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SUMMARY

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 
observed in co-ordinated nitrato groups relative to the 

symmetrical (D̂ h.) s^ruc^ure free nitrate ion. This is
followed by a description of the analyses of three novel 
cobalt complexes of formula [C0A2(lNTO^)Cl) [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 fbite* of the nitrato group on two cis octahedral sites.

Many physical techniques 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 [a = amine, M = Co(II), Hi(II), Cu(ll)
and Zn(ll)] have structures which are similar to that 

observed for CotLTe^PO^CNO^^* s -̂x co-ordinate with 
cis-bidentate nitrato groups. However no previous analyses 
had revealed this stereochemistry.. Thus it was of interest 
to investigate the structures of Co^^tNO^^ [a = pyridine, 
acetonitrile), 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 III is devoted to a study of ylides. In an 
introduction, some aspects of the chemistry of ylides con
taining second-row fonium species are surveyed, with 
particular reference to their marked stability relative to 
their first-row analogues. In view of the paucity of data 
on S(VI) 1onium ylides, the crystal and molecular structures 
of three dimethylsulphoxonium ylides were undertaken. The 
results are presented in the following 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 fonium 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 interactions.
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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.

r'
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PART I

ASPECTS CP CRYSTAL STRUCTURE ANALYSIS
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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^ . Subsequent work
spread over a period of about 200 years led to the develop-

(2 )ment of a geometrical theory of crystallography' .

it
In 1784, Abbe R J Hauy 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^^. 
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^ Combination 
of the lattice operation with the symmetry operations of the

1132 point groups led the German mathematician Schonflies to
derive the 230 possible space groups. The same results were
achieved independently and almost simultaneously by

(5 )Federov and Barlow' . However, although these theories 
were complete by 1894, they aroused little interest until 
1919, when Niggli^^ showed how the space groups of crystals 
could be determined by X-ray studies.

itX-rays were discovered by Rontgen 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^ \  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 Braggs^\ 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 proteins

(q)and nucleic acids'y

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 :
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a. (S - SQ) = h X
t.(S - S ) = k X
£• (S - SQ) = X X

where,
a, b and c are the vectors which define the unit cell,
S and SQ 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

However, these Laue conditions were not in a suitable
mathematical form for the interpretation of experimental 

(11)results' But, if a lattice array of atoms scatters in
the Laue orders h, k, l,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)^^. 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 0 = nX
where,

d(hkl) is the interplanar spacing,
A is the wavelength of the radiation,
0 is the grazing angle of incidence, and 
n is an integer

(1^)This is the Bragg equation' J .
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1.3 THE RECIPROCAL LATTICE

Prom Bragg’s law it follows that sin 0 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 . c
a . b x c

with similar expressions for b* and &*, and a, b and c 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 PACTOR

The structure factor F(hkl) may be defined by
F(hkl) = J p(xyz )exp ̂ 2n± (hx + ky + lz)JdV 

where ^o(xyz) is the electron density at the point (x,y,z), 
in a unit cell of volume V. P(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^*^ ̂ . The structure-factor 
is then given by

P(hkl) = ^f^.(hkl)exp [27Ti(hx̂  + ky^ + lZj)]

where x., y. and z. are the fractional co-ordinates of the
J j J
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jth atom, and where
p̂  (uvw)exp jznl (hu dudvdw

is the scattering factor of atom j whose electron density

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 9 
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 9 
(where 9 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

where f 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. 
Anisotropic thermal vibration can be allowed for by the more 
general expression

is yO_.(uvw), (uvw) being the co-ordinates referred to

f = fQexp [-2tr1[Dllh2a*2 + U22k2b*2 + U,,l2c*2

+ 2U12hka*b* +2U13hla*c* + 2U2,klb*c*)]
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where U. .(i,j = 1,2,3) are the components of the symmetric
J- J

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 by the electromagnetic field of the incident X-rays.
The electrons thus become a source of radiation, scattering 
X-rays with a phase lag of 7r (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 tt/2 at resonance, and to 0 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 factor becomes a complex quantity expressible as

f = fQ + A f 1 + iAf" 
where f is the normal scattering factor andAf* and Af" are 
the correction terms required to allow for this anomalous 
dispersion effect^^>̂ ^. 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 
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 Gu-K^ radiation, and
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from precession photographs taken with Mo 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 in an offset position on X to prevent

(19)multiple reflections'

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, $ 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 0 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 0,20 scan procedure with each reflection being 
scanned typically over 40 equal steps between the limits 

(26calc. " 0 .40°) and (20ca^c + 0.40°). Each scan-step was
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.
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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 ^  26^ (where 6^ v/as 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 ’integrated 
intensities’ I(hkl), which are a measure of the total amount 
of energy diffracted by the crystal from the planes (hkl) as 
the crystal rotates in the X-ray beam. The integrated 
intensity is d e f i n e d b y  the relationship

1 (hkl) = E w T 1 = X3H2r2 |p(hkl)| 2lpVU V
where E is the energy diffracted by the crystal of volume V 
(assumed to be small), rotating with an angular velocity, cO,
in an X-ray beam of wavelgnth \ and intensity IQ;

2 -1 -2r0 = e m c is the classical radius of the electron;
N is the number of unit cells per unit volume; E(hkl) is the 
structure-factor of the plane (hkl) and L andp are respectively 
the Lorentz and polarisation factors which are known functions 
of 9. Thus in a particular experiment,

|p(hkl)| = [l(hkl)K-1L-1p-1] ̂
. The polarisation factor, p, allows for the partial polari
sation of the reflected beam, and, for an unpolarised incident 
beam
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p = i(l + cos^ 29)
where 9 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

(21)the modified equation becomes^ '
p = (1 + cos^ 29m .cos^ 29)(1 + cos^ 29^”^

where 9m is the Bragg angle of the stack of reflecting planes
of the crystal monochromator. This expression is valid when
the primary beam, the beam reflected by the monochromator,
and the diffracted beam are coplanar, the general expression

(22)being much more complex'1 '. For the graphite monochromator
2utilized in the present studies cos 29 has the value ofm

0.965.

The Lorentz factor, L, allows for the relative time 
each plane is in the reflecting condition. This may be 
easily envisaged in terms of the reciprocal lattice/ 
reflecting sphere concept, the reflecting condition being 
the 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 2©)-1
The quantity K is a constant for a particular experiment and

(2 )may be calculated from diffraction theoryv J'.

1.6.1 THE RELATIVE STRUCTURE-PACTOR
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In practice it is usual to assume K = 1 and to cal
culate relative structure-factor moduli |PreJ • These may-
then be put on an approximate absolute scale by means of the

(24)Wilson-Plot method'1 '. It has been shown that by dividing 
reciprocal space into concentric shells, each thin enough 
that the change of f with sin 9/a within each shell is 
negligible, and averaging the variables over each shell, 
then

ln[(lPrel.l 2) / X  foj = "2(ln K + B<S>2) 
where K is the scaling factor such that

‘ I I M  - I  [ F (hlcl )| ,
s = sin Q/a and B is an overall thermal parameter. A best-
line fit to a plot of the left hand side of the above
expression against gives adequate preliminary working
values of K and B.

When a part-structure is known the scale factor may be 

obtained by correlating with ̂  [FCald # 9nce ^ e
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 = I0exp[-^lt]
where I is the incident intensity, t is the distance tra
versed in the crystal by the beam, and jx , 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 meaningless values 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) PRIr.lARY 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 7V/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 attenuated 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 reflections occurring at low 
sin 0/^. Zachariasen^^ 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 PROBLEM

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

(2 6 ̂first suggested by W L Bragg in 1915 . It can be shown
that a general expression for a Fourier synthesis may be 
written as

where ideally the Fourier summation includes an infinite 
number of terms. The above expression may be written as

where c£(hkl) is the argument or phase of the complex quantity 
F(hkl).

p(xyz) = V ^  Z  2  F(hkl)exp£-2ni(hx + ky + lz|,
h k l

^(xyz) = V_1^P^[F(hkl)| expQi.o£(hkl) - 2rTl(hx + ky + lz^
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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 FUHCTION AND THE HEAVY ATOM METHOD

Although it is not possible to determine the atomic 
positions in a straight-forward manner from the intensity data, 
it is possible, at least in principle, to determine the inter
atomic vectors. This approach was first introduced by

(27)A L Patterson in 1934-35 , who realised that the self
convolution of a unit cell containing N atoms, and defined by

P(uvw) = V\ \ \ p(xyz).p(x + u, y + v, z + w)dxdydx

would consist of a set of N(N - 1) peaks, corresponding to the 
interatomic vectors (uvw), together v/ith N null-vectors super
imposed at the origin. This follows from P(uvw) having 
appreciable magnitude only v/hen f>(xyz) and p(x + u, y + 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 5Z Xj 2Z! Î1 ( )|̂ exp [̂2 tt± (Iru. + kv + lw)j
h k l

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 
been shown^^ to be related to

when r wl, 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 |Po| and |Fc| becomes insensitive to the lighter atoms, 
rendering it difficult to deduce an accurate model.

r E Zh e a v y / E  
2
light
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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. Direct methods owe their inception to
the derivation of inequality relationships between structure

(29)factors by Harker and Kasperv However, the requirements
for inequalities to hold are so severe as to restrict their 
application to small structures. Inequalities in fact 
represent the limiting cases of the more general probability 
approach^^ and present day methods are based on strategies 
which estimate a phase together with its associated probabilit y 
of being correct.

Procedures of phase determination are usually expressed
(^1)in terms of the normalised structure factor , the

modulus of which being defined by

lEhl2 =lFhi2/ e E fi
where 6 is a symmetry dependent integer introduced to correct 
for space-group extinctions and h is the vector (hkl).

Since the |Ej are uniquely determined by the crystal 
structure and are independent of the choice of origin^^, 
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 ̂  is a

structure invariant if V a, h = 0, for integral A, . At present
h — £
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the most widely used structure invariants are the triplets

^h + ^h + wiiere ill + ^2 + — 3 = more powerful—1 *—2 -3
methods involving quartets are being developed.

Prom the triplet structure invariant it follows that 
the phase of E^ is correlated to the phases of E^ _ ^ an<̂
E^, and it may be shown that

holds for phases associated with large |e | value s ^ ^ .  In
( )practice the more efficient Tangent formula

?iEk'Eh - kl sin(4  + K  - k>
tan ^  = —_________________  ■_______

■ £ l V Eh - kl cos(4  + K  - k }

is used for phase determination. The reliability and variance 
of an estimated phase may also be determined using formulae 
derived by Karle and K a r l e a n d  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^-^. In this method one 
choses a basic set of phases necessary to specify an origin 
and, in the case of non-centrosymmetrie space-groups, an 
enantiomorph together with a small number of phases denoted 
by s y m b o l s 34). Q^oiee ±s usually a balance between

large |e | values, which increase the reliability of a phase 
estimation, and the number of triple-phase relationships 
(5^2 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 +7t/4, ±^/A 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

(^ 5 )programmes MULTAN by Germain, Main and Wolfsonv 1 and 
modifications of the procedure are available as links of the 
X-RAY'72 suite of crystallographic programmes'^.

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 experimental data, one uses Legendre*s method of 

(^7)least-squaresXJ ', first introduced into crystallography by 
Hughes(38). which is usually minimised is

m m
M = £ w r( |f o| - |pc| )2 = £ w rA2 

r=l r=l
where the summation is over the set of m crystallographically
independent data and w is a weighting factor associated with
each term.
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For a minimum

m
= V"* W / 3|pj = 0, for all p.,... .... (A)

5>j U  J

where p. are the n(C<m) structural parameters.
J

For the trial set of values, p. (j = l,2,...,n), close to
J

their optimum values, A can he expanded as a function of the
parameters by a Taylor series to the first order giving

m
(p + £ ) =  (p) - y ~ \  .... (B )

i=l 3pi
where P and £ represent the whole set of n parameters and
changes, and is a small change in p^.
Substituting (B) in (A) gives

n m m
y  y  « Bî ci e. = a $ j
i=i r=i Bpi 3Pj Z=i 3pa

which is a set of n equations in n unknowns called the 
normal equations. These normal equations may be expressed 
in matrix notation as

A.X = B
where,

A is an nxn symmetric matrix with a. . = 5  w3 r=l sp± ^
X is a vector of order n with x. =

a

B is a vector of order n with b. = T; w Â ' d
r k  3p.

The set of parameter shifts is therefore given by X = A~^*B • 
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 structural refine
ment has to be carried out by an iterative process.

In the least-squares refinement each observation was
given an associated weight w. Absolute weights reflect the
precision of measurements of |FJ and are given by the

2reciprocal of the variance, 6 , of the observation due to 
random experimental errors. However it is not practical to 
measure each reflection a sufficient number of times to 
obtain reliable estimates of the variance. Instead, relative 
weights may be assigned by expressions of the type 

w = (a + b|FQ| + c |P0|2 + d sin 9)“'L
where the coefficients are chosen to give approximately

2 2 constant averages of wA when the set of wA 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^^.

It is customary to test the final refined model, 
obtained by least-squares methods, by a Fourier synthesis 
with AF = (|F | - |F | ) as coefficients, ieU U 11
Ap(xyz) = V"1 ( |FJ - |FC| )exp[ioC - 2rri(hx + ky+lz)]

where oC is the phase of F as obtained from the model.* c
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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 ANALYSIS OF RESULTS

The estimated standard deviation 6 of a parameter p^, 
when using relative weights, is given by :

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(41)

The standard deviation (5(1) of a bond, of length 1, 
between two independent atoms A and B is given by

of A and B in the direction AB. If the atoms A, B and C are

a) Standard Deviations of Parameters

where aT?" is the î *1 diagonal element of the inverse matrix A ^

where 6 (A) and <5 (B) are the variances of the co-ordinates
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independent, the standard deviation tf(Q), of the angle 0 
subtended at B is given by

<5̂ (e) = 6^ (A)/AB^ + tf*(B) I (1/AB2 ) - (2eos ©/AB.AC)
+ (1/BC2 )J + <J2(C)/BC2

2 2where 6 (A) and <5 (C) are the variances of A and C in the 
ABC plane and perpendicular to AB and BC respectively, and 
6 (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.

2c) 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 may also provide 
a means of judging the accuracy of a structure when a particular 
set of atoms (eg 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-squares plane The estimated standard
deviation, 6 of the atoms from the least-squares plane is 
given by

^ - 3>m
where dffi are the perpendicular distances of the m atoms to the
plane. If the positional estimated standard deviations of the

2atoms do not differ greatly so that their mean variance 6 is



-22-

comparable to the individua.1 variances then, the ratio

[u - 3 ) « 5 K  - K Km
2follows the X  distribution so that

for (m - 3) degrees of freedom.
The probability of the deviation from planarity due to random 
experimental errors can be examined from the tables(43),
If the probability that the plane is a good 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 analytically. If two quantities with 
standard deviations <5-̂ and 6^ differ by an amount of Aq, the 
standard deviation of their difference is 6 = (d^ + dĵ )̂ .
The probability P that the observed difference^ is due to 
chance is g i v e n b y  the following limits ;



-23-

If
Aq ̂  1.96$ then P ^ 5%

1.96(5< Aq  ̂  2.58d then 5% >  P ^ 1%
2.58d^ A q ^  3.29d then 1% ^ P >  0.1%

Aq > 3*29^ 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 OP NITRATO-COBALT COMPLEXES
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INTRODUCTION

The nitrate group is a versatile ligand^ which can in
principle he ionic, covalent-monodentate, covalent-bidentate,
or may act as a bridging ligand in a polynuclear molecule.
Examples of all these types of behaviour are known to occur

(2 )m  simple and complexed nitrates' Complex transition metal 
nitrates which include other ligands in addition to covalent 
nitrato groups have become the subject of increased structural 
studies, particularly by X-ray diffraction m e t h o d s ^ F i v e  
such studies form the basis of the present report.

The nitrate ion in an isotropic environment has a
symmetrical (D^h^ planar structure with bonds of length
1.245(10)S(1  ̂ (1.241(2)1 in NaNO-^^)> and is geometrically

1-  2 -similar to the ions BO^ and CO-̂  with which it is iso-
(5)electronic. It has been suggested' 1 that the nitrate ion 

be considered a disc of van der Waalfs radius 2.3l2 and 
thickness 2.22, and hence of volume 24.82^. This illustrates 
the compact nature of the nitrate ion since the volume of the 
spherical chloride ion is also 24.82^. On co-ordination, 
however, it is observed^^ 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^^.

(7)From a. survey of the literature' J 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 been 
suggested^^ that the nitrato group he considered symmetri
cally bidentate when the difference in the metal-oxygen 
bonded distances, A(M-O), is less than 0.22, asymmetrically 
bidentate when 0.22. <C A(M-0) <0.72 and asymmetric monodentate 
when A(M-0) > 0.72. This is an arbitrary classification and 
not necessary for the following discussion, in which asymmetry 
is taken to mean LI-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 II—0 bond (ie involving an unco
ordinated oxygen) is shorter, and the N-0 bonds, involving 
the co-ordinated oxygen atoms, longer than those in the free 
ion.

ii) The .O-N-O interbond angle, ot9 opposite the shorter 
metal-oxygen bond is systematically increased from 120°, the 
O-N-O interbond angle,# , subtended by both co-ordinated- 
oxygen atoms is decreased from 120° and the third angle,£ ,
is of intermediate value such that 360 - ),
presumably to preserve the planarity of the nitrato group.

The contraction of the O-N-O interbond angle, #, defined 
by both the co-ordinated oxygen atoms, might be considered as 
a consequence of the attraction of the electron clouds of 
these atoms by the metal cation. However the O-N-O 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 he 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 N y h o l m ^ ^ . With this model, 
as the electron-pairs in the O-N-O 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 nitrogen atom is reduced. This is apparent when 
one compares the two nitrato 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(l)-N-0(2) angle in C being closer to the 
trigonal value of 120°, 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 the O-N-O interbond angles are not all equal to
120°, the hybridization of the d-orbitals of the nitrogen

2 (11)atom no longer constitute three equivalent sp hybrids' '.
It has been s h o w n t h a t  in the case of a planar molecule

b
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Figure 2.0.1
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the hybridization ratio, in a hybrid orbital of the form 
s + is

It follows, therefore, that as the O-N-O angle opposite 
a particular bond increases then the amount of p-character (A) 
in the nitrogen (5-orbital involved in that bond increases. 
Furthermore, the covalent radius of an atom varies with 
hybridization such that it decreases with increasing 
s-character^^ (in an spn-type hybrid, n<3, this is equiva
lent to saying that the covalent radius increases with 
increasing p-character ie rSp3 > rSp2 > rSp)* Hence the 
longest N-0 bond is predicted (on the basis of the, perturba
tion of the <5-bonds) to be opposite the largest O-N-O inter
bond angles. Furthermore since the polarization of the 
oxygen-nitrogen bond towards the oxygen is expected to increase 
with decreasing metal-oxygen (LI-0) distances, the largest angle 
should be opposite the shortest M-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 g r e a t - ^ 0 iqq solely accountable 
in terms of polarization of the nitrato group and rehybridi
zation of the nitrogen atom. The effect of c o-ordinat i on on 
the rr-system v/ithin the nitrato group must also be expected to

and similarly for and



affect the "bond lengths. A valence-bond consideration of the 
changes in n-bonding that occur on co-ordination (Figure 2.0.2) 
suggests the same order ie the N-0 bond lengths are expected 
to be in the order a>b>c. Though, in general, this trend is 
exhibited by most structures, in some cases the differences 
may not be statistically significant.

One exception to the above observations results from 

the analysis of (PhgMePj^CujNO^)  ̂ in which the order of the 
N-0 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 type q in order to 
minimize the charge build-up on the copper atom

Cu 0 Cu-----0 Cu-----0+

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.

A B C

The asymmetric monodentate co-ordination and symmetric
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Compound

c o (c11h ;l 2o n2 )2 (n o3)2

Co (CH3CH)2(N03)2

c o (c 5h5n ) 2 (n o3)2

c o (c 5h 5n )3(n o 3)2
Co (C5H^N)2C1(N03)
Co (CH3CH)2C1(N03)
Cu (C4H.4N2)(N03)2
Cu (H20)2(N03)2.0.5H20
c u (c 5h5n .)3 (n o3)2

c u (c 11% 2o h2)2 (n o 3)

c u | c h3) ( c 6h5 ) 2p] 3 (n o 3)

Table 2.0.2

Total (valence) 
bond-order*

4.0
4.0
4.0
4.0
4.1

3.9
4.0

3.9
4.0

3.9
4.0

3.9
3.9 
3.8 
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 plot of N-0 bond length(2) (ordinate) against 
valence bond order (abscissa), after Addison^^.

swing data (4’26> were used in the

N-0(8) Bond order
HONO 1.46 1.00
N0~ 1.241 1.33
N0C1 1.140 2.00

o + 1.060 3.00

The polynomial fit to the curve is given by 

y = 3.459 - 3.310x + 1.552x2 - 0.2385x3
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1

1

1
1-0 20 3-0

Figure 2.0.3
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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.lS. Thus, the co-ordinated oxygens have a 
smaller separation than the sum of their van der Waal’s radii 
[2.8oS^16 ]̂ , v/hich 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 n u m b e r s T i ( I V ) ^ ^ ,  
Kh(ll)(19), Je(III)(20) Co(ll)(21) and Sn(lV)^22  ̂ are all 
eight co-ordinate in their tetranitrato species, whilst 
Ce(lII)(23), Ce(IV)^24  ̂ and Th(lV)^25  ̂ 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-

( Of.\chemistries may be rationalized by the radius-ratio rules'1 ,
assuming a disc of van der Waal’s radius 2.3lS for the nitrato 

(5)groups J and the values for the radii of the cations as listed 
by Pauling^^.
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A natural extension of these structural correlations has 
been the suggestion^^’2^  that the nitrato ligands be viewed 
as occupying only one co-ordination site, situated along the

line joining the central atom to the Centroid1 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 w o r k e r s 29-35) interpretation 0f

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 bidentate nitrato group as occupying two co-ordination 
sites, particularly in the analysis of the perturbation of 
d-orbitals in an asymmetric ligand field

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 OP THREE

COMPLEXES OF THE FORM Co(L)cCl(NOj).

I L = PYRIDINE
II L = ACETONITRILE
III L = TETRAHYDROFURAN
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2«1 Experimental and results for I

Bis(pyridine)chloronitratocobalt(II) dimer 
Di-/t-chloro-t etrakis- (pyridine) dinitratodicobalt (II)

Crystal data

Monomer f.ormula 
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

C10H10N3°3C1CO 
M = 314.6
Triclinic
a = ,7.586(1)8
b = 11.503(1)8
c = 8.028(8)8
<*= 99.43(6)°
|3= 72.68(3)°
= 107.50(2)°

0 = 635.883
. Dm= 1.63 g cm-3
Z = 2

D = 1.64 g cm-3 c
F(000) = 318
Id. (Ho-K^) =16.1 cm-1
Pi (o\, No. 2)



-38-

Data collection

Radiation used 
Filter

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

Mo-K«.f *= 0.710698
Graphite monochromator,
c o s 220 = 0.965 m
20 = 54°max ^
m = 2201

2tfx
n = 203

Number of reflections per parameter m/n = 10.8



-39-

Structure Determination

The unit cell dimensions and the absence of any 
symmetry or systematic absences in the diffraction data 
suggested the possible space groups PI or PI. The low 
frequency i.r. spectrum indicated that the complex contained 
bridging chlorine atoms, and was hence a dimer . The 
space-group 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 Pourier 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 = 0.035^), obtained from 
a Wilson plot, and used to phase the observed structure 
factor moduli in a calculation of the electron density 
distribution, which revealed the sites of all non-hydrogen 
at oms.

Structure Refinement

full-matrix least-squares refinement of positional, thermal 
and scale parameters converged after 19 cycles when R was

Prior to least-squares refinement all atoms were 
assigned isotropic thermal parameters

was 0.00096.pull 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

v/ere applied. The coefficients of the quadratic expression

l*j and sin 0.

A difference synthesis after cycle 5 revealed residual 
electron density peaks in positions which were stereochemically 
acceptable for hydrogen atoms. Hydrogen atoms v/ere therefore 
introduced at those sites and assigned therms.1 parameters 
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 v/ere applied, 
but did not contribute to any significant changes in the 
model.

The refinement was assumed complete v/hen 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 0.3e/S^. In all structure-factor cal
culations the atomic scattering factors for cobalt were taken 
from international Tables for X-Ray Crystallography,

w = (0.2446 - 0.03074 |F0| + 0.00179 |Fj 2)-1

pwere obtained from a least-squares fit of a + b |F | + c ]FqJ
to the distribution of with obtained from an
analysis of wA v/ith increasing |p|. This weighting scheme 
leads to an approximately constant with increasing
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those for chlorine, nitrogen, oxygen and carbon v/ere computed 
from numerical Hartree-Fock wave functions^^, v/hilst the 
scattering factors for hydrogen were those given by 
Stewart Observed and final calculated structure factors
are listed in Appendix I.

A general view of the dimer illustrating the thermal
e l l i p s o i d s a n d  giving the atomic numbering scheme is
given in Figure 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 U .. refer to the anisotropic temperature factord
expression given in Part I. Bond lengths, valence angles and 
other relevant intra- and intermolecular data are given in 
Table 2.1.3 and Table 2.1.4.
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Pigure 2.1.1

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

"J '
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Figure 2.1.2

The molecular packing of I viewed along the 
a axis.





-52-

2.2 Experimental and results for II

Bis(acetonitrile)chloronitratocobalt(II) dimer 
Di-jl-chloro-t etrakis- (acet onitrile) 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

c 4h 6n 3o3cico 
M = 238.5 
Monoclinic 
a = 10.222(1)8 
b = 8.218(1)8
c = 11.118(1)8 
f> = 95.945(6)°
U = 928.9S3
Dm= 1.70 g cm-3 
Z = 4
Dc= 1.705 g cm-3 
P(000) = 476 
u.(Ho-K^) = 21.8 cm-1 
P2j/fe 
X, Y, Z
i + X, i - Y ,  i + Z  
-X, -Y, -Z
i - x . i  + Y, i - z



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-K^ X = 0.710698 
Zirconium

m = 1038

n = 109 
m/n = 9*5
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Structure Determination

The space group is uniquely determined by its syste
matic absences (hQL 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 
atoms were assigned isotropic thermal parameters equal to the 
overall thermal parameter (U = 0.03922), obtained from a 
Wilson 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 atoms. Two 
further electron density calculations revealed the sites of 
all the non-hydrogen atoms.

Structure Refinement

Prior to least-squares refinement all atoms were assigned 
isotropic thermal parameters (U^so = 0.05S2). The full matrix 
least-squares refinement of positional, thermal and scale 
parameters converged after 16 cycles v/hen R v/as 0.049 and R* 
was 0.0024. Full 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

v/ = (a + b |FQ| + c |FJ 2 + 3sin 0)"”**■ 
were applied, where the coefficients were obtained from
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an analysis of the distribution of with /|F and sin 9.
The final values for the coefficients were a = 5.713, 
b = -0.2419, c = 0.0032. This weighting scheme leads to an

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 positional co-ordinates for 
hydrogen atoms were calculated, and H atoms were introduced 
at these sites with isotropic temperature factors of 0.06S2, 
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 0.4e/S^. In all structure factor cal
culations the atomic scattering factors for cobalt were taken 
from ’International Tables for X-Ray Crystallography,VolIII^^^, 
those for chlorine, nitrogen, oxygen and carbon were computed 
from numerical Hartree-Fock wave functions^^, whilst the 
scattering factors for hydrogen were those given by Stewart

approximately constant with increasing |Fq| and sin 9.
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Observed and final calculated structure factors are listed in 
Appendix II.

A general view of the dimer illustrating the thermal 
ellipsoids 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-ordinates and thermal parameters of all atoms are given in 
Table 2.2.2. The values of 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 2.2.3 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 
to which they are bonded.

, .

W: .:





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-^l-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
Space group
Equivalent positions

C8H16°5NC1Co 
M = 300.6
Monoclinic
a = 9.529(4)S
b = 8.028(2)5
c = 17.347(3)5
£= 100.84(3)°
0 = 1303.353
Dffl= 1.52 g cm“^
Z = 4
Dc= 1.53 g cm 
P(000) = 620 
yU(Mo-K^) = 15.8 cm 
F2x/n 
X, Y, Z
1 + X, — Y, i + Z 
-X, -Y, -Z
is ~~ X> "2 + Y 9 i - Z

-1
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Data collection

Radiation used 
Filter
Upper limit for data collection 
Number of independent reflections 
Unobserved cut-off 
Number of parameters refined

Mo-K^, >=
Zirconium
20 =  50 max
m = 1267 

2tfi
n = 145

Number of reflections per parameter m/n = 8.7

0.710692

O
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Structure Determination

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

The structure was resolved by a combination of 
Patterson and Pourier 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 = 0.032^), 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 (U. = 0.052^). Theiso
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 - 0.1314 |F0| + 0.0029 |F0| 2)-1
were applied. The coefficients of the quadratic expression

2were obtained from a least-squares fit of a + b|F0| + C P 0|
to the distribution of (wA2)
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2
analysis of wA with increasing |PJ . This weighting scheme 
leads to an approximately constant ^ w A ^  with increasing 

Pol and sin 9.

A difference synthesis after cycle 4 did not reveal any 
residual electron 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 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 0.35eS” .̂ In all structure factor cal
culations the atomic scattering factors were taken from 
international Tables for X-Ray Crystallography,Vol 111 
those for chlorine, nitrogen, oxygen and carbon were computed 
from numerical Hartree-Pock wave f u n c t i o n s w h i l s t  the 
scattering factors for hydrogen were those given by Stewart 
Observed and final calculated structure factors are listed in
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Appendix III.

A general view of the dimer illustrating the thermal 
ellipsoids and giving the atomic numbering scheme is given 
in Figure 2.3.1. The crystal packing arrangement viewed along 
b is given in Figure 2.3.2. The final fractional co-ordinates 
and thermal parameters of all atoms are given in Table 2.3.2. 
The values of U - . refer to the anisotropic temperature factor

J. J

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 molecular packing of III viewed along the 
b axis#
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2.T Discussion of I, II and III

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

(2)(2)*0(1) Cl

Co

Cl* 0(1)

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

(37)the predictions made from infra-red s t u d i e s 7.

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. Firstly, 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 360.0°, 
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 (4° - 30°) from ideal octahedral geometry
are associated with the short ’bite1 of the nitrato group^^.
Thus the Cl-Co-0(2) valence angles, 103.38(5)°, 101.4(2)° and
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 Cl-Co-L(2) valence angles, 105.00(5)°,
95.3(2)° and 99*9(2)° in I, II and III respectively,however,
differ markedly from the octahedral 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*

(1 )of the nitrato groups .

Although the cobalt atom is 6 co-ordinate in each
complex, the co-ordination geometries are severely distorted
from octahedral, particularly in the equatorial planes. It has 

(18 21 28—3*5̂been suggested' 9 1 ' that for complexes containing a
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 Centroid1 of the
chelating atoms) about the metal ion. Although such a con-

(1}cept has its limitations' y, and may perhaps even be 
unnecessary(^1) assumption of a geometry based on a lower
co-ordination number is known to correlate well with the 
observed spectral and magnetic properties'^. 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 IT is 
the central atom of the nitrato group) then Co, G, Cl andL(2) 
are found to be quasi-planar (Tables 2.1.4, 2.2.4 and 2.3.4), 
the maximum deviation from the plane being 0.0293(2),
0.024(1) and 0.041(6)2 in I, II and III respectively, with 
Clf andL(l) above and below the plane thus leading to a 
geometry which is very close to that of a trigonal bipyramid. 
The angles within the plane for I, II and III are :
Cl-Co-G 132.63(4)°, 131.1(2)°, 134.1(2)° ;
Cl-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)2 in I,
II and III respectively. They are, however, relatively short 
compared to the Co-Cl bonds, 2.405(6)2, in Co(C^H^N2)2C12 
(octahedral, tetramer, Cl non-bridging)^^ and even more so 
when compared to the Co-Cl bonds, 2.50(1)2, in o£-Co(py )2C12 
(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)2 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 0.082 in I, II and III respectively.
Thus the bridging chlorine atoms are markedly asymmetric v/ith 
respect to the cobalt atoms in the dimer. This contrasts 
v/ith the symmetric chlorine bridges in dichloro-bis
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(4-vinylpyridine) cobalt (II) and <*-dichloro-bis (pyridine) 
cobalt(II) ) ,  in v/hich the Co-Cl bond lengths are 2.51(2) 
and 2.50(1)2 respectively. However 'tf-dichloro bis (pyridine) 
cobalt(II)(39)f which is related to the 4-form via a 
reversible solid-state phase transformation at about 150K, 

exhibits asymmetric bridging (2.435(5) and 2.507(5)2). That 
the phase-change results in a significant increase in density 
(ca. 4.4fo) and is accompanied by shortening of intermolecular 
contexts by up to 0.92 suggests that the asymmetry may arise 
partly as a result of intermolecular interactions. It may be 
significant that the least asymmetric of the chloronitrato 
complexes being discussed (ie III) has no intermolecular 
contacts less than 3.552.

In so far as the trigonal bipyramidal model is geo
metrically plausible, it is of interest that the distortions 
of the cobalt ligand bond lengths may then be considered as 
axial elongations in this model.

(2)
(1)

Cl*
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Thus besides the above mentioned bonds, the axial Co-N(l) 
bond in I, 2.147(2)2, is significantly longer than the 
equatorial Co-N(2) bond, 2.083(2)2. Similarly in III the 
axial Co-O(ll) bond, 2,104(6)2 is significantly longer than 
the equatorial Co-0(21) bond, 2.056(5)2. Such a distortion 
was the mechanism suggested by Zemann^^’̂ ^  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)2 are experimentally equal. It is also signifi
cant that in bis(pyridine) dinitratocobalt(II)and 
bis(acetonitrile) dinitratocobalt(II)^-^ , in which the 
presence of two bidentate nitrato groups leads to two pa.irs 
of octaliedral 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)$., 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 c o m p l e x e s t h e  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)-0(1) 
1.260(2) and 1.265(9)2 respectively and N(3)~0(2) 1.261(2) 
and 1.263(9)2 respectively] are significantly longer than 
the terminal N(3)-0(3) bonds [l.219(3) and 1.202(9)2 
respectively]. Moreover, the O-N-O 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-O-N angles are also markedly less than the value of 110°^^ 
obtained for normal unidentate co-ordination, and hardly differ 
from a value of 92.5° which would be expected for symmetrical 
bi-dentate co-ordination to cobalt. The bond legnths and 
valency angles within the two crystaliographically independent 
pyridine rings of I are experimentally equal (Table 2.1.3) and 
are in agreement with the corresponding values found in other 
c o m p l e x e s ^  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 0.05l2 (in the direction of N(2)) from 
the mean plane through the N(l)-C(15) ring and by 0.0852 (in 
the direction of N(l)) from the mean plane through the N(2)-C(25) 
ring (Table 2.1.4). This may well result from crystal packing 
effects^^. 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 and with those reported for free 
acetonitrile^. The ligands are linear within experimental
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error but the Co-N-C angles differ from each other, 176.0(6)° 
and 167.4(6)°, the latter indicating a geometrically signifi
cant distortion from co-linearity of the cobalt and ligand

(4^ 50)moiety. Such distortions have often been notedv 7 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

( 5 2 )complexes with THF ligandsw  7 and are suggestive of disorder. 
The conformation of THP has been extensively studied and it is 
known that there are two principal conformations, an envelope 
conformer (C symmetry) and a tv̂ 'ist or half-chair conformer 
(C^ symmetry). The latter possesses the lower energy, but by 
only O.lkcal.mol"’̂ ' * ^ , 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(l). Inspection of 
the intermole cular contacts (Ta,ble 2.1.3) shows that the 
nitrato group is involved in four close contacts 3*4$ with 
the pyridine (N(2)-C(25)) ligand of an adjacent dimer, which 
is on the side of the nitrato group remote from N(l). 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(l) 
by 0.1961(2)S from the mean plane 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 nitrato 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 in 
III, 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 
Waal’s radii.



2.II THE CRYSTAL AND MOLECULAR STRUCTURES OF TWO

COMPLEXES OF THE FORM Co (L)2(NO->)2.

IV L = ACETONITRILE
V L = PYRIDINE
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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

C4H6°6N4Co 
M = 265.0
Orthorhombic
a = 15.291(1)2
b = 16.539(2)2
c = 8.085(3)2
U = 2044.623
Dm= 1.73 g cm“3
Z = 8
D = 1.722 g cm-3
V

P(000) = 1064 
a(Mo-K^) = 17.6 cm-1 
Pbca (D^, No. 61)

Data collection

Radiation used 
Filter

Upper limit for data collection 

Number of independent reflections 
Unobserved cut-off 
Number of parameters refined

Mo-K*, X = 0.710692
Graphite monochromator,
cos22©m = 0.965
20 = 54°max ^
m = 1228 

2tfi
n = 160

Number of reflections per parameter m/n = 7.7



-89-

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 = 0.028S2), 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 el.ectron-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 (U^so = 0.04&^). The 
full matrix least-squares refinement of positional, thermal 
and scale parameters converged after 16 cycles when R was 
0.031 and R* v/as 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 |PQ| + 0.0045 | FQ| )
*

were applied. The coefficients of the quadratic expression 
were obtained from a least-squares fit of a + b|FQ| + cjFQ|
to the distribution of ̂ w A ^  with obtained from an
analysis of wA^ with increasing | F0|. Th^s weighting scheme 
leads to an approximately constant v/ith increasing |Fq|
and sin 0.

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 0.26e/&^. In all structure factor cal
culations the atomic scattering factors were taken from 
international Tables for X-Ray Crystallography,Vol 111*^^. 
Observed and final calculated structure factors are listed in 
Appendix IV.

A general view of the molecule illustrating the thermal
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e l l i p s o i d s ^ ^ ) and giving the atomic numbering scheme is

given in Figure 2.4.1. The crystal packing arrangement viev/ed
along c 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 U .. refer to the anisotropicd
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.



c
o

u
r

s
e

: 
of

 
r

e
f

in
e

m
e

n
t

-92-

CC CM o» JO r>  r> to
IS. CM CM CM CM

—J © s s ®  cs
*»• S ’ SS ®  © <9
X  • • • •  * •
l- t  S» 
Ll

© <3. 53 ® 5 3

cr -»-• *o VHI CO to w*flO XT <c ro ro fO_j a 53 s 3  ©c  • • m • • •3  QHL_
G3 -S CS S 3!:

©
y

a
Ll?3 •

(_' 
Ia_ * LL 3 3  h

e~ 
cn *•cr c.tii o 
I -Ljcr x o<C U-
a:<3; *■■%.
a  c  co

• • •  _J c r
03 to m  < l e
* - * - • - a . Cl.
X X x  -«c
o o CJ3 •  r>
►Hf »-! ►Hf LJ c . o
y j LJ ta  x . u i CO
x  • X 2  W £ T o  ►-»

<r-> x  a 3
I— *-» fr— ►- O  It___1 3

M •-» to U  %
•  X X  « Z N

D C J < ^ * I3 ZX C3 X w  *►

isi
X

«
X

*  cm

X  «-* W  X
W r H  U Her w *ce • 

O  r - \ >—  (J■*1 ■». (V •<. *>
« ’W V

J C  U  J C  —J: —JUOfK^O 
il u  a  ti. u  

El.
cr • crtro/^iro 

C  IL. C  C  li- I—  CO I—
CJ O H  CJ *0:

I*. 3  ZD L.. 3 
% * % tiJ rsj fsj uj. rsi

■—E % *  I •>< X X <C X 
O  « * u  % 
CO X  X  CO X

X  I—
*-* xcc o
I— I—I
C  Lti

o  >- *-t o % I- Cl X
a
Li L- X
cr o  i—
Of n
o

_J H- X  
D  H H  
U . S  h

”5T
• KCC □ h- C  CD 3  I— C3c  % ^

C  LJ LJy  > >
o  o  ua cj cc

_Jt C c  co  to to05 <  <

*-* cr 
to lii 
cr x
LlI »- 
Cl Lito o
H  C
d  I-
cc %
3  LJ
a  >■-J o  •c CD
X c  
aX  to 
<c c

S3  «T-t JOto ro  
yj JO CD «~c
_i »u i 1 I I
a

*3- IS o» <M



-93-

uyx
o

Laao£C0 
> .
X1

in nt ro ro ^  ''s ’u n  in fo m  «o "vr-sr rs <-v <■%(J v̂» w  \-> wwwx_#-K-»»—iwwuwwQrtFO^ S
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Figure 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.





Figure 2.4.2

The molecular packing of IV viewed along the 
c 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 
Number of electrons per unit cell 
Linear absorption coefficient 
Space group

C10H10°6N4Co 
M 341.1
Monoclinic
a = 12.082(1)8
b = 8.036(6)8
c = 14.498(2)8
ft = 90.134(8)°
U = 1407.783
D = 1.61 g cm-3
Z = 4
D = 1.609 g cm-3c
P(000) = 692 
y|t(ffio-Kj =13.0 cm-1 

(C5h, No. 14)

Data collection

Radiation used 
Filter

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

Mo-Krf, A = 0.710698 
Graphite monochromator, 
cos^2©m = 0.965
2© = 54°max
m = 1237 

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 = 0.03$^)» 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 (U^so = 0.05^). The 
least-squares refinement of positional, thermal and scale 
parameters converged after 20 cycles when R was 0.034 and R f 
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 normal equation matrix because of computer-store limita
tions. Two block s were used. Initially unit weights were applied to 
all reflections. In later stages weights given by the 
expression

w = (1.913 - 0.0642 |F0| + 0.0012 |F | 2 )-1
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were applied. The coefficients of the quadratic expression
pwere obtained from a least-squares fit of a + k|FQ| + c|^0|

^wA2^ with F0|̂
analysis of wA with increasing |Fq| . The weighting scheme
leads to an approximately constant ^wA2̂  with increasing 
| Fq| and sin 9,

A difference synthesis after cycle 5 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 
of 0.05S2. In the later stages of refinement a correction for 
the anomalous dispersion of coba.lt was a,pplied, 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-sqnares 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 0.22e/S^. In all structure factor cal
culations the atomic scattering factors were taken from 
international Tables for X-Ray Crystallography,Vol lll1^ ^ .  
Observed and final calculated structure factors are listed in 
Appendix V.

A general view of the molecule illustrating the thermal 
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 U* • refer to the anisotropic temperature factor 
expression given in Part 1, ; Bond lenths, valence
angles and other relevant intra- and intermolecular data are 
given in Table 2.5.3 and Table 2.5.4.
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1*—X<r—».r“\ x-t*c TT rs v0 UDV—PK—»* vxX—ro ĵrCft T—SfC\i©s o>. in- G SBSi r̂-i ©• s fcn• • • * • *es IS Si:■»—i: Si sa Si CM1Bit ll
Of * in ■ft -K5SS r\ rs ir-k5 CVfr'—V o» cm in X—s.O'! tr «h c-i so fe‘ ■*—« V—< * W •s—fWor o tn o  u 2:
+ +
IS2 l*s<?• fi X—t /T-> fs fr X—1««;*cr -h. is.. O: >»(OK t?fH1UJw W CCU_5vt V-x-rr.. CM COto inX. Kfs O* c S. tn • < IS© ro{£-J O Q 03 ca_553© n—i!CL • • • Cl • •+■■ 53m.53 i 00 iH:Li Ui, I>- i 5— XCV fr GOfr-ee frc *O’-X x—>. r~\ 1C X' *—s<r-̂rsO 4P»4: CJ rs o r̂—T:• a: • cc •r—}•ip—uCJ
cb u_ %—*o V-5 X u.. w VxTo o Ci o ej-frto 1 CO
X o X G'cv fr- CC:»-CM <r x—* <—* TT c o*.IS tr? in- vo to CO ■V—’)tO a.V V-*w «—r CV u_ VJ1w V-X*• c CCV fO 0- ■ c CTio? fvwa C,l*r~i>T* QI■X—Iea cs X—v© © <sOC • 9 • Q-C • • •v~x© s »_<•s C£ ts•*■CO t *»o I B BX UJ UJo CJ o G►HiX 1—fX ■Kfr— c -K y—X 1— c «r%<cfr rr-»H: c fr ro“ ee zr—4 3J ee?o 1-4'w w *-»■ o fr—C OUJo IZIO o Ui c ~ o o

©

»—v r >  x—>.
c  n  in
S_X -\«X x_x
-th m  ts  
*-« <s Cs 
s - ©  ro 

•  •  •  
©  ®  cv

®V r«fc
CO ITf 

•  •
CV! *Hf

K!

CC
sn

ro
•

■ft *  
x—v. r~v
cv in  xs
CV CV i?fr *—*

Eli ■«j-

ro  ro
CM

I

Psl
Cv i

CJ O  2T.

/-> r~v 1 
AN
D

2 
AN
D

V£Is ***: 
CM U i
CT. X

if j ID
V-X \_X W
SO Hf St *«•> #<*,

•  < t C2 C" CV ro ro
G  —£ c ; C t ro • •a. *  • * to  fs. i?
+• 5£i -St thi ui cm ro

U i i  I 3 - »H
>- X ' 
CO f -

■ft ft

C_i
CL

1? X  
G  O

X—: XH 
^—s- x—t z  n f

*  cc CV CV ■x-f UJ
S3- L_ vx  v-r VJ UJ G  CCl

r \

1 CO

X  o  
CV fr- 
Ps <C

G  G  X

X—*. X—* x—V X—»

IS 3  3  
fr~ C  <C 
U icz ro «-*

x—̂
1C IS V  VO » 4 tO O IX l»
“t—<* ro  x . , s—x. v-x, x-x • 'H  4J- ®
VO •  G- IT,: —f1 in  r r to  *  •
CO (S C  »-# c t ST UJ ro ts?
cs 1 X-. G  ©  ©  CV _I GD IS.

• OC •  • •  • o
v-x S  ©  G  -4 3

1 <■• CO £ 1 1 1 C
X  u . 
o  u
*—i X ■ft

_J CV IT  
<c

fr- <c ■K 4-v Cc. o  C .<r̂v <  fr— x-x ro <—• Ci 3 2Tx co ca cv ro U i c c
W' cz- V_X V-* O  x-x X
2T Li Cszr o  o  zr ►HI xr-t CVS

o



-112-

Figure 2.5.1

A general view of V showing the atomic numbering 
scheme. Hydrogen atoms (not shown) are numbered 
as the atoms to which they are bonded.
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Figure 2,5*2

The molecular packing of V viewed along the 
b 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 cohalt 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 to those of CoOflePOjgCNO^^^^* as been proposed 
by Lever(^1).

The cobalt-nitrogen (amine) distances [2.054(3) and
2.049(3)2 in IV and 2.054(4) and 2.053(4)2 in v] are all
experimentally equal. This contrasts with the expectation
that Co-N(sp) bond lengths would be significantly shorter 

2than Co-N(sp ) bond lengths, particularly in view of the 
greater steric requirements of a pyridine ligand relative to 
an acetonitrile ligand. The Co-N (acetonitrile) distances in 
IV [2.054(3) and 2.049(3)2] are significantly longer than the 
Co(ll)-N(sp) distance of 1.952(5)2 in the tetrahedral

ments of the extra ligands. The Co-N(py) distances in V

2- (551complex-ionv , and is in agreement with the
observation that metal-ligand distances increase with
co-ordination n u m b e r ^ p r e s u m a b l y  due to steric require-

[2.054(4 ) and 2.053(4)2] are significantly shorter than the 
corresponding distances in Co(py)^(N0^ )2 [2.152(9) and 
2.124(11)2 ] , which is 7 co-ordinate'"^ , 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-0 bonds [2.204(3) 
and 2.197(3)2] 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)-0(41), 
1.290(4)2] involves the oxygen atom which exhibits the shorter 
co-ordination distance to cobalt (co-0(41) 2.055(3)2] , and is
also opposite the largest O-N-O interbond angle
[o(42)-N(4)-0(43)t 124.3(4)°]. The N(4)-0(42) is significantly 
shorter [i.239(5)2] and is opposite the intermediate angle 
[0(41) -N(4)-0(43), 120,4(4)°]. TJae shortest N-0 bond 
[N(4)-0(43) 1 .209(5)2] involves the unco-ordinated oxygen 
atom, and is also opposite the smallest angle 
[o(41)-N(4)-0(42) 115.3(3)°]. A 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 the
chelating Co-0 bonds are 0.15 and 0.142 in IV, but are 0.21 
and 0.2l2 in V. Since the steric requirements of pyridine
ligands are greater than for acetonitrile ligands, and since 

(57)it is known 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 largest O-N-O 
interhond angles [o( 32)-N( 3)-0(33) 124.3(5)°, 0(42 )-n (4 )—0(43) 
122.6(5)°] opposite the shorter cobalt-oxygen distance 
(Co-0(31) 2.062(4)2, Co-0(41) 2.074(4)2]; the terminal N-0 
bonds [N(3)-0(33) 1.223(7)5, N(4)-0(43) 1.226(7)5] 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 [o.096(1) and 0.101(1)2 in IV and 0.131(1) and 
0.018(1)2 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 83.4° in IV and V, which are comparable to the analogous 
values for other cis 6 co-ordinate complexes of the form 
MX.2(riO,)2 eg 80.1° in Co(I,Ie3P0)2 (NC>3)2'34', 80.0° in 
Co (C11H12N20)2(N03)2^58 ,̂ and 80.7° in Zn(C11H12N20)2 (NO^)^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 
other c o m p l e x e s ^  and for free pyridine (^6)^ The cobalt 
also deviates significantly from the mean planes through the 
pyridine rings (o.017(1) and 0.095(1)2], presumably due to
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crystal packing effects(47)^ Similar deviations [p.07 s>nd 

0.10&] have been observed in Zn(py)2(NO^)2^ ^ • 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 BP^.NCCH^ and BCl^.NCCH^^^. Comparison of the C-N bond 
distances in the co-ordinated acetonitrile groups (1.131(5) 
and 1.125(5 )2) with the corresponding C-N distance [r ,1.155(2)2)
observed in free a c e t o n i t r i l e  ) may indicate that a small
and possibly significant(48,61) -̂ ond shortening has

occurred on co-ordination. This observation is possibly
relevant to the origin of the general i n c r e a s e i n  C=N
stretching frequencies which occur when nitriles serve as
donors, as it suggests an increase in the C=N force-constant
in agreement with the conclusions of Purcell and Drago^^.
Both acetonitrile ligands are linear within experimental
error [n (1)-C(11)-C(12) 179.4(11)°, N(2)-C(21)-C(22) 178.9(9)°]
but deviate from collinearity with the central cobalt atom
[co-N(l)-C(ll) 169.8(3), Co-N(2)-C(21) 174.7(3)°] to differing
extents. Such distortions have often been noted^^ and have

(51}been attributed to the effects of crystal packing^ J .

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(l)-Co-N(2) angle. This is clearly
seen from Table 2.II.IV. The presence of C2 symmetry is to be
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Table 2.II.IV 
Quasi two-fold symmetry of XV

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

Atom X 1 25

N(l) -1.50 1.44 -0.34
N(2) 1.49 1.43 0.35
0 ( 3 2 ) -1.52 -1.49 0.34
0(42) 1.53 -1.46 -0.34
Co - 0 . 0 1 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(l)-Co-N(2).
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Table 2.II.V 
Quasi two-fold symmetry of V

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

Atom X 1 z

N(l) 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 -2.02 2.48

The quasi two-fold axis is along the y-axis and 
corresponds, approximately, to the internal bisector 
of the angle: N(l)-Co-N(2).
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expected for an ideal octahedral geometry of a gaseous
molecule of the form cis-LlAgB^, 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) pa.irs of co-ordination sites, is also quasi-
symmetrical, the observed deviations from C2 symmetry being
attributable to crystal packing effects on the ligands. The
geometry of V is similar, the deviations from C2 symmetry,
however, being more marked (Table 2.II.V). It is in the
presence of this quasi C2 symmetry that IV and V are so
similar to CoOte^PO^fNO^^t an -̂ conform to the suggestion^"^
that complexes of the form MLgCNO^^ = inline and the nitrato
groups are bidentate), would exhibit moderately distorted
forms of the approximately C2 cis 6 co-ordinate Co(~Me-,P0)9(N0 )0.3  ̂ 3 2
Such geometries are not restricted to bis-amine complexes, as 
originally proposed, since structures of the form 
M(Ap)2(N0^)2 M = C o ^ ^ ,  C u ^ ^ ,  Zn^^). ^p _ 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 

(IV 28}and co-workers^ ’ 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* 
complexes, eg bis(imids.zole) di-acetato cobalt (II) ^, in 
which the bond angles vary between 95° 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 Waal’s forces.



PART III 

STRUCTURAL STUDIES OP YLIDES
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INTRODUCTION

The term "ylide", first introduced by Wittig^^, is 
now taken to refer to a class of compounds which may be 
represented as formal vicinal zwitterions, X+ - Y~.

Though the history of ylides reaches as far back as 
(2 )1894v , ylide chemistry remained a field of only sporadic

activity until 1953 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-

(a 5 )retical investigations' ’ A monograph by Johnson, 
published in 1966^^, has provided extensive coverage of 
the preparation, structural and physical properties, and 
reactions of ylides in general.

(7 )Ylides have been described as stabilized anions' , 
and indeed the major chemical characteristic of ylides is 
their nucleophilicity^^. 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 v/ell known that ylides formed from 
second- and higher-row elements (X = P, As, Sb; S, Se; Br, I) 
possess greater stability than their first-row analogues 
(X = N, 0, This contrast is illustrated by the
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following observations :

(i) Methylenetrimethylphosphorane is easily prepared 
and tetramethylphosphonium iodide undergoes base-catalyzed 
hydrogen-deuterium exchange to the extent of 74 atom-percent 
after 3 hours at 62°C^'^. 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' 1. The free ylide decomposes rapidly to

trimethylamine and methylene ̂ . Tetramethylammonium iodide
does not incorporate deuterium to any measurable extent under
the same conditions as for the phosphonium salt (see above)
even after 504 hours^"^. The acidity of (Me)^N+ has been

(12)estimated to. be between that of benzene and toluene' 1.

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 zr -interaction of
vacant 3& orbitals on the 'onium species with the lone-pairs
of electrons on the anionic atom Such valence-

(15)shell expansion is not possible for first-row elements'
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

(16)bonding of second-row elements has been given by Mitchell' , 
and it seems that the postulate of d-orbital involvement in
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7T-interactions is justified in the consideration of com
pounds containing phosphorus and sulphur in their higher 
oxidation sta/fces.

In carbanionic ylides of second-row elements where
the carbanion moiety exhibits trigonal (sp^) geometry^^,
the lone-pair of electrons may be assumed to occupy a
p-orbital perpendicular to the plane defined by the 6 -bonds 

+ “ /in the X - C\ moiety. Clearly, such an arrangement is 
ideally suited to d ^  - p ^  overlap with a suitable d-orbital 
of the 1onium species.

dxz

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

(iq)indistinguishable. It has been suggestedv ^1 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 sp^-hybrid nature, perturbed into non-equivalence to an 
extent depending on the nature of n -interactions with the 
•onium and stabilizing groups^1^. The tt-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 6 -bonds ( it -bonding) and one in 
the said plane ( ^ ’-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 c o m p o u n d s a n d  P-O-P, S-O-S

(21^and S-N-S bridged systems' }.

In the case of first-row ylides no such *T-interaction
is possible between the •onium species and the lone-pair/s of
electrons of the anionic moiety. Some stabilization by the
•onium species can take place by an inductive effect through

(5 )the tf-bond, but such an effect is known to be very small' '. 
Apart from N-oxides, the free or "unstabilized” ylides are 
not isolable. Therefore the stability of ammonium ylides' ' 
must be attributed, at least principally, to the delocalization 
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^^) 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^^. Thus whereas the ylide (A) is moderately 
reactive and decomposes slowly in air, ylide (C) is stable



-126-

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^ ̂ .

+ —
Ph3P - CH2 (A)

+ “
Ph3P - CH - CH = CH2 (B)

(C)

(D)

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),

+ + + ~~ ( a )eg Me^N - CH2, Me^N - NH, Me^N - 0^'.

The bonding and conformational characteristics 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 undertaken 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 AMD MOLECULAR STRUCTURE OF 

N-BENZOYLIMINODIMETHYLOXYSOLPHORANE
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3.1.1. Experimental and results

C
0II

I
N-benzoyliminodimethyloxysulphurane

Preparation of crystals

Dimethylsulphoximine was prepared by the method of

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 oil washed with petroleum ether. Recrystallization 
from water and, finally, n-pentane yielded sharp,flat needles

( 2̂)Johnson and R o g e r s 1

(m.p. 107.5°, lit. 107-108°^33 )̂.

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 
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

c9HllNo2s 
M = 197.3 
Monoclinic 
a = 5.735(4)2
to = 11.450(1)2 
c = 8.476(1)2 
f = 117.49(2)° 
D = 493.823
Dm= 1.32 g cm-3
Z = 2 
Dc= 1.33 g cm 
P(000) = 208

-3

IL (Mo-KJ =2.92 cm 
Pc (Cg, Ho. 7)

-1

Data collection

Radiation used 
Filter

Mo-K*,A = 0.710692 
Graphite monochromator,
cos 20m = 0.965
20mov = 50 maxUpper limit for data collection 

Number of independent reflections 
Unobserved cut-off 
Number of parameters refined 
Number of reflections per parameter m/n =8.2

m = 957 
2 ^
n = 116
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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-removed vector map. The indeter
minate x and z co-ordinates were assigned values of 0.5 
and 0.25 respectively in order to define an origin. The 
sulphur atomwas then used to phase the observed structure- 
factor moduli in an evaluation of the electron density 
distribution (R = 0.41). Prom the resulting pseudo- 
symmetric distribution five atomic sites, belonging to 
one asymmetric unit, were chosen. These were assigned 
isotropic thermal parameters of 0.032^ 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 thermal parameters (U. = 0.05&2).ZL S 0
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. Pull 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 - 0.11271FJ + 0.0087|FJ 2)-1 
were applied. The coefficients of the quadratic expression

2were obtained from a least-squares fit of a + b|PQ| + c|PQ|
to the distribution of ^ w A ^  with / |F0|\ obtained from

2an analysis .of w A  with increasing |PQ| . This weighting 
scheme leads to approximately constant ^ w A ^  with 
increasing |PQ| and sin 0.

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. = 0 . 0 7 6 ) were used as fixed contributorsiso
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 0.13e/X^. 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' •Jif
whilst the scattering factors for hydrogen were those given 

(24)by Stewart' . 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 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 3-1.4 and Table 3.1.5. A general view of

(25)the molecule illustrating the thermal ellipsoids' ' and 
giving the atomic numbering scheme is given in Figure 3.1.1. 
The molecular packing arrangement viewed down the c axis is 
given in Figure 3.1.2.
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Figure 3.1.1 .

A general view of I showing the atomic numbering 
scheme. Hydrogen atoms are numbered as the atoms 
atoms to which they are bonded.

/
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Figure 3*1*2

The molecular packing of I viewed along the 
c axis.
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3.1.2 Discussion of I

Comparison of the molecular geometry of I with that 
of V and VI is of interest. As in the i m i n o s u l p h u r a n e s ^ ) 
clear evidence of charge delocalization from the negative 
nitrogen atom to the 1onium group in I, by d^ -p^ inter
action, is provided by the shortness of the S-N bond, 
1.561(3)2, relative to the single bond in sulphamic acid,
1.772(1)£(18), and to the value of 1.742 from Pauling’s 

(27)covalent radiiv . This S-N length is similar to the 
corresponding value observed in III, 1.552(2)2, but is 
significantly shorter than the value in V, 1.659(2)2, and 
other S(IV) imino sulphuranes^^.

It is of interest to note that the S-N bond con
traction of 0.098(5)2 from V (a sulphur(IV) compound) to I 
(a sulphur(Vl)) is similar to the difference in the proposed 
covalent radii of 1.192 and 1.082 for sulphur(IV) and 
sulphur(Vl) respectively^^. However it is unlikely that 
the observed contraction is due solely to a change in 
effective covalent radius with oxidation number as the 
change in the corresponding sulphur-methyl distances 
[l.748(4)2 (mean) in I and 1.777(3)2 (mean) in v] is less 

marked.

Consideration of the N-C(O) bond length in I, 1.369(5)2, 
indicates that the N-C bond has considerable double-bond 
character comparable to that in pyridine, 1.340(5)S(29).
The C=0 bond length shows no difference from the normal
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value of 1.215(5)S(30). In contrast, in V, the corresponding 
values are 1.344(3)$ and 1.246(3)$, and in IX, in which d^-p^ 

delocalization to the ‘onium is not possible 
values are 1.313(6)$ and 1.243(5)$. Thus, relative to I,
the dimensions of V and IX suggest greater delocalization

)

to the carbonyl moiety.

It may plausibly be concluded that the dimethyl- 
sulphoxonium group in I is thus more effective in delocalizing 
the anionic charge than is the dimethylsulphonium group in V. 
This is in keeping with the observation that whereas 
(Me)2S(0)(NH) is a stable, isolable solid^2\  (Me)2S(NH) is 
an unstable, but characterizable oil, while (Me)^N(NH) has 
only been postulated as a non-isolable intermediate^^. This 
trend in stability is paralleled by the iso-electronic 
methylene analogues. The extra stability of sulphur(VI) 
compounds relative to sulphur(IV) compounds is reflected 
throughout the chemistry of sulphur, and has been attributed 
to the destabilization that results from the presence of the 
lone-pair on the sulphur(IV) atom^^.

An interesting feature of I is the value of the valency
angle N-C(9)-0(2), 125.7(3)°, which, in common with other
benzoyl-stabilized ylides, eg II,V,VI,IX, is greater than
the ideal trigonal value. Though intra-molecular non-bonded
interactions cannot be completely discounted, it is unlikely
that these are the principal causative factors since angles

(35)of comparable magnitude have been observed in acetamide'1 
and in a carbamoyl chloride(^6), F u r t h e r m o r e ,  in spite of 

the extra 0(1)...0(2) interaction in I, the corresponding
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angle in V is identical to that in I. Even intermolecular 
interactions may he partially discounted since there are no 
unduly short intermolecular contacts in the present structure. 
Furthermore, similar values have been observed for pairs of 
similar molecules in different crystal environments eg I and 
V, VI and IX. However there appears to be an underlying 
feature which is common to the examples cited above, ie the 
apparent correlation between the magnitude of the angle and 
the nature of the opposite bond. Thus the smallest angle in 
the carbonyl moiety is always opposite the cs-rbonyl bond, 
which is a formal double bond and, even in cases with 
appreciable enolate character, still has considerable rf- 
character. The intermediate angle is always opposite the 
bond from the ylide's anionic atom to the carbonyl carbon 
atom, the length of which, at the least, indicates incipient 
rf-character. Finally the largest angle is always opposite 
a formal single bond. The angles observed in I, 113*9(3)°,

120.3(3)° snd 125.7 (3) ° âre identical to those in V . The above 
comments parallel the observations made on the dimensions of
the complexed nitrato group (see PART II) and is in keeping

( 37)with the theory of CoulsonVJ . The discussion may have been 
expressed alternatively in terms of the mutual repulsion of 
bonds, the degree of repulsion being governed by the extent 
of the localized charge or double-bond character in a pair of 
bonds. It is intuitively plausible that the greater the 
double-bond character in such bondsf then the greater will be 
the angle subtended by these bonds.
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Interatomic non-bonded interactions we re partially 
discounted solely to simplify the discussion and to bring 
out an underlying feature. However, since angle bending is 
a low-energy process, non-bonded interactions may also be 
significant, although difficult to quantify. Furthermore 
other factors, such as the electronegativity of the atoms 
bonded to the carbonyl carbon, may also have a bearing on 
the situation^ ^.

The angle subtended at the anionic nitrogen atom may 
also be discussed in similar terms. The angle in I,
116.9(2)°, is significantly greater than the corresponding 
angle in V, 110.4(1)°, and may thus reflect the greater rr- 
character (increased d ^ - p ^  bonding) in the S-N bond in I 
relative to that in V. Therefore, to the extent that the 
converse is valid, the angle of 120.2(l)° in III and of 
146.0(2)° in XII may reflect the increased d^-p^. interaction 
in going from sulphur(IV) to sulphur(VI) and finally to 
phosphorus(V). This trend is the same as that observed in 
the stability of the free imines.

However the variation of the angle subtended at the 
imino nitrogen atom also correlates with changes in the size 
of the 'onium and stabilizing moieties. Thus the angle in 
the carbonyl-stabilized ylide, I, is smaller than that in the 
corresponding sulphonyl-stabilized ylide, III (116.9(2)° and 
120.2(1)° respectively). This trend is followed in the 
dimethyliminosulphuranes, V and IV, in which the angles are 
110.4(1)° and 116.2(6)° respectively, and also in the
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trimethylammoniumimines, IX and VIII, in which, the angles 
are 114.2(3)° and 118.0(1)° respectively. The correlation 
of this angle and the size of the 'onium moiety may also 
be implied by the trend observed in going along the 
following series of sulphonyl imines : X, VII, VIII, III,
XI, in which the steric requirements of the 'onium moiety 
increase in the given order, and the corresponding angles 
are 111.9(1)°, 113.4(5)°, 118.0(1)°, 120.2(1)° and 126.4(2)° 
respectively. Furthermore the possible sensitivity of this 
angle to intramolecular non-bonded interactions may also 
imply that intermolecular interactions could also play a 
significant role. However in view of the many apparently 
plausible factors, which are inherently difficult to 
quantify, and the small number of suitably related crystal- 
structure analyses, the above rationalization is at best 
tentative.

The 'onium moiety in I exhibits distorted tetrahedral
geometry which is similar to that observed in III. ' The S-0
bond length, 1.448(3)$, is also normal and similar to values
observed in sulphonyl groups. There is no evidence that the
considerable delocalization into the carbonyl moiety extends
also to the benzene ring, since the C(9)-C(l) bond, 1.503(5)$,

2 2is typical of C(sp )-C(sp ) single bond lengths, and no sig
nificant deviations from normal geometry occur in the benzene 
ring. The torsion angle 0(2)-C(9)-C(l)-C(6) of 8.2(5)° is 
similar to the values observed in V, 9.5(2)°, and II, 8.4(4)°. 
This twisting may arise from the need to minimise the 0(2)... 
0(2) and N...C(6) close contacts, 2.80 and 2.80$ respectively.
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The comparable values in V are 2.81 and 2.79$ respectively. 
Also the co-planarity of the S-N-C(9)—0(2) moiety, with a 
torsion angle of -1.0(5)° is experimentally identical to 
the value of -0.5(2)° observed in V. In fact the solid- 
state of conformations of I and V are remarkably similar. 
They both adopt a more or less extended conformation, with 
the sulphonium lone-pair in V being replaced by an oxygen 
atom in I.

The asymmetric disposition of the distorted tetra
hedral dimethylsulphoxonium group relative to the C(9)-N 
bond is illustrated in Figure 3.1.3 by the Newman projection 
along the N-S bond. This reveals the staggered arrangement 
of the dimethylsulphoxonium group relative to the imine 
moiety, which may be attributed to a minimizing of non- 
bonded interactions.
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the solid-state conformation of I

Figure 3.1.3
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3.2.1. Experimental and results

II
Phenacylidinedimethyloxysulphurane

Preparation of crystals

The title compound was prepared by the method of 
(41)Corey and Chaykovskyv

A suitable crystal for data collection was obtained 
by allowing a solution of the ylide in a mixture of ether 
and pentane to evaporate slowly.
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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

C10B1202S 
M = 196.3
Orthorhombic
a = 21.138(2)£
b = 5.740(2)8
c = 8.200(1)8

U = 994*9&3
D = 1.29 g cm“^
Z = 4

D0= 1.31 g cm-3

F(000) = 416 
/[(Mo-K^) = 2.86 cm-1 
Fna21 (c|v , No. 33)

Data collection

Radiation used 
Filter

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

Mo-K*., X= 0.710698
Graphite monochromator,
cos^20m = 0.965
2© = 60° max
m = 1080
2<Si
n = 165

Number of reflections per parameter m/n = 6.5
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Structure Determination

Systematic absences in the diffraction data (hOl absent 
when h odd and Okl when k + 1 odd) suggested the possible 
space groups Pna2^ or Pnma (with an interchange of the 
axes b and £).. A statistical analysis of the data suggested 
space group Pna2^, a choice v/hich was subsequently vindi
cated by successful refinement of the model with no anoma
lous effects.

The crystal structure was resolved by a combination of 
non-centrosymmetric direct methods^^, using the multi- 
solution program (MULTAN) developed by Germain, Main and

(47)Woolfson' , and conventional structure-factor and electron-
density calculations. Those 130 reflections with |E|>1.40
were used in 1500 unique relationships. Origin and
enantiomorph definition was carried out automatically and
a further three reflections were included in the starting
set (Table 3*2.2). Of the 32 generated phase sets, the one

(4 3)with the highest combined figure of merit' was used to 
compute an E-map, from which a chemically-sensible 8-atom 
partial structure was located. The atoms were assigned 
isotropic thermal parameters equal to the overall thermal 
parameter (U = 0.033^), obtained from a Wilson plot, and 
were refined by two cycles of isotropic least-squares 
calculations. A subsequent calculation of the electron- 
density distribution (R = 0.25) revealed sites for all the 
non-hydrogen atoms.
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Structure Refinement

Prior to least-squares refinement all atoms were 
assigned isotropic thermal parameters (U^so = 0.03S2).
The full-matrix least-squares refinement of positional, 
thermal and scale parameters (other than the z co-ordinate 
of the sulphur atom) converged after 15 cycles when R was 
0.028 and R* was 0.0012. Full details of the course of 
refinement are given in Table 3.2.3.

Initially unit weights were applied to all reflections. 
In later stages weights given by the expression

W = (0.1308 - 0.0152 If J + 0.0015|Fo| 2)-1 
were applied. The coefficients of the quadratic expression 
were obtained from a least-squares fit of a + b |Fq| + c |Fq|

Fq]̂  obtained from 
an analysis of w A ^  with increasing |Fq| . This weighting 
scheme leads to an approximately constant 
increasing |FQ| and sin 9 .

A difference synthesis after cycle 4 revealed electron 
density in positions which were stereochemically acceptable 
for hydrogen atoms. Hydrogen atoms were introduced at these 
locations and assigned isotropic thermal parameters of 
0.05S2. After cycle 7 a difference synthesis yielded 
improved co-ordinates for the hydrogen atoms which were 
then assigned thermal parameters identical to those of the 
adjoining carbon atom after cycle 4.

with

to the distribution of ( w A  ) with
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The refinement was assumed complete when the 
parameter-shifts calculated by a cycle of least-squares 
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 map being 0.16e/S^.

In all structure-factor calculations the atomic
scattering factors for sulphur, oxygen and carbon were

(23)computed from numerical Hartree-Fock wave functions'1 J , 
whilst the scattering factors for hydrogen were those given 
by Stewart^2^ .  Observed and final calculated structure 
factors are listed in Appendix VII.

The final fractional co-ordinates and thermal
parameters of all atoms are given in Table 3.2.4. The
values of 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 3.2.5 and Table 3.2.6. A general view of the

(25)molecule illustrating the thermal ellipsoids'1 and 
giving the numbering scheme is given in Figure 3.2.1. The 
molecular packing arrangement viewed down the b axis is 
given in Figure 3.2.2.
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Pigure 3.2.1

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





Figure 3.2.2

The molecular packing of II viewed along the 
b axis.



* 0 - 0

° - c r ^ ~ 9 T

T6



-164-

Me\  ■+• — N C
Me |
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II(*)

Me
Me

\  +  —  > S — H: S02Me

IIIC*>

(*) indicates this work.
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3.2.2 Discussion of II

Compound II is formally iso-electronic to I, and so 
their molecular structures were expected to be very similar.
It is thus of interest to compare and contrast the results 
obtained in the structure analysis of II with those of I.

As in I, and other sulphonium ylides^^,̂ \  charge 
delocalization from the carbanionic moiety to the *onium 
group is indicated by shortness of the S-C(IO) bond,
1.675(3)$, which is comparable to, and probably shorter than, 
the C-S bond in thioacetamide^^, 1.713(6)$. The difference 
in oxidation state increases the validity of the comparison, 
since the covalent radius of a sulphur (II) atom is con
sidered to be shorter, than that of a sulphur (VI) atom, 
by 0. 05£(28).. However, the difference of 0.114$, between 
the S-C(IO) bond length in II and the corresponding S-N bond
length in I, is larger than the differences of 0.07$, in the

2 2 (27)Pauling covalent radii for C(sp ) and N(sp )K ', and of
0.059$ in the C-C and C-N bond lengths in benzene^*^ and 
pyridine respectively. Thus it appears that delocali
zation of the anionic charge to the * onium moiety in II is 
less effective than in I. This observation is strengthened 
by comparing the carbonyl moieties in II and I. Y/hilst in 
I the N-C(O) bond, 1.369(5)$, is possibly longer than the 
N-C bond, 1.340(1)$, in pyridine, in II the C-C(O) bond, 
1.398(4)$, is experimentally identical to that in benzene, 
1.399(1)£(45), 1.394(5)2(30). Furthermore, the carbonyl 
C=0 bond in I, 1.223(4)$, is equal to the normal value,
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whilst in II it is significantly longer
(1.254(3)$).

The above observation is in keeping with the fact that 
whereas (Me^SCOjNH is a stable, isolable solid^^, 
(Me^S^JCK^ is a characterizable, but non-isolable, com- 
pound^"^. It does not seem likely that this difference may 
be accounted for by invoking tt’-bonding of the in-plane 
component of the lone-pairs of electrons on the nitrogen 
with the ’onium group, since it has been shown that N- 
alkylation, which effectively removes the in-plane component 
does not produce any discernible effect on the S+-N bond^^.

The lower degree of delocalisation in II relative to 
the delocalisation I may be rationalized in terms of the 
lower electronegativity of carbon relative to nitrogen.
Since the electronegativity difference between S+ and N 
in I is greater than between S+ and C in II, it follows that 
a greater inductive v/ithdrawal, via the tf-bond framework, 
will be present in I. This presents a better opportunity for

/ n g \back-donation^ } of the nitrogen p^ lone-pair of electrons 
into vacant d-orbitals of the sulphur via a rr-overlap 
relative to that of the carbon in II. Such an effect may 
plausibly explain the larger relative contraction of the 
X+ - Y“ bond in I, and may also account for the greater 
chemical stability of the free dimethylsulphoximine relative 
to the iso-electronic methylide.

From the molecular dimensions and the above discussion,
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it appears that the major contributing canonical forms are

+ -  +

Ila H b  lie
with Ila and lie having greater weight relative to similar 
resonance structures for I. The greater contribution from 
lie, relative to the contribution from a simila,r resonance 
structure for I, is also reflected in valence angles of the 
carbonyl moiety (see section 3.1.2). The decrease in ~TC~ 
character of the C-0 bond is accompanied by a considerable 
increase in the C(10)-C(9)-C(l) angle, 118.6(2 )°, in II, 
compared to 113.9(3)°, for the corresponding angle in I.
The slight increase in TT-character of the C(10)-C(9) bond 
compared to the N-C(9) bond in I is accompanied by a possibly 
significant decrease in the angle 0(2 )-C(9)-C(l), 119.1 (2)°, 
compared to the corresponding value, 120.3(3)° in I»
However, the lower electronegativity of carbon, in II, 
relative to nitrogen may also be a contributing factor.
The angle subtended at the anionic carbon, 118.5(2)°, is 
possibly significantly greater than the corresponding angle, 
116.9(2)°, subtended at the nitrogen in I. This may be 
attributed to the smaller space requirement of the C-H 
bonded pair of electrons in II, relative to the corresponding 
lone-pair on the nitrogen in I (compare the increasing H-A-H 
valence angle in progressing along the series HgO, NH^, CH^). 
However, it has also been argued (see section 3«1*2) that this 
angle is also sensitive to steric factors.
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The 1onium moiety in II exhibits distorted tetrahedral 
geometry which is similar to that observed in I, except that 
it is rotated through 120° about the C(10)-S bond. This is 
illustrated in Figure 3.2.3 by the Newman projection along 
the C(10)-S bond. This reveals the quasi-symmetric dis
position of the dimethylsulphoxonium group, which is a marked 
departure from the conformation observed in I and III and 
other imi nosulp h u r a n e s ^ ^ . The staggered arrangement 
(disregarding the eclipsed H(10)) may be attributed to a 
minimizing of non-bonded interactions.

As in the case I there is no evidence that the de
localization into the carbonyl moiety extends to the benzene 
ring in II, since the C(9)-C(l) bond, 1.499(4)2, is experi
mentally identical to the corresponding value, 1 .503(5 )2 ,

2 2 ( 30)in I, and is typical of C(sp )-C(sp ) single bond l e n g t h s ;,
and no anomalous deviations from normal geometry occur in the
benzene ring.

Other features of the geometry of II are similar to 
the corresponding ones in I. There are no abnormally short 
intermolecular contacts.
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3.3.1. Experimental and results

Me. +
 N 5— MeMe Q

III

N-methanesulphonyliminodimethyloxysulphurane 

Preparation of crystals

Dimethylsulphoximine was prepared by the method of 
( 32}Johnson and Rogersw  .

The title compound was prepared by shaking dimethyl
sulphoximine (0 .1 1 mol) with methanesulphonyl chloride 
(0 .05 mol) in freshly distilled chloroform (50 ml) for 
three hours.. After filtration, the chloroform was removed 
under vacuum. The resulting oil was washed with diethyl 
ether, leaving a white powder. Recrystallization from 
methanol yielded sharp, needle-like crystals [m.p* 124°; 
anal. Calculated for C^HgO^NS2 : C, 21.04; H, 5*30;
N, 8.18; S, 37.50. Pound : C, 21.13; H, 5.37; N, 8.17;
S, 37.62. M+, 17l] .

A suitable crystal for data collection was obtained 
by allowing a hot solution of the ylide in methanol to cool 
very slowly.
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Molecular formula 
Molcular 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
Equivalent positions

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

0 3 ^ 0 3 8 2  

M = 171.2 
Monoclinic 
a = 7 .701(1 )8

b = 16.561(1 )8  

c = 5.920(3)8
^ = 103.13(1)°
U = 735.383 

Dm= 1.55 g cm-3  

Z = 4
Dc= 1.55 g cm-3  

P ( 0 0 0 )  =  3 6 0  

tt(Mo-K*) =6.45 cm-1  

P21/n 
X, Y, Z
4 + X, 4 - Y, i + Z 
-X, -Y, -Z
4 - X, 4 + X, 2--Z

Mo-K*, X= 0.71069?
Graphite monochromator,
cos^2© = 0.965
20 =54°max
m = 1433

n = 82 

m/n = 17.5
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Structure Determination

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

The structure was resolved by an evaluation of the 
Patterson function and subsequent structure-factor and 
electron-density calculations. The co-ordinates of both 
sulphur atoms were obtained from the Harker sections in a 
sharpened, origin-removed, vector map. The sulphur atoms 
were assigned isotropic thermal parameters equal to the 
overall thermal parameter (U = 0.03A ), and were used to 
phase the observed structure-factor moduli in a calculation 
of the electron-density distribution (R = 0.42) which 
revealed sites for all non-hydrogen atoms.

Structure Refinement

Prior to least-squares refinement all atoms were 
assigned isotropic thermal parameters (U. _ = 0.038?^).I S O
The full-matrix least-squares refinement of positional, 
thermal and scale parameters converged after 10 cycles 
when R was 0.034 and R* was 0.0029. Full details of the 
course of refinement are given in Table 3.3*1. Initially 
unit weights were applied to all reflections. In later 
stages weights given by the expression

w = [l + ( |F0I - A /B ) 2] -1

were applied. The values of the constants A and B were
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varied ■until the expression lead to an approximately constant

and B = 8.0.

A difference synthesis after cycle 3 revealed residual 
electron-density peaks in positions which were stereo- 
chemically acceptable for hydrogen atoms. Hydrogen atoms 
were introduced at these sites and assigned isotropic 
thermal parameters of 0.0762^. After cycle 7 a difference 
synthesis yielded improved co-ordinates for the hydrogen 
atoms which were then assigned 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 so were included as fixed contributors to the 
structure factors.

The refinement was assumed complete when the 
parameter-shifts calculated by a cycle of least-squares 
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 0 .27e/2 .̂

In all structure-factor calculations, the atomic 
scattering factors were taken from ref.22. observed and 
final calculated structure factors are listed in Appendix VIII.

The final fractional co-ordinates and thermal 
parameters of all atoms are given in Table 3*3-2. The values

^ w A ^  with increasing |p The final values were A = 4.0
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of U - • refer to the anisotropic temperature factor
■*“ J

expression given in PART X. Bond lengths, valence angles 
and other relevant intra- and intermolecular data are given 
in Table 3*3-3 and Table 3.3*4.

A general view of the molecule illustrating the 
(25)thermal ellipsoidsv ' and giving the numbering scheme is 

given in Figure 3*3.1* The molecular packing arrangement 
viewed down the c axis is given in Figure 3*3*2.
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Figure 3*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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Pigure 3«3»2

The molecular packing of III viewed along the 
c axis.
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3.3.2 Discussion of III

The structure analysis of the ylide, III, has provided 
further evidence supporting the involvement of d-orbitals in 
the ylidic bond system of second-row ylides. Furthermore, 
the results obtained allow comparisons to be made with bond 
systems in similar molecules.

As in the iminosulphuranes^^,̂ ^, evidence of charge 
delocalisation from the negative nitrogen to the ' onium 
group in III, by d ^ - p n interaction, is provided by the 
shortness of the S(l)-N bond, 1.552(2)2, relative to the 
single bond in sulphamic acid, 1 .772(1 )2 ^*^^, and to the 
value of 1.742 from Pauling’s covalent radii^^. This 
S(D -N length is similar to the corresponding value 
observed in I, 1.561(3)2, but is significantly shorter than 
the value in IV, 1.633(9)2, and other sulphur (IV) ylides^1^,‘L̂  ̂
Furthermore, the sulphonium-nitrogen bond, S(l)-N 1.552(2)2, 
is significantly shorter than the sulphony1-nitrogen bond,
S(2)-N 1.616(2)2. This is the reverse order to that 
observed in IV and other sulphonyl-stabilized dialkyl- and 
diarylsulphilimines This suggests that the
dimethylsulphoxonium group is more effective in delocalizing 
the anionic charge than is the dimethylsulphonium group.
This is in agreement with the observations made in Section 
3.1 .2.

Comparison of the S(l)—N bond, 1.552(2)2, with the 
S-N bond lengths in Me2S(NH)2, 1.533(2)2^ \  1.536(6 )2^^^,
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and in Me2S(0 )NH, 1.521(3)2^^, indicates considerable 
lengthening of the •onium-nitrogen bond in III relative to 
that in an "unstabilized" sulphur (VI) imine. This suggests 
a significant degree of delocalization towards the sulphonyl 
moiety in III. It is of interest that the (interpolated) 
valence b o n d - o r d e r s ^ ) 0f the S(l)-N and S(2)-N bonds in 
III are 1.6 and 1.4 respectively, possibly indicating that 
the equivalent of one lone-pair is delocalized over the 
S-N-S system.

Comparison of the interbond angles in the *onium 
group of III with those of the unsubstituted sulphoximine, 
MegSjOjNH, provides further indication of delocalization to 
the sulphonyl group. Thus the O-S-N angle in Me2>5(0 )NH of 
132.6(9)°^^, whilst comparable to the N-S-N angle in 
MegSfNHjg* 135(1 )°^^\ is considerably greater than the 
corresponding angle, 118.2(1)°, in III. This may be 
attributed to a lower electron density localised in the 
0-S(l)-N moiety in III.relative to Me2S(0 )NH. The decrease 
in the 0-S(l)-N angle in III relative to Me2S(0 )NH, 
presumably due to less interbond repulsion, is accompanied 
by a redistribution of the other angles subtended at S(l) 
with values closer to the ideal tetrahedral values (Table 
3.3.3).

The geometry about S(2) in III is similar to that 
observed for other sulphonyl-stabilized ylides^1®*1^  and 
the interbond angles are similar to those observed in 
sulphones. Thus, in III, 0(2)-S(2)-0(3)* 117.2(1)°, is
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similar to the O-S-O angle in dimethyl sulphone^50^  
117.9 (8 )°, and in 4,5-dihydrothiepin-l,1-dioxide^51 \  
116.9(1)°. Furthermore, the sulphonyl S-0 bond lengths 
in III, 1.433(2)2 and 1.443(2)2, are experimentally 
identical to the values observed in IV, VII, VIII, X, XI, 
and the two cited sulphones. Thus there is no evidence 
that the delocalisation to the sulphonyl group extends 
beyond the sulphur atom. This is in agreement with the 
observation that conjugative effects are not relayed onto 
oxygen atoms attached to sulphur in sulphonyl groups(53).

One other feature of the geometry about S(2) is the 
marked difference between the angles 0(3)-S(2)-N, 1 1 1 . 9 ( 1 ) ° ,  

and 0(2)-S(2)-N, 106.3(1)°. This feature is paralleled in 
IV, VII, VIII, X and XI. Observation of the Newman pro
jection along the N-S(2) bond (Figure 3*3.3) shows that the 
larger angle is associated with the syn (gauche to S(l)) 
oxygen, 0(3). Furthermore the 0(3)...S(l) intramolecular 
contact, 3.032, is shorter than the sum of the van der Waals*. 
radii(54). observation of the respective Newman projections 
for the ylides cited above reveals that the larger angle is 
associated v/ith the syn oxygen (to X+), which also has a 
close contact v/ith the * onium central atom. This suggests 
that the larger angle may be due to intramolecular steric 
effects. The shortest intermolecular contact, 3.062, involves 
the 0 (3 )...C(2 ) interaction and may also be a contributing 
factor.

Other features of the geometry of III are covered in
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the overall discussion which follows.
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3*4 Overall Discussion

Two aspects of ylides are considered here. Firstly,
( 1 9 )Hair * s postulatev ' on the competition of ’onium and 

stabilizing groups to delocalize the negative charge on the 
anionic atom is discussed in the light of the more extensive 
data now available. Secondly, the conformations of ylide 
structures are discussed in terms of the steric requirements 
for electron delocalization and the minimization of non
bonding interactions.

In a review of the various structural studies of 
ylides it was concluded that there is competition, 
between the ’onium and stabilizing groups, to delocalize 
the negative charge on the anionic atom. The data that is 
available is. summarized in Tables 3.4.1-4. Table 3*4.1 clearly 
shows the interdependence of the two partially-multiple- 
bonds, P+-C~ and C~-Z, in methylenetriphenylphosphoranes; 
ie the increase in the P+-C~ bond-length in going along the 
series : 1 ,2 ,3,4a,4c; parallels the delocalizing ability of
the substituents.

This trend is also exhibited by S+(IV)-N*~ ylides 
(Table 3.4.2;l-6 ) in which the more effective delocalization 
to a carbonyl group relative to a sulphonyl group^) is 
accompanied by a longer S+—N bond—length. However S+(VI)—N 
ylides are dissimilar in that the S+-N~ bond length, although 
apparently sensitive to the presence of a substituent, shows 
no variation (within the accuracy of the data) with changes in



-190-

the nature of the substituent (see Table 3.4.2;7-10). This 
contrasting behaviour between otherwise analogous compounds 
appears to correlate with the increased positive charge on 
the sulphur atom in S(VI)-ylides. This suggestion appears 
more plausible in the light of the data available for bis- 
ylides (Table 3.4.2; 11—16) in which the sulphur atom carries 
two formal positive charges, and in which the S2+-N“ bond 
lengths are even shorter and show no sensitivity to the 
presence or nature of the substituents. The trend in 
S+-N~ bond lengths parallels the decrease in S-0 bond lengths 
in progressing along the series : MegSO^^ (1.513(5 )2),

(1.481&),  ̂(1.412X), which was attributed^-^
to a contraction of d-orbitals resulting from an increase of 
the effective nuclear charge (zeff) on the sulphur atom 
leading to a more efficient orbital-overlap.

It is plausible that the apparent insensitivity to sub
stituents of the S+-N” bond length in the quoted S(VI)-ylides 
and bis-ylides is due to a relatively small difference in 
perturbing influence of the different substituents. However 
competition between ’onium and stabilizing groups to delocalize 
the anionic charge should manifest itself in an interdependence 
of the rr-interactions between the groups and the negatively 
charged atom separating these groups. Therefore a large 
enough change in the nature of the ’onium group should influence 
the bond between the negative atom and a common stabilizing 
group, and possibly be observable. This interdependence is 
evident in the following N-sulphonyl systems :
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System Compound S+-H~(g) N~-S(&)
1.598(3)
1.616(2)
1.685

S+(IV)-N~-S 
S+(VI)-H“-S 
S2+-W"-S

9
16 (mean)

1»2>3>4 (average) 1.630(4)

1.523

1.552(2)

The corresponding bond lengths in substituted methylene- 
sulphuranes are in agreement with the above analysis. However 
the paucity of data and diversity of substituents diminishes 
the significance of this agreement. (See Table 3.4 .3)

An examination\of iminophosphoranes (Table 3.4.4) of 
which only a few examples are available, reveals a trend which 
is compatible with the above discussion. Competition between 
the phosphonium and stabilizing groups is clearly shown by the 
diphenylphosphinyl,3> and dichlorophosphinyl,4, pair of ylides. 
Chlorine substitution should lead to an increase in the 
effective nuclear charge on the phosphorus atom and the con- 
sequent d-orbital contraction' J may lead to better orbital- 
overlap. However the decreased P+-N"~ interaction in ylide 4 
is less apparent than the increased N"”-phosphinyl interaction 
and suggests an apparently low sensitivity of the P+-N“" bond 
to N-substitution. This case may be analogous to that 
discussed for sulphur ylides and warrants further study.

Besides the nature of the bonding in the ^X+-Y~-Z- 
moiety in ylides, the conformation adopted by the molecules 
is also of interest. A considerable amount of data has been 
accumulated and trends in the preferential conformations 
adopted by classes of ylides have been indicated^*^  ̂ .
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It has been observed^^ that ylides stabilized by 
groups containing a single p 7T-orbital system adopted a con
formation in which the X+-Y“-Z(=0) moiety was planar. A

/  -i o  \

recent study broadly confirms this, and any deviations 
from planarity have been satisfactorily accounted for in terms 
of intramolecular non-bonded interactions and intramolecular 
hydrogen-bonding^^. The results reported in sections 3*1-1 
and 3*2.1 are in agreement with the above observations. The 
observed conformations correspond to staggered, extended 
structures which, presumably, minimize steric interactions 
and maximize any potential delocalization of the anionic 
charge via p-rr-p^ orbital overlap.

The solid state conformation of sulphonyl stabilized
ylides has also evoked considerable interest, and on the basis

(iq)of studies on five such ylides it was suggested' J ' that in 
ylides stabilized by a multiple rr-orbital system based on 
d-orbitals an X+-Y~-Z(=0) moiety adopted a planar conformation 
if the anionic atom, Y, possessed one lone-pair of electrons 
and a conformation deviating from cis-coplanarity by 30° to 40° 
if Y carried two lone-pairs of electrons. However, in the 
light of further studies, it became apparent that this classi
fication does not extend to ylides with other d-orbital-based 
stabilizing groups, and that it is not general for sulphonyl 
stabilized ylides

A summary of the data is given in Table 3*4.5 and a 
representative Newman projection down the Y -S bond is given 
in Fig 3.4.1. The variability of angle 't',, given in Table 3.4.5
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may be attributed to steric interactions, particularly the 
•gauche* interactions between the ’onium moiety, X+, and the 
alkyl or aryl substituent, A, on the sulphur atom, and possibly 
intermolecular interactions. The regularity with which such a 
conformation (or its mirror image) occurs is remarkable. 
Intuitively, if interactions were purely steric in origin one 
might expect the ’anti’ conformation, Fig 3*4.2 to be adopted 
particularly when A and X+ are bulky groups. This is not 
observed in any of the quoted examples. If one assumes that 
the lone-pairs of electrons on an anionic nitrogen atom are 
approximately staggered v/ith respect to the sulphonyl group, 
it is seen, in the Newman projection Fig 3.4.1, that the 
out-of-plane component (p -orbital type) of the lone-pairs is 
oriented approximately along the plane that bisects the O-S-O 
angle. This fits in with the ’gauche effect’ ie the tendency 
of a molecule to adopt a conformation which has a maximum 
number of ’gauche’ interactions between the adjacent electron 
pairs and/or polar bonds^2 .̂

This preferentially adopted conformation of the sulphonyl-
anion moiety is not restricted to imine-ylides. It is also

(57)adopted by the carbanionic ylidesw , / , N-Alkyl-N-sulphonyl-
imines^^’^0 ,̂ ot-sulphonyl carbanions^^, cc-sulphinyl
carbanions^), benzene sulphonates^85 ̂ and sulphinates^86 ̂ .
It has been suggested that this conformation is adopted
because it provides the opportunity for delocalization of the
anion electrons into the (partially) vacant sulphur orbitals

3 2and follows from a rationale based on an sp d model for the 
sulphur atom^^. However extensive ab initio MO calculations
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on the hypothetical models, C~H23(0)H^88  ̂ and C_H2S(0)2H^8^^, 
indicate that the most stable structure for the anions fits 
the context of the 'gauche effect' as a result of a balance 
of the attractive and repulsive terms which constitute the 
total energy of the system^^ without any significant 
contribution of the sulphur d-orbitals^2^. However, in 
view of the wealth of chemical and physical data available, 
d-orbital participation seems justified, and these calcula
tions simply show that the conformation adopted by a d^-p^ 
system is insensitive to d-orbital participation. This is 
not surprising since in such a c^-p^ system, ie X+“Y~-S02R> 
the tetrahedral sulphur has (at least) two d-orbitals avail
able for rr-bonding and any torsion about the Y~-S bond, 
dictated by steric or electro-static factors, simply causes
the p<-orbital of Y~ to be matched with a different

( 7 3 )d-orbital combination'  ̂ .
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Table 3*4.1

Delocalization in P+— C — Z systems

Compound Ref. P+- C“(S) C-- Z (£)

1. Ph3P-CH2 55 1.661(8) -

2. Ph3P-CH-CH=C(Me)2 56 1.677(3) 1.433(5)

3. Ph^P-GH-SOg-tol. 57, 1.709(19) 1.686(19)

4. Ph,P-CR-C02Me

a. R = -CH2-C02H 58 1.732(4) 1.392(6)

b. R = -CH2-C02But 58 1.715(5) 1.415(7)

c. R = I' 59 1.753(5) 1.441(8)

5. Ph,P-C(Cl)-CO-Pfa 60 1.736(14) 1.361(20)

Cl 0--- Me

[-— N---C=N

Cl
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Table 3.4.2

Delocalization in S+- — Z systems

Compound Ref. S+- N"(8) a i i tsi

1. Ph2S+-N“-S02-tol. 61 1.628(7) 1.598(5)

2. Me2S+-N~-S02-1;ol. 40 1.636(8) 1.591(8)

3. Ph.nPr.S+-N“-S02--fcol. 62 1.620(7) 1.618(7)

4. Me2S+-N“-S02Me 39 1.633(9) 1.581(10)

5. Me 2S+-N~-CO-Ptu 18 1.659(2) 1.344(3)

6. Me2S+-N“-CO-CCl3 26 1.667(7) 1.320(10)

7,. JJe2S+(0)-NHi 48 1.521(3) —

8. (C7H7)2S(0)-N-Phth. 
Phth = Phthalimido

63 1.561(6) 1.426(7)

9. Me2S(0)-N-S02Me * 1.552(2) 1.616(2)

10. Me2S(0)-N-C0-Ph * 1.561(3) 1.369(5)

11. Me2S+(-NE) 47 1.536(6) -

46 1.533(2) -

12. S(-N-Me)2 66 1.53(1) —

13- S+(-N-Pli) 2 67 1.54 -

14. £*(-S-tol. )2 64 1.54* -

15. S+(-N-S-Ph)2 68 1.529(5) 1.659(5)

16. S+(-N-S02-tol.)2 65 1.523* 1.685*

* indicates this work * indicates mean value
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Table 3.4.3

Delocalization in S+- Z systems

Compound Ref. S+-C~(I) C~- Z (£)

Me
Me

 H R  Cl— / /  ^
0

1.675(3) 1.398(4)

74 1.707(4) 1.437(5)

1.420(5)

^CH
3. C

Me N a
75 1.730(8) 1.388(15)

1.403(14)

(*) indicates this work.
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Table 3*4.4

Delocalization in P+- N~- Z systems

Compound Ref. P+- H“(X) N~- Z (2)

1. Ph^P-N-PPt^ 76 1.56.(2) -

1.59(2) -

2. Ph3P-N-C6H4.Br 77 1.567(6) 1.417(11)

3. Ph,£-lf-P(0)Pii2 38 1.557(2) 1.604(2)

4. Ph,/-K-P(0)Cl2 38 1.582(2) 1.558(2)

5. Ph,#-N-S02-tol. 52 1.579(4) 1.586(4)
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Table 3.4.5

Conformations of some sulphonyl-stabilized ylides 
and related compounds.

Torsion angles(°)
>1 
J2

nX - Y - S-- Ew
7 = X 1 - Y - S -

2 * = X 2 A - Y - S -
Compound. Ref. r,.

1. Me,N-N-S02tol. 18 -40.7 -168.6

2. Ph,P-N-S02tol. 52 37.6 167.7

3. MegS-N-SCUtol. 40 36.8 167.2

4. Ph2S-H-S02tol. 61 34.9 163.9

5. Me2S-N-S02tol. 39 31.7 160.5

6. Me2S+(0)-N-SOgMe * 32.2 161.3

7. Ph.nPr.^-H-SOgtol. 62 35.3 163.7

8. Pyridinium-N-SOgtol. 18 54.4 -176.8

9. Penieilliniunf-N-SOgtol. 38 -5.3 126.3

10. K'(-S02Ph)2 78 29.9 157.9

-37.0 -165.0

11. NH(-S02Mfe)2 79 33.1 136.9

36.7 164.6

12. Ph,P-CH-S02tol. 57 8.3 -122.8

13* Penicillinium-NR-S02tol. 38 -9.2 -137.3

14. BuV S-N-S02tol. 80 -50.9 180.0
Et

-fcol = (*) indicates this work.
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PART IV

THE CRYSTAL AND MOLECULAR STRUCTURES OF TWO 

RELATED ORGANIC MOLECULES
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THE CRYSTAL AND MOLECULAR STRUCTURES OP 
4 -HYDR OXYXAITT HE NE -9 - SPIR 0 -4 1 -(N-IflETHYLPIPERIDINE)
AND ITS 8-FLUPRO DERIVATIVE

The title compounds are the first in a series of 
xanthene-9-spiro-4*-piperidine derivatives which it is 
proposed to study in this laboratory. The purpose of this 
investigation is to examine the detailed molecular 
geometries of derivatives with a range of pharmacological 
activities, and in which the flexibility of the parent 
system is modified to quasi-rigidity via substitution at 
certain key centres of the molecules. The additional 
possibility of correlating molecular geometry with 
pharmacological activity necessitates the future study of 
other suitable derivatives which will permit more detailed 
comparisons $0 be made. It is therefore not feasible to 
usefully discuss this aspect at this stage.
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4«1 Experimental and results for I

I

8-Fluoro-4-hydro xyxanthene-9-spiro-4 • - (N.-me t hy lp ip er id in e) 

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

C18H18N02P 
M = 299.3
Monoclinic
a = 26.179(3)8
b = 6.932(4)8
c = 17.351(2)8
jS = 109.15(1)°
0 = 2974.583
Dm= 1.33 g cm-3
Z = 8
D = 1.337 g cm-3
V

F(000) = 1264
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Space group 
Equivalent positions

I2/c
X, Y, Z
-X, Y, i - Z
^ + Yy + Y> ■§• + Z
i - X, i + Y, -z
-X, -Y, -Z
X, -Y, i + Z
i - x, i-Y, i - z
i + x, i - y, z

Data collection

Radiation used 
Filter

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

Mo-K*, X= 0.710698
Graphite monochromator,
cos'12em = 0.965
20 =54°max
m = 1915 
2
n = 272

Number of reflections per parameter m/n = 7.0
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Structure Determination

Systematic absences in the diffraction data 
(hkl when h+k+1 = 2n + 1 and hOl when 1 = 2n+l) suggested 
the possible space groups Ic or I2/c. A statistical analysis 
of the data (Table 4.1) suggested space group 12/e, a choice 
which was subsequently vindicated by successful refinement 
of the model, with no anomalous effects.

The phase problem was overcome by centrosymmetric 
direct phasing methods. Normalized structure factors were 
calculated and triplet relationships derived for the 382 
reflections with |E| ^  1.20. With a starting set of two
origin-defining reflections, a solution for the 70 strongest 
reflections was obtained using relationships of probability 

^ 0.75. A total of 318 reflections were then phased from 
this solution and an E-map, calculated with these reflections 
only, revealed clear sites for all the non-hydrogen atoms.
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Structure Refinement

Prior to least—squares refinement all atoms were 
assigned isotropic thermal parameters equal to the overall 
thermal parameter (U = 0.024S2) obtained from a Wilson plot. 
The least-squares refinement of positional, thermal and 
scale parameters converged after 17 cycles when R was 0.038 
and R* was 0.0029. Pull details of the course of refinement 
are given in Table 4.2, Initially unit weights were applied 
to all reflections. In later stages weights given by the 
expression

w = (2.26 - 0.119 |FJ + 0.0039 |FJ 2)'"1 
were applied. The coefficients of the quadratic expression

pwere obtained from a least-squares fit of a + b |FQ| + c|PJ
to the distribution of , (w A ^  with obtained from

2an analysis of w A  with increasing |P0|. This weighting 
scheme leads to approximately constant ^w A v/ith increasing 
| Fj and sin 6 .

A difference-synthesis after cycle 4 revealed residual 
electron-density in positions which were stereochemically 
acceptable for hydrogen atoms. Hydrogen atoms were intro
duced at these locations and assigned isotropic thermal 
parameters of 0.0522.

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 distribution
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being 0.16e/2^. In all structur e-fact or calculations the 
atomic scattering factors for carbon, oxygen and nitrogen 
were computed from numerical Hartree-Fock wave functions^1 ) 
those for fluorine were taken from ref.2, whilst the scattering 
factors for hydrogen v/ere those given by Stewart^. Observed 
and final calculated structure factors are listed in Appendix 
IX.

The final fractional co-ordina,tes and thermal parameters 
of all atoms are given in Table 4.3. The values of U. . refer1 J
to the anisotropic temperature factor expression given in 
PART I. Bond lengths, valence angles and other relevant 
intra- and intermolecular data are given, together with the 
corresponding values for II, in Table 4.6 and Table 4.7. A 
general view of the ’molecule illustrating the thermal 
ellipsoids^ and giving the numbering scheme is given in 
Figure 4.1. The molecular packing arrangement viewed along 
the b axis is given in Figure 4.2.
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Figure 4.1

A general view of I showing the atomic numbering 
scheme. Hydrogen atoms are numbered as the atoms 
to which they are bonded.
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Figure 4.2

The molecular packing of I viewed along the 
b axis, and showing the hydrogen-bonding 
between molecules related by the £ glide 
plane.
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4.2 Experimental and results for II

II

4-Hydroxyxanthene-9-spiro-4*-(N-methylpiperidine)

Crystal data

C18H19N02 
M = 281.4
Monoclinic
a = 26.277(3)5
b = 6.882(4)5
c = 17.296(2)5
& = 108.96(1)°
U = 2958.l53
D = 1.25 g cm-^ m
Z = 8
Dc= 1.263 g cm"^ 
F(000) = 1200 
//.(Mo-Kj =0.88 cm-1

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
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Space group 
Equivalent positions X, Y, Z

I2/o

—X, Y f — Z
i + X, i + Y, i + Z
i - X, i + Y, -z
-X, -Y, -Z
X, -Y, i + Z
i - x, i - x, i - z
i + x, i - y, z

Data collection

Radiation used M o - K k . ,  A= 0.710692
Filter Graphite monochromator

cos^20m = 0.965
Upper limit for data collection
Number of independent reflections m = 1225
Unobserved cut-off
Number of parameters refined n = 267
Number of reflections per parameter m/n =4.6
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Structure Determination

The similarity between the cell parameters and 
diffraction patterns, together with the expected similarity 
in molecular structure, suggested that the crystals of II 
were isomorphous to and possibly quasi-isostructural with 
those of I. Therefore the fractional co-ordina.tes and 
isotropic thermal parameters (after cycle 4, ie at isotropic 
convergence) of the relevant non-hydrogen atoms of I were 
used in a trial refinement. The bond lengths of the iso- 
tropically refined model of II were experimentally identical 
to the corresponding parameters of I at the same stage of 
refinement.

This suggested that the trial model was acceptable, 
the acceptance of which being subsequently vindicated by 
successful refinement of the model, with no anomalous 
effects.
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Structure Refinement

The least—squares refinement of positional, thermal 
and scale parameters converged after 19 cycles when R was 
0.038 and R> was 0.0020. Pull details of the course of 
refinement are given in Table 4.4. Initially unit weights 
were applied to all reflections. In later stages weights 
given by the expression

w = (8.063 - 0.2778|FJ + 0.0038|Po|2)-1 
were applied. The coefficients of the quadratic expression 
were obtained from a least-squares fit of a + b|FJ + c|PJ 
to the distribution of <^wA 2̂ > with /| PQ|)> obtained from 
an analysis of wA^ with increasing (Fj . This weighting 
scheme leads to approximately constant ^wA^with increasing 
|F | and sin G .

A difference-synthesis after cycle 3 revealed residual 
electron-density in positions which were stereochemically 
acceptable for hydrogen atoms. Hydrogen atoms were intro
duced at these locations and assigned isotropic thermal 
parameters of 0.052^.

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 distribution 
being 0.16e/S^. in all structure-factor calculations the 
atomic scattering factors for carbon, oxygen and nitrogen were
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compute d from numerical Hartree-Fock wave functions^, 
whilst the scattering factors for hydrogen were those given 
by Stewart . Observed and final calculated structure 
factors are listed in Appendix X.

The final fractional co-ordinates and thermal 
parameters of all atoms are given in Table 4.5. The values 
of U.. refer to the anisotropic temperature factor expression

J. J

given in PART I. Bond lengths, valence angles and other 
relevant intra- and inter-molecular data are given, together 
with the corresponding values of I, in Table 4.6 and Table 4.7. 
A general view of the molecule illustrating the thermal 
ellipsoids^^ and giving the numbering scheme is given in 
Figure 4.3. The molecular packing arrangement viewed along 
the b axis is given in Figure 4.4.
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Figure 4.3

A general view of II showing the atomic numbering 
scheme. Hydrogen atoms are numbered as the atoms 
to which they are bonded.
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Figure 4.4

The molecular packing of II viewed along the 
b axis, and showing the hydrogen-bonding 
between molecules related by the o glide 
plane.





Tables 4.6 and 4.7

Interatomic distances, angles and mean planes
for I and II
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4.3 Discussion

The structure analyses of I and II have confirmed the
isomorphism that was indicated by the similarity of the cell
parameters and diffraction patterns. The bond—lengths of the

¥
asymmetric units are remarkably similar in that there are no 
significant differences between the corresponding bond lengths 
in I and II (Table 4.6), both sets of bond lengths being 
comparable with literature values for similar bond types

The relative differences that are observed between the 
molecules of I and II may be correlated to the direct effect 
on ring B of the 8-fluoro substituent in I. Thus the endo- 
cyclic valence angle subtended at C(8) in I, 123.9(2)°, is 
greater than the corresponding angle in II, 121.1(5)°, and 
compares with the value of 123.4(4)° observed jn fluorobenzene^ 
the latter value having been attributed to the rehybridization 
(so called isovalent hybridization) of the carbon atom under 
the influence of an electronegative substituent^ . The 
endocyclic valence angles (relative to ring B) subtended at 
C(10) in I and II, 124.0(2)° and 123.0(3)° respectively, do 
not differ significantly^11 ̂ , are both larger than the normal 
trigonal values of 120° and are in agreement with the 
rehybridization of 0(10) under the electronegative influence 
of the ether—type oxygen, 0(10). The valence angle 
C(8)-C(9)-C(10) in I, 113.8(2)°, is more significantly 
deformed from the trigonal value than is the corresponding 
angle in II, 116.7(4)°, possibly to preserve the planarity 
of the ring^^^ (the sum of the endocyclic valence angles of



-233-

ring B is 720.0 in both I and II). The exocyclic angle 
subtended at 0(9) in I, 129.3(2)°, is larger than that sub
tended at C(12), 126.6(2) , and larger than both the corres
ponding angles in II, 126.1(4)° and 126.8(3)° respectively. 
This may arise from the marked deformation of the valence 
angle C(8)—C(9)—0(10), discussed above, and the sp^ nature 
of 0(9) (sum of valence angles is 360.0°). However it may 
also be attributed to the peri interactions between the 
fluorine atom and atom 0(13) and its substituents. Thus, 
the short F...C(14) contact of 2.77& in I may account for 
the observed widening of the 0(9) exocyclic angle, and may 
also account for the F-C(8)-C(9) angle, 120.2(2)°, being 
larger than the F-C(8)-C(7) angle, 115.9(2)°. These 
observations are paralleled by 1,8 dimethylnaphthalene (^3) 
in which the widening of the 0(9) exocyclic angle, 125.2°, 
and the asymmetry of the 0(8) (and 0(1)) exocyclic angles, 
124.8° and 116.2°, were attributed to the strong peri inter
actions resulting from the close methyl.. .methyl contact of 
2.932S.

Except for the angular distortions discussed above, 
ring B shows no further unusual features. The ring bond— 
lengths range from 1.373(5)§. to 1.396(3)S in I and from 
1.360(7)£ to 1.390(6)£ in II and are in agreement with 
usually observed values^ The C—F bond—length in I,

350 (3)5. is experimentally identical to the value, 1.354(6)5, 
observed in fluorobenzene^^ • Ring B is planar, within the 
experimental error of the analyses, in both I and II 

(Table 4.7).
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Ring A also shows typical benzene-type bond-lengths, 
ranging from 1.381(3)2 to 1.404(3)2 in I and from 1.384(6)2 
to 1.400(5)2 in II. The C(4)-0(4) bond-lengths, 1.349(3)2 
and 1.364(5)2 in I and II respectively, do not differ sig
nificantly^  ̂ and, although shorter than the values observed 
in some 2,3-disubstituted phenols^14), typically 1.402(4)2, 
are comparable to the values observed in isovanillin^1-̂

[l.3582J, p-hydroxybenzaldehyde (16) [1.3572] 1 and r esorcinol^^ ̂ 
[l.364(4) and 1.353(5)2 (uncorrected for thermal motion)], all 
of which are involved in short 0(H)...0 hydrogen bonding.
The angular deformations from ideal trigonal values, 117.4(2)° 
to 123.1(2)° for I and 117.4(3)° to 122.5(3)° for II, are not 
unusual for 1,2,3-trisubstituted benzene systems. Thus the 
corresponding values in I and II are experimentally identical 
and are similar to those in 2,6-xylenol^^, 2,3-xylenol^4 ̂ ,
3-bromo-2-methylphenol^4^, and 2-hydroxy-3-methyl benzoic 

(19)acidv  ̂ . However ring A exhibits a slight but significant 
boat-like distortion from planarity, suggested by the atomic 
deviations from the mean plane (Table 4.7) and by torsion 
angles of -4.3(3)° to +4.0(3)° for I and -5.7(6)° to +5.3(6)° 
for II. That the observed puckering is genuine is suggested 
by the fact tha,t the observed distortions in I and II are 
experimentally identical and that rings B are planar within 
the accuracy of the respective analyses, thus acting as 
internal standards. There are no close intermolecular inter
actions that could account for this puckering, and although 
electronic conjugative effects within the phenolic moiety 
cannot be completely discounted there does not seem to be a 

clear causative factor.
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The piperidine rings adopt a slightly skewed chair
conformation with torsion angles in the range 149.6°| to
|60.7 I for I and J43-5 | to |61.2°| for II. The corresponding
torsion angles in I and II do not differ significantly from
each other (Table 4*6) and are similar to the corresponding

values observed in 3-benzoyl-3-ethyl-l-methylpiperidine "
bitartrate 2̂0K  The deviations for N [0.65S in I and ll]
and for 0(13) [[-0.672 in I and -0.662 in ll] from the mean-
plane through the central four atoms of the piperidine moiety
are similar to the values observed in other piperidine 

(21)derivativesv 1. The N-methyl group adopts an equatorial 
orientation. This contrasts with unsubstituted piperidine

( p p )and morpholine in which the N-proton is axial' Presumably
this is due to the greater steric requirements of a methyl
group relative to a lone-pair of electrons and the unfBv-uurable

(2^)steric interactions that would arise in the axial conformer'

The xanthene moiety is not planar, but is folded 
approximately about the C(13)-0(10) vector. The dihedral angle 
between the mean planes through the two phenylene rings is 
135.8° in I and 136.0° in II. These values are similar to the 
angle of fold observed in thioxanthene^4 ̂ , 135.3°> and 
9-sila-9,10-dihydroanthracene(25\  136.0°, and do not differ 
markedly from a mean value of 138.9° observed in some

(26)9110— heterocyclic analogues of 9* 10-dihydroanthracene 
Presumably this folding enables C(13) retain sp3 valency 
angles comparable with those found in non—cyclic compounds, 
since a planar conformation, together with the fact that 
C(Aryl)-c(sp3) bond lengths are greater than C(Aryl)-0 bond
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lengths , would lead to the pyran endocyclic angles being 
greatly distorted from trigonal and tetrahedral values* 
Furthermore, examination of a scale—model suggests that a 
planar xanthene system would lead to hard interactions 
between the 0(14)- and 0(17)- appended hydrogens and the 
C(8)- substituents. Any tilt of the piperidine ring to * 
relieve such interactions would only serve to worsen the 
C(l)... piperidine interactions and to flatten the piperidine 
conformation. As a result of the folding, the pyran ring 
exhibits a boat conformation. 0(10) lies 0.402 in I and 
0.392 in II distant from the mean-plane through C(9), C(10), 
C(ll) and C(12). The corresponding distances for C(13) are 
0.582 and 0.562 respectively.

One aspect of this work was the investigation of the 
tilt, if any, of the piperidine ring towards the A ring 
which would possibly be induced by 8-substitution. However 
the conformation of the piperidine ring in I is unchanged 
relative to that in II, and the relevant intramolecular 
distances to the atoms of ring A show no significant 
differences. Thus the 0(14)...0(13), 0(14)...0(12),
0(14)...0(1) distances are 1.54, 2,60 and 3.042 in I, whilst 
the corresponding distances in II are 1.55, 2.60 and 3.052 
respectively. The intramolecular distances of the piperidine 
atoms to 0(8), however, do show significant differences. Thus 
the 0(8)...0(14) contact, 3.092, in I is longer than the 
corresponding contact, 2.972, in II. The 0(8)...0(15) 
distances, 4.56 and 4.442 respectively, and the C(8)...N 
distances, 5.08 and 4.962 respectively, also show the same
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difference. However, these differences are correlated to 
the angular distortion at C(9) which is discussed above.

The crystal packing arrangements of I and II (Figures 4.2
and 4.4 respectively) illustrate the hydrogen-bonding that is
present in the crystals, between molecules related by the"
c-glide plane. The geometry of the hydrogen-bonding in I and
II is shown in Figure 4.5. The 0(H)...N distances, 2.685(2)
and 2.690(4)2 respectively, are short compared to the sum of
Wallwork's donor and acceptor r a d i i 2.8l2, and suggest
relatively strong hydrogen-bonding, being comparable to the

(7)values observed in the aniline-pentachlorophenol complex' , 
2.732 and 2.602.

Apart from short contacts arising directly from the 
intermolecular hydrogen-bonding, there are no abnormally short 
contacts^^ indicating that the packing of the hydrogen-bonded 
chains of molecules is determined by van der Waal’s forces.
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Figure 4.5

The geometry of the hydrogen—bonding m

0*98(3)2 1*72(3)2
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APPENDIX I

Structure Factor List for compound I, 
Part II.

Columns listed are I, tF̂  x 10, Fc x 10.
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APPBNDIX II

Structure Factor List for compound II, 
Part II.

Columns listed are £, IF I x 10, Frt x 10.* o c



E
Ps»-»

—J
©PS V

cc
1

Ps iO O CO in
cc O' rs © in c  Oi —* ro i s cr. 40 —' —i ro xr tn
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-̂•siô OkOCMcoî TrccrwCMiOjnek̂ iocr* —*CM'̂ ivce4f>K.or0'»5-if?eC'f0̂ r«*-»e’f0Cv 
-“•C M —• ' r - * f O « D - * - * s C > 3  < O f O V N - » ^ v' \ J ^ t W  I ! * • —‘ t i l l !
S © ( V C V S C O C O S K O ' ( V r « > N ^ « N O '!OCM»<<oso,?cS'H^ra3(0(oroaos<0(M»< *■•' tv ro tr cv <e e: <c ro •  rs ^  > cv —* *-*

cm I I I OJ O  ^  tf> N  C3 c?> ^ffiJONOin^ocv^scvonnN^ooi■^^•llllllll wV I

r * 1 cv s xr s?
i d  i s  ro S O N
«c 1 1 IS  cv 1

_ iO  co T0 « - » 0  cs «>
ro  i s s: 00 VC CC1 »■>«vD *-* M? CM «fc

■r-s1roI rs  jo  01
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APPENDIX III

Structure Factor List for compound III, 
Part II.

Columns listed are i, |F I x 10, F x 10.O v
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APPENDIX IV

Structure Factor List for compound IV 
Part II.

Columns listed are -I, |Fj x 10, Fc x 10
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APPENDIX V

Structure Factor List for compound V, 
Part II.

Columns listed are |FQ| x 10, FQ x 10.
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APPENDIX VI

Structure Factor List for Compound I, 
Part III.

Columns listed are I, |Fj x  10, |FCI x 10, oi.
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APPENDIX VII

Structure Factor List for compound II, 
Part III.

Columns listed are I, |Fj x 10, |Fc|x 10, oc •
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APPEKLIX VIII

Structure Factor List for compound III, 
Part III.

Columns listed are I, [Fq\ x  10, Fc x 10.
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APPENDIX IX

Structure Pactor List for compound I, 
Part IV.

Columns listed are I, |FJ x 10, Fc x 10,

;n -.01, "
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APPENDIX X

Structure Factor List for compound II, 
Part IV

Columns listed are i , |fJ x 10, Fc x 10.
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