) on to paper of uniform
thickness, sketching in the basaline, and cutting out. The triplicate
paper piecas were weighed together (weights corresponding to maxizum
peak areas were about 0.25 g). This procedure averaged out variations
caused by subjective judigements in making the tracings.

This tedious technique differed from that used by the previous
workers. With the complexes of N-Meen and sarc, the peak heights of
the methyl singlets (mathyl doublets collapse on deuteration) were taken
as proportional to the concentrations of the N-deuterated species.

Ideally, the sxchange and racemisation rates should be measured
at similar complex concentrations. However this would necessitate the
use of a much shorter pathlength cell (0.3 em) for the racemisation runs,
and consequently either a smaller volume of solution (ca. 1 ml) or use
of a considerably larger amount of the aécivo complex. The sccuracy of
the racenisation rates kn 18 linited by the determinmation of pH, and it
was felt that the larger errors in pH measurement associated with tha use

of very much smaller volumes and more concentrated solutions did not
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warrant the use of these conditions., Furthermore there is some uncer-
tainty in any case in the variation of Kw with complex concentration [Co]
and ionic strength u (see next section). The variation of k, with {Co]
and y was not large and formed only a ninor part of the investigation.
The techniques and conditions used are essentially similar to those used

10, 24,101,120

praviously on the other Co(III) systens, wvhere exchange

and racemisation were measured under differing conditions of [Co].

8.4 RESULTS

Hydrogen Isotope Exchange. - The PMR spectrum of trans[Co dian2]c13.2.51120

in D+/D20 is given in Figure 31. The band assignments follow from the
peak area ratios mnmlzscnz = 1:4:8 as determined previously (section
4.3.3). The >NH peak is also shown at the higher amplitude at which

the deuteration runs were followed, and it is evident (Figure 31C) that
after .10 half-lives exchange was essentially complete. The exchange
was followed in both directions, by measurement of peak area of the _NH
signal at appropriate times. Plots of log[(peak nru)t ~ (peak axea) ]
versus t vere linear (within the errors) over at least two half-lives for
the deuteration runs in D,80,/D,0. Protonation runs of the deuterated
samnple in aqueous sto‘ solutions were wmore difficult to measure due to
the large HOD peak lying close to the )m signal under these conditioms.
The HOD background tail under the NH had to be sxtrapolated subjectively
for sach recording, and the experimental points in the plot of

log[(psak area) - (peak area) t] versus t (peaks background corrected)
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Figure 31. - PMR spectrum of trans[Co dien2]3+ in D+/D70.
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wares more scattered, All rate constants were computed by least-squares
analysis of the experimental points up to 2 half-lives for each rum,

The number of points used in the computation was at least eight, but was
usually about twelve. Rate constants for the exchanges are listed in

Tablaes 11 and 12. kD and kﬂ wera obtained by
- + +
kD ¢ kobnlton 1= kbba[D l/KDZO and kﬂ - kob-[H IIKQ'

4 o 176 a

The constants used vere K = 2,11 x 1071% gor 2M RCL at 34.9 nd

values of Kw for the other temperatures waere also calculated for 2M KCL

using data from tha same source.176

ano was taken as 0.195 Kw for szero
177

ionic strangth, The assumption has been made that the ratio 0.195

does not change significantly with ionic strength or temperature, as zero

ionic strength iz the only condition for which strictly comparable values

of xn 0 and Kw have been d.torninnd.178 The constancy of kn over % runs
2

1 o 1073 at constant

1

with D' concentration varied over the range 10~
temperature (runs 1-9; average value 1.04 x 103M"1 sac  with spread
+0.05 at 36.9°) establishas the rate law to be the same as that for the
previously studied bidentate complexes,

R = kD[complcx] [op ],

Y1 geet

The averaga value of ka under the same conditions i{s 0.35 x 10
st 34.9° (runs 22, 23) giving the {sotope effect as ky/k, = 3.0, The
data indicate that rate constants for the deuterations were generally
reproducible to within 10%, all replicate values being within 5X of the

mean. Data for a typical deuteration run are plotted in Figure 32. The



TABLE 11

Rate Constants for Deuteration in D25041020 of
sec N-H in trans(Co dien,]C1,.2.58,0"

Run No. ih Temp. R, X 10° K, x 1070
molar ° sect w1l geet
1 0.100 3.9 0.444 1.08
2 0.100 34,9 0.408 0.99
3 0.0300 34.9 1.51 1.09
4 0.0100 34,9 4,18 1.01
5 0.0100 34,9 A.06 0.99
6 0.00300 34,9 14.1 1.03
7 0.00300 34,9 13.8 1.01
8 0.00100 34,9 45.0 1.09
9 0.00100 34.9 44,3 1.07
10-12 0.0100 34.9 2,45 0.60°
13-15 0.0100 3.9 6.79 1.68¢
16 0.0300 40.0 2.95 1.51
17 0.0300 40.0 2,66 1.36
18 0.0300 45.0 5.81 2,23
19 0.0300 45,0 5.83 2,23
20 0.0300 50.0 10.0 2.7
21 0.0300 50.0 12.6 3.3

[Co] = 0,33M; u= 2.0M (no supporting electrolyte added).

[Co) = 0,167M; u = 2,0M; [KCl] = 1,0M, Rates are means of
triplicate runs.

[Co] = 0.167M; p = 1.0M (no supporting electrolyte added). Rates
are means of triplicates,



TABLE 12

Rate Constants for Protonation in 32806 of

se¢ N-D in Deuterated trans [&(dicn—ds)zlﬂs.xbzo‘
Run No. (5] Tenp. L 10° ky x 1078
molar ° sec”! ML geet
22 0.00976 3.9 7.23 0.335
23 0.00976 34,9 8.06 0.373
24 0.0976 40.0 2.16 0,702
25 0.0976 40,0 2,20 0.715
26 0.0976 45,0 3.27 0.797
27 0.0976 50.0 6.11 1.04
28 0.0976 50.0 6.85 1.16

[Co) = 0,33M; w = 2.0M (no supporting electrolyte added).
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accuracy and precision were less than this howaver for protonation

(within 7% of the mean).

Racemisation. — The rates of racemisation were measured in buffer

solutions at constant ionic strength (1 = 2,0M) over almost the complete
pH range 7,08-8.27 of the collidine-HNO3 buffer system at various
temperatures, Table 13. Pseudo-first order plots of log 65460 versus

t were linear to at least three half-lives, and lines of best fit were
dravn visually through the large number of points for each run. Several
runs were followed to mero rotation over the visible range (>10 t1/2)’
and the constancy of the visible spectrum indicated that in the reaction
times any hydrolysis or isomerisation was insignificant. Chromatographic
analysis on SP C-25 Sephadex (section 2.4) of a solution which had
completely racemised failed to detect any other species. kR - kbb'/[on']
was calculated using values of Kw as mentioned above. The constancy of
kn over the pH range 7.20 to 8.12 (runs 32-36; averags value with

~1 at 35°) confirmed that

standard deviation 2.36 + 0.09 x 1024 . sec
only the one reaction was being observed and that the rate law was as
praviously,

R= kR[comploxIIOH-].

Activation Parameters. -~ Activation energies E. for the three processes

were computed by least-squares analysis of the Arrhenius plots of kk’ kn

and kn, wvhere these rate constants from the individual runs have been



TABLE 13

Rate Constants for Racemisation of

(+)-trans[Co dfen,](NO,),.H0 in Collidine-HNO, Buffers:

Run No. Temp. pH k. x 10 K, x 1072
° abs 1 Ry a1
C sec M~ saec

29 25 8.27 1.30 0.687
30 30 7.51 0.586 1.23
31 30 7.92 1.25 1.29
32 3s 7.20 0.769 2.28
33 35 7.42 1.24 2,27
34 35 7.46 1.51 2.46
35 35 7.75 2.76 2.32
36 35 8.12 6.89 2.48
37 3s 7.67 1.81 1.86"
38 35 7.62 2,85 3.29¢
39 35 7.76 4,94 4,10°
40 3s 7.68 2.84 2.864
41 3s 6.42 0.086 1.54°
42 40 7.31 2.89 4,71
43 40 7.58 4,87 4.58
44 40 6.44 0.297 3.59¢
4S 45 7.08 4,17 8.66
46 45 7.15 4,75 8.39
47 45 6.45 0,863 7.66°

% [Co) = 0.016M; u = 2,0M (supporting electrolyte Nauos).

P [co] = 0.008M; u = 2.0M (NaNO,)

© [Co] = 0.016M; u = 1.0M (NeNO,)

4 [co] = 0.008M; u = 1.0M (Na¥O,)

. £ -

Phosphate buffer

HPO‘ ’ Hz 4 °

[Co] = 0,016M; u = 2,0M (NbNOa)
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calculated allowing for the temperature variation of Rv or KDZO' Figure
33 shows the Arrhenius plots for the deuteration and racemisation. The
activation paramaters calculated for the three processes (AE+ - E. - 0.60
keal nnlc-l) are given in Table 14, Errors listed were obtained from

the standard errors in the least-squares analyses.

8.5 DISCUSSION

The kinetic results obtained for the hydrogen exchanges and
racenisation of trans(Co di¢n2]3+ follow the general pattern previously
observed for the asymmetric nitrogen centre complexes, each reaction

following the same form of rate law,
R= kR,D, or n[conplcx][on ]
- kob.[conplex] at constant pH.

The close similarity in activation parameters for the same reaction
between the dien, N-Meen and trenen complexes, as compared in Tabla 14,
strongly indicates a common mechanism. It would thus appear that the
coupling of two puckered chelate rings across the sec-N atom in Co-dien
confers no additional constraint on the nitrogen "inversion" over that
in the single ring case of Co-N-Meen. It may be inferred also that the
additional ring coupling around the tertiary-N in thoigzglco(trcncn)u3]z+
complex (Figure 6) places no additional restriction on inversion at the
sec-N centra.

The present results do not allow a firm decision to be made as to

vhether nitrogen inversion and conformational interchange are synchronous
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TABLE 14

Rate Constants and Activation Parameters for sec N-H Hydrogen Exchange
and Racemisation

Reaction Med{um T:ﬂp. % H, or R " B as’
c Mfl soc-l kcal mole e.u.
trans{Co dien,]>
Deuteration D,80, %.9 1.0x10° 13.5+1 2243
Protonation H 90, %,9 0.35x10° 13432 2047
Racemisation collidine—HR03 35.0 2.4 x 102 23.5+ 0.4 29 +2
[Co (¥E.,) , (N-tteen) ] **
Deuteration pcl 3%.3 3,0 x 107 13.8 21
Protonation ne1 4.3 1,0 x 10 15.4 24
Racemisation collidine-HCl  34.3 2.5 x 10 2,3 3
acetate buffer 34.3 2.4 x 10° 23.8 30
sym[Co(trenen)c1]?*
Deuteration ncl 34 5.6 x 10° 13.7° n
!zE[CO(trcncn)N3]2+
Deuteration nCcl 34 1.3 x 109 - =
Racemisation triu-HCIOA k1 5.7 x 102 22,7 28

buffer

% Reference 10 states that AH+ for deuteration of the chlore and

"activation energy' for racemisation of the azido complexes are 28 and
36 keal mole”l respectively, It appears from the context that these
values are both E . and the AuT and AST parameters in the above table
have been calculafed ﬂccordingly.
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processes or not. Certainly in the Co-N-Meen case inversion and ring inter-
change are not required to be -ynchtonous.1°1 and conformational change

or distortion could occur subsequent to deprotonation but prior to

nitrogen inversion. In the present system, as in QZEICo(trenen)N3]2+,1°
Dreiding models imply that it is difficult to invert at the N centre
without inverting at least one of the ethylenediamine (en) rings, but

even this is not required by the results. However recent X-ray studies

on coupled en ring lynt.m.124’127-179.180

reveal departures from the
idealised structures implied by Dreiding models (with fixed Co, C and N
bond angles) so that caution must be exercised in the use of such models
for mechanistic predictions.

It might be argued that if synchronous conformational interchange
does not occur in Co-N-Meen, the similarity 4in AH+ (racemisation) for
these three systems suggests inversion of only one ring in each of the
dien and trenen complexes during the nitrogen inversions, equivalent to
configurational interchange only of the m.tﬁyl and hydrogen substituents
in Co-N-Meen (without conformational change). If ring conformational
change does occur synchronously in the Co-N-Meen system, then on this basis
both rings would have to invert synchronously in Co-dien. While it seems
likely therefore that one ring in Co-dien inverts lynchrondunly with the
nitrogen inversion, the same uncertainties remain for the sacond ring as

101 on the [Co(ﬂHs)a(N-Hcen)]3+ results.

in the previous comments
The concurrant inversion of both chelate rings in one dien ligand of

trans [Co d10n2]3+ would produce a deprotonated intermediate having
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substantial eclipsing of these chelate rings.lo From the known energy
barriers between the staggered and eclipsed conformers of ethane and
methylamina,lsl the energy barrier to formation of the eclipsed
deprotonated intermediate for the dien complex may be assessed aas ca.

14 keal mole-l. On this basis alone this symmetrical intermediate seems
unlikely, and such an intermediate has been discounted also in the base
hydrolysis of QZEICo(trcncn)Cllz+ where the product retains optical
activity,lo and in the racemisation of [Pt(N-Mean)(en)]z+ 166 vhere the
high retention ratio kD/kR dictated against a symmetrical w-bonded
1ntermadiatc.168 It is proposed therefore that in the conformational
interchanges associatad with the nitrogen inversion in 55591[00 dien2]3+,
the two coupled rings will not invert simultaneously. This consideration
is distinet from whether or not the inversion of one of the rings is
synchronous with nitrogen inversion.

In comparing racemisation and exchange rates for the various com-
plexes, account has to be taken of the number of active centres in each
molecule, and the relationship between inversion at each centre and the
observed racemigsation. The significant comparison should be between
inversion rates relatad to a single centre, ki'
Trans, trano[Co(N—Heen)z(N02)2]+, with two reactive centres, requires

inversion of one centre in each molecula to form the inactive meso form,

so that kR = ki' However, with both trans[Co dien2]3+ (two reactive

centres) and [Co(NHa)a(N-Mden)]3+ (one asymnetric centre) only one cemntre

per two molecules need invert to form racemate, so that kR - 2k1. The
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inversion rates k1 are thus essentially similar for these latter ions

of identical charge (allowing for the [Co] and u differences), while

that for sym[Co(trenen)N,1* (i = 2k,) may be slightly higher (Table 14).
Statistical factors do not enter into the H-exchange rate measure-

ments so that the deuteration rates for the two 3+ complexes differ

5

3-fold (Table 14) as do the retention ratios kD/ki, 2.5 x 10” for

[Co(NHa)A(N-—Mun)]3+ and 8 x 10s for trans[Co d10n2]3+. These ratios for

the 3+ couplexes are considerably less than for gngCo(trenen)N3]2+.

kD/ki =4.6 x 106. This factor can not be correlated with the charge
difference (a more positive overall complex charge would be expected to
enhance the ﬁ+-dissociat1vo process) and it is difficult to associate
with some restriction on conformational interchange in the trenen com-
rlex since the k1 rates are similar, so that it is probably to be ascribed
to the electronegative azido substituent. Although the two highly
electronegative groups did not appear to increase the retention ratio

in trans, trnnsICo(N-Menn)z(N02)2]+,12° (kD/ki =9 x 104) the nitro

groups are cis to the asymmetric centres in this instance. It seams

likely that the azido group is exerting a trans effect in sym-
2+
3]

[Co(trenen)N , enhancing kD and kD’ki’ This may not be a general

effect however, since estimates of N-H exchange rates at both "angular"

and "planar" secondary nitrogen donor sites in ngo(ttign)NH301]2+ 131

2+ 182 indicate that

and the various configurations of 8[Co(trien)(gly)]
both detailed ring geometry and position of electronegative substituent

affect these rates, but so far few generalisations have emerged.
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Other features found common with previous observations are a
similar isotope effect for exchange to that in [Co(NH3)4(N-Mnen)]3+
(kD/kH = 3),101 and a decrease of racemisation rate in phosphate buffers
(runs 41, 44, 47, Table 13) associated with ion-pairing.

24,120 however is a small

A feature not observad previously
dependence of all rates on complex concentration (compare runs 4-5 and
10-12 at u = 2,0M Table 11, runs 32-36 and 37 at u = 2,0M, runs 38-39
and 40 at u = 1,0M Table 13), and the effect of ionic strength on all
rates is larger than previously notodzé (compare runs 10-12 and runs
13-15 Table 11, runs 32-36 and 38-39, 37 and 40 Table 13). These
features may be rationalised on the basis of ion-pairing. Ion-
association of C1~ (;f N°3-) may restrict aec‘ss of the catalysing base
to the exchangeable proton or reduce the effective positive charge on
the complex moiety, so that the ion-pair would be less reactive towards
exchange (on both mechanisms A and B) and the racemisation rate would be
consequently diminished also. Slower rates would thus result from
increasing u, or by adding KCl to maintain u constant when [complex] 1is

90,91,183 so that the

reduced. Such interactions may be rather specific
smaller effects noted by the previous workers need not be surprising,
despite the larger specific effect of phosphate on the [Co(l*ma),.utclz+
syltcm.z4

The parallel effects of varying [complex] and u on both the

exchange and racemisation rates are more consistent with mechanism A

involving a common intermediate for both processes, than with mechanism
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B (Pigure 30), so that the present conclusions concur with the remarks
of the previous authora. The concepturl difference hetween the alternative

mechanisms A and B 48 small however.

8.6 HYDROGEN EXCHANGE RATES FOR DIFFERENT AMINO GROUPS IN THE

[Co dien=]3+ ISOMERS

The rate of deuteration (kD) of the ::NZ - H protons in the

s-cis[Co dian2]3+ isomer, determined in the same way as for the trans

isomer, was found to be 4(+1) x 107M"1 ooc-l (at 350). This is about

D al exchange rate for the trans form,

-

at 35°,

three times slower than the

where kD » 1.0 x 108MZ.1 sec-l

In the PMR spectra of the [Co dienz]3+ isomers, the -NH2 resonances
were directly beneath the HOD peak in solutions of the acid strength used
for the deuteration studies (Pigure 31A), The measurement of the -NH,
hydrogen exchange rates could nevertheless be made as the -NH2 and HOD
resonances were shifted differentially by the addition of small amounts
of Co(Il) (as CoClz). However, no such determination of these rates

was undertaken,

2+ 10 (Pigure 6,

X = Cl) showed that for the deuteration process, kobs < 10-6 .oc-l at

34° for all -NH, protons, compared with k , = 1,2 x 107 sec! in a
2 obs

comparable run for the f:uz - H proton, Thus the primary amino protons

2

The kinetic studies on the system sym(Co trenenCl]

exchanged 10 —103 times slower than the secondary amino proton in thie

molecule. Due to the stereochemical analogy betwean these protons in
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syr[Co tron.nCl]z+ (Figure 6) and [Co dianzl}b (Figure 4), it would

seen reasonable to assume that a similar relationship would hold for the

hydrogen exchange rates of -Nﬂz and >N2 - H protons in [Co dionzla*

Moreover, it would be expected that the rates of )uz - H exchange
in the two cis isomers were similar, and it is predicted that in the
isomers of [Co d:l.cnzly'. the relative rates of the hydro'gcn exchanges
(kD) would be:

:N2 ~ B (trans) > >N2 - H (s—cis and u-cis) >> -lmz (all isomers).

In their studies of the effect of chelation and of alkyl substitution
on the rate of hydrogen exchange in cobalt(III) amines, Basolo, Palmer
and Pur.'uon38 mﬁanured the exchange rate _for [Co dienzla{' using IR
methods and found only one rate experimentally, whence they concluded
that "all the hydrogens exchange at the same rate''. However, from the
present results, it appears that their measured rate (1.4 x 107m7L sec-l
at 25°) was the fastest of the exchange rates ( :uz - H for the trans
isomer), and that the much slower -NH, exchange process was not observed,
consistent with the order of mhanglo‘ratu proposed above., Furthermore,
it would also appear from the preparative studies reported earlier
(section 3.3) that their [Co d10n2]3+ product was predominantly trans
(equilibrium substitution preparation and isolation in the low yleld of
44%), so that the >N2 - H exchange rates for the cis isomers were not

observed.
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CHAPTER 9

CRYSTAL STRUCTURE STUDY OF (~)-trans[Co dien BrZSCIOQQ.ZHZQ

9.1 INTRODUCTION

As discussed previously (section 5.4), the absolute configuration
of active trans{Co dien2]3+'cannot be assigned by optical methods so an
absolute X-ray crystal structure analysis wae attempted. The analysis
would also determine the ring conformations, which are important in
considering the origins of optical activity in this molecule (section
5.4). Further, the structure analysis would allow the comparison with
energy minimisation calculations,laz as discussed in Chapter 6.

Unfortunately, the analysis was not successful because of crystal

disorder. Some conclusions were reached concerning the structure however,

and the following description illustrates the difficulties emcounterad.

9.2 EXPERIMENTAL

Attempts were made to find an anion which gave suitable crystals.
jé;_ggalz:_vas tried initially as it matches the charge of the cation,
and all atoms contained in 1t are of low atomic weight. Difficulties
wvere incumbent in its use however as it i{s labile and consequently
unstable in the acid conditions necessary for the (-)-trans[Co dion2]3+
cation to retain 1its optical activity during a crystallisation from
aqueous solution. Crystallisation of this fon combination therefore had

184

to be rapid and from neutral solutions using solute diffusion between

solutions of K3[A1 ox3].3320 and (~)-trans([Co dicnlers.Hzo. but no
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crystals could be obtained. Br (+)-tart2- {in combination) offered a
particular advantage as the tartrate ion would have comstituted an
internal reference for the absolute configuration of the cation, A
solution of (-)-trans[Co dicnzlnr(+)-tart was formed by shaking together
in solution (acidified with acetic acid) equimolar amounts of
(~)-trans[Co dicnzlsra.uzo and Ag (+)-tart, filtering off the AgBr

and attempting crystallisation of the product from the filtrate by
interfacial growth185 at an n-butanol layer. Again no crystals were
obtained. An attempt was also made to crystallise the thiocyanate

selt SSCN_QS by the diffusion tochniquclsa

using solutions of NﬁascN

and the complex bromide (acidified with HBr). In this instance very
small crystals were formed but these ware not useful for the crystal
structure work. The bromide salt S!!:lg of the complex could be grown
to good-sized crystals by slow recrystallisation from a warm concentrated
solution in dilute HBr (0.1M). From examination by the polarising
microscope these crystals were found to be monoclinic. The crystals
contained imperfections however vhich eliminated the use of this
derivative also.

The salt used in the determination was 35259;9413:. prepared by
dissolving (-)-trans[Co dianzlnra.ﬂzo in warm HCIOA (1M) and slowly
cooling. The orange crystals formed were filtered off, washed with ice-
cold HClOa (1M), ethanol, and air-dried. These crystals were considered

eatisfactory for the structure determination, although not ideal because

of the large scattering power of the anion atoms.
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Anal. Caled, for (-)-trans[Co dien213r2(6104).2H20,
CoH30360801068r2: C, 17.14; H, 5.39; N, 14.99; Br, 28.5. Pound:

c. 17.04; H. 5.19; N’ 15‘08; Bf, 27.9.

9.3 SPACE GROUP AND UNIT CELL DATA

From the extinction directions under crossed polars, and from the
symmetry and systematic absences of the reciprocal lattice on non-
integrated precession photographs, the system was established as
orthorhombic of space group P « The cell dimensions werae

222y
determined as a = 8.53 (+0.02) &, b = 17.41 (+0.05) &, and ¢ = 13,67
(40.04) & whence V = 1984 8>, The formula weight s 560.64 and p_. =
1.87 (+0.01) g ¢:m”3 (determined by flotation in 1, 3-dibromopropane/carbon

tetrachloride), giving 2 = 4 and Peale ™ 1.876 g cm.a.

9.4 INTENSITY DATA COLLECTION

For the collection of the intensity data a crystal of dimensions
0.75 um x 0.15 mm x 0.10 mm was selacted and mounted on a glass fibre
along the a axis. Zirconium-filtered MoK, radistion (A = 0.7107 'y)
was used, and the reflection intensities integrated over one square
millinetre of film,

Using a Buerger integrating precession camera, reciprocal lattice
layers hO1-hél were collected by pracession of the =b axis about the
X-ray beam. By precession about the ¢ axis, the layers hkO and hkl were

also collected. Three exposures were taken of each layer, with the ratio
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of exposure times being (in most casas) 1:3:8,

Integrated Waissenberg photographs of the layers Okl-Skl were collected
using the equi-inclination technique. Three films, interleaved with brass
foil, were used for each exposure.

The relative intensities of the reflections were mesasured on a
Nonius II densitometer, the values being recorded on paper tape using
a Facit 4070 tape punch., As the Laue symmetry for an orthorhombic unit
cell is mmm, then Ihkl Z Iﬁkl B Ihﬁl E Ihki g Iﬁil ¥ Iﬁki E Ihii z Iﬁii’
so that only one octant nead ba measured. Accordingly in any one layer,
only one quadrant was actually measured, but the correct indices were
nevertheless recorded for use as snomalous data in the final determination
of the absolute configuration. The total number of unique reflections
thus measured was 1640, of which 472 were considered to be below the
detection capabilities of the instrument. These reflections represent 7%
of those accessible to MbKa radiation or 77X of those within the CuKh

limiting sphere.

9.5 DATA REDUCTION

186a

The reflection data was punched on cards from paper tape. Using

least-squares methods, the inter-£f1ilm scale factors of each reciprocal

186b and the reflections were corrected for

lattice layer were determined,
Lorentz and polarisation effects, but not for absorption. By successive
approximations, a weighting scheme was determined for the precesaion data.

The weighted mean intensities ihkl and standard deviations from the mean
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were calculatad for each reflaction.

Equivalence of the octants was assumed at this stage, and the
signe of the hkl indices ignored. By comparison of the same reflections
on different layer photographs, the inter-layer scale factors were

186c

determined by least-squarss methods, 80 that the weighted mean

intensities of all unique reflections were set on the sams scale.

9.6 STRUCTURE DETERMINATION

The unit cell of space group P2 2.9 Ll has its origin half-way

1'17}
between three pairs of non-intersecting screw axes, There are four
equivalent general positions in the unit cell, and as Z = 4, each
asynnetric unit contains one formula unit.

1864 and from

A three dimensional Patterson synthesis was computed
the Harker sections (u = %9 four peaks were obtained, none of which
appeared aignificantly stronger than the others. It was believed at
this stage that the crystal was actually (-)-trans(Co dienzl(cmé)3 and
consequently the heaviest of the peaks was assigned as Co (although not
significantly heavier than the other three). A Fourier mapl86d based on
this atom revealed three other relatively heavy atoms which all satisfied
the Patterson peaks. All these four Fourier peaks were very close to
ym=0, % or-% so that considerable overlapping would be expected in the
Patterson map. These four atomic positions are shown in Figure 34
numbered 1 to 4. Peak number 1 is that assigned to Co at this staga.

Peak 2 (6 R from Co) was found to be split, Atoms 3 and & (Figure 34)
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were each less than 5 A from peak 1 (Co), but this distance was less

2
than that expected for a Co—ClO4 approa'ch.l"3

B =
2 C 2
o - : ! >y
|
|
* 2 (split) * 1 (heaviiest)
I
|
|
I.3
[ ®
1 |03 i |
+~--
2 i |
J |
z
Figure 34, - yz projection of the asymmetric unit for
{-)-trans[Co dienz]Brz(C104).2H20, being one quarcier
of the P, unit cell. Fractiornal coordinctes are
21412,
indicated.
Subsequent structure factor calculation3186e and Fourier mapsled

phased on these four heavy atoms did not readily yield the nitrogen

- . . 186e
octahedron and the carlbon atoms about Co, but by refining the
positions cf the heavy atoms, and their isotropic temperature facrors, the
nitrogen octahedrcn and a possivle carbon set was located. These atoms

were found by computing the radii of spheres 2 R and 3 & from Co, and
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drawing the resultant circle on each section of the Fourier map, as

it {s known that the Co~N coordination distance ie about 2 2,21 and
from Dreiding models it appeared that all carbon atoms would be between
2.8 and 2.9 R distant from Co in this molecule. There was also much
diffuse electron density in the map. A combination of Fourier and

differencelasd

maps led to the positions of some perchlorate oxygen
atoms, but in subsequent difference maps large discrepancies in the
positioning of many atoms were obvious. Such disagreement led to
re-examination of the atom assignments.

It was realised at this stage that the crystals used contained
bromide, and analysis showed that the compound was in fact (-)-trans-

[Co dicn213r2(0104).2H20, which has a formula weight almost identical
to the triperchlorate.

Re—-examination of the Patterson map yielded little further infor-
mation because of the overlapping of the peaks. A guide to the atom
assignments was sought by assigning each of the four heavy atoms an
atomic weight and scattering power corresponding to Co (i.e. intermediate
values) in the structure factor calculations, and refining the multipliers.
This procedure confirmed that atom 1 (Figure 34) was the heaviest atom,
8o it was assigned as Br. Atom 3 was chosen as Co, atom 4 as Cl and the
split peak 2 was assumed to be Br, and the Fourier and difference maps
were then recalculated on this basis.

Both the Fourier and difference maps showad there was considerable

electron density, with concentrations or peaks, surrounding both atoms 3
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and 4. The electron density was particularly diffuse around atom 4 and
was difficult to interpret. The peaks surrounding atom 3 (assigned as
Co) could be interpreted as a2 clearly defined octahedron of nitrogen
atoms at distances ca. 2,0 R, with a satisfactory carbon skeleton
further out. However there were also pesks at ca. 1.5 ﬂ. and these were
not consistent with atom 3 being Co since the nearest atoms should be
nitrogen atoms at 2 R. Ina similar manner, peaks surrounding atom 4
(assigned as Cl) were at ca. 1.5 x. consistent with a tetrahedron of
perchlorate oxygen atoms, but there were also quite diffuse peaks at
2-3 & which are not consistent with the assigoment of 4 as Cl., These
peaks at 2 & could roughly fit an octahedron of N atoms, although the
actual positions were not easily defined.

The difference map also indicated that the Co and Cl assignments
for atom positions 3 and 4 (respectively) should be interchanged, since
a lover electron density was indicated for position 3 than that assigned
from Co, and a higher electron density was indicated at position 4 than
from Cl.

When positions 3 and 4 were reassigned as Cl and Co respactively
(interchanged from the above) a similar general pattern was evident
from the new difference map. Again electron density peaks were observed
at ca. 1.5, 2,0 and 2.9 4 surrounding each position 3 and 4, and again
interchange of the assigned Cl and Co was indicated.

There thus appeared to be disorder in the unit cell. The best

model obtained for this system was a partial occupancy of positions 3 and
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4 by Co and Cl, and consequent partial occupancy of the N and C sites
around each of these positions 3 and 4. Position 2 was also considered
split, with a single Br ion being shared between two close sites centred
at this general position. Assuming an occupancy factor of 0.5 for the
above model, structure factor calculations gave a residual index of

R = 0,278, The structure determination was abandoned at this stage
when 1t had becoms clear that the above-mentioned difficulties would not
permit the absolute configuration to be obtained.

Interpretation of the Patterson map was difficult because of
overlapping dus to the particular positions of the heavy atoms. The
partial occupancy and splitting sdds to the diffuseness and similar
magnitudes of peaks in the vector map. The proposed disorder explains
the presence of electron density within the 2 ® radius sphere of each
atom 3 and 4 on the ourier maps as being due to the perchlorate 0 atous.
The diffuse nature of these oxygen peaks need not be surprising since the

133,188,189 an effect

which would itself lower the precision of the determinntion.lss An

perchlorate ion tends to be thermally disordered,

unusual feature of the partial occupancy is that atom 3 has a clearly
defined N octahedron and C chain, whereas tha corresponding regions are
very diffuse about the interchangeable position 4.

Partial occupancy by Co and Cl of these two positions 3 and 4 would
obviate to some extent the electrostatic repulsion between the Br and
0104' anions that would exist if either atom, Co or Cl, solely occupied

one position, leaving threa negative ions in close contact. The split
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nature of the Br in position 2 may correspond to its alternate sites
depending on the occupancy by Co or Cl of the positions 3 and 4 in a
particular unit cell. The Br in position 1 was not split in the same
way however. Some electron density was evident surrounding position 1
(hence the initial location of a N octahedron and C skeleton when 1
wag initially assigned as Co) so that the disorder may extend to
involve position 1 to some degree also.

Further evidence for CON6—c104 disorder was that the electron
densities of the atoms at positions 3 and 4 were similar and inter-
mediate between those of Co and Cl. Similarly the nitrogen octahedron

about either site did not give a satisfactory difference map when

ingerted in the synthesis at full weight for aither position.

9.7 CONCLUSIONS

Because of the partial occupancy of two positions in the unit cell
(positions 3 and 4 in Figure 34), determination of the structure and
absolute configuration of (-)-trans[Co dienlerz(Cloa).ZHzo was not
possible. The structural information required for comparison with an

A2 and to clarify some of the

energy minimised calculated structure,
problems associated with optical activity in this molecule, should be
provided by the X-ray structural analysis of the racemic form of the

complex, (i)-trans([Co dien213r3.H20, which 1is in ptogress.36 However,

the determination of absolute configuration of the active ilon relies on

an absolute X-ray structural analysis. Because of the unusual symmetry
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properties of this ion, and the uncertainty of the source of its optical
activity, it is hoped that such an analysis can be made using another

suitably crystallised derivative.
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CHAPTER 10

THE [Co(4-Medien). 1> SYSTEM, AND EXTENSION OF THE PRESENT STUDIES

10.1 PREPARATION AND SPECTRAL PROPERTIES OF THE ISOMERS OF THE

[Co (4-Hed1¢n)213+ SYSTEM

It has already been suggested that the analogous complex system of
the 4-Medien ligand (methylation at the sec~N atom of dien) should afford
considerable further information to clarify some of the partly answered
problems discussed earlier in this thesis. These aspects are briefly
sumparised subsequently (section 10.1.2),

The 4~Medien ligand and the resultant complex system have been
preparad and the isomers separated and characterised, with a view to
extending the studies on certain stereochemical aspects. It is hoped
that these particular studies can be undertaken in the future.

The 4-Medien ligand was prepared by a method based on the synthesis

by Mann of the same compoumd-lgo

In the present work, the two primary
amino groups of dien were protected by their inclusion in phthalimido
rings, and the free secondary amino group was then directly methylated.
Subsequent acid hydrolysis of the phthalimido groups gave the required
1igand as the hydrochloride salt. The present synthesis differs from

190

Mann's in the first of these three stages. The diphthalimido

derivative of dien was formed by direct reaction of diem with phthalic
anhydride, whereas Mann reacted 2,2'-dichlorodiethylamine
(CI—CHZ-CHZ-NH-CHZ-CHZ-01) with potassium phthalimide to give the same

190

compound . It 1s poted that other workers have reported failure in
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attempts to form the diphthalimido derivative of dien by direct
ruaction.191 The two subzequent steps were assentially the same as
used by Mann, The reaction acheme used {n this work 1s shovm in Figure
35.

The complex was prapared, and the isomers separated, using methods
similar to those previously described for [Co dienzla"' (sections 3.3

and 204)0

10,1.1 EXPERIMENTAL

Diethylenetriamine, from either Fluka (puriss) or Union Carbide
Australia Ltd., was used without further purification. Phthalic anhydride
of laboratory reagent grade (Unilab), was purified as described in the
synthesis (below). The charcoal was freshly ground BDH "granulated
charcoal for gas absorption'. The solvents (chloroform and acetone) were
of commercial quality, [Co(NH3)5011012 was prepared using literature
mcthodo,71 iodomethane (Unilab) was freshly distilled before use (b.p.
420). and all other chemicals used were analytical grade reagenta.

The electronic, IR and PMR spectra were recorded in the same way as
2]3+

those of the [Co dien isomers (section 4.2).

Preparstion of 2,2'-diphthalimidodiethylamine. -~ Phthalic anhydride

(185 g, 1,25 mole) was dissolved in hot chloroform (ca. 1 1) and the hot
solution was filtered to remove some phthalic acid. The sclution was

transferred to a large evaporating basin, cooled to ca. 30°, and dien



CO\ heat co._ _Co~
2 0 0+ Hﬂz—(ﬂlz—CHz—Hﬂ—Cﬂz-CRz-Nﬂz 1;0 N @ico/n—CHZ-CHZ—NH—CHZ-Cﬂz-N\ D

co

HeI/Agzo
Pl
acetone
CHy CHy |
HC1 . co__ //CO _
(NHZ—Cﬂz—Cﬁz-H-CH 2-032-1012) « JHC1 + P N—CHZ-CHZ—N-CHZ-CHZ-N\ l -
reflux co co

Figure 35. - Reaction scheme for the synthesis of 4-Medien.3HCl.
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(52 g, 0.50 mole) dissolved in chloroform (ca. 250 ml) was added
cautiously with stirring. A quite vigorous exothermic reaction occurred
and a sticky white solid separated. The chloroform was removed by heating
on 8 steam bath, and the resultant yellow sticky mass was then heated in
an oven at 130° for 45 minutes. After cooling, the yvellow brittle solid
product was ground to a powder and washed in turn with water, 0.54 sodium
carbonate solution (to remove unreacted phthalic anhydride, phthalic
acid, and partially reacted open-ring material), water, and cold ethanol
until the washings were colourless. The product was recrystallised by
dissolution in a minimum quantity of chloroform (ca. 400 ml), filtering,
and precipitating by cooling and adding ethanol (ca. 600 ml). The
recrystallised material was filtered off, washed with ethanol and air-

dried. Yield 95 g, 52% of theoretical. M.p. 180° (literature 178-180° 1%°

).
The product could also be recrystallised by continuous extraction

(Soxhlet) with hot ethanol or acetone but these methods were not
particularly efficacious.

Anal. Caled. for C,.H, N.0,.: C, 66.1; H, 4.72; N, 11.6. Found:

2016 °3°2°

C, 66.0; H, 4.74; N, 11.4.

Preparation of 2,2'-diphthalimidod{ethylmethylsmine. -~ The 2,2'~diphthalinido-~

dlethylamine (36.3 g, 0.10 mole) was refluxed for 4 hours in acetone (ca.
3 1) with freshly distilled iodomethane (20 g, 0.15 mola) and freshly
precipitated silver oxide (ca. 16 g, 0,075 mole) in the dark. After this

time the brown Aszo had turned yellow (Agl) indicating that the reaction



133.

had occurraed, The solution was filtered (by Buchner and then under
gravity) and the acetone aevaporated off. The product was recrystallised
by Soxhlet extraction with hot ethanol, filteraed off, washed with ethamol,
and air-dried. Yield of recrystallised material 29.0 g (77%), a.p. 120°
0190)'

The analysis of this product was unsatisfactory. From the

(literature 124-126
correspondence with the literature melting point it was decidad however
to use this product for the third reaction stage, and to purify that

subgequent product.

Preparation of 2,2'-diaminodiethylmethylamine trihydrochloride

(4-Medien,3HCl). ~ This hydrolysis can be parformed on any scale, and

with either HC1l or HBr. It is quoted here on a 0,10 mole scale.

The raecrystallised 2,2'-diphthalinidodiethylmethylamine (38 g, 0.10
mole) was refluxed for 2 hours with conc, HCl/water (250 ml/90 ml) and the
solution was cooled and filtered. The collacted phthalic acid precipitate
was then extracted again by refluxing with more of the acid mixture, and
this was also coolaed and filtered. The combined filtrates ware evaporated
to dryness on the steam bath., After cooling, the resultant solid was
extracted with a small quantity (ca. 20 ml) of conc. HCl, the mixture
filtered, and the phthalic acid collected washed with a little wmore conc.
HC1 (ca. 5 ml), The filtrate was then precipitated by adding ethanol,
with cooling and scratching, until precipitation just occurred. Under

these conditions any dien.3HCl or by-products of the methylation reaction
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remain in solution. The product was recrystallised from conc. HCl/ethanol,
as above, Yield 12.0 g (55%), m.p. 236° with decomposition (literature
239° () 199y,

Amal, Calcd. for CSH18N3C13: C, 26.5; H, 8.01; N, 18,5. Tound:
C, 26.3; H, 8.01; N, 18,5,

The overall yield of 4-Medien.3HCl, based on dien, was 222,

Preparation of [Co_(4-M¢di¢g),.13+, separation of the isomers, and their

isolation as the bromide salts. - To a slurry in water of

[(:c:(tlli:,)..sc1]f:l.2 (10.0 g, 0.04 mole) and activated charcoal (ca. 5 g)
wvas added 4-Medien.3HC1l (18.2 g, 0,08 mole) and sodium hydroxide (9.6 g,
0.24 mole), and the solution was heated on a steam bath for 4 hours with
occasional stirring. The solution was filtered hot and the filtrate
cooled,

The complex was not isolated from this solution, but separated into
its three geometric forms, designated as A, B, C, by chromatography on
Sephadex columns. The solution was diluted to 4 litres with water (so
that [Na'] < 0.1M), and 1 litre of this solution was applied to a column
(70 x 4.5 cm) of SP-Sephadex C-25 cation exchanger, and the complex eluted
with 0.3M Naz (+)-tart solution. Three clearly separated hexanmine complex
bands were obtained, the fastest moving (A) being yellow, while the
predominant band (B) and the minor, sloweat moving band (C), were orange.
A considerable number of minor red and purple bands were also observed,

and these probably corresponded to the various [Co(4-Madien) (Hzo)xC13-x]x+
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species, (The use of 0.5M Nacm4 solution as eluent gave two hexamine

bands, and a different elution order, namely C fastest followed by a

mixture of A and B.) The eluant bands were collected, and the separation

process was repeated with further 1 litre samples of the solutiom until

all the complex sample had been separated. The combined eluants for

each bands were separately passed through a column of ion-exchange resin

(Blo~Rad AG 50W-X4, 200-400 mesh), and the +3 absorbed cation was washed

with 1M HBr to remove 14 and 24 cations. The +3 complex isomers were

then eluted by 3M HBr, and these solutions were evaporated almost to

dryness on a rotary evaporator (600), and the complex bromides precipitated

by the addition of ethanol (A and B) or iso-propanol (C). This secomd

{on-exchange procedure effectively combined the removal of the tartrate

ion and the concentration of the solution into one step, and as well

insured the elimination of trace amounts of purple species. Yield:

Isomer A - 1.1 g (57 of theoretical yield, based on the bromide salt being
anhydrous) .,

Isomer B - 12.7 g (57%, bromide salt is monohydrate).

Isomer C - ca. 0,2 g, hygroscopic (1%, assuming bromide salt is monohydrate).

The overall vield of the complex was thus 637 of the theoretical.

Isomers A and B were each recrystallised from hot water. Isomer A
analysed as the anhydrous salt, and B as the monohydrate. C could not be
analysed as the bromide salt, due to its hygroscopicity.

Anal, Caled. for (A) [Co(CSH15N3)2]Br3= H, 5.68; N, 15.8; Br, 45.0;
Co, 11.06. PFound: H, 5.67; W, 15.5; Br, 44,7; Co, 11.07.
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Caled. for (B) [Co(csﬂlsﬂa)zlﬁra.HZO: c, 21.8; ¥, 5,85 N, 15.3, Pound:
c, 22,0: H, 5.63; N, 15,0,

Despita considerable effort, the carhon analyses for samples of A (ca.
20,4%) were alwayvs signi{ficantly less than those calculated (22.5%2).
However, from the Co, N and Br analysas it seems certain that the
compound is anhydrous and that particular difficultias were inherent
with this compound in releasing all the earhon during analytiecal

proceduras,

10.1.2 RESULTS AND DISCUSSION

The 4-Madien ligand was prepared and the rasulting Co(ITI) system,
[Co(4-Modien)2]3+ 1solated as the three possible geometric isomers, These
isomars A (yellow), B (orange), C (orange) were formed (under aquilibrium
conditions at 820) in tha ratios A:B:C = 8:90:2, This complex was isolated
in lower yield (63%) than the [Co dien2]3+ system (94%), which is consis-
tent with the reduced coordinating tendency of tertiary amines (4-Medien)

compared with secondary amines (dien).

Electronic Spectra.

The visible spectra of the isomers in aqueous solution are given in
Pigure 36, and the extinction coaefficients in Table 15.

The form of the spectrum of isomer C is conailderably different to the
other two {somers (Band 2 is presumably beneath the large charga-transfer

peak).
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TABLE 18
Molar Extinction Coefficients at Absorption Maxima in the Visible Spectra

of the ICo(é-Mhdien)2]3+ Isomers

Band 2 Band 1
Isomer A ¢341 w §7.3 1“71 = 77.4
Isonmer B ‘342 = 77.0 ‘482 -.77.3
Isomer C - ‘481 w 212

Infrared Spectra.

It vas proposed earlier (section. 4.3.2) that three regions of the IR
spectra would be useful for the assigmment of the configuration of
coordinated dien and dien derivatives in their metal complexes. These
regions vere

(1) 2900-2800 cm ), whare the Voy_ Teslon for trans fsomers was observed
to be more intense than for gig isomers;
(11) ca. 1250 cu ™}, where thers was a sharp wy_y Absorption for trans
isomers (absent, or a broader absorption for cis); and

(141) 950-800 em *

» Where trans isomers showed a quartet, compared with
(three or fewer) bands for cis isomers.
The criterion (i1) 1is not applicable to the [Co(‘-Mhdieu)2]3+ system.

(1) and (111) should be applicable, although their application would require
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some caution in the present instance due to the extra _N - C and
-CH3 bonds present, whose IR spectral modes would ba anticipated to
contribute to the observed spectra in these two regions. Study of the
IR spectra in these regions (Figure 37) indicates that isomer A has
a relatively more intense "Cﬂz region (2900-2800 cm-l) than the other
isomers and shows the quartet in the 930-800 cm-]' region. Accordingly

it would appear to be the trans isomer. The further assigmment of B and

C wvas not obvious.

PMR Spectra.

PMR spectra allowed unequivocal assignment of the geometric isomers
of [Co d:lon2]3+. and it was hoped that it would also allow assignment in
the [Co (4-Hod1¢n)2]3+ system, since the corresponding isomers in the
two systems are symmetrically analogous.

In the u-cis and s—cis isomers of [Co d:l.onzls'", the PMR spectra in
both neutral and acid solutions were consistent with rapid conformational
inversion. The substitution of the methyl group at the central nitrogen
atom to give [Co(4-Medien) 2]34' should not prohibit the conformational
inversion process in the cis isomers of this system, so that the
corresponding —NHz and )an regions in the PMR spectra of these isomers
in these two complexes should be closely comparable. _Tia_nl_[Co(k-Modion)zla
on the other hand should be rendered conformationally and configurationally
inert by the tertiary amino group (even under neutral or basic conditions),

contrasting with trans([Co dimzlu where :Nz - H dissociation facilitates
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conformational inversion. Thus while the -NH, and >CH, resonances
should be comparable in acid conditions (no conforn;tional inversion in
trans[Co dien2]3+). the ::caz resonance for the dien complex should be
simpler under neutral conditions bacause of conformational averaging.

The 100 MHz PMR spectra of the three isomers of'[Co(k—M.dicn)zl3+ in
neutral and acid solutions of nzo are given in Figure 38, Comparison
with the 100 MHz spectra of the [Co d1¢n2]3+ isomers in acidic nzo
(Figure 9a) reveals a close correspondence between the -NHZ resonances

3+ and isomer B of the 4-Medien system, and similarly
»

of trans[Co dienzl

between s-cis[Co dien and isomer A of the present system,

]
From a study of Dreiding models, there appears to be very considerable
steric crowding between the two --CH3 groups 1in g:gig[Co(h-Mcdion)z]3+.
To accommodate such an interaction the molecule would have to distort. No
such gross distortions would be required for the other two isomers, from
Dreiding models. The appearance of a methyl doublet in the PMR spectrum
of C 1s consistent with distortion occurring in the u-cis structure such
that the molecular c2 axis of the dien case is destroyed, and the two --CH3
groups being rendered non-equivalent. On this basis C is therefore taken
to be the u-cis geometric isomer.
These tentative isomeric assignments from the IR spectra (A = trans ?)
and PMR spactra (B = trans ?, A = s-cis ?) are thus in conflict, although
they are both consistent with C being assigned as u-cis. In this latter

case, there is also consistency with the ealectronic spectra, where the

spectrun of C differing greatly from the other two may be correlated with
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the reduced symmetry of the u-cis isomer. It is possible that the
presence of extra :>N~Cﬂa bonds has led to erroneous comnclusions with

the IR technique.

Future Optical Rotatory Power Studies.

The unequivocal isomer assignment is dependent on the optical
resolutions and the rotatory properties. As in the [Co dienzl3+ systen,

the optical resolutions of the u-cis and trans isomers will allow

unequivocal assignment of the s-cis structure which is not dissymmetric.

The active trans isomer in the [Co(I»—Mtadien)z]S+ instance will be optically

gtable in base, since ::Nz - H exchange (as in the dien case) cannot

occur thus preventing racemisation.

The trans isomer, as in trans{Co dien ]3+, 18 optically active only

2
because of the bond-pair chirality, in this instance typified and
described by the relative dispositions of the two ::N~CH3 bonds. As

with trans[Co dien ]3+ (section 5.4), no CD would be expected in the charge

2
transfer spectral region, whereas the u-cis isomer should show a CD
response in this region because its activity arises primarily from a
configurational effect.

Resolution of isomer B (suspected as trans) has been attempted with
the resolving agents AsO(+)-tart, ShQ(+)-tart, x-bromocamphorsulphonate,

5

and (~)-[As cat3]-,7 but in all these instances the least soluble

diastereoigomers obtained contained only the inactive cation.



191.

Isomer Proportions.

Asguming the assignment of the isomers of [Go(b-Moﬁiun)2]3+ from

PMR, the proportions of s-cisiu-cis:trans = 8:2:90 are compared with the

isomeric ratio 12:41:47 for [Co di¢n2]3+ under comparable conditions.

Due to the crowding of the -CH3 groups expected in g:g;g[Co(4-Nadien)2]3+,

it would be anticipated that the relative proportion of this isomer

would decrease compared with the situation in the [Co dienz]3+ system,

However, the reason for the increase in the trans/s-cis ratio (90/8

compared with 47’12 for [Co dion2]3+) is less apparent, and energy

nininisation calculations may be required to rationalise this observation.
The specific ion-pair proposed between s-cis[Co d1¢n2]3+ and P043'

(section 6.4.3) should not form to such an extent between

[00(4-M'nd1.n)2]3+ and the anion bacause one of the three N-H bonds

involved in such hydrogen bonding in the former system has been replaced

by & methyl group (Figure 17). Comparable equilibrium preparations at 18°,

in the absence of r063“. and with excess of that anion present (1.2M,

cf. [Co] = 0,02M), showed that the anion increased the s-cis/trans ratio

16/ 35/

from 84 to 63, consistent with lower association than in the

7/ 59,

[Co d:lonz]3+ system where the s-cis/trans ratio changed from "“63 to ~ /12
under the same conditions. WNo g:gig[Co(b-Mhdicn)2]3+ was detected in these
runs at 18°,

1t is also noteworthy that the proportion of s-c¢is isomer decreased
on increasing the temperature (16X at 18°, 8% at 80°) whereas with the

[Co dien2]3+ system, the s-cis isomer increases in proportion (72 at 18°,
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127 at 80°). Such studies might usefully be extended to allow assessment

of the energy differences between these forus.

10.2 FURTHER STUDIES IN BIS(TRIDENTATE) SYSTEMS

It has been mentioned in the course of this thesis that several

aspects of the study of [Co dien 3+ have not been completed. For example,

5]
the more accurate assessuent of the effect of temperature variation on

the equilibrium isomer proportions would lead to determination of the
individual contributions of AR® and AS® to the free energy differences (and
hence the equilibrium constant K) by environmental parameters (Chapter 6).
Also, the extension of the isomerisation studies reported in Chapter 7 to
include confirmation or otherwise of base catalysis may afford useful
information on the proposed isomerisation mechanisms, as outlined in that
chapter. The use of the 4-Medien and lin-penten systems in these
mechanistic studies has also been mentioned previously,

There are several other systems on which such stereochemical studies
could be carried out. PFor example, the isomer proportion studies (with
concurrent energy minimisation calculations) could be extended to comsider
the effect of metal size ([Cr dinzl%or of ring size ([Co d:l.tn]y').

]:H- 4b

A preliminary study of [Cr dien has been undertaken. The product

2
was prepared by a non-equilibrium method, but was found to readily undergo
hydrolysis so that chromatography was not possible in aqueous solvents.
So far the isomeric content of this material is unknown, although it is

suspected (from comparison of the X-ray powder photograph with those of
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the three [Co dicn213+ isomers) that it is at least predominantly trans.
No optical resolution has been achieved, and this work is being pursued.
Similarly, the [Co ditnzla* systen, which has the same gross

3+, has been prapared but no isomeric

geometric properties as [Co dionzl
forms have baen separated. As less is known about the conformations of
six-membered rings in general, a proportion study of the isomers (once
separated) may be valuable. Further, the energetics associated with the
base-catalysed racemisation of the trans isomer of this system may be
revarding (compare Chapter 8) because the inversion process should involve
the conformational interchange of interlocked six-membered chelate rings.

In the studies of optical rotatory power (Chapter 5), the demonstration
of the existence of the "bond chiral effect”” leads to the consideration
of other systaens wvhere these effects might be demonstrated. The systems

[Co(dten) (1A)TY, 3! [Co(dten) (urpa) )t 3! )~ 136

and ICo(IDA)z have all
been prepared and the geometric isomers separated, but the resolution of
their trane isomers and measurement of their CD spectra would further
demonstrate this new effect. Similarly, the effect on the optical
rotatory power of alkyl substitution in.ggggg[co(AJMcdicn)2]3+ will be
of interest since there are few metal complexes wvhere this has been
possible to date.

The abloluti configuration of these complexes cannot be assigned by
spectroscopic means however. The present author proposes to undertake
an absolute X-ray structure analysis of a suitable anion dorivnéivo of
2]3+

either optically active trans(Co dicnzla+ or trans[Co(4-Medien) + This
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seens to be the only method to enable the absolute configuration problem

to be settled, since contemplation of the employment of an optically active
analogue of dien which would eoordinate stereospecifically, such as
unzcn(cns)cnznucazcnzunz. would not resolve the problem and would

introduce the complication of a vicinal effect in the trans, as well as

further cis isomers. The meso ligand RS-dipn

CH3 CH3
Nﬂz - CH - CH2 - NH - CH2 - CH - NHZ
R S
(A chelate rings) (8 chelate rings)

would coordinate, but still give two "bond chiral"” trans optical isomers,

whereas the active ligand RR-dipn

CHs CHy
Nﬁz - CH - CH2 ~ NH -~ CH2 - CH - Nﬂz
R R
() chelate rings) {A chelate rings)

should not give & trans isomer, due to the requirement of coordinated R-pn
rings to adopt the A conformationgo (compare Figure 4).

The use of other unsymmetric tridentate ligands such as 2,3—tr1192 or
C-substituted diens could also provide more stereochemical information in
the proportions end isomerisation studies since they add a further reference
point within the complex molecules. Because the sec-N atom is asymmetric

in these instances there will be 6 geometric possibilities (all digsymmet-

ric) so that such eysteme would he very complicated and difficult experi-
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mentally. The syntheses of ligands such as these is not straightforward

and ig also en ares of current research. Synthetic methods for é-Medien,

193 and lin-pentcn‘b have been devised in these

4-Btdien, 4,7-diMetrien,
laboratories.

A mmber of problems have been clarified in this thesis, but the
work itself posed further interesting questions., It is believed that
this thesis clearly indicates that there is considerable scope for useful

extension of this work.
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