STRUCTURAL STUDIES OF
NITRATO COBALT COMPLEXES,
YLIDES
AND
TWO RELATED ORGANIC MOLECULES
BY X-RAY ANALYSIS.

A thesis
submitted to the University of Glasgow
for the degree of Doctor of Philosophy

in the Paculty of Science

by

James McElhatton

Chemistry Department May 1976



" # # $$ %&''&

- () o+ -

) ) ) ). -
) 1 2 / 1 + ) ) )
) 2 -) /
$$345 6/ 3 ,* + 7 ) . %

/
) ) . ) 8 -, x .. # 1 %. &)
"+ ' 9 $$3/
$$3/
) 2 ) 02)*
[/ : <



~

YVONNE




ACKNOWLEDGELENTS

I thank Professor G A Sim for providing the facilities
to carry out the work described in this thesis and for his
interest throughout my studies in the Department of Chemistry
at the University of Glasgow. In particular, I would like to
express my deepest gratitude to my supervisor,

‘Dr A F Cameron, for his advice and interest and for his
hospitality throughout my stay in Glasgow. I thank

Dr G lMcPherson of Tulane University, New Orleans, for
supplying the crystals of the cobalt complexes which are
the subject of PART II of this thesis. I also thank
Imperial Chemical Industries Limited (Pharmaceuticals
Division) for supplying the compounds which are reported

in PART IV.

I thank the Glasgow University Computing Service for
use of their KDF-9 computer and data preparation facilities,
the ERCC for use of their IBHM 370/158 computer and the
NUMAC for use of their IBM 360/65 and 370/168 computers.

I am indebted to Dr P Ilallinson for making available the
various suites of programs used in this work, and also to
Dr C Gilmore for his sustained interest in the application

- of 'Direct Methods' in any context.

Thanks are also due to my other friends in the crystal
structure analysis group, who are too numerous to name
individually, for meking my stay in Glasgow such a pleasant

one,



ii

Finally, I gratefully acknowledge the receipt of
financial support from Imperial Chemical Industries Limited
(Pharmaceuticals Division) with respect to the payment of
all fees and maintenance throughout the durstion of my

studies in Glasgow.




iii
SUINIARY

In this thesis the techniques of crystal structure
analysis are applied to the study of bonding and molecular
conformations in three classes of compounds. The contents
are divided into four parts ; in PART I historical and
theoretical aspects of structure determination are surveyed,
with particular emphasis being placed on those techniques

which were used in the present studies.

PART II is concerned with the study of five nitrato-
cobalt complexes., In an introduction, aspects of‘the
co-ordinated nitrato group are‘surveyed, with particular
emphasis being placed on the rationalization of the distortions
observéd in co-ordinated nitrato groups relative to the
symmetrical §D3h) structure of the free nitrateion. This is
followed by a description of the analyses of three novel
cobalt complexes of formula [boAz(NO3)Ci]25[A = pyridine,
acetonitrile and tetrahydrofuran]. The three complexes are
found to be centrosymmetric dimers, with asymmetrically
bridging chlorine atoms. The monomeric units are described
as octahedra and as sharing a meridional edge. The octahedra
exhibit grossly distorted geometries, the distortions being
accountable in terms of the severe constraint imposed by the

short 'bite' of the nitrato group on two cis octahedral sites,

NMany physical technigues have been used in attempts to
rationalize the structures of series of nitrato-metal complexes.

In particular, spectroscopic evidence suggested that complexes
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of formula MAZ(NO3)2 [A = amine, M = Co(II), Ni(II), Cu(II)
and Zn(IIX] have structures which are similar to that
observed for Co(Me3PO)2(NO3)2, ie six co-ordinate with
cis—bidentate nitrato groups. However no previous analyses
had revealed this stereochemi stry.. Thus it was of interest
to investigate the structures of COAZ(NO3)2 EA = pyridine,
acetonitrilﬂ, the results of which are reported in the final
section of PART II. Both analyses have revealed monomeric
molecular structures having quasi C2 symmetry, and with

geometries in accord with the above mentioned prediction.

PART IIT is devoted to a study of ylides. 1In an
introduction, some aspects of the chemistry of ylides con-
taining second-row 'onium species are surveyed, with
particular réference to their marked stability relative to
their first-row analogues. In view of the paucity of datas
on S(VI) 'onium ylides, the crystal and molecular structures
of three dimethylsulphoxonium ylides were undertaken. The
results are presented in the fdllowing three sections, and
compared with their sulphur(IV) analogues and other related
systems. The final section of PART III is devoted to a dis-
cussion of aspects of these analyses that are of overall
relevance to the study of such systems., The literature is
surveyed in tabular form, and the competition of 'onium and
stabilizing groups to delocalize the negative charge on the
anionic atom is discussed. Finally the conformations of
ylide structures are discussed in terms of the steric
requirements for electron delocalization and the minimization

of non-bonding ianteractions.
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Accounts of the structure analyses of tWo
xanthene-9-spiro-4'-piperidine derivatives are contained in
PART IV. These are the first of a series of related
compounds which it is proposed to study in this laboratory.
The observed geometries of the two molecules are accountable
in terms of the theory of isovalent hybridization and also

in terms of intramolecular non-bonded interactions.
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PART I

ASPECTS OF CRYSTAL STRUCTURE ANALYSIS




1.1 HISTORICAL

The beauty of crystals has aroused the curiosity of
man from earliest times and, as early as 1665, the regular
external forms of native crystals had evoked speculation
regarding their ultimate structure(l). Subsequent work
spread over a period of about 200 years led to the develop-

ment of a geometrical theory of crystallography(Q).

In 1784, Abbe R J Ha&y discovered the fundamental
law of rational indices from observations on cleavage
directions in calcite, and this led him to envisage a model
of the crystalline state as a lattice of crystal units(3).
Interest soon became focussed on this geometrical abstraction
and by 1848 Auguste Bravais had demonstrated that only 14
distinct types of space lattice are possible(4). Combination
of the lattice operation with the symmetry operations of’the
32 point groups led the German mathematician Schgnflies to
derive the 230 ﬁossible Space groups. The same results were
achieved independently and almost simultaneously by
Federov and Barlow(S). However, although these theories
were complete by 1894, they aroused little interest until
1919, when Niggli(6) showed how the space groups of crystals

could be determined by X-ray studies.

X-rays were discovered by Rgntgen in 1895, but until
1912 the nature of this very penetrating radiation was
unknown. However, in 1912, the experiments of von Laue,

Friedrich and Knipping showed that a crystal could act as
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a three-dimensional diffraction grating for X—rays(7). This
discovery, besides establishing the nature of X-rays,
provided a powerful physical means of examining crystals

on the atomic scale. This technique was immediately taken
up and developed by the Bfaggs(8), who realised that the
resulting intensity-weighted diffraction pattern could be

used in the elucidation of crystal structures.

Initially, due to limited knowledge and the enormous
labour of computation involved, this technique could only be
applied to the study of simple inorganic structures. However,
with the advent of fast electronic computers and highly
sophisticated methods of analysis, it has become possible
to solve increasingly complex structures such as prdteins

(9)

and nucleic acids

The remainder of this section is devoted to a survey
of the theory and techniques used in the structure analysis

of the compounds which are the subject of this thesis.

1.2 THE BRAGG EQUATION

After the discovery of the diffraction of X-rays by
crystals, von Laue described the crystalline state as a three-
dimensional diffraction grating and showed that the phenomenon
of diffraction could be described in terms of a set of

equations :



a.(S - 8;) = B
E’(§. - §.o) = kX
c.(8 - 8,) = 1A
where,
a, b and ¢ are the vectors which define the unit cell,

S and §° are unit vectors in the directions of the
incident and diffracted rays,
A is the X-ray wavelength,
and h, k, 1 are integers, called Laue orders(lo).
. Howéver, these Laue conditions were not in a suitable
mathematical form for the interpretation of experimental
results(ll). But, if a lattice array of atoms scatters in
the Laue orders h, k, 1l,this requires all points on the
crystallographic plane (hkl) to scatter in phase, which is
- geometrically equivalent to reflection of the X-rays by
atoms in the.crYstallographic plane (hkl)(lz). This provides
an alternative description of diffraction as reflection from
stacks of parallel, equally-spaced planes (hkl). The
condition for constructive interference becomes

2d(hkl)sin 6 = nA
where,

d(hkl) is the interplanar spacing,

A is the wavelength of the radiation,

6 is the grazing angle of incidence, and

n is an integer

This is the Bragg equation(13).



1.3 THE RECIPROCAL LATTICE

From Bragg's law it follows that sin © is inversely
proportional to d(hkl). However it is advantageous to
substitute this inverse relationship by a direct one and .
introduce the concept of the reciprocal lattice defined
by a%*, b* and c*, where

a¥ = b

*
a.bxg¢

o

with similar expressions for b* and c¥*, and a, b and ¢ are
the crystal lattice vectors. In the reciprocal space defined
by these relationships each crystal lattice plane (hkl) is
transformed into a point the co-ordinates of which (measured

in units of a*, b* and c*) are h,k,l.

1.4 THE STRUCTURE FACTOR

The structure factor F(hkl) may be defined by

F(hkl) = fp(xyz)exp [27ri(hx + ky + lz)] av
where f(xyz) is Xhe electron density at the point (x,y,z),
in a unit cell of volume V. F(hkl) thus represents the ratio
of the total radiation scattered by the contents of the unit
cell in the order hkl relative to that of a single electron
at the origin of the unit cell. However it is more con-
venient to consider the electron density as the superposition
of N 'atomic' electron densities(l4). The structure-factor

is then given by

F(hkl) = Jij(hkl)'eXp [2ni(hxj + kyj o+ 1gj)J

where xj, yj and zj are the fractional co-ordinates of the



jth atom, and where

fj(hkl) = VJerj(uvw)exp [27ri(hu + kv + lw)] dudvdw
is the scattering faé?or of atom j whose electron density
is pj(uvw), (uvw) being the co-ordinates referred to
(xj, Yy zﬁ) as origin(l5).

The scattering factor is thus the Fourier transform
of the atomic electron-density, and represents the ampli-
tude of the wave scattered by the atom relative to that
which would be scattered by an electron at rest. .As sin 8
increases, the X-rays scattered from different parts of the
atom will be increasingly out of phase and will therefore
interfere destructively with each other. Thus, due to the

finite size of the atom, f attenuates with increase of sin 0

(where © is the Bragg angle).

Since the duration of the scattering experiment is
much greater than the period of thermal vibration, thermal
" motion effectively increases the volume occupied by the
electrons scattering the X-rays. This smearing may be
allowed for by using the expression

£ = foexp[}sr?u(sin o /)2
where fo is the scattering factor of an atom at rest (and is
taken to be independent of the environment of the atom in the
unit cell and of the radiation used for the experiment), and
U is the mean square amplitude of isotropic vibration.
AnisotfoPic thermal vibration can be allowed for by the more

general eXxpression

_ 2 2. 2. 2 2
£ = £oexp (-20(U110%% + Uppko¥® + U551%c#?

+2U; phka¥b* +72U; jhlaxcx +2U23k1b*c*ﬂ
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where Uij(i,j = 1,2,3) are the components of the symmetric
tensor, U, describing the ellipsoid of mean-square vibration

with reference to the reciprocal axes.

A further complication arises from the phenomenon of
Anomalous Dispersion. Scattered radiation arises from
modulation of the natural oscillation of the atomic electrons
induced b& the electromagnetic field of the incident X-rays.
The electrons thus become a source of radiation, scattering
X-rays with a phase lag of 7v (Thomson scattering). However,
when the X-ray frequency approaches an absorption edge of a
diffracting atom, resonance effects set in and the phase lag
decreases to /2 at resonance, and to O for a photon of much
lower energy than the binding energy of the electron (Rayliegh
scattering). It follows that near the absorption edge the
scattering fgctor becomes a complex quantity expressible as

f = fo + AT + infv
where fo is the normal scattering factor and Af' and Af" are
the correction terms required to allow for this anomalous

£(16,17)

dispersion effec In the case of non-centrosymmetric

space groups this effect may lead to the breakdown of Friedel's
‘law and has been used to distinguish between enantiomorphic

(18)

structures

1.5 GEOMETRIC AND INTENSITY DATA MEASUREMENTS

Preliminary unit-cell parameters for the compounds
described in this thesis were determined from oscillation

and Weissenberg photographs taken with Cu-K, radiation, and
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from precession photographs taken with Mo-K, radiation.
Space-group identification was based on the systematically
absent reflections. The crystal under investigation was
then transferred to a Hilger and Watts' Y 290 diffractometer.
The crystal was always inlan offset position on X to prevent

multiple reflections(lg).

The various photographs and initial unit-cell parameters
enabled the location and indexing of two strong, low-order
reflections. The angular settings were optimised by means
of 20, g and X scans and incorporated, together with the
approximate cell dimensions, in an orientation matrix which
was used to check the indexing of the reflections and to
locate twelve well-defined reflections with a wide spread of
- @ and X values and with 6 values in the typical range 12°
to 17°. The angular settings of each of the reflections and
their Friedel partners (to a maximum total of 23) were
optimised and used in the refinement of the unit-cell
parameters by least-squares methods and thence to calculate

an accurate orientation matrix.

Intensity measurements were made exposing the crystal
to graphite-monochromated or Zr-filtered Mo-K, radiation and
using the 6,26 scan procedure with each reflection being
scanned typically over 40 equal steps between the limits
(20 — 0.40°) and (26 + 0.40°), Each scan-step was

calc. calc.

counted for one second and stationary-crystal/stationary-
counter background counts were made at each extreme of the

scan for a total time equal to the total peak-scan time.



The intensities of three standard reflections were monitored
at regular intervals both as a check on diffrectometer-
stability and crystal deterioration, and also to enable
scaling of all reflections to a common scale. In most cases,
weak reflections were not measured, those reflections with

I 41261 (where dI was obtained from counting statistics)
being automatically identified and omitted from the counting

procedure,

1.6 DATA REDUCTION

The data thus obtained consists of a set of tintegrated
intensities' I(hkl), which are a measure of the total amount
of energy diffracted by the crystal from fhe planes (hkl) as
the crystal rotates in the X-ray beam. The integrated
(20)

intensity is defined
1

by the relationship
' - 3422 2

I(hkl) = Bely~ = AN relF(hkl)l LpV

where E is the energy diffracted by the crystal of volume V

(assumed to be small), rotating with an angular Velocity,w,

in an X-ray beam of wavelgnth A and intensity Io;

2 -10—2

r = enm

e is the classical radius of the electron;

N is the number of unit cells per unit volume; F(hkl) is the
structure-factor of the plane (hkl) and L andp are respectively
the Lorentz and polarisation factors which are known functions
of 8. Thus in a particular experiment,

p(ma) = [rewnx il E
. The polarisation factor, p, allows for the partial polari-

sation of the reflected beam, and, for an unpolarised incident

beam



p=5(1+ 0032 20)
where 6 is the Bragg angle of the reflection (hkl). However
if the X-ray beam has been reflected from a crystal mono-
chrometer, the incident beam is also partially polarised and
the modified equation becomes(zl)

2 20)(1 + cos® 20)7*

p=(1+ cos® 26 .cos
where Gm is the Bragg angle of the stack of reflecting planes
of the crjstal monochromator. This expression is valid when
the primary beam, +the beam reflectéd by the monochromator,
and the diffracted beam are coplanar, the general expression
being much more complex(zz). For the graphite monochromator

utilized in the present studies 0052 29m has the value of

00965-

The Lorentz factor, L, allows for the relative time
each plane is in the reflecting condition. This may be
easily enviséged in terms of the reciprocal lattice/
reflecting sphere concept, the reflecting condition being
thé interval for which the finite reciprocal lattice point
is in contact with the sphere of reflection. Therefore the
duration of the reflecting condition is dependent on the
individual reflection and on the method of data collection.
In the present studies the Lorentz factor is given by the
expression

L = (sin 20)7%

The quantity K is a constant for a particular experiment and

may be calculated from diffraction theory(23).

1.6.1 THE RELATIVE STRUCTURE-FACTOR
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In practice it is usual to assume K = 1 and to cal-
culate relative structure-factor moduli |Frel|' These may
then be put on an approximate absolute scale by means of the
Wilson-Plot method(?4), It has been shown that by dividing
reciprocal space into concentric shells, each thin enough
that the change of f with sin 6/x within each shell is
negligible, and averaging the variables over each shell,
then

RV T

where K is the scaling factor such that

KZlFrell =ZIF(hkl)| :
s = sin 6/). and B is an overall thermal parameter. A best-
line fit to a plot of the left hand side of the above
expression against <s>2 gives adequate preliminary working

values of K and B.

When a part-structure is known the scale factor may be
obtained by correlating k2|1vre1[ wichchalcl . Once the
structure is solved, the scale factor is included as a

variable parameter in the subsequent least-squares refinement.

1.6.2 ABSORPTION

X-rays are absorbed by crystals to varying extents
leading to a reduced intensity given by the expression

I = Ioexp[—ﬂt]
where Io is the incident intensity, t is the distance tra-:
versed in the crystal by the beam, and/u y the linear

absorption coefficient, is a function of the elemental
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composition and of the wavelength of the X-rays.

Failure to correct for high absorption manifests
itself in physically meaninglessvvalues of isotropic
temperature factors (even‘negative values in very serious
cases) and to large errors in the positional parameters
of the atoms. However in the present work the low linear
absorption coefficients of the compounds and the small
crystals used were together considered to justify neglect

of absorption effects.

1.6.3 EXTINCTION

Extinction is the attenuation of the incident beam, when
a crystal is in the reflecting position, thereby reducing the

intensity of the diffracted beam. This may arise in two ways.

a) PRIMARY EXTINCTION

When an X-ray beam is reflected at the Bragg angle by
a set of planes, it follows that the reflected beam is at the
correct angle to be reflected by other planes in the stack.
The phase change of /2 that accompanies reflection, leads
to destructive interference of the n~tuply (n even) diffracted
beam with the incident beam, and of the n-tuply (n odd)
diffracted beams with each other. This only occurs with

crystals of very low mosaicity, and so is a rare phenomenon.
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b) SECONDARY EXTINCTION

This arises for reflections of such intensity that an
appreciable amount of the incident radiation is reflected by
the first planes encountered by the beam. Thus the deeper
planes receive an éttenuated beam and therefore reflect less.
Secondary extinction is therefore a function of the scattering
power and-relative alignment of the individual mosaic blocks,
and is most pronounced for refléctions occurring at low
sin 6/x. Zachariasen(25) has shown how the effects of
secondary extinction can be allowed for during the least-
squares refinement. However, since it is a function of the
crystal perfection, it was not a problem in the cases

reported in this thesis, and was ignored.

1,7 FOURIER SYNTHESIS AND THE PHASE PROBLEI

A crystal is a tri-periodic structure and as such may
be described by a three-~dimensional Fourier series. This was

(26). It can be shown

first suggested by W L Bragg in 1915
that a general expression for a Fourier synthesis may be
written as

p (xyz) = v Y ) F(hk1)exp[ -2ni (hx + Ky + 1z},
- 1
F

h

-1
wheP(xyz) =V Z
number of terms. The above expression may be written as

plxe) = v'lzhzkzl:[F(hkl)] exp[iel(hkl) - 2mi(hx + ky + 1z

.

(hkl)exp[—Zni(hx + ky + 1Zj,finite

where o(hkl) is the argument or phase of the complex quantity
F(hkl).
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The above expression indicates that knowledge of the
unobservable phases is a pre-requisite to the calculation of

the electron distribution. This constitutes the Phase Problem.

However, although the structure-factor moduli are the only
directly obtainable quantities, a considerable amount of
extra information may be derived from the observed data by
employing rather elegant mathematical techniques. Two such
methods, Which were used in the present work, will now be

- surveyed.

1,8 THE PATTERSON FUNCTION AND THE HEAVY ATONM IETHOD

Although it is not possible to determine the atomic
positions in a straight—forward manner from the intenéity data,
it is possible, at least in principle, to determine the inter-
atomic vectors, This approach was first introduced by
A T Patterson in 1934-35(27), who realised that the self-

convolution of a unit cell containing N atoms, and defined by

1/1(1
P(uvw) = Vg S S f(xyz).P(x + U, ¥ + Vv, z2 + w)dxdydx
0)0 )0

would consist of a set of N(N - 1) peaks, corresponding to the
interatomic vectors (uvw), together with N null-vectors super-.
imposed at the origin. This follows from P(uvw) having
appreciable magnitude only when p(xyz) and F(X + U, ¥ + V,

z + u) both correspond to atomic sites.

The elegance of this approach becomes clear when one
substitutes the electron-density by the Fourier transform of
the structure-factor. The function one obtains-may be shown

to lead to a vector-map defined by
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P(uvw) = V“]'%%zljm(hkl)ﬁexp [2ri(hu + kv + 1w))

and so may'be computed directly from the phaseless structure-
factor moduli. The resulting vector-map consists of a set of
maxima with peak-heights proportional to the product of the
scattering factors of the atoms involved. Thus the presence
of heavy atoms (ie atoms of high atomic number relative to the
other atoms) will give rise to heavy atom-heavy atom Vectors
that stand out strongly against a background of heavy-light
and light-light atom vectors. Identification of the heavy
atom-heavy atom vectors allows the determination of the heavy
atom co-ordinates., Once the heavy atom is located, it may be
used to phase the observed structure-factor moduli in a

Fourier synthesis., The error in such a phasing moduli has
2
been shownzzlfleavy/zzalated to

2 2
r =Zzl:1eavy/zzlight

when r ~1, the phasing is generally likely to be reliable
enough to allow resolution of the structure to proceed with-
out undue difficulty. As r decreases, the phasing becomes
less reliable and an iterative procedure of phasing and
electron-density calculations may become necessary for
complete resolution. On the other hand, when r is much
greater than unity, the heavy atom tends to dominate the
phases and intensities to such an extent that the comparison
of [FOI and [Fc| becomes insensitive to the lighter atoms,

rendering it difficult to deduce an accurate model.
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1.9 DIRECT METHODS

In 'direct methods' the resolution of a structure is
formulated as a sequence of purely mathematical operations
on the observed data. Difect methods owe their inception to
the derivation of inequality relationships between structure
factors by Harker and Kasper(zg). However, the requirements
for inequalities to hold are so severe as to restrict their
aﬁplication to small structures. Inequalities in fact
represent the limiting cases of the more general probability
approach(3o) and present day methods are based on strategies

which estimate a phase together with its associated probability

of being correct.

Procedures of phase determination are usually expressed
in terms of the normalised structure factor Eh(31), the

modulus of which being defined by
2 2 2
|24l =|ng /5Zifi

where ¢ is a symmetry dependent integer introduced to correct

for space-group extinctions and h is the vector (hkl).

Since the IEhl are uniquely determined by the crystal
structure and are f»hjndependent of the choice of origin(32),
the strategy used in direct methods is to obtain relationships
between phases which are also origin-independent, the so called

structure invariants. It can be shown that Ahﬁh is a

structure invariant if EIAhE = 0, for integral Ah' At present
h & 2
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the most widely used structure invariants are the triplets

ﬁh + ﬁhz + ﬁh where h, + h, + 23 = 0, though more powerful
41 2 23

methods involving quartets are being developed.

"From the triplet structure invariant it follows that
the phase of Eh is correlated to the phases of Eh —k and

Ek’ and it may be shown that
ﬂh = <f5k + F‘h - k>k
holds for phases associated with large IEI values(33). In

practice the more efficient Tangent formula(33)v

LIB-By o] sin(dy + Ay _ )
tan ﬁh = £ == = IR

Z;IEE.EQ _ E‘ cos(%g + ﬁﬁ _ 5)

is used for phase determination. The reliability and variance
of an estimalbted phase may also be determined using formulae

(33)

derived by Karle and Karle and in general are dependent

on the magnitude of the |E|’s.

The above relationships form the basis of the symbolic
addition method of Karle and Karle(33). In this method one
choses a basic set of phases necessary to specify an origin
and, in the case of non-centrosymmetric space-groups, an
enantiomorph together with a small number of phases denoted

(33,34)

by symbols The choice is usually a balance between

large |E| values, which increase the reliability of a phase

" estimation, and the number of triple-phase relationships

(2:2 interactions) in which the phase is involved. The latter

lead to multiple indications for unknown phases, thus
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increasing the reliability of phase determination during the
initial crucial stages. The symbols are then assigned values
(all possible combinations of +n/4, +3m/4 or in the case of
centric reflections, the values 0 orn yielding a series of
alternative self-consistent phase sets. Each phase set may
be used with the observed |E|'s in a Fourier synthesis
(E-map), one of which may reveal the correct structure. The
above procedure has been automated in the suite of computer

(35)

programmes NULTAN by Germain, Main and Wolfson and
modifications of the procedure are available as links of the

X-RAY'72 suite of crystallographic programmes(36).

1,10 ACCURACY AND LEAST SQUARES REFINEMENT

The atomic parameters obtained from a Fourier synthesis
are in error.due to termination of series effects. To over-
come this problem and to produce a model which is a best-fit
to the expérimental data, one uses Legendre's method of

(37),

least-squares first introduced into crystallography by

tiughes(3®), The function which is usually minimised is
m m
2 a2
M= ijr(le - [Fl )™ = E:“rAr
r=1 r=1

where the summation is over the set of m crystallographically
independent data and Vi is a weighting factor associated with

each term.
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For a minimum

m .
Z = 0, fOI‘ all pj’ oooo-(A)

QqQ)

where pj are the nK<m) structural paramneters.
For the trial set of values, P; (j = 1,2y..44n), close to
their optimum vzlues, /A can be expanded as a function of the

parameters by a Taylor series to the first order giving

(B +€) = (P)-—ZG lFl veeee(B)
i=1

where P and € represent the whole set of n parameters and
changes, and €i is a small change in Py
Substituting (B) in (A) gives
Z Z aIFcI achl s Z Aach|
i=l r=1 oP; r=1
which is a set of n equations in n unknowns called the

normal equations. These normal equations may be expressed

in matrix notation as

where,
A is an nxn symmetric matrix with a; iﬁ BP?]BHH
r=1 * 3p; bp
X is a vector of order n with x, = &

1

B is a vector of order n with bj-‘i;ﬁﬁﬁﬂfd
= 3P

-15.

The set of parameter shifts is therefore given by X = A
Although the refinement of structural parameters is a non-

. linear process, the non-~linearities are known to be negligible
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when the parameter shifts are small. Nevertheless, the
calculated shifts will not be exact and structurzl refine-

ment has to be carried out by an iterative process.

In the least—squares'refinement each observation was
given an associated wveight w. Absolute weights reflect the
precision of measurements of IFJ and are given by the
reciprocal of the variance,dz, of the observation due to
random experimental errors. However it is not practical %o
measure each reflection a sufficient number of times to
obtain reliable estimates of the vafiance. Insteéd, relative
weights may be assigned by expressions of the type

w=(a+b|P| + c‘EHZ + d sin 6)7%
where the coefficients are chosen to give approximately
constant averages of WA2 when the set of WAZ values is
analysed in a systematic manner. Weights chosen in this way,
besides allowing for random errors, also allow for such
systematic experimental errors not paralleled in the cal-
culated model and such defects in the model not paralleled

in the data(49),

It is customary to test the final refined model,
obtained by least-squares methods, by a Fourier synthesis

with AF = (|F ] - |FJ ) as coefficients, ie

AP(XVZ) = V’J'Z; %; %; (IF) - |Fc|)exp[im - 2mi(hx + ky +1z)

where « is the phase of Fc as obtained from the model.
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This 'Difference Map' will indicate any gross errors in
the model. The method is free from series-termination errors

and has been used to locate hydrogen atoms from X-ray data.

1.11 ANALYSTIS OF RESULTS

a) Standard Deviations of Parameters

The estimated standard deviation 6 of a parameter P;s

when using relative weights, is given by :

2 18 2
6° = (aiiggiwA )/(m - n)

where a;i is the iR diagonal element of the inverse matrix AL,

The estimated standard deviations derived in this way
are sometimes underestimated, particularly if block-diagonal
least-squares methods are employed. The reliability of the
estimated standard deviations (esd's) may sometimes be assessed
by an examination of the bond lengths and angles and their
associated esd's in a part of the molecule of known geometry
such as a phenyl ring.

b) The Standard Deviations of Bond-lengths and Angles(4l)

The standard deviation 6(1) of a bond, of length 1;
between two independent atoms A and B is given by |
62(1) = 6%(4) + 62(B)
where 62(A) and 62(B) are the variances of the co-ordinates

of A and B in the direction AB. If the atoms A, B and C are
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independent, the standard deviation g(8), of the angle ©

subtended at B is given by

62(8) = 6°(a)/aB° + 62(B) [(1/A132) - (2cos 6/AB.AC)
+ (1/Bczj + 62(c) /B2

where 62(A) and 62(0) are the variances of A and C in the
ABC plane and perpendicular to AB and BC respectively, and
62(B) is the variance of B in the direction tangential to the
circle through ABC. This expression is only valid for
orthogonal axes, the general expression being much more

complex,

c) Least-Squares Planes and the‘X? test

It is often desirable to know whether a set of four or
more atoms are coplanar within experimental error. Besides
being an interesting aspect of the molecular structure, the
significance of deviations from co-planarity maj also provide
a means of judging the accuracy of a structure whenaparticular
set of atoms (gg a phenyl ring) are expected to be co-planar,
It is usual to discuss planarity in terms of the least-squares
plane through the set of atoms and the deviations of the atoms

from the least-sguares plane(42).

The estimated standard
deviation, dp of the atoms from the least-squares plane is
given by
2 2
62 =[,; 2)/(m - 3)
where dm are the perpendicular distances of the m atoms to the

plane. If the positional estimated standard deviations of the

atoms do not differ greatly so that their mean variance 6? is
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comparable to the individuel variances then, the fatio
[m - 336}/l {T /el

follows the X2 distribution so that

X2 {2/
for (m - 3) degrees of freedom.
The probability of the deviation from planarity due to random
experimental errors can be examined from the'Xz tables(43).
If the probability that the plane is a godd fit is less than
0.01 it may be assumed that the atoms are not coplanar, or
equivalently, that at least one atom included in the mean-

plane calculation deviates significantly from planarity.

d) Comparison of Bond-lengths and Angles

Although it is impossible to know the true value of
experimentally derived quantities, it is possible to specify
the probability that two measurements of equal quantities
- agree within certain limits if only random errors are present,
since such errors should show a normal Gaussian distribution
and so may be treated anelytically. If two quantities with
standard deviations 61 and 62 differ by an amount of Ag, the
standard deviation of their difference is ¢ = (6§ + dg)%.

The probability P thet the observed difference is due to

L]

chance is given(44) by the following limits
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If
Ag < 1.96¢ then P> 5%
1.966 € Aq £ 2.586 then 5% » P 3 1%
2.586 L Aag 3.296 then 1% 2 P> 0.1%
-~ Ag > 3.296 then p< 0.1%

The limits of significance are arbitrary but if
P > 0.05 the difference is commonly considered not significant.
If 0.05>P>0.01 the difference is possibly significant. But

if P<0.01 the difference is generally accepted as significant.



PART II

STRUCTURAL STUDIES OF NITRATO-COBALT COMPLEXES
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INTRODUCTION

The nitrate group is a versatile ligand(l) which can in
principle be ionic, covalent-monodentate, covalent—biéentate,
or may act as a bridging ligand in a polynuclear molecule.
Examples of all these types of behaviour are known to occur
in simple and complexed nitrates(z). Complex transition metal
nitrates thch include other ligands in addition to covalent
nitrato groups have become the subject of increased structural
studies, particularly by X-ray diffraction methods(3). Five

such studies form the basis of the present report.

The nitrate ion in an isotropic environment has a
symmetrical (D3h) planar structure with bonds of length
1.245(10)3(1) (1.241(2)8 in NaNO3(4)), and is geometrically
similar to phe ions Bog- and cog“ with which it is iso-
electronic. It has been suggested(5) that the nitrate ion
be considered a disc of van der Waal's radius 2.312 and
thickness 2.23, and hence of volume 24.823. This illustrates
the compact nature of the nitrate ion since the volume of the
spherical chloride ion is also 24.823. On co-ordination,
however, it is observed(B) that the dimensions of the nitrato
group are distorted from those of the free ion and that the
degree of distortion is dependent on the mode of bonding and
the strength of the metal-nitrate interaction(6).

7)

From a survey of the literatufe( it is apparent that
the vast majority of the structures which have been investi-

gated by diffraction techniques contain bidentate nitrato
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’groups with varying degrees of asymmetry. It has beeﬁ
suggested(l) that the nitrato group be considered symmetri-
cally bidentate when the difference in the metal-oxygen
bonded distances, A(I11~0), is less than O.Zﬁ, asymmetrically
bidentate when 0.2% <fA(M40) <0.78 and asymmetric monodentate
when A(lI-0) > 0.78. This is an arbitrary classification and
not necessary for the following discussion, in which asymmetry

is taken to mean A(M-0) is significantly greater than zero.

In an asymmetrically bidentate co-ordinated nitrato

group, it is generally observed (eg see Table 2.0.1) that :

i) The terminal N-O bond (ie involving an unco-
ordinated oxygen) is shorter, and the N-O0 bonds, involving
the co-ordinated oxygen atoms, longer than those in the free

ion.

ii)  The .0-N-0 interbond sngle, o, opposite the shorter
metal-oxygen bond is systematically increased from 1200, the
0-N-0 interbond angle, ¥ , subtended by both co-ordinated:
oxygen atoms is decreased from 120° and the third angle,p y
is of intermediate value such that B= 360 - (ot+¥),

presumably to preserve the planarity of the nitrato group.

The contraction of the 0-N-0 interbond angle, ¥ , defined
by both the co-ordinated oxygen atoms, might be considered as
a consequehce of the attraction of the electron clouds of
these atoms by the metal cation. However the 0-N-0 angle is
also reduced for bridging nitrato groups between copper nuclei

(Figure 2.0.1, A and B),
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where the attraction would be expected to increase the angle.
An alternative interpretation consistent with the observed
distortions is given by the valence-shell electron-pair-

repulsion model of Gillespie and Nyholm(lo).

With this model,
as the electron-pairs in the 0-N-0 bonds are polarised towards
the oxygen atoms, it is expected that the repulsion between
these electron-pairs is diminished and thus the angle sub-
tended at‘the nitrogenlatom is reduced. This is apparent when
one compares the two nifrato groups, B and C, given in

Figure 2.0.1, in which the absence of a bridge involving 0(2)
in C, and hence a lower polarization of the N-0(2) bond, leads

to the observed 0(1)-N-0(2) angle in C being closer to the

trigonal value of 1200, than it is in B.

As a third explanation for the observed distortions in
the geometry co-ordinated nitrato groups it may be considered
that since ﬁhe 0~-N-0 interbond angles are not all equal %o
1200; the hybridization of the J-orbitals of the nitrogen
atom no longer constitute three equivalent Sp2 hybrids(ll).

It has been shown(ll) that in the case of a planar molecule
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the hybridization ratio, in a hybrid orbital of the form

8 + Apy is
1
M, = [—cosx/(cos[} cqsx )] 2
and similarly for %b and Ab'

It follows, therefore, that as the 0-N-O angle opposite
a particular bond increases then the amount of p-character (A)
in the nitrogen 6-orbital involved in that bond increases,.
Purthermore, the covalent radius of an atom varies with
hybridization such that it decreases with increasing
s—character(lz) (in an sp"~type hybrid, n{3, this is equiva-
lent to saying that the covalent radius increases with
increasing p-charactier ie rsp3 > rSP2 > rsp). Hence the
longest N-O0 bond is predicted (on the basis of the perturba-
tion of the 6-bonds) to be opposite the largest 0-N-0 inter-
bond angles. Furthermore since the polarization of the
oxygen-nitrogen bond towards the oxygen is expected to increase
with decreasing metal-oxygen (1-0) distances, the largest zngle
should be opposite the shortest i-0 bond. This is in agreement

with the experimental observations.

However, though the predicted order of bond lengths and
angles agree with experiment, the observed changes in bond-
lengths appear to be too great(13) to be solely accountable
in terms of polarization of the nitrato group and rehybridi-
zation of the nitrogen atom. The effect of co-ordination on

the r—system within the nitrato groupn must also be expected to
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affect the bond lengths. A valence-bond consideration of the
changes in m-bonding that occur on co-ordination (Figure 2.0.2)
suggests the same order ie the N-O bond lengths are expected
to be in the order adb>c. Though, in general, this trend is
exhibited by most structufes, in some cases the differences

may not be statistically significant.

One'exception to the above observations results from
the analysis of (PhZMeP)3Cu(N03)(l4) in which the order of the
N-O bonds is reported to be a<b<c. In this case, the reverse
order has been explained in terms of a larger than expected
contribution from a resonance-form of fype ¢ in order to

minimize the charge build—up on the copper atom

Cu Cu

0 0 cu 0w
\N+_—o’ PREN '\Nt—-_.—_-o — \r —30

Such a canonical form is usually considered negligible due to
the adjacency of like charge, and may suggest the absence of
any covalent interaction. Furthermore the total (valence)
bond order estimated from the dimensions of the nitrato group
is 4.6 which exceeds the value of 4.0 of a free nitrate ion
and contrasts with the usual values of~4.0 (Table 2.0.2). There
does not appear to be a satisfactory explanation for this

discrepancy.

The asymmetric monodentate co-ordination and symmetric



..o.N mgsm_u
l

O
/N
oA
N

s )



-32-

Table 2.0.2

Total (valence)

Compound bond~-order*
Co(CyqHy 50N,),(NO5), 4.0
4.0
Co(CH3CN)2(NO3)2 4.0
' 4.0
Co(CSH5N)2(NO3)2 4.1
3.9 B ‘
»00(05H5n)3(No3)2 : 4.0» |
Co(C5H%N)ZCl(NO3) | 3.9 . .
Co(CHBCN)2Cl(NO3) “w. 4.0
Cu(c4H.4N2)(No3)2 3.9
Cu(H20)2(N03)2.0.5H20 ‘ 4.0‘
Ou(C5HsN) 3(N03), | 3.9
Cu(CllHi20N2)2(N03) 3.9
3.8
cuf(CH;) (CgHy) ,F] 5(N05) 4.6

* estimated from the data in original paper (see text)

and Figure 2.0.3
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Figure 2.0.3

A plbt of N-O bond length(}) (ordinate) against

valence bond order (abscissa), after Addison(l).

(4,26)

The following data were used in the plot:

N-0(8) Bond order

HONO 1.46 ~1.00

Nog 1.241 1.33

NOC1 1.140 2.00 ’
No*  1.060 © 3.00°

The polynomial fit to the curve is given by

¥ = 3.459 - 3.310x + 1.552x° — 0.2385x>
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bidentate co-ordination modes may be considered the limiting
cases of increased and decreased asymmetry, respectively, of
the asymmetric bidentate mode of co-ordination. Thus the
distortion observed in these cases may be rationalised in

similar terms.

A discussion of the molecular geometries expected of
nitrato complexes is dominated by the fact that the nitrato
group is a very compact ligand and has a short 'bite' of
approximately 2.18. Thus, the co-ordinated oxygens have a
smaller separation than the sum of their van der Waal's radii
[2.863(162], which would be approximately their closest
approach if they co~ordinated independently. In view of this,
complexes containing bidentate nitrato groups may attain
unusually high co-ordination numbers(17). Thus Ti(IV)(}8),
1mn(11)19), pe(111)(®?) co(11)(®1) ana sn(1v)(?2) are an1
eight co-ordinate in their tetranitrato species, whilst

ce(111)(?3), ce(1v)(®4) ana n(1v)(®5) are all twelve

co—ordinate in their hexanitrato anions.

The stereochemistries of'many of these complexes may be
correlated with those containing simple ligands. Thus, all
the tetranitrato species have four nitrato groups located at
the vertices of somewhat distorted tetrahedra which may be
compared with their tetrachloro analogues. Such stereo-
chemistries may be rationalized by the radius-ratio rules(26),
" assuming a disc of van der Waal's radius 2,318 for the nitfatq

(5)

group and the values for the radii of the cations as listed

by Pauling(27).
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A natural extension of these structural correlations has
been the suggestion(l7’28) that the nitrato ligands be viewed

as occupying only one co-ordination site, situated along the

line joining the central atom to the 'centroid' of the
chelating oxygens, and that the geometry be discussed in
terms of a polyhedron appropriate to the lower co-ordination
number which then results. This concept has been used by

several other workers(18’2l’29"35)

in the interpretation of
the magnetic and spectroscopic properties of complexes, and
also to describe an otherwise grossly-distorted co-ordination
polyhedron. However, apart from the description of the overall
geometries under consideration, it may be better to consider
the bidehtate nitrato group as occupying two co-ordination

sites, particularly in the analysis of the perturbation of

d-orbitals in an asymmetric ligang field(36),

In the following sections, the results of studies on
five novel nitrato-cobalt complexes are reported and

discussed.



2.1 THE CRYSTAL AND MOLECULAR STRUCTURES OF THREE

COMPLEXES OF THE FORM Co(L),01(NC3).

I L = PYRIDINE
II L
IIT L

ACETONITRILE
TETRAHYDROFURAN
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2.1 Experimental and results for I

Bis(pyridine)chloronitratocobalt(II) dimer
Di-p-chloro-tetrakis-(pyridine)dinitratodicobalt (II)

Crystal data

Monomer formula _ CloHlON3O301Co
Formula weight M = 314.6
Crystal system .Triclinic
Unit cell dimensions ' a=,7.586(1)8
b = 11.503(1)R
c = 8.028(8)%
= 99.43(6)°
= 72.68(3)°
= 107.50(2)°
Unit cell volume U = 635.88°>
Measured density . D= 1.63 g cm™3
Number of monomers  per unit cell Z =2
Calculated density D,= 1.64 g em™3

Number of electrons per unit cell P(000) = 318

Linear absorption coefficient 'ﬂ(Mo-K&) = 16.1 cm T

Space group Pl (Ci, No. 2)



-38-

Data collection

Radiation used

Filter

Upper limit for data collection
Number of 'independent reflections
Unobserved cut-off

Number of parameters refined

Number of reflections per parameter

Mo-Kx, M= 0.71069%

Graphite monochromator,
2

cos 20m = 0.965
_ o

zgmax = 54

m = 2201

261

n = 203

m/n = 10.8
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Structure Determination

The unit cell dimensions and the absence of any
symmetry or systematic absences in the diffraction data
suggested the possible space groﬁps Pl or Pl. The low
frequency i.r. spectrum indicated that the complex contained
bridging chlorine atoms, and was hence a dimer(37). The
space—groﬁp was therefore assumed to be Pi, a choice which
was subsequently vindicated by successful refinement of the

model with no anomalous effects.

The structure was resolved by a combination of
Patterson and Fourier techniques. The co-ordinates of the
cobalt and chlorine atoms were obtained from an analysis of
the peaks in a sharpened, origin-removed vector map. The
atoms were assigned isotropic thermal parameters equal ﬁo
the overall thermal parameter ( U = 0.03532), obtained from
a Wilson plot, and used to phase the observed structure
factor moduli in a calcﬁlation of the electron density
distribution, which revealed the sites of all non-hydrogen

atoms,

Structure Refinement

Prior to least-squares refinement all atoms were
assigned isotropic thermal parameters (Uiso = 0;0632).The
full-matrix least-squares refinement of positional, thermal
and scale parameters converged after 19 cycles when R was

0.024 and R'(:ZWA2/ZWF(2)) was 0.00096. Full details of the
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course of refinement are given in Table 2.1.1, Initially
unit weights were applied to all reflections. In later
stages weights given by the expression

w = (0.2446 - 0.03074 |F| + 0.00179 [F | 2)~1
were applied. The coefficients of the quadratic expression
were obtained from a least-squeares fit of a + b‘Fd + c]Fo]2
to the distribution of /wﬂ?} with<|Fl> obtained from an
analysis of wA? with in --Lsing |F|. This weighting schemne
leads to an approximately constant <?A?> with increasing

|FJ and sin ©.

A difference synthesis after cycle 5 revealed residual
electron density peaks in positions which were stereochemically
acceptable for hydrogen atoms. Hydrogen atoms were therefore
introduced at those sites and assigned thermal parametefs
equal to those of the adjoining carbon atom after cycle 5.

In the later stages of refinement corrections for the
anomalous.diSpersion of cobalt and chlorine were applied,
but did not contribute to any significant changes in the

model.

The refinement was assumed complete when the parameter-
shifts calculated by a cycle of least-squares refinement were
insignificant compared to the corresponding estimated standard
deviations., A final difference synthesis showed no errors in
the model, the highest peak in the residual electron-density
distribution being O.3e/K3. In all structure-factor cal-
culations the atomic scattering factors for cobalt were taken

from 'International Tables for X-Ray Crystallography,

Vol 111(06)
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those for chlorine, nitrogen, oxygen and carbon were computed
from numerical Hartree-Fock wave functions(67), whilst the
scattering factors for hydrogen were those given by
Stewart(68). Observed and final calculated structure factors

are listed in Appendix I.

A general view of the dimer illustrating the thermal
ellipsoids(69) and giving the atomic numbering scheme is
given in PFigure 2,1.1, A view of the unit cell contents along
a is given in Figure 2.1.2. The final fractional co-ordinates
and thermal parameters of all atoms are given in Table 2,1.2.
The values of Uij refer to the anisotropic temperature factor
expression given in Part I. Bond lengths, valence angles and
other relevant intra- and intermolecular data are given ih

Table 2,1.3 and Table 2.1l.4.
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Pigure 2.1l.1

A general view of I giving the atomic numbering
scheme. Hydrogen atoms are numbered as the atoms

to which they are bonded.
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Figure 2.1.2 .

The molecular packing of I viewed along the

a axis.
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2.2 Experimental and results for II

Bis(acetonitrile)chloronitratocobalt(II) dimer

Diﬁp—chloro-tetrakis-(acetonitrile)dinitratodicobalt(II)

Crystal data

Monomer formula
Formula weight
Crystal system

Unit cell dimensions

Unit cell volume

Measured density

Number of monomers per unit cell

Calculated density

Number of electrons per unit cell

Linear absorption coefficient

Space group

Equivalent positions

C4H6N 0,ClCo

373
M = 238.5
Monoclinic
a = 10.222(1)R
b= 8.218(1)%"
¢ = 11.118(1)8
B=95.945(6)°
U = 928.98°>

D= 1.70 g em™3
2 =4
D= 1.705 g cm™>

F(000) = 476
p(lio-K,) = 21.8 em™t
P21/h

X, Y, Z

2 +X, 2~-Y, 5+2
-X, =Y, -Z

$4-X 3+Y,$-12
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Data collection

Radiation used Mo-K,, »= 0.71069%
Filter ' Zirconium

Upper limit for data collection 20 ., = 50°

Number of independent reflections m = 1038

Unobserved cut-off 26I

Number of parameters refined n = 109

Number of reflections per parameter m/n = 9.5
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Structure Determination

The space group is uniquely determined by its syste-

matic absences (h(Ql when h + 1 is odd and OkO when k is odd).

The structure was resolved by a combination of
Patterson and Fourier techniques. The co-ordinates of the
cobalt and chlorine atoms were obtained from an analysis of
the peaks in a sharpened, origin-removed vector map. The
latoms were assigned isotropic thermal parameters equal to the
overall thermal parameter (U = 0.03922), obtained from a
Wiléon plot, and used to phase the observed structure factor
moduli in a calculation of the electron density distribution,
which revealed the sites for the acetonitrile étoms. Two
further electron density calculafions revealed the sites of

all the non-hydrogen atoms.

Structure Refinement

Prior to least-squares refinement all atoms were assigned
isotropic thermal parameters (UiSO = 0.0532). The full matrix
- least-squares refinement of positional, thermal and scale
parameters converged after 16 cycles when R was 0,049 and R'
was 00,0024, PFull details of the course of refinement are
given in Table 2.2.1., Initially unit weights were applied to
all reflections. In later stages weights given by the
expression

w=(a+b|F| + c|Fo|2 + 3sin 9)—1

ol
were applied, where the coefficients were obtained from
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an analysis of the distribution of wAZ> with <|F]> and sin O.
The final values for the coefficients were a = 5,713,

b = -0.2419, ¢ = 0.0032, This weighting scheme leads to an
approximately constant <wA2> with increasing 'Fd and sin ©.

A difference synthesis after cycle 9 revealed residual electron
density peaks in positions which were stereochemically
acceptable for hydrogen atoms. Hydrogen atoms were intro-
duced at these sites and assigned isotropic thermal parameters
equal to those of the adjoining carbon atom after cycle 5.

- The hydrogen atom parameters would not refine in a satisfactory
manner, and after cycle 12 new ppsitional co-ordinates for
hydrogen atoms were calculated, and H atoms were introduced

at these sites with isotropic temperature factors of 0.0682;
but not refined., In the later stages of refinement corrections
for the anomalous dispersion of cobalt and chlorine were
applied,’but the corrections did not lead to any significant

changes in the model,

The refinement was assumed complete when the parameter-
shifts calculated by a cycle of least-squares refinement were
insignificant compared to the corresponding estimated standard
deviations., A final difference synthesis showed no errors in
the model the highest peak in the residual electron density
distribution being O.4e/R3. In all structure factor cal-
culations the afomic scattering factors for cobait were taken
from 'International Tables for X-Ray Crystallographyyv°111f66),
those for chlorine, nitrogen, oxygen and carbon were computed
from numerical Hartree-Fock wave functions(67), whilst the

scattering factors for hydrogen were those given by Stewart(68).
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Observed and final calculated structure factors zre listed in

Appendix IT.

A general view of the dimer illustrating the thermal
ellipsoids(69) and giving the atomic numbering scheme is
given in Figure 2.2.1. The crystal packing arrangement viewed
along b is given in Figure 2.2.2., The final fractional
co-ordina%es and thermal parameters of all atoms are given in
Table 2.2.2, The values of Uij refer to the anisotropic
temperature factor expression given in Part I. Bond lengths
valence angles and other relevant intraf and intermolecular

data are given in Table 2.2.3 and Table 2.2.4.
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Figure 2.2.1

A general view of II showing the atomic numbering
scheme. Hydrogen atoms are numbered as the atoms

Yo which they are bonded.
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Figure 2.2.2

The molecular packing of II viewed along the

b axis.
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2.3 Experimental and results for III

Bis(tetrahydrofuran)chloronitratocobalt(II) dimer

Di- —chloro—tetrakis-(tetrahydrofuran)dinitratodicobalt(II)

Crystal data

Monomer formula
Formula weight
Crystal system

Unit cell dimensions

Unit cell volume

Measured density

Number of monomers per unit cell
Calculated density

Number of electrons per unit cell
Linear absorption coefficient
Spaée group

Equivalent positions

CgH, gONC1CO
M = 300.6
Monoclinic

a= 9.529(4)%
b = 8.028(2)8
¢ = 17.347(3)R
p=100.84(3)°
U = 1303.383

D = 1.52 g cm™>
Z = 4
D= 1.53 g em™3

F(000) = 620
,F(MO-K“) = 15.8 em™t
le/h

X, Y, Z

2+X 5-Y, 5+ 12
-X, =Y, =2

3 -X, 3+Y,%-2
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Data collection

Radiation used

Filter

Upper 1limit for data collection
Number of independent reflections
Unobserved cut-off

Number of parameters refined

Number of reflections per parameter

Mo-K,, M= 0.710698
Zirconium

_ o
29max = 50
m = 1267
20’1
n = 145

m/n = 807
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Structure Determination

The space group is uniquely determined by its systematic

absences (hOl when h + 1 is odd and 0kO when k is odd).

The structure was resolved by a combination of
Patterson and Fourier techniques. The co-ordinates of the
cobalt and chlorine atoms were obtained from an analysis of
the peaks in a sharpened, origin-removed vector map. The
atoms were assigned isotropic thermal parameters equal to
the overall thermal parameter (U = 0.0332), obtained from a
Wilson plot, and used to phase the observed structure factor
moduli in a calculation of the electron density distribution,

which revealed sites for all non-hydrogen atoms,

Structure Refinement

Prior to least-squares refinement all atoms were
assigned isotropic thermal parameters (Uiso = O.O5ﬂ2). The
full matrix least-squares refinement of positional, thermal
and. scale parameters converged after 15 cycles when R was
0.057 and R' was 0.,0044., Full details of the course of
refinement are given in Table 2.3.1. Initially unit weights
were applied to all reflections. In later stages weights
given by the expression

w = (2.801 - 0.1314F | + 0.0029|F | %)™t
were applied. The coefficients of the quadratic expression
+ c|FO|2

were obtained from a least-squares fit of a + b|Fo'

to the distribution of <wA2> with <|F OD obtained from an
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analysis of WA? with increasing |Fo|. This weighting scheme
leads to an approximately constant <WA?> with increasing

|Fd and sin 6.

A difference synthesis after cycle 4 did not reveal any'
residual electrbn density in positions which would be stereo-
chemically acceptable for hydrogen atoms. Therefore positions
for the hydrogen atoms were calculated and their calculated
co-ordinates, together with isotropic thermal parameters equal
to those of the adjoining carbon atom after cycle 4, were used
as fixed contributors to the structure factors. These co-
ordinates were re—calculated in later stages of refinement.

In the later stages of refinement corrections for the
anomalous dispersion of cobalt and chlorine were applied, but
the corrections did.not lead to any significant changes in the

model,

The refinement was assumed complete when the parameter-
shifts calculated by a cycle of least-squares refinement weré
insignificant compared to the corresponding estimeted standard
deviations. A final difference synthesis showed no errors in
the model, the highest peak in the residual electron density
distribution being 0.35e873. 1In all structure factor cal-
culations the atomic scattering factors were taken from
'International Tables for X-Ray Crystallography,Vol lll'(66),
those for chlorine, nitrogen, oxygen and carbon were computed
from numerical Hartree-Fock wave functions(67), wnilst the
scattering factors for hydrogen were those given by Stewart(68).

Observed and final calculated structure factors are listed in
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Appendix IITI.

A general view of the dimer illustrating the thermal

ellipsoids(69)

and giving the atomic numbering scheme is given
in Figure 2.3.1. The crystal packing arrangement viewed along
b is given in PFigure 2.3.2. The final fractional co-ordinates
and thermal parameters of all atoms are given in Table 2.3.2.
The valueé of Uij refer to the anisotropic temperature factor
expression given in Part I. Bond lengths, valence angles and

other relevant intra- and intermolecular data are given in

Table 2.3.3 and Table 2.3.4.
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Figure 2.3.1

A general view of III showing the atomic numbering
scheme. Hydrogen atoms are numbered as the atoms

to which they are bonded.
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Figure 2.3.2

The ﬁlolecular'packing of III viewed along the

b axis.
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2.1 Discussion of I, IT and III

The three analyses have revealed that the complexes
possess dimeric structures with crystallographic Ci
symmetry. The dimers consist of two octahedral monomeric
units sharing a meridional edge defined by the two bridging

chlorine atoms.

B(1)"

L(2)

The two monodentate ligands (L) are cis, occupying an axial
and an equatorial site, the remaining two equatorial sites
being occupied in each case by a bidentate nitrato group.

The presence of bridging chlorine atoms is in accordance with

the'predictions made from infra-red studies(37).

The present description of the dimer as two octahedra
sharing a meridional edge (ie an axial and an equatorial site)
is suggested by various considerations. PFirstly, of the three
possible choices for the equatorial plane, only the set of
atoms consisting of Cl, L(2), 0(1) and 0(2) are seen to be
quasi-planar (Tables 2.1.4, 2.2.4 and 2.3.4). Thus the sum of

the valence angles subtended at the cobalt atom is 360.00,
359.9° and 360.1° in I, II and III respectively.
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Secondly, such a choice immediately suggests that the larger
angular distortions (40 - 30°) from ideal octahedral geometry
are associated with the short 'bite' of the nitrato group(l).
Thus the Cl-Co-0(2) valence angles, 103.38(5)°, 101.4(2)° and

0 104.4(4)° in I, II and II respectively, are not markedly
different, the steric requirements of the associated ligands
being the same in the three complexes, and yet are considerably
greater than 90°. The C1l-Co-L(2) valence angles, 105.00(5)°,
95.3(2)° and 99.9(2)° in I, IT and III respectively,however,
differ markedly from the octzhedral values and significantly
from each other, presumably due to the different steric
requirements of the respective ligands for occupying the extra
space around the central atom made available through the 'bite!

of the nitrato group(l).

.Although the cobait atom is 6 co-ordinate in each
complex, the co-ordination geometries are severely distorted
from octahedral, particularly in the equatorial planes. It has
been suggested(18’21’28-35) that for complexes containingva
bidentate group the description of the molecular geometry is
simplified by considering the bidentate group as occupying
only one co-ordination site (situated at the 'centroid' of the
chelating atoms) about the metal ion. Although such a con-
cept has its 1imitations(l), and may perhaps even be
unnecessary(31) this assumption of a geometry based on a lowver
co—ordination number is known to correlate well with the
observed spectral and magnetic properties(3o). Furthermore
applying this concept to the molecules under discussion

provides an alternative interpretation of +the observed
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stereochemistries. If the 'centroid', G, of the chelating
oxygens is taken as lying along the Co-N vector (where I is
the central atom of the nitrato group) then Co, G, C1l and I(2)
are found to be quasi-planar (Tables 2.1.4, 2.2.4 and 2.3.4),
the meximum deviation from the plane being 0.0293(2),
0.024(1) znad 0.041(6)3 in I,II and III respectively, with

€cl' andI{1) above z2nd below the plane thus leading to a
geometry ﬁhich is very close to that of a trigonal bipyramid.
The angles within the plane for I, II and III are :

C1-Co-G 132.63(4)°, 131.1(2)°, 134.1(2)° ;

C1-Co-L(2) 105.00(5)°, 95.3(2)°, 99.9)° ;

L(2)-Co-G 122.36(6)°, 133.5(2)°, 126.0(3)° ; +the sum of

which add up to 360° in all three cases.

The equatorial Co-Cl bonds do not differ significantly
from each other being 2.361(1), 2.363(2) and 2.372(2)% in I,
II and III r;spectively. They are, however, relatively short
compared to the Co-Cl bonds, 2.405(6)%, in Co(C,H,N,),01,
(octahedral, tetramer, Cl non—bridging)(38) and even more SO
when compared to the Co-Cl bonds, 2.50(1)%, in.oé—Co(py)ECl2
(octahedral, polymer, Cl bridging)(39). The axial Co-Cl!
bonds are, however, significantly different being 2.523(1),
2.464(2) and 2.447(2)R respectively, and are also significantly
longer than the respective equatorial bonds, the difference
between the Co-Cl' (axial) and the Co-Cl (equatorial) bonds
being 0.16, 0.10 and 0.08% in I, IT and III respectively.
Thus the bridging chlorine atoms are markedly asymmetric with
respect to the cobalt atoms in the dimer. This contrasts

with the symmetric chlorine bridges in p—dichloro-bis
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(4—vinylpyridine) cobalt(II)(4O) and o—dichloro-bis (pyridine)
cobalt(I1)(39), in which the Co-Cl bond lengths are 2.51(2)
and 2.50(1)2 respectively. However ¥-dichloro bis (pyridine)
cobalt(II)(Bg), which is related to the «form via a
reversible solid-state phase transformation at about 150K,
exhibits asymmetric bridging (2.435(5) and 2;507(5)8). That
the phase-change results in a significant increase in density
(ca. 4.4%} and is accompanied by shortening of intermolecular
contacts by up to O.9ﬁ suggests that the asymmetry may =zrise
partly as a result of intermolecular interactions. It may be
significant that the least asymmetric of the chloronitrato
complexzes being discussed (ie III) has no intermolecular

contacts less than 3.553.
In so far as the trigonal bipyramidal model is geo-
metrically plausible, it is of intverest that the distortions

of the cobalt ligand bond lengths may then be considered as

axial elongzations in this model.

(1)

L(1)
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Thus besides the above mentioned bonds, the axial Co-N(1)
bond in I, 2.147(2)3, is significantly»longer than the
equatorial Co-N(2) bond, 2.083(2)3. Similarly in III the
axial Co-0(11) bond, 2.104(6)R is significantly longer than
the equatorial Co-0(21) bond, 2.056(5)%. Such a distortion
was the mechanism suggested by Zemann(4l’42) for minimizing
ligand-ligand repulsions in a trigonal bipyramid. The sig-
nificance of the steric requirements of the pyridine ligands
in I and the tetrahydrofuran ligands in III is emphasised by
the cobalt-acetonitrile Co-N bonds in II. Thus the steric
requirements of a linear acetonitrile group in the immediate
neighbourhood of the cobalt atom are no more than that of a
sharp (narrow) cone, and the two Co-N bond lengths, 2.092(6)
and 2.094(6)3 are experimentally equal. It is also signifi-
cant that in bis(pyridine) dinitratocobalt(I1)(43) ana
bis(acetonit?ile) dinitratocobalt(ll)(43), in which the
presence of two bidentate nitrato groups leads to two pairs
of octahedral sites being constrained to subtend an angle
less than 60° at the cobalt, and hence to make available to
the monodentate ligands a greater region of the co-ordination
sphere, the four Co-N bond lengths, 2.054(4), 2.053(4),
2.054(3), 2.049(3)R, are experimentally identical.

The nitrato groups in I, II and III are virtually planar
(Tables 2,1.4, 2.2.4 and 2.3.4) and their relative internal
geometries do not show any statistically significant differences.
- As is often found in nitrato complexes(l), the nitrato groups
show slight but significant polarisation effects as a result

of cobalt-oxygen co-ordination. This is most clearly evident
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in I, and to a less significant extent in II where the N-0
bonds associated with co-ordinate oxygen atoms [N(3)—O(l)
1.260(2) and 1.265(9)% respectively and N(3)-0(2) 1.261(2)

and 1.263(9)R respectively] are significantly longer than

the terminal N(3)-0(3) bonds [1.219(3) and 1.202(9)%
reSpectively]. lloreover, the 0-N-O0 valency angles differ

from the ideal value of 120° in the expected manner, with the
largest angle opposite the shortest cobalt-oxygen bond. The
Co-0-N angles are also markedly less than the value of 1100(44)
obtained for normal unidentate co-ordination, and hardly differ .
from a value of 92.5o which would be expected for symmetrical
Bi-dentate co-ordination to cobalt. The bond legnths and
valency angles within the two crystallographically independent
pyridine rings of I are experimentally equal (Table 2,1.3) and
are in agreement with the corresponding values found in other

complexes(43j45) (46).

and those reported for free pyridine
Although the rings are planar within the limits of the accuracy
of the analyses, the cobalt atom is removed from the planes of
the pyridine rings by 0.051% (in the direction of N(2)) from
the mean plane through the N(1)-C(15) ring and by 0.0852% (in
the direction of N(1)) from the mean plane through the N2)-C(25)
ring (Table 2.1.4). This may well result from crystal packing
effects(47). The dihedral angle between the mean planes

through the pyridine rings is 69.6°.

The geometries and dimensions of the two acetonitrile
groups in II are in agreement with the values found in other
co~ordination compounds(48) and with those reported for free

acetonitrile(49). The ligands are linear within experimental
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error but the Co-N-C angles differ from each other, 176.0(6)O
and 167.4(6)°, the latter indicating a geometrically signifi-
cant distortion from co-linearity of the cobalt and ligand
moiety. Such distortions have often been noted(43’5o) and
have been attributed to intermolecular crystal packing

effects(51).

The atoms constituting the two tetrahydrofuran ligands
in III are characterised by very high anisotropic thermal
parameters with the major axis of the thermal ellipsoids
approximately perpendicular to the planes defined by the pair
of bonds from each atom to the adjoining non-hydrogen atoms.
Moreover, the atoms in both rings do not deviate significantly
from their mean plane (Table 2.3.4) and the sums of the endo-
cyclic angles are 538.2° and 539.7°. These results contrast
with the geometries and internal dimensions observed in other

complexes with THF 1igands(52)

and are suggestive of disorder.
The conformation of THF has been extensively studied and it is
known that there are two principal conformations, an envelope
conformer (CS symmetry) and a twist or half-chair cdnformer
(C2 symmetry). The latter possesses the lower energy, but by
only O.lkcal.mol—l(53), and the two conformations are inter-
convertible by a dynamic process of "pseudorotation™. This
gives rise to two possibilities for the crystal of III.
Firstly, that a dynamic equilibrium between conformers still
exists in the crystal or secondly, that the crystal contains

. a statistical distribution of both conformers and/or of
different orientations of a conformer. Both these hypotheses
are revealed as disorder in an X-ray diffraction experiment

and are thus indistinguishable. However, vibrational
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(infra red and Raman)spectroscopy may and usually does allow

(54)

such a distinction to be made

In I the plane of the bidentate nitrato group is inclined
at 174.1° to the 0(1), 0(2), Co plane; the folding about the’
0(1)...0(2) line of 5.9° being towards N(1). Inspection of
the intermolecular contacts (Table 2.1.3) shows that the
nitrato gfoup is involved in four close contacts 3.4ﬂ with
the pyridine (N(2)-C(25)) ligand of an adjacent dimer, which
is on the side of the nitrato group remote from N(1). In the
absence of such folding, presumably the C...0 contacts would
be too short. This sterically induced folding would account
for the cobalt atom being displaced in the direction of N(1)
by 0.1961(2)3 from the mean pléne through the nitrato group.
In II the short intermolecular contacts involving the nitrato
group are. such that the interactions are practically co-planar
with the nit}ato group (Table 2.2.3 see also Figure 2.2.2).
The observed fold about the 0(1)...0(2) line is 1.0° (Table
2;2.4) which is hardly significant. It is of interest that iﬁ
ITI, in which there are no short contacts, the cobalt atom is

coplanar with the nitrato group (Table 2.3.4).

In the molecular structures, all the groups are arranged
so as to minimize steric interactions. Apart from those inter-
molecular distances already mentioned, all other separations
are greater than or equal to the sum of the relevant van der

Wlaal's radii.
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2.4 Experimental and results for IV

Bis(acetonitrile)dinitratocobalt(II)

Crystal data

Molecular formula
Molecular -weight
Crystal system

Unit cell dimensions

Unit cell volume

Measured density

Number of molecules per unit cell
Calculated density

Number of electrons per unit cell
Linear absorption coefficient

Space group

Data collection

Radiation used

Filter

Upper limit for data collection

Number of independent reflections
- Unobserved cut-off

Number of parameters refined

C4H606N4Co
M = 265.0
Orthorhombic

15.291(1)8
16.539(2)R
8.085(3)8
U = 2044.683

D

a

o’
n

(¢)
]

1.73 g em™

= 8

D= 1.722 g cn™>
F(000) = 1064
MMo-K,) = 17.6 cm

1
22, No. 61)

N

1

Pbea (D

Mo-K,, M= 0.710698

Graphite monochromator,
2

cos ZOm = 0.965
_ £40

2emax = 54

m = 1228

261

n = 160

Number of reflections per parameter m/n = 7.7
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Structure Determination

The space group is uniquely determined by its systematic
absences (Okl when k is odd, hOl when 1 is odd and hkO when
h is odd).

The structure was resolved by a combination of
Patterson and Fourier techniques. The co-ordinates of the
cobalt atom were obtained from the Harker sections in a
sharpened, origin-removed vector map. The cobalt atom was
assigned an isotropic thermal parameter equal to the overall
thermal parameter (U = 0.02882), obtained from a Wilson plot,
and used to phase the observed structure factor moduli in a
calculation of the electron density distribution, which
revealed sites for the atoms making up one nitrate group.

A further 91pctron—density calculation, with the phasing
appropriate to the known partial structure, revealed sites

for all non-hydrogen atoms.

Structure Refinement

Prior to least-squares refinement all atoms were
assigned isotropic thermal parameters (UiSO = 0.0482). The
full matrix least-squares refinement of positional, thermal
and scale parameters converged after 16 cycles when R was
0.031 and R' was 0.0015. Full details of the course of
refinement are given in Table 2.4.1. Initially unit weights
were applied to all reflections. In later stages weights

given by the expression
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w = (3.686 - 0.2076|F | + 0.0045|F | %)™t
we;e applied. The coefficients of the quadratic expression
were obtained from a least-squares fit of a + b‘FOI + c[Fo‘z
to the distribution of’<wb€> with <lFOD obtained from an
analysis of wA® with increasing |F°L This weighting scheme

leads to an approximately constant WA3> with increasing lFJ

and sin 6.

A difference synthesis after cycle 11 revealed residual
electron density peaks in positions which were stereochemically
acceptable for hydrogen atoms. Hydrogen atoms were intro-
duced at these sites and assigned isotropic thermal parameters
equal to those of the adjoining carbon atom after cycle 6. In
the later stages of refinement a correction for the anomalous
dispersion of cobalt was applied, but did not lead to any

significant changes in the model.

The refinement was assumed complete when the parameter-
shifts calculated by a cycle of least-squares refinement were
insignificant compared to the corresponding estimated standard
deviations., A final difference synthesis showed no errors in
the model, the highest peak in residual electron density
distribution being O.26e/ﬁ3. In all structure factor cal-
culations the atomic scattering factors were taken from
'International Tables for X-Ray Crystallography,Vol 111'(66).

Observed and final calculated structure factors are listed in

"~ Appendix IV.

A general view of the molecule illustreting the thermal
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ellipsoids(69)

and giving the atomic numbering scheme is
given in Figure 2.4.1. The crystal packing arrangement viewed
along ¢ is given in Figure 2.4.2., The final fractional
co-ordinates and thermal parameters of all atoms are given

in Table 2.4.2. The values of Uij refer to the anisotropic
temperature factor expression given in Part I. Bond lengths,

valence angles and other relevant intra- and intermolecular

data are given in Table 2.4.3 and Table 2.4.4.
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- Pigure 2.4.1

A general view of IV showing the atomic numbering
scheme. Hydrogen atoms (not shown) are numbered

as the atoms to which they are bonded.
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Figure‘2.4;2‘

The molecular packing of IV viewed along the

¢ axis.,
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2.5 Experimental and results for V

Bis(pyridine)dinitratocobalt(II)

Crystal data

Molecular formula
Molecular weight
Crystal system

Unit cell dimensions

Unit cell volume

Measured density

Number of molecules per unit cell
Calculated density

ﬁumber of electrons per unit cell
Linear absorption coefficient

Space group

Data collection

Radiation used

Filter

Upper limit for data collection
Number of independent reflections
Unobserved cut-off

Number of parameters refined

010H1006N4Co

M = 341.1
Monoclinic

a = 12.082(1)%
b = 8.036(6)%
c = 14.498(2)R
B = 90.134(8)°
U = 1407.783
D= 1.61 g cn™>
Z =4

D= 1.609 g em™3
F(000) = 692

ﬂiMo—K“) = 13.0 cm™t

p2,/c (C3,, No. 14)

Mo-K,, A= 0.71069%
Graphite monochromator,
2 —
cos 20m = 0.965
_ o
29max = 54
m = 1237
26I
n = 231

Number of reflections per parameter m/n = 5.4
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Structure Determination

The space group is uniquely determined by its systematic

absences (hOl when 1 is odd and OkO when k is odd).

The structure was resolved by a combination of
Patterson and Fourier techniques. The co-ordinates of the
cobalt atom were obtained from the Harker sections in a
sharpened, origin-removed vector map. The cobalt atom was
assigned an isotropic thermal parameter equal to the overall
thermal parameter (U = 0.0382), obtained from a Wilson plot,
andvused to phase the observed structure factor moduli in a
calculation of the electron density distribution, which ,

revealed sites for all non—hydrogeh atoms,

Structure Refinement

Prior to least-squares refinement all atoms were

assigned isotropic thermal parameters (Uiso

least-squares refinement of positional, thermal and scale

= 0.0582). The

parameters converged after 20 cycles when R was 0.034 and R!
was 0.,0014., Full details of the course of refinement are
given in Table 2.5.1. The refinement of H atom parameters
necessitated the use of the block diagonal approximation to
the normsl equation matrix because of computer-store limita-
tions, Twoblocks vere used . Initially unit weights were applied to
all reflectioné. In later stages weights given by the
expression

W= (1.913 - 0.0642|F | + 0'0012|F0|2)-1




-102-

were applied. The coefficients of the quadratic expression

were obtained from a least-squares fit of a + bIFol + c[FOIZ
to the distribution of <WA2> with <| FOD obtained from an
analysis of wA  with increasing IFOI' The weighting scheme
leads to an approximately constant <WA?> with increasing

‘Fo‘ and sin 0.

A difference synthesis after cycle 5 revealed residual
electron density peaks in positions which were stereochem;cally
acceptable for hydrogen atoms. Hydrogen atoms were intro-
duced at these sites and assigned isotropic thermal parameters
of 0.05ﬁ2. In the later stages of refinement a correction for
the anomalous dispersion of cobalt was applied, but did not

lead to any significant changes in the model,

The refinement was assumed complete when the parameter-
shifts calculated by a cycle of least-sguares refinement were
insignificant compared to the corresponding estimated standard
deviations., A final difference synthesis showed no errors in
the model, the highest peak in the residual electiron density
distribution being O.22e/ﬁ3. In all structure factor cal-
culations the atomic scattering factors were taken from
'International Tables for X-Ray Crystallography,Vol 111'(66).

Observed and final calculated structure factors are listed in

Appendix V.

A general view of the molecule illustrating the thermal

(69)

ellipsoids and giving the atomic numbering scheme is given

in Figure 2.5.1. The crystal packing arrangement viewed along
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b is given in Figure 2.5.2. The final fractional co-ordinates
and thermal parameters of all atoms are given in Table 2.5.2.
The values of Uij refer to the anisotropic temperature factor
expression given in Part I, : ~ Bond lenths, valence
angles and other relevant'intra- end intermolecular data are

given in Table 2.,5.3 and Table 2.5.4.
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- Pigure 2.5.1

A general view of V showing the atomic numbering
.scheme.' Hydrdgen atoms (not shown) are numbered

as the atoms to which they are bonded..
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Figure 2.5.2

The molecular packing of V viewed along the

:k_). axis .
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2.11 Discussion of IV and V

The analyses of IV and V reveal that the complexes
possess monomeric structures in which the cobalt atom is
6 co-ordinate. Both nitrato groups are bidentate ligands,
and are equally asymmetric with respect to the cobalt atom.
The overall molecular features of the complexes are very
similar t6 those of Co(MePO)z(N03)2(34), as had been proposed

by Lever(3l).

The cobalt-nitrogen (amine) distances [2.054(3) and
2,049(3)R in IV and 2.054(4) and 2.053(4)3 in V] are all
experimentally equal. This contrasts with the expectation
that Co-N(sp) bond lengths would be significantly shorter
than‘Co—N(sz) bond lengths, particularly in view of the
greater steric requirements of a pyridine ligand relative to
an acetonitrgle ligand. The Co-N (acetonitrile) distances in
v [2.054(3) and 2.049(3)2) are significantly longer than the
Co(11)-N(sp) distance of 1.952(5)R in the tetrahedral
[CO(NCS)4]2"comp1ex—ion(55), and is in agreement with the
[CO(NCS)4]on that metal-ligand distances increase with

(56)

co~-ordination number y presumably due to steric require-
ments of the extra ligands. The Co-N(py) distances in V
[2.054(4) and 2.053(4)R] are significantly shorter than the
corresponding distances in Co(py)3(N03)2 [2.152(9) and
2.124(11)&] , which is 7 co—ordinate(ss), again suggesting

a bond-length dependence on co-ordination number.

The nitrato groups in IV are both equally asymmetric
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with respect to the cobalt atom. Thus the short Co-0 bonds
[2.054(3) and 2}055(3)2] and the longer Co-O bonds [2.204(3)
and 2.197(3ﬁﬂ are respectively experimentally equal. The
asymmetric disposition of the N(4)-nitrato group is
paralleled by an asymmetric distortion of the nitrato group
which is in agreement with the theory outlined in the intro-
ductory discussion. Thus the longest N-0 bond [N(4)—O(41),
1.290(4)8] involves the oxygen atom which exhibits the shorter
co-ordination distance to cobalt [bo-0(41) 2.055(3)R] , and is
also opposite the largest 0-N-0 interbond angle
[0(42)-N(4)-0(43), 124.3(4)°). The N(4)-0(42) is significantly
shorter [1.239(5)3] and is opposite the intermediate angle
(0(41)-1(4)-0(43), 120.4(4)°]. The shortest N-O bond
ﬁﬁ(4)—0(43) 1.209(5)3] involves the unco-ordinated oxygen
atom, and is also opposite the smallest angle
(a1)-1(4)-0(42) 115.3(3)°). 4 similar trend is exhibited

by the N(3)-nitrato group, but the estimated standard devia-

tions renders the differences less significant.

In V the nitrato groups are also asymmetrically dis-—
posed with respect to the cobalt atom, but to an extent which
is more marked than in IV. Thus the differences in fhe
chelating Co-0 bonds are 0.15 and 0.14% in IV, but are 0.21
and 0.21% in V. Since the steric reqguirements of pyridine
ligands are greater than for acetonitrile ligands, and since
it is known(57) that an amine-ligand co-ordinates more
‘effectively than the oxygen of a nitrato group, it is not
unexpected that the degree of‘asymmetry in V is greater than
it is in IV. As in IV, the asymmetric disposition of the

nitrato groups in V is paralleled by an asymmetric
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distortion of the nitrato groups, with the 1argest 0-N-0
interbond angles [0(32)-N(3)-0(33) 124.3(5)°, 0(42)-n(4)-0(43)
122.6(5)0] opposite the shorter cobalt-oxygen disténce
[Co-0(31) 2.062(4)&, Co-0(41) 2.074(4)R); the terminal N-O
bonds [M(3)-0(33) 1.223(7)&, N(4)-0(43) 1.226(7)8) being
generally shorter than the N-0 bonds involving co-ordinated
oxygens., However the estimated standard deviations render

the individual differences insignificant.

In both complexes the nitrato groups are experimentally
planar, with the cobalt atom deviating significantly from the
mean planes [0.096(1) and 0.101(1)% in IV and 0.131(1) and
0.018(1)% in V], (Tables 2.4.4 and 2.5.4). This is similar to
the cases in most nitrato complexes and is attributable to a
folding about.the line joining the co-ordinating oxygens,
presumably due to intermolecular non-bonding interactions
(see discussion of I, II and III). The dihedral angles
between the mean planes through the nitrato groups are 86.5°
and 83.40 in IV and V, which are comparable to the analogous
values for other cis 6 co-ordinate complexes of the form
ML, (NO3), eg 80.1° in Co(Me3PO)2(NO3)2(34), 80.0° in
Co(CllleNzo)é(NO3)2(58), and 80.7° in Zn(CllleNQO)Z(NO3)2(59).

The geometries of the two pyridine rings in V are
experimentally identical to each other (Table 2.5.4) and are

in agreement with the geometries found for pyridine ligands in

(43,45)

other complexes and for free pyridine (46). The cobalt
also deviates significantly from the mean planes through the

pyridine rings [p.017(1) and 0.095(1)3], presumably due to
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(47)

crystal packing effects Similar deviations [9.07 and

o.1oX] have been observed in Zn(py)z(NO3)2(6o). The pyridine
and nitrate groups are approximately staggered such that

steric effects within the molecule are minimised.

The dimensions of the acetonitrile ligands in IV are
experimentally identical to the corresponding values observed

in BF,.NCCH, and BGL,.NCH.(48). Gomparison of the C-N bond

3 3 3 3
distances in the co-ordinated acetonitrile groups (1.131(5)

and 1.125(5)2) with the corresponding C-N distance bé,l.l55(2)ﬂ
(49)

observed in free acetonitrile may indicate that a small
and possibly significant(48’61) C-N bond shortening has
occurred on co-ordination. This observation is possibly
relevant to the origin.of the‘general increase(62) in C=
stretching frequencies which occur when nitriies serve as
donors, as it suggests an increase in the CzN force—constant
in agreement'with the conclusions of Purcell and Drago(63).
Both acetonitrile ligands are linear within experimental

error [N(1)-C(11)-C(12) 179.4(11)°, N(2)-Cc(21)-c(22) 178.9(9)°j
but deviate from collinearity with the central cobélt atom
[Co-M(1)-C(11) 169.8(3), Co-N(2)-G(21) 174.7(3)°] to differing
extents. OSuch distortions have often been noted(5o) and have

been attributed to the effects of crystal packing(5l).

Although the space group imposes no symmetry on the
molecule of IV, the arrangement of the six co-ordinated atoms
is such that there is a quasi two-fold rotation axis collinear
with the bisector of the N(1l)-Co-l(2) angle. This is clearly

seen from Table 2.II.IV. The presence of 02 symmetry is to be
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Table 2.II.1V

Quasi two-fold symmetry of IV

Co-ordinates(ﬂ) of atoms relative to orthogonal axes such
that the xy-plane is the mean plane through N(1), N(2),
0(32), 0(42) and Co.

Atom X Yy Z

N(1) -1.50 1.44 -0.34
N(2) 1.49 1.43 0.35
0(32) -1.52 -1.49 0.34
0(42) 1.53 -1.46 -0.34
Co -0.01 0.08 ©0.00
0(31) ~0.54 ~0.45 1.91
0(41) 0.51 -0. 44 ~1.92
N(3) -1.41 -1.32 1.58
N(4)' 1.42 -1.28  -1.56
0(33) -2.08 -1.90 2.40
0(43) 2.09 -1.86 -2.39

The quasi two-fold axis is along the y-axis and
corresponds, approximately, to the internal bisector

of the angle: N(1)-Co-N(2).
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Table 2.II.V

Quasi two-fold symmetry of V

Co-ordinates(R) of atoms relative to orthogonal axes such
that the xy-plane is the mean plane through N(1), N(2),
0(32), 0(42) and Co. |

Atom X ¥y Z

N{(1) 1.63 1.36 0.40
N(2) -1.50 1.48 -0.41
0(32) 1.43 -1.56 ~0.43
0(42) ~1.56 ~1.43  0.42
Co 0.00 0.15 0.03
0(31) 0.30 -0.50 -1.91
0(41) ~0.37 -0.52 1.96
N(3) 1.10 ~1.46 -1.64
N(4)- -1.28 -1.36 1.63
0(33) 1.50 -2.19 -2.53
0(43) ~1.86 22,02 2.48

The quasi two-fold axis is along the y-axis and
corfesponds, approximately, to the internal bisector

of the angle: N(1)-Co-N(2).
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expected for an ideal octahedral geometry of a gaseous
molecule of the form cis—MA2B4, A and B being rigid unicon-
formational ligands. This suggests that the severe distortion,
imposed by the constraining 'bite' of the nitrato ligands on
adjacent (cis) pairs of co-ordination sites, is also quasi-
symmetrical, the observed deviations from 02 symmetry being
attributable to crystal packing effects on the ligands. The
geometry 6f V is similar, the deviations from 02 symmetry,
however, being more marked (Table 2.II.V). It is in the
presence of this quasi 02 symmetry that IV and V are so
similer to Co(lieyP0),(N04),, and conform to the suggestion(3L)
that complexes of the form ML2(NO3)2 (L = amine and the nitrato
groups are bidentate), would exhibit moderatély distorted
forms of the approximately 02 cis 6 co-ordinate Co(Me3PQb(NQ92L
Such geometries are not restricted to bis-amine complexes, as
originally proposed, since structures of the form

M(4p),(NO5), I = co(?8), cul®%)) 2n(59); 4p = antipyrine

exhibit analogous structures.

If the nitrato groups in the above mentioned complexes
are viewed as occupying one co-ordination site situated at the
centroid of the chelating oxygens as was suggested by Cotton
and co—workers(17’28), then the immediate environment of the
central atom may be regarded as having, in a sense, distorted
tetrahedral geometry. The extent of the distortion is con-
siderable, but by no means beyond comparison to the distortion
found in some other (strictly four co-ordinate) 'tetrahedral!
(65)

complexes, eg bis(imidazole) di-acetato cobalt(II) in

which the bond angles vary between 95O and 120°,
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In the molecular structures the ligands are arranged
so as to minimize intramolecular steric interactions. Since
there are no unusually short intermolecular contacts, it may

be assumed that the crystal packing has been determined by

van der VWaal's forces.




PART III

STRUCTURAL STUDIES COF YLIDES
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INTRODUCTION

The term "ylide", first introduced by Wittig(l’, is
now taken to refer to a class of compounds which may be

represented as formal vicinal zwitterions, xt -y,

Though the history of ylides reaches as far back as
1894(2), ylide chemistry remained a field of only sporadic
activity until 1953(3), when Wittig and Geissler discovered
the synthetic use of methylenetriphenylphosphorane. Since
then ylides have ceased to be chemical curiosities and are
now subject to increasing synthetic, structural and theo-

(4,5)

retical investigations A monograph by Johnson,
published in 1966(6), has provided extensive coverage of
the preparation, structural and physical properties, and

reactions of ylides in general.

Ylides have been described as stabilized anions(7),
and indeed the major chemical charécteristic of ylides is
their nucleoPhilicity(B). The nature of the stabilization
is complex and may be attributed to several, not necessarily

independent factors.

A qualitative comparison of the stability of ylides
may be made from the relative ease of their preparation and
isolation, and it is well known that ylides formed froﬁ
second- and higher-row elements (X = P, As, Sb; S, Se; Br, I)
possess greater stability than their first-row analogues

(x=n, o, F)(5‘9). This contrast is illustrated by the
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following observations :

(i) Methylenetrimethylphosphorane is easily prepared(lo)
and tetramethylphosphonium iodide undergoes base-catalyzed
hydrogen-deuterium exchange to the extent of 74 atom-percent
after 3 hours at 62°¢(*1), The implied acidity of the
phosphonium ion reflects the extent of stabilization of its

conjugate base ie the ylide.

(ii) The nitrogen analogue has only been prepared as

(12)

the LiBr complex The free ylide decomposes rapidly to

(13)

trimethylaminé and methylene Tetramethylammonium iodide
does not incorporate deuterium to any measurable extent under
the same conditions as for the phosphonium salt (see above)

(11),

even after 504 hours The acidity of (Me)4N+ has been

estimated to be between that of benzene and toluene(lz);

This enhanced stability of ylides containing second-row
'onium species (X+) relative to the first-row analogues has
been attributed to the possibility of a 7 -interaction of
vacant 3d orbitals on the 'onium species with the lone-pairs
of electrons on the anionic atom (Y-)(6’8’14). Such valence-
shell expansion is not possible for first-row elements(lS)
since the energy gap to the next vacant orbitals is
sufficiently large to preclude their involvement in any
appreciable bonding. A critical review of the evidence for,
and the theory behind, the involvement of d-orbitals in the

bonding of second-row elements has been given by Mitchell(l6),

and it seems that the postulate of d-orbital involvement in
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yr-interactions is justified in the consideration of com-

pounds containing phosphorus and sulphur in their higher

oxidation states. .

In carbanionic ylides of second-row elements where
the carbanion moiety exhibits trigonal (sz) geometry(l7),
the lone-pair of electrons may be assumed to occupy a
p—orbital'perpendicular to the plane defined by the & -bonds
in the % - 5<' moiety. Clearly, such an arrangement is

ideally suited to 4, - P overlap with a suitable d-orbital

of the 'onium species.

Qo0

X2z 2

However, in the case of 'onium imines, a similar
general inference is difficult to justify since the wvalence
angle subtended at the nitrogen is observed to range from
110° to 146°(38). 1% follows that the nature and
orientation of the two lone-pairs of electrons on the
nitrogen are indeterminate, and therefore apparently

indistinguishable. It has been suggested(lg) that the two

lone-pairs of electrons on the imine nitrogen should be
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considered to occupy two equivalent orbitals, possibly of

an Sp3—hybrid nature, perturbed into non-equivalence to an
extent depending on the nature of mw-interactions with the
'onium and stabilizing groups(18). The wr~bonding inter-
actions‘of both lone-pairs of electrons may then be resolved
into two mutually perpendicular components, one perpendicular
to the plane defined by the & -bonds (s -bonding) and one in
the said ﬁlane ( «'-bonding). This approach is theoretically
valid and, although somewhat detached from a geometric model
of orbital interactions, it has been used to account for the

bonding in phosphonitrilic compounds(zo)

(21)

and P-0-P, S-0-S

and S-N-S bridged systems

In the case of first-row ylides no such 7T-interaction
is possible between the 'onium species and the lone-pair/s of
electrons of the anionic moiety. Some stabilization by the
'onium sPeCiés can take place by an inductive effect through
the d-bond, but such an effect is known to be very small(S).
Apart from N-oxides, the free or "unstabilized" ylides are
not isolable. Therefore the stability of ammonium ylides(s)
must be attributed, at least principally, to the deloéalization
of the anionic charge by the electron-withdrawing substituents
on the Y atom. Even second-row ylides (apart from oxides)
only show marked stability (low chemical reactivity(8)) when
they possess electron-withdrawing (delocalizing) substituents
on the Y atom, and then the stability of the ylide is
directly related to the electron-withdrawing nature of the
substituents(s). Thus whereas the ylide (A) is moderately

reactive and decomposes slowly in air, ylide (C) is stable
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to hot alkali. Ylide (B) exhibits intermediate reactivity.
In marked contrast, ylide (D), in which the substituents on
C™ are a source of electrons, reacts violently with air and

moisture(s).

+ - ‘ .
PhoP - CH, (a)
F -

Ph3P - CH - CH = CH, " (B)
+ - /N .
Ph,P - C , (c).

— o
+ - Me
~ .
Ph.P - C . (D)
3 e

The anionic properties.and stability of ylides might
also be expected to vary with the electronegativity of the
negative atom ie the extent to which the net negative charge
can be borne by the atom. The trend in ylide stability of
isoelectronic systems (Y = C, N, 0) bears this out, and
parallels the trend in electronegativity (C < N < 0),
eg Me3§ - EHz, Me3§ - ﬁH, Me3§ - 6(4).

The bonding and conformationallcharacteristics of
ylides have, in recent years, become subjects of considerable
interest, and a systematic study by A F Cameron and coworkers,
using the techniques of X-ray crystal-structure analysis, has
been in operation in Glasgow for several years. The work
presented in this part was undertazken with the aim of
obtaining information regarding the previously undiscussed

dimethylsulphoxonium ylides. Accordingly, the crystal
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structures of three such ylides have been determined. The
results are presented and discussed in the first three sections.
Section four is an overall discussion of aspects of these
analyses that are of overall relevance to the study of

ylidic systems already carried out in this department and

elsewhere,



3.1 . THE CRYSTAL AND MOLECULAR STRUCTURE OF

N-BENZOYLIMINODIMETHYLCXYSULPHURANE
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3.1.1. Experimental and results

Me\s+' NZ / \\

Me/g

o=

I

N-benzoyliminodimethyloxysulphurane

Preparation of crystals

Dimethylsulphoximine was prepared by the method of
(32)

Johnson and Rogers

The title compound was prepared by shaking dimethyl-
sulphoximine (0.06 mol) with benzoyl chloride (0.03 mol) in
freshly distilled chloroform (100 ml) for two hours. After
filtration, the chloroform was removed under vacuum and the
resulting 0il washed with petroleum ether. Recrystallization
from water and, finally, n-pentane yielded sharp,flat needles

(m.p. 107.5°%, 1it. 107-108°(33)y,

A suitable crystal for data collection was obtained
by allowing a solution of the ylide in 1,2-~dichloroethane

to evaporate on a watch-glass.
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Crystal data

Molecular formula : chllNozs
Molecular weight M= 197.3
Crystal system R Monoclinic
Unit cell dimensions a = 5.735(4)%
| b = 11.450(1)8

c = 8.476(1)%

| p = 117.49(2)°

Unit cell volume U= 493.833
Measured density ' D,=1.32 g cm™3
Number of molecules per unit cell Z =2
Calculated density D= 1.33 g em™3
Number of electroms per unit cell F(000) = 208
Linear absorption coefficient ‘#(Mo—K‘) = 2,92 cm™t
Space group Pc (Cg, No. T)
Data collection
Radiation used Mo-K, A = 0.710698
Filter | Graphite monochromator,

005220m = 0.965
Upper limit for data collection zgmax = 50°
Number of independent reflections m = 957
Unobserved cut-—off Zdi
Number of parameters refined n = 116

Number of reflections per parameter m/n = 8.2
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Structure Determination

Systematic absences in the diffraction data (hOl absent
when 1 odd) suggested the possible space groups Pc or P2/c.
A statistical analysis of>the data suggested space group Pc,
a choice which was subsequently vindicated by successful

refinement of the model with no anamolous effects.

The structure was resolved by evaluation and analysis
of the Patterson function and subsequent calculations of the
electron~-density distribution. The y - co-ordinate of the
sulphur atom was determined from the Harker plane (0, 2Y, 0.5)
in a sharpened, origin—removéd,vector map. The indeter-
minate x and 2z co-ordinates were assigned values of 0.5
and 0.25 respectively in order to define an origin. The
sulphur atom was then used to phase the observed structure-
factor moduli in an evaluation of the electron density
distribution (R = 0.41). From the resulting pseudo-
symmetric distribution five atomic sites, belonging to
one asymmetric unit, were chosen. These were assigned
isotropic thermal parameters of 0.0332 and one cycle of
least-squares refinement (R = 0.29) followed by two
structure-factor and electron-density calculations

revealed the sites of all non-hydrogen atoms.
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Structure Refinement

Prior to least-squares refinement all atoms were
assigned isotropic therma; parameters (Uiso = 0.0532).
The full-matrix least-squares refinement of positional,
thermal and scale parameters (other than the x and z co-
ordinates of the sulphur atom) converged after 12 cycles
when R was 0,032 and R' was 0.0016. Full details of the
course of refinement are given in Table 3.1.2. Initially
unit weights were applied to all reflections. In later
stages weights given by the expression

w = (0.4198 - 0.1127|F | + 0.0087|Fy %)™t
were applied. The coefficients of the quadratic expression
were obtained from a least-squares fit of a + b]Fol + cIFol2
to the distribution of <WA2> with < |F0|> obtained from
an analysis of wA"~ with increasing |FO|. This weighting
scheme leads to approximately constant <va?> with

increasing IFOI and sin 8.

A 'difference' synthesis after cycle 3 did not reveal
any residual electron density in positions which would be
stereochemically acceptable for hydrogen atoms. Therefore
positions for the hydrogen atoms were calculated and their
calculated co-ordinates together with an isotropic thermal

parameter (U. = O.O76£2) were used as fixed contributors

iso
to the structure factors. These co-ordinates were re-~

calculated in later stages of refinement.
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The refinement was assumed complete when the parameter-—
shifts calculated by a cycle of least-squares were insignifi-
cant compared to the corresponding estimated standard
deviations. A final difference synthesis showed no errors
in the model, the highest peak in the residual electron-
density map being O.l3e/ﬁ3. In all structure-factor cal-
culations the atomic scattering factors for sulphur were
taken from ref.22, those for oxygen, nitrogen and carbon
were computed from numerical Hartree-Fock wave functions(23),
whilst the scattering factors for hydrogen were those given
by Stewart(24). Observed and final calculated structure

factors are listed in Appendix VI.

The final fractional co-ordinates and thermal
parameters of all atoms are given in Table 3.1.3. The
values of Ui“

J
expression given in PART I. Bond lengths, valence angles

refer to the anisotropic temperature factor

and other relevant intra- and intermolecular data are

given in Table 3.1l.4 and Table 3.1.5. A general view of
the molecule illustrating the thermal ellipsoids(25) and
giving the atomic numbering scheme is given in Figure 3.1.1.
The molecular packing arrangement viewed down the ¢ axis is

given in Figure 3.1l.2.
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