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SUMMARY
The crystal structures of the inorganic salts, sodium

(+)546‘bis(malonat0)l,2-diaminoethane cobaltate(ITI) dihydrate,

Na (+)546[C0(C3H204)2(C2H8N2)].2H20, (-)589-tris((-)5891,2-

diaminopropane)cobalt (III) (+)589-tris(malonato)chromate(III) trihydrate,
(—)589[Co(-)589(C3H10N2)3](+)589[Cr(C3H204)3].3H20, and potassium calcium

(+)589‘tris(dithiooxalato)cobaltate(III) tetrahydrate,

K.Ca (+) [Co(CZO S.)

25, ].4H20, have been determined and refined by a

589 3

full-matrix least-squares procedure with conventional R factors at
convergence of 0.050, 0.073 and 0.062 respectively. The absolute
configurations of the complex anions in the respective structures were
assigned as A,A and A.

The absolute configurations of the complex ions in the previously

determined structure, potassium (+).,,~tris(l,l0-phenanthroline)nickel(II)

589

(—)589-tris(oxalato)cobaltate(III) dihydrate,

K(+)589[N1(C12H8N2)3](—)589[Co(C204)3].2H20, have both been determined as

A using the technique of X-ray anomalous dispersion. The complex ions

(+)589—tris(oxalato)chromate(III), (+)589[Cr(0204)3]3_,

(-)600—tris(malonato)cobaltate(III), (—)600[C0(C3H204)3]3_,

(-)400—tris(1,3—diaminopropane)chromium(III), (—)400[Cr(C3H10N2)3]3+

and (+)

589

have all been assigned a A absolute configuration on the basis of X-ray

. 2+
-tris(1l,10-phenanthroline)ruthenium(II), (+)589[Ru(C12H8N2)3] ,

powder diffraction patterns of the relevant least-soluble diastereoisomers.



ii
Angular distortion parameters of the ML6 coordination polyhedra

in several inorganic structures of pseudo-D, symmetry have been computed

3

from the crystal coordinates; the distortion of this core from O, symmetry

h
in tris-bidentate complexes has been correlated with the size of the
ligand bite angle, o, on the basis of a repulsive electrostatic potential
operative between the six ligand donor atoms. This theoretical model
predicts a distortion towards trigonal-prismatic geometry for tris~complexes
containing bidentate ligands which subtend angles, o, less than 90° at
the coordinated metal atom; for o > 900 the model predicts a geometry
more flattened relative to the three-fold axis than that in which the
three bidentate ligands are orthogonal.

The computed ML6-core distortions of relevant tris-bidentate
transition metal complexes have been considered in assessing the validity
of a limited crystal-field trigonal distortion model proposed by Piper
and Karipides for correlating the absolute configuration of a chiral
trigonal-dihedral (D3) chromophore with the sign of the observed rotatory
strength. It is concluded that this model does not adequately explain

the observed Cotton effects for all pseudo-D, transition metal complexes.

3
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INTRODUCTION

At present the only definitive ways of assigning the absolute
configurations of metal complexes are chemical relation to a compound
of known chirality (Gk. xeip = chir ~ = hand), é.g. complexes of (—)pn-f‘1
derivatives,l_3 and X-ray structure solution employing the property of
X-ray anomalous dispersion,4_6 the latter being the only "direct"
method. Earlier in the study of optical activity in transition metal
complexes it was thought7 that their absolute configurations could be
deduced from the sign of the rotation of plane polarized light at a fixed
reference wavelength. However, it had previously been observed that
the optical rotatory dispersion (ORD) curves for chiral molecules
exhibited an inflexion point and generally changed sign under an
absorption band,8’9 making predictions based on the sign of the optical
rotation at fixed wavelength doubtful. It was subsequently shown theoret-
ically that the sign of the observed Cotton effect (see terminology section,
part (2)) for an isolated optically active transition was determined by

10,11 The finite extension of the

the chromophore absolute configuration.
rotatory dispersion beyond the limits of the absorption band envelope leads
to a complicated ORD curve which is not readily resolvable into separate
dispersions for chromophores having several optically active transitions

in a narrow wavelength range.

It is currently held that the absolute configurations of chiral

chromophores should most readily correlate with the features of the circular

+1 ligand abbreviations and structural formulae are given in the
& il )
terminology section, part (3), immediately following this introduction.
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dichroism (CD) spectra, since for an isolated transition the CD peak is
confined within the envelope of the absorption band, although a small
shift to low energy relative to the frequency of the absorption maximum

is predicted.lz’13

Transitions which give overlapping ORD curves should
be more clearly resolved in the corresponding CD spectrum.

Despite the fact that the Cotton effect in CD was first observed
for an inorganic system,ll}_17 the development of widely applicable
theoretical models lags behind the theoretical interpretation of the

] ] O 18-20
phenomenon in organic chemistry.

This is partly a consequence of
the differences in the electronic transitions being studied, and in the
inorganic sphere theory best describes the experimental facts for the
T = % transitions of unsaturated ligands such as 1,10-phenanthroline
and 2,2'-dipyridyl when chelated to transition metal J'.ons.21_24
Analogous n + m* and w - 7% transitions are the most studied in organic
compounds containing, for example, the carbonyl chromophore. For
transition metal complexes containing saturated ligands, such as the
aliphatic diamines, the transitions most studied have been the low
intensity, spin-allowed d-d transitions centred on the metal ion and
generally observable in the visible spectral region. The theoretical
treatment applicable to the w + 7% ligand transitions of phen and dipy
complexes cannot be used in these cases.

The precise details of the ORD and CD spectra of a transition metal

complex are related to its symmetry, the spectroscopic interpretation

being least complex for ions of high symmetry. The highest symmetry
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transition metal complexes capable of existing in two non—superimposable

mirror image forms (enantiomers) have trigonal-dihedral (D3) symmetry,
3+ 3- ] 2+ .. .

e.g. Co(en)3 s Co(ox)3 , Nl(phen)3 , and it is these which have

been studied most extensively theoretically.25 Aware of the relevance

of D3 complex ions to the empirical CD correlations we had, in 1968,

initiated determination of the crystal structure of

K(+)589[Ni phen3](—) [Co ox3].2H20 by X-ray diffraction, work which

589
fulfilled the experimental requirements of the author's Honours Degree
for that year. Assignment of the absolute configuration was completed
in 1969 and when published (K.R. Butler and M.R. Snow, J. Chem. Soc.
(A), 565 (1971)) constituted the first publication of a structure
determination of the absolute configuration of a tris(oxalate) ion

and the second of a tris(phenanthroline) complex, an earlier publication26
of the structure of A (—)589[Fe phen3](+) sz(C4H206).8H20 being in
abstract form only.

Our interest in conformational analysis of inorganic molecules
prompted consideration of complexes containing six-membered chelate
rings and the tris(malonate) ion presented itself as a logical extension
of the tris(oxalate) study, particularly since some anomalies seemed to

27,28 and spectral assignments.29 As a

exist in the published CD
complement to the proposed tris(malonate) study, solution of the crystal
structure of Na (+)546[Co malzen].ZHZO was undertaken in 1969; crystals

of this complex were readily available, the CD spectrum had been

published30 and the complex ion offered a link in the chain of an
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j 2V
empirical correlation of the absolute configurations of the tris(ox)

and tris(mal) ions. In addition, no X-ray studies of coordinated
malonate ions had been reported and although nmr spectra of
Co(mal)z(en)_ had previously been studied in detai131’32 the
conformations of the malonate rings could not be determined.
Crystallization and subsequent resolution of K3[Cr ma13] proved
difficult and delayed data collection for (—)589[Co (—)pn3](+)589[Cr ma13]—
.3H20 until mid 1970. It was about this time that the crystal
structure33 of (+)546 Co[TRIZ]I3 came to our notice; the optical
activity of this bis-tridentate complex ion was attributed33 to a chiral
twist of the nitrogen donor atoms comprising the first coordination
sphere, after a model proposed by Piper and Karipides.34’35 The
tris(malonate) complex promised a further test of this theoretical

model. A published reassignment36

of the components in the CD spectrum
of Co(tn)33+ which appeared shortly after was also claimed to support
the Piper-Karipides trigonal~distortion model and increased our interest
in the detailed theory. We subsequently published an interpretation of
the experimental [Co tn3]3+ data available at that time (K.R. Butler
and M.R. Snow, Inorg. Chem., 10, 1838 (1971)).

An accurate structure determination of the geometry of the [Co tn3]3+
complex ion in the crystal environment used for the experimental CD
measurements was clearly required but rapid deterioration37 of the

crystals made this impossible by photographic techniques. Preparation

of the related tris—(2,4-diaminopentanediamine)Co(III) complexes was
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begun with a view to determining the absolute configurations and

detailed geometries of these conformationally rigid ioms, only to find

in a publication38 some months later that the complexes had been

. . . 39,40

resolved and X-ray structure determinations were in progress.
Reversal of CD component energies under the long wavelength

absorption band in the published spectra27 of [Co ox,]” and

3]
[Co thiox3]3_ pointed to a probable axial elongation of the CoS6
core in the latter complex ion relative to that of the CoO6 core in

the [Co ox3]3_. A less than satisfactory conclusion to the refinement
of the (—)[Co(—)pn3](+)[Cr ma13].3H20 structure prompted the collection

of extensive diffractometer data for the K.Ca (+) [Co thiox3].4H20

589
structure. Richardson's theoretical paper41 extending the original
trigonal distortion model of Piper and Karipides to second order

appeared in mid~1971; this paper suggested a further variation of the
crystal field model which the tris(thiox) ion seemed eminently suited

to test. A preliminary communication of the structure has been

published (K.R. Butler and M.R. Snow, Inorg. Nucl. Chem. Letters, 8,

541 (1972)) as has a brief account of the two malonate complex ion
structures (K.R. Butler and M.R. Snow, Chem. Comm., 550 (1971)).

However, the absolute configurations determined during the course of
the present research do not constitute a sufficiently broad base for
testing the model proposed by Piper and Karipides. It has therefore
been necessary to abstract other relevant structures from the published
literature and, since the parameters defining the deviation of the ML

6

first coordination sphere from regular O, symmetry are seldom listed

h
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in structure reports of tris-bidentate complexes, a program was
written to derive the required parameters from the crystal coordinates.
Development of this program facilitated the evaluation of the ML6-core
distortion parameters for numerous trigonal-dihedral (D3) structures
which, although not all of immediate relevance to an evaluation of
the trigonal distortion model, are of considerable structural and in
some cases spectral interest.

This accumulation of structural data for a variety of tris-
bidentates revealed a tendency for the three chelate-rings in many
such complexes to adopt an orientation more nearly parallel to the
pseudo three-fold axis than is the case for an orthogonal arrangement
of the ligands. The observed distortion has been interpreted in
terms of an electrostatic repulsion potential operative between the
donor atoms of the ML6-core, and its implications with respect to the
trigonal twist inversion mechanism proposed for the intramolecular
racemization of C3 symmetric complexes discussed. Kepert42 has
recently published a similar analysis of the distortion of the ML6—core
in tris-bidentate complexes; the predictions of his independent
treatment are in complete accord with those of the present work.

In presenting this research it has proved expedient to nominally
divide the thesis into two parts. These introductory remarks are followed
by a brief section of terminology used in the text of the thesis. Then —

PART I, comprising the experimental sections: Chapters 1-5.

While the bulk of the experimental work undertaken during this



research has been the solution of three crystal structures,
some relevant rotatory dispersion and circular dichroism
measurements have been made, these being summarised in
Chapter 5.

PART II, comprising the analysis of chromophore geometries: Chapters 6-8.
Chapter 6 reviews the interpretation of the spectral theory
of transition metal complexes adopted throughout this thesis.
The trigonal distortion model is elaborated in Chapter 7.
The derived geometrical parameters of several pseudo
trigonal-dihedral (D3) transition metal complexes are

presented and discussed in the concluding chapter.

RELEVANT TERMINOLOGY

(1) Crystal Structure Refinement

The method of least-squares was used to refine the initial
parameters, p ., approximating the structure solution. The function
minimized by program FUORFLS (see Appendix I) is

2
D= %, w,,,0" where A = ||F0| - IFCH

and w is the weight assigned to the observed structure factor
amplitude IFOI (Appendices II, III); |Fc| is the scaled calculated

structure factor amplitude of reflection #kL.

Since the "normal equations"

oF
c

hzzézwthA Wi = 0 7 = 1y40.m

are non-linear, minimization of D is an iterative procedure, each cycle
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resulting in improved values of the variables, Pys which must be
reintroduced to subsequent refinement cycles. The refineable variables
are the scale factor, an extinction parameter (not refined in the

structures reported here), the atomic positional coordinates Les Yoo By

an atomic occupancy factor (multiplier) and temperature factor(s): the
multiplier and temperature factor(s) of a given atom may not be refined
during the same least-squares cycle. For an anisotropically vibrating
atom the isotropic temperature factor coefficient, Bi (Kz), is

replaced by the six coefficients

= 0*2.B/4

= o*%.B/4, - p*%.B/4,

B17 Bog B33

= q*b*cosy* B/4, akckcosR*.B/4, B.. = bkckcosa*.B/4

B2 813 23
and the atomic scattering factor is given by

_ 2 2 2
f=fexp{=(h"8,, + K'Byg + 1Bz + 2hkB,, + 2MLB, 5 + 2K1By5)Y,s

fb being the scattering factor for the atom at rest. There are
precise relationships restricting the independence of the six
anisotropic temperature coefficients for an atom occupying a crystallo-
graphic special position.

Bé = 8%2 u2

where ;E is the mean-square amplitude of vibration.
After a least-squares cycle the temperature factor coefficients for each
atom are tested for positive-definite form; non "positive-definiteness"

signifies a physically unreal thermal ellipsoid.

Improvement in the reflection-by-reflection agreement between
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|FO| and ch] with successive least-squares cycles is indicated by

the residual index

R, = ZIA]/ZIFOI.

Meaningful changes in R1 as a result of altering the model can be

distinguished55 by a comparison of the values of the weighted residual,

RZ’ before and after the current cycles

2 2%
Ry = (xwh"/E|F %)%,

A further indicator of the refinement progress is the standard error,
G, of an observation of unit weight; this is ideally unity for a

properly weighted model (i.e. where Wor1 = Z/UF 2 on an absolute scale)

o
. . e egs 44a
if random experimental errors only are significant:

¢ = (0/(n - n))¥
where {m - n) is the excess of independent reflections over
variable parameters.
The estimated standard deviation (esd), Cp » associated with a

@
refined parameter is output, thus permitting a meaningful evaluation

of the shift magnitudes of the variable parameters;

o = G.vb..
pi: 11

where bii is the ith diagonal element of the inverse matrix used

in solving the normal equations. o is inversely proportional to the
Z
square root of the number of reflections included in the least-squares

cycle and directly proportional to their standard deviations, Op «
o
In addition to outputting the above parameters and refinement
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indicators program FUORFLS lists RJ and R2 in ranges of (sinf)/A and
average wA2(E Av. wA2) against max. |F0| for the data in specified
intensity ranges. These distributions serve to indicate intensity
outliers and the suitability of the chosen weighting scheme, which
is important in deriving the correct standard deviations of the
variable parameters.44a For correctly weighted data Av. wA2 should
be constant in ranges of fifty or more reflections against both
max. |FO| and (sin8)/A provided the model is complete; neglect of
hydrogen atoms or incomplete anisotropic refinement can disturb the
distribution.44a
Finally, in comparing structural parameters derived by full-matrix
least—-squares refinement of X-ray crystallographic data it should be
52,56

remembered that the derived standard deviations have been shown

to be too optimistic by a factor of about two.
primary references for this section
ORFLS and ORFFE manuals (see Appendix I).

ref. 45, 46, 50.

(2) Optical Rotatory Dispersion and Circular Dichroism

The electromagnetic radiation known as visible light spans a
wavelength (A) range of ca. 330-780 nm, corresponding to a frequency (V)
distribution of ca. 30,000-13,000 cmfl. In monochromatic light the

electric field (E) oscillates with fixed frequency perpendicular to the
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direction of propagation; the magnetic field vector (H) oscillates
orthogonal to both E and the direction of propagation.

The electric vector of monochromatic light can be viewed as the
resultant of an orthogonal x and y component oscillating perpendicular
to the axis of propagation; for a phase difference of nr (n integral) !
the resultant is a straight line and the light is said to be linearly
(or plane) polarized. When the orthogonal vibrations are out of phase
the electric field vector traces an ellipse, i.e. the light is
elliptically polarized. In the special case of equal components having
phase difference m/2 the light is circularly polarized; plane
polarized light can be physically separated into a right— and left-
circularly polarized beam (phase difference + or - m/2).

A chromophore, i.e. colour centre having a transition in the
wavelength range of interest, absorbs the monochromatic radiation of
frequency corresponding to the transition energy. For an electric-
dipole allowed one-electron transition a = b+1 thé magnétic-dipole
and electric—quadrupole intensity is sufficiently small to be neglected
and to a good approximation the transition strength is given by

p,, = |(aly |b)|% = o*
where VY, is the electric-dipole moment operator

and p the electric—dipole moment.

+1  Throughout this work absorption transitions are written ¢ - b
g P
from ground state a to excited state b; the more usual representation
is b < a. i
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The dipole strength, D 2 of the transition can be empirically

determined57 from the area of the unpolarized absorption band as

= FE i
Dba =— I3 dv  oe.g.s. units
8n°N, o
1
where # = Planck's constant,
¢ = the velocity of light,
N1'= the number of molecules per cm3,

and € is the decadic molar extinction coefficient.
The spin-allowed transitions of metal complexes give absorption
bands of finite width (rather than the sharp lines of atomic spectra)
due to the vibrational modes of the chromophore.

: can exist in

Chromophores lacking a rotary inversion axi85
two mon-superimposable mirror image forms; they are termed chiral.
Where racemization is not too rapid chiral molecules can be separated
into two enantiomers (or antipodes) which have identical chemical and
physical properties apart from their interaction with other chiral
molecules or polarized light. Because of their ability to rotate the
plane of polarization of plane polarized light they are said to be
optically active. The specific rotatory power, [a]f, of a compound
in a specified enviromment is constant for a fixed wavelength, being
positive for one enantiomer and negative for the other (or zero for
jboth); the enantiomers referenced in this work are designated (+) or
(=), being dextro- or laevo-rotatory at the NaD

an alternative reference wavelength is specified.

line (A = 589 nm) unless
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The variation of [a]i with wavelength is termed optical
rotatory dispersion, ORD. The observed rotation, a, results from
the different refractive indices (nz, nr) for left- and right-
circularly polarized light in a chiral chromophore and the variation
of [a] follows the dispersion of refractive index with Wavelength;9

o = ﬂ(nz - nr)/k

For an isolated optically active transition [a] changes sign at the
wavelength of the absorption maximum (Amax) tailing asymptotically to

11,17

zero outside of the absorption band envelope, as represented by

Drude's equation;

[a] = —5*4

2
(A = A

where A is a constant for a particular system.
In some practical cases an inflexion only is observed without sign
change, e.g. [Co tn3]3+, (ref. 60).

Optically active molecules absorb left- and right- circularly polar-
ized light to different extents; the difference (eZ - er), where €,
€, are the decadic molar extinction coefficients for left and right
circularly polarized light, is called optical circular dichroism, CD.
The ORD curve is the differential of the CD spectrum with respect to

frequency; together they comprise the Cotton Ejﬁéct.17’6l

A positive
Cotton effect is defined as one in which the ORD passes through a

maximum and then a minimum as the frequency increases; this corresponds

to a positive CD peak (eZ > Er) centred at the absorption maximum (see
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Figure A.1). If the (+)enantiomer exhibits a positive Cotton effect
that of the (-)enantiomer is identical in form but negative.62

Potentially ORD and CD curves provide the same information about
the absolute configuration of the enantiomer but the finite extension
of the former outside of the absorption band envelope means that for
systems having several optically active transitions of similar energy
the ORD spectrum is often considerably more complicated than the CD.
Transitions which are magnetic—dipole allowed will make the greatest
contribution to the observed rotatory power, the magnitude of the
63,64

contribution depending on the transition rotatory strength

Ry, = Im{(aly |b). (bl |a)} = pucost

where Im{ } denotes <maginary part of,
vm is the magnetic-dipole operator,
1 is the magnetic-dipole moment
and ¢ is the angle between the directions of p and u.
Thus, transitions which are electric-dipole allowed but magnetic-dipole
forbidden will make only a small contribution to the optical rotatory
power. Rba is maximal for transitions having par;llel:e¥g;}ric— and
25{65

magnetic-dipole vectors, i.e. ¢ = 0°. Moffitt

indic;ted that
only the "electronically allowed" (as opposed to "vibronic" - see
Chapter 6) part of the electric-dipole oscillator strength, Y,»
contributes to the rotatory strength.

. s ; 12
The rotational strength of a transition may be determined ™ from

the area under a CD peak as
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FIGURE A.1: POSITIVE COTTON EFFECT FOR AN ISOLATED TRANSITION.
-~—— Absorption, e.
——~—— Molecular rotation, [M].
-.=. Optical circular dichroism (E:Z - Er) or ellipticity, v¢.
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- .  3he b (eZZipticity) :
Rba 3 s N

8w Nj o v

c.g.s. units

where ellipticity (in degrees) is a measure of the circular
dichroism such that the molecular ellipticity

[e]f = 3300 (SZ - sf} (degrees) cm_1 mole_1 litré.

The measured ellipticity, ¥, is related to the molecular ellipticity
in the same way that the measured optical rotation, o, relates to the
molecular rotation [M];, i.e.

Specific ellipticity [¢]§ = y/1ldp

where 7 = path length in decimetres,
d = density of the solution,
p = grams of solute per 100 grams of solution,
t = temperature,
A = wavelength

and [6]§= [¢]§Mb/100 is the molecular ellipticity in degrees
where Mﬁ is the molecular weight.
The amplitude [4], (see Figure A.l), of the dispersion of molecular
rotation, [M], is related to the maximum circular dichroism of an
isolated transition as
[A] = 4028 (eZ -e)

€/ - .
" maue

primary references for this section: refs. 66-71.



(3) Ligand Abbreviations and Structural

17.

Formulae

acac

atc

bdtc

bgH

btxan

bzac

cat

chxn

cptn

Chemical and/or trivial name

acetylacetonate

3~acetylcamphorate

di-n-butyldithiocarbamate

biguanide

tert-butylthioxanthate

benzoylacetonate

catecholate o
anion of 1,2-dihydroxy benzene

1,2-diaminocyclohexane

1,2-diaminocyclopentane

Structural formula

S’§
- '/,CR R= N(04 Hq)z
S

NHZC(NH)NHC(NH)NH2

see bdtec,
R = S.C(Me)3

see acac,
Rl = Ph
0 9
0
N|42
NH»
NH,

NHj



dipy

dpd

dtc

dtg

dtpa

en

etp

exan

gly

hfac

mal

mdte

18.
Chemical and/or trivial name

2,2'-dipyridyl

cis-l,2—dipheny1ethéne—1,2-dithiolene(1)

or -1,2-dithiolaté(II)

N,N-diethyldithiocarbamate

dithioglyoxal = 1,2-dithioethene

dithiophenylacetate

1,2-diaminoethane

0,0'-diethyldithiophosphate

o-ethylxanthate

glycinate

hexafluoro-acetylacetonate

malonate

N-methy1—N-pheny1dithiocarbamate

Structural formula

R.. 2-
N S N
4¢C—Q\ < /,C=C

S s s~ s

L ir
R1 = R2 = Ph
see bdtc, R = N(Et)2
see dpd, R1 = R2 = H

]
(@)
=]
o
=n

gsee bdtec, R

NHZCHZCHZNHZ

S
SNV
- ) R=R.z O.Et
S’YP\RZ e
see bdtc, R = 0.Et

NHZCHZCO2

see acac,

R1 = R2 = CF3

0,C.CH,.CO

see bdtc,
R = N(Ph)CH3



mtp

nph

OMPA

oX

oxd

pdtc

phen

pn

ptn

19.
Chemical and/or trivial name

maleonitriledithiolate

0,0"'-dimethyldithiophosphate

N-nitroso-phenylhydroxylamine ion

octamethylpyrophosphoramide

oxalate

oxydiacetate

l-pyrrolidinecarbodithioate

1,10-phenanthroline

1,2~-diaminopropane

2 ,4-diaminopentane

Structural formula

2_
CN§§C.__C4/CN
s~ Ng

Ph

\\N‘*‘N
-y

o N

- 0

(MeZN)Zli:.O.}l::(N.Mez)2

2-
OZC'CHZ'O'CHZ'COZ

see bdtc, R = N::::]

CH3CH(NH2)CH2NH2

CHBCH(NHZ)CHZCH(NHZ)CH3



pyd

sacsac

succ

tame

tfd

tfs

thd

thiox

tn

TRI

20.

Chemical and/or trivial name

pyridine-2,6-dicarboxylate
(dipicolinate)

dithio-acetylacetonate

succinate

tris—aminomethylethane

cts=1,2-bis(trifluoromethyl)ethylene-
1,2-dithiolene

eis-1,2-bis(trifluoromethyl)ethylene-
1,2-diselenolene

anion of

2,2,6,6-tetramethylheptane-3,5-dione

dithio-oxalate

1,3-diaminopropane

tribenzo(b,f,j) (1,5,9)triazacyclo-
duodecine

N N
A3

Structural formula
X 2—

w

,0C N ‘co,

see acac, both oxygen
donors replaced by
sulphur.

2-
2OC.CHZCHZ.CO2

CH3C(CH2NH2)3

see dpd, R, = R2 = CF

1 3

as for tfd but with
both sulphur donors
replaced by selenium.

see acac,

[ =Rr=

'R
sc.cs -

claiy),

J
NHZCHZCHZCHZI\H2

S



21,

Chemical and/or trivial name Structural formula

trop tropolonate —

xan ethylxanthate see bdtc, R = S.Et

Et = ethyl, Me = methyl, Ph = phenyl



PART I

EXPERIMENTAL
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CHAPTER 1 THE STRUCTURE OF SODIUM (+) -BIS (MALONATO)-

546
ETHYLENEDIAMINECOBALTATE (II1) DIHYDRATE.,

1-1
0, NADCOMALEN.

Na (+)546[C0 mal2 en].ZH2

1.1 STRUCTURE ABSTRACT

The structure of the sodium salt of (+) -bis(malonato)ethylene-

546

diaminecobaltate(III), Na (+)546[Co(CH2(CO (C2H )1.2H,0, has been

)

solved and refined by full-matrix least—squares to R

2)2)2 2

;= 0.050 using

838 integrated MoKo photographic intensities. The lattice is

orthorhombic, space group P (No. 19), a = 13.46 (2), b = 14.24 (2),

2,22

: 17151 "
e = 7.344 (10) A, U = 1408 (5) A3, 2z = 4, D, =1.78 (2) g. em °,
Dc = 1.80. The trigonal-bidentate complex ion exhibits approximate

two-fold symmetry with the two malonate ligands adopting boat conformations
and folding toward each other while the ethylenediamine ligand is
dissymmetrically skewed oblique to the pseudo- C3 axis of the anion.

The absolute configuration of the complex ion is A, in agreement

with correlations from circular dichroism experiments.

1.2 EXPERIMENTAL

72

Racemic Na[Co mal2 en].xH,0 was prepared by the published method

2

but attempted resolution was unsuccessful due to low activity of the
resolving agent. Recrystallization from aqueous solution of a sample

of Na (+) [Co mal, en].2H,0 supplied by Dr. A.M. Sargeson gave red-

546 2 2

violet rectangular prisms, the majority of which exhibited

+1 ten digit structure identifier.
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{1,1,1; 1,1,1} bevels at one end of the needle axis and were badly
twinned; the faces parallel to the needle axis were of the form

{1,1,0}. The space group and unit cell parameters were determined

from zero and upper level precession and Weissenberg films recorded

with MoKo/Zrf radiation (A = 0.7107 R). The errors in the unit cell
dimensions were estimated from multiple determinations of the constants
for several crystals. Systematic absences of the form {h00}, h = 2n + 1,
occurred.

Crystal Data - as in structure abstract.

Na[Co(C3H204)2(C2H8N2)].2H20; M = 3821;
uMbKd = 13.3 cm_l.

Qm by flotation in carbon tetrachloride/l,3-diamino-
propane at 22°c.

Integrated photographic intensities were recorded for reciprocal
layers h0l-h21 and Okl-2kl using a Supper Buerger precession camera,
three films per layer, exposure times 96, 36, 12 hours, MoKo/Zrf.

Layers hkO-hk7 were photographically recorded on triple film packs using
a Nonius Weissenberg equi-inclination camera, exposure time increasing
from 47 hours for #kO to 94 hours for Ak7. 0.0013 (1) inch thick brass
shims were placed between films one and two and two and three of the
multifilm pack to increase the recording range with Mo radiation and

a dumny film was placed in front of the first intensity recording film

in an attempt to reduce the background film intensity due to the long

wavelength scatter.
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The crystal used for the intensity data collection was a rectangular
prism 0.10 x 0.10 x 0.40 mm. mounted along the needle axis, ¢. This
crystal was also used to generate a non-integrated Akl layer, using
CuKa/Nif radiation, for subsequent determination of the absolute
configuration of the anion. A microscope examination of the crystal
following this period of data collection revealed signs of surface
powdering but the diffraction spots remained sharp suggesting the
powdering was probably only due to dehydration of the surface layers.

The Cu data were estimated visually against a calibrated intensity
strip and the integrated intensities were measured with a Nonius II
Microdensitometer, excluding systematic absences from the list and
including unreliable reflections (e.g. on the white radiation streak
of another reflection, spot distortion) and very weak reflections with
markers (E and U respectively in the structure factor tables) which
facilitated their special handling in the data reduction steps
(AUFAC, AULAC) and permitted their exclusion from the least-squares
refinement cycles (FUORFLS) while continuing to calculate their

structure factors.

1.3 STRUCTURE SOLUTION AND REFINEMENT

The data reduction procedure used in scaling the raw photographic
intensities and deriving the standard deviation of the scaled intensity
for each unique reflection is summarised in Appendix II. Absorption

corrections were not applied. All data were initially fitted to an
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AUFAC weighting scheme having a = 0.0023, b = 0.0098, ¢ = 0, d = 0.
Reflections showing poor agreement were checked on all films on which
they occurred. Because there were no precession data with 7 = 6 or 7,
Weissenberg layers hk6 and hk7 were excluded from the inter-layer
scaling sequence and the initial stages of structure refinement; they
were subsequently introduced with scale factors determined from the
other Weissenberg layers in proportion to exposure times.

The initial data set (excluding #k6 and hk7 data) comprised 889
unique reflections of which 181 were unobserved (U) and 24 unreliable
(E). A Patterson synthesis using this data set yielded starting coord-
inates for the Co atom and the positions of all non-hydrogen atoms, other
than the water oxygens, were obtained from a Fourier map phased by Co.
Two cycles of least-squares refinement (684 data included) of the sixty
positional parameters for the above atoms lowered Rl from 0.350 to 0.155.
Both water oxygen atoms (expected from density measurements) were located
in Fourier and difference maps computed at this stage. The difference
map also indicated some thermal anisotropy of the metal atoms. The water
oxygens were included in the atoms list and after a further two cycles
refining positional parameters and isotropic temperature factors of all
atoms except Co and Na, which were refined anisotropically, the refine-
ment converged with Rl = 0.069 and R2 = (0,058 for the 684 reflections.

G, the error in an observation of unit weight, was 3.827. Examination
of the low sin6 data at this point showed no systematic deviations

attributable to extinction and an extinction parameter
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was not refined in the subsequent treatment. The sources for the
atomic scattering factors are indicated in Appendix IV.

Hydrogen atom positional coordinates (other than for the water

molecules) were calculated using PLANEH such that C-H = 1.02 X,

N-H = 0.95 K with tetrahedral angles at C and N. The twelve

hydrogens were introduced to the atoms list with fixed isotropic
thermal parameters; the scaled %k6 and hk?7 Weissenberg data were

added to the data set increasing the total number of unique

reflections to 1060 of which 838 were included in subsequent refinement
cycles, Rl and R2 became 0.066 and 0.063 respectively, dropping to
0.059 and 0.051 after one cycle of positional and isotropic temperature
factor refinement; Co and Na were refined anisotropically and the
hydrogens were kept fixed (number of variable parameters, 7 = 98).

G = 3.292.

Calculation of the structure factors for the 38 pairs of CuKa/Nif
Weissenberg data (h % kI) (Afgocu = 3.90) indicated that the absolute
configuration of the (+)546-anion was A and not A as had been chosen
(37 pairs agreed with the choice of A while only the weakest pair of
reflections contradicted such an assignment). Moreover, analogous

calculations on the MoKa/Zrf data with Afgo = 1.10 gave R, = 0.058,
Mo

1

R2 = 0.050 for the A configuration as opposed to values of 0.063 and
0.056 for A.

Although the structure seemed chemically reasonable at this stage,

. g 2 . . . . F .
the increasing trend of Av. wA  with increasing [FOI indicated incorrect
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weighting of the intensity data. Re-examination of the AUFAC
inter-film scaling sequence of the Mo data (see parameters above

and Appendix II) showed that the more intense data had been assigned
standard deviations of the same order as the weaker reflections, i.e.
the intense data carried weights which were relatively too large in
the least-squares refinement cycles. The large standard deviations
of the isotropic thermal parameters of the light atoms were also
symptomatic of the inadequacy of this weighting scheme. To overcome
this situation the data were fitted to a Cruickshank weighting

44a,46

scheme of the form

B 2%
GFO-(a+F0+bF0)

where a = 1.35, b = 0.016 and FO is the square root of the

observed unscaled intensity; w = l/GF 2. A least-squares cycle using

o
this weighting scheme and calculated for the A absolute configuration
with Co anomalous scattering terms included gave Rl = 0.050, R2 = 0.066
and G = 0.236; the distribution of A4v. wAZ versus FO flattened and

the weighted R, factor in all (sin6)/)\ ranges containing more than 30

2
reflections averaged 0.072 (+ 0.015). Estimated standard deviations
of all refined parameters (positional and thermal) showed improvements
ranging 30-507.

The positions of the hydrogen atoms were recalculated and included
in a final least-squares cycle refining positional and isotropic

thermal parameters of all light atoms other than hydrogen; Co and Na

were refined anisotropically. There was no change in the agreement
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factors and the positional coordinates and estimated standard
deviations which resulted were used in calculating the distance and
angle parameters and their estimated standard deviations (given in
parentheses) tabulated in the following section. Full-matrix
anisotropic refinement of all non-hydrogen atoms (7 = 201) was not
attempted for this structure because of prohibitive computing time
requirements. A block refinement analogous to that used for
anisotropic refinement of CADCOTHIOX (Chapter 3) could have been used.
Observed and calculated structure factors from the final least-
squares cycle are listed in Table 1.1A and the CuKo Friedel (or
Bijvoet) pairs are given in Table 1.1B: for both tables FO, Fc x 10;

the meaning of U and E is given in the text.

1.4 STRUCTURE FIGURES AND TABLES

The figures and tables of structural parameters are collected
together in this section preliminary to the discussion of section 1.5.
The captions and table headings are, for the most part, self-explanatory;
a few brief notes relevant to all three structures have been relegated
to Appendix IV. Unit cell diagrams were not drawn for any of the

structures presented in this work.



TABLE 1.1A FINAL IFO|'ANU Iﬁ'cl FUK Na \"’1546|_uu wasy Suyecsgee i R e e e e

H K FOBS FCAL ] X FOBS FCAL " K FOBS FCAL H K FOBS FCAL H K FOBS FCAL H K FOBS FCAL H K F0B8S FCAL ] K FORS FCAL
e = Qases u S 3 94 S5 0 T 718 T42 5 1 20A 193 9 9 326 316 2 8 718 T45 7 12 275 252 1 0 626 648
0 2 729 54 U 5 & 96 STE © 8 446 367 S 2 384 382 10 0 360 372 2 9 211 223 7 13 327 318 1 1 959 996
€ 0 4 1554 1795 U S S 101 95 U O 9 100 50 S 3 510 523 10 1 400 386 2 10 295 318 U 8 0 93 19 1 2 6olo 568
E O 6 1216 1369 L S 6 104 38 0 11 314 335U S L) 94 167 10 2 336 3s8 2 11 2356 346 8 1 46) 415 1 3 300 304
E 0 8 692 730 S 7 356 315 1 0 121« 1347 E S S 338 323 v 10 3 123 114 2 1 352 318 8 2 569 515 1 4 177 150
£ 0 10 359 372 S 8 468 624 1 1 S48 453 5 6 294 295 10 4 382 406 3 o 785 BlO 8 3 218 201 1 5 682 458
o 12 779 811 U 5 9 120 7% 1 2 104 640 S 7 643 674 10 S 348 332 3 1 523 466 8 4 545 576 1 6 406 418
E 0 la 278 182 5 10 408 407 1 3 666 630 5 8 241 214 Yy 10 6 131 170 3 2 323 309 8 5 247 253 1 7 365 364
€ 1 1 295 983v 5 11 129 2713 1 4 32s 279 S 9 491 485 10 T 407 406 3 3 200 132U & 6 los 91 1 8 178 17
1 2 9% 1002U 5 12 136 73 1 5 513 483 S 10 378 405 10 8 2388 351 3 4 494 442U B8 7 108 102 1 9 240 224
1 31033 luexr u S 13 142 163 1 6 865 885 s 11 172 147 E11 o 213 187y 3 5 717 116 8 8 452 463 1 10 294 300
1 & 8713 %12 S 14 534 59 E 1 7 603 464U S5 12 137 182 11 1 382 36l 3 6 358 335U & 9 116 229 111 243 260
v 1 S5 85 108 6 0 515 520 1 8 482 459U 5 13 a2 160 U 11 2 128 156 3 7 215 216 8 10 320 321 1 12 200 224
1 6 192 1s2wv & 1 95 54 1 9 469 675U 5 14 148 90 11 3 293 285 3 8 4«86 523 9 0 518 544 1 13 290 318
1 7 847 902 U & 2 97 133 1 10 Jla 2817 5 15 348 341 11 4 213 205 3 9 341 337 9 1 368 366 2 0 216 208
1 8 1169 11956 [ 3 468 «66 U 1 11 113 113 6 0 579 536 11 S 316 299 3 10 378 371 9 2 395 382 2 1 473 %71
€ 1 9 o400 521 6 4 426 437U 1 12 119 169 6 1 90 950 U1l 6 137 136U 3 11 111 241 9 3 436 419 2 2 524 466
v 1l 10 114 @237v 6 5 104 83 U 1 13 126 223 6 2 7172 112 11 9 286 256 3 12 300 342 9 4 2us 205 2 3 38 391
v 1 1 120 32z 6 6 643 646 1 1 362 397 6 3 7s6¢ 1S E 12 0 230 256 « 0 204 195 9 5 429 435U 2 & 63 97
v 1 12 126 187 6 1 486 559 1 15 269 299 6 4 312 288 12 6 302 310 4 1 264 196 9 6 379 395 2 5 442 439
1 13 354 331y 6 B llv 18 2 0 751 788 6 S5 573 S91 12 8 265 250 W 2 253 292 9 7 432 442U 2 & 176 121
v 1 1s 139 121 6 9 w00 407 2 1 741 616 6 6 267 261 U 13 0 142 159 & 3 244 224 9 A 330 353 2 71 535 505
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2 0 352 397 7 1 708 672 2 3 486 411 6 B8 296 290 13 2 269 29T u & 5 8Bl 118 U 9 10 )2« 118 2 9 466 413
2 1 a7l 913 T 2 793 117 2 4 3a 304 6 9 483 456 U 13 3 144 64 4 6 376 381 16 0 558 553U 2 10 9a 191
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2 6 306 2327V 1 7 122 104 2 9 78 4Bs 6 14 286 250 14 4 272 308 5 1 676 656 U 10 5 112 177 3 1 99 1lole
2 T 640 670 7 8 666 674 2 10 393 627 7 0 o766 423 1S 3 393 407 5 2 25+ 259 10 6 357 402 3 2 193 118
2 & 219 180 7 9 562 SIS 2 11 269 266 7 1 664 639 el z  2osse 5 3 718 699 U 10 7 118 191 3 3 S75 S46
2 9 312 3N 5 0 518 469 2 12 268 245 7 2 5713 562 0 1 613 603 5 & 2335 320 10 8 265 284 3 4 176 172
U 2 10 116 16 8 1 1120 1155 U 2 13 126 111 7 3 353 333 E 0O 2 133 113 5 S 487 461} 10 9 345 381 3 5 640 652
2 11 e2l 222U b 2 110 223U 2 14 131 136 7 4 330 305 0 3 455 4350 5 6 90 146 U 10 10 129 1S58 U 3 6 TA 100
3 1 1% 151 v & 3 115 175 2 15 261 281 7 5 380 341 0 & 453  4BY 5 7 326 330011 0 142 21 3 1 M 741
v 3 2 78 99 U b 4 115 110 £ 3 0 167 156 7 6 285 258 U O S 71 82 S 8 35z 17 11 1 264 288 U 3 8 88 18%
€ 3 3 121 170 8 5 819 868 3 4l 416 7 7 s08 46 M 0 6 77 70 5 9 241 256 11 5 249 288 3 9 242 253
U 3 4 B85 132uv & 6 121 107 3 2 1246 1240 7 B 427 431 0 7 288 288 5 10 293 280 11 7 321 3s3 3 10 194 167
3 5 301 350 a 1 862 878 3 3 487 442 7 9 364 355 U O B 90 13 5 11 256 237 12 4 350 360 3 11 499 538
3 6 382 348U 9 1 129 172 3 4 162 179 7 10 376 366 U ¢ 9 96 101 v S5 12 120 130 13 0 38s 376 3 12 229 233
3 1 295 263 U 9 2 116 S2 3 S 224 224 7 11 26s 252 UV 0 10 102 75 5 13 322 332 13 2 309 3240 3 13 115 251
3 B 235 2660 9 3 119 118 3 6 728 705 7 12 218 243 0 11 306 295 & 0 914 949 13 3 4l6 391 4 0 e52 231
3 9 683 710 9 & 666 663 3 1 22l 209 7 13 253 238 0 15 348 354 & 1 432 421 13 6 384 2398 4 1 676 617
U 3 1o 118 67U 9 5 124 100 3 8 691 727 7 14 315 288 1 o 722 709 6 2 408 39} 13 9 333 307 4 2 7195 185
3 11 383 435S 9 6 366 385 3 9 219 229 8 0 570 S72 E 1 1 179 329 & 3 746 752 U 14 0 131 197 6 3 669 669
v 3 12 129 s8lu 9 7 130 28 3 10 422 411U 8 1 108 146 U 1 2 47 69 5 4 56T 583 14 2 426 427 4 4 43r 411
3 13 339 323 9 B8 564 602 3 11 190 156 B 2 391 38l 1 3 597 S87 & 5 379 392 l« 3 331 344 4 5 219 225
U 3 e 142 92 10 0 492 S08 3 12 284 285 8 3 228 227 1 4 264 275 6 6 480 471 14 5 330 331U 4 6 81 96
3 15 551 637 U 10 1 123 179 3 13 240 216 8 6 229 232 1 5 389 381 & 7 324 305 15 1 340 353 4 1 400 390
E & 0 629 650 U 10 2 126 17 3 14 371 399 8 5 292 315 1 6 314 331 & 8 30] 255 ss =  3esse 4 8 567 Sal
e 1 670 667 U0 3 128 113 4 0 1242 1254 B 6 578 597 1 7 653 675 6 9 54l S48 E 0 1 270 315 4 9 409 428
L} 2 137 779 10 4 363 334 & 1 773 753 VU 8 7 123 80 1 8 348 352 U & 10 113 171 ] 2 134 813 & 10 479 505
v « 3 87 16 10 5 243 225 & 2 532 486 8 8 329 339 U 1 9 97 155U & 11 118 119 0 3 360 351 4 14 318 361
L] 4 2649 260 v 11 1 130 150 4 3 599 554 U 8 9 133 199 1 10 237 242 6 le 2309 316 0 4 675 705 4 15 332 345
&4 5 2719 243 11 2 271 222 4 4 534 932 a 10 289 276 1 11 276 266 T 0 591 S7T3 U 0 E] 66 61 4 16 244 222
L] 6 1015 1030 v 12 0 137 31U & S 94 107 U 8 11 142 89 U 1 12 113 154 7 1 a4 435 U ¢ 6 73 17 S 0 670 643
4 T S52 563 12 1 3 358 4 6 351 351 a8 12 299 292 v 1 13 115 122 7 2 39 3% u 0 7 79 34 5 1 263 252
« 8 826 B42 15 2 420 62} 4 7 196 156U 9 0 115 111 1 la 261 270 7 3 35 386 0 8 7Tes T17 5 2 254 211
U & 9 115 54 16 0 416 420 4« 8 192 211 9 1 412 401 2 0 824 B33 7 4 281 31U 0 % 90 s6Uu 5 3 73 21
U & 10 122 207 e = 1%ess  uy 4 9 117 119 9 2 364 347 2 1 893 953u T 5 96 125 0 10 77 438 S 4 400 393
4 11 424 6433 0 1 996 1172 4 10 267 274 9 3 232 213 2 2 7140 732 T 6 474 471U 0 1L 102 99 5 5 2649 223
& 12 422 44) 0 2 683 733 e 11 242 249 9 4 300 314 2 3 207 191 7T 7T 4% 49 U 0 12 106 126 5 6 704 710
4 13 sl2 511 € © 3 125 100 4 12 218 2170 9 5 122 176 2 & 318 312v 7 8 108 135U 0 13 112 32U 5 7 89 96
4 14 323 287 0 4 64l 607 4 13 200 210U 9 6 125 201 2 5 698 749 7 9 @251 2%2 0 14 452 450 5 8 191 173
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TABLE 1.1B FRIEDEL PAIRS (F,, ., F,z.): Na (+), [Co mal, en].2H,0:

IFGI calculated for the incorrect A configuration.

k F_ nkl F, hk1 F, hki F, nk1 k F, Wkl F_ k1 F, hkl F Wk
n=1, 3 588 622 732 535 h=5, 12 263 346 199 150
4L 475 4hs 207 351 h=6, & 436 416 214 337
5 538 513 436 552 10 236 364 227 127
7 486 503 521 404 k=17, 2 521 504 461 567
8 478 486 472 378 3 450 440 279 348
9 466 440 378 471 4 416 450 378 214
10 383 427 319 232 5 440 428 254 333
11 320 U 62 120 8 450 402 328 443
13 320 371 190 158 10 427 402 261 339
h=2, 4 456 493 417 274 h=8, 1 288 383 191 114
10 450 427 367 405 2 459 440 295 359
132 U 263 90 99 4 416 288 142 269
h=3, 4 220 436 259 81 h=9, 6 364 194 150 240
5 416 355 143 271 10 334 U 156 191
10 427 459 471 328 h=10, 5 416 383 215 318
11 355 302 90 210 h=11, 2 355 288 95 194
h=4, 5 402 U 24 169 3 371 416 306 206
12 364 263 149 255 4 383 302 152 251
h=5, 1 436 366 116 235 6 346 263 62 176

a., (2, £ 13, 1) is the only pair in agreement with a A configuration.

“T1€
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FIGURE 1.1: PSEUDO C, PROJECTION OF (+)546[C° mal2 en]-.

3



FIGURE 1.2: PSEUDO C

2 PROJECTION OF

(+)546[C° mal, en] ; en ligand omitted.
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FIGURE 1.3: REPRESENTATION OF HYDROGEN BONDING AND IONIC CLOSE CONTACT

SCHEME FOR Na (+)546[C° mal2 en].2H20.



TABLE 1.2 POSITIONAL AND THERMAL PARAMETERS FOR
Na (+)546[C° mal2 en].ZH2
Atom
Co -0970 (03) 1642
Na ~3538 (08) 1681
Malonate Ligand 1
01L ~-2299 (14) 1449
C11 -2955 (20) 1039
O11 -3789 (15) 0854
C12 ~2782 (21) 0742
C13 -2083 (19) 1337
O13 -2206 (15) 1374
O2L -1341 (14) 1790
Malonate Ligand 2
O3L 0345 (14) 1931
C31 0872 (25) 1427
O31 1609 (19) 1760
C32 0496 (24) 0468
C33 -0093 (25) -0073
033 0049 (17) -0941
O4L -0769 (14) 0326
Ethylenediamine Ligand
N1 -1176 (19) 2960
C1 -1005 (29) 3167
02 -0237 (27) 2519
N2 -0520 (18) 1573
Water
01H20 -2128 (21) 4104
02H20 -3391 (30) 4258

35.

Y

(03)
(09)

(13)
(18)
(15)
(20)
(18)
(14)
(14)

(13)
(20)
(19)
(23)
(22)
(16)
(13)

(18)
(24)
(25)
(19)

(20)
(29)

0815
-2504

1017
0968
0270
2922
4003
5667
3282

1546
2674
3354
3218
1876
1737
1001

0386
-1549
-2319
-1673

4403
1420

0%: A CONFIGURATION.

(05)
(14)

(25)
(37)
(26)
(36)
(38)
(31)
(24)

(23)
(39)
(32)
(41)
(37)
(27)
(27)

(32)
(43)
(46)
(29)

(39)
(54)

B (&%)

antsotropic

antsotropic

1.41
1.32
2.18
1.25
1.34
2.35
1.48

1.16
2.14
3.52
1.94
1.84
2.24
1.85

2.14
2.90
2.86
1.82

4.64
7.88

(32)
(44)
(43)
(46)
(45)
(39
(34)

(33)
(55)
(51)
(55)
(55)
(40)
(37)

(53)
(63)
(67)
(41)

(60)
(105)

(contd.)
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TABLE 1.2 (contd.)

Atom o Y 2 B (Xz)

Final calculated hydrogen atom positions — fixedb

N1H1 -1839 3123 0701
N1H2 -0726 3314 1109
N2H1 -1040 1334 =-2415
N2H2 0039 1167 -1743
ClHl -1654 3085 =2249
Cle -0765 3843 -1679
CZHl -0243 2541 -3706
CZHZ 0452 2693 -1853
Cl2H1 ~2508 0075 2907
012H2 -3453 0747 3571
C32H1 1103 0069 3541
C32H2 0065 0553 4346
Anisotropic thermal parameters
B11 Baos B33 Big B1s Bas
Co 140 (16) 107 (14) 410 (81) -23 (20) =55 (31) 0 (30)
Na 215 (65) 305 (63) 792 (21) 22 (71) 88 (84) 149 (103)

a. positional parameters (x 104)
anisotropic thermal parameters (x 105).
: o
b. hydrogen atoms attached to N had B fixed at 3 A2;

0
those bonded to C had B fixed at 4 Az.
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TABLE 1.3 BOND DISTANCES AND ANGLES
o . .
Atoms Distance (A) Atoms Angle (deg.) Atoms Angle (deg.)

Malonate Ligand 1

Co-O1L 1.902 (19) OlL-Co—O2L 93.6 (8) Cll-Clz-C13 116.2 (25)
Co—O2L 1.891 (18) Co-OlL—C11 123.5 (17) Co-OZL-C13 122.5 (17)
Cll—O1L 1.268 (30) OlL-Cll—O11 119.5 (25) 02L-Cl3-013 118.9 (25)
Cll-O11 1.262 (32) OlL-Cll-C12 123.0 (24) OZL-C13—C12 123.3 (25)
Cll-C12 1.514 (37) 011—C11—C12 117.6 (23) 013—013—012 117.8 (25)
Cl3_02L 1.301 (32)
013-013 1.235 (38)
C13—C12 1.495 (39)
Malonate Ligand 2
Co-O3L 1.895 (19) 03L-C0-04L 93.5 (8) C31-C32-C33 118.2 (26)
Co-O4L 1.899 (20) C0-03L—C31 124.6 (19) Co-O4L-C33 126.1 (20)
C31-03L 1.306 (34) O3L-C31-O31 119.5 (28) O4L_033_033 121.1 (29)
C31-031 1.207 (36) 03L—C31-C32 119.0 (28) 04L-C33_032 119.7 (29)
C31"C32 1.510 (44) 031—C31-C32 121.4 (29) 033-C33—C32 119.0 (29)
C33—04L 1.251 (36)
C33—033 1.256 (36)
C33-C32 1.481 (43)
Ethylenediamine Ligand
Co-N1 1.922 (26) Nl-Co—N2 86.6 (11)
CO—N2 1.928 (22) Co-Nl—C1 109.4 (20) Co—Nz—C2 109.8 (20)
Nl—C1 1.470 (39) Nl—Cl-C2 110.5 (29) NZ-CZ-C1 105.3 (27)
NZ'C2 1.478 (43)
¢,-C, 1.496 (48)
Interligand angles at Co

Atoms Angle (deg.) Atoms Angle (deg.) Atoms Angle (deg.)
OlL-Co-O3L 175.6 (9) OZL-Co-O3L 87.2 (8) O3L-Co-N1 88.2 (10)
OlL_C0_04L 90.8 (8) OZL-Co—O4L 94.5 (9) O3L-C0-N2 89.2 (9)
OlL—Co-N1 87.4 (10) OZL-Co—N1 90.6 (9) 04L-Co-N1 174.7 (10)
OlL—Co-N2 89.8 (9) OZL"Co-N2 175.5 (10) 04L_C0_N2 88.5 (10)
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TABLE 1.4 UNWEIGHTED BEST PLANES THROUGH THE LIGANDS
Planes equations AX + BY + C(Z + D =0

where X = ax, Y = by, Z = cz (i.e. orthogonalized coordinates).
)
Plane A B C D Distance from plane (A)

Malonate Ligand 1
a

OlL’OZL’Cll’CIB 0.499 -0.861 -0.097 3.326 olL’ 0.003 : OZL,—O.OOS -
€y4»=0.003 & Cy4, 0.003 :
Co, 0.603 : Cy,, 0.339

OlL’Oll’CIZ 0.345 -0.885 -0.313 2.899 Cll,—0.006

02L’013’CIZ -0.594 0.795 -0.126 -2.792 C13, 0.014

Malonate Ligand 2

03L’04L’C31’C33 0.576 -0.189 -0.795 1.211 03L’ 0.055 : Q4L’_0'058 s
C31,—0.059 - C33, 0.062 :
Co, -0.459 & Cg,,=0.409

03L’031’C32 0.531 -0.390 -0.752 1.681 C31, 0.035

04L’033’032 0.666 0.191 -0.721 1.131 C33, 0.034

Ethylenediamine Ligand

Co,Nl,N2 -0.935 -0.189 -0.300 -0.600 Cl’ 0.155 : Cz,-0.468

a. The C...C vector is slightly skewed with respect to 0...0 in both
six-membered chelate rings, as shown by the signed distances from

the mean four atom plane.



TABLE 1.5 INTERPLANAR DIHEDRAL ANGLES®

Plane 1 Plane 2

Interligand angles

Co,09150yp  €0:053120,y
C0,0,.,0;,  Co,NpbN,
C0,04,0,;  Co,N LN,
Intraligand angles

Malonate Ligand 1

C0,0,; 207y 03720912C11°%13

C135C12:C11  9911°91°%11°%13

C0,0,:501;,  €13:C12:C11
Ethylenediamine
Co,Nl,N2 Co,Cl,C2

Angle (deg.) Plane 1 Plane 2 Angle (deg.)

94.5 (9)
87.4 (10)

89.2 (9)

Malonate Ligand 2

b,c w
27.6 CO’OSL’04L 03L’O4L’C31’C33 20.8 ©
25.2 C31,C32,C33 O3L’04L’C31’C33 32.5
52.8 (25) Co, 03L’04L C31,C32,C33 53.4 (30)

24.8 (22)

a. atoms of triatomic planes listed in sequential order required to maintain a right-handed set.

b. values of dihedral angles involving four atom planes are given as < 90°.

c. see Appendix IV, note 2.
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TABLE 1.6 TORSION ANGLES IN THE CHELATE RINGS

Bond Angle (deg.) Bond Angle (deg.) Bond Angle (deg.)
Malonate Ligand 1 Malonate Ligand 2 Ethylenediamine Ligand
Co=0,; 33.4 (21) Co-04; 31.5 (21) Co-N; 6.4 (23)
OlL-C11 6.3 (35) 03L-C31 10.5 (36) Nl-C1 31.2 (35)
Cll-C12 30.7 (38) C31-032 31.7 (41) Cl-C2 46.2 (36)
012—C13 30.2 (38) C32—C33 45.3 (42) CZ-NZ 40.0 (30)
C13—O2L 7.0 (36) C33-04L 14.0 (39) Co-N2 19.6 (21)
Co-O2L 33.5 (21) Co—O4L 19.0 (23)

o
TABLE 1.7 CLOSE CONTACTS WITH Na LESS THAN 2.6 A

[o}

Atom Symmetrya Distance (A)
Transform
013 2 2.282 (24)
O33 3 2.358 (25)
03L 8 2.581 (22)
03y 8 2.314 (30)
01L 10 2.513 (21)
0] 10 2.377 (22)
11

a. see Table 1.10.



o
TABLE 1.8 POSSIBLE A-H...B BONDS WITH A...B LESS THAN 3.25 A

A

01H20

01H20

01H20

02H20

B

13
02H20

33
0. H O

02H20

33

3L

Symmetry
Transform on B

2

6

10

41.

H

A...B

3.007

3.105

3.035

2.781

2.851

2.920

3.241

&)

(32)
(47)
(34)
(49)
(51)
(36)

(44)

B...H Q)

2.110
2.210

2.111

Angle at H
(deg.)

157
149

163
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TABLE 1.9 INTERMOLECULAR DISTANCES LESS THAN 3.5

4

13

13
Na

Na

Na

1L

11

11

11

11

11

11

a.

B Symmetry

Transform

on B
O1L 1
C2 1
013 2
Ciq 3
OAL 3
Cio 3
0,5 3
i3 3
05 3
Csy 3
Cas3 3
033 3

3.199
3.444
3.265
2.975
3.202
3.481
3.451
3.461
3.456
3.331
3.117

3.102

o)
A...B (A)

(29)
(42)
(28)
(34)
(23)
(33)
(33)
(33)
(29)
(38)
(35)

(28)

A

01H20

11

(o]
2@
B Symmetry
Transform
on B

013 3
C12 3
01L 5
Na 6
02H20 6
C1 6
011 6
011 6
013 7
033 9
C33 9
Na 10

not involving hydrogen atoms and in addition

in Tables 1.7 and 1.8.

3.440
3.351
3.481
2.812
3.312
3.476
3.423
3.381
3.181
3.324
3.345

2.820

o
a)

(35)
(33)
(33)
(32)
(48)
(45)
(43)
(42)
(33)
(28)
(43)

(29)

to the distances listed
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TABLE 1.10 SYMMETRY TRANSFORMS REFERENCED IN TABLES 1.7, 1.8 AND

10.

{ 1
N N

A

Ly

Ly

N N N

naH

Y

Y,

_y,

Ys

Ys

Ys

Ys

Ys

ot

it
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1.5 DESCRIPTION OF STRUCTURE AND DISCUSSION

The (+)546[C° mal2 en]_ anion has the A absolute configuration (see
discussion in Chapter 5). 1In the NADCOMALEN structure the complex ion
exhibits approximate non—crystallographic two-fold symmetry with the
six-membered malonate ligands adopting flattened boat conformations and
folding toward each other. The ethylenediamine C-C bond is oblique to
the pseudo-C3 axis of the complex ion. There is extensive hydrogen
bonding involving the two water molecules per asymmetric unit and the
diamine nitrogens; Na+ makes six close contacts with the malonate
carboxyl and carbonyl oxygens but none with the water molecules. The
conformational features of the A complex ion and the atom labelling are
shown in Figures 1.1 and 1.2; Figure 1.3 is an ab projection of the
immediate environment of the anion with a small angular tilt around
the horizontal (a) axis to better show the oxygen environment of Na'.
The water molecules form a right-handed hydrogen bonded spiral of
density around the 21 screw axes parallel to ¢; the hydrogen atoms of
the water molecules were not located in the final difference map.

The various types of intermolecular and interion close contacts

are listed in Tables 1.7, 1.8 and 1.9; not all are significant; the

80 81

0 o)
Na' ionic radius is 0.97 A, van der Waals radius of oxygen, 1.40 A,

o)

and acceptable hydrogen bond ranges are given74 as N...0, 2.73-3.22 A,
o)

and 0...0, 2.49-3.15 A. When comparing close contacts in the solid

state with appropriate van der Waals radii sums it should be remembered

that weak attractive forces between 'mon-nearest" neighbour atoms tend
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o)
82,83 limiting contacts 0.3-0.4 A less than

to contract the lattice;
the van der Waals radii sum are not uncommon.84 All close contacts
in Table 1.9 are satisfactory.

Tables 1.3-1.6 detail the geometry of the anion. Failure to refine
the non-metal atoms anisotropically has resulted in large estimated
standard deviations (esd's) in their positional coordinates and the
derived bond lengths and angles. The chemically equivalent Co-O,

Co-N, N-C and C-C (malonate) bond lengths agree to better than one esd
of an individual bond length. The mean Co—O bond length of 1.897 (8) R
is within 30 (see Appendix IV, note 3) of that reported for Co(acac)3,

o
85 and 1.872 (8) A.86 The less accurately

namely 1.898 (6) X
determined87 Co(ox)33_ has two independent Co-O bonds of length 1.90 (3)
X and 1.95 (3) X. The mean Co-N length (1.925 (17) X) is close to

that found88 in [Co(NH3)6]I3 but more than 26 shorter than the average
CoIII—N bond length in any of the tris (five-membered diamine ring)
complexes listed in Table 8.1. The analogous bond lengths reported89
for this anion in the (-)589[Co enZ(NOZ)Z](+)589[CO mal2 en] structure90
were Co-0 1.90 (2) K, Co-N 1.94 (2) X; that structure refinement was
based on visually estimated data and was limited to isotropic refinement
of all thermal parameters. The esd's from the present refinement
(NADCOMALEN) and Matsumoto and Kuroya's structure89 are similar and the
limiting factor would seem to be failure to perform full-anisotropic

least-squares cycles rather than the quality of the visually estimated

. . . s 91
data as opposed to the microdensitometer intensities.
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The C-C bonds in all three ligands show the expected74 shortening
o
from the 1.54 A paraffinic value; the mean C-N bond length, 1.474 (29)

5 .
A, is that 1isted74’92

for a paraffin four-covalent nitrogen bond
length. The mean carboxyl, 1.282 (17) K, and carbonyl, 1.240 (18) K,
bond lengths agree to within 3G of the two mean values; all four
exocyclic oxygen atoms are involved in close contacts with Na+ and/or
possible hydrogen bonds (Tables 1.7 and 1.8, Figure 1.3). As only
three structures of complexes containing chelated malonate ions have

89,93 protracted discussion of the bond and torsiom

been reported
angles is not informative especially in view of their large esd's; in
general the chemically equivalent bond angles agree within one standard
deviation. The average C-C-C angle (117°) is closer to an ideal sp2
value (1200) than sps (109.50) but is not as strained as that quoted
in ref. 89, namely 125°.

Apart from the determination of the absolute configuration of
the anion, the conformations of the two six-membered malonate rings
are of special interest. There are several ways of describing the
observed conformations, of which the torsion angle description (Table
1.6) is the most rigorous but at the same time the least conceptually
satisfying. A more descriptive analysis is possible in terms of the

two carboxyl oxygens and carbons of each malonate ligand, i.e. OlL’

© C and O

OZL’ 11° ©13 3L° OAL’ C31, C33; these four atom groups are

closely planar whereas the Co and methylene carbon atom are significantly
displaced to the same side of each plane (Table 1.4), giving two boat

conformations. An equally satisfying description of these boat
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conformers is that given in Table 1.5 where the displacement of the
Co and methylene carbon from the respective ligand plane is expressed
as an interplanar dihedral angle, it being understood that the Co and
carbon atoms (Clz, 032) lie on the same side of the relevant four
atom plane.

Dreiding models give no clear indication of a preferred con-
formation for a chelated malonate ring, especially when the steric
role of the carboxyl oxygen lone pairs is uncertain. This doubt
concerning the lone-pairs precluded an energy minimization analysis

analogous to those performed94’95

31,32

for the five- and six-membered diamine

ring systems. NMR studies of [Co mal, en] and [Co mal en2]+ were

2

equally ambiguous. 1In view of the interionic contacts and hydrogen
bonding in the NADCOMALEN structure it seemed probable that the
conformation observed reflected crystal packing forces as much as any
minimum energy conformation of the isolated ion. This hypothesis was
supported by our subsequent determination of the CRMALTCOPN structure

(Chapter 2) in which the malonate rings are significantly distorted from

89,90

the boat conformation and also by the recent publication of the

structure of triclinic (-) [Co en2(N0 [Co mal, en].

589 2721 () 549

The anion in this latter structure also exhibits approximate non-

2

crystallographic two-fold symmetry with the en ligand again adopting

an oblique conformation relative to the pseudo-C, axis; the malonate

3
rings, however, are more flattened than those found in the present study.

In neither structure analysis were weighted least-squares planes

calculated and the esd's in the deviations of the atoms from the mean
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planes are not available. Matsumoto and Kuroya have described89
the malonate rings in their structure as "approximately planar";
given that the deviations from planarity are small (and probably
lack significance) both malonate rings in the [Co enz(NO

1[Co mal, en]

2)2 2
structure are more accurately described as distorted skew conformations.
It is not possible to decide the orientation of the ring backbones

relative to the pseudo C,-axis (i.e. whether Zel or 0b96) from the

3
distortions as listed; calculations from the positional coordinates
are required. Intermolecular hydrogen bonding is again seen89 to be
important in determining the precise conformation of the Co-malonate
chelate rings. Further discussion of malonate ring conformation is
made in Chapter 2.

A final point of interest is the oblique conformation1 observed
for the ethylenediamine ligand in the [Co mal2 en] ion in both
structures; this particular ring conformation has now been observed in
structures of several transition metal complexes and the precise

92,97

geometry seems to depend on the hydrogen bonding and van der Waals

interactions. In NADCOMALEN the carbon atoms of the en ligand are
dissymmetrically placed either side of the CoNlN2 plane; similar ring

8
asymmetry has been found in the structure of [Cu enz](SCN)z.9
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CHAPTER 2 THE STRUCTURE OF (-) -TRIS ((-) 1,2-DIAMINOPROPANE) -

589 589
COBALT(III)(+)SSD-TRIS(MALONATD)CHROMATE(III) TRIHYDRATE,

(=) 5g9[Co(=)pn ] (#) 5gq[Cr mal,].3H,0, CRMALICOPN.

2.1 STRUCTURE ABSTRACT

The absolute configuration of the (+) -tris(malonato)chromate

589
anion, (+)589[Cr(CH2(C02)2)3]3—, has been determined as A by a single

crystal structure analysis of the salt formed with A(-)589—tris—

((-)propylenediamine)cobalt, (-) [Co(-)(C3H10N2)3]3+ as cation.

589

The structure (=)[Co(-)pn,](+)[Cr ma13].3H20 has been refined by

3]
full-matrix least-squares to a conventional R factor of 0.073 using
435 integrated photographic data. The lattice is rhombohedral,

space group R (No. 155), hexagonal parameters a = 16.12 (2),

32
¢ = 10.07 (2) &, U = 2265 (1) &%, 2 =3, D_=1.53, D = 1.52 (2) g.
cm_3. Both complex ions are disordered on 32-symmetry sites in the
hexagonal unit cell and are linked to each other and to the water
molecules by hydrogen bonds. The cation adopts the expected A(AAN)
conformation with the exocyclic methyl groups equatorial; the
metal-malonate ring skeleton in the anion is planar except for the

methylene carbon. The absolute configuration of the anion is opposite

an earlier assignment based on circular dichroism data.

2.2 EXPERIMENTAL

Partial resolution of K3[Cr ma13] as the strychnine salt has been

reported previously.99 Attempted resolution of the complex by this
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method was unsuccessful: crystallization of the racemic potassium
salt proved difficult because of its extreme solubility and apparent
sensitivity to slight changes in pH. The dichroic blue-green micro-

. . . 3 . 99,100
crystalline powder obtained by reduction of potassium dichromate
was similar (IR-visible spectrum, analysis, X-ray powder photos) to
101,102

the product derived from a preparation after the method of Lapraik

starting with freshly prepared Cr(OH)3.

Analysis K3[Cr(CBH204)3].3H20
cale. Cr, 9.82: K, 22.16: C, 20.41: H, 2.28.
found 9.40: 22.49: 20.81: 2.06.
(C,H, by microanalysis: permanganate determination103_105 of malonate

was not reproducible. Cr, spectrophotometrically as chromate at 370 nm

on oxidation with hydrogen peroxide over three days.102 K, gravimetric

104

analysis as K2Na[Co(N02)6].H20 dried at 110°C to constant weight. )

Elution of independently prepared K3- and Na3[Cr ma13] samples from
AGl-X4 anion exchange resin in the chloride form showed three to five
bands for all preparations. No attempt was made to determine the nature
of the species in the minor bands (probably bis— and mono-malonate5106)
since the major component always eluted last with aqueous chloride
solution suggesting a predominance of the trivalent tris-—chelate. An
infra-red spectrum of a potassium bromide disc of one preparation was
almost identical with the published spectrum107 and as all preparations
were subsequently shown to give identical crystalline precipitates with

(-)[Co(—)pn3]3+ further characterization was not considered necessary.
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Attempted resolution of [Cr ma13]3_ with (+)[Co en3]3+,
(+) [Ni phén3]2+ and strychnine gave no precipitation from moderately
concentrated solutions. (—)[Co(—)pn3]3+, howevér, initiated
instantaneous growth of fine needles from dilute solutions;-“1 these
crystals had appreciable solubility only at pH levels well removed
from neutrality and since such conditions could be expected to induce
racemization, if not complete rupture of one or both complex ions,
larger crystals clearly could not be prepared by recrystallization.
Crystals suitable for intemsity data collection were prepared by
layering a solution of trans-(-)[Co(—)pn3]Br3 on a more dense solution
of K3[Cr ma13].3H20, well-formed crystals growing over several hours.
tPans—Co(pn)33+ precipitated crystals of larger cross-section than
did the c¢is-cation but subsequent determination of the space group and
lattice constants of both types of crystal showed them to be identical.
The bronze prisms were equilateral-triangular in section and showed
extinction parallel to the needle axis; the triangular section was
isotropic, the crystal morphology suggesting a trigonal system.
Precipitation studies (see Chapter 5) showed that (—)[Co(—)pn3]3+

co-crystallizes with the (+) [Cr ma13]3_ enantiomer.

589

+1 p.F. Crossing95 had been attemptlng to verliy a clalmedm8 separation
of the cis— and trans- geometric isomers of (-)[Co(- )pnép : samples
supplied by Dr. T.E. MacDermott. All anions tested had given
precipitates of the two samples which were 1nd15t1ngu1shable109 110
by X-ray powder diffraction. It was decided to try [Cr mal 13~ and
the ensuing crystallization was so rapid that it was difficult to
prepare sufficiently large crystals for space group determinations.
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Preliminary Weissenberg and precession photographs of several
crystals confirmed the trigonal system: indexing on hexagonal axes
established the condition limiting observed reflections as
-% + k + 1 = 3n. Coupled with the requirement for optical activity

this condition restricts the possible space groups to R3 and R32.

CuKo/NZf photographs confirmed 32-point symmetry and hence space

group R 95 with Z = 3 the Co and Cr atoms lie on 32-symmetry sites

3

and the cation must be disordered since its maximum symmetry is C1

for trans and 03 for ¢is. Subsequent structure refinement showed

that the anion is similarly disordered although 32-symmetric skew
conformations of [Cr ma13]3_ are possible.
Crystal data — as in structure abstract.

[Co(C3H, N,) 41[CE (C4H,0

372 4)3

= 10.3 cm_l.

3H10 ].3H20; M = 693.6;

YyoKa,
Lattice constants from MoKoa/Zrf (A = 0.7107 X)
precession films.
Dm by flotation in carbon tetrachloride/chloroform
at 24°c.
Microanalysis on crystals
cale. c, 31.17: N, 12.,12: H, 6.11.
found 30.26: 11.52: 5.71.
(Qualitative microanalysis on crushed crystals of the diastereoisomer
was negative for K and Br .)

The trans (-)[Co(—)pn3](+)[Cr ma13].3H20 crystal used to generate
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the intensity data set was a needle 0.40 mm. long and triangular in
section; triangle edges 0.15 mm.. It was mounted along the needle axis.
Preliminary oscillation photographs showed the intensity of the

Il =2n + 1 layers to be much less than that of the even layers, a
destructive interference effect consequent on the Co and Cr atoms

being separated by ¢/2 in the real unit cell. Using MoKa/Zrf
radiation integrated triple film packs of Weissenberg equi-inclination
layers hkO-hk8, hkl0 were recorded, exposure times ranging 1-5 days
for 7 = 2n and 4-8 days for the 7 = 2n + 1 layers. The structure of
the film pack was identical to that described in Chapter 1. Reciprocal
layers hOl-h31 were recorded as integrated precession photographs for
the same crystal without remounting. Triple exposures ranging 12-72
hours were recorded for the four levels. The integrated data were

measured photometrically with a Nonius II microdensitometer.

2.3 STRUCTURE SOLUTION AND REFINEMENT

The scaling of the photographic intensity data is described in
Appendix II. Lack of meshing precession data necessitated introduction
of the hk7 Weissenberg reflections at a subsequent stage and initial
structure solution was made excluding this set of 25 unique reflections
(initial data set: 426 unique reflections of which 35 were unobserved).
Anomalies in the distribution of Av. wA2 vS. |F0| in the final stages
of refinement again indicated a relative overweighting of the most intense

data in the original AUFAC inter-film scaling procedure, resulting in
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chemically unreasonable bond lengths and angles. The initial
weighting scheme was modified in the final stages of refinement when
the #k7 Weissenberg data were introduced to the reflection list.

For (-)[Co(—)pn3](+)[Cr mal3].3H20 in space group R,, (Z = 3)

32
the metal atoms occupy the 32-symmetry positions at (0,0,0) and
(0,0,%). An initial Fourier map phased on Co and Cr atoms at these
two sites showed the expected 3m Laue symmetry. This map, using only
the I = 2n data, had an additional inversion centre at (0,0,1/4) due
to an effective halving of the ¢ lattice repeat. The I = 2n + 1 data
were excluded from the initial Fouriers because of the relatively small
contribution of the metal atoms to these odd order reflectioms.
This was, however, an unfortunate approach since the Co and Cr sites
then become identical and only one unique donor atom position (2 X
from the metal and lying on a mirror plane of 3m) was found; the
implication of this in terms of the relative orientation of the CoN6
and Cr06—cores was initially unclear. Smaller peaks at distances
further removed from the metal atoms were also observed.

This large donor atom peak (at 0.062, 0.124, 0.100) corresponded

to an orientation of the ML6-cores which maintained the C, and pseudo-C

3

axes of the complex ions parallel to the crystallographic axes but

2

although a Fourier map based on this model (CrO,, CoN, only) gave

6’ 6
several possible new atom sites, the malonate and propylenediamine
ligands remained convoluted about both metal positions, making

interpretation difficult (RZ = 0.292). Introduction of the

(—)[Co(-)pn3_]3+ complex with the correct A(AXA) configuration at one
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site gave R] = 0.234 (RZ o = 0.147, RZ et 1 0.508) but inclusion
of possible water and malonate ligand atoms at this stage gave no
significant improvement. Two cycles of least-squares refinement of the
light atom positions and isotropic temperature factors of all atoms in
this preliminary model lowered RJ to 0.209.

Inclusion of the even and odd data in a Fourier calculation based
on this most recent model gave a 32-symmetric map lacking a false 32-
position a£ 0,0,1/4. This map revealed the position of the one unique
water molecule and suggested a A configuration for (+)[Cr ma13]3_ with
the malonate ligand spanning the +x axis: for the A(—)[Co(-)pn3]3+ ion
the pn ligand spanned the - axis. The choice of the A or A

absolute configuration for the anion corresponds not merely to a

choice of absolute configuration but to a choice between two different

structures, namely ACoACr and ACoACr. Even knowing the relative absolute

configurations of the two complex ions, however, there remained the
problem of fixing the malonate ligénd conformation since the anion
appeared to be disordered on the 32-symmetry site rather than adopting
a 32-symmetric tris-skew conformation. The carboxyl carbon and oxygen
atoms were approximately coplanar with Cr and corresponded to 32-
symmetry but the methylene carbon atom lay just off the two-fold axis
and the carbonyl oxygen peak was broad and of indeterminate weight.
Tntroduction of all atoms to the model (including the carbonyl oxygen
OZCl with unit multiplier) resulted in the following R factors after
two cycles of least-squares refinement of the positional parameters

of the light atoms and the isotropic temperature factors of the metals -
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R, = 0.145 (RZ _ = 0.125, R = 0.209) for 426 data of

1 n 1 =2n+ 1

which 377 were included in the least-squares cycles, unit weights.
Changing to the weighting scheme refined in the data scaling routine
gave, after two further cycles of full-least~squares positional and

isotropic refinement (n = 33 variable parameters), R, = 0.092

1
(Z = 2n, 0.087; 2n + 1, 0.152). At this stage gross outliers in the

’

data set were checked for incorrect measurement.

Fourier and difference maps computed for this model revealed
appreciable anisotropy in the metal vibrations and also showed the
carbonyl oxygen as included to be an average of two positions of
approximately equal weight; this latter is as expected for a puckered

: : 2+ 2+ :
non two-fold symmetric malonate ring. The Co~ and Cr~ scattering
curves were modified to allow for anomalous dispersion (see Appendix

IV, note 1) and all atoms refined anisotropically, except OHZOCo which

was restricted to a position on the two-fold axis through the Co atom
and refined isotropically with its multiplier fixed at 3. The agreement

factors at counvergence were R, = 0.072, R, = 0.063, R = 0.069,

1 2 1 =2n

R = 0.106, G = 1.98 for 426 data of which 377 were included

l=2n+1

in the least-squares refinement cycles. R is most sensitive

L =2n+ 1

to the refinement of the light atoms since the metal contribution to
the odd data corresponds to a maximum of only three electrons. The
methylene carbon atom (CZ) and the split carbonyl oxygen (02C1, 02C1A)

were non—positive definite. The correlation matrix showed several large

correlation factors (ca. 0.5-0.8) between positional parameters which
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could be related by 3m operations (see also ref. 45). Derived bond
lengths and angles showed some disturbing deviations from the expected
values, e.g. the C-C bond of the pn ligand was 1.62 X (see

discussion and Table 2.9).

Inclusion of the 25 %#k7 data at this point increased R2 to 0.112
and worsened the distribution of Av. wA2 vs. IFOI. As with the
NADCOMALEN structure (Chapter 1) the fault seemed to lie in the initial
weighting schemes chosen in the data scaling routine, but rather than
apply a modified weighting scheme in the least-squares cycles it was
decided to adopt a more realistic curve in the inter—film scaling
sequence, at the same time introducing the Zk7 data. The unscaled
Weissenberg and precession data were weighted independently applying
average schemes derived from the earlier data reduction sequence. The

parameters for the new schemes were (with those used initially in

parentheses) - Weissenberg; a = 0.0484 (0.0113), b = -0.0037 (0.0066),

e = 0.3024 (0.0928), d = 0.0109 (0.0078) - Precession; a = 0.0420 (0.0749),

b = -0.0017 (-0.0040), ¢ = 0 (0.0073), d = 0 (0.0086). These weighting
scheme changes resulted in a relative "down~weighting" of the more
intense Weissenberg data: the final data set comprised 451 unique
reflections of which 38 were unobserved (U) and 16 unreliable (F).

The hydrogen atoms bonded to the N and C atoms of the pn ligand
were included at calculated positions (program PLANEH) with fixed positional

and isotropic thermal parameters; no attempt was made to introduce the

methyl group hydrogens or the disordered hydrogen atoms attached to the
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methylene carbon of the malonate ligand. The 38 unobserved reflections
were included in the least-squares data set and after three cycles of
anisotropic refinement (0H20Co isotropic) employing the modified
weighting scheme all variable parameter shifts were less than 1/3 of
the relevant esd (except for the anisotropic thermal parameters of
OzclA which remained non-positive definite). The agreement factors

at convergence were - R, = 0.073, R, = 0.083, R = 0.064,

1 2 1= 2n

Ry _ 9, 47 =0.121, G = 2.01 for 451 data of which 435 were included

in the least-squares cycles, 80 variable parameters; the distribution
of Av. wA2 VS. ]F0| was flat. The bond lengths and angles were more

chemically reasonable and apart from atom 0201A the thermal parameters

seemed realistic (the problem with 02C A is thought to arise because

1

of its high correlation with 0201 to which it is related by an approximate

non~-crystallographic marror plane coincident with the Cr, 01, C101,
atoms 5). High coefficients in the correlation matrix are considered
45,111

to reflect non-orthogonality of the crystal a and b axes.
A final difference Fourier revealed peaks of ca. j—electron in
height on the 3z axis adjacent to the metal atom sites and also showed
some anisotropy of OHZOCo parallel to z. The light atoms all occupied
saddle points between peaks 0.05 e in height.
Observed and calculated structure factor amplitudes from the final

least—-squares cycle are listed in Table 2.1 with Eb, Fc both x I10.
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TABLE 2.1 FINAL |F0] AND |F,| FOR (-)[Co(-)pn,](+)[Cr mal;].3H,0: AA CONFIGURATION.
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2.4 STRUCTURE FIGURES AND TABLES

The figures and tables of structural parameters for the CRMALTCOPN
structure are collected together here preliminary to the discussion of
section 2.5. The structural parameters as given in the following
tables correspond to the atom labelling and orientation of figures

2.1 and 2.2, where a ' superscript denotes a two-fold related atom.

2.5 DESCRIPTION OF STRUCTURE AND DISCUSSION

(+)[Cr ma13]3_ has a A absolute configuration by comparison with

the known A(AAA) configuration of (—)[Co(—)pn3]3+; this assignment is

27,28

contrary to an earlier assignment based on the aqueous solution

: 2
CD spectrum. Both complex ions are C3 symmetric but are disordered+

on 32-symmetry sites of the R, space group with the water molecules

32

occupying two-fold sites between the pn ligands of the cation, directly
under (and above) each malonate ring.

The Co and Cr atoms are 5 X apart along ¢ with the pn and mal
ligands spanning the —a and +ag crystallographic directions respectively.
The carboxyl oxygen (01) of the malonate ligand is strongly hydrogen

bonded to N1 through N while the water oxygen makes close contacts

1y

with N. through N1H and with the carbonyl oxygens of anions on adjacent

1 1
three-fold axes (Table 2.7, Figures 2.2 and 2.3). If a freely rotating

methyl group is taken80 as having an effective non-bonded radius of

+2 This disorder renders the c¢is— and trans—cations indistinguishable
and single crystal CuKo/Nif equi-inclination and precession photographs
of several (-)[Co(~)pn3](+)[Cr malz].3Hp0 crystals grown from the
supposedly cis- and trans—(-)[Co(-)pn3]Br3 samples confirmed the Rg,
space group in all cases (this preliminary study in conjunction with
P.F. Crossing).



FIGURE 2.1: (+)[Cr ma13]3_ VIEWED DOWN THE ¢ AXIS (not 32-disordered).



FIGURE 2.2: (=) [Co(—)pn3]3+ VIEWED DOWN THE ¢ AXIS (32-disorder shown) .
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+X

FIGURE 2.3: (=) [Co(-)pn3](+)[Cr mal,].3H,0. THE ARRANGEMENT OF THE

COMPLEX IONS ALONG THE ¢ AXIS.

(a and ¢ in the plane of the paper, as shown.)
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Atom x
Cation
Cof o
N1 0677(10)
C1 1677 (10)
ClME 2264 (24)
Anion
Cr 0
01 1124(05)
CIO1 1851(10)
C2 0432(29)
0,C, 2647(24)
02C1A 2391(33)
Water
OHZOCO 2427(10)
Calculated hydrogen
NlHl 0378
N1H2 0631
Clﬂl 1949
C1H2 2040

Y . B11 Bog
0 0 248(26) 248
1145(07) 1122(08)  254(77)  390(74)
1706(09) 0735(11)  391(89)  309(79)
2689(22) 1325(23)  630(228) 283(174)
0 ! 277(29) 277
0564(10) 3845(06)  226(54)  531(72)
0463(11) 3899(09)  425(94)  708(116)
2205(21) 4620(32)  1622(462) 414(198)
1022(22) 3226(35)  212(168) 504(251)
0601(28) 3001(34) —598(244) 676(297)
0 0 4.74(27) ae
atom positions — fixed
1534 1020 4.0 b.
0966 2026 4.0
2393 1040 4.0 .
1411 1142 4.0 d.
.
£.

TABLE 2.2 POSITIONAL AND THERMAL PARAMETERS FOR (-)[Co(—)pn3](+)[Cr mal3].3H20:a’D AL CONFIGURATION.

B33 812 B13 Bos
552(30) 124 0 0
784(87)  123(68) —008(57)  009(47)
573(124) —030(69) —097(66) —O031(69)

1290(270) 137(175) —123(170) 021(137)

526(36) 139 0 0]
777(73) 169(66) 115(38) 433(60)
279(102) 270(89) 092(65) 139(68)

1726(528) 706(257) —1443(350) —560(208)
1189(289) 015(166) —089(125) 488(197)
1130(316) —259(219) 011(171) 255(234)

positional parameters (x 104): anisotropic
thermal paramaters (x 105).

isotropic thermal parameters for OHZOCo and
hydrogen atoms.

a symmetry related atom is represented in the
figures.

this atom not represented in the figures.

atoms C;ME, C,, 0,C1, 0,C1A, OH,0Co and CyH;
were input with multipliers of 1/2.

anisotropic thermal parameters for Co and Cr
symetry restricted (ref. 54).

‘%9



TABLE 2.3 BOND LENGTHS AND ANGLES

Atoms Distance (X) Atoms Angle (deg.) Atoms Angle (deg.)
Cation
Co-N; 1.964 (10) N,~Co-N, ' 83.2 (8) N,~C,~C,ME 117.9 (1.6)
N,-C; 1.453 (22) Co-N,=C; 110.7 (10) C,ME-C, =C, ' 114.5 (1.3)
C,~C,ME 1.503 (36) N,-C,=C, 106.9 (9)
¢,=¢,’ 1.481 (26)
Anion
cr-0, 1.953 (7) 0,-Cx-0, ' 91.9 (7) 0,-C,0,=C, 119.2 (17):
0,-C,04 1.262 (18)a Cr-0,-C,0, 128.3 (9) . 1'7€101"-C, 114.3 (13)a
€,0,-C, 1.563 (38)b 0,-C,0,-0,C; 122.4 (21)b 0,C,-C;0,=C, 117.9 (24)b
€,0,'-C, 1.606 (35) 0,'-C,0,'-0,C,A 125.4 (28) 0,C,A~C,0,'-C,  118.1 (29)
€,0,70,C; 1.328 (46): €,0,-C,=C,0;"  108.1 (24)
€,0,'-0,C;A  1.196 (54)

a,b. The malonate ring is not mirror symmetric about the Cr—C line; the bond lengths and angles
involving the carboxyl carbon fall into two groups designated a and b.

Interligand angles at the metals

Co Symmetry operation Angle (deg.) Cr Symmetry operation Angle (deg.)
relating the donor atoms relating the donor atoms
3 90.3 (4) 3 88.2 (3)
2 97.1 (10) 2 91.7 (9)

32 170.2 (11) 32 179.9 (10)

*q9
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TABLE 2.4 TUNWEIGHTED BEST PLANES THROUGH THE LIGANDS
(o}
Plane A B & D Distance from plane (A)

Malonate (orientation as in figures 2.1 and 2.2)

01,01',0101,C101' 0o -0.845 -0.535 2.693 01,-0.043 : Ql',+0.043
€,0,+0.047 : C,0,',-0.047
cr,0% : C,,+0.714

Cr,Ol,Ol' 0 -0.828 -0.561 2,821 0101,+0.086 ) C101',—O.086

Cr,Clol,Clol' 0 -0.864 -0.504 2.536 01,-0.094 2 Ql',+0.094

0101,C2,C101' -0.767 -0.554 -0.323 3.629 0201,-0.853 5 QZCIA,-O.767

Ol’CZ’OZCI -0.074 -0.562 -0.824 3.733 0101,-0.059

01',C2,02C1A 0.016 -0.995 -0.099 -0.189 clol',-o.115

1, 2-diaminopropane

Co,Nl,Nl' -0.749 0.433 -0.501 O Cl,-0.336 g Cl',+0.336

a. Since the two carboxyl oxygens and carboxyl carbons are two-fold

symmetric the Cr atom lies in their mean plane.



TABLE 2,5 INTERPLANAR DIHEDRAL ANGLES

Plane 1

Cation Co,N.,N.' (ligand 1)

Anton

Co,C

Co,N

Cr,O0

Cr,0

1°71
1,Cl' (ligand 1)

1
1Y

Cr,0,,0,' (ligand 1)

1’71

Cr,C.0,,C.0."' (ligand 1)

1717171

'
1’01

|
1’01

cr,c,0,,C.0."

171’7171

L ]
0,5€104,¢,0;

Plane 2

Co,N.,N.' (ligand 2)

1’71

Co,Cl,Cl' (ligand 2)

C )

Co,Cl, 1

Cr,Ol,Ol' (ligand 2)

Ccr,C.0,,C.0,"' (ligand 2)

1'1°71°1

)
€1012C55C10¢

1
¢r,C,0,,C;0,

1
€490,.C,,C,0y

1
€1015€55¢,04

Angle (deg.)
97.1 (10)
119.7 (13)

26.9 (15)

91.7 (10)
96.9 (10)
50.2 (27)

3.9 (10)
50.1 (30)

50.1
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TABLE 2.6 TORSION ANGLES IN THE CHELATE RINGS

Bond Angle (deg.) Bond Angle (deg.)
Malonate ligand Propy lenediamine ligand
Cr—O1 5.0 (12) Co-N1 14.3 (7)
01-0101 21.9 (28) Nl-C1 39.1 (19)
0101-02 54.9 (31) Cl-Cl' 50.3 (24)
C2-C101' 62.7 (30)
c.0,'-0."' 38.4 (29)

1"1 "1
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TABLE 2.7 POSSIBLE A-H...B BONDS WITH A...B LESS THAN 3.25 X

4 B Symmetrya H A...B (K)
Transform
on B )
N1 01 1 N1H2 3.097 (15)
N1 01 2 N1H2 3.243 (20)
N1 0H20Co 2 NlHl 2.998 (24)
OHZOCo 0201A 1 3.182 (40)
0H20Co 02C1 3 2.668 (41)
OHZOCo 0201A 3 2.788 (61)

a. see table 2.8.

o
TABLE 2.8 INTERMOLECULAR DISTANCES < 3.5 A .

A B Symmetry A...B (K) A B
Transform
on B
1 02C1 1 3.417 (33) CIME ClME
C1 0201A 1 3.428 (57) N1 0101
Nl 02C1A 2 3.323 (42) 02C1 ClME

Symmetry transforms referenced in Tables 2.7 and
L. x, Ys
2. g: X =Y,
3. 2/8 - =, /8 + y - a,
4, 2/3 = Y, 1/3 + © - y,

2.

B...H (K) Angle at H
(deg.)
2.219 154
2.496 136
2.090 155
o
Symmetry A...B (4)
Transform
on B
3 3.064 (76)
2 3.474 (19)
4 3.066 (47)
8.
3
2
1/3 = =
1/3 + z

a. not involving hydrogen atoms and in addition to the values listed

in table 2.7.
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TABLE 2.9 SOME BOND LENGTHS AND ANGLES FROM THE REFINEMENT WITH THE

Anion
Cr-0

01-0101

¢,0,-C,

€10,70,¢4

a. the angle w is defined by figure 7.1..

length (R)

1.983
1.426
1.445

1.627

1.930
1.268
1.579

1.291

INITIAL WEIGHTING SCHEME (c.f. Table 2.3)

Angle

N,-Co-N.,'

N.-C.-C.'

0.-Cr-0.'

Degrees

82.9
104.2

48.6

94.0

62.5

The .values at completion of

refinement with the new weighting scheme were 48.0° and 60.2° for the
cation and anion respectively (Chapter 8).
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2.0 X the two close contacts less than 3.1 X (Table 2.8) are noteworthy;
however, they are avoidable by a more specific ordering of the ions on
adjacent symmetry sites.

Some relevant literature bond lengths are quoted in Chapter 1 and
are comparable with those observed here, particularly for the cation
which has the predicted tris(lel) conformation with the C-C bond of the
pn ring being held parallel to the C3 axis by the requirement that the
methyl substituent occupy the energetically most favourable equatorial
position.1 The extent of this parallelism is emphasized by the inter-

ligand Co,C,,C.' interplanar dihedral angle, 119.7 (1.3)°. The inter-

1°°1

planar dihedral angle between the Co, Nl,Nl' planes, 97.1 (1.0)0,
indicates significant distortion of the CoN6 first coordination sphere
from an idealized geometry having interplanar angles of 90° (this
distortion is discussed further in Chapter 8). CIH1 in the atoms list
(Table 2.2) corresponds to the position of the two—fold disordered methyl

group, C_ ME; both were input with multipliers of }.

1

A tris-malonate anion has D3 symmetry only if the methylene

carbon (Cz) lies on a two-fold axis through the metal ion, i.e. a
completely flattened ring conformation or a symmetrical skew form; in

0
CRMALTCOPN 02 is displaced 0.71 A from the mean five atom plane through

Cr,Ol,Ol',Clol,Clol'. The methylene carbon atom is also displaced from

the hypothetical mirror plane of an ideal chair, boat or flattened

0 : 0
conformer (viz. C,0.-C, is 1.56 (4) A whereas C,0.'-C, is 1.61 (4) A)

1"1 "2 1’1 "2

with consequent changes in bond and torsion angles (Tables 2.3 and 2.6).
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Therefore in the 32-disordered arrangement the methylene carbon and
the carbonyl oxygen atoms are split. The non-symmetry equivalent 0201

: o
and OZClA sites are 0.63 (5) A apart.

5 .
The Cr—O1 bond length, 1.953 (7) A, compares well with that found

in Cr(acac) ,112 1.956 (7) X, Cr(gly) ,113 1.964 (1) X, and
3 3

o ,
114,115 1.968 (10) A. The carboxyl carbon-oxygen bond

(+)Cr((+)atc) 5,
length (01—C101, 1.262 (18) X) is thé samé as the average carbonyl bond
length (C101—02C1, C1°1'02C1A)' The mean anion C-C bond length,

1.585 (25) X, is significantly longer than that found in the NADCOMALEN
structure (1.50 (2) X); associated with this bond lengthening is a
contraction of the angle at the methylene carbon from a value approximating
the ideal sp2 value to within one esd of the ideal tetrahedral angle,

e.g. in CRMALTCOPN the C-C-C anglé is 108.1 (2.4)0, in NADCOMALEN 117.2

89 wheré the average C-C

(1.8)° and in (-)[Co en,(N0,),](+)[Co mal, en]
bond length in the malonate rings is 1.48 K this angle is 125°. The

high standard deviations in the individual bond angles in all three
structures preclude detailed discussion of the individual bond and torsion
angles.

' lines about the

4 T
The relative skew of the 01...01 and C101...C101
two-fold axis is barely significant at a 8o level (3.85 (98)°) although
larger than that found in NADCOMALEN; the displacement of the carboxyl
o)
oxygens + 0.09 A either side of the Cr,Clol,Clol' plane is about half

. 8 B
that observed in Matsumoto and Kuroya's structure s (see Chapter 1).

In CRMALTCOPN the skew is such that the Cr,C,C plane is more nearly
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parallel to the three-fold axis of the anion than is the Cr,0,0 plane,

as shown by the interligand interplanar dihedral angles (96.86 (98)o

and 91.65 (96)o respectively). This twisting of the ligand backbone

relative to the ML6—core in [Cr ma13]3~ is discusséd in section 8.2.
Mean-square amplitudes of thermal vibration were not computed

but the anisotropic thermal ellipsoids of the non-metal atoms are shown

in the figures; the temperature factor of atom 0,C A was non-positive

1
definite and the minimum thermal ellipsoid as drawn serves only to
indicate the direction of maximum vibration. Unfortunately, because
figures 2.1 and 2.2 are views parallel to ¢, the thermal ellipsoids
as drawn are of limited value in deciding the directions of maximal
vibration. The methylene carbons of the pn ligand vibrate appreciably
perpendicular to the Co,C,C plane while the ellipsoid of ClME is
elongated radially. In the anion thé méthylene carbon shows maximum
vibration perpendicular to the C,C,C plane while the other malonate ring
atoms exhibit appreciable vibration perpendicular to the mean
Cr,Ol,Ol',Clol,Clol' plane.

The most alarming feature of the CRMALTCOPN structure refinement
was the significant change in some of the bond lengths and angles of the
converged model on modification of the weighting of the intensity data:
see Table 2.9 for some bond length and angle parameters for the converged
structure based on the initial weighting scheme. For the tris-malonate

ion the relevant angular parameters (see Chapters 7 and 8) from the

final converged model are not significantly different from those of a
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D3d symmetric ML6—core; it would be more satisfactory if we could feel
certain that this represents reality and not just a fortuitous dependence
on the particular weighting of the intensity data. The structure
refinement should be repeated, preferably using an excess of "correctly"
weighted diffractometer data; it is important that more l=2n+1
data be used in the refinement since these are relatively most sensitive
to the refinement of the light atoms. The time required to record
such data photographically became increasingly prohibitive at high u
angles.
Malonate Ring Conformation -

Two important conclusions emerge from the three known structures
of chelated malonate ligands. Firstly, the exocyclic carbonyl oxygens
are always likely to participate in strong intermolecular hydrogen
bonds and ionic close contacts resulting in a greater variety of
conformations than is to be expected for the analogous six-membered
diamine ring complexes. Second, because of this strong inter-molecular
interaction the carbonyl oxygen bond is unlikely to be found significantly
shorter than the intra-ring carboxylic C-0 bond, at least not when using
photographic intensities.

Notwithstanding the probable importance of intermolecular forces in
determining the malonate ring conformations some observations of an
intramolecular nature are worthwhile.

The mean intra-ring inter-carboxyl oxygen distance in the malonate

rings of NADCOMALEN (i.e. 0.L...0,L, O

1 9 L...04L) is 2.77 R; the mean

3



75.

inter—carboxyl carbon atom distance (Cll...Cl3, 031...033) is 2.56 R.

T
Loee0y" = 2.72 2,

clol...clol' = 2.57 8. In the present structure the C,C,C plane

The corresponding distances in CRMALTCOPN are O

makes an angle of 50.1° with the O c.0 ,ClOl' plane whereas in

1
1’01 *"171
NADCOMALEN this angle averages 28.9°. The agreement of the intra-
ring non-bonded vectors in these two structures suggests that the

smaller average value of this intra-ring dihedral angle in the

[Co mal, en] ion may in part be due to potential unfavourable intra-

2

molecular close contacts between the two malonate ligands; the relevant
interactions in the refined NADCOMALEN structure are 012H1"'C33’ 3.34

%, c..H,...0,L, 2.75 R, C..H ++0,L, 2.70 2, c..H 3.11 R.

1281 +9 3289 39ty +Cy 30

Increasing the intra-ring dihedral angle beyond ca. 30° in the

[Co mal2 en] ion would result in strong repulsion between the above
atom pairs. Although the malonate methylene hydrogen atoms were not
included in the CRMALTCOPN refinement it is not difficult to see that

. . X 1 P}
the planarity of the five atoms (Crﬁi,Ol ’Clol’clol ) permits a larger

dihedral angle with the clol,cz,clol' plane before there is appreciable

interaction of a donor oxygen of one malonate ligand with a methylene
hydrogen of the other ligand. The dihedral angle between the tri-atomic
M,0,0 and C,C,C planes is ca. 52° for the three independent malonate
rings (CRMALTCOPN, 50.1 (2.7)°; NADCOMALEN, 52.8 (2.5)°, 53.4 (3.0)7),

a geometry quite different from that found89 in the

]1[Co mal

[Co enz(NO en] structure.

2)2 2

If the malonate ligands in [Co mal2 en] folded toward the en ligand

to the same degree that they fold toward each other in the NADCOMALEN
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structure the interaction between the amine hydrogen atoms and the
malonate methylene protons would be impossibly short; that a more
flattened conformation of the malonate ring is acceptable has already
been shown.89 As mentioned previously, lack of suitable potential
functions incorporating the steric effects of electron lone-pairs
has precluded vapour-phase energy minimization calculations of the
chelated malonate systems. Lone-pair/lone-pair repulsions have

116-118

elsewhere been considered stronger than atom/atom interactions

with lone-pair/bonded-pair repulsions being intermediate in streiééi?g
Only in the completely flattened ring conformation are all lone-pairs
(on the donor oxygens) and bonding-pairs (M-L, C=0, C-H) maximally
staggered; for a chair conformation they are maximally eclipsed and
for boat and skew conformers some interactions are eclipsed and others
are gauche. Correct representation of these interactions will be
important in assessing the relative energies of the various malonate
ring conformations but it is perhaps noteworthy that the low energy

chair conformation commonly foundgl}’lzo—126

for chelated tn ligands
(all ring atoms except the coordinated metal tetrahedral) is not
approximated by any of the five crystallographically independent
malonate rings in the three structures discussed here.

Similar consideration31 was taken of the steric role of the carboxyl
oxygen lone-pairs in discussing the nmr spectra of [Co mal2 en] and

+ .
[Co mal en2] ; there, however, the interaction of the oxygen axial

lone-pairs with the orthogonally placed donor atoms of adjacent ligand
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rings was also considered. For an "isolated" M-mal ring the boat and
skew conformers were thought more favourable than the chair;
introduction of donor nitrogens or oxygens (with their attendant amine
hydrogens or oxygen lone-pairs) was considered to increase the
relative favourability of the skew form. The single resonance

31 : +
observed™~ for the malonate methylene protons in the [Co mal en2]
ion was interpreted as indicating rapid flipping of the malonate ring

127,128

between the two symmetrical skew forms (A and §); the

s was compatible with either a two-fold

[Co mal2 en] resonance
symmetric bis(chair) or bis(boat) conformation but rapid conformational
interchange was again thought likely. In the two independent crystal
structures containing [Co mal2 en]— the complex ion maintains an
approximate non-crystallographic two-fold symmetry, although the

malonate ring conformations are distinctly different, as indicated

above.
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CHAPTER 3 THE STRUCTURE OF POTASSIUM CALCIUM (+) -TRIS (DITHIO-OXALATO)

589
COBALTATE (III) TETRAHYDRATE

K.Ca(+) [Co thiox3].4H20, CADCOTHIOX.

589

3.1 STRUCTURE ABSTRACT

The crystal structure of K.Ca(+) [Co(S,C.0
589

9Cs 2)3].4H20 has been

solved and refined by full-matrix least-squares to convergence with

Rl = 0.062; the A configuration previously assigned to the

(+)589[Co thiox3]3— anion on thé basis of circular dichroism correlations
is confirmed by the present refinement. Structure solution was based

on 2374 equi-inclination counter data recorded with CuKo/NZf radiation.
The structure is orthorhombic, P2

2.2
. 1°171 -
b =12.791 (5), ¢ = 11.801 (5) A, U = 1869 (2) A”, 2 = 4, D_ = 2.03,

(No. 19), a = 12.381 (5),

Dm = 2.01 g. cm—3. Although thé angles, S-Co-S, subtended at the Co
atom by the three thio-oxalate ligands are close to 90° (Av. 89.7 * 0.150)
the CoS6 first coordination sphere lacks Oh symmetry showing significant

elongation along the pseudo-C, axis of the complex ion. The cations

3
and water molecules make numerous close contacts with each other and with

the complex anion.

3.2 EXPERIMENTAL

The complex ion was prepared and resolved following the literature
1 . ++ ' ' ++
procedure £ except that Ca , rather than Ba , was chosen as the
Ak . N + . .
co-crystallizing cation with K in order to reduce the scattering from

atoms external to the complex ion (atomic number of caleium = 20,
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barium = 56). In view of the subsequent difficulty in distinguishing
the three metal atoms in the preliminary Patterson and Fourier maps
(ZK = 19, ZCo = 27) the presence of a dominant barium ion would have
been an advantage in choosing a correct starting model.

Di thio-oxalic acid from Eastman-Kodak Co., Rochester, N.Y., U.S.A..
The resolving agent, (+)[Co en2(N02)2]Br from F.R. Keene.

Recrystallization of K.Ca(+)[Co thioxs] from aqueous solution gave
burgundy coloured rectangular prisms of the tetrahydrate, elongated
along c* and bearing (1,1,1) and (1,1,1) bevels at one end in most
cases; the faces parallel to the needle axis were of the form {1,1,0}.
Absorption and ORD spectra suggested the first coordination sphere
contained some sulphur atoms and stability of the complex ion in light
and its failure to racemize at a perceptible rate in aqueous solution
pointed to all three ligands being bidentate through sulphur donor atoms.

Preliminary photographic investigation of several crystals revealed
that twinning parallel to the c¢* axis was a serious problem and although
crystals suitable for integrated photographs could be readily found,
there were few which met the more rigorous requirements of a diffractom—
eter study. The films showed the space group to be P2 ) with a =

1"1'1

12.33, b = 12.74, e = 11.77 & (A = 1.5424 R); non-integrated

CuKo.
Weissenberg equi-inclination films were recorded for reciprocal lattice
levels up all three axes to facilitate setting of the diffractometer for

recording the individual layers. Two crystals (coated with a thin film

of Canada Balsam to reduce possible dehydration), one mounted about c*
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and the other about a*, were used to determine more accurate lattice con-
stants on a semi-automated Buerger-Supper Equi-inclination X-ray diffrac-
tometer using a pinhole collimator. The lattice repeats were calculated

from the o, component of high order zero layer reflections using non-

monochromated CuKo/Nif radiation (AKQ = 1,54051 R).
1
Crystal data - as in structure abstract.

K. Ca(+) [Co(S,C,0 = 175 em L.

2 2)3].4H20; M = 570.6

3 Heouko
D, by flotation in 1,2-dibromopropane/1l,2-dibromoethane

at 23°C.
Microamalysis - cale. G 12.63, S 33.71, H 1.42, HZO 12.63.
found  12.40, 33.4, 1.32, 11.3 (by

weight loss).

28
[a]5 g9

salt).

= +1042°, [M]... = +6680° (ref. 129, [M] = +5000° for K.Ba

589
Details of the diffractometer data collection routine and subsequent
data reduction process are given in Appendix III. Using the c¢* mounted
crystal, reflections for layers 1 = 0 - 9 were measured along lines of
constant k, varying # through + and - values within a machine limited
upsilon range of Y = 10—1400; the equi-inclination angle for layer #4k9
was 36.03°. With CuKo radiation, the pronounced anomalous dispersion
effect for this crystal reduces the symmetry of the reciprocal lattice
from the Lauve symmetry mmm to the point symmetry 222 resulting in non-
equivalent zkl and 7kl octants; structure refinement based on this non-
averaged data set was expected to yield the absolute configuration of

the complex ion directly.
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The a* mounted crystal was used to generate reciprocal layers
Okl - 8kl, measuring the +++ octant only (along lines of constant A
index). The p angle for 8kl was 29.89°. This crystal was smaller
than that used to genérate thé c¢* data and consequently measurement
of individual layers was somewhat slower; since two octants of c*
data had been recorded one octant of a* data was adequate to achieve

correct interlayer scaling of the anomalous dispersion data.

3.3 STRUCTURE SOLUTION AND REFINEMENT

Lorentz and polarization (but not absorption) corrections were
applied to the raw refléction inténsities (see Appendix III) and the
three octants merged to give a unique data set of 1548 reflections
having all indices positivé. Although the first Patterson map based
on this incorrectly averaged data showed two peaks at approximately
2.3 K from thé origin, consistent with an approximately octahedral CoS6
coordination sphére, thé numbér of heavy atoms per asymmetric unit
(Co, Z = 27; Ca, Z = 205 K, Z = 19; six S, Z = 16) rendered location of
the metal atoms uncertain; the problem is ideally suited to solution
by direct methods. There were numerous péaks on the Harker (1)
sections and inclusion of a Co atom at several of the possible solutions
for these vector sets gave.Rl ca. 0.67 compared with a random value of
0.83: however, further structural features could not bé determined
from the resultant Fourier maps éven though the face-centred subcell

pattern of the Patterson map suggested a precise positioning of the
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calcium and potassium ions relativé to the oriented CoS6 core.

The structure was solved by making use of the intensity
differences (Bijvoet différences) betweén Friedel pair reflections
due to the anomalous scattering by the heavy atoms. All three metal
atoms have AfguKu > 1.0 and Af" for sulphur is 0.6 but the Co
coefficient is dominant (3.9) and a Patterson map based on the Bijvoet
differences bétweén thé %kl and #kl c* axis data could be expected to
show a dominant peak on each Harker section corresponding to the Co-Co
vectors in P212121. When comparing Friedel pairs rigorous absorption
corrections should be applied44b but since the "e¢* crystal" was
approximately uniform, other than for the bevels at one end, these
corrections were not applied; comparison of somé %kO and AkO pairs
indicates this approximation is not entirely satisfactory. Data for
which only one reflection of a Friedel pair was observed were prematurely
excluded from the data set; this was invalid since such data, especially

44b,130D,131 can bé éxpécted to be most sensitive to

at high sinf,
anomalous dispersion, but fortunately this omission did not prevent the
finding of a unique solution for the Co atom.

The +++ and —++ c* axis data sets comprised ca. 1200 reflections
each. Two anomalous Patterson syntheses were computed,

) =12 . T2 .
(a) one based on |AF|_ = |F - F|* for all data showing any
; ; 2
difference in intensity of the Friedel pairs, 851 lAFl output,

-+
(b) and the other based on Al = (I - I) where |AI| > (o, + 0}),
' I

417 data output:
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an analogous significance test should have been applied in case (a).
Reflections having at least one index zero were automatically excluded
from the data set. Synthesis (a) is the "anomalous squared

n130a.0 g (b) a modification of the "anomalous difference

44b,130b

synthesis

Patterson' proposed by Okaya and Pepinsky. In the ideal case

synthesis (a) is more direct showing only the Harker peaks for the

anomalous scatterer whereas (b) also gives peaks due to interaction

of the anomalous scatterer with the normal scatterers. Interactions

involving normal scatterers only should be absent from both maps.
Although the disposition of peaks was similar in the two maps

there were some differences in relative peak heights. Interpretation

of the dominant peaks on the Harker (1/2) sections gave a starting

position for Co at (+ 0.078, 0, = 0.213). A structure factor calculation

with Co at (0.078, 0, 0.213) had Rl = 0.675 and suggested further

improvement was possible with lowering of the scale and isotropic

temperature factors. A Fourier map phased by this model showed the

expected mirror symmetry about the xz plane, but no further atomic

positions could be decided. A B-anomalous synthesis130a computed using

the 417 signed AT values with Co at (0.078, 0, 0.213) yielded six

possible sulphur atom sites, fiée of which were consistent with the

strong 2.3 X peaks in the original Patterson map. Inclusion of these

six atoms in a subsequent calculation lowered R1 to 0.512 but it was

not possible to locate the Ca and K atoms with certainty in the

resulting Fourier.
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Comparing the original Patterson map with the anomalous squared
synthesis, the Ca-Ca and K-K vectors in the latter should be considerably
reduced in peak height compared with thosé in the formér, taking the
Co-Co Harker peaks as reference. Two such sets of vectors were found
and deconvolution gave two possible starting positions for Ca and K
at (0.078, 0.440, -0.207) and (0.070, -0.280, -0.075). Inclusion of
the Ca in the above model gave RZ = 0.478; the alternate structure
with the mirror image set of sulphur atoms gave Rl = 0.503. Positional
refinement of this limited eight—-atom model lowered RJ to 0.305 for
the 1548 unique data. A différéncé map computed at this stage confirmed
the K position and introduction of this atom together with four carbonyl
oxygens further reduced Rl to 0.250. The two remaining carbonyl
oxygens, the six ligand carbon atoms and the four water oxygens were
located in the subsequent differéncé and Fourier maps. R] dropped to
0.190 on inclusion of these additional atoms. Positional and isotropic
refinement of all twenty—-five atoms gave Rl = 0.133 (R2 = 0.123 using
individual weights based on counting statistics — see Appendix III).

The isotropic temperature factor for K was approximately three times
those of Co and Ca't consistent with the large spread of electron
density at this site in both the difference and Fourier maps. These
maps indicated that the thermal vibration of all atoms was significantly
anisotropic.

There is no point in making a full anisotropic refinement of a model
for a structure having a large linear absorption coefficient unless

absorption corrections are first applied to the intensity data;
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otherwise the temperature factors correct for this systematic error
by adjusting to smaller values, generally with the complication of
non-positive definite anisotropic thérmal ellipsoids.45 The raw

data were checked for counting and punching errors before application
of absorption corrections. Both crystals were described as regular
parallelepipeds of square cross section neglecting the (1,1,1) and
(1,1,1) bevels and the slight inequality of the edge lengths per-
pendicular to the needle axis. The crystals were measured on a
travelling microscope calibrated in 0.001 mm. — the c* crystal was
0.128 x 0.146 in section and 0.321 in overall length; the effective
length wés considered to be less due to the angular truncations and
it was described as being 0.137 x 0.137 x 0.283 mm. having a volume
of 5.296 x 10--6 cmf3. Thé a* néédlé was 0.134 x 0.125 in section and
0.214 in maximum léngth; for thé purpose of applying absorption
corrections it was described as 0.129 x 0.129 x 0.182 mm., having an
efféctivé volumé of 3.044 x 10_6 cm_3. AAmoré rigorous description
of the crystal shapes may have facilitated improved fitting of the
refined model to the intensity data.

Comparison of observed/unobserved reflections in the a* set with
those in the +++ and —++ ¢* octants indicated that the g* data
corresponded to the +++ ¢* octant. Interlayer scaling of the
absorption corrected a* data with the two c¢% octants separately,

confirmed this assignment. The -++ c* data were introduced with scale

factors derived in the interlayer scaling of the +++ data; the unique
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data set comprised 2374 %kl and 7kl reflections. Introduction of the
absorption corrected data to the structure refinement reduced the
esd's of the positional coordinates and increased the isotropic
temperaturé factors.45 Thé 1argé témperature factor for K+ was
disturbing but attempts to represent the broad Fourier and difference
peak at this site by several atoms having fractional multipliers gave
no significant improvement in the least—squarés agréémént factors55 or
in the esd's of the coordinatés. The isotropic stage of refinement

was concluded with R, = 0.109, R

, 4 = 0.100, G = 2.862 for the A

configuration of the complex ion (Co+1, Ca+2, K+1 scattering
anomalously — details of scattering factors used in this structure are
summarized in Appendix IV, note 1), n» = 101. The A configuration gave
Rl = 0.148 confirming that the correct absolute configuration can be
derived from Pattérson functions baséd on the Friedel pair intensity
differences.

Anisotropic thermal parameters were introduced in stages;
anisotropic refinement of Co, Ca, K (n = 116) gave RZ = 0.090, R2 = 0.079.
Introduction of anisotropic thermal parameters for the six sulphur atoms
lowered R1 to 0.073 and R2 to 0.063, G = 1.849 ¢ = 146). An attempted
anisotropic refinement of all light atoms was unsuccessful at this
stage due to non-positive definite temperature factors for several atoms
of one thio-oxalate ligand. The distribution of Av. wA2 versus |F0|
indicated relative over-weighting of the more intense reflections; the

low angle, (sin®)/A < 0.2, reflections showed little evidence of an

extinction effect and the few reflections affected were excluded from
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subsequent least-squares cycles. Initially reflections having
T 5_20I were excluded from the data set — of 3652 c¢* data 848 were
uncbserved, of 1532 g* data 416 were unobserved on this 20I criterion.
Examination of IFb| and IFGI indicated that many of the weakest intensity

reflections had |F0| > [Fcl’ a phenomenon usually seen with "unobserved"

reflections in film data. A 30 cut-off was imposed97’132 and all

I

T < T 5_30I were retained in the data set as

"unobserved" but were excluded from subsequent least-squares refinement

reflections having 20

cycles — 3920 data condensed to a unique Zkl/%kl set of 2374, of which
2086 were included in the least-squares cycles.

The anomalous scattering contribution was included for the six
sulphur atoms (as well as Co, Ca, K) and the whole structure refined
anisotropically (alternate cycles refining the positions, # = 76, and
temperature factors, # = 151) to convergence with Rl = (0.062, R2 = 0.060,
G=1.753 (n = 76), G = 1.785 (n = 151) in two complete cycles. The
anisotropic temperature factors for atoms 05 and C6 remained non-
positive definite, probably reflecting inadequate absorption correction
of the intensity data.45 The distribution of Av. wA2 vs |Fb| was
satisfactory except in the high intensity ranges and neither a Hughes133
nor a Cruickshank44a weighting scheme promised any improvement; time
did not permit the application of an arbitrary weighting scheme to the
raw data. As indicated in Appendix III, the standard deviation assigned

to the raw peak intensity is the minimum value determined by the counting

statistics; in program AULAC some account is taken of the agreement of
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the symmetry equivalent reflections such that o for a multiply

observed reflection is most commonly leés than that of a "once only"

observation of comparable intensity. Many of the weaker reflections

were not observed in the a* data set and as '"once only'" observations

carry a relatively high standard deviation. Coupled with the already

over-optimistic ¢ values assigned to the most intense-data from

counting statistics this results in a relative over-weighting of the

most intense data. An additional error should bé includéd45 in ¢

to correctly represent the random errors not represented by the counting

statistics. |
A final différence map showed no further peaks of any significance,

the minor peaks which did occur béing closé to supplied atom sites.

The hydrogen atoms of the four water molecules could not be located.

Their non-inclusion in the modél and the unsatisfactory representation

of thé K disorder can also be expectéd44a to influéncé the trénd in

Av. wAZ. Dérivation of thé éstimatéd standard deviations of the

variable parameters is formally invalid for weighting schemes showing

this increasing trénd in Av. wA2 to high |F0|; the effect is most

4ha

noticeable in the esd's of the thermal parameters.

]F0| and |Fcl, both x 10, are listed in Table 3.1.

3.4 STRUCTURE FIGURES AND TABLES

The figures and tables of structural parameters presented in fhis
section are discussed in section 3.5.

In Figures 3.1 and 3.2 the non-positive definite C5 and C6 atoms
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TABLE 3.1 (contd.)
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TABLE 3.1 (contd.)
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FIGURE 3.1: A-K.Ca(+)[Co thiox,].4H,0, b AXIS PROJECTION SHOWING

CLOSE CONTACTS.
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FIGURE 3.2: A-K.Ca(+)[Co thiox,;].4H,0, c AXIS PROJECTION (90°

rotation of Figure 3.1 about x).



TABLE 3.2 POSITIONAL AND THERMAL PARAMETERS FOR K.Ca(+)589100 thiox3].

Atom
Cations
Ca

K
Anion
Co

A a0 o0 0 0O 0 0O O nn n n n h 0

a O O
0\U1-|-\LAJNF—'O\U1-I-\UOND—'O\U1-L\L9NI—‘

b

0780(2)
0778(6)

0774(2)
-0371(3)
-0529(3)

0558(3)

0976(3)

2178(3)

1910(3)
-1142(8)
-1154(8)
-0146(8)

0160(9)

4217(7)

4004 (8)
-0603(11)
-0553(10)
-0070(11)

0169(11)

3288(10)

3154(11)

Y

4397(2)
-2806(3)

-0138(2)
-1191(3)
0587(3)
1085(3)
-1384(3)
-0869(3)
0961(3)
-0996(8)
0100(8)
0815(7)
-1526(7)
-0498(7)
1063(7)
~0620(11)
-0124(10)
0452 (11)
-1051(10)
-0294(9)
0658 (10)

2

-2121(2)
-0733(4)

2130(2)
1187(3)
3171(3)
0767(3)
3434(3)
1204 (3)
2997(3)
-0860(7)
5197(7)
-1279(8)
5454 (8)
1423(7)
2872(8)
-0111(12)
4411(11)
-0303(12)
4550(12)
1683(10)
2556 (10)

811

413(21)
4089(118)

413(17)
419(29)
528(32)
587(36)
722(38)
360(27)
450(30)
796 (100)
505(85)
794(95)
1187(120)
452(76)
562(86)
302(117)
214(113)
431(121)
493(124)
453(107)
504 (114)

Bog

302(17)
507(34)

337(15)
393(24)
451(25)
359(26)
406(28)
396(26)
463(26)
578(79)
611(84)
518(78)
350(68)
453(67)
449(69)
456(109)
497(105)
451 (110)
207(88)
325(94)
264(83)

Bz3

214(22)
704 (46)

165(17)
204(30)
166(30)
234(30)
258(32)
270(32)
334(36)
055(78)
103(81)
090(76)
144 (80)
252(75)
514(93)
468(133)
172(113)
448 (145)
425(138)
119(110)
105(115)

a

4H20

B1o

025(18)
274(58)

021(13)
-036(21)
191(24)
-084(24)
221(25)
-016(21)
062(22)
-113(72)
003(68)
077(67)
031(75)
024(65)
-034(63)
-131(98)
021(89)
-004(92)
028(88)
120(78)
-008(86)

B13

054(21)
538(74)

001(17)
015(25)
029(25)
-082(28)
125(30)
053(26)
-021(28)
101(72)
-012(68)
-123(73)
118(80)
148(72)
-156(83)
-051(109)
-015(92)
236(110)
-003(107)
267(97)
-135(96)

: |\ CONFIGURATION.

Boz

-007(19)
080(33)

034(14)
058(24)
073(23)
075(22)
101(24)
-141(24)
-195(27)
-128(67)
-038(67)
093(68)
079(67)
~018(61)
~243(75)
004 (104)
019(92)
029 (105)
-054(99)
211(88)
187(89)
(contd.)
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TABLE 3.2 (contd.)

Water

H,0-1 2845(8) 2792(7) 0721(8) 691(96)  470(77) 374(93) -022(72)
H,0-2  2553(8) 3771(8) -1470(8) 701(95) 693(89)  416(98) 175(73)
H,0-3  2995(8) 4051(7) 2690(8) 793(92) 443(70) 320(88) 017(70)
H.0-4 0773(10) 2505(7) —2429(8) 1336(125) 271(64)  695(110) =-009(83)

NN N

N

a. positional parameters (x 104): anisotropic thermal parameters (x 105).

B3

-001(84%)
148(78)
131(79)
289(107)

Boz

-041(70)
291(81)
-024(70)
051(71)

)



TABLE 3.3 BOND DISTANCES AND ANGLES

Atoms
Ligand 1
Co-S
S,-C
c,-0
Cc.—C
c,-0
S,-C
Co-S

W W R = e

glua W W W P =

Ligand 2
Co-S
S,-C
C,-0
Cc,-C
c,-0
S,-C
Co-§

NN NCRN S SO N
NN N S

2.
1.
1.

1

N B R R B =N

250
721
207

.539
1.246
1.

2.259

689

.230
. 707
.228
<493
.224

724
.230

o
Distance (A)

(4)

(14)
(14)
(18)
(15)
(15)
(%)

(4)

(13)
(15)
(17)
(14)
(13)
(4)

Atoms

Sl—Co—S
Co=-S.-C
Sl—C -0
Sl—C -C
Ol—C -C

w W = = W

1
1
1
1

Angle sum at C1

Sum of intra-chelate

S4-Co—S

Co-§, -

-l-\l-l-\-l-\

2
€4
5,7C470,
S4— 02
04-C4—C2
Angle sum at C4

Angle (deg.)

89.30 (14)
106.9 (5)
125.1 (11)
115.9 (10)
119.0 (13)
360.0

ring angles =

89.90 (15)
106.7 (5)
123.5 (11)
117.7 (11)
118.8 (12)
360.0

Sum of intra-chelate ring angles =

Atoms

Co8,=C,
$37C3704
SariayEy
0,-C,=C,

3
3
3

Angle sum at C
537.9°

Co=-S,-C
82_
SZ_C
097C,C,

Angle sum at C

538.5°

27Cy
270,
2774

3

2

Angle (deg.)

104.8 (5)
123.2 (12)
121.0 (10)
115.8 (13)
360.0
105.1 (5)
122.0 (11)
120.1 (10)
117.9 (12)
360.0

(contd.)
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TABLE 3.3 (contd.)

Atoms Distance (K) Atoms Angle (deg.) Atoms Angle (deg.)
Ligand 3
Co—S5 2.256 (4) SS-Co—S6 89.84 (15)
35-05 1.658 (14) Co—Ss-C5 106.8 (5) Co-S6-C6 106.9 (5)
05-05 1.220 (13) S5-C5-05 127.0 (11) S6-C6—06 126.5 (11)
05-06 1.603 (16) S5—CS—C6 118.1 (9) 56;06-05 118.1 (9)
C6—06 1.231 (14) OS-CS-C6 114.9 (12) 06-06-05 115.3 (12)
86-06 1.672 (14) Angle sum at CS. N 360.0 _ Angle sum at C6 359.9
Co—S6 2.237 (4) Sum of intra-chelate ring angles = 539.8°
Interligand angles at Co

Atoms Angle (deg.) Atoms Angle (deg.) Atoms Angle (deg.l
Sl-Co-S2 93.78 (15) 83—00-52 91.09 (15) 32-00—55 175.31 (17)
Sl-Co—S4 89.10 (16) S3-Co—S4 178.17 (18) Sz-Co-S6 86.66 (15)
Sl-Co-S5 89.87 (15) S3-Co-S5 91.89 (15) S4-Co—S5 87.21 (15)
Sl-Co-S6 117.28 (17) S3-C0—S6 88.01 (15) S4—Co-S6 93.58 (17)

*L6
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“TABLE 3.4 UNWEIGHTED BEST PLANES THROUGH THE LIGANDS

Plane
Ligand 1
Sl,Cl,Olg

S3,C3,03)

Ligand 2
8,5C;50,)

§91C550,)

A

0.843

=0.717

-0.062

B

'00440

~0.592

0.654

c D

-0.310 0.229

-0.368 1.331

-0.754 1.984

Distance from plane @)

5.5
0,,=0.087

C,5 0.013

Co, 0.334

.0
5,» 0.020
0,,-0.024

CZ’ 0.000

Co,-0.177

S., 0.020

5’
04,-0.020

c,., 0.021

6’
Co,~0.085

0.077 :

£ S.,,~0.079 :

: 0 0.086 :

: 8,,-0.021 :

: 0 0.024 :

Cl,«0.010 s

3’

3’

Cc,, 0.001 :

4’
2’

2’

Cg,+0.010 :

: S6,—0.024 :

: 0 0.014 :

6’



99.

TABLE 3.5 INTERPLANAR DIHEDRAL ANGLES
Plane 1 Plane 2 Angle (deg.) Plane 1 Plane 2 Angle (deg.)

Interligand angles

Co,8,,8;  C0,8,,8,  93.79 (15)  ligand 12 1ligand 2 103.31°
Co,Sl,S3 CO’SS’SG 91.89 (16) ligand 1 ligand 3 96.08
Co,S4,S2 CO’SS’SG 93.41 (17) ligand 2 ligand 3 93.76

Intraligand angles

Co,Sl,S3 ligand 1 12.39
Co,S4,S2 ligand 2 6.47
CO’SS’SG ligand 3 3.08

a. ligand 1, 2, 3 refers to the six atom ligand planes defined in
Table 3.4.

b. ORFFE does not compute angles for planes of more than three atoms.



TABLE 3.6 TORSION ANGLES IN THE CHELATE RINGS?

Bond Angle (deg.)
Ligand 1

Co—S1 9.5 (5)
Sl-C1 3.6 (11)
Cl-C3 7.8 (15)
S3—C3 14.6 (12)
CO'S3 12.7 (5)

100.

Bond Angle (deg.)

Ligand 2
Co-S
S,-C
c,-C
5,-C
Co-S

N~
N NN

6.2 (5)
5.8 (11)
1.5 (15)
3.6 (11)
5.4 (5)

Bond Angle (deg.)

Ligand 3

Co-S5 3.5 (5)
5c~Cs 4.9 (9)
C5-C6 4.1 (12)
56-C6 0.9 (9)
Co-S6 1.5 (5)

a. The distances listed in . Table 3.4 indicate that the chelate rings
are closely planar; however, some of the torsion angles are still

significant.

TABLE 3.7 THE SULPHUR-OXYGEN ENVIRONMENT OF THE CATIONS

Atom Symmetrya
Transform
with Ca+2
202 1
H204 1
0, 2
0, 2
01 3
03 3
Hzo3 4
0 5
O¢ 5

a. See Table 3.10.

b. The contact K+...O1

o
Distance (A)

2.460 (10)
2.447 (9)
2.485 (9)
2.573 (10)
2.476 (9)
2.733 (10)
2.508 (10)
2.531 (9)
2.442 (10)

Atom

o]
Symmetry Distance (A)
Transform

3.380 (6)
3.790 (7)
3.322 (12)
2.784 (10)
2.882 (11)
3.668 (6)
2.791 (11)
2.924 (13)
3.017 (11)

O 0 ~N NN o oy = =

is not shown in Figures 3.1 and 3.2.
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TABLE 3.8 POSSIBLE HYDROGEN BONDS INVOLVING WATER.

o) )
0...0 < 3.25 A, 0...5 < 3.60 A.

Atom Symmetry Distance (X) Atom Syrmetry Distance (X)
Transform Transform

with H201 with H203

03 10 3.130 (13) 02 11 2.916 (13)

04 6 2.971 (14) 03 10 2.845 (13)

H202 1 2.896 (13) H202 12 3.034 (13)

H203 1 2.833 (13) S1 2 3.522 (10)

S3 1 3.576 (11)

S4 6 3.558 (11) with H204

with H202 01 3 2.821 (13)

02 2 2.854 (13) O3 1 2.795 (13)

H2'04 1 2.959 (15) 04 2 2.882 (14)

82 10 3.216 (10) 05 6 2.903 (12)

S 6 3.557 (10) 0 5 2.902 (14)

4
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TABLE 3.9 CONTACTS LESS THAN 3.6 K (in éddition to those of Tables

3.7, 3.8).
A B  Transform A...B (X) A B Transform A...B (X)
for B for B

S3 04 2 3.494 (10) 06 03 13 3.184 (17)
Ca 02 2 3.268 (13) 02 05 13 3.000 (15)
Ca C4 2 3.304 (14) C2 K 2 3.362 (14)
Ca C1 3 3.273 (14) C4 O5 13 3.064 (16)
Ca C3 3 3.441 (15) C4 C5 13 3.599 (18)
K C1 1 3.358 (15) C4 H201 13 3.594 (17)
0, Og 13 2.846 (12) Cs 0, 13 3.394 (16)
03 04 2 3.538 (13) 05 H204 13 3.232 (15)
04 O5 13 2.933 (13) 05 Ca 10 3.332 (14)
O4 06 13 3.093 (14) C6 03 13 3.394 (15)
04 C5 13 3.350 (15) C6 Ca 10 3.291 (14)
04 C6 13 3.427 (16) C6 H201 1 3.505 (15)
05 03 13 2.973 (13) H201 C3 10 3.458 (17)
06 01 13 3.041 (13) H202 04 2 3.587 (14)
06 03 13 2.962 (13)

H,04 0, 10 3.463 (14)
0 C 13 3.147 (16)



TABLE 3.10 SYMMETRY TRANSFORMS REFERENCED IN TABLES 3.7, 3.8 AND 3.9.

10.

11.

12.

13.
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TABLE 3.11 RELEVANT THERMAL DISPLACEMENT PARAMETERS.
a) RMS Component of thermal displacement along principal axes for
the thréé métals, dg).
Co: 0.106 (6), 0.167 (4), 0.181 (4)
Ca: 0.119 (7), 0.157 (5), 0.183 (5)

K: 0.197 (7), 0.213 (8), 0.570 (8)

b) RMS component of thermal displacement in the unit cell axial
directions for K, (X).
a: 0.564 (8)
b: 0.205 (7)

e: 0.223 (7)

c) Angle between principal axes and the unit cell axial directions

for K, (degrees).

Axis 1 Axts 2 Axis 3
a: 90.0 (36) 80.5 (11) 9.5 (11)
b: 29.1 (20) 118.7 (20) 85.4 (09)

e: 119.1 (20) 149.5 (20) 81.7 (11)
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are represented as spheres of fixed radius; their final anisotropic

temperature coefficients are, however, listed in Table 3.2.

3.5 DESCRIPTION OF STRUCTURE AND DISCUSSTION

The (+) [Co thiox3]3- jon has the A configuration predicted

27,134

589

from solution CD correlations. In space group P2 9 9 the complex

ion possesses no crystallographic symmetry, showing smailldistortions
from an idealized D3 (32) geometry. The atom labelling is given in
Figures 3.1 and 3.2 which show the oxygen and sulphur environments of

the K and Ca+2 cations; the pseudo—C3 axis of the complex ion is
approximately parallel to the b crystallographic axis and one of the
pseudo—C2 axes is approximately parallel to the a axis. The sub—cell
pattern observed in the original Patterson synthesis is immediately
understandable in terms of the similarity of the Co, Ca and K coordinates
(Table 3.2) and the orientation of the complex ion relative to the unit
cell axes (Figures 3.1 and 3.2).

Both cations make several close contacts with the more electro-
negative oxygen and sulphur atoms. The Ca+2 is surrounded by an almost
spherical arrangement of nine oxygen atoms (Table 3.7): ionic radius
Ca++, 0.99 R,SO oxygen van der Waals radius, 1.40 2.80 The sulphur-—
oxygen environment of K forms a cylinder of density approximately
parallel to a suggesting an explanation for the large thermal anisotropy
of the potassium ion in this direction (Table 3.11): ionic radius K+,

80

) o ;
1.33 A,8O van der Waals radius of sulphur, 1.85 A. From the earliest

. P
Fourier and difference maps the so-called K ion had always occurred
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as a strong peak extended parallel to a and of integrated density
equivalent to that of the more compact ca'’ site. Attempts to refine
fractional atoms at sites slightly displaced in x only resulted in
further splitting of the peak density in the difference maps and
produced impossibly short close contacts with the sulphur-oxygen
environment. Since both thé ca’ and K ions have an effective "atomic"
number of 18 they occur with similar integrated peak densities in the
Fourier maps; the above positional assignment was based on comparison
of the observed close contacts with the van der Waals radii sums.
Although some of the contact distances listed in Table 3.7 are too long
to realistically suggest interactions of any strength it can be seen
that most of thé Ca++...0 close contacts are incompatible with the
placing of a larger radius K ion at this site.

The hydrogen atoms of the four water molecules were not located in
the final difference synthesis which, however, showed numerous peaks
at possible suitable positions. It is probable that further significant
improvement of the refined model would be achieved if these atoms were
located and the thermal anisotropy (and/or splitting) of the K’ ion more
correctly represented, even without modification of the data weighting.
Several of the contacts listed in Tables 3.8 and 3.9 can not be regarded
as significant in terms of the van der Waals radii sums and are included
only for completeness since the largé vdW radius of sulphur (1.85 X)
necessitates the specification of a larger than usual contact distance.

o
Also, it should be remembered (section 1.5) that limiting contacts 0.3 A
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less than the vdW radius sum are not uncommon.sz’84

No structures having coordinated thio-—oxalate ligands have
hitherto been reported. The mean CoIII-S bond length found here

(2.244 (5)'X) is shorter than that reported for most tris (four-

L 135 136

o
membered ring) complexes, e.g. Co(dtc)3, 2.258 (3) 2.260 (3) A;

Co(exan)3, 2.276 (4) X;137 Co(mtp)3, 2.322 (3) 2;138 Co(xan)3, 2.398 (4).139
Details of the complex ion geometry are given in Tables 3.3-3.6. The
unsatisfactory thermal refinement of atoms 05 and C6 (represented as
isotropic circles in Figures 3.1 and 3.2) results in S-C and C-C bond
lengths for ligand 3 which deviate significantly from the respective

means obtained for ligands 1 and 2 only; the C=0 bond lengths seem less
affected. These mean bond lengths for ligands 1 and 2 are S-C 1.710 (8) X,
Cc-C 1.516 (23) X, C=0 1.226 (8) X; the respective means for ligand 3

are 1.665 (7) X, 1.603 (16) R and 1.226 (10) K. The mean sulphur—carbon
bond length is significantly shortened from a paraffinic single bond

length (1.82 X 74’116); thé sum of thé Pauling covalent radiil40 for C-S

is 1.812 K and for C=S 1.607 K. The carbonyl bond length is not
significantly different from the average (1.245 (53) X) found87 for

the poorly réfinéd [Co 0x3]3_ ion in KNIPHECOOX (Chapter 4); the

increased ligand bite of thiox (3.16 X) compared with ox (2.58 2)87

reflects the increased C-S bond length (1.73 X for a shortened partial
double bond74) relativé to a similarly shorténéd C-0 bond (1.36 X 74).

The bond angle errors for [Co ox3]3_ are so large, except for angles

at the metal, that comparison with CADCOTHIOX is not justified. The
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ligand angle, 0~Co-0, in Co(ox)33_ was found to be 84.3 (1.5)0; the
mean intraligand S-Co-S angle for Co(thiox)33_ is 89.68 (19)0. However,
both complex ions are distorted toward a trigonal-prismatic (D3h)
geometry such that the interligand plane dihedral angles (y) are more
nearly 120° than is the case in octahedral geometry (y = 909). 1In
Co(thiox)33_ thé six atom ligand planes are more closely parallel to
the pseudo—C3 axis (mean Y = 97.70) than are the Co, S, S planes
(mean vy = 93.0 (6)0); for Co(ox)33_ the dihedral angles between the six
atom ligand planes only were calculated but the Co and oxygen donor
atoms are only slightly displaced from this mean plane (y = 92.0°).
Geometric distortion of tris-complex ions from an idealized geometry
having an orthogonal arrangement of chelate rings is further discussed
in sections 8.2 and 8.3.

Although the thio-oxalate ligands are essentially planar (Table
3.4) the displacement of the Co atom from the mean planes induces some
torsion in the chelate rings, the magnitude of the torsion angles in
general increasing with increasing displacement of the Co atom (Tables
3.5, 3.6). The direction of this torsion is such as to make the C-C
bond of each ligand more nearly parallel to the pseudo—C3 axis of the
complex ion and a small relative twist of the two halves of each thiox
ligand about its C~C bond is observed (insignificant for ligand 2).

The esd's in the bond lengths and angles for this structure are a
significant improvement over those of NADCOMALEN and CRMALTCOPN; this

is particularly true of the angles subtended by the ligands at the metal
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atoms — in NADCOMALEN, o for these three angles averaged 0.900,
in CRMALTCOPN where the metal atoms occupy special positions the average
o was 0.750, and here 0.15°. Tt is this angle (o) and its related
angles which are important in the evaluation of the distortion model
of optical activity as it applies to chiral trigonal-dihedral transition
metal complexes. Although some of the improvement in the average ©
can be attributed to the presence of heavier atoms, i.e. sulphur, in
the first coordination sphere of [Co thiox3]3_ it is due largely to
having an excess of accurate counter data. It is probable that a
more correct representation of the random errors in the data set by
the weighting scheme and a more rigorous application of absorption
corrections (either through a more realistic description of the crystal
morphology or empirically44b by making use of the observed differences
in the intensities of zero-layer Friedel pairs) would further reduce
the estimated standard deviations of the positional and thermal
parameters, and hence of the derived bond lengths and angles. In view
of this improvement in ¢ a more complete data set (especially for
Wkl, 1 = on + 1 should be obtained on a diffractometer for the
CRMALTCOPN structure.

Some miscellaneous notes on refinement details and data presentation
for the three structures NADCOMALEN, CRMALTCOPN and CADCOTHIOX are

collected together as Appendix IV.
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CHAPTER 4 THE ABSOLUTE CONFIGURATION OF

POTASSIUM (+) -TRIS (1, 10-PHENANTHROLINE)NICKEL (II)~

589
(-)SSn-TRIS(OXALATO)COBALTATE(III) DIHYDRATE.

O—

K(+)589[N1 phen3](—)589[Co ox3].2H20, KNIPHECOOX.

4.1 INTRODUCTION

In 1968 the structure of the title salt was solved and refined by
full-matrix least-squares using MoKo/Zrf integrated precession intensities;
RZ = 0.126, R2 = 0.108. However, an attempt to determine the absolute
configuration of the structure using CuKo/Nif integrated precession
data was unsuccessful. The absolute configurations of the complex ions
were successfully determined in mid 1969 using non-integrated CuKa/Nif
Weissenberg data, visually estimated against the calibration strip used
for the NADCOMALEN anomalous data. Although the full structure
refinement is in print (ref. 87) the derivation of the complex ion

configurations was presented as a summary without listing the Friedel

pairs; these data are given in full here.

4.2 DETERMINATION OF THE CONFIGURATION

Several well formed crystals of K(-)[Ni phen3](+)[Co ox3].2H20
were grown by interfacial growth over periods of 24 hours from cooled
aqueous acetone solutions of the two components: details concerning
the ensuring of the optical purity of thésé crystals are given elsewhere.87
One such crystal was used to generate the #kI and k3 reciprocal

layers. The equi-inclination angle, u, for each layer was offset by ca.
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0.5° to minimize possible multiple reflection effects.lz}l_143 Because

the 00Ol reflection, where I = 2n + 1, is systematically absent the odd
level data should be less susceptible to multiple reflection disturbance
than the even order layers. An automatic liquid nitrogen cold temperature
attachment was developed for use in this work to increase the quality
of the anomalous diffraction data consequent on the reduced thermal
vibration, but the device has not been tested sufficiently to permit
details to be given here.

The visually estimated data were scaled approximately against the
Mo microdensitometer data before comparison with the calculated structure
factors based on the K(+)[Ni phen3](—)[Co ox3].2H20 structure having
both complex ions in a A absolute configuration. Absorption corrections
were not applied. From an inspection of Table 4.1 it can be seen that
most reflections designated "unobserved" have appreciable chl values
while some having |Fcl < 100 occur with measurable intensity. Others,
e.g. (2,11,3) and (4,3,3), exhibit insignificant differences between
the calculated structure factors of the % and k reflections.

Three structure factor calculations were made with

(1) Co+2 scattering anomalously, Afgo = 3.87;
(ii) Co+2 and Ni° scattéring anomalously, Afﬁi = 0.60;

(iii) Co+2, Ni+1, K+1 scattéring anomalously, Afﬁ = 1.10.
Details of the scattering factor curves are given in Appendix IV, note 1.
All three calculations confirmed the A absolute configuration for both

(+) [Ni phen3]2+ and (-)[Co ox3]3_. 0f the 33 unique pairs the number
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10,5
11,1
12,3

255

342
330
370
365
330
406
342
281
406
181
351

347
154
351
301
235
301

224
312
358
400
406
365
381
281
351
390
309
330
281
329
275
330
281
181
248

Calc; (1)
>k F, k F,
221 329
233 185
146 159
330 215
619 533
539 365
237 166
417 548
181 310
302 248
557 747
243 154
187 334
241 142
616 686
201 50
289 373
288 326
81 105
333 359

Calc. (ii)
Dk Fc sk Fc

226 326
230 188
134 171
320 221
624 532
532 375
254 150
426 538
180 311
314 235
562 744
244 151
187 331
237 141
624 679
194 60
286 377
290 323

72 100
329 366

: k F
e

TABLE 4.1 FRIEDEL PAIRS: K(-)589[N1 phen3](+)589[Co 0X3].2H20. CALCULATED FOR THE AA MODEL.

Calec. (iii)
+

172
187
164
374
589
482
274
405
153
339
500
206
258
198
600
163
270
236

105
291

sk F
c

271
145
190
320
454
322
165
524
306
241
646

91
370
100
657

56
362
279

140
333
(contd.)

*CI1



TABLE 4.1 (contd.)

l=3
n=1, 2%
42
h=2,1%
4c
5
7
119
13
h=3, 7
ho=4, 12
2
3C
11
h=75,6
=6, 2
4
h=17,3

b,
o
375
363
285
253
367
235

u
309
375
359

u
312

u
358
358
358
365

F

b

o °
330
347
308
u
336
330
218
235
351
381
260
289
275
330
390
400
351

symmetry equivalent to an %kl reflection.

|FO|,|Fc| x 10.

159
548
533
233
453
253
152
367
584
365

87

88
154
605
427
553
584

Calc.

+
:k

c
134

426
624
306
285
295
149
241
458
532
169

96
312
424
555
774
458

(ii)
e N
171
538
532
248
461
251
146
363
576
375
90
85
155
601
429
553
576

c. (2,4,3) and (4,3,3) contradict the A assignment in all three calcs.

d. (2,11,3) inverted in relative chl values in calculation (iii).

Calc.

164
405
589
227
265
255
198
233
412
482
143
158
278
364
563
688
412

(iii)

190
524
454
224
440
170
214
357
531
322

40
140
123
531
439
460
531

€11
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favouring this assignment were (i) 31, (ii) 31 and (iii) 30. Imn
calculations (i) and (ii) the Mo scattering curve was mistakenly used
for Ni°’ rather than the Cu curve (for MoKu, Afﬁi = 0.4; for CukKo,
Af'l\'Ti = =3,1) but this error will not affect the relative ordering of
the chl's within a Friedel pair; it can affect the magnitude of

the difference between the two |Fc| values. Calculations (i) and
(ii) were closely similar. Introduction of Afg in calculation (iii)
together with use of the correct scattering curve for Ni with CuKo
radiation gave some appreciable changes in Fc (apart from the

change in scale of some data), e.g. the pair (2,4,3) became identical
in chl and (2,11,3) which had previously calculated the same became
unequal for the Z and k reflections.

Thus, even for this inadequately refinéd s.tructuré87 (no anisotropic
refinement, water molecules not located) comparison of Friedel pair
intensities gives a quite definite indication of the absolute config-
uration. It has been noted elsewheré144 that this method of
determining absolute configuration is not limited to accurately refined
structures whereas comparison of R] values for the two enantiomers

may not give a significant indication.
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CHAPTER 5 ABSOLUTE CONFIGURATIONS BY CORRELATION

5.1 INTRODUCTION

The powder method of X-ray crystallography can be used to assign
the absolute configuration of a molecule or ion of unknown chirality
by correlation with a related molecule of known configuration. The
success of the technique relies on a qualitative comparison of the
spacing and relative intensities of the diffraction lines produced by
a microcrystalline specimen having only one hand of the "unknown"
molecule in the crystal lattice with the diffraction pattern obtained
from the reference powder.

Two approaches have previously been used. In cases where racemization
in solution is slow and completely resolved samples of the relevant
ions (or molecules) can be readily prepared the method of active

a0 has been successfully applied, e.g. to the tris-

147

racemates
(diamines) of trivalent transition metals. The rationale 1s as
follows: for a molecule with optical antipodes (+)o and (-)o the
crystal structuré of the racemate (+)a(-)o is necessarily different
from that of the pure enantiomers. Similarly for (+)8 and (-)B. In
certain cases, however, where the heavy atoms dominate the scattering,
the diffraction patterns of the enantiomers and the racemate may appear

il If B is stéreochemically similar to o

qualitatively similar.
.. ' 3+
(i.e. of the same size, shape and ionic charge, such as Co(en)3 and

Cr(en)33+) an active racemate can be formed. If, for example, (+)a and

(+)B co-crystallize and the resulting crystals (+)oa(+)B give a powder
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pattern identical with that of (+)a(-)a, then (-)o and (+)B have the
same absolute configuration. The absolute configuration of (+)B is
thus determined if that of (-)a is known. Co-crystallization of (+)a
with (-)B would give crystals isostructural with the pure antipodes
but correlation via these latter crystals is unacceptable since the
(+)a/(-)B mixture could equally well consist of discrete (+)o and (-)B
crystals.

A second approach, which is more generally applicable (i.e. can
be used where racemization in solution is too rapid to permit complete
resolution of the antipodes) but at the same time less rigorous, is to
compare the powder pattern of the less—-soluble diastereoisomer formed
between the molecule of unknown chirality and its resolving agent with
that of the reference molecule resolved in the same way; this method
is an extension of Werner's 1east-solub1é diastereoisomer approach.148’149
It is necessary to have a resolving agent of high purity which
precipitates one hand of the resolvable complex to the almost total
exclusion of the other. Having established the isomorphism of the
unknown and reference diastereoisomers it remains only to identify
the precipitated chiral molecule.

There are two potential sources of error in this method. In many
cases the less-soluble diastereoisomer is only sparingly soluble in
neutral solution and any attempt at further purification of the resolved
complex by fractional recrystallization normally results in appreciable

racemization. It is therefore more convenient to determine the optical
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sign of the complex present in the diastereoisomer by measuring the
optical rotation of the solution remaining after precipitation. Excess
resolving agent must be removed from the filtrate to prevent a false
indication of resolution and in the present work this was achieved
by ion exchange. The success of this operation can be checked by
recording the optical rotatory dispersion (ORD) curve for the filtrate
throughout the accessible wavelength range, since for the ionic complexes
considered here the ORD curve is a good "fingerprint" of the ML6
chromophore.

The other source of error lies in the degree of specificity of
the resolving agent for one hand of the chiral complex. Where dis-
crimination between the two enantiomers is absolute, i.e. no precipitation
of one hand even at very high concentration, there can be no doubt as
to the assigmnment. In many systems, howéver, a change of conditions150
(e.g. solvent, concentration, temperature) can induce precipitation of
either hand of the chiral molecule, e.g. strychnine + Cr(ox)33- (ref.
27); M(en)33+ with M(ox)33_ where M = Co, Cr, and Co(thiox)33_ (this
work and refs. 129 and 150).

Consider the system (t)o with resolving agent R; if R precipitates
both (+)o and (-)a as discrete crystals, i.e. R(+)a and R(~)a, in
approximately equal proportions then the resulting powder pattern will
be a composite of the two diastereoisomer patterns. One set of experimental
conditions may precipitate R(+)a in slight excess, say 10%,of R(~)o; the

filtrate would show a negative residual rotation but the powder pattern

would be that of the R(+)a/R(~)o mixture. A slightly different set of
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conditions could give R(-)a in 10% excess over R(+)a; this time the
residual rotation of the filtrate would be positive but again the
powder pattern would be that of the mixture. Although the relative
line intensities would be slightly different for the two mixtures a
qualitative examination of line positions would reveal them to be
identical and the non-sensical conclusion could be drawn that (+)o and
(-)a have the same absolute configuration. Here the fallacy in the
argument is obvious because the resolving agent has been shown to
precipitate appreciable proportions of both enantiomers, but where

the comparison is being made between two related systems o and B,
treated independently with resolving agent R, precautions must be taken
to exclude the possibility of erroneous comparison of diastereoisomer
mixtures, i.e. R(+)a/R(-)a with R(+)B/R(=)B. This difficulty can be
averted if pure samples of the reference enantiomer, (+)8 and (-)B8, are
available since powder patterns of the pure diastereoisomers R(+)8B

and R(-)B can then be generated for comparison.

This chapter summarizes the preparation and attempted resolution
of several complexes rélated to the four structures reported in Chapters
1-4. 1In the discussion section the absolute configurations determined
during the course of this work, i.e. Chapters 1-5, are compared with the
configurations previously assigned on the basis of published CD and ORD

curves.
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5.2 EXPERIMENTAL

(1) yge Chromophores.

i. oxalates:

151

K3[Co ox3].3H20 and K3[Fe ox3].xH 0 e were prepared by

2
literature methods. Attempted resolution of the ferric complex ion

and a student preparation of K3[A1 ox3].3H 0 151 with (+)[Ni phen3]2+

2
153

and (+)[Co en3]3+ was unsuccessful. Resolution of K3[Co ox3].3H20

3].3H20 151 (supplied by Dr. M.R. Snow) with (+)[Ni phen3]2+

gave (+)Ni(-)Co and (+)Ni(+)Cr as the less-soluble diastereoisomers;

and K3[Cr ox

powder photographs showed these to be isomorphous.
Exclusive precipitation of the (+)Ni(-)Co isomer has been demonstrated
elsewhere.87 Thus (+)[Cr ox3]3_ has the A configuration previously

determined for (-)[Co ox 3_, (see Chapter 4). Precipitation of these

3]

two anions as salts of (+)[Co en resulted in the

* and (=) [Co(-)png1™*

3]
formation of both possible diastereoisomers (this work and ref. 150),

the one forming to excess depending on the conditions of resolution.

ii. malonates:
a) K3[Co ma13].4H20 was prepared by the method of Kneten
154 ’ 103 ; .
and Spees; other reported methods require more rigorous control of
pH. The emerald green needles of the racemate (turquoise by transmitted
light) were characterized by determination of the lattice constants from
o
MoKo/Zrf (A = 0.7107 A) precession photographs -
K3[Co(CBH204)3].4H20;.M = 547.5; orthorhombic, Pn

o) o
a=21.32, b = 12.07, ¢ = 14.05 A, U = 3617 A3, Dm

321 (No. 33);

2.007 gm. cm—3
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(by flotation in 1,2-dibromopropane and 1,2-dibromoethane at

23°c), 2 = 8, D_ = 2.01.

The solution absorption spectrum was identical with that of Kneten and

Spees?‘54 Ion exchange chroﬁatography indicated the presence of two

components, a narrow faint green band moving even more slowly than the

major emerald green Co(mal)33_ species. Aqueous solutions become

pale pink on standing, the rate of decolouration being accelerated by

light; a similar but slower colour change occurs in the solid state and

probably indicates decomposition to Co(II) malonate and bis(malonato)
species analogous to the solid state deterioration155 of K3[Co ox3].3H20
on prolonged exposure to sunlight.

Resolution as the least soluble (—)[Co(—)pn3]3+ diastereoisomer
precifitated the (—)600 Co@nal)33_ enantiomer. The powder pattern was
identical with that of (—)[Co(—)pn3](+)[Cr mal3].3H20. Extreme insolu-
bility of the Co(pn)3.M(mal)3 salts and very high solubility of the tris-
(malonato) ions in water render further purification by fractional
crystallization difficult. Optical purity of the precipitated
diastereoisomers is suggested by the following points:

— using a slight excess, e.g. 1.1:2, of resolving agent to racemate for
the initial precipitation resulted in a residual green filtrate from
which no precipitation could be induced by the further addition of a
large excess (5x) of (—)[Co(-)pn3].Br3:

— microscope examination of several batches of diastereoisomer crystals
revealed only the trigonal-prismatic morphology and all single crystals

of (—)[Co(—)pn3](+)[Cr ma13] examined gave X-ray diffraction patterns



121.

consistent with the space group R32 (see Chapter 2).
The purity of the less-soluble diastereoisomers could be tested by
calculation of the powder pattern corresponding to the known
(—)[Co(-)pn3](+)[Cr ma13].3H20 structure; a crystalline impurity present
at levels exceeding 57 should be distinguishable.

The identical powder patterns suggest that (-) [Co ma13]3_ has

600
a A configuration: this enantiomer has a weak negative rotation at
589 nm.

b) Ni(IL) malonate156 and K[Cr malZ(HZO)Z] 102,157 were
prepared by published methods with the intention of determining the
conformations of the malonate ligands and the absolute configuration
of the chiral forms of the latter complex ion. However, attempts to
grow suitable crystals of the former complex were unsuccessful and
this work was not pursued when it became apparent (Chapters 1 and 2)
that the conformation of the chelated malonate ligand was determined

as much by crystal packing and intermolecular hydrogen bonding as by

intra-molecular steric interactions.

iii. carbonate and succinates:

. . . . 158-160
The tris(carbonato)Co(III) ion was prepared in aqueous solution

and resolution of the emerald green complex ion attempted using
(+)Co(en)33+; a gréen—brown precipitate formed immediately but the
residual filtrate was inactive. Attempted resolutions with
(+)Ni(phen)32+, (—)Co(—)pn33+ and precipitation with Co(tn)33+ were

also unsuccessful.
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Attempted preparation of K3[Cr succ3] by Chang's method102 for
preparing the tris(malonato) complex was not successful; the failure
of this method had been previously reported by Lapraik.101 Attempts
to prepare K3[Co succ3] by oxidation of Co(II) or from the reaction of
succinic acid with an aqueous suspension of Na3[Co(COS)3], me thods
successfully employed in the synthesis of tris(malonato)- and

tris (oxalato)Co(III) complexes, were not successful.

(2) \ygé Cthmthores.
'l'l

i. 2,4-diaminopentane:

Dippel and Jaeger161 successfully synthesized several bis- and
tris—transition metal complexes of the meso and racemic forms of
2,4~diaminopentane: some resolutions were achieved and the conformational
specificity of the chelated ligands resulting from the two exocyclic

AL follow the

methyl groups indicated. More recent preparations
- 16 . s A .

original method 8 of reduction of acetylacetonedioxime with ethanolic

sodium, but with some modification of the isomer purification and

resolution procedures.

Failure of the racemic and meso-dihydrochlorides to give sharp

38,162,163 G

melting points necessitated characterization by NMR spectroscopy.
We were unable to readily monitor the successive stages of fractional

crystallization by this method and it was decided to attempt separation

of the isomers by fractional crystallization of the di-nitric acid salts

1 Preparation of this ligand undertaken with R.J. Geue.
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163,164 Lelting points of 165-169°C and 195-196°C

which had reported
. . . 164

for the o— and B- isomers respectively. Dippel separated the

meso and racemic isomers as the diacetyl derivatives claiming resolution

of the B-form (therefore racemic) with (+)-tartaric acid; he was unable

to resolve the a-isomer by any method. On repeating this method of

separation it has been concluded38’162

on the basis of the NMR spectra
and resolution properties that the o-form of Dippel corresponds to

the pure racemic isomer whereas the R—form was an ca. 30:70 mixture of
racemic and meso.

Fractional recrystallization of the dinitric acid salts (from
aqueous ethanol) provided a further check of Dippel's assignment. The
recrystallization cycle resulted in a low melting (m.pt. 165°C) and a
high melting fraction (m.pt. 195-6°C) in good agreement with the
literature values. The 60 MHz NMR spectrum of the high melting
fraction in D20 was qualitatively identical with that reported162 for
the meso-dihydrochloride; the B-form of Dippel is therefore the meso-
isomer. The NMR spectrum of the low melting fraction was a composite
of the published meso- and racemic-dihydrochloride spectra. The high
melting B fraction was less soluble in aqueous ethanol than the 165°C o
fraction: Appleton and Hall162 found the converse for the meso- and
racemic—dihydrochloride salts.

Inability to purify the racemic ligand165 and the successively
decreasing yields obtained throughout the preparative sequence discouraged

39,40

further work on this system, especially when it was learnt that the

structures of the relevant tris-cobalt complexes were already being studied.
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ii. 1,3-diaminopropane complexes:

[Co tn3]Cl3 was prepared by the method of Jonasson et al,166

but using a 207 excess of ligand. [Cr tn3]Cl3 was synthesized by
refluxing a dimethyl sulphoxide solution of anhydrbus chromic chloride67’167
with tn in the presence of a granule of zinc.168 Both complexes were
resolved using (-)K[As cat3],37 ([a]gz = —5270, prepared by M.R. Snow
by the published method169), added in a molar ratio Co:As = 2:3.
Diastereoisomer crystals were obtained from 50% aqueous-acetone solutions
after standing for several days; too rapid precipitation gave no
apparent resolution.

Solubility of the diastereoisomers in acidified aqueous—acetone
with attendant destruction of the resolving agent permits determination
of the ORD curve both for the cation present in the crystals and that
remaining unprecipitated in the supernatant. For Co(tn)33+ the
(+) enantiomer always crystallized to excéss; however, with Cr(tn)33+
both possible diastereoisomers were obtained, the precise conditions
determining the one forming to excess. Growing the crystals from aqueous-—
acetone in a desiccator containing anhydrous calcium chloride, conditions
favouring more rapid loss of water than acetone, precipitated
(—)400 Cr(~)As to excess; growth from identical solutions in an open
beaker at -SOC, conditions favouring faster loss of acetone, precipitated
(+)400 Cr(-)As to excess. Attempted purification of the antipodes of
Cr(tn)33+ by fractional crystallization was unsuccessful.

The (+)Co(-)As powder specimen decomposed too rapidly in the X-ray

beam to permit the recording of a sufficiently intense powder photograph.
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Instead, low angle (26 = 4~25°) powder diffractometer traces were run
for the three diastereoisomers. The positions and relative intensities
of the dominant peaks (set A) were identical in the (+)Co(-)As and
(+)400 Cr(-)As traces; the (—)400 Cr(-)As trace also showed these peaks
(A) but at reduced intensity relative to the most dominant peaks (set
B). The strongest B peaks were discernible in the (+)Co(-)As and
(+)400 Cr(-)As traces but with intensities much reduced relative to the
A peaks. Although none of the diastereoisomers is optically pure it seems
probable that the A lines are characteristic of the (+)Co(-)As and
(+)400 Cr(~)As diastereoisomers; on this basis (+)400[Cr tn3]3+ is assigned

the same absolute configuration as (+)[Co tn 3+, namely A.

3]

A more thorough characterization of this system is desirable.

(3) Phenanthrolines, Dipyridyls.

170,171

The tris(phen) and tris(dipy) complexes of Ni(II), Fe(II)172

173-175

and Ru(II) were prepared by published methods. Ni(phen)32+ was

resolved as the (+) antimony—tartratel70’176

and both antipodes purified
by fractional recrystallization from aqueous-acetone as the perchlorates
([u]ggg = —14480, +1387°); precipitation studies confirmed the exclusive
precipitation of (+)Ni(phen)32+ as the less-soluble antimony(+)tartrate.
The three diastereoisomers (+)Ni-, (+)Ru- and (-)Fe(+)antimonytartrate
gave identical powder diffraction photographs; thus (+)[Ru phen3]2+ and
(-)[Fe Phen3]2+ have the A absolute configuration determined for

(+) [§1 phen3]2+, (Chapter 4).

Attempted resolution of the tris(dipy) complexes using potassium(+)-
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antimony tartrate, potassium(+)tartrate, (—)Co(ox)33- and (—)As(cat)3—

was not successful.

(4) Technical Details.

Resins used in the ion exchange columns for removal of excess
resolving agent were: anion, Bio-Rad AGl-X4; cation, Dowex 50W/X4.

Powder photographs of the diastereoisomers were recorded using
CuKo/Nif radiation and a small radius (r = 28.65 mm.) Nonius general
purpose camera; background fogging of the films due to fluorescent scatter
from Co derivatives was reduced by placing a dummy film in front of
the intensity recording film. Diffraction line positions and relative
intensities were compared qualitatively without determination of d
spacings. Powder diffractometer traces were recorded with monochromatic
CuKo, radiation in the range 4° < 26 < 25° on a Philips Geiger Counter
X~-ray Spectrometer at a scan speed of 0.5 deg. min_1 with a slit width
of 0.5 degrees.

Qualitative solution absorption spectra were determined using a
Perkin-Elmer 402 Ultraviolet-Visible Spectrophotometer. The solution ORD
curves of Figures 5.1 and 5.2 were measured manually on a Perkin-Elmer
Model 141IMC Spectropolarimeter having a quartz-iodine cycle tungsten lamp
as illuminating source. The detector was an RCA IP28A photomultiplier.
The specified spectral range of this machine is 250-650 nm; the spectral
range of the lamp is quoted as 350-650 nm (continuous) and the photo-

multiplier has a specified response range of ca. 300-700 nm. Most
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solutions, however, gave measurable optical activity at wavelengths

greater than 700 nm and it has been suggéstéd177’l78

that the apparent
rotation in this region is the result of higher frequency radiation
passing the grating monochromator. The glass sample cell is opaque at
wavelengths less than ca. 330 nm. Attempts to measure the ORD curves
of solids on this machine were unsuccessful.

ORD and CD curves of the microcrystalline solids and CD curves of
the optical enantiomers were recorded by Dr. M.R. Snow at Northwestern
University, Evanston, using a Cary Model 60 Circular Dichrograph. All
chemical samples were forwarded from Adelaide and in the case of the
more labile complexes, resolutions were repeated at Evanston to permit
recording of the solution CD spectra. The microcrystalline samples
were measured as KBr discs (ca. 5% of diastereoisomer); single crystal

specimens could not be measured.

The CD and ORD curves which follow are qualitative representations

only; the ordinate is arbitrary in all but Figures 5.1 and 5.2; all curves

are plotted against wavelength in nanometres.

5.3 DISCUSSION

Some reference to Chapter 6 may be helpful in reading this discussion

section.

5.3.1 ORD and CD Curves

Published solution CD curves, or summaries of their characteristic



FIGURE 5.1: AQUEOUS. SOLUTION ORD CURVES OF AM 0x,] 3=,
(+) Co(III), ——; (~)Cr(IIT), —————- )
(1) measured to long wavelength, then

(2) to short wavelength, then finally at 589 nm (3).

FIGURE 5.2: AQUEOUS SOLUTION ORD CURVES OF ATM ma13]3—:

(*) oo Co(III), 3 (-)Cr(III), ———--- ]

Cr(ma1)33_ absorption at ca. 600 nm too intense to allow

accurate determination.
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FIGURE 5.3(a): AQUEOUS SOLUTION VISIBLE ABSORPTION SPECTRUM OF K3[Co ma13].

FIGURE 5.3(b): ORD CURVES FOR [Co ma13]3 .

Aquéous solution, (+)600[Co ma13]3_

—————— KBr disc, (=)[Co(-)pn [Co mal3]3_.

3100

FIGURE 5.3(c): CD CURVES FOR [Co ma13]3-.

Aqueous solutionm, (+) [Co ma13]3-

600

—————— KBr disc, (=)[Co(-)pn [Co ma1§3_.

31600
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FIGURE 5.4(a): AQUEOUS SOLUTION VISTIBLE ABSORPTION SPECTRUM OF

Na3[Cr ma13].

FIGURE 5.4(b): AQUEOUS SOLUTION ORD CURVE OF (-)][Cr ma13]

FIGURE 5.4(c): CD CURVES FOR [Cr ma13]3

Aqueous solution, (-)[Cr ma13]3

------ KBr disc, (-)[Co(-)pn,](+)[Cr mal,]
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FIGURE 5.5: AQUEOUS SOLUTION CD CURVES OF (-)[Co ox AND

3]
(+)[Co en3]3+.
Separate equimolar solutions of K3[Co ox3] and [Co en3]Cl3,

—— ) Colom) Ty —e (+) Colem) ;"

FIGURE 5.6: KBr DISC CD CURVES OF A(+)[Co en3]A[M ox3].

M= (-)Co;. —e—=e= M= (+)Cr

------ half the sum of the two curves of Figure 5.5.
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features, are available for the Co/Cr(tn)33+, Ni/Ru/Fe(phen)32+,
Co/Cr(ox)33_, Cr(ma1)33_, Co(thiox)33m and Co(mal)z(en)— complex

ions (see section 5.3.2); solution ORD curves are now rarely published
and have been located only for the former fivé systems.30’60’99’150’179
Previous attempts154 to résolve [Co ma13]3_ have been unsuccessful and

the features of its ORD and CD spectra are here compared with those

of related CoO6 and CrO6 chromophores; the peak, trough and null positions
of the CD spectra of the tris(oxalato)- and tris(malonato)-complexes

of Co and Cr aré summarised in Table 5.1. [Co ma13]3_ was recently

resolvedlso’181 a

s the (+) Co(en)33+ diastereoisomer and the observed
solution CD spectrum is in agreement with that of Figure 5.3(c);
however, the CD components could not be assigned.

The broad qualitative similarity of the solution ORD curves of
A—Co(ox)3/(ma1)3 and A—Cr(ox)3/(mal)3 shown in Figures 5.1 and 5.2
suggests that the shape of the rotatory dispersion curve is characteristic
of the ML6—chromophore and the absolute configuration of the complex ion
and largely independent of the chelate ring size and possible conformer
lability. The published60 ORD spectra of A(+) Cr(en)33+ and A(-) Cr(tn)33+
are also similar in shape; however, the ORD curve60 of A(-) Co(tn)33+
exhibits only the short wavelength features of the A(+) Co(en)33+
spectrum. This correspondence between the ORD curves of the five- and

six-membered ring complexes confirms the A absolute configuration

assigned to (=) Cr|

60182
?
size effect”™” observed in the Co(en)3/(tn)3 system, i.e. reduced rotatory

(tn)33+, (+) Cr(ma1)33_ and (—)600 Co(ma1)33_. A ring

strength with increasing chelate ring size, is also found for the
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TABLE 5.1 THE CD SPECTRA OF THE A tris(oxalato)® AND tris(malonato)”

COMPLEXES OF Co(IILI) AND Cr(III) IN AQUEOUS SOLUTION.

A (mm) (e - €] A (nm] (e =€)
(+) Co(mal) > (-) Cr(mal) >
385 -0.13 372 -0.04
405 0 393 0
423 +0.12 415 +0.09
447 0 453 0
460 -0.03 546 -0.29
491 0 587 0
593 +1.00 620 +0.12
625 0
670 -1.06
(+) Co(ox) 3™ (=) Crlom,>
377 -0.21 415 +0.56
412 +0.26 552 -2.83
446 ~0.26 630 +0.58
617 -3.30

a. ref. 27.

b. this work.
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M(ox)3/(ma1)3 system. Only Cr(ox)33_ racemized appreciably during
the time taken to manually scan the spectra of Figures 5.1 and 5.2
(see the experimental points 1, 2, 3 on Figure 5.1).
The visible absorption maxima of the Co(ox)3/(ma1)3 and Cr(ox)3/(ma1)3
systems correspond almost exactly: peak positions, with € in

parentheses are Co(ox)33- 602 nm (153), 422 (204),27 for Co(ma1)33—

607.5 (148), 423.5 (127), 5%

for Cr(ox),> 571 (74), 422 (97)%/ and
for Cr(ma1)33_ 575 (30), 428 (24).27 For the tris(oxalato) complexes
the high energy d-d transition has the greater electric-dipole strength
but this situation is reversed in the tris(malonates). The absorption
spectra of Figures 5.3(a) and 5.4(a) were determined qualitatively for
the samples used in determining the ORD and CD spectra of those figures.
The ORD and CD spectra of Figures 5.3, 5.4, 5.5 and 5.6 were
measured on the Cary Model 60 Circular Dichrograph. The (~) Cr(ma1)33_
solution ORD curve (5.4(b)) is identical with that of Figure 5.2; the
(+) Co(ma1)33_ curvé (5.3(b)), however, has not been recorded to
sufficiently high wavelength since it is still increasing, in violation
of the Drude equation.8 A similar criticism can be made of the
) Cr(ma1)33_ curve of Figuré 5.2 although in that case the effect is
most probably due to higher frequency "stray" light —it is not
possible on the available evidence to decide the correct long wavelength
termination of the manual ORD curves.
ORD spectra of the microcrystalline less—soluble diastereoiéomers

diluted in pressed KBr discs give no readily interpretable information.

However, some features of the CD spectrum of such a matrix are of interest



135.

when compared with the CD spectra of the isolated optically active
components of the diastereoisomer. Before discussing the curves of
Figures 5.3(c) and 5.4(c) some observations on the (+) Co(en)33+-
Co/Cr(ox)33_ CD spectra represented in Figures 5.5 and 5.6 are warranted.

a) The CD spectra of A(-) Co(ox)33_ and A(+) Co(en)33+ are
unaltered by pressing in a potassium bromide disc.

b) The spectra (Figure 5.5) are qualitatively similar; the
dominant CD peak is positive in both curves and occurs at
493 nm for (+) Co(en)33+ and 617 nm for (=) Co(ox)33_. This
relative displacement of the major CD maxima corresponds with
a shift of the lAlg - Jng transition from 469 nm in Co(en)33+
to 602 nm in Cd(ox)33_.

c) Comparison of the composite curve (Figure 5.6) with the KBr disc
spectrum of (+)[Co en3](-)[Co ox3](precipitated from a mixture
of the puré optical enantiomérs; [m]zg (+) [Co en3]C13.3H20 =
1480, (-)K3[Co ox3].3H20 = -23000) indicates that the latter
is not simply a 1:1 summation of the component spectra. There
is, however, some correspondence of peak and trough positions
although there is obviously an additional long wavelength trough
(X ca. 650 nm) in the diastereoisomer CD spectrum.

The crystal structure of A(+)][Co en3]A(—)[Co ox3] is not known (see
subsequent comments on the A(-)[Co(—)pnBJA[M ma13] diastereoisomer CD
spectrum). The (+)[Co en3](+)[Cr ox3] CD spectrum is included in Figure

5.6 for comparison.

The positions and relative magnitudes of the observed maxima and
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minima in the (=) Cr(ma1)33_ aqueous solution CD spectrum (Table 5.1)
correspond closely with those publishéd by McCaffery et al.27 Further,
these CD peaks and troughs occur at wavelengths similar to those of
the observed inflexion points in the solution ORD curves. Despite the
expected complication of overlapping dispersion curves arising from
adjacent optically active transitions, similar close correspondence
occurs between the CD and ORD curves of other chiral transition metal
complexes, e.g. (+) Cr(en)33+, (+) Cr(tn)33+, (ref. 60), and more

particularly here for (-) Co(ox)33_ and (+) Co(ma1)33_. Mathematical

600
deconvolution of a complex ORD curve into the contributions from the

individual transitions is a distinct possibility71’183

if the frequency
interval of the optically active transitions is known.

- Co(-)pn33+ gives absorption peaks at 468 nm (em

= 96) and
ax

340 nm (90).27 Its CD curve is similar to the inverse of that shown

(Figure 5.5) for (+) Co(en)33+ with some change in relative peak

o Y . . _
heights; published (eZ €P)max values for the two complex ions are
(=) Co(-)png>" 493 nm (-1.95), 439 (+0.58), 348 (-0.20)
(+) Co(em),”" 493 nm (+1.89), 428 (-0.17), 351 (+0.25).

The rotatory strengths of the d-d transitions of Cr(ma1)33- are an
order of magnitude less than those of the five-membered ring tris(diamine)
and tris(oxalato) complexes in line with the reduced electric-dipole
strengths of the electronic transitions. The literature27 values of
(EZ - Ef)max for the (-) Cr(ma1)33_ ion in aqueous solution are—

620 nm (+0.07), 555 (-0.20), 420 (+0.04);

these values are-% to-% of the values given in Table 5.1 but this is of
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no significance to the following discussion. A further small negative

) ca, =0.02 on the scale of the literature data, was

pesie; (el T % max

found at 372 nm (Table 5.1).

The major interest lies in the (5)[Co(-)pn3](+)[Cr ma13]
diastereoisomer curve (Figure 5.4(c)); if this curve were merely a 1:1
superposition of the CD spectra of the component enantiomers then,
neglecting probable peak overlap, the succession of peaks (relative

heights and assignments from literature) to decreasing wavelength

should be
Ea mal A2 mal Ea pn A2 pn
620 nm (-3.5), 555 (+10), 493 (=97.5), 439 (+29),
Eb mal ? mal Eb pn
420 (-2), 372 (+1), 348 (-10).

The diastereoisomer KBr disc CD spectrum bears little resemblance to

this composite pattern, providing further evidence that the optical
activity profile of a solid diastereoisomer is not simply the super-
position of its component spectra. Assignment of transitions to the peaks
of the (-)[Co(—)pn3](+)[Cr ma13] CD spectrum is therefore somewhat tenuous.

The structure is known (Chapter 2) and the trigonal R,., space group makes

32
this an ideal case for the measurement of single-crystal solid state
spectra provided large crystals can be grown.

Regrettably absorption spectra of the diastereoisomers pressed as
KBr discs were not recorded; hence it is not known if the d-d transitions

in the diastereoisomer are appreciably shifted from their positions in

the component spectra. However,some comment is possible.
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a) In the (-) Cr(ma1)33_ solution spectrum two CD peaks occur

b)

under the short wavelength absorption band and for

(+)600 Co(mal)33_ theré aré thrée. Three weak CD peaks are
also observed in this region in the solution CD spectrum of
) Co(ox)33_ (Figuré 5.5) and havé been quoted27’184 as
evidence of lower symmetry species, e.g. [Co oxz(HZO)z]_.

185,186 and in the

This interpretation has been questioned
present work ion exchange chromatography of a sample of

K3[Co ox3] showed only one slow moving band. A similar
explanation is possible for the three high energy components in
the (+) Co(ma1)33_ CD spectrum but ion exchange showed the
concentration of species other than the triply negative tris-~

187 —N.B. this does not

(malonato) ion to be negligible
exclude the possibility of a triply charged dimeric species.
Contributions from different conformers can also be
postulated in the six-membered ring systems. Although the
structure refinement (Chapter 2) indicates the presence of
orientational disorder in the A(-)[Co(-)pn3]A(+)[Cr ma13].3H20
lattice no evidence was found in the difference maps for
malonate species other than the particular flattened conformer
indicated in Figure 2.1. Even so, the complex ion need not be
three-fold symmetric but simply three-fold disordered. The solid
state conformation implies nothing about the conformational

lability of Cr(ma1)33_ in solution.

The CRMALTCOPN structure showed the complex ions to be strongly



139.

hydrogen bonded parallel to their C3 axes (Figure 2.3). This
hydrogen bonding scheme seemingly induces appreciable distortion
of both the cation and anion (see Tables 8.1, 8.6) in excess

of that predicted on the basis of the electrostatic repulsion
model outlined in section 8.2. The observed enhancement of

the A2 component rotatory strength relative to that of Ea in

the aqueous solution CD spectrum of Co(en)3/(pn)33+ on the
addition of tetrahedral oxyanions (e.g. phosphate, selenite —

67,188,189 in terms of

see section 8.3) has been rationalized
hydrogen bonding of the anion to the trigonal nitrogen faces

of the cation. On this basis the (—)[Co(—)pn3](+)[Cr mal3]
diastereoisomer peaks at 505 nm (~) and 450 mm (+) can be
interpreted as deriving predominantly from the Ea pn and A2 pn
components.

A similar explanation could be proposed for the dominant
negative peak at ca. 590 nm, namely as being due to enhancement
of Ea mal at the expense of A2 mal, analogous to the situation
60,67,189,190

for Co(tn)33+/PO43_ on the most recent

assignment36 of trigonal components. No change was observed

in the aqueous solution spectra of (-) Cr(ma1)33_ or

observed

(+)600 Co(mal)33- on the addition of ammonium ions (as NH4CI)
which it might have been thought would hydrogen bond to the
carboxyl-oxygen lone-pairs in an orientation similar to that
proposéd for the binding of P043_ to the trigonal facés of

’ ' + . . I .
the Co(en)33 ion. This experiment was not tried for the
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tris-oxalate ions.

The (+)[Co en3](-)[Co ox3] diastereoisomer is a AA
arrangement and the crystal structure will be different from that
of CRMALTCOPN which is AA. Even so the diastereoisomer CD
spectrum shows increased rotatory strength in the region of the
A2 en component relative to that at the wavelength of the Ea en
component (Figures 5.5 and 5.6). Accurate structure
determinations of both this and the A[Co en3]A[Co ox3]
diastereoisomer would be invaluable, as would the KBr disc
spectrum of the AA structure.

(+) Cr(ma1)33_ and (-.-)600 Co(ma1)33_ have a A absolute
configuration. The microcrystalline KBr disc spectra of their

=) Co(—)pn33+ diastereoisomers are closely similar for A > 400

nm (Figures 5.3(c) and 5.4(c)); both exhibit enhancement of the
450 nm (+) component relative to the 505 nm (~) peak of the
cation. The diminished rotatory strength in the 540-400 nm region
relative to the strong negative peak at ca. 600 nm is more
pronounced for the Co(ma1)33_ diastereoisomer reflecting the
greater dipole and rotatory strengths of the long wavelength
transition of this anion compared with that of Cr(ma1)33-. It
seems probable that this dominant negative component in the
two diastereoisomer spectra has the same origin and can be
assigned E& mal by correlation with the polarized crystal

assignment29 for Cr(ma1)33- in a (NH [Fe ma13] host lattice.

4)3
The aqueous solution CD spectra of (-) Cr(mal)33- and
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(+)600 Co(ma1)33— undér thé énvélope of the short wavelength
(ca. 420 nm) absorption band are similar with an additional
minor trough in the (+) Co(inal)3 spectrum at 460 nm
appearing as a shoulder in the (=) Cr(mal)3 curve. A major
difference occurs under the low energy band envelope;

apart from the presence of a small maximum at ca. 670 nm in
the (=) Cr spectrum, the sign ordering of the two major
components is reversed. The literature component assignment

for (=) Cr(ma1)33_ gives 620 nm :

Ea’ 555 nm 4A1; CD values
have been given above.

Non—-observance of the 670 mm Co(mal)33_ solution peak
in the KBr disc spectrum suggests that it is analogous to
the ca. 550 peak of Cr(ma1)33- and can hénce be assigned 1A2
symmetry. The observed shifts in wavelength of the Ea
component peaks from solution to solid (620 # 590 nm for
Cr(ma1)33_; 593 =+ 605 nm for Co(ma1)33_) are consistént with
the postulated enhancement of the E& component rotatory
strength and a concomitant reduction of the A component. The
greater shift in the Cr(mal)3 case 1s understandable in terms
of a larger relative contribution from the adjacent negative
Ea pn component compared with the situation in the Co(mal)3
diastereoisomer (see ref. 187 for an alternative discussion —
the long wavelength CD components could equally be interpreted
in terms of a conformer equilibrium).

1

This postulated energy ordering of lE& and A2 is
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identical with that found36 for A(+)[Co tn3]013.4H20; the
reversal of Ea and 4 component energies from Cr (III) to

Co(III) is in agreement with Burer's correlations.70’191

Thus, to summarize, it seems that the broad shape of the ORD curve
is characteristic of the ML6—core and the complex ion absolute configuration
and in favourable instances the inflexion points correlate well with
the positions of the observed CD peaks. The ion exchange experiments
indicate that the multiple CD components commonly observed under the
short wavelength absorption band envelope of chiral Co(III)/Cr(III)O6
species do not result from low symmetry mono- and bis—complexes although
triply charged dimeric species and tris-species having one "dangling"
bidentate ligand are not excluded; for the tris(malonato) complexes
contributions from different conformers offer a possible explanation
of the solution spectra. Solid state CD spectra of microcrystalline
diastereoisomers can not be regarded simply as a superposition of the
spectra of the individual enantiomers; in the present work a rational-
ization in terms of relative enhancement and diminution of spectral
components seems plausible.

Finally, in retrospect, comparison of the recorded curves would
have been facilitated by accurate quantitative determination of all
spectra although this is difficult for the KBr disc measurements. Re-
plotting the curves against frequency would have permitted identification
of non—-Gaussian peaks and possibly given some indication of minor spectral

components (though there is some question as to whether CD peaks should
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be symmetrical with respect to frequency or wavelengthlgl).

5.3.2 Absolute Configurations: Literature References

This section collates the absolute configuration determinations
summarized in this and the precediné four chapters. Except for the
tris(phen) and tris(dipy) complexes all literature predictions of absolute
configuration referenced here are based on the empirical modelss’lgz’193
which assigns a A absolute configuration to complexes exhibiting a
positive Ea CD component, or Ea derivative in cases having symmetry
lower than C3, under the envelope of the long wavelength Tl symmetric
octahedral transition. The varying predictions of other models as they
apply to tris-bidentate Co(III) and Cr(III) complexes are summarized in
Chapter 7 and the often conflicting predictions of the "Ea sign model"
and "trigonal-twist distortion model" discussed more fully in section 8.3.

The A absolute configuration determined for (+)546[C° mal2 en]
has recently been confirmed by the independentsg’90 structure refinement
J1A(#+)[Co mal

of A(=)[Co enz(NO en]; there is no sign change in the

2)2 2

aqueous solution ORD curve of this complex anion between 546 nm and
589 nm. This assignment is in agreement with an earlier prediction30
based on a comparison of the CD spectrum of (-)[Co mal2 en] with that

of (+)589 H (_)546[C° oxzen]—; both spectra exhibit a positive low-

frequency peak which was assigned A symmetry and considered to derive

3,58 ]3+
3 .

Prolonged discussion of the CD spectra of the oxalate/en and malonate/-

from the Ea component of (+)[Co en

en complexes of Co(III) is not warranted but the following correlation of
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absolute configurations should be noted. (-)[Co enZ(N02)2]+

precipitates72 (+)[Co mal2 en] as the less-soluble diastereoisomer,

both complex ions having the A absolute configuration.sg’93

_ + E 150 + -
(-)[Co en2(N02)2J also precipitates (+)[Co ox enz] s (+)546[C0 oxzen]
and (+)546[C° EDTA]_, (EDTA = ethylenediaminetetraacetate), although
none of these four diastereoisomers can seriously be considered to be

isostructural; indeed with a slight change of conditions

72,194

(-)546[00 oxzen]_ precipitates to excess. (+)546[C° oxzen]—

and (+)546[Co EDTA] have been assigned179 A configurations from the

correspondence of their ORD curves with that of the related stereo-

specifically coordinated195 [Co(-)PDTA] , (PDTA = propylenediamine-

*s46
tetraacetate). The similarity of the ORD curves179 in the substitution
en] ,

sequence (+)[Co en3]3+, (+)[Co ox en2]+, [Co ox

546 2
" also suggests a A configuration for these four ions; the

A configuration for (+)[Co ox en2]+ has been confirmed196 by X-ray

(-)[Co ox,]’

diffraction. The sequence of A absolute configurations is thus

(=) [Co 0x,1%7, (=), [C 17, (MIC 1%, (")[Co en,1>*
0 04 : 546[ o ox,en] , [Co ox en,] , o en, s

(?)[Co mal en2]+, (=) [Co mal2 en]_, =) [Co ma13]3_.

28,197-199

600

Conflicting assignments of the absolute configurations of
transition metal phenanthroline and dipyridyl complexes have been made,
opposing predictions arising from the differences in the models used to
explain the observed spectral phenomena (for a concise summary see ref. 3).
The CD spectra of these complexes are now generally interpreted on the

basis of exciton theory and the A configuration determined (Chapter 4)

for (+) Ni(phen)32+ is in agreement with the more rigorous theoretical
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treatments (see section 7.1). A structure determination26 of the
less-soluble antimony (+) tartrate diastereoisomer of (-) Fe(phen)32+
confirmed the A configuration for the cation; comparison of the powder
photographs of the antimony (+) tartrate salts of (+) Ni(II), (-) Fe(II)
and (+) Ru(II)(phén)32+ confirms thé A configuration suggested for all
three from qualitative comparison of their ORD150 and CD spectra.21’24’199
Note that although these crystalline diastereoisomers have different

176,200 this does

numbers of waters of crystallization per formula unit
not imply a structural difference since the water molecules may be
randomly disordered.

Oxidation of the divalent M(II)(phen)3/(dipy)3 complexes (M = Ru,
Os) to the +3 state causes significant changes in the long wavelength
region of the CD spectrum with only quite small changes in the ultra-

21,199 and it is questionable whether oxidation to the

violét region
trivalent state occurs with retention of configuration in the
Ni(II), Fe(II), Ru(II) and O0s(II) complexes; to date the absolute
configuration of a trivalent complex has not been determined X-ray
crystallographically. Further points of interest are the relationship
of the absolute configurations of the divalent tris(phen) and tris(dipy)
complexes and the elucidation of possible structural reasons for the
more rapid racemization of the latter complexes relative to the
M(phén)32+ speciés.23’171’201

Use of the exciton theory is formally identical in both the
M(phen)32+ and M(dipy)32+ complexes but early comparisonszs’202 were

confounded by incorrect application of Wermer's least-soluble
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i 1 . . .
diastereoisomer criterion; 48 the antimony (+) tartrate derivatives

176,200,203

have been shown not to be isomorphous. Although Gillard et

al204 have recently successfully correlated the absolute configurations
of the M(II)(phen)3/(dipy)3 series by synthesis of (+) Ru(dipy)32+ from
+) Ru(phen)32+ with retention of configuration, the paucity of
structural data for these systems is disturbing. An accurate structure
determination of a resolved M(dipy)32+ complex is required and in view

22,24 ,205,206 of the spectra

of the conflicting theoretical treatments
of mixed (phen)/(dipy) complexes accurate structure determinations of
these resolved species would also be of value.

[Co ox3]3_ occupies a place in the CD theory of MO6 chromophores
as important as that of ( #) Co(en)33+ in relation to MN6 chromophores.
The Ea component was assigned from a single-crystal polarized absorption

spectrum207 of the Co(ox)33_ ion diluted in the trigonal host lattice

27,184 of

Na.Mg[Al ox3].9H20; the oriented single-crystal CD spectrum
) Co(ox)33_ in the same lattice showed Ea to have a positive rotatory
strength. Although the negative anion was assigned a A absolute
configuration on this basis the interpretation remained somewhat question-
able because of the appearance of three CD components under the envelope of
the high energy d-d visible absorption band whereas only one component

is predicted for D3 symmetry. This assignment of a A configuration to

the (-) Co(ox)33_ ion was confirmed by the solution of the KNIPHECOOX

structure (Chapter 4).87

7,28

) Cr(ox)33_ and (=) Cr(ma1)33_ were likewise predicted2 to

have a A absolute configuration. The A configuration for the former
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complex ion is confirmed by the present correlation of powder
diffraction patterns. However, the crystal structure determination
of CRMALTCOPN (Chapter 2)93 has established a A configuration for
(+) Cr(ma1)33—; the assignment of the E& component of this complex
anion was based on a single-crystal polarized absorption spectrum29

of Cr(ma1)33_ diluted in a (NH [Fe mal3] lattice of unknown

4)3
structure (see section 8.3).

27,134
a

(+)546 = () Co(thiox)33- has previously been assigned A

configuration on the basis of an observed high-energy negative Ea

component in the aqueous solution CD spectrum. Two independent

. . 134
assignments have been made; in one case

] 1 . oy . e
assuming enhancement o1 of this degenerate transition due to significant

the Ea component was fixed

T back-bonding from the thiox ligand to the metal but in the other
assignment27 the basis for the energy ordering of the trigonal components
was not indicated. These assignments of a A configuration to
(+) Co(thiox)33_ are confirmed by the CADCOTHIOX structure refinement
(Chapter 3).

Failure to resolve the labile Fe(ox)33_ and Al(ox)33_ complex

ions has been 'r:eportedzos_210 previously although resolution of both

211-213 Co(003)33— has recently214 been

has reputedly been achieved.
resolved by precipitation as the less soluble (+) Co(én)33+ diastereo-

isomer. The potassium bromide disc microcrystalline CD spectrum of the
A(+) [Co en3](—)[Co(C03)3] diastereoisomer exhibits a positive component

at ca. 610 nm; two more peaks of similar magnitude are observed in the

region of the low energy d-d transition of Co(en)33+, namely at ca.
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490 nm (+) and 430 nm (-). The similar peak height of the latter two
components compared with the situation observed for (+) Co(en)33+ in
solution27 (493 nm (+1.89), 428 ﬁm (-0.17)) or pressed as a KBr disc215
is analogous to the situation observed for both A(—)[Co(—)pn3]A[M ma13]
diastereoisomers and the A(+)[Co en3]A(-)[Co ox3] diastereoisomer
(section 5.3.1). Although the lone positive peak at 610 nm is more
closely similar to the situation in the tris(malonate) diastereoisomer
spectra (inverted throughout the wavelength region) suggesting a A
configuration for the (—)[Co(C03)3]3_ ion, the (+)[Co en3](-)[Co(COB)3]3_
spectrum is not very different from the superposition of the
AE) Co(en)33+/A(-) Co(ox)33_ solution spectra (Figure 5.6) and the
literature assignment of a A configufafidn to (=) Co(CO3)33_ may yet
' prove correct., A structure determination is required.
The absolute configuration of the cation in the (-)[Co tn3]Br3.H20

120 191,216
ba

crystal lattice was determined as A. Earlier assignments sed

on the sign of the prominent Cotton effect of the long wavelength transition
60,189,190
predicted the enantiomeric configuration but more recent correlations

ol (see section 8.3) that these

were verified, although it now seems
were founded on an erroneous interpretation of the solution CD spectrum.
The solution ORD spectrum of (-) Co(tn)33+ determined in the present work
was identical with that of Woldbye;60 the optical activity of several
samples of resolved Cr(tn)33+ was negligible at 589 nm but the ORD curve
obtained for (—)400 Cr(tn)33+ was qualitatively identical with that

reported by Woldbye60 for (-) Cr(tn)33+. Solution CD spectra of the

589

3+
M(tn)3 species were not redetermined and rapid deterioration of the
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[M tn3](—)[As cat3] diastereoisomer crystals on isolation from the mother
liquor prevented measurement of the spectra for the microcrystalline

samples. Both Woldbyé60 and Beddoé67’190

résolved the M(tn)33+
complex ions as the (+) nitro-~camphorates (NCS); the less-soluble
diastereoisomers were (=) Cr.NCS and (~) Co.NCS.
Diffraction patterns of the two salts were not compared but
Beddoe67 claimed that the similarity of the (-)[Cr tn3](+)NCS and
A(+) [Cr en3](+)NCS powder patterns argued a A configuration for
) Cr(tn)33+. Although this reasoning is extremely tenuous, the
observation that both (-) Co(tn)33+ and (=) Cr(tn)33+ are precipitated
as the less—-soluble (+) nitro-camphorates offers further support to the
tentative assignment based on comparison of the powder diffractometer
traces of their (-) As(cat)3_ derivatives and the qualitative similarity
of the (=) Cr(tn)33+ and A(+) Cr(en)33+ aqueous solution ORD spectra.
Spectral implications of the geometric distortion of the ML6—cores
of the tris(ox), tris(mal), tris(thiox) and tris(tn) complex ions,

inter alta, are discussed in section 8.3.

Summary list of complex ions assigned a L absolute configuration
on the basis of the crystal structure determinations and powder
diffraction pattern correlations in the present work.

3= 3= . 3= _
(+) Cr(ox)3 5 (-) Co (OX)3 ’ (—)546 CO(tthX)3 = (+)589

3= S5 = a
(+) Cr(mal)3 s (-)600 Co(mal)3 = ( )589

Co(mal)z(en)_ = (=)

() 546 589

3+ _ -
(oo CrlEm)y™ = (Dggq = (Mgyg

+) Ni(phen)32+, (+) Ru(phen)32+.





