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SUMMARY

X-ray diffraction techniques have been employed to determine the
crystal structures of four inorganic complexes containing terminal and
bridging ketimino-groups and also of a molyﬁdenum complex incorporating an
aza-allene ligand., The structures were determined by the heavy étom method
and refined by the method of least-squares using diffractometer data.

crystallises in a monoclinic cell with space group

t
(ﬂhC5H5)Mo(CO)2N.CBu 5

P21/n. The ketimino-group is attached to the molybdenum atom by a short
Mo-N bond of length 1.892% and a large Mo-N-C angle of 171.8°. Both these
values are consistent with a substantial amount of multiple bonding

’

involving the molybdenum and nitrogen atoms.

(ﬂ—CSHS)Mo(CO)z{(p—tolyl)ZCNC(p—toLzl)z} crystallisesin a triclinic cell

with space group Pl. The bonding of the ligand to the molybdenum atom is
best represented as involving an aza-allene group, the planes of the —CR2
groups being at 83° to each other. The Mo-N and Mo-C distances of 2.09
and 2.26} respectively, indicate some multiple bond character in these

bonds.

292(99)6I£§i§2h2) crystallises in a triclinic cell with space group Pl.

The co-ordination around the two iron atoms may be represented by a
distorted octahedral distribution of ligands with a metal-metal bond
occupying the sixth co-ordination site about each metal atom. The puckered

four-membered Fe,NI ring contains two bridging atoms with widely differing

2

bridging charactersitics, leading to angles at iodine and nitrogen of 55

and 79°.




xiv,

LiAl(N:CBut ), crystallises in an orthorhombic cell with space group Pnna.

2°4
The complex contains both terminal and bridging ketimino-groups, the former
being attached to the aluminium by short Al-N bonds (1.781) with large
A1-N-C angles, as appropriate for multiple bonding. The four-membered

A1N2Li ring has a short Li-Al separation of 2.55A and a small bridging

angle at nitrogen of 84°,

[(But C:N)ZEEJZ crystallises in a monoclinic cell with space group C2/c.

2
The molecule is a dimer by virtue of a four-membered BezN2 ring involving
a bridging ketimino-group. The beryllium atoms are attached to the

terminal ketimino-groups by short Be-N bonds (1.50i) and large Be-N-C

angles, consistent with N=*Be dative n-bonding.




NOTE ON NOMENCLATURE

The Chemical Society have requested that the name "methyleneamine"
be used for the (unknown) compound CHZ:NH and that derivatives be named
accordingly. Thus CHZ:NMXn is a methyleneamino-derivative of the metal M,
RCH:NMXn (R = Alkyl) is an alkylmethyleneamino-derivative (or "aldimino"
derivative) and RR'C:NMXn (R,R' = Alkyl) is a dialkylmethyleneamino-
derivative (or "ketimino'" derivative). These are all alkylideneamino-
derivatives. Similarly, 1,1,3,3-Tetramethylguanidine, (MezN)ZC:NH, named
systematically becomes bis(dimethylamino)methyleneamine.

This nomenclature has generally been used in the naming of the
compounds in the Introductory sections in each chapter. In the Discussions,
however, the term "ketimino" has often been used, partly for the sake of }
brevity and partly because such terminology clearly distinguishes "imino"

from "amino" derivatives.




CHAPTER ONE

STRUCTURE DETERMINATION BY X-RAY METHODS



1,1 The Crystal Lattice

The constapcy of the external forms of well—developed crystals led to
the early idea that crystals were built from blocks of a unit structure
regularly repeated in space., If some position is chosen as origin then it
will be possible to find many further points in space which ha&e an
environment identical to that of the origin. These points define a lattice
which can be described in terms of three non-coplanar vectors a, b and c.
The parallelepiped défined by a, b and ¢, is termed the 'unit cell' and
the extended space lattice is constructed by translational operations on
the unit cells, This is said to be primitive if it contains no-interior
lattice points, being otherwise non-primitive, The contents of the unit
cell are related by an array of symmetry elements called a 'space group',
and there are 230 three-dimensional space groups in all,

A series of parallel planes passing through the lattice points and
dividing a into h parts, b into k parts and ¢ into 1 parts, is referred to
as the (hkl) family of planes, These indices (hkl) are known as the Miller
indices and are the reciprocals of the axial intercepts, For a plane to
have a high density of lattice points, the Miller indices must be small,

It is such planes which tend to form the faces of crystals and this is
expressed in The Law of Rational Indices, which states that the ratio of
the indices of a crystal face are rational and, in general, small whole

numbers.

‘1,2 The Reciprocal Lattice and the Diffraction of X-rays

Although X-rays had been discovered in 1895 by RBntgen, their nature
was not known. In 1912, Friederich and Knipping, at the suggestion of von
Laue, demonstrated the diffraction of X-rays by a crystal lattice, Their
expérdiments established the wave-like nature of X-rays and showed that

VLR
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crystals were periodic arrangements of matter,

In the same year, Bragg noted the similarity of diffraction to
ordinary reflection and deduced a simple equation treating diffraction as
'reflection' from planes in-the lattice, Bragg's Law, n\ = 2dsing, states
that 'reflection' only occurs at specific angles of incidence of the X-ray
beam, which are functions of the interplanar spacings of the crystal.

It has already been shown that the orientation of a plane is
determined by the Miller indices, but it can also be specified by a vector
perpendicular to the plane,.where the orientation of the vector is
described by the same three numﬁers as that of the plane, This concept is
the basis for the reciprocal lattice.

The reciprocal lattice is constructed from the lattice in real space
by drawing vectors from the origin.perpendicular to the lattice planes and
marking off along these lines, points at distances from the origin
inversely proportional to the spacings of the lattice planes. The array
of points so formed constitutes the reciprocal lattice, each point
representing a plane in the crystal lattice. The unit cell of this
reciprocal lattice is then defined by the vectors 3*, E* and c*, The
construction is such that a* is normal to the bc plane and is inversely
proportional to themspacing of the (100) planes, This can be represented

mathematically by:

a. E.E* =c,ck =1

l>(-
]

* %, a

a*,b = *.£=R*‘a=

o
{e]
]
(¢]
"
[¢]
.34-
o
]
o

Each point in the lattice corresponds to a 'reflection' from the plane with
Miller indices (hkl) and is at a distance ETE%TT along a vector R in the

direction normal to the plane (hkl) where:

R = ha* + kb* + lc*



1.3 The Structure Factor

Crystals can be represented by placing within each cell of the lattice
a certain arrangement of atoms and a crystal with N atoms in the unit cell
can be regarded as based upon N identical interpenetrating lattices.
X-rays scattered by the different lattices will differ in phase according
to their separations, and if there is a large number of atoms in the unit
cell complicated relationships may be expected between the intensities of
the various orders of diffraction.

Suppose the unit cell contains N atoms, situated at points with co-
ordinateé X s yn,'zn where X s yn, z are expressed as fractional co-
ordinates of the unit cell edges. The position of the nth atom, P, in the

_unit cell may be represented by the vector Lo where:

r = xat+tyb+tzc
.=n 1o n- n-

The path difference between the waves scattered by tﬂe atom at P and those
that would be scattered by an atom at the origin iéhproportional tor .
The atom at P can be assumed to lie on a plane parallel to (hkl) whose
perpendicular distance from the origin will be given by the projection of
r on the vector R, describing the normal to the plane (hkl).

Thus if ¢n is the phase of the wave scattered by the atom at P then:

2 - -n

o _ .

(ha* + kbx + 1lc*).(x a+ y b+ z c)
- - - n- n- n-

hx + ky + lz
n n n

and ¢_ 2n(hx_ + ky + 1z )

The expression for the complete wave scattered by the nth lattice is:

f exp2:|ti(hxn +ky + lzn) vhere £ is the scattering factor of the nth atom.
n



The complete wave scattered by the crystal is given by the vector:

N
F(hkl) = z £ exp2uilnk + ky + 1z ),

n=1

4the summation being over all the atoms in the unit cell. The quantity F
is a function of h,k and 1 and is called the Structure Factor. Its
modulus is called the Structure Amplitude gnd is defined as the ratio of
the amplitude of the radiation scattered in the order h,k,1 by the
contents of one unit cell, to that scattered in the same direction by a
single electron situated at the origin.

The distribution of the electroné about each atom in the structure
is known from atomic theory, and from these distributions, the atomic
écattering factor, fn, for each atom can be found. It is the ratio of
the scattering power of the atom compared with that of a single electron
in the samé direction. Since in atoms electrons occupy a finite volume,
phase differences occur between waves scattered by different parts of
the atom, hence the scattering factor decreases with increasing values
of ©.

The complex form of the expression for the structure factor merely
means that the phase of the scattered wave is not simply related to that
of the incident wave. Thé phase, however, is not an observable quantity
and only the intensity, which is proportional to lFlz, can be observed.

Since F is complex it can be expressed in terms of its real and imaginary

components:



F(hkl)

= A(hkl) + iB(hkl)
N
where A = z;f cos2n(hx_ + ky + 1z )
n n n n
n=1
. , o
and B = Zf sin2n(hx + ky + 1z )
n n 13 n

n=1

The structure amplitude is given by IF(hkl)I2 = (A2 + Bz) and the phase

constant a(hkl) = tan-1

=

When the space group has higher symmetry than Pl the summation over
all n atoms is usually split into a summation over the asymmetric unit
followgd by a summation over the symmetry related atoms. For space groups
with a centre of symmetry at the origin, B(hkl) equals zero. For each
space group International Tables for Crystallography, Volume I gives
simplified forms of the trignometric summations over symmetry related
atoms. These expressions, however, have to be modified to allow for
atomic scattering.

The reduction of a structure to a set of point atoms is essentially
artificial and the structure factor may equally well be considered ;s'the
sum of the wavelets scattered from all the infinitesimal elements of
electron density in a unit cell, with no assumptions being made about the
distribution of this density. If p(x,y,z) is the electron density at a
point (x,y,z), the contribution from the volume element Vdxdydz is a wave
of amplitude pVdxdydz and phase¢. And since p(x,y,z) is contimous over

the unit cell:
1

1 1
F(hkl) = J j j Vp(x,y,z)exp2ri(hx + ky + lz)dxdydz
o o o



1.4 The Temperature Factor

Atoms in a crystal have a finite amplitude of oscillation at all
temperatures and the frequehcy of this oscillation (~1013 cycles per
second) is ﬁuch smaller than the frequency of X-rays (nthlS cycles per
second) so that to a train of X-rays the atoms would appear stationary
but displaced from their true mean positions in the lattice. In producing
a given X-ray reflection atoms in neighbouring cells instead of scattering
in phasg will scatter slightly out of phase. The net effect will be én
apparent reduction of the scattering of the atom by an amount which

into account and the scattering factor f,, for an atom undergoing thermal

T

vibration is equated to fo’ for the atom at rest, multiplied by the

transform q of the 'smearing' function t:
fT(hkl) = fo(hkl).q(hkl)

increases with angle, The thermal motions of the atoms must be taken |
For the simple case in which the vibration is the same in all

directions, i.e. isotropic vibration, the expression reduces to:

_ 2,2
£, = fo exp[-B(sin~8/07)]

B= 8ﬂ2u2 u2 being the mean square displacement of the atoms.

3

|
where © is the Bragg angle, and B, the Debye factor, is given by
\

The thermal motion is in general not isotropic and must be described
in terms of an ellipsoidal distribution. The vibrations are described by a
symmetrical tensor U which has six independent components designated

13 i=1,3, j=1,3., The transform of the 'smearing' function for this

case becomes:

2 2 2
exp[—2ﬂ:2(U11h2a*2 + U22k b*»’2 + U331 c* + 2U23k1b*c*

q(hkl)

*b*
+ 2U311hc*a*+ 2U12hka b*)].



1.5 Fourier Series

Since the electron density is periodic in three dimensions, it can be
represented by a three-dimensional Fourier series. Three integral indices
h', k' and 1' are allotted to each Fourier coefficient C and the expression

for the electron density is:

4+ ©

p(x,y,2z) = z 2 ZC(h'k'l')epoﬂi(h'x+ k'y + 1'2)
h',k',1' = = '

If this expression is substituted into the structure factor equation we

obtain:
111 +°
F(hkl) J‘J‘j‘ ji jz c(h'k'1" Jexp2ri(h'x + k'y + 1'2)
00O -

exp2ni(hx + ky + 1z)Vdxdydz

Both the exponential functions are periodic and the integral of their
product over a single complete period is in general zero. However, if
h=nh', k=k", 1=1" this generalization disappears and the expression

b

takes a non-zero value, then:

111
F(hkl) fffc(h k'1')Vdxdydz

and therefore C(h'k'l') = % e F(hkl), and we see that the Fourier
coefficients C are directly related to the structure factors. The three-

dimensional Fourier series can now be written:

+ ©
p(x,y,z) = % 2 Z ZF(hkl)exp[ 27i(hx + ky + 1z)]
h,k,1 =




This expression contains complex quantities which may be resolved into

their real and imaginary parts:

+ ©
p(X,Y,z) = %‘ Z z ZA(hkl) cosg + B(hkl) sin@
h,k,1 = —o

where © = 2n(hx + ky + 1z) and A and B are the two components of F (§ 1.3).
Since A(hkl) = A(hkl) and B(hkl) = -B(hkl) we can rewrite this

expression (bearing inmind that the term F(000) is its own conjugate):

® O o

A % (F(OOO) + 22 Z ZA(vhkl)cose + B(hkl)sin® )
h=0 k, 1=

plx,y,2)

@ o o

% (F(OOO) + 2 E; Ei E;lF(hkl)lcos[e - a(hkl)].)
' h=0 k,l=— ’

or p(x,y,2)

where a(hkl) is the phase angle for the reflection hkl.

Although this expression holds generally for all ;rystals, further
simplifications are possible by making use of space group .symmetry in
combining symmetry related reflections. The expression for electron
. density in terms of the independent structure factors only is given for
each space group in International Tablessfor Crystallography, Volume I.

It can be seen from the expression that in order to evaluate p(x,y,z)
both the structure amplitudes and the phase angles must be known. While
the former can be obtained from experimentally observed quantities the
latter, as was noted previously, cannot. It is the recovery of the

relative phases of the diffracted beams which constitutes the major problem



in any X-ray structural analysis. Of the several methods currently

available, two will be discussed in this thesis.

1.6 The Patterson.Function

One of the routes to the solution of the phase problem is the use of
the summation first suggested by Patterson (1935). Patterson defined a

function P(u,v,w) such that:

11
j I p(x,y,2) p(x + u, y + v, z + w)dxdydz
o

1
P(u,v,w) = V j
: 0" 0

If the values for the electron densities are substituted into this equation,

the usual form of the Patterson function may be derived:

+
1V X i 2 .
P(u,v,w) = 7. 0L |F(hk1) | exp2ni(hu + kv + 1w)
h,k,l=-»
and since |F(hkl)| = |F(RKI)|, this expression may be further reduced to:
- ' + o
1 2
P(u,v,w) = 7. |F(hk1)|“cos2n(hu + kv + 1w)
h,k,l=—

Since this function containé the squares of the structure amplitudes,
the series can be evaluated without ambiguity.

1f there are atoms at (x,y,z) and (x + u, y+ v, z+ w) in the crystal,
then the Patterson function will have a maximum at the point (u,v,w).
In other words, peaks occur at the point (u,v,w) when the vector r =
ua + vb + zc, represents a vector joining atoms. A large peak occurs at
the origin caused by the products of all the atoms with themselves?

The height of a peak in the Patterson function depends on the magnitudes

of the electron densities of the two atoms concerned.
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1.7 The Heavy Atom Method

An atom of high atomic number will give rise to large, easily
identifiable peaks in the Patterson function from which its co-ordinates
may be deduced. An electron density map is then computed using ‘Fo[
as Fourier coefficients and the phase anglés obtained from structure
factor calculations based on the heavy atom contributions. From this
electron density map, improved positions for the heavy atoms will be
found and the positions of some or all of the 1ightér atoms may also be
found. This process can ip theory be repeated incorporating increasing
numbers of located atoms until all are found.

This result may be expressed by rewriting the structure factor as:

(N-1)
= 1 ‘ i +
F(hkl1) £ exp2ﬁ1(th + ky, + 1zH) + E; fnexp2ﬂ1(hxn ky
' . n=1 _ + 1Zn)

where fH is the scattering factor for the heavy atom whose parameters are
Xys Yy and zH.and the total number of atoms in the structure is N, If
fH is much greater than fn’ then the first term will tend to be much
greater than the second.

The method generally works best if the sum of the squares of. the
. atomic numbers of the heavy atoms and of the light atoms are approximatelf
equal. This follows, since on average, the contribution of any one atom
to the diffracted intensity depends upon the square of its scattering
factor.

The signs of those structure factors to which the heavy atoms make
only a small contribution are uncertain and it has been suggested

(Woolfson, 1956) that each term should be weighted according to the

contribution of the heavy atom to the structure factor.
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A major difficulty can arise if the space group is non-centrosymmetric
or if the heavy atom is located on or near a symmetry element, then the
symmetry of a higher space group,may be simulated and the phases deduced

-+ give false information about the structure.

1.8 Direct Methods in the Solution of the Phase Problem

The determination of the crystal structure of an unknown material
using only the magnitudes of the X-ray reflections and no knowledge of
the molecule except, perhaps, the empirical formula, has become quite
feasible. The phases ofionly a relatively few, properly chosen
reflections are required to.be known in order to proceed with the phase
determination by the symbolic addition procedure. In general, there are
many sets of phases which are essentially consistent with respect to the
phase determining relationms. The introduction of probability measures
facilitates choosing the physically correct set.

Sayre (1952) showed that for centrosymmetric space groups the sign
S(H) of the reflection H could be derived from a simple product of

algebraically related reflections. The equation:
s(i) = S(K).S(H-K)

was likely to be true if the three structure factors FH’ FK and FH—K
were all large. Thus the solution of such a structure reduces to choosing

a set of signs for reflections which are self-consistent in themselves as

defined by the Sayre relationship.

Karle and Hauptman (1953) employed the normalised structure factor,

E, given by:
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2 Ryl

GZ £y
i=1

|5y

where e¢ is a factor which takes into account the space group extinctions.

They also derived the Zi relationship which may be expressed as:

S(B) ~ 8 [zEKEH-K]
K.

This indicates that an estimate of the sign of the reflection H may be
obtained by the summation of the products of the signs of suitable
reflections K and H-K. The probability that such a sign is positive is

given by:

-3/2

14 L
- + gtarﬂl(o30'2

P(E), 2l ) By
K

N
n
where Og z Z.
“a i
=1
If the sign indications for one reflection contain a term where both
|EK| and lEH-Kl are large then, since the weight given to this term will
be large, the term will tend to dominate the summation and give the same
estimate of the sign. This is the basis for assuming that if signs for a
small number of reflections with large |El values are known, then single
sign indications for other reflections with large |E| values may be
accepted in the early stages of sign determination.
For a centrosymmetric space group, the phases of the reflections will
o ) i
be either O or 180 corresponding to a sign for the structure factor of
" and hence the product of signs is equivalent to the addition of

+ or -

3

phases. When the space group is non-centrosymmetric the phases will have




13,

general values. If only two or three indications with strong weights are
known, then they will probably not differ greatly and a simple numerical

average may be taken. The 'sum of angles' formula is:

¢H m < ¢K+¢H—K

k
where K ranges over reflections with large IEl values.

It is more exact to regard each phase indication as a vector of
length IEK'EH—KI and direction GﬁK.+'¢H—K) and to add them up vectorially.
This is the basis for the tangent formula where the combination of
vectors is accomplished by separately adding up their components on the

real and imaginary axes, and then combining the two values to give the

tangent of the required phase angle:

z | By g lsin(by + ¢y 1)

K
tan¢,, =
! 2 | EgEy g lcos(@y + ¢y )
K .

The unknown phases have been determined by other procedures, such as
the multi-solution method based on the reiterative application of Sayre's
equation. Most of these methods have the disadvantage that they use no
other relationships or information other than Sayre's equation and the
space group conditions, but many structures can be solved by these methods

much more quickly and easily than by Patterson methods.

1.9 Structure Refinement

An analytical method of refinement of great power and generality is

that based on the principle of least-squares. An outline of this method

will now be given.
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Let PysPgseceres P be the n parameters occurring in the Fc whose
values are to be determined. IFcl can be written as a function of these

parameters:

IFcl = f(pl,pz,.....,pn).

Incorporating SEL7PIREREE € > the shifts required to give the true
structural parameters, a similar expression may be written for the

observed structure amplitudes:
F P l p I L p I e .
l o| & 1 e1’ 2 e2’ > n n)

For a trial set of pj close to the correct values, we may expand F0
as a function of the parameters by a Taylor series of the first order.

Taylor's theorem gives:

(b-a)2

21 f"(a)+ sseese

£b) = £(a) + (b-a)E'(a) +

Setting b = Py + € ceses}

first derivative gives:

a=p; eee..; and taking the series to the

n .
BE(p, ,Pn, eeeeesP )
_ 1°P2> Pp
IFOI = f(Pl’pZ:"""’pn) + z : TS €
i=1 *
o 8lr |
ie. |E | = |F |+ ) B %
i=1

An equation of this type may be derived for each reflection. Each
Fo is subject to random errord and suitable values of € have to be found to
give the most acceptable fit between Fo and Fc. The theory of errors

predicts that the most acceptable set of € is that which minimises the sum




15.

of the weighted squares of the differences between the observed and

calculated quantities. The function most commonly used is:

R = E: o[ | - |FC|)2
hkl :

where the sum is over the crystallographically independent planes and

w(hkl) is a weight for each, reflecting the accuracy of the observation.

If the standard deviation for each IFO‘ is o(hkl), the value of w which

gives the lowest standard deviations in the derived parameters may be

shown to bes

w(hkl) = —f—l-—'
o (hkl)
For R to be a minimum:
R -0 (j =1, vee., n)
apj

where pj is the jth parameter. Hence,

= 0, where A = |F°|~— IFCI.
hk1l
o olF |
Remembering that A = E; 3 1 € s leads to a set of simultaneous
i=1 '

equations, the normal equations:

: a|Fc| 2 | . 3F, | alF | ' .2l ]
Zw(ap )ef*iw %, {Z }= Zw*@i

hkl 1 - hkl hkl
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There are n of these equations for j =1, ,..., n to determine the n

unknowns:
TN ole |\ ole |y olr.|
Zw( aP; ) e 2w<>8pi )( ap: > AL 2('0& 3p(1:
a|F | a|F | . alF | \2 alF |
X-w( api )( ap: ) e+ 2‘”( ap: ) &gt .0 = Z“A GP: :

Alternatively, the normal equations

E;a...e. = b,
1] 1 J

i

. 3lr | ?|F |
C [
where a,, = Ew .
i] ap; ~ 9p
hkl J

and b,
J

These normal equations must be set up
structure.

In a structure with a large number of

may be expressed in matrix form:

and solved in order to refine a

atomic parameters it is

frequently impracticable to calculate all the terms of the normal equation

matrix aij' The simplest approximation is

to neglect all off-diagonal

elements, i # j, but
convergence and does
the 'block-diagonal'
for the co-ordinates

matrix for the scale

this requires many cycles of refinement for
not give the best possible solution. More useful is
approximation which uses a chain of 9 x 9 matrices

and anisotropic parameters of each atom with a 2 x 2

and overall isotropic vibration, If the vibrations

are isotropic the co-ordinate matrices will be 4 x 4,
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The 'block-diagonal' approximation was used initially for all
structure refinement described in this thesis, but the 'full-matrix' least-

squares method was used to complete the refinement.

1.10 Accuracy of parameters obtained from least-squares refinement

The best choice of weights yielding parameters of the lowest
variance is g = —El-—- . In general,with the full aij matrix for the
o (F)) '
normal equations, ©

the variance of the parameter i is given by:

op) = @,

-1 . . ] . . .
where (a )ii is a diagonal term of the matrix which is the inverse of the

matrix whose elements are aij'

If the relative weights only are known, so that @ = _EE—- , the

o (F )
)

experimental standard deviation (e.s.d.) is given by:

1

ii® (m-n)

-1

*(p) = (a)

where (m-n) is the number of degrees of freedom of the system, i.e. the
excess of the number of independent hkl observations over the number of

parameters.,

In the 'block-diagonal' approximation variances may be estimated using
the appropriate diagonal terms from the inverses of the block matrices.
Such estimates tend to underestimate the true variances because of the
neglect of some of the off-diagonal elements in the 'block-diagonal'

approximation, (Hodgson and Rollett, 1963).
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1.11 Diffractometer Geometry

The modern trend towards the direct counting of the diffracted
photons’has been a consequence of the desire to improve the accuracy of
the intensity measurements, Computer-controlled diffractometers permit
the measurement of the intensities of large numbers of reflections with
much greater ease and accuracy than has been‘possible.before.

The basic geometry for the reflection of an X-ray beam from a set of

crystallographic planes is sumarised in the following diagram:

2R 4

The conditions for 'reflection' are:

(i) the incident (§0) and reflected beams (S) and the normal to the
plane, d*, must be coplanar. (d* will bisect the angle between S and 8 ).
(ii) S, must make an angle § with the planes to satisfy the Bragg

equation.

The arrangement of the Hilger and Watts four-circle diffractometer is
shown in Figure 1.1, For the purposes of data collection the instrument
normaliy uses bisecting geometry which places the vertical y-circle so as
to bisect the angle between the incident and reflected X-ray beams. From
the previous discussions this means that the y-circle must contain the
normal to the reflecting planes d*, and hence the angle @ must equal the
angle 6. With d* constrained to lie in two mutually perpendicular planes
there will be specific values of the angles ¥ and ¢ if the reflection

(hkl) is to be observed.
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At high 0 angles when the ¥-circle would tend to obstruct the passage
of the reflected beam to the detector, the-instrument switches to
perpendicular geometry. In this position the vector d* is perpendicular

to the x-circle and the condition w = 90° - ¢ holds.

1.12 Intensity Data Corrections

(a) Polarisation Correction

The incident X-ray beam will be unpolarised, which means that
the azimuth of the electric vector assumes all directions with time. On
reflection by the crystal, the beam will be partially polarised and the
amount of polarisation will be dependent on the angle 6. This feature
has the effect of reducing the intensity of the X-ray beam by a factor
g, theipolarisation factor. The correction to be applied to the observed
inteﬁgity is:

p = -]2;+ % 005229

(b) Lorentz Correction

When a perfect crystal moves slowly through the reflecting.
position, reflection écgurs only over a range of a few seconds of arc.
Most crystals are not perfect and reflect over a range of some minutes,
but the reason for this is that different portions of the lattice are not
quite parallel to each other. The angular range over which the small
perfect sections of the lattice reflect may be considered in terms of the
conception of the reciprocal lattice. Each 'point' of the reciprocal
lattice has a finite size, and as the reciprocal lattice passes through
the sphere of reflection, each 'point' spends a finite time moving
through the surface of this sphere. This factor varies with the distance

of the reciprocal lattice point from the origin, which is related to the




angle of reflection, and also depends on the mode of data collection.
The Lorentz factor, L, for data collected using a four-circle

diffractometer is given by:

sin2@




CHAPTER TWO

METAL COMPLEXES CONTAINING THE KETIMINO-GROUP
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2,1 1Introduction

The crystal structure analyses presented in this thesis were under-
taken principally to provide information about the mode of bonding of the
RZC=N— group to a variety of metal atoms. Much attention has been paid
recently to the use of such ketimino-groups as-terminal substituents on co-
ordinatively unsaturated metals and metalloids in the study of N=M dative

m-bonding. Structures have been proposed in which the ketimino-group acts

as a three-electron~donor to the metal, as in M==N=C , as well as

\./

(@]

complexes in which the ligand bridges two metal atoms, viz.

.

=

AN

M M

Finally, the organonitrogen ligand can be attached to a transition metal

atom by means of lateral bonding, a three-membered ring being formed;

2.2 Possible modes of bonding of the ketimino-group

(a) Complexes containing a Group II metal

Although beryllium-nitrogen compounds have been quite widely
studied, there has been little indication that Be£N p-bonding plays a
significant role in their chemistry. The first indication that Be=N n-
bonding may influence the geometry of a molecule was obtained by Atwood
and Stacky (1969), who in an X-ray crystallographic study of [(MezN)zBe]3
discovered a trigonal planar arrangement of atoms about the non-bridging
nitrogen atoms, and a variation in the Be-N distances consistent with some
multiple bonding. This orientation allows maximum overlap between the

filled nitrogen 2p-orbitals and the vacant orbitals of the terminal

beryllium atoms.
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Wade and co-workers (1970a), studied some oligomeric bis(methylene-
amino)-derivatives of beryllium, [(R1R2C:N)2Be]n, in which similar Bef=N
w-bonding was believed to give rise toﬁlinear C=N=2Be groups, as
revealed by their characteristic i.r. absorptions. For the dimer,
[(p-tolleutC:N)zBe]Z, the following structure was proposed, (R1 = p-tolyl,

R = Bub):
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Consistent ,with this, its i.r. spectrum contained a band at a
frequency (1637 cm_l) appropriate for bridging methyleneamino-groups, and
a second absorption at 1739 cm—1 was assigned to v(C=N=Be), the
stretching vibration of the linear C=N=*Be unit; (see Table). 'The
beryllium atoms thus participate in a linear configuration which maximises
the overlap of the filled nitrogen and vacant beryllium 2p-orbitals
available for dative N=Be ﬂ-bonding and also allows most room for the

bulky substituents.

Characteristic i.r. azomethine stretching frequencies

(Nujol mulls)

v(c=N) | v(c=N=38e) |-
© Compound (bridging) | €términal)
(cm_l) (cm'l)
[(Ph2C:N)2Be]n 1627 1732
[{(p-tolyl),C:N},Bel, 1626 1731
[{ (p-tolyl)Bu‘C: N}, Bel 1637 1739

The i.r. absorptions of the bis(methyleneamino)- compounds in the
fange 1730-1740 cm_1 are thus taken as evidence of linear C=N=Be
groupings arising from the attachment of the terminal methyleneamino-
groups to the three co-ordinate beryllium atoms. The frequencies of these
absorptions when compared with v(C= N=B) at about 1790 c:m_1 for the boron
compounds R,C=N=BPh,, and with v(C=N=C) at 1845 cm-1 for the cation

2 2’

PhZC=N=CPhé+, are believed to reflect decreasing N=M bond order in the

sequence M=C > B > Be. A recent X-ray crystallographic study (Bullen
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and Wade, 1971), of diphenylmethyleneaminodimesitylborane,
PhZC:NB(mesityl)z, has established the linear C=N=>B skeleton and also

confirmed the allene-like geometry of the molecule. The short boron-

nitrogen bond confirms the presence of n-bonding between the boron and

M=Mesityl

nitrogen atoms producing a C=N=2B system, while the linear environment
about the nitrogen atom proVides the first example of a boron compound
containing- such pseudo-allene geometry.

(b) Complexes containing a Group III metal

Largely on the basis of their high azomethine stretching
frequencies (~ 1690 cm-l), the trialkylideneamino-derivatives of aluminium,

(R C:N)3A1, have been assigned the pseudo-allene structures appropriate

2
for appreciable N=M dative m-bonding (Wade et al, 1970b). The aluminium-
nitrogen bond energy will be maximised if the C=N=2Al units are linear,

as this condition allows greater overlap of the nitrogen 2p and aluminium

3p and 3d orbitals. Linearity of the C=N= Al units would also cause the
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C-attached substituents to adopt a 'paddle-wheel' orientation normal to the
AlN3 plane; this orientation would allow most room for the substituents.
This feature of tris-imino-derivatives of aluminium should be compared with

the related tris-amino-monomer (RZN)3A1, for which the optimum orientation

for dative N=2Al n-bonding, with trigonal planar hybridisation of the

amino-nitrogens requires the substituents R to be coplanar with the AlN3
skeleton, an orientation which is impossible when the groups R are bulky.
A recent determination of the crystalistructure of [(MeBSi)zN]3A1

has provided the first example of a bond between a 3 co-ordinate
aluminium atom and a nitrogen atom (Sheldrick énd Sheldrick, 1969). The
bond length of 1¢78) represents the shortest Al-N bond reported and
provides substantial evidence for N=2Al dative m-bonding. Also, to
minimise the steric interactions between the bulky subsfitueﬁts, the

dihedral angle between the AlN3 and NAlSi2 planes is 50°.
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Disubstituted methyleneamino-compounds containing a four-co-ordinate
aluminium atom, have also been prepared and characterised (Wade et al,
19712. Such species also have a high frequency azomethine stretching
absorption (1700 cm_l) consistent with linear C=N=*Al units, but since
four ketimino-groups are terminally attached to the aluminium, all its
available p orbitals have been utilised in bondiﬁg to the RZC=N- ligands.
Thus the dative N= Al m-bonding is thought to arise mainly from interaction
of the filled nitrogen 2p and suitable vacant aluminium 3d orbitals, leading

to appreciable N=2Al (p -+ d) dative z-bonding.

(¢) Complexes containing a transition metal

The introduction of a methyleneamino-group into m-cyclopentadienyl
molybdenum and tungsten carbonyl complexes re3p1ts in the loss of one
molecule of carbon monoxide (Kilner et al, 1970,1971b). In these mono-
nuclear complexes the methyleneamino-group Qill act as a three-electron
donor with conservation of the noble gas configuration for the metal, or
will act as a one-electron donor in which case the noble gas rule is broken.
The failure of the complex to add a further neutral donor molecule and the
relatively low carbonyl stretching frequencies support the belief that the
group behaves as a three-electron donor to a single metal atom. Loss of
carbon monoxide and the consequent increase in n-bonding between the metal
~and remaining carbonyl groups are unlikely alone, to account for the
significant changes in stretching frequencies observed when one anionic
group is replaced by a similar bonding group. Indeed the positions of
absorption are entirely consistent with the methyleneamino-group acting as
a three-electron donor. For the complex (ﬁ-CSHS)Mo(CO)ZN:CButZ,
reversible changes in the carbonyl stretching frequencies in the

o . .
temperature range 28 to -457C have been interpreted in terms of
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Infrared spectroscopic data

Complex ' VCO(cm_l) VCN(cm-l)
(n_CSHS)Mo(co)ZN;CPhZ. , 19203,18568 _ 1534m
(ﬂ-CSHS)W(CO)ZN:CPhZ 1942s,1873s 1 1587m

1968s, 1949s,1884s, 1851ls .| 1618m-w

t
(ﬁ-CSHS)Mo(CO)ZN.CBu 9

) A t
(st-C.HIW(CO) N:CBu”, | 1946sh,1929s,1862sh,1833s | 1620m-w

+ Nujol mull

conformational changes about the multiple metal-nitrogen bond.

The C=N stretching bands for the two phenyl complexes occur at low
frequencies compared with diphenylmethyleneamine, (1603 cm—l), while the
bands for the two t;butyl complexes are at slightly higher frequencies
than that observed for ditertiarybutylmethyleneamine, (1610 cm-l).
Conclusions concerning the extent of the n-bonding between nitrogen and
the tranéition metal could not be made on the basis of the frequency VCN;
It is perhaps relevant that multiple bonding fo carbon, boron and beryllium
invdlving the nitrogen lone-pair, results in aAsignificant increase in the
corresponding frequeﬁcies, whilé for the transition metal complexes the
frequencies either decrease or increase slightly. For compounds containing
the carbon, boron or beryllium atoms, such high frequency absorptions
have been interpreted in terms of a linear M=N=C system. For the
complexes containing a transition metal atom such ailinear structure would
also allow maximum overlap of suitable metal and nitrogen orbitals. If
the nitrogen lone-pair of electrons occupies the py—orbital, then overlap

of this py—orbital with the metal dxy—orbital will give rise to N=M

dative m-bonding.
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The linear skeletén will also allow maximum overlap of the filled
metal dxz-orbital with the empty m*-orbital of the ligand. The cylindrical
symmetry of the d-orbitals involved in the ds-pn bonding will allow
rotation about the Mo=N bond in the same way as that suggested for the
carbene group (Mills and Redhouse, 1965).

The overall process of o, pmn-dm and dn-pn* bonding leaves vCN little
changed from that in the free methyleneamine. The first two types of
interaction produce electron donation to, and the last electron withdrawal
from, the metal. The process of o and lone-pair donation would cause
VeN to move to a higher frequency, but since Ve for transition metal

derivatives remains little changed, dm-psn* bonding may effectively

balance this process.
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Conversely, if the arrangement about the nitrogen atom is trigonal,
there will be a reduced d -+ n* back donation due to the non-linear
skeleton, and the lone-pair of electrons on nitrogen will now occupy an
5p2—hybrid orbital. Ebsworth (1966), however, has shown through a study of
the Voo frequencies, which indicate the invq}vement of the nitrogen lone-
pair in the bonding to the metal, that considerable m-bonding is still
possible for such non-linear systems, ﬁa?ticularly in the case of silicon.
Since this typeigf n-bonding tends to raisg the Ve frequency, there may

be a correlation between Vv,  and the availability of the bne pair to

CN
bridge to a second metal. Thus considerable insight into the mode of

bonding can be gained by obtaining information about the size of the metal-

nitrogen-carbon angle and the length of the metal-nitrogen bond.

(d) The ketimino-ligand as a bridging group
It has been mentioned previously that the ketimino-group RZC:N-
is potentially a strong ligand for'which several bonding modes are
conceivable., In addition to acting as a one- or three-electron donor in
mononuclear derivatives, the group also has a strong inclination to act as
a bridging group between both transition and main-group metal atoms.

An X-ray structural analysis of the nitrogen-bridged dimer,
{Fe(CO)3N:CR2}2, revealed a non-planar Fe,N, unit (Bright and Mills, 1967).
The two short Fe-N bonds have a mean length of 1°945(6)A, indicating
substantial Fe-N multiple bonding. In this complex the nitrogen atoms can
be considered to be spz-hybridised whereas in the orthosemidine hexa-
carbonyl di~-iron species, where the Fe-N distances are 2+00} (Baikie and
Mills, 1967a), the-hybridisation would be sp3. In both these cases the
nitrogen atoms can be regarded as three-electron donors, and if a metal-

metal bond is assumed, then each iron atom can achieve the nearest inert gas

configuration with 36 electrons.
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| N
(OC)’F/ N

H
e(CO), |

A nitrogen atom bridging two iron atoms has also been found in
[Fez(CO)JECHBC6H4)2(C:NNHgZ] (Mills et al, 1967), whereas in
[Fe(CO)3]3(Ph2C:NN)2, the ligand is co-ordinated symmetrically to three
metal atoms (Baikie and Mills, 1967b). Nitrogen in polynuclear metal
systems therefore appears capable of co-ordination in ways at least as
varied as those of carbon,

Recently Kilner and Midcalf (1971a), have reported the syntheses and
spectroscﬁpic data for the complexes FeZ(CO)6I(N:CR1R2), where only one
bridging ketimin&-grbup is present., Such species incorporate a small (2nd
Period) and a large (5th Period) bridging atom, and their diamagnetia
properties together with the noble gas rule require the presence of a metal-
metal bond. Since both iodine and nitrogen groups are acting as three-
electron donors in bridging positions, these complexes provide for the
first time a system for studying the competing effects of two groups with
widely differing bridging characteristics.,

The nature of a EMZXZJ bridging unit is dependent on the co-ordination

of the metal, the size of the bridging atoms (X) and their repulsions across
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the ring, and the presence or absence of a metal;metal bond. The larger
the bridging atoms the larger the metal-metal distance, e.g. [Fe(NO)ZSEt]Z,

2+72k (Thomas et al, 1958), and [Fe(NO),I] 3+054 (Dahl et al, 1969).

25
In the latter complex the non-bonding I-I distance acroés the planar
[FeZIZ] ring is 4°15A compared with the vaﬁ der Waals distance of 4*34.
TIodine is thus not expected to partake in a non-planar Bridging unit which
will tend to decrease this separation; whereas the smaller nitrogen atom
‘commonly occurs in guch environments in carbonyl complexes. The structures
of the latter complexes are characterised by short metal-metal bonds
(A'Z;AL) and small MNM, NMN, and dihedral angles. Thus the bridging
characteristics of iodine and nitrogen are apparently widely different.
Spectroscopic data havealready been presented as evidence for
bridging ketimino-groups in the complex [(R¢RZC:N)2Be]2, where both
bridging and terminal ketimino-groups are pfesent. Few crystal structures
have been examined containing a ketimino-group bridging between two main-
group metal atoms. Willis and Shearer (1966) have determined the
structure ofg-;[ButMeC:NAlMeZ]2 and foﬁnd that the moleculé exists as the
trans isomeraﬁd contains a planar A12N2 ring. The value of the mean Al-N
distance of 1°942(8)k is in good agreement with the value of 1°94} which
is expected if the nitrogen atom is formally regarded as sz-hybridised.
McDonald (1969) has reported the crystal structure of (thAlN:CPh.C6H4Br)2.
2C _H, which also contains a planar Al2 2 ring and a mean Al-N distance of

66 _
1°921R.




CHAPTER THREE

THE CRYSTAL STRUCTURE OF (1T-c5}15)Mo(<:0)2‘N;CBut

2
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3.1 Introduction

When a solution of di-t-butylmethyleneaminolithium in a hexane-ether
mixture is added to a frozen solution of sm-cyclopentadienyltricarbonyl-
molybdenum chloride in ether at -196%¢ and the solution slowly warmed, a
fine white precipitate is deposited. When the solvent is removed from the
filtrate and the oily, blue solid extracted with hexane, slow cooling

~yields blue crystals of (ﬂ-CSHS)Mo(CO)zN:CButZ.

t
A - +
€ CSHS)MO(CO)3CI Bu )

LCiNLL —> (:r—C5H5)Mo(CO)2N:CBut + LiCl + CO

The compound has a melting point of 106-107% and cryoscopic
measurements have shown that the molecule is monomeric.in benzene solutiom.

The infrared spectrum of the complex showed two strong absorptions in
the carbonyl stretching region, but on cooling the two original absorptions
were replaced slowiy by two new, lower frequency ones. Changes with
temperature occurred also in the 1H n.m.r. spectrum for both (ﬁ-CSHS) and
Bu' proton signals. Kilner and Midcalf (1971b) have interpreted the above
results in terms of conformational changes about the multiple metal-

nitrogen bond.

3.2 Crystal Data

Crystals suitable for the structure analysis were prepared by re-
crystallisation from hexane at -ZOQC, and the royal-blue crystals so
obtained resembled regular hexagonal plates. The crystal used for data

collection on the diffractometer had dimensions of 0¢7 mm x 0°4 mm x 0°2 mm

and was elongated along the b axis.

3.3 Data Collection and Correction

Two sets of data were collected, photographie and diffractometer. The
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space group was determined from the photographic data which showed that the

unit cell was monoclinic with the following dimensions:

a = 12°70, b

828, c = 16°58};

101+0°

™
I

. Conditions limiting the observed reflections:

]

hO1; h+ 1= 2n

0kO; k = 2n

The space group is therefore uniquely determined as P21/n.

For the photographic data, the nets hnl, n = 0 to 3, and hkn, n =
0 to 6 were recorded employing the precession method with Zr-filtered Mo
radiation. The intensities were estimated visually using a calibrated
scale prepared on the ﬁeissenberg camera and were corrected for Lorentz
and polarisation factors. No attempt was made to correct for absorption
but the effects of this weré thought to be small.

Correlation of the structure amplitudes from the various nets was
pefformed using a least-squares method (Monahan, Schiffer and Schiffer,
1966), and where two values of the structure factor for a reflection had
been obtained, the mean value was adopted.. A total of 1381 independent

reflections was observed.

A second set of data was later collected on a Hilger and Watts four-
circle diffractometer using Zr-filtered Mo radiation. The crystal was
aligned in the usual manner and the unit cell parameters and orientation
matrix were refined employing the method of least-squares (Busing and

Levy, 1967) on 12 reflection positioms. The unit cell dimensions obtained

were:
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8+279(1), ¢ = 16°543(2)};

a = 129674(1), b=
B = 100+82(3)°
03
U = 1708%°; Z = 4 units of [(n-CSHS)Mo(CO)ZN:CButZ];
= L] . -3- = . -3 |
Dm 1°38 g.cm ,DC 139 g.cm

Molecular weight of [(ﬁ—CSHS)Mo(CO)zN:CButZ] = 35729

Absorption Coefficient for MoKa radiation, p, = 7°5 cm-l

The data were collected employing a 6-2¢ scan of 70 éteps (O'Ololstep),
counting for 3 secs. per step. The backgroﬁnds were measured at each side
of the reflection for 35 seconds. The intensities of three standard
reflections were measured every fifty normal reflections, and scale factors
evaluated from these standard reflections were used to bring the various
batches onto a common scale. A quadrant of the sphere of reflection was
recorded up to & = 22+5°,

A total of 2098 independent reflections was obtained from the
diffractometer, of which 1543 were classed as observed. This classification
was effected by comparing the net count (N) oﬁ a reflection with the e.s.d.

of that net count. From counting statistics, this e.s.d. is given by:

ol

(total count + G x total backgrOund)
n

where G = the ratio of the time spent measuring the total count (T) to that
spent measuring the two backgrounds and n = the number of independent
measurements made of the reflection. (The total background (B) is given by
€ x the sum of the two measured backgrounds). All reflections with a net
count less than three e.s.d.'s of that net count were classed as
unobserved reflections. The data were corrected for Lorentz and polarisatior

effects but not absorption since the value of the correction for MoKa

radiation is small.
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3.4 The Patterson Function

The corrected values of the intensity data qbtained photographically
were mutliplied by a weighting factor w, which was obtained from the
Lorentz and polarisation factors for each reflection. The use of this
weighting function makes some ailowance for the fall-off of intensities
at higher sin@/A values due to the thermal motions of the atoms and
decrease in the atomic scattering factors. The Patterson function was
then calculated using these weighted intensities as Fourier coefficients.

For the monoclinic space group, the general expression for the

Patterson function reduces to:

1
ji w(hkl)lF(hkl)I (cos2zthu, cos2nkv. cos2ntlw
-1

P(u,v,w) =

, <&
o 1
o =

- sin2rhu.cos2rkv.sin2xlw)

The symmetry of the vector set is P2/m.

1
The function was then calculated over one quarter of the unit cells

'u' at intervals of 0¢254} from O to a
'y' at intervals of 0°276% from O to b/2

'w' at intervals of 0°276} from O to c/2

The principle features of the Patterson function are a Harker section
at (u,3 w) containing vectors between atoms related by the twofold screw
axis, and a Harker line at (4,v,%) containing vectors between atoms
related by the glide plane. On both the line P(%,v,3) and the section
P(u,%,w) one peak of a height corresponding to a double weight Mo-Mo
vector was found. From the poéitions of these two peaks the values of
x, y and z for the molybdenum atom were obtained and confirmed by the

location of a single weight peak at (2x,2y,2z) corresponding to the vector




37.

between molybdenum atoms related by the centre of symmetry. The co-

ordinates of the molybdenum atom were:

x/a y/b z/c

Mo 04460 0+050 0+200

Apart from the peak at the origin, no other large peaks were found in the

Patterson function.

3.5 Light Atom Positions

A first set of structure factors was calculated using the co-ordinates

of the molybdenum atom. The value of the residual, R, was 0°30,

[z | - IF
z|F |

where R =

A three-dimensional F0 synthesis was then computed using the phase angles
deduced from the heavy atom position.

The electron density map showed a peak at the position of the
molybdenum atom with a height of 87°¢5 e.ﬁf3. Two peaks with heights
6.0 e.ﬁf3 were attributed to oxygen atoms and one peak of height 9°6 e.ﬁf3
was assigned to the nitrogen atom. Twelve peaks in positions compatible
with carbon atoms had hgights ranging from 3°*6 to 8°¢6 e.ﬁ—B.

A new set of structure f;ctors .was calculated on the basis of the
molybdenum, the two oxygen, the nitrogen and the twelve carﬁon atoms.
Agreement with the observed structure factors improved R to 0+17. The

calculated phases were used to calculate an (FO-FC) synthesis and this

revealed the positions of the four remaining carbon atoms.
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3.6 Refinement of the Structure

The strucfure was refined using both sets of data, but since both the
quantity and quality of the data collected on the diffractometer were
superiqr to that recorded photographically, the information to be presented
will be largely centred on the diffractometer data.

The refinement was carried out by the method of least-squares using
the block~diagonal approximation. For four cycles of refinement,
isotropic temperature factors were assigned to all the atoms and R was
reduced to 0°076, All the atoms were then refined anisotropically and R
became 0°¢054, Further refinement with adjustments to the parameters of
the weighting scheme, reduced R to 0°041,

The corresponding R value at the end of a similar refinement of the
photographic data was R = 0°072. The lower R value for the diffractometer
data with the increased number of planes, indicated the better quality

of the diffractometer data.

3.7 Hydrogen Atom Positions

At this stage a difference map was computed from the diffractometer
data. The main features of this map were a series of peaks of heights
0°4 to 0°5 e.K-B. On élose inspection it was found possible to assign
fourteen of these peaks to the five hydrogen atoms attached to the ring-
carbons and to the nine hydrogen atoms attached to the methyl carbons of
one of the t-butyl groups.

With isotropic temperature parameters chosen at about 8&2; the
hydrogen atoms were included in the structure factor calculations but
their parameters were not refined. (The 'ring' hydrogen atoms were placed

in their computed positions which were in good agreement with those
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obtained from the difference map). Inclusion of these fourteen hydrogen
atoms.reduced R to 0°036. An (FO—FC) synthesis was then computed and this
revealed the positions of the remaining nine hydrogen atoms. With all the
hydrogen atoms included in the structure factor calculations, further
refinement, initially by block-diagonal methods, but finally using full-
matrix least-squares ﬁrocedures,‘saw R converge to its final value of
0°033. The refinement was deemed complete when all the parameter shifts
were less than one third of the-corresponding e.s.d.

Since introducing the hydrogen atoms had reduced the number of
degrees of freedom, the R value obtained was tested to determine whether
the improvement in R was significant, This was done in the manner out-
lined by Hamilton (Hamiltoﬁ, 1965), and the hypothesis was advanced that
the‘inclusion of the hydrogen atoms did not improve the R value
significantly. The ratio of the R values before and after inclusion of
these atoms, gave R" as 124, At the 0°0l% probability levei the value
quoted for R" is about 1°*04. Hence the hypothesis can be rejected at
this probability level and the inclusion of the hydrogen atoms can be
said to improve the R value significantly.

Structure factors were calculated and used to compute a final
(FO-FC) synthesis as a check on the structure. Small peaks were observed
on some of the atomic sites, but on the whole the background was small and
only in a few cases did it reach the value of 0°% e.ﬂ_B.

Towards the end of the refinement the structure factors were

weighted by a function /w, given by:

/W=0L
F
o

where Op represents.the standard deviation in Fo'

(o}
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A better representation of the standard deviation in the net count

than that obtained from counting statistics is given by:

_ . 2.1
oy = [T+ B.G+ (P.N) 1%,
where N, T, B and G represent the same values as before. P is a
variable to allow for fluctuations in the counting.

The standard deviation in Fo can be derived from the equation:

where k is the scale constant and Lp is the Lorentz-polarisation factor.

Differentiating and making the approximation that dFo = op and dN = oy
o

gives:

Therefore /w is given by:

Fo = 2.N

2. L
FO.[T + B.G+ (P.N)7]®

The parameter P, was adjusted to bring the values of wA? as nearly as
possible uniform, when the Fo's were analysed in batches. The value used
was 0°05.

The final values of the least-squares totals together with the
analysis of the weighting scheme, the data being analysed in terms of the
magnitudes of the Fo's, are presented in Table 3a. The final values of
the positional and thermal parameters together with their e.s.d.'s are

given in Tables 3b and 3c. The observed and calculated structure factors

are given in Table 3k.




t
(g;pSHS)Mo(co)zN.CBu , _TABLE 3a

Least-Squares Totals

Number of observed planes 1543

A2
z|F | z|F | z|a| TwA

5244602  52311°60  1711°+34 1140405

Weighting Analysis

0°033

IFOI ranges N EWAZ/N

0-15 240 070 0°+094
15-20 221 041 0°054
20-25 222 1426 0°+042
25-30 173 047 0+031
30-35 149 0+84 04030
35-40 110 0°54 0+023
40-50 155 0°77 0+023
50-75 184 0°78 0+023

75 upwards 89 0482 04024

41.
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(nhCSHS)Mo(CO)ZN.CBu

TABLE 3b

2
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Final Values of Atomic Cb—ordinates, their Standard Deviations

and Isotropic Temperature Parameters (ﬁz)

\

Atom x/a y/b z/c Bt
Mo -0.04214(4) 0.04705(7) .20340(3) 3.3
0(1) -0.09086(45) 0.39417(66) .13621(34) 7.1
0(2) 0.09290(43) 0.08670(64) .06600(31) 6.4
N 0.06514(36) 0.10701(58) .29407 (28) 3.3
c(1)  -0.09166(89)  -0.20662(157) 0.25023(108) 7.9
c(2)  -0.16651(104) -0.09190(152) .26696(58) 7.2
c(3) -0.22066(55) -0.03348(99) .19347(73) 5.7
c(4) -0.18368(74) -0.11022(123) .13217(50) 6.0
c(5) -0.10548(91) -0.20908(108) .16445(94) 8.0
c(6) -0.07403(55) 0.26624(93) .16150(43) 5.3
c(7) 0.04522(54) 0.07043(75) .11762(42) 4.6
C(8)  0.12842(46)  0.13669(75)  0.36066(37) 3.2
c(9) 0.23447 (48) 0.03812(86) .37956(36) 3.7
c(10) 0.24855(63) -0.05753(108) .30357 (48) 7.1
c(11) 0.33208(56) 0.14709(106) '.40391(52) 6.8
c(12) 0.23034(62) -0.08017(85) L44728(49) 6.3
c(13) 0.09374(48) 0.26740(79) .41649(35) 3.8
c(14) 0.13809(98) 0.24673(140) .50506 (49) 10.1
C(15)  -0.02346(71)  0.26427(138) 0.41075(63) 9.6
c(16)  0.12320(116) 0.43063(100) .38723(70) 10.6

contd./
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‘Atom x/a y/b z/c gt
H(1) -0.035 -0.273 0.296 8.9
H(2) -0.176 -0.054 0.330 8.2
H(3) -0.285 0.059 0.185 6.7
H(4) -0.215 -0.086 0.066 7.0
H(5) -0.059 -0.287 0.131 9.0
H(6) 0.310 -0.133 0.317 8.1
H(7) 0.175 -0.150 0.292 8.1
H(8) 0.260 0.033 0.267 8.1
H(9) 0.400 0.083 0.408 7.8
H(10) 0.330 0.217 0.458 -7.8
H(11) 0.330 0.233 0.358 7.8
H(12) 0.290 -0.150 0.467 7.3
H(13) 0.155 -0.150 0.442 7.3
H(14) 0.250 0.000 0.500 7.3
“H(15) 0.180 0.350 0.500 11.1
H(16) 0.080 0.283 0.533 11.1
H(17) 0.180 0.167 0.558 11.1
H(18) -0.060 0.233 0.350 10.6
H(19) -0.070 0.383 0.417 . 10.6
H(20) -0.060 0.183 0.442 10.6
H(21) 0.040 0.450 0.350 11.6
H(22) 0.180 0.433 0.350 11.6
H(23) 0.150 0.483 0.450 11.6

+ For the non-hydrogen atoms, these were the temperature factors

obtained in the last cycle of isotropic refinement.
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TABLE 3c

t
(TP-CSHS)MO(CO)ZN.CBu )

Final Values of Anisotropic Temperature Parameters+

and their Standard Deviations (both x 105)

Atom B11 822 B33 By3 B13 Br2

Mo 538(4) 1190(10) 359(3) -87(10) 78(5) -116(13)
0(1) 1358(57) 1476(98)  825(34) 487(95)  -179(68) 161(122)
0(2) 1242(52) 3262(151) 521(26)  -415(97)  825(63) -1195(133)
N 551(43)  1210(87)  345(24) -66(75)  277(55) 243(92)
c(l)  968(98)  2883(271) '1641(108) 3195(317) -543(181) -1206(246)
C(2) 1602(113) 3854(303) 462 (44) -159(188)  578(125) -3479(294)
c(3) 530(57)  2080(158)  983(60) -344(191)  473(105)  -374(168)
C(4)  836(76) 2526(201) 627(46)  -764(158)  81(101) -1404(197)
C(5) 1013(100)  988(154) 1711(100) -467(222) 1192(176) -548(194)
C(6)  776(62)  1670(144) 441(34)  -174(127)  -6(70)  -235(168)
c(7)  782(59) 1336(140)  442(34)  -237(114) -59(73)  -273(142)
c(8) 522(49) 1219(109)  325(29) 13(99) 180(65) -59(126)
c(9)  588(51)  1928(127)  350(29) 367(126)  135(60) 590(159)
c(10) 1122(78)  4359(251)  586(41)  -604(170) 175(91)  2834(235)
C(11)  563(58)  3078(192)  968(52) 365(180)  188(89) ~57(189)
c(12) 1098(75)  2123(175)  741(45) 919(140)  366(96)  1166(176)
C(13) 595(53) 1678(133) 306(29)  -219(102) 185(61) 241(134)
C(14) 3562(191) 5486(324)  410(43)  -1224(189) -214(139)  5871(417)
C(15) 1182(95)  6223(356) 1473(8l)  -4059(287) 1421(146) -697(289)
C(16) 4025(200) 1705(190) 1266(74)  -399(196) 3235(213)  553(314)
+ where Bij refers to the expression:

exp{-(hzall + k2522 + 12333 + 2hkp,, + 2k1g,, + Zhlp )]




JMo(C0O),N-CBUS

(”‘C5H5
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In this case and with the other structures to be described, the
afomic scattering factors used were those given in International Tables
for X-ray Crystallography, (1962)? Volume III. For the hydrogen atoms,
the scattering factors derived by'Stewart et al (1965) were employed.
The real and imaginary parts of the dispersion correction were applied

in the cases of molybdenum, iron, iodine and aluminium.

3.8 Description and Discussion of the Structure

The molecular arrangement is shown in Figure 3.1. The co-ordination
about the molybdenum atom can be regarded as based on a distorted
pctahedron if the cyclopentadienyl ring is taken as occupying three co-
ordination sites. The other three sites are then occupied by the methyl-
eneamino-ligand and the two carbonyl groups, which are cis to one another.
The Mo, N and C(8) atoms are approximately colinear but the slight
deviation from 180° is such that the molybdenum atom is 0°¢26% away from
the plane formed by N, €(8), €(9) and C(13).

The planarities of various parts of the molecule are examined in
Table 3d, the atoms being weighted according to their individual e.s.d.'s.
When the xﬁ values for the planes are compared with the listed xi' values
(International Tables for X-ray Crystallography, Volume II), the
following facts may be deduced. The planarity of the cyclopentadienyl
ring can be accepted at the 4% probability level, while the central
portion of the methyleneamino-group, involving C(8), €(9), c(13) and the
nitrogen atom, can be regarded as planar with a very high degree of
probability. The planarity of the two carbonyl groups and the molybdenum
atom is also acceptable at the 2% probability level.

Bond lengths and bond angles together with their standard deviations

are given in Tables 3e and 3f. Some bond lengths are also shown in
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t
(ﬁ-CSHS)Mo(CO)ZN.CBu 5 TABLE 3d

Mean Planes

-0.6892X - 0.7244Y - 0.0160Z - 2.5016 =0 XZ = 6.533
Atom C(1)  C(2) c(3) ¢  c(5) MoT
P 0.009 0.006 -0.010 0.012 -0.017 -2.033

o(P) 0.012 0.013 0.008 0.010 0.010  0.001

0.5509K + 0.6964Y - 0.4600Z + 1.6293 = 0 > = 0.041
Atom N c(8  c(® c(13) Mot
P -0.00l 0.001 -0.001 -0.001 -0.262

o(P) 0.005 0.006 . 0.007 0.006 0.001

~0.6489X - 0.3496Y - 0,6758Z + 1.6134 = 0 xz = 8.154
Atom Mo 0(1) 0(2) c(6) c(7)
P 0.000 -0.002  0.007 0.004 -0.017

o(P) 0.001 0.006 0.005 0.007 0.007

P represents the out-of-plane deviation for the atoms.
' o]

X,Y,Z refer to the orthogonal co-ordinates in A units with respect to a
cell defined such that a' is along a, b' is in the (a,b) plane and c'

is along c*.

+ These atoms were not used to calculate the equations of the planes.
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t
(nhCSHS)Mo(CO)ZN.CBu 5 TABLE 3e

Bond Lengths- and their Standard Deviations

Distance (}) e.s.d.(p)
Mo-N 1.892 0.005
Mo-C(6) 1.957 0.008
Mo-C(7) 1.966 0.007
c(1)-c(2) 1.41 0.02
c(2)-c(3) 1.37 0.02
c(3)-c(4) 1.35 0.01
c(4)-c(5) 1.32 0.01
c(1)-c(5) 1.40 0.02
c(6)-0(1) 1.144
c(7)-0(2) 1.143 0
N-C(8) 1.259 0.
c(8)-c(9) 1.553 0.
c(8)-c(13) 1.539 0.
c(9)-c(10) 1.52 0.
c(9)-c(11) 1.52 0.
c(9)-c(12) 1.50 0.
c(13)-c(14) 1.48 0.
c(13)-c(15) 1.47 0.
c(13)-c(16) 1.51 0
Mo-C(1) 2.364 0.
Mo-C(2) 2.353 0.
Mo-C(3) 2.335 0.
Mo-C(4) 2.347 0.
Mo-C(5) 2.316 0.




t
(n=C5H5)Mo(CO)2N.CBu ) TABLE 3f

Bond Angles with their Standard Deviations

Angle e.s.d.
Mo-N-C(8) - 171.8° 0.4°
Mo-C(6)-0(1) 178.6 0.6
Mo-C(7)-0(2) 177.5 0.6
c(1)-c(2)-c(3) 108.0 1.1
c(2)-c(3)-c(4) 108.3 0.9
Cc(3)-c(4)-c(5) 109.1 0.9
c(4)-c(5)-c(1) 110.1 1.1
c(5)-Cc(1)-c(2) 104.4 1.2
C(6)-Mo-C(7) 76.1 0.3
Cc(6)-Mo-N 96.2 0.3
C(7)-Mo-N 97.4 0.3
N-C(8)-C(9) 117.3 .5
N-C(8)-C(13) 117.1 .5
c(9)-c(8)-c(13) 125.6 0.5
c(8) -c(9)-c(10) 109.7 0.5
c(8) -c(9)-c(11) - 111.8 0.5
c(8) -c(9)-c(12) 110.1 0.5
c(10)-c(9)-c(11) 108.1 0.6
c(10)-c(9)-c(12) 107.7 0.6
c(11)-c(9)-c(12) 109.3 0.6
c(8) -C(13)-Cc(14) 114.5 0.6
c(8) -c(13)-c(15) 110.3 0.6
c(8) -c(13)-c(16) 108.8 0.6
C(14)-C(13)-C(15) 104.7 0.7
Cc(14)-c(13)-c(16) 110.6 0.7
c(15)-Cc(13)-c(16) 107.7 0.7
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(7-CyH,IMO(CO),N-CBUS

Some Bond Lengths and Angles

Figure 3.2



Figure 3.2. The Mo-N distance of 1°892(5)} is much shorter than the
lengths generally observed for single bonds; for example, the average
Mo-N bqnd length in cis—Mo(dien)(CO)3 is 232} and this is essentially
regarded as a single bond (Cotton and Wing, 1965). This, together with
other evidence which will be discussed later, provides strong evidence for
a multiple metal-nitrogen link. The N-C(8) distance of 1°259(8)} agrees"
well with other values of N=C distances, e.g. 12654 (mean) in
LiAl(N:CButz)4 (Wade et al, 1971), and 1°28} in [Ph2A1N:CPh.C6H4Br]2.
ZC6H6 (McDonald, 1969). The observed lengths of C=N bonds generally vary
from 1°+25 to 1'29ﬂ, in good agreement with the predictions of the
Schoemaker-Stevenson relation (C=N, pure double bond, 1+265R).

The carbon atoms of the two carbonyl groups are attached to the
molybdenum atom by bonds of length 1°957 and 1+966%, for C(6) and C(7)
respectively, the difference between the two distancés not being
significant, These distances are vefy similar to other Mo-C (carbonyl)
lengths, examples being 1°975} in (ﬁ-CSHS)Mo(CO)3Et, (Bennett and Mason,
1963), and 1°943} in (ﬂ—C3H5)MoNCS(CO)z(CIOHSNz), (Graham and Fenn, 1969).
These values are considerably less than the distance attributed to a
Mo-C single bond, and further discussion can be found in Chapter 4. The
two C-0 distances are almost equal, their mean being 1°144f, in good
agreement with previously reported values (Graham and Fenn, 1969). As
expected, the Mo, C and O atoms are almost colinear, the mean Mo-C-O angle
being 178+1°. Tf the distribution of ligands round the molybdenum atom
is examined, it can be seen that both the C(6)-Mo-N and C(7)-Mo-N angles
are about 97°, while the C(6)-Mo-C(7) angle is just over 76°. The two

carbonyl groups are thus compressed towards each other while being pushed

away from the t-butyl groups, reflecting the bulky nature of the latter.
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It has already been mentioned that the cyclopentadienyl ring is
essentially planar, but there is also a large variation in the C-C bond
lengths within the ring, rangihg from 1+32 to 1'41R, these differences
being significant. In fact the value of 1°32} obtained for the distance
between C(4) and C(5) is about that normally assumed for a carbon-carbon
double bond. Similar variations have been reported before by knox and

. ) +
Prout (1969) m_(n-csHs)zMos(C}Iz)zNH2

If, the C-C lengths ranging from
1+33 to 1%44}. Cotton and LaPrade (1968) attributed the variation in
_g-c bond.lengths in (ﬂ-CSHS)Mo(CO)Z(CHZC6H4CH3), which ranged from 1°35-
1+42}, to librational or rotational disorder.

Mason and co-workers (1964) have reported a number of crystal

structure determinations, e.g. (ﬂ—CSHS)zMoH2 and (ﬂ-CSHS)Mo(CO)BEt,

containing a cyclopentadienyl ligand in which there are very wide

variations in C-C distances within the ring; typical ranges being 1°34-1°514

and 1°38~1*47h. These variations were consistent with partial localisation

of electrons within the ring; viz.
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Thenpattern_observed in (ﬁ-CSHS)Mo(CO)zN:CBut2 places the two shortest
C-C bonds adjacent to one another and thus the above explanation is not
valid. Also,Aif the bonding in the ring was as localised as shown, some
variation in the Mo-C ring distances would be expected. The Mo-C
distances do vary slightly from 2°316 to 2*364} but the Mo-ring distance
of 2°0334 is in good agreement with previous values. The conclusion is
that the bonding is best represented in terms of a delocalised system
with some librational disorder.

The angles within the cyclopentadieﬁyl group range from 104 +4° to
110'10, and none of the individual angles differ significantly from 1080,
the angle expected for a planar, equal-sided pentagon. The angles
subtended at C(8) are in good agreement with that atom being sp2-
hybridised, but the larger C(9)-C(8)-C(13) angle of 125+6° reflects the
bulky nature of the t-butyl groups. The C(B)-C(9) and C(8)-c(13)
~ distances do not differ significantly from each other, their mean being
1+546}, which is longer than the length of 1514 expected for a
C(spz)-C(3p35 bond (Dewar and Schmeising, 1959).

| The distances within the t-butyl group with C(9) as the central atom,
range from 1°50-1°52} and the angles subtended at C(9) vary from 107°7°
to 111+8°, Bigger variatibns for both the angles and distances are observed
for the t-butyl group centred round C(13). The C-C bond lengths range
from 147 to 1°51} and the angles subtended at C(13) from 104+7° to
114+5°, The mean value of B for the methyl carbons of the former t-butyl
group is 6'7&2, while that for the latter is 10’1&2, indicating that
these atoms undergo fairly large vibrations. The thermal motions are
thus smaller for the former t-butyl group and thus the lengths and

angles are much closer to the expected values than those observed for the
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t-butyl group centred round C(13). The C-H distances within the two
t-butyl groups range from 0°96-1°19}, the mean beiné 1°06}, while the
H-C-H angles vary between 95+6° and 125'90, the mean being 108+1°,

The bulkiness of the two t-butyl groups cén also be illustrated by
examining the plane containing the €(8), €(9), €(13) and nitrogen atoms.

Some dihedral angles involving this plane are given in Table 3g.

TABLE 3g

Some dihedral angles involving the plane

containing the atoms C(8), C(9), C(13) and N

Plane Dihedral Angle
Mo, N, 0(1), €(6) and C(8) 49 +5°
Mo, N, 0(2), ¢(7) and C(8) 57¢2°
Mo, N, C(8) and CP 87+5°

Ny

It can thus be seen that the methyleneamino-ligand is twisted by
approximately 50° with respect to the planes of the two carbonyl groups.
Also, the plane incorporating the centroid of the cyclopentadienyl ring
(CP), the Mo, N and C(8) atoms is almost at right-angles to the plane
containing €(8), €(9), C(13) and N.

Table 3h lists the principle non-bonding intramolecular contacts
less than 4}. Inspection of the table shows that the molecular arrangement
is such so‘as to equalise non-bonding contacts of the same kind. The
Mo-C(10) and Mo-C(15) contacts are identical at 3°84}, while the carbon-
carbon distances between the different t-butyl groups are also much the

same. The short nature of some of these contacts, for example the




t
(nhCSHS)Mo(CO)ZN.CBu o —TABLE 3h

Selected Intramolecular Non-Bonding Distances less than 4f

Distance (}) e.s.d.(})
Mo-C(10) 3.84 0.01
Mo-C(15) 3.84 0.01
0(1)-0(2) . 3.78 0.01
0(1)-N 3.80 0.01
0(1)-¢c(7) 3.23 0.01
0(2)-N 3.86 0.01
0(2)-c(6) 3.23 0.01
c(7)-c(10) 3.78 0.01
c(11)-c(13) 3.22 0.01
c(11)-c(14) 3.33 0.01
c(11)-c(16) 3.51 0.01
c(12)-c(13) 3.35 0.01

c(12)-c(14) 3.17 0.01




(n-CsH5)Mo(CO),N-CBUt,
projection on the [010] plane

Figure 3.3

56.




t
(ﬂhCSHS)Mo(CO)zN.CBu

TABLE 3i

2

Non-bonding Intermolecular Contacts less than 4}

Equivalent Position Number 1 X, Y, z;
Equivalent Position Number 2  E-x, 5+y, %5 - z;
Equivalent Position Number 3 E+x, %5-y, % +2;
Equivalent Position Number 4 X, Vs, z.

Atom A Atom B Fositiom Cell A-B ()

of B

0(2) 0(2) 4

c(1) o(1) 1

c(2) o(1) 2

c(3) c(1) 2

c(4) 0(2) 4

c(5) 0(1) 1

c(5) 0(2) 4

c(6) c(2) 2

c(7) 0(2) A

c(10) 0(2) 2

c(11) 0(1) 3

c(11) 0(2) 2

c(11) c(7) 2

c(12) 0(1) 3

c(12) 0(2) 2

c(12) c(4) 3

c(14) 0(1) 3

c(14) c(2) 4

c(15) c(3) 2

c(15) c(4) 2

c(16) 0(2) 2

c(16) c(10) 2

57.
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distance between C(12) and C(14) is only 3°17A, may be related to the
&viation of the C(9)-C(8)-c(13) angle from 120°.

The packing of the molecules is shown in Figure 3.3 where the
s;ructure is projected along the b axis. Intermolecular non-bonding
distances less than 4k are presented in Table 3i. The only two methyl
carbons to approach one another closer than 4} are C(10) and C(16), the
distance between them being 3°81R. This contact, though not undu1§ short,

would be smaller if the Mo-N-C(8) angle was 180° and thus may be

responsible for the 8° deviation of this angle from linearity.

3.9 Metal-nitrogen bonding

An important feature to emerge from the‘structural study is the near
linear Mo-N-C(8) skeleton and the shortness of the molybdenum-nitrogen
bond. Possible reasons for the deviation of the Mo-N-C(8) angle from
180° have already been discussed as well as the possible modes of bonding
of the ketimino-group to the metal (§2.2). The bonding is best
considered in terms of a linear unit involving substantial overlap of
metal and ligand érbitals. The metal-nitrogen distance of 1‘892@ found
in the complex provides substantial evidence for multiple bonding Between
the molybdenum and nitrogen afoms.

-Table 3j illustrates a few recent determinations of molybdenum-
nitrogen bond lengths. From this it can be seen that a reasonable value for
a Mo-N single bond, the nitrogen atom being sp3—hybridised, is 2°32R.

If O°64A is taken as the covalent radius of sp-hybridised nitrogen, which
is 0°06} sﬁorter than the value for the sp3-hybrid state, then 29264

is obtained as an estimate of a Mo-N(sp) bond (Cotton et al, 1969). The
Mo-N distance of 1°892% in (ﬂ:-CSHS)Mo(CO)ZN:CBut2 is thus 0°37} less than

this estimaté, though longer than the 175} found in (C5H5)3M0N0, where
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considerable dm-pn back-bonding is indicated. The overall picture of the

. . t
bonding in (ﬂ-CSHS)Mo(CO)ZN.CBu 9

is thus still one which indicates a
large amount of Mo -+ N n-bonding arising out of back-donation from metal’

orbitals and hence substantially increasing the Mo-N bond order, confirming

the work of Kilner and Midcalf (1971b).

TABLE 3j

Some recent determinations of Mo-N bond lengths

Complex Mo-N distance (A) Reference
(average)
cis-Mo(dien)(CO), 232 Cotton and Wing,
3
1965
M003.dien 2°32 Cotton and Elder,
' 1964
M002(09H6N0)2 2°32 ' Atovﬁyan and
: Sokolova, 1969
(n-C_H_)Mo(cC0), (NCS)(C, H_N_) 223, 2.12% Graham and Fenn,
35 2 1082 -
1969
(¢, H_)Mo(c0), (NCS)(C. HN,) 2+26, 2'15* Graham and Fenn,
477 2 1278 2
1970
(CSHS)BMONO 1+75 Cotton et al, 1969
t ) .
(ﬂ-CSHS)Mo(CO)ZN.CBu 2 1+89 This chapter

+ These distances represent the length of the Mo-NCS bond.
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(ﬂ—CSHS)Mo(CO)zN.CBu 5 TABLE 3k

Final Values of the Observed and

Calculated Structure Factors
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