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SUMMARY

The principles and techniques of crystal-structure
analysis are discussed and a brief description of the
computer programs which‘have been used is given. The
crystal structures of four metal complexes have been

determined from diffractometer or photographic data.

The first two are structures of the two polymorphic

forms of hydridodicarbonylbis(triphenylphosphine)iridium(I).

(i) The orthorhombic form of IrH(CO)z(PPhs)z.

(ii) The monoclinic (I) form of IrH(CO)Z(PPh

3)2'
The second two are stuctures of polynuclear .-
nitrido-bridged transition metal anionic complexes.‘

They are:

(iii)Potassium p-nitrido-bis [tetrachloroaquoruthenate(IV%,
KSRuzNCIS(HZO)z.
(iv) The p-nitrido-hexasulphatotriaquotri-iridate

. ~4
(IV,IV,III) ion, [IrSN(SO4)6(H20)3] .

(i,1ii)The iridium complex is a homologue.of
RhH(CO)z(PPhS)z, which is believed to be the active
species in the hydroformylation of alkenes using
RhH(CO)(PPhé)3 as catalyst. In organic solvents the
iridium complex is known to exist as two isomeric_

- forms under-going rapid intermolecular inter-
conversion. It was interesting to find out what
the molecular geometry ' is din the solid state.

Examination of the crystals showed the presence: of



three polymorphic forms. The structures of two of
those have so far been determined.
Both structure determinations were from diffracto-

meter data and their main features are as follows:

(1) (ii)
Space group Pna21 P21/a
Unit-cell dimensions ’ . a=17.759 a=18,036
b=10.001 b=10.075
c=18.389 c=19.474
B =113.365°
Z ) 4 4
Final R factor 0.0187 0.028
Number of reflections 2518 | 3248
Some distances:
Ir - P : 2.372;2.377 2.357;2.359
ir-¢ 1.868;1.834 uncertain
(CO groups
disordered)
Ir - O 3.023;3.029 2.902-3.076
iIr - H 1.64

In the case of the orthorhombic form the hydride
hydrogen atom was successfully located and the co-
ordination about the iridium atom can be best
described as a distorted trigonal bipyramid. 1In the
case of the monoclinic (I) form both carbonyl groups
were found to be disordered and locating the hydride
hydrogen atom proved to be impossible. The results
are compared with the well defined geometry of the

orthorhombic form.

%Y
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(iii) The structure has been determined from the 697

three~dimensional visually estimated intenéity
data and refined to R=0.088. The crystals are
monoclinic with unit-cell dimensions a=15.89,

b=7.34, c=8.16§,B=120.40. The space group is.

C2/m and Z=2._ The main features of the

[RuZNCIS(HZO)le_ ion are:

(iv)

a) a lineﬁr O-Ru-N-Ru~0 system with very short
Ru-N distances of 1.720&, indicating multiple
bonding, and fairly long Ru-0 (water) distances of
2.18&.

b) an eclipsed configuration of chlorine atoms
co-ordinated to ruthenium (four to each one).

The two independent Ru-Cl distances of 2.364 and

2.367A are normal.

The potassium ions are co-ordinated to eight

[ ]
chlorines at distances in the range 3.20-3.36A.

This is believed to be the first trinuclear
nitrido-bridged complex structure to be determined.
The final R factor is 0.032 for 565 reflections
measured on an automatic diffractometer. The
compound crystallises in the cubic space group
I43d with 16 molecules in a unit cell for which
a=22.805A. The complex anion has C3 point group
symmetry with the nitrogen atom being co-planar
with and at the centre of an equilateral triangle
formed by the iridium atoms. The six sulphate
groups link adjacent iridium atoms which have an

octahedral coordination with the nitrogen and water



molcecules trans to each other.
Some of the more interesting distances are:

Ir-N 1.9184, Ir-O(water) 2.0584A, Ir-O(sulphate)
2.006-2, 0594 .
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SECTION A.

A short introduction to the theoretical and
experimental basis of X-ray structure

determination.
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CHAPTER I
THEORETICAL PRINCIPLES OF STRUCTURE DETERMINATION

INTRODUCTION

The principles used in the determination of crystal
structure are essentially those of physical optics.
However, to get diffraction phenomena from crystéls having
interplanar spacings (which correspond to the repetition
distances in an optical grating) of the order of a few
XngStrom units, a radiation of similar wavelength has to be

used, such as the characteristic X-radiations of Cu, Mo, Cr

or Fe.

Crystals are composed of groups of atoms repeated at
regular intervals in three dimensions, each group having
an identical and parallel environment. For the purpose of
diffraction theory it is sufficient to regard each group
of atoms as replaced by a representative point,vand the

collection of points so formed is the lattice of the crystal.

The lattice repetition distances along each of the three

noncoplanar directions are called the lattice constants,

which with the interaxial angles are called the lattice

parameters. When considered as a set of three vectors they

define a unit cell.

The X-rays used in studying the arrangement of atoms
have a range of wavelengths from about 0.5 to 3.0 R and
therefore are capable of resolving separate atoms, but
théy cannot be bent sufficiently by any kind of ‘lens to
give a direct image of the atomic arrangements. They can

only be scattered by the crystal matter so as to give
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various kinds of diffraction patterns.

The following first chapter will deal brieflylwith
the phenomena of X-ray scattering and its use in crystal-
structure determination, while the second chapter concerns
itself with two basic experimental methods of recording
diffraction patterns and determining the intensities of the

individual reflections.

An outline will be given of the theoretical and
practical basis of only those procedures which have been
used in the determination of the four structures deécribed

in this thesis.
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I.1 THE DIFFRACTION OF X-RAYS

An electron in the path of an unpolarised X-ray
beam is set into forced vibrations of the same frequency
as the X-radiation and acts as a source of secondary
X-rays unmodified in wavelength but radiated in all
directions. By this interaction the electron is said to
scétter or to diffract X-rays. All electrons in the path
of an X-ray beam scatter synchronously and scattered waves
will interfere either destroying one another or combining
to form new wave fronts. This cooperative scattering
produces é diffraction pattern. The directions of
possible diffracted beams depend only on the size and
shﬁpe of the unit cell and the X-ray wavelength. Their
intensities vary considerably and depend on the arrangement
of atoms within the unit cell; some symmetrical arrangements
produce recognisable patterns of systematic absences among

the reflections.

The geometry of diffraction

Consider a parallel beam of X-rays of wavelength A
falling on the lattice in a direction defined by the vector
sy and scattered inithe direction defined by the vector s,
both vectors having modulus 1/X . Let P; and P, (Fig.1.1)

be two lattice points separated by a vector distance

- — =4 -—p _ = - R
r = ua + vb + wc, where a, b, ¢ are the lattice parameters

and u, v, w are integers. The path difference between the

two scattered waves is PlL - P2K (see the same figure).
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PiL = [r| cosy
and cos ¥y = r.s
|| |s]
since [s|] = L
A—;\
cos y = (. s)A
B
Therefore P,L = (¥.8))
Similarly PoK = (¥.S5)\
and ~ PjL - Pk = A(r.§ - ¥.5p) (1.1)
= AF.8
where § =5 - S is called the scattering vector.
In order that the waves scattered by P, and P, shall be

in phase, this path difference should be equal to a whole
number of wavelengths. Thus (ua + vb + wg)f§ = integer,
and u,v,w are also integers. If now all lattice points
must fulfil this condition simultaneously, i.e. it must

be true for any integer values of u,v, or w, then

- =
a S = nl
Ebg = n, i.e. three integers (1.2)

These equations are known as Lame's equations. When Laue's
equations are simultaneously satisfied, a diffracted beam

of maximum intensity will be produced.

Bragg showed that the incident and diffracted beams
were equally inclined to (and therefore apparently reflected
by) the family lattice planes whose Miller indices*are
h k1 if n1=nh, n2=nk, n3=n1, where the common factor, n, is
known as the order of reflection.

* Miller indices can be regarded as showing the number of
cuts made by the set of planes in each’axis during one

unit translation.



The Laue equations can be rewritten in the following

form:
a —
E‘ S =n
3 =
—E.S-—-n
- (.3)
C —"__
T.S—-n

Subtraction of the first two equations gives

(z—_—f?-)._s’=o

h k

which means that the vector § is perpendicular to the
vector Eyh -~ 3/k. Similarlyzg is perpendicular to a/h
-~ ¢/1. Since both vector differences are in the plane
hkl (see Fig. I.2a) the vector S is perpendicular to
this plane. But s is a vector in the 'direction of the
bisector of the incident and diffracted beam, since the
moduli oflg and—_é0 are equal (Fig.I.3); thus this
bisector is identical with the normal to the h k 1 plane
and therefore each diffraction can be regarded as
"reflexion" of the rays from lattice planes. It is
convenient to introduce the spacing d of the planes h k 1;
this is the perpendicular distance from thelorigin to the
plane shown in Fig.(I.2a), and can be calculated as the

projection of, for example'g/h on the vector § (Fig.1.2b).

-

d = l%lcosa
-
but a =
cosa = EARE
|&| 181
therefore jé ‘g
5 -
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Fig.I.2a. Fig.I..2b. ‘ _ ‘

>
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—
But % S =n (Eq.I.3) and as is apparent from
Fig.(I.3)
2 sing
Isl
A
_ nh "
Thus d = 7 sing”

and nA= 24 sing

This is Bragg's Law.

In‘practice the order of reflection, n, is "absorbed" in
the spacing d of the hkl planes: sin$ ior the n~th order
of reflection from planes with spacing d 1s the same as
that for the first-order reflection from planes with

spacing d/n .
If we rearrange Bragg's equation such that

1
d -

sin'® = %
The interpretation of X-ray diffractién pdtterns would be
facilitated if the reciprocal relation between sian and
1/d could be replaced by a direct one. The reciprécal

lattice concept gives the solution to this problem. The

reciprocal lattice (r.l.) can be defined as follows.

Consider the normals to all possible direct lattice planes
radiating from some point taken as origin. Mark the point
Phkl on the normal to the planes hkl, and at a distance of
p/dhkl from the origin. The value of p is usually taken as

1 in theoretical considerations and as A in practical work.
1/4 is,designafed d* and from the derivation of Bragg's Law

it is evidently identical to lgﬂ. To show that the array

of points Phkl gives a lattice we can consider equations (I,3),

The first one is equivalent to the statement that the
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projection of E on a is constant for a fixed value of h,
namely h/a; that is, the ends. of all vectors s having

the same value of h lie on a plane perpendicular to z.

If h = O, the plane passes through the origin; if h = 1,
the plane has an intercept on a of 1/a; if h = 2, it makes
double the intercept; and so on. In other words, the ends
of the vectors S fall on a. set of equispaced planes
perpendicular to the @ axis, each plane corresponding to

a particular value of h. 1In a similar way, sets §f
equidistant planes perpendicular to the b and ¢ axes will
be set up, with planes corresponding to a particular value
of k and 1 respectively. The intersections of these three
)sets of planes represent the end.points of vectors that
satisfy the three lLaue equations simultaneously, and so
give the solution of Bragg's equation . The set of

points obtained by intersections of planes equally spaced
in eéch of the three directions gives a lattice of points
in-reciprocal space and, therefore, known as tﬁe reciprocal
lattice. The unit cell of this lattice is defined by three
vectors a*, b¥*, c¥*, and each r.1l. point is defined by three
integers h,k,1 and the corresponding vectdf §¥h;¥+k3*+13*.
Figure (I.4)\shows a two-dimensional projection of two sets
of lattice planes in direct space-with their corresponding

points in reciprocal space.

We can show how useful ‘the concept of the r.l. is in
the interpretation of diffraction by the following

considerations.

Imagine the crystal oriented to the X-ray beam of
wavelength A in such a~way that its reciprocal lattice plane
a*b* is parallel to the beam. Draw a line XO in the

direction of the X-ray beam passing through the r.1.
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origin O and along this line choose the point B at a
distance of 1/)\ from point O. From the point B describe
a circle of radius 1/A , having on its circumference
r.l. origin O and r.1l. point P. (Fig.I.5). Since the
angle OPA is a right angle

- op
sin® = O0A ’

and since OA = 2/\ and OP = 1/dhkl (by definition),

A

——

sin@ = 2dpyq
which is .just Bragg's Law,

It follows that a reflection occurs whenever a r.l.
point coincides with a circle constructed as described.

By rotating this circle around its diameter AO, a sphere

called the sphere of reflection is generated. When the

r.1l, is rotated about its origin, r.1l. points are brought
into coincidence with the surface of the fixed sphere of
reflection and Bragg's Law is fulfilled. Since the
diameterlof this sphere is 2/\ , every r.l., point within
that distance of the origin can be brought into a reflecting

position. Thus every r,l. point within a sphere of radius

2/N, the limiting sphere, is a potential reflection.

(Fig.1.6).

It is worth noticing that when the r.l. is defined in
terms of d* = 1/d, the radius of the sphere of reflection

is 1/N, but when d* = X /d the radius is 1 r.1l. unit.



Fig.I.4. Projection of direct lattice planes and the
corresponding reciprocal lattice points.

Fig.I.5. Section through the reciprocal lattice and
the sphere of reflection.

X-ray

&\\\\\Limiting sphere

Sphere of
reflcction

Fig.I1.6. Section through the spherce of reflection and
the limiting sphere. »

20
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The intensity of diffraction

Hitherto the scattering units have been assumed to
be electrons whose linear dimensions could be neglected in
comparison with the X-ray wave-length, and therefore
scattering by a single electron was independent of angle,

apart from the effects of polarisation.

In atoms, however, the electrons occupy a finit volume
and only the‘waves scattered in fhe direction of the
incident beam are in phase. For other directions électrons
scatter outof phase, and the amplitude of the wave scattered
by the whole atom decreases as the scattering angle increases.
If one assumes spherical atoms the amplitude is a function
only of the type of atom and sin 6 /A(Fig.I.7). The
scattering power of a given atom for a given reflection is

known as its scattering factor fo and is expressed by the

ratio

fo = Aa/Ae
where Aa is the amplitude of the wave from the whole atom
and Ae from a freé electron located at the position of the
atomic nucleus, both being measured in the same direction

of the scattered wave, For angle- 8= O this ratio is equal

to the atomic number 2Z.

The normal scattering—féctor curves are calculated on
the basis of the electron distribution in a stationary
atom, but in reality the atoms in crystals are vibrating
about their mean lattice positions. The effect of such
thermal motion produce transient modulation of the
periodicity d of the lattice planes over a large volume

and thus the apparent scattering power of the real atom
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falls off more rapidly than that of the stationary model
(see Fig.I.7). Debye and Waller showed that the X-ray

intensity of reflection at temperature T is given by

Ip = I, exp [—2B(sin26 / Az)] (1.5)
where Io = intensity corresponding to the atom at rest and
B = 812 42

u

u2 is the mean-square displacement of the atom along the
normal to the reflecting planes and depends on the
temperature, the mass of the atom, and the elastic constants
of the cfystal. Thus the scattering factor for a real atom

vibrating isotropically can be given by the expression
£ = £ exp[ -B(sin®@ / )\2)] (1.6)

The exponential part of this equation can be rearranged to
underline the fact that the effect of the thermal vibration
of an atom for any set of lattice planes(hkl) depends on the

interplanar spacing d.

.. A\2 ;
2 sin 8 ) J 2]
B hkl \ B 1 )
exp |- = = exp|- 5| 5=—— (X.7)
¢ ( A [ 4(dhk1

* * *
za 2+k2b 2+1zc 2

*k % %
since —*— = (n +2hka b cos y
9 hk1

+2h1a ¢ cos B *12k1b e cos a *) (1.8)
and since the temperature factor must have A parameter for
every term in this expression, as éach represents a
component perpendicular to the set of planes(hkl), the
general ?emperature factor expression for an anisotropically
vibrating atom is

’ 2_*2 2 %2 2 *2 * % *
exp[-1/4(B11h a +B22k b +B331 c +2B12hka b cos vy

* % * * %k *
+2B13h1a ¢ cos B +2B23k1b c cos a )] (I.Q)
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Foint atom

real stationary atom

real. oscillating atom

A4

sine/k
Fig.I1.7.

v

Fig.I1.86.
Vector representation of waves with
different amplitudes and phases.
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The six Bij thermal parameters serve to describe the
ellipsoidal electron distribution, and for an atom in a
general position they are independent. For an atom in a
position of special symmetry, however, certain restrictions,
discussed by H.A, Levy (1), are imposed on them by the

~symmetry of the site.

Whereas the scattering from an atom depends on the
distribution of its electrons, the scattering from a unit
cellvdepends on the atomic arrangements. Suppose that
the unit cell of a crystal contains three atoms, each of a
different kind. The amplitudes of the hkl waves scattered
by those atoms and their phaée relation is shown on a |
vector diagram (Fig.I1.8). Each wave is represented by a
vector whose length and inclination to the horizontal are
proporéional to the atom;s scattering factdr and the phase
anglefwith respect to the wave scattered by hypothetical
electrons at the Qrigin of the cell. The'length of the
resultant\giQes the amplitude Fhkl’ and its inclination
the phase angle a1kl of the composite wave due to all
three atoms. Fhkl is called the structure factor. In
general for the unit cell containing j atoms the structure
- factor is the resultant of j waveé scattefed in the direction

of the reflection hkl by all the atoms in the unit cell.

The only observable quantities are X-ray intensities
which, being proportional to amplitude squared; give only

the modulus of the structure factor,IF called the

_ hkl| ’
structure amplitude, and leave the phase angle unknown,
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To calculate the structure factor the knowledge of
atomic scattering faétors and their phases is requireg.
The first are tabulated as a function of sin® /), the
latter can be calculated in terms of the positions of
the atoms and the indices of the reflection. Thus, from
the definition of the indices, the set of planes h k 1 cuts
a,b and ¢ into h,k and 1 divisions respectively. According
to Bragg's Law the phase difference between reflections
from successive planes of anﬁzgg%‘g k1 is 2m radians, Hence,
the phase differences for unit franslations along any of
the three axial directions are 2mh, 2wk and 2171l radians.
If an atém A has fractional coordinates X,y,z the phase
difference between this atom and the origin 0(0,0,0) for
the set of planes hkl is

6 =2n(@T.SH=2n (x?a?-';-y75+z6). (h§*+k75*+1€?* V=2  (hx+ky +1z)
From (Fig.I.8) |

2 2

1
P Pakal = ATk B pga?” (1.10)
where Ahkl and Bhkl for a unit cell with j atoms are:
N
' = £, 2 . . +1z ' 1.11
Apil %;J j cos n'(th+kyJ+ J) ( )
N
Byl = %;J fj sin 211(hxj+kyj+lzj) (1.12)
The phase of the resultant wave is
/7 B
-1 hk1l
a = tan il
hk1 (Ahkl ) (1.13)

These last equations are normally used for computing

4

structure factors.
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Other useful ways of representing the structure factor

are writing it down as a complex number,

Fhkl = Ahk1+iBhkl : (1.14)
N
and T ==§: f'e21T1(hXj+kyj+1Zj) (1I.15)
hkl = &) %

So far the structure factor has been considered in
terms of the waves scattered from the N atoms in a unit
cell. A more general approach treats the structure factor
as the sum of the wavelets scattered from all the
infinitesimally small élements of a unit cell with electron
density changing continuously throughout. Thus, if
p(x,y,2) is the electron density at the point (x,y,2) the
amount of scattering matter in the vglume element dx dy dz

is p dx dy dz and the structure factor equation is
111 |

Fhkl = fof p('x,y,z)exp[zn i(hx+ky+1z)]dx dy d=z
00O (1. 16)

~

This férm of equation provides a means of calculating
structure factors for a given electron distribution. In
practice, however. in the process of determining a crystél
structure the inverse operation has to be performed - an
electron-~density distribution has to be obtained from the
- structure factors which are calculated in turn from the
measured intensities. The next  section will deal with

this problem,
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1.2 STRUCTURE DETERMINATION IN OUTLINE

The density of scattering matter in a crystal is
triply periodic, and can therefore be expressed by a

three~dimensional Fourier series

. p(x,y,2) = ZZZ A e -2 1 i(hx+ky iz) (1.17)
o D2 Ay exp [ x4y + ]

(where h,k,1 are integers between =-c<o and+eoc)
and if this is substituted into Eq.(I.16), it follows that

. F '
Ay = bkl | - (1.18)

i.e. therg is one term in the Fourier series for each

observed reflection.

As we can only measure IFhkl‘ and have to deduce

its phase O k1 separately, it is convenient to write

ﬁm1=lﬁmﬂ exp (2mi dy,4)
Hence Eq.(I.17) becomes

p(x,y,z) = %- Z:E:E: thkll exp [-2rri(hx+ky+1z - ahkl)]

h k1 (I.19)

This form of equation will raise the question how
the electron density, which is a real quantity, can be
expressed in a form containing imaginary components. The
following consideration answers.this question. When

Friedel's law holds

Frkl = Ank1 + 1 Bpxa

and F—s— = A

RET - 1By

hkl k1l
Using the contraction

O = hx+ky+lz
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and combining the terms for hkl and hkl

P = % Z hZ k) 1(A+iB)exp (-2 wid) +(A-iB)exp(+2m i §)
—y. -

e O
hence
oo o0 a2
o= % jéh _ék% 1(A cos 2m& + B sin 2md ),
2 [d o oo
TV _é EL; %thkll cos(2Md ~apuq) (1.20)

which is real.

The fundamental difficulty in using these formulae is
the determination of the phase angles Q- A simplifica-
tion occurs if the crystal is centrosymmetric and the
origin is taken at a symmetry centre. In such a crystal
there is an atom at x,y,z for each atom at x,y,z. As a
result the sine terms in expression (I.12) cancel each
cher, so that the only possible values of a are O or o

Then the phase problem reduces to the determination of the

sign, + or ~, of the structure factor.

For\structures containing a'heavy atom whose scattering
dominates the intensities and controls a large number of

the phases, the Patterson function provides a means of
solving the so-called "Phase problem" in crystallography.

This approach is known as the "heavy-atom'" method and has

been used throughout the work in this thesis.

Patterson showed that a Fourier summation using
2
thkll values

1 + 2
Pu,v,w ol Zh -Zal)c Y1 thkll cos. 21 (hu+kv+lw)
(1.21)
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gives a vectorial pattern of the distances between the
atoms in the structure. Vectors hetween atoms with

scattering factors fi’ fj
(Xj,yj,zj) give rise to peaks in a ﬁatterson map at

and positions (xi,yi,zi) and

positions + (xi—xj, Yi-Yja

proportional to Zi Zj‘ It follows therefore that a

zi—zj) with heights approximately

Patterson map is always centrosymmetric regardless of
whether there is a centre of symmetry in the real structure.
Fof a structure containing N atoms in a unit cell, the

map will show (apart from a large origin peak) NZ—N other
peaks per unit cell; +the heavy atom - heavy atom peaks
being the most prominent. Hence the positions of the

heavy atoms may be obtained, which allows one to calculate
their contribution to the structure factor and this gives

an approximate phase angle for each reflection.

Then a preliminary Fourier synthesis carried out
with observed moduli and calculated 'lhkl's leads to a
first electron-density map which is a rough approximation
to the crystal structure. The map may suggest minor
adjustments to the heavy—étom positions, and nay reveal
the positions of several of the lighter atoms. This
longer list of atomic coordinates is now used for
calculating improved phases which in turn are used in the
second Fourier synthesis which gives a still more accurate

electron-density map.

The Patterson approach can be conveniently used in
determining the phases for structures where Z:Zz ﬁé£§§/
2 SN . .
E:Z light 1. On one 51d§, the heavier an atom, the

easier it is to locate it and the more it tends to
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determine the phases of all. the reflections. On the other
hand, when the atom ié very heavy compared with the others
in the structure, its dominance becomes too great and the
comparison of IFO] and IFCI becomes relatively insensitive
to the positions of the light atoms. If FH is the
contribution of the heavy atoms to Fc, when the ratio

IFHI / }Fo‘ diverges too much from unity, the phase angle
a, calculated for heavy atom contribution becomes a less
reliable first approximation to the true phase of a
reflection. We can then discard the terms with less
reliable phases by using a rejection test by which only
those réflections with lFHl > pIFO| are used in the
Fourier summation. Values of B_in the range 0.25 — 0.33

have been found useful,

When part of the structure is known,la difference
Fourier synthesis is very useful.in revealing the remaining

details of the structure.

1. : iac —2mi (hxtky+lz
AP:VEEE ( ,Fo, - IFcl Je e 7 )
hkl
- (1.22)
This largely eliminates series~termination errors, which
appear as concentric peaks and ripples surrounding the
heavy atoms if the Fourier summation is done on data which

is truncated by the limiting sphere.
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I.3 CORRECTIONS TO INTENSITY DATA

To solve a structure on the basis of measured
intensities several corrections must be applied to convert
these measurements into the squares of the structure

amplitudes. The necessary corrections are:

i. Scaling

2 Polarisation

3. Lorentz factor

4 Absorption

5 Anomalous scattering - dispérsion

6. Extinction

' The above mentioned factors can be considered as systematic
errors in the measurement of intensities and their physical

significance will now be examined for each factor in turn.

The polarisation correction allows for the fact that

the incident beam, which is usually unpolarised, is
partially polarised in the process of séattering by
electrons. The degree of polarisation depends on the
angle of scattering and is expressed as

1+ cos?28 :
p = | (1.23)

2

The Lorentz factor is dependent on the method of

collection of the data, and represents the rate at which
the r.1. point is swept through the reflecting sphere.
For the equisinclination Weissenberg technique the Lorentz

factor is given by

1, = sin@ . (1.24)
sin 29(sin29 —sinzp)’z : .

where p is the equidinclination setting angle.
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For a four-circle diffractometer it is given by

1

L = sin 2 6

as every reciprocal lattice point is brought into the

horizontal plane for measurement.

As both L and p are functions of © only, it is usual
to combine them ih a single correction factor (Lp) as

follows:
I - k| |2 Lp (I.25)

where I is the iﬁtensity measured on an arbitrary scale,

k is the corresponding scale factor. in the early stages
-of an investigation an approximate value of k can be
estimated by Wilson's method (2), but in the latter stages
it is derived from ZFC/Z Fy or equivalent least-

squares operations.

The absorption correction

The incident and reflected beams are partially
absorbed in passing through a crystal, and consequently
the intensity of a reflection is less than it would be
from a perfectly non-absorbing substance. If a narrow
beam of monochromatic radiation passes through a thickness
t of a crystal, the emergent intensity I is related to the

intensity I by

I =1, e" Bt (1.26)

In this expression p is the linear abSorption coefficient
of the crystal for the particular type of incident

radiation used, and can be evaluated from the relation

R=pYp; B, . (1.27)
: |
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where p is the density of the crystal, D is the relative
weight of eiement i, and B is the mass absorption
coefficient of element i. The absorption effect depends

on the shape of the crystal and in general decreases with
increasing Bragg angle. So it must be calculated separately
for each reflection and is dependent on the péth lengths

of ﬁhe individual incident and diffracted beams through the
crystal. The amount by which the intensity of the h k 1
reflection is reduced by absorption‘i.e. the transmission
factor, 1is denoted by Ahkl' The reciprocal of Ahkl is the

*
absorption factor A*h = l/Ahkl : A 1is the factor by

k1l
which the observed intensity must be multiplied to obtain

the corrected intensity.

Consider a crystal volume element &V scattering the

incident beam for the h k 1 reflection: r; and r, are

d
respectively the path lengths of the incident and diffracted
beams from &V, Then the transmission factor for the h k 1

reflection for the whole crystal is given by

v
Appr =f(1/V) exp[— n (ri+rd)] av (1.28)
(o]

where V is the volume of the crystal, and p the linear

absorption coefficient. Several different methods have

been published for evaluating this integral. The one used _
in this work is based on that proposed by Busing and lLevy (3)
i.e; the volume of the crystal is filled with a regularly
spaced array of sampling points. For each reflection the
path lengths of the incident and diffracted rays for all
grid points are evaluated and used in a thrée—dimensional

Gauss integration to give A’hkl
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The degree of accuracy of the correction depends on
the accuracy with which the shape and size of the crystal
has been determined and on the number of grid points used

in a summation.

Dispersion correction

The diffraction patterns from all crystals are normally
centrosymmetric. This was first pointed out by Friedel

and stated in his law:

Inkil = ImkT | | (1.29)
Hence it follows that
|Fnx1| = |FHET| (I.30)
and as Fig.I.9 shows for the centrosymmétric éase
Fpe1 = ForT (as equal simply to Aprt)

and for a noncentrosymmetric structure

_ ia
Frk1 = thkll e (I.31)
_ ~ia ®

Friedel's law holds as long as no atoms in the crystal

exhibit anomalous dispersion.

If an atom in the crystal hés an absorption edge just
on the long-wavelength side of the radiation used, scatter-
ing factors are no longer real numbers and can be

represented by

£ anom = f

+Af + 1Af" =f£' + 1 Af"
o o

where f  is the normal scattering factor, A {' is the real

component to be added to fo’ and Af" is the imaginary
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component which has the function of advancing the phase
slightly. The effects of anomalous dispersion are

different for the centrosymmetric structure from those
for the noncentrosymmetric one. It can be illustrated

by the diagrams (I.10 - I.12). Thus for:

a) qentric reflections - Friedel's law holds and
Faxkl = Fgrv (Fig. 1.10)
b) acentric reflections - Friedel's law does not
hold and
Frxl # Fepp (Fig.I.11, 1.12)

In Fig.(I.10 - 1.12)
Fy is the resultant of scattering from atoms without

dispersion. In Fig.(I.12) FHET has been reflected across
the real axis to show more clearly the difference between

the structure factor amplitudes and phase angles.

When a dispersion correcfion is applied in practice the
effects are relatively greater at high sin® than at low,
because both terms A f' and A f" are almost independent of

sin 6

Ex t i nc tion

The internal texture of the real crystals with which
we are dealing lies between two extremes. On the one hand
the regularity of the crystal is perfect throughout its
volume. On the other small regions exist (mosaic blocks)
in each of which there is strict regularity, but the blocks
are randomly and slightly misaligned. These give different
resultant
[;ntensities for diffracted beams, and most crystals give

absolute intensity values somewhere between the two extremes,

but more nearly of the mosaic type. The differences in
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intensity are due to effects known as primary and secondary

extinction.

Primary extinction

The incident beam penetrating through the layers of a
perfect crystal is multiply reflected, and the transmitted'
beams mutually interfere. Since there is a phase change of

m/2 on reflection the twice-reflected rays are parallel to
the incident rays but are opposite in phase. This causes

a progressive reduction in the intensity of the primary
beam as it passes through the crystal, the energy having
been divérted into the diffracted beam. The inner parts of
the crystal,‘therefore, cannot make a full contribution to
the diffracted intensity. This leads to the intégrated
intensity being proportional to \F ‘for,the ideally perfect
crystal. Most crystals, however,'are broken into mosaic
blocks so small that the primary extinction in each can be
neglected and the intensity is therefore proportional to
|FF . If there is negliblevprimary extinction of the beam
passing through a Single mosaic block thevcrystal is

"ideally mosaic".

Secondary extinction

When the incident beam penetrates into a mosaic crystal,
blocks which are not correctly inclined at the Bragg angle
do not reflect and are effectively "transparenf". Thosé
blocks near the surface, which do reflect, "screen" blocks
further in. The total intensity of the reflection is
therefore less that it would be if each block was bathed in

a primary beam of the originél strength, The effect is



38

equivalent to an increase of ordinary absorption over the
range of angle in which reflection occurs. However, the
beam penetrates to greater'depth in a mosaic crystal than
in an ideally perfect one, and a larger volume of the
crystal takes part in the over-all reflection. The angular
width of a reflection is largely determined by the range

of misalignment of the mosaic blocks.

Both primary and secondary extinction are dependent
on the strength of the reflection, on the wavelength of the
primary beam and on the dimensions of the crystal. The
effect is most pronounced for reflection at low sin 6/ A\,
where the general level of the intensity is highest. It
results in a systematic tendency for the observed structure
factors (FO) to be lower that the calculated ones (Fc) for
strong reflections only. The normal procedure for dealing
with extinction is to remove the reflections for which
extinction is suspected from the least-squares refinement.
However, -if possible it is desirable to apply a systematic
correction for extinction. At present there is no
established treatment for primary extinction, but a
theoretical correction, to a first approximation, exists
for secondary extinction. Zachariasen (4) has shown that
the effect may be accounted for by modifying the absorption

coefficient

B opp —H +2gQ(1+cos?2 6 )/ (1+cos?2 0 )?

where Q is the absolute integrated intensity per unit

volume, and g is the secondary extinction coefficient.
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This gives an expression for the corrected structure

factor

Feorr = Fobs

(I+c BgaI ) (1.33)
where lo is the observed intensity on an arbitrary scale,
¢ is a parameter related to g, to be adjusted, and ‘326
is given by
4
2(l+cos 208 ).A'(28)
(1+cos>2 0 )2

Bag

whére .
A'(20) = JQt1+t2)V.exp(—p (t1+t2)dV

(f% exp(- (t1+t2)d’\7)2_

and may be calculated for a crystal of an arbitrary shape

K1
The value of ¢ may be found by a least squares procedure,

during the calculation of the transmission factor Ah

for F (5) for the reflections

substituting Fcalc corr

suffering most strongly from extinction.
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I.4. REFINEMENT OF THE STRUCTURE

The process of refinement is systematically to
improve the agreement between F0 and Fc for all the observed

reflections. This is done in two ways:

1) all necessary corrections are made to Fo to
allow for known systematic errors ——

absorption, extinction, dispersion.

2) adjustments are made to the atomic model (by
varying the atom coordinatés and thermal
~parameters) and to the scale factor(s) used for
converting the_pbserved structure factors from

an arbitrary scale to an absolute one.

The latter process of refinement is usually carried out

by least-squares methods, minimizing the function

- IFC| )2 : (1.34)

D =wpy ¢ |Fy

where the sum is taken over all independent observed
structure amplitudes and w is the weight allotted to an

observation.

The extent of disagreement is expressed by the R

factor which is computed as

R o= 'ElFol'chl - (1.35)
21|

It should be emphasized that it is the D function and

not the R factor which is minimized during the least-squares
procedure, although in general both decrease when the

refinement proceeds.
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The method of least squares

,Fc] = ch(pl, pz...pn)l where p; are parameters
to be refined, minimization of (I.34) is achieved by taking
the derivative with respect to each of the parameters and

' *
equating to zero. This leads to n normal equations

JIF . (py...P,) -
1’§1\thl<lFo\-\Fc(plipzc--pn),> l C aI];j n l =0
j=1,2...n (1.36)

Since IFCI is not a linear function of the p's,
equations (I.36) become intractable. They may be made
linear, however, by approximdting the function as a Taylor

series and neglecting second and higher powers so that

) F
\Fc(pl,..pn)\ =ch(al...an)h ‘Fchpl e a|pz| APy
(1.37)

_where aj are approximate values of pj (representing the

structure at the particular moment of the refinement) and

Ap. =

3 - a.. Substituting (I.37) in (I.36) gives

J

P
_J|F J|F J|F
F, F( =% lap;-  OlFela )l |- o

j =1,2...n (1.38)

AF

where AF now plays the role of the known observational

quantity.

*The set of n equations in n unknowns is called the

normal equations,
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Expansion and rearrangement of Eg.(I.38) leads to the

following set of n equations in n unknowns, the Ap.'

m

[F J = a|F 3F_ |
See( edYar o el el

r -
r=1 apl 9P,

< d d - D
_Zwr \chj ‘F r| AP, = ZerFr chI!

-1 °P1 S Pp r=1 Py
2
n a\FcJ aFcl m JFCJ
Z“’r.apz bplr APy +Zwr 5p2 APy + |
r=1 r=1

r r
r=1 pz

i:w BIF r aIFZJ AP, = ﬁ:w AF B!F"r‘

me achr[ achll ap, +Z BIFJ })\FIJ ary ¢

r=1 i Bpn ap1 r= 13p BpZ
o IF SIF
Wr(lc !>AP Zw AT, | 1J
=l n pn

(1.39)

where m is the number of observations.

Because the Taylor series has been truncated by neglecting

second and higher powers in thelApj's, the calculations
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must be repeated using as apprdximate values for each
repetition the results derived from the preceding
calculation. The new value:x aj = aj 4—A15. The process
is répeated until convergence is obtained and successive

cycles produce no further changes.

The set of equations (I.39) may be written in a

matrix form

Ay Byg e a1n X1 vy
291 Bgg eeens agn Xq Vo
=| (1.40)
201 Bpg e 2un X A4
m
where a, . = w a!FcI‘I a|FcI" X. =Ap
1 ) ) J J
‘ Pi pr
r=1 ’
“m
v, = w_(AF.) ach-‘t’_,
i E : r r —75————
r=1 Py
or more compactly as
Ax = v (I.41)

‘It can be shown that if equations (I.39) have a solution,

1

an inverse matrizx, A_l, exists such that A”" A equals the

matrix equivalent of 1. Then
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Thus the least~squares computation can be divided into
Tour partS: (i) calculation of Fc and derivatives
(ii) Dbuilding the matrix of derivative products

(iii) dinverting the matrix, and (iv) calculating the

parameter shifts.

It should be noticed that the matrix A is a symmetric
one and that its elements on the principal diagonal are
sums of squares and therefore considerably larger than the
off-diagonal elements, which are sums of products which

may be either (+) or (~).

An anisotropic refinement of the structure requires
that there are three positional and six temperature
parameters for each oflg atoms, and at least one scale
factor. Altogether 9n+l=q parameters which give a q2
matrix to be inverted. To reduce the time and computer-
storage requirements the block-diagonal mgtrix approxima-
tion is commonly used, in which'all off~diagonal terms
except for those between Xx,y, and z and those between

ﬁij of the same atom are omitted. In this way a 3 x 3
and 6 x 6 matrix are all that are computed for each atom.
However, the results do not converge nearly as rapidly as
those from the full matrix, and there is sometimes a
tendency to overcorrect, resulting in oscillation from one
cycle to the next. To eliminate it damping factors may be
applied, i.e. the shifts in parameters are multiplied by a

factor less than 1.0,
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Random error s

Any measured Value can be affected by random and/of
systematic errors. They must be considered separately and
the chief systematic erfors common in X-ray structure
analysis were examined in a previous chapter.  Different,

because statistical in their character, are random errors.

Repeated measurements, provided they are affected
only by random errors, follow the Gaussian error
distribution. The curve is given by the equation

: 2, .. 2
N = —L o ~(Go)(x-x)

1
(2 w)2o
where N is the relative frequency with which the value x

is obtained, x_ is the true value of the parameter X, and

'o)
o is the standard deviation defined for the set of m
measurements as

o\ %
o (Xp=%o0) ' (1.42)

C

The least squares refinement gives the new valuegof
the parameters and their ¢'s calculated for any parameter

p; from equation

m .
O'pi = [bii (Z erFrz)/(m_n)]' % (r.43)
r=1

where by is the i'th diagonal element of the inverse
. matrix, wy the weight of the r'th AF, m the number of

observations, and n the number of parameters.

Refinement may be considered complete for a given

structure, when the changes in the parametersare small-
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compared with corresponding o's, It has been suggested
(6) that ratio

parameter charige < 0.3 for full-matrix least squares
o parameter

and ~ 0.01 for block-diagonal matrix least squares,is

satisfactory for the last cycle of the refinement.
Weighting functions

From statistical considerations, it can be shown that
the weighting factor occurring in Eq.(1.34) is proportional
to the square ‘of the reciprocal of the standard deviation
of the observation: wmﬁb/az. However, for data collected
on fhe Siemens diffractometer (approximately "constant
count" conditions) unit weights are found to be reasonably
satisfactory in the early stages of refinement, It follows
from the fact that aFo is approximately constant throughout
the data and that non-random errors, which predominate for
diffractometer measurements, are distributed uniformly
throughout the reflection data. Neveftheless, the use of
proper wéighting functions can produce a real, if small,

improvement in the results from a given set of data.

Hughes (7) suggested the following weighting scheme:

w% = 1‘for |F0\SlF*|
and w% = %%;{ for rFol>|F*]-

The value of IF*]is chosen from an analysis of‘Fol and
]FC, such that E:“LAfz will be approximately constant for

all ranges of |F,|.

When a weighting function is properly applied, standard
deviations of parameters should reach more realistic

values, whereas the R factor does not necessarily have to

decrease,
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CHAPTER 11

EXPERIMENTAL TECHNIQUES OF INTENSITY DATA COLLECTION

INTRODUCTION

Two general methods are available for measuring the
intensities of diffracted beams. Either the beams may be
detegfed by some sort of duantum counting. device which
measures theAnumber of photons directly - diffractometer
method, or else the degree of blackening of spots on
diffraction photographs may be measured and taken as
proportional to the beam intensity - photographic methods.
For many Years only the latter methods were used with
visual or sometimes photometric estimation of the
intensities, but the accuracy was rarely better than 10%.
However since 1945 when the first powder diffractometér
was marketed, a rapid devélopment of the new measuring:t
btechnique has been observed. Automatic diffractometers are
in general faster than visual measurements and far more

precise.

Since data for one of the structures comprising this
work were collected photographically, and for three others
on a diffractometer, both techniques will be described in

this chapter.
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CII.1. PHOTOGRAPHIC DATA COLLECTION

The equi~inclination Weissenberg technique was
adopted when intensity data were colleéted photographically.
Cu-K, radiation filtered through nickel foil was used
throughout. A pack of four Ilfdrd Industrial "G" films
was used for recording reflections for each layer and an
" appropriate exposure time was chosen in order to record a

useful intensity range,

Having-collected all the film packs, the next stép
was to prepare a scale for estimating thé intensities 6f
the spots. This scale, or "wedge", was prepared by
selecting an intense reflection from the crystal studied
and then arranging that the crystal oscillates approximately
+ 2° through the reflecting position. A series of
exposures of this reflection of increasihg length was made,
moving the film pot along between exposures. The result
was a sefies of spots of vérying intensity with limits being

on either side of the optimum intensity range.

With the aid of this "wedge" the intensities of all
spots (from thé "contracted" side 6f the .£film) were
measured and values obtained for each reflection in the
pack were scaledvup to those on the top film and a
subjectively estimated mean value was calculated for each

reflection,.

The spot selected for preparing the '"wedge" was
typical of the majority of spots on all layers and no

correction for spot shape was applied.
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IX1.2. DIFFRACTOMETER DATA COLLECTION

Basis of diffractometer design

and control

A general view of the Siemens Automatische Eine-~
kristalle Diffraktometer, hereafter referred to as the
A E.D., is shown in Fig.II.1l. It consists of the X-ray
generator, goniometer for measuring diffraction angles and a
number of electronic circuits for controlling the A.E.D.

during its work and determining the intensity of diffraction.

X~ray generator.

High stability and intensity of the X-ray source are
essential requirements of the X-ray generator, because
they determine the rate of data collection and its
reliability. A high-stability source is required since
reflections are being recorded one at a time. On the A.E.D.
the high-voltage stabilizer specifies voltage to + 0.1%
for + 10% mains voltage fluctuations. The X-radiation from
a Cu target was passed through an appropriate p-filter and
collimator to give an almost parallel beam homogeneous in
intensity, which should bathe the crystal completely
without being excessively wide so as to avoid high signal-

to-noise ratio in the detector.

Goylometer.

The A.E.D. four-circle goniometer allows one to bring
each reciprocal lattice poiht into the eduatorial plane,
since this is the only plane in which the counter rotates.
The three circles which determine the orientation of the

crystal are:
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1) w-circle, in the horizontal plane;
range: - 4%¢ w < 7.5%,
. 2) ' y-circle, in the vertical plane and carried on the
w circle;
range: - 5°¢ X ¢ 91°.
3) ¢-circle, whose axis lies in the X circle plane
and can be moved to become any radius of the
X<circle over a range of - 5° to +91°;

range 0 ¢ ¢ ¢ =

The fourth circle, designated 20,carries the counter and
is coaxial with the w~-circle. The w- and 20 -circles are
usually coupled in a 0:20 ratio and the w-circle is then

referred to as the 0O-circle, Fig.II1.2.

There are various technical solutions of the gonlio-
meter construction all governed by the need for high
rigidity and stability and ensuring at the same time that
no collisions or obscurations can arise during exploring
the accessible part of reciprocal space. One normally
needs to examine no more than a hemisphere of réciprocal
space and the ranges of movement of the circles on the
A.E.D. allow for access to ~ 58% of the sphere. An
additional and very convenient provision is that the zero
of the ¢-circle can be altered arbitrarily to coincide with

a reciprocal vector of the crystal.

The circles are driven by impulse motors, giving an
increment of 0.01° with each pulse. (0.02° for 20).
When controlled from the steering tape, they can be moved
to the required position simultaneously (3 circles by the

smallest increment, two circles by the next increment, and
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4

the remaining cifcle by the final increment). Their
destinations can be checked automatically, and any error
in the range + 0.2° can be automatically corrected. If
an error exceeds 4 0.20, the instrument stops and has to
"be reset manually, which can be done with an accufacy of

0.01°,

- X~-ray detector and accompanying circuits.

Throughbuf the present work a Na(Tl) I scintillation
counter was used in preference to the proportional counter.
It has poorer energy resolution than the latter, but its
quantum efficiency is ~ 85%, i.e. 5 times better. The
light flashes are converted to pulses in a photomultiplier
and these are passed to a pulse-height analyser which has
a voltage acceptance range preset so that about 90% of
the main peak signal is accepted, but with suppression of

harmonics, and most of the white and fluorescent radiation.

To ensure a statistical, Gaussian distribution of the
pulse-height for a given photon energy, the extra-high
tension supplied to the photomultiplier must be stable to

about 0.01% and we usually cool the counter with water.

Diffractometer control.

The A.E.D. is an automatic, off-line instrument, which
uses five~track punched paper tape; called a "steering tape",
which bears all the instructions to guide the diffracto-
meter during the intensity data collection. The tape has
no.timing instructions; optimum values of these are decided
automatically by hardware. Thus a given steering tape can
be used on any crystal of a given material. All control

functions of the A.E.D., like the circles, digitizer checks,
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half-shutters (their function will be mentioned later),
8:26 couple/decouple, measurement commands, can be
operated either by the paper tape or from the manual control

desk.

Principles of data collection

on the A.E.D.

Preliminary to the intensity measurements are

alignment of the goniometer and setting up the crystal.

The examined crystal is mounted on a quartz fibre
with "Araldite" and the fibre was attached to the eucentric
goniometef head with dental wax. To obtain thermal
equilibrium, the crystal should be left in the air-

conditioned A.E.D, room for about 2 days.

After that the goniometer head is placed on the A.E.D.
and the slit collimator is placed in front of the detector
to increase the resolution in 6 while setting up the
crystal and determining its lattice parameters. The crystal
is centred first by eye and then set and centered accﬁrately

with the help of the half-shutters.

At this place it is perhaps woxrth menfioning how the
half-shutters work. A chosen reflection is scanned three
tiﬁes: the first normally, the second with a horizontal half
-shutter in'thercounter collimator, and the third using a
vertical half-shutter in the same way. These are actuated
from paper tape signals. When the setting of the crystal
is completed, the half-shutter counts will be approximately

half those with no shutter.

The crystal 'is mounteHﬂwith one of its crystallographic
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axes parallel to the ¢-axis by adjustment of the goniometer
arc and the help of the horizontal half-shutter. A series
of ¢-§ scans is carried out around several reciprocal
lattice points on each of the principal axes, from which
accurate @ values can be obtained.& hence accurate cell
calculated,
parameters /[ Also the ¢ axis zero position can be brought
to coincide with a chosen r.1. vector. When satisfactory

lattice parameters have been obtained, all the necessary

information for generating accurate setting angles is known.

Thus assume that the crystal is to be set with the c
axis parallel to ¢ . Then X-= 0.0° for the a*,b* axes and
their orientation must be chosen such that a right-handed
system of axes is used. (This is important if absorption
and dispersion corrections are to be applied correctly).

If the crystal is to be mounted in an arbitrary orientation
it is necessary to know approximately what this orientation
is so that three non-coplanar reflections can be indexed
and their\correspondihg 8, x and ¢'va1ués found. Using
those reflections and their setting angles a list of
reflections and appfoximate setting angles can be generated

by program.

There are three methods of integration over the
reflection peak: the moving-crystal/fixed-counter scan,
fixed-crystal /fixed-counter scan, and moving-crystal/
moving—counter.(to/ﬂ @ ) scan. The last method was employed
throughout this work as giving a more realistic inter-
polation of the background with an intensity collection
collimator greater in aperture size than the slit one used

during preliminary work.

Before the actual intensity measurements are commenced
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the scanning 1imitsA61 and AGZ have to be obtained by

0 -scans of some representative peaks over the 0 —range
to be covered, and the "reference" and 'control” refléctions
have to be chosen.

The referénce reflection monitors the stability of the
X-ray tube and counting equipment and reveals whether the
crystal is suffering X-ray damage. This reflection is also
used during processing of the output data for scaling the
intensities by the average intensity of the reference
reflections which precede and follow the block of

refléctions (usually 20).

The control reflections are usually specified after
about every 250 reflections and each of them is measured
three times with and without the half-shutters (as

described previously) to check the crystal orientation.

At this stage all the information for generating the
steering tape is in hand. The approximate number of
generated reflections is given by the formula

_N=% 1 (ZSinemax )3 V. £

A

where E.mag is the maximum value of @ to which data is to

be collected, A is the radiation wavelength, V is the
volume of the unit celly and f is-the fraction of the
sphere to be collected. This formula applies to‘primitive
unit cells and thus for a (e.g.) face-centered cell the

number of reflections is further reduced by a factor of 2.

The special principle of intensity measurement on the
A.E.D, is that all measurements start at the reflection
peak, which enables the machine to test the maximum counting

-rate of the reflection and either to insert automatically
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one of five attenuators in the primary beam (for strong
reflections), or to reduce the counting rate (for weak
reflections), such that the counts fall within the range

of maximum counter accuracy. A five-value measuring technique
is employed to obtain the integrated intensity of each peak
above the local background (Fié.II.S). The instrument

first measures the low-8 half of the intensity peak (1391),

then the low- 0 background, the counts being I, and 12

1
respectively. The complete peak ( A 8, + A 8,) is then
scanned giving count I3 which is followed by measuring the
high-6 and then scanning the other half ( Aez) of the

Apeak with counts I4 and 15 respectively.

The output is in the form of a five-track punched
paper tape which gives for each reflection its serial number,
indices, setting angles, the limits of scan in 6, five
values of counts and the time measuring constant and the

number of the attenuator used (if any).



Figure II1.I. The
- Top plate:

Bottom plate

Siemens diffractometer.
Four-circle goniometer.
The measuring and control

cabinets.
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Figure II. 3.
The five-value measurement
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COMPUTER PROGRAMS USED

Two distinct sets of crystallographic cémputer
programs were used in this work:

1. Diffractometer programs

2, X-ray-63 system
The programs in both systems will be conventionally
"referred to by their names, and brief description will

indicate their functions.

Diffractometer Programs

These are written in EXCHLF and form a part of a
locally-written system of separate programs for the
University of London ATLAS computer (all written by
P.G,H. Troughton),

They are stored at the Centre on magnetic tape,
from which they can be called by a short input paper
tape containing the call to the required program,

necessary data, and option instructions.

SEKO - Calculates setting angles and generates Five-
~value-measurement steering tape for the Siemens

automatic diffractometer.

SODI - Processes the data tapes output from the A.E,D,

It tests the circle digitizer checks and evaluates

the net intensities. Each intensity measurement

is scaled up by the time-constant (M) and

attenuation factors (Ag), then by the reference

reflection (K).t (LP)“1 corrections are applied
he

and the value of.standard deviation for each

observation evaluated.

G2



ABSO -

On the basis of counting statistics, the

standard deviation of the net count, (1

)5

net
is given by

- 1 1
c(Inet) = z(Il+Iz+13+I4+15)2
2, -1
c(Fo ) = K.(Lp) "M.A,. c(Inet)
_ 2
and c(Fo) = c(F0 )/2F

CIf I < Q c(Inet) the reflection is regarded

net

as unobserved and Inet is replaced by Q(:(In
Q represents the confidence probabilities and
its value 2,58 used throughout this work gives
99% probability that any measured count is

greater than the background.

Cards with reflection indices, Fo2 and c(Fo) are

punched'in X-ray-63 format.

"Unobserved'reflections are flagged as "less-thans".

An extension of SODI which also applies an
absorption correction to crystals of arbitrary
shape and calculates the IOB term for the

secondary extinction correction.

Program ICABS, written in FORTRAN IV for the IBM 7094,

was also used.

ICABS -

Processes 3- and 4-circle diffractometer,
_precession camera and equi-inclination
Weissenberg data. It makes (LP)—{ absorption,

and extinction corrections.

ot
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The X-~RAY-63 System

This is a completely homogenous system developed
by Professor J.M. Stewarf of the University of Maryland,
" U.S.A., from programs written by himself and others. It
is available on the IBM 7094 computer of -Imperial Collége,

and has been slightly modified for ATLAS.

The system consists of a number of programs, mainly
written in FORTRAN II and linked together such that
output of one program can be fed into the next, thus
pefforming several different types of calculations

successively in one run.
The programs used by the author in this work are:-

DATRDN - The éntry point to the system. Data fed in are
such as: reflection list, atomic scattering
factors, cell parameters, space group
'symmetry' operations, etc.

\Performed.operations are:

(LP)-1 correction (optional), scaling of the
injitial intensities to an approximately absolute
scale, evaluating Frelative value. The information
from DATRDN is written up to magnetic tape for
processing by the structure factor and other links.

FC - Calculates structure factors and a scale for
each level of data (for A.E,D. there will be
only one such scale factor). Since the least-
squares routines also calculate structure
factors, it can be dispensed with when these are
used in a straight-forward way. If, however,
only §ng atoms of the set are to be refined, the

remaining atoms can be placed in FC first as
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a "fixed atom éontribution". It has an
application for large structures, when the
number of parameters exceeds the capacity of the
available least-squares programs. For a small
structure. atom parémeters can be fixed in a

least-squares refinement.FC always preceeds

" FOURR in the initial stages of finding the atoms.

FOURR -

Calculates two- or three-dimensional Patterson and

Fourier maps, for the latter using as input a

set of observed structure amplitudes with phases

_calculated in FC link. The program is verhi

ORFLS -

BLOKLS -

BONDLA -

flexible and a variety of médifications of the
basic Fourier map can be produced, such as
differencé—and E-syntheses.

A full-matrix least-squares refinement program.
It allows the simultaneous refinement of up to

180 variables such as: atomic positions,

temperature factors, scale factors (of different

levels), multiplicities and scat}ering factors.
Temperature factors can be all isotropic, all
anisotropic, or a mixture of the two. It also
has an option of applying a dispersion corfection.
This is the block-diagonal least-squares
approximation which must be used for large
structures.

Calculates inter- & intra-molecular bond
distances and angles, along with standard
deviations. Symmetry and translation operations
are allowed for. Hydrogen atom positions can

also be generated from the positions of the



LSQPL -

next neighbours, given whether the hydrogen is
tetrahedrally, trigonally, or linearly bonded.
Calculates the.best plane through a given set
of atoms by least-squares methods, giving the
displacementSOf the atoms from the plane, and

the displacements of any additional atoms

- specified. The angle between planes and/or

LISTFC ~

ICEXT -

MOJO ~

ORTEP -

lines can also be obtained.

Outputs structure factor lists in a format

suitable for reproduction in theses and papers.

Other Programs

Written in FORTRAN IV for the IBM 7094,
calculates the least-squares secondary
extinction coefficient ¢ and applies the
extinction correction to all the data. It

can be ﬁsed as the first link offgsray—63
system to enable application of the extinction
correction and further refinement in the same

run,

66

Written in EXCHLF. This computes orthogonalised

o

Angstrom co-ordinates and dihedral angles for
a given set of atoms.

Written by C.K. Johnson in FORTRAN IV, (see

Oak Ridge National Laboratory Technical Report

ORNL~3794). Adapted for CDC 6600 by G. Richards

and F. Stephens. It is the thermal-ellipsoid

plot program used for crystal-structure drawings.

The program can produce stereoscopic pairs of

illustrations on a Calcomp and similar incremental



plotters,and can calculate the principal axes

of thermal motion for each atom.
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CHAPTER I

The Crystal Structure of
the Orthorhombic Form of
Hydridodicarbonylbis(triphenylphosphine)iridium(I)

IrH(co)_a(PPhB)2
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ABSTRACT

The crystai and molecular structure of the orthorhombic form of
hydridodicarbonylbis(triphenylph0spﬂine)iridium(I) has been determined
’from'three—dimensional Xeray diffractometer data. The.complei crystallises
in space group 22321 with four molecules in a unit cell of dimensions
a =17.759, b = 10,001, ¢ = 18.389k. The structure was refined by least-
squares méthods using all 2518 measured independent reflections to give
R = 0,0187. |

The complex is monomeric and the coordination abopt the iridium
atom can best be descriéed as a distorted trigonal bipyramid in which one
of fhe phosphorus atoms and the hydride hydrogen occupy the axial positions.
Thé Ir-P distances are nearly identical 2.37% and 2.370&, but the phosphorus
atoms are differently oriented with respect to the two carbonyl groups:
P(1)-Ir-C ca. 95°, P(2)-TIr-C ca. 115%; mean Ir-Clcarbonyl) distance is
l.SSOR.i The hydride hydrogen has been located and the estimated Ir-H

‘distance is 1.6%(5)&.
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INTRCDUCTION

The complex hydridodicarbopylbis(triphenylphosphine)iridium(I) was
prepared by Yagupsky and Wilkinson (1969) and found to have unusual
spectroscopic behaviour indicating fluctional isomers in thermal equilibrium
in solution. The iridium complex is the more thermally stable and
chemically less reactive analogue of a rhodium complex, wWhich appears to
be the main catalytic species in the hydroformylation reaction of alkenes
using RhH(CO)(PPh3)3 as catalyst (Evans et al., 1968).

A structqral study of the iridium complex was undertsken in order
to compare the spatial arrangement of the ligands in the solid state
with those suggested by Yagupsky and Wilkinson for this complex in solution.

Since one of the ligands is a hydride hydrogen atom the determination
of its position was impertant. In reéent years hydride hydrogens have
been located from X-rayﬂdata in second-row transition metal complexes
(cf. La Placa and Ibers, 1965; Skapski and Troughton, i968). This
encouraged us to try to see whether this could be done for a éomplex of
a third-row transition metal such as iridium (Z = 77).

A preliminary account of this work has already been published

(Ciechanowicz et al., 1969).

EXPERIMENTAL

Hydridodicarbonylbis(triphenylphosphine)iridium(I) is obtained by
the action of sodium borohydride on an ethanolic suspension of trans- .
chlorocarbonylbis(triphenylphosphine)iridium(1) saturated with carbon
monoxide at atmospheric pressure. It éan.be recrystallized from toluene,
cyclohexane or benzene, with or without addition of ethanol. Crystals
were kindly provided by Professor G. Wilkinson and_Dr. G. Yagupsky.
Preliminary oscillation and Weissenberg photographs showed that from a
single solution as many as three polymorphic forms could be obtained, the

main details of which are given below,
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Table 1
Form Unit~cell dimensions Space
a B ¢ 8 ¥ Group
Orthorhombic  17.759(3) 10.001(3) 18.389(2) 3266.0 Pna2,

Monoclinic(I) 18.036(5) 10.075(2) 19.474(5) 113°22(2)' 3248.5 P2
Monoclinic(II) 17.679(4) 10.205(3) 18.390(5)  91°47(1)* 3317.1 P2 e

The orthorhombic form was the first of these to be examined structurally.
Weissenberg photog?aphs showed systematic absences of the type Okl:k + 1 =
2n + 1 and hOl:h = 2n + 1. These are consistent with space groups Pna2, (No.33)
and Pnam (No.62); the successful solution and refinement of the structure
showed the fo£mer'to be the coerEt one. Other crystal data are:

~

D, (by flotation) = 1.33 g cm’3, D, = 1.341 g em™ for Z = 4, F(000) = 1528,

Nﬁi= 773.8 for IrP2038H3102.

Intensity data were collected for a crystal of apbroximate size
0.65 x 0.3 x 0.3 mm. The crystal was mounted about the longest morphological
axis (b axis) on a Siemens off-line automatic four-circle diffractometer.
Cu-Ko radiation at a take-off angle of h.50, a Nig filter and a Na(T1)I
scintillation ;ounter were used. The O - 20 scan technique was employed
using a "five-value" measuring procedure (Skapski and Troughton, 1970).
2518 independent reflections were measured to © = 600, of which 55 were
Judged insignificant as the net cbunt was below 2.58 times the standard
deviation (i.e. below the 995 confidence limit) and were assigned a count
equal to this vealue. The O O 10 reflection was used as a reference every
20 refleétions: the net count of this reflection did not change significantly
over the period of data collection (approximately 5 days). The data were

ad justed to a common arbitrary scale using the reference reflection, and

Lorentz and polarisation corrections were applied.
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SOLUTION AND REFINGMENT OF THE STRUCTURE

A three-dimensional Patterson gave a straightforward solution for the

position of the iridium atom. At this stage it was consistent with being

placed in a general position in space group Pna2, or on a mirror in space

1
group Pnam. The z coordinate was therefore fixed at z = % and three
cycles of least-squares refinement reduced the stzndard agreement factor
E(=E“§; k]g;]]/ﬁlgol) to 0.23. A difference Fourier revealed one of the
phosphorus atomé essentially on the "mirror' and another one in a completely
general position with peaks of half weight on either side of the mirror.
This suggested that the true space group was 22221, or Pnam with disorder.
The first was thought more probable and it was assumed that one half-weight
peak was a true phosphofus position, while the other was its mirror image.
Least-squares refinement in the non-centrosymmetric space group including
the two phosphorus atoms went smoothly and reduced R to 0.163.

Although the pseudo-mirror persisted to a large extent in difference
Fouriers it proved possible to unscramble the carbons of the phenyl rings
- from their mirror images and locate the carbonyl groups. Least-squares
refinement with the iridium atom anisotropic and all non-hydrogen atoms
isotropic gave R = 0.07k.

At this stage an absorption correction was applied, as the crystal
was quite large and the linear absorption coefficient p = 89.8 em™ T,
The correction was made using the Gaussian integration method, with an
8 x 8 x 8 grid, described by Busing and Levy (1957) with crystal
pathlengths determined by the vector analysis procedure of Coppens et al.
(1965). ‘This correction reduced R to 0,051.

Inclusion of all phenyl hydrogen atoms gave R = 0.045. #l11
non-hydrogen atoms were now refined anisotropically, a dispersion correction
for Ir snd P was applied ard four reflections were removed for suspected

extinction to reduce R to 0.028.
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Since extinction was still yisibly affecting the other strong
reflections it was decided to apply an extinction correction to all measured
reflections using the formula of Zachariasen (1963)., The procedure of
getting the épproximate value of the ¢ parameter was that described by
Ksbrink and Werrer (1966). Least-squares refinement on extinction-corrected
data, with shifts damped to 0.5, brought R to 0.0206.

% weighting scheme of the type described by Hughes (1941) and a
dispersion correction for oxygen and carbon were now applied. The weighting
scheme was {w =1 if F < E* and {w = E*/_T_‘O if F > F_*, with f_* = 100
found to be optimum. Ap;iication of the weighting scheme reduced the
standard deviations by ca. 10%. To allow for the effect of the weighting
scheme the extinction parameter ¢ was slightly readjusted several times
to its final value of 8.1 x 10-5, and refinement was terminated at R = 0.0187.

The atomic scattefing factors used were those tabulated by Cromer
and Waber (1965) and the values for the real and the imaginary parts of the
dispersion correction for Ir and P atoms_yere those given by Cromer (1965),
and for O and C ~toms by Hope et al. (1969).

The.solution and refinement of the structure were carried out using
the Crystal-Structure Calculations System, X-Ray.'63 (described by
J.H. Stewart in the University of Maryland Technical Report TR-64-6). The
calculations were carried out on either the Imperial College IBM 7004
or the University of London Atlas computers.

Table 2 lists the final coordinates of the non-hydrogen atoms and
Table 3 the coefficients for the anisotropic temperature factors

2 2
exp [—(5119_ + 8K + 2812h_k + 28,

oK+ 833_1_ hl + 28,.k1)]}. In these

3 23—

tables the standard deviations have been estimated from block-diagonal
matrix refinement and are, therefore, a slight underestimate of the true
deviations. The coordinates of the hydrogen atoms are given in Table k.

Table 5 lists the observed structure amplitudes and the calculated structure

factors.
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DETERMINATION OF THE HYDRIDE HYDRCGEN POSITION.

The first attempt at localizing the hydride hydrogen was undertaken
when R reached a value of 0.028. A difference Fourier for reflections
with sin /) g:O.25 was calculated revealiﬁg an unambiguous peak at the
eXpecfed Ir-H distance and in a stereoehemicaliy sensible position.

From this stage on the hydride hydrogen atom was included in structure
factor calcuiations but was not refined in least squares until R was
0.0197.

After thé refinement of the structure was terminated at R = 0.0187
the procedure described by Ibers and Cromer (1958) was used to determine
the hydride hydrogen position more exactly. These authors have pointed
out that in principle there is an optimum number of data to use in the
location of light stoms in the presence of heavy atoms. Thus, in a
Eourier series, the ratio of the peak height of an atom to the standard
deviation of the electron density should go through a maximum as a
function of écattering arngle. This maximum can be determined experimentally
by varying the number of terms in the Fourier series.

Difference Fourier maps were therefore calculated for different
cut-offs in sin' 8/A and the results are sunmarised in Table 6. Among
other information the table iﬁcludes the observed height of the hydrogen
peak (p°;), the calculated pesk height (p°.) of a hydrogen atom with B
of 3&2, the estimated standard deviation of electron density o
calculated according to Cruickshank's (1950) formula for a non-centrosymmetric
structure o, = 2X~1(2(§2 - 22)25% and the signal~to~noisg ratios (ooH/bp,
oCHﬂyp) for this and two other instances where the analogous procedure
was carried out i.e. for RhH(CO)(PPh3)3 (La Place and Ibers, 1965a) and
RuClH(PPh3)3 (Skapski and Troughton, 1963).

While examining the Fourier maps calculated for different numbers

of terms one should bear in mind that their reliability can be affected
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by factors such as ripples frcm termination of the Fourier series, residual
perturbations around the heavy atom due to the inadequacy in the despription
of its scattering form factors or its thermal motion, etc. In the

present work, however, none of the four difference Fourier maps appeared

to be markedly inferior on this score.

As the observed signal-to-noise ratios gave no clear cut best value,
and the ratios themselves vere fairly similar it seemed most reasonable
to take Ir-H as the average of all four distances, 1.8f (This is
identical to the distance from the Fourier having the best calculated
signal~to-noise ratio.)

It is encouraging to note that it proved possible to refine the
hydride hydrogén to give an IE—H distance of 1.604%k (o = 0.048). We
believe, however, that fhe hydrogen position estimated from the series
of Fourier maps is more realistic because the least-squares procedure
does not give really reliable values of the parameter shifts for such a
light atom as hydrogén, when it is refined together with a very heavy
afom. The hydrogen temperature factor, B = 0.952(0 = 1.2), obtained
in least-squares refinement, although low, is not significantly different
from that chara;terising thermal vibrations of the Ir atom, i.e. B = 2.6@2.
As all values of Ir-H distances found from the Fouriers 1lie within the
range of one least-squares estimated standard deviation, its value seems
a reasonable one to adopt.

The successful location of hydride hydrogen in the vicinity of an
atom as heavy as iridium (2 = 77) was possible only because the following
factors were present together: good quality of the diffractometer data,
no disorder in the structure, easily describable crystal shape allowing
accurate absorption correction, and good iridium scattering from factors.

It is interesting to consider at what value of sin 9/\ the maximum

in calculated signal-to-noise tatio is likely to occur. In order to do that
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the function of the hydrogen atom peak height vs. sin o/\ was calculated
according to the formula
€ ==z r% (1 + 3252/4)-2 exp(—BsZ/l6n2)szds

o _.Aa
H 2ﬂ2 Jo

(wheré s = 4nk-l sinG, a is the Bohr radius (0.5292%) and the result is
illustrated in Fig 1.

As can be seen the function rises quite steeply and then flattens
out to a plateau, but its exact shape depends markedly on the temperature
factor B of thé hydrogen atom. If cp were a linear function gf sino/ = S,
the optimum signal-to-noise ratio would occur at § = 0.478 for B = 132,
0.409 for Bﬁz and 0.354 for 6K2, as sho@n in Fig 2. These values are
very similzr, but not identical 1o those.corresponding to the "maﬁimum
of curvature!" as indicated by the second differential of the function p
which has a minimum at S = 0.449, 0.398 and 0.350 respectively. In
reality (see Table 6) op(S) is not proportional to S. The values of

"o(sz) - 00(51)

for successive points Sn tend to fall off with increasing
S. gﬁi; i;s thé effect of shifting the observed maximum in o/'ap to a
higher value of sine/A.

" In general, the higher the thermal vibration of the hydrogen atom,
the smaller will be the optimum number of data to use in a differenée
Fourier. Secondly, if any distinction can be drawn between visual and
diffractometer dnta, it is that for visual data, where accuracy of
individual measurements tends to deteriorate more at higher angles
(a1, wz separation etc.), cp as a function of sin®/\ may show more of an

"upswing". This would tend to shift the optimum p/'gp to a lower value

of sin®/)\ compared to diffractometer data.
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Table 6

P RuCIH(P ,C RhH P
IrH(go)a( l?h3)2 uC1H( Ph3)3 cHe RRH(CO)(PPn, ),

ch sing/\ o?uIE:i;s Tr-H(}) pOH(e/Z\B) , poH/GO pCH/oé 7, DOH/O‘O‘ ' ch/Op 9, ,OOH/O'" ocH/cé
0.162 0.20 1 0,025 11.9 6.5 |0.025 6.3 6.5
0.25% 0.25 230  1.67%  0.27  0.028 9.6 9.1 { 0.029 15.0 8.8 {0,033 8.1 7.7
0.342 0.30 - 0.032 15.1 10,7 | 0.043 7.9 8.0
0.423 0.35 619  1.673  0.45  0.036 12.5 11.8 | 0.036 16.8 11.8 |0.052 9.9 8.1
0.515 0.417 ‘ 0.041 16.4 12.6 | 0.061 8.7 8.5
0.553 0.45 1287 1.639 0.60 0.043  13.9 12.9

0.643 0.56 | 2469  1.590  0.73  0.051 1h4.3 12.6

08
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DESCRIPTION OF STRUCTURE AND DISCUSSION

Figure 3, obtained using the program ORTEP (Johnson, 1965), shows
the molecular structure of the complex and the thermal vibrations of
the atoms. The more interesting bond lengths and angles are guoted in
Table 7. The coordination about the iridium atom is a distorted one,
but can best be described as trigonal bipyrimidal with one of the phosphorus
atoms P(1) and the hydride hydrogen in axial positions, and the other
phosphorus P(2) and the two carbonyl groups in egquatorial positions. The
atoms in the equatorial plane are bent away from the pﬁosphorus towards
the hydrogen atom, such that P(1)-Ir-P(2) is 101.4° and P-Ir-carbonyl
ca. 95°. .This distortion can readily bé understood in terms of the steric
hinderance of.the bulky triphenylphosphine ligands and the small size of.
the hydride hydrogen in the ppposite positions.

Although the two phosphorus atoms are differently oriented with respect
to the carbonyl groups, with angles P(1)-Ir-carbonyl of ca. 95°,and
P(2)-Ir-carbonyl'of ca. 115°, the Ir-P distances are not significantly
different (2.375 and 2.370& respectively). These distances fall in the
middle of the range of those found in other structures, e.g., 2.38(1)
and 2.36(1)} found for 1r0,01(CO)(PPn,),, (La Placa and Ibers, 1965),
2.339(3)% in [Ir(NO)z(PPh})z'\Clol*, (Mingos and Ibers, 1970) and 2.407
and 2.408% in [IrCl(CO)(NO)(‘PPhB)z']BFl* (Hodgson et al., 1968).

We believe the two Ir-C distances, which are unexceptiqnal, are'
probzbly the same although they apparently differ by about 5¢. This is
because in the least-squares refinement the atom C(2) is slightly pulled
in towards the metal atom by the presence of a small iridium "rippie"
visible in the final difference Fourier directly on the line Ir-C(2)
and just short of the carbon atom. A more realistic pointer to equivalence

of the two carbonyls is the Ir....0 distance which is virtually the same



- Fig. 3

v

Moleculsr structure of the orthorhombic form of IrH(CO)Z(PPhB)Z' A
stereoscopic drawing with thermal ellipsoid vibrations scaled to

enclose 40% probability.
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for both carbonyl groups, 3.023 and 3.029(6)A.

The position of the hydride hydrogen atom has been located and
the Ir-H distance is estimated to be 1.64(5)A. The nature of the metal~
hydrogen bond in transition-metal hydride complexes has been of interest
since 1955 when the first compound of this type (n-(05§5)2ReH) was obtained
by ¥ilkinson and Birmingham (1955). A summary of the existing theories,
based among others on the results of the only two structural studies
known at that time, viz. RhH(CO)(PPh3)3 and KéReHg; was given by Ibers
(1965). He discuged the alternative concepts of a hydrogen being buried
in the metal orbitals or of hydrogen being situated at a normal covalent
distance from the metal and thus exerting a profound influence on the
stereochemistfy. Ibers regarded the lotter theory as more Probable.
Table 8 summarises the recent structural determinations of metal-hydrogen
distances. The results support Ibers' conclusion, but it is noteworthy
that in every case the observed Me~H distances are longer than the sum of
Pauling's covalent radii. (This is true even in the case of the more

reliable neutron diffraction studies)

Table &

Sum of *
: N -Coval-

Complex Method Bond length ent radii  Reference

Me=-H
K ReH, neutron 1.61-1.72; 1.58 Abrahams et al. (1964)

average 1.68(1)
RhH(CO)(PPh3)3 X~ray 1.60(12) 1.55 La Placa and Ibers (1965)
Ru(C, K, )- X-ray 1.7 1.55 Tbekwe et al. (1969)
(MeZP.CHZ.CHZ.PMea)2 "
RuHCl(PPh3)3 X-ray 1.68(7) 1,55 Skapski and Troughton(1968)
B—HMﬂ(CO)5 neutron 1.601(16) 1.47 La Placa et al. (1969)
CoH(N_ )(PPh_) X-ray 1.64(11) and 1.46 Davis et al. (1969)
e 33 1.67(12) - -

IrH(CO)Z(PPh3)2 X-ray 1.64(5) 1.57 this work

* Ref. Pauling (1960)
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Figure 4 shows a stereoscopic view of the packing of molecules in the
structure while Table 9 lists some of the shorter intermolecular distances.

Table 10 shows that the phenyl rings are satisfsctorily planar. The
main point of interest here, however, is that the phosphorus atoms are in
some cases a considerable distance out of the least-squares plane of the
phenyl rings (phosphorus atom not included in plane calculation). While it
has seemed likely that due to steric strain some bending can occur at the
¢(ml) atom it has been difficult to demonstrate this conclusively as in
most structure determinations the standard deviations at the phenyl rings
tend to be relatively high, and the effect is a small one. Distortions
of this type are most likely‘in structures when the packing of the
molecules in éhe crystal is mainly determined by the phenyl rihgs of
tripheny;phosphine (or similar) ligands; one structure where a genuine
distortion seems to occur is RhMeIz(PPh3)2 (Troughton and Skapski, 1968)
where P-C(1)-C(4) angles down to 175.7° (o = 0.24) were found. Table 10
shows that in this iridium complex significant bending occurs for five
of the six rings. The most striking example is P(2), which is 0.32R out
of the plane of ring C(5n) involving a P(2)-C(51)-C(54) angle of ca. 170°,
A priori one wéuld expect that serious distortion at C(ml) is most likely
to be caused by steric pressure at C(m4) (or more strictly on the hydrogen
atom attached to C{mk)), since pressure on C(m2, 3, 5 or 6)can more conveniently
be eased by a twist of the ring about theP-C(ml) axis. It may be significapt
that the two shortest contacts between phenyl hydrogens, H(54)....H(46)
(2.338) and H(64)....H(23) (2.31%), involve the Hm4 hydrogens in the two
rings showing the largest distortion.

Pentacoordinaté structures are known tobe potentially non-rigid in a
stereochemical sense (Muetterties and Schunn; i966; Holmes et al., 1969).

The two extremes of geometrical configuration encountered in these structures
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Crystal structure of the orthorhombic form of IrH(CO)Z(PPh3)2
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can be idealised as a trigonal bipyramid (TBP) and square pyramid (SP),
although in real molecules considerable distortion can be expected. In
some compounds the difference in energy levels for the two configurations
may be small with respect to such factors as lattice energy, and packing
forces, or in solution, solvation and association energies. This fact
explains the existance of isomers in both the liquid and the sﬁlid state.
For structures of the type MLLéL; with three different kinds of ligands
there are five possible geometrical isomers for TBP and six for SP.

Two different isomeric forms of ZFrH(CO)Z(PPhB)2 have been found by
Yagupsky and Wilkinson (1969) to exist in thermal equilibrium in solution
and to undergo rapid interchange. They considered the possible configurations
for the two isﬁmers and concluded that, although no decision could be made

between TBP and SP, one isomer has QS and the other symmetry. In our

. =4 922
molecular structure of the orthorhombic form the coordination about iridium
has approximately QS symmetry if one ignores the phenyl rings, although it
is different from t;ose found in solution. This is not particularly
surprising in view of the knownllability of five~coordinate species.

In a recent paper Wilkinson and his coworkers have discussed the
different reacgivity of IrH(CO)Z(PPh3)2 and IrH(CO)(PPh3)3 towards ethylene
and the isomerisation of alk-l-enes. They do so in terms of the relatively
easy approach of elyiene towards the metal which can be visualised in this

structure, and which is likely to be true of the species existing in

solution (Yagupsky et al., 1970),



Table 2

Fractional cocrdinates, x, y, z, with estimated standard

8%

deviations in parentheses.

Atom x I z

Ir 0.05919(1) 0,07000(1) 0.25000
P(1) ‘ 0.19156(8) -0.08196(14) 0.2h134(14)
P(2) 0.1198(8) 0.18736(15) 0.35796(8)
o(1) -0.0319(3) -0.1418(5) 0.2592(6)
o(2) 0.1218(4) 0.2214(6) 0.1109(3)
c(1) 0.0174(4) -0.0653(6) 0.2594(7)
c(2) 0.1118(4) 0.1606(7) 0.1662(4) .
c(11) 0.2787(4) -0.0179(7) 0.1996(4)
c(12) 0.2944(4) 0.1168(8) 0.2021 (k)
c(13) 0.3614(6) 0.1631(10) 0.1731(5)
c(1h) 0.4132(5) 0.0798(10) 0.1424(5)
c(15) 0.3976(5) -0.,0555(11) 0.1399(5)
cl16) 0.3311(5) -0.1045(8) 0.1679(5)
c(21) 0.2224(4) -0.1611(6) 0.3257(4)
c(22) " 0.2973(4) ~0.1871(8) 0.3437(5)
c(23) 0,3158(5) -0.2456(11) 0.4097(6)
c(24) 0.2602(5) -0,2788(10) 0.4588(5)
c(25) - 0.1859(5) ~0.2544(9) 0.4411(4)
c(26) . 0.1673(4) -0.1953(7) 0.3769(4)
c(31) 0.1687(4) -0.2266(7) 0.1834(4)
c(32) 0.1265(5) -0.2072(8) 0.1210(4)
c(33) 0.1116(6) -0.3106(11) 0.0735(5)
c(3h) 0.1370(6) -0.4361(9) 0.0897(6)
c(35) | 0.1769(6) -0.4584(8) 0.1520(5)



. Table 2 ctd

Atom
(36)
c(41)
c(42)
c(43)
o)
c(45)
c(46)
c(51)
c(52)
c(53)
c(54)
c(55)
c(56)
c(61)
c(62)
c(63)
c(éh)
c(65)
c(66)

x
0.1924(5)
0.0987(4)
0.13%98(4)
0.1192(5)
0.0555(57
0,0131(5)
0;0358(4)
0.2177(3)
0.2417(4)
0.3176(5)

0.3701(4)

0.3490(4)
0.2728(4)
0.0702(3)
0.0566(5)
0.0235(5)

0.,0060(4)

'\0.0193(5)

0.0496(4)

Y
~0.3542(8)

0.1044(6)
0.1211(7)
0.0598(9)
-0.0201(9)
-0.0375(8)

o.ozqé(7)

0.2396(6)

0.3662(8)
0.3962(9)
0.2999(9)
0.1783(9)

© 0.1466(8)

10.3487(6)
0.4038(8)
0.5286(8)
0.6010(7)
0.5467(8)

0.4202(7)

- E
0.2000(4)

0. 4445(3)

" 0.5076(4)

0.5720(4)
0.5735(4)
0.5115(5)
0. 4478(4)
0.3675(4)
0.3445(3)
0.33%92(5)
0.3584(6)

0.3825(6)

0.3867(5)
0.3683(4)

- 0.4358(4)

0.4414(5)

0.3796(5)

0.3116(5)
0.3064(4)
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Carbon ~toms are numbered C(mn) where m is the ring no. =nd n is the atom

no. in the ring.

n is such that C(ml) is attached to P and other atoms

are numbered in succession such that C(m4) is para to C(ml).



Atom

Ir
P(1)
P(2)
0(1)
o(2)
c(1)
c(2)
c(11)
c(12)
c(13)
c(1lh)
¢(15)
c(16)
c(21)
c(22)
c(23)
c(ak)
c(25)
c(26)
c(321)
c(32)
c(33)
c(34)
c(35)
c(36)

811

Table 3

Anisotropic thermal parameters

822

0.00216(1) 0,00669(2)

0.00238(4) 0,0068(1)

0.00197(5) 0.0065(15)

0.0039(2)
0.0074(3)
0.0027(2)
0.0038(3)
0.0024(2)
0.0035(3)
0.0054 (k)
0.0040(3)
0.0033(3)
0.0036(3)
0.0025(2)
0.0026(3)
0.0031(3)
o.dth(h)
0.0037(3)
0.0026(2)
0.0027(2)
0.0051(4)
0.0061(4)
0.0056(4)
0.0064(4)

0.0045(3)

0,0122(6)
0.0133(7)
0.0094(5)
0.0098(8)
0.0097(8)
0.0111(9)
0,0155(12)
0.0203(15)
0.0219(15)
0.0114(9)
0.0063(6)
0.0128(9)
0.0202(15)
0.0155(12)
0,0172(12)
0.0093(8)
0.0077(7)
0.0114(9)
0.0180(14)
0.0139(12)
0.0074(8)
0.0083(8)

B2z

0.00176(1)
0.0021(7)
0.00174(4)
0.0066(3)
0.0026(2)
0.0031(4)
0,0020(2)
0.0023(2)
0.0028(2)
0.0041(3)
0.0036(3)
0.0037(3)
0.0036(3)
0.0025(2)
0.0039(3)
0.0053(4)
0.0039(3)
0.0025(2)
0.0029(2)
0.0028(2)
0.0028(3)
0.0037(3)
0.0042(6)
0,0046(4)
0.0034(3)

B12

-0.00016(1) ~0.00019(1)

~-0.0002(6)

-0.00017(7) -o.oooio(h)

-0.0027(3)
-0,0023(4)

0.0007(3)

~0.0007(k4)

-0.0009(3)
-0,0016(4)
-0.0043(6)
-0.0031(6)
-0.0006(5)
-0.0009(4)

0.0004(3)

0.0001(4)

0,0001(6)
-0.0002(5)
-0.0010(5)
~0,0004(4)
~0.0004(3)
-0.0004(5)

0.0010(7)
~0.0005(6)
-0,0007(5)

-0.0007(4)

813

0.00008(6)

- 0,0000(3)
0.0004(2)
0.0000(3)

0.0003(2)

6.0004(2)

0.0003(2)
0.0018(3)
0.0016(3)
0.0015(3)
0.0010(2)
-0.0002(2)
-0.0002(2)
-0,0013(3)
-0,0010(3)
0.0002(2)
-0.0002(2)
0.0004(2)
-0.0004(3)
-0.0011(3)
o.oooo(j)
0.0024(3)

-0.0005(3)

89

823

0.00000(2)
-0.0003(1)
-0.00008(7)

0,0014(5)

0.0622(3)

0.0006(4)

0.0000(4)
-0.00003(3k)
-0.0002(4)

0.0003(5)
-0.0016(6)
-0.0012( 6)
-0.0012(4)

0.0001(3)

0.0013(5)

0.0036(7)

0.0030(5)

0.0021(5)

0.0005(4)
-0.0013(3)

-0.0016(4)

V-o.0030(6)

-0.0033(5)

-0.0013(5)

-0,0012(4)



Table

Atom

c(41)
c(L2)
c(43)
c(Lh)
c(45)
c(46)
c(51)
c(52)
c(53)
C(54)
c(55)
c(56)
c(61)
c(62)
c(63)
c(6h)
c(65)
c(66)

3 ctd

P11
0.0028(2)
0.0039(3)
0.0050(4)
0.0045(3)
0.0036(3)
0.0023(2)
0.0021(2)

0.0023(2)

o.oos?(s)'

0.0024(3)
0.0027(3)
0.0024(2)
0.,0019(2)
0.0038(3)
0,0046(3)
0,0029(3)
0.0043(3)

0,0034(3)

Boo

0.0070(7)
0.0096(8)
0.0149(11)
0.0129(9)
0.0129(11)
0.0103(8)
0.0080(7)
0.0099(8)
0.0143(11)
0.0163(12)
0.0143(11)
0.0119(9)
0.0069(6)
0.0099(8)
0.0104(9)
0.0074(7)
0.0097(9)
6.0089(8)

N 833

0.0017(2)
0.0023(2)
0.0023(2)
0.0022(2)
0.0032(3)
0.0027(2)

0.0022(2)

0.0048(3)

0.0060( 4 )
0.0056(4)
0.0039(3)
0.0030(2)
0.0024(2)
0.0028(2)
0.0038(3)
0.0049(3)
0.0037(3)

0.0031(2)

B2
0.0001(3)
~0.0010(4)
0.0007(5)
"0.0014(5)
~0.0009(5)
0.0002(4)
0.0001(3)
-0,0010(4)
-0,0025(5)
~0,0016(5)
0.0003(4)
0.0005(4)
0.0000(3)
0.0003(4)
0.0013(5)
0.,0004(4)
0.0013(4)

0.0005(4)

Bl3

0.0002(2)

~-0,00008(21)

-0.0006(2)
0.0008(2)
§.0007(2)
0.0002(2)
0.0001(2)
0.0001(2)
0.0004(3)
0.0000(3)

-0.0007(2)

-0.0006(2)

0.0000(2)

0.0004(2)
0.0008(3)
0.0002(2)
~0.0008(3)

-0,0004(2)

90

823

0.0001(3)
0.0001(4%)
0.0008(4)
0,0012(4)
0.0008(4)
0.0003(4)
~0,0004(3)
0.0000(5)
0.0002(6)
~-0.0021(6)
~0,0018(5)
-0.0017(4)
~0,0005(3)
~0.0004(4)
~0,0020(4)
~0.,0009(4)
0.0003(4)

0.0002(4)



Teble 4

Fractional coordinates of the hydrogen atoms

Atom x ' Y z

H(1) .0.019 0.176 0.248
H(12) 0.251. 0.172 0.230
H(13) 0.373 0.245 ' 0.182
H(14) 0.459 : 0.118 0.127
H(15) 0.438 -0.113 - 0.123
H(16) T 04323 -0.187 0.175
H(22) 0.341 -0.181 . 0.294
H(23) 0.358 -0.256 0.433
H(24) 0.275 -0.324 0.499
H(25) , 0.151 ~0.257 0.474
H(26) . 0.115 -0.152 0.365
H(32) 0.131 . -0.124 0.107
H(33) ~ 0.080 ~0.289 0.027
H(34) - 0.136 -0.5%6 0.061
H(35) 0.172 -0.533 . 0.180
H(36) 0.218 -0.367 0.245
H(42) 0.175 0.167 0. 500
H(43) 0.152 0.081 0.615
H( Lk ) 0,034 -0.057 0.618
H(45) -0.038 -0.089 0.515
H(46) " 0.001 0,013 0.411
H(52) 0. 204 0.436 0.327
H(53) 0.339 0.493 0.321
H(54) 0.430 0.319 0.357
H(55) 0.382 0.115 0.410
H(56) 0.248 0.052 0.411
H(62) ’ 0.075 0.352 - 0. 474
H(63) 0.009 © 0.566 0.491
H(64) -0.026 0.695 | 0.386
H(65) 0.010 - 0.593 0.248
H(66) 0.058 0.376 ~ 0.252

For phenyl hydrogens the numbers correspond to those of the carbon

atoms to which they are bonded.



Table 5

Final observed and calculated

structure factors

The format of the table is

1 10lF | 101F
N F

* Reflections of intensities not
signifibantly gréater than the
background ('less-thans') are

marked:*

92



vevrl

4 202

s slue
> Jnd
4 asld

8 {69V Leve
iV $50¢ 48
e hlsa avue
4% ;A Jevae
o 12y yTen
s A3 lava
w tle San

e et
4 leaw ikl
2 Wiy lucé

2 &9 dua
1 il lsd
¥ lelw Ia?

TYRREL I £
T
ad da S
12 aid W

9 AT iy

vesek

v e 532
PR ey
A QWY aues
. 1o bl

10c w33

Lu beew 1215
e dudu faud

"
10
')
w

e Wl
Toa eww
03 eTe
1% 439

veden

1 vt <w¥s
3 1%05 dowd
3 cedy avu7Y

?

s l2aid

w ive luy
LY Qe PRFTYTY
b3 Aied 2202
12 Lhuae 1422
17 Tas  sou

)

(238}

3o Tua

I3

v Y iz
€ 4av@ A3y

~ o5 bl>
v Ay 4l
a ov> GSe
v il a3
12 223 34T
FLI YL I
K0 v <ié
o sl e
vissl
b dme Ll
3 Al del?

S d3s a3
7 ey 13ua
¥ buwve ALIT
AL wea
42 0L
A Tavw
LY AR

v

e
[

[ab]

Tie*

b

v as?l ated

<

s5%

e

“@ 4933 evsu

e alss avus

* acia 3%
o kaa? idvs
e saru Bive

ie
s

.
3
E)
1
»
n
(Y]
o

yur WL
30 B2
CIX T

e a3
> i1>
3% B2d
A LY
33 waw
wl  eue
wil e
i dew
LTETRY

V dsve 1uie
« Luns suon

-~

L

auna

o jul 1ten
LIEITE AN VEY
i lwo dwe

o wle o
LY P M1
[ERTIN
L e s
ERERUV I 28
2 Wb e
i dwo sl
N W 33
[YRE O B
vesurs
[ EL
« Nv d3o
v b S
T L FIETY §
. e Ly
welire
[ T (TN
FEETFISY
deasl
ey eaix
L avrs o3
e 130 aave

v
e
aava
vt
wid
& aned da?
P tead sssil
LU Y TP 4 2%
11 ely o
le a%du eoio
LTI (TORPUN
e bed abwe
PR Yty
10 wsn vy,
1 saa s
[T I M

ML Y R Y1)

L& NS -

-
ER A apeps

(X4

-
e

E T e

-
Crocovanngrr

-
P

.-
en s

1

L R T RV Ny

-
wr =

i~

-
~u

CFmrvrurre

i
u
e
13
1.

YUY FOr Ny
-
.

[TV L}
a2t

1357 w02
1on6 $e73
™ WU
(2L 1]
ile?
Sed A10d
ilda biow
e 1015
N MW
ddal 22
459 Sad
il a2
3ta adt
nr er¢
w94 331
gus  Tul
av> &l
21 €47
256 auq
550 waC
EL I Y17

bidek

lee <08
sud  4se
s 1
ito o7
ev o
Aevd flud
o0 BiC
e 224
e a4l
cde 2ot
i 224
133 195
e slé
14§82
«35 i
22y 224
Jia s
80 1ve
PSS
160 150

buwed

at s
taw 1tut
Te wss
leid dowd
Tev  avl
duod leuws
alu ¥ea
1337 1352
&3 wvl
k22 323G
tLe 8ol
v sl
o517 NS
Luds 118y
2Ty o3l
1u13s Ll13)
w2 234
e3¢ 118
vl 373
4zt o4e

Lebsl

O TY
195 ey
WSl Liad
4ok 1
122> lees
4292 Lias
Laac adsd
il ele
wed 5l
wsl 2l
Toz Toa
ks w87
s ada
sle 242
caa Mo
LTE Y
“e3 223
221 <08
43T e

Lt

«T1 511
oo bohe
dul 458
a5k 2
w3 31
ti> o4l
e sLT
334 o0l
4 4l
wiw Ju?
22 wal
S2a L
dne 472
33w ale
ale  d2$
(SR
FRL I § 1%
338 ud

Lht

Lie? 1423
aen? M2
dady Ba%1
wi> WS
u?3 1Te
s e
dlow a5
o 4

w204
W

= Ry Y

-

Penme

-
Chrg~owswnemo

e e o
e

-
Swa

CENCVIURmE

-
Crvmovivnmo

~
-

-
2y

-
el

-
«

E RV A

Aso8 <34
13T L9255
2402 2752
1612 208
2i3l 2as?
dLTc 1189
2149 233e
&L
leae lowl
die 383
dvel 1239
il 4oy
L4t 1384
ol &4l
1Ci2 11581
309 4w
€52 994
300 351

&alal

1asv Juo2
6ey Al
gev 9lp
w39 615
dee 914
ek TAL
614 139
273 cu5
1udr fuin
244  4Bo
&st 95>
47¢  Suo
tod 742
431 352
ol 30!
279 311
395 4is
223 244
3se 40
175 1%
RIZIE R4

ek

2275 2337
W72 1348
Sud Tuss
2e32 2435
who 498
1937 2633
820 701
1182 1334

1Gan L115¢
EZLINFTSY
1ilg 1T
305 T4
Tew Sa2
A7 48y
aus 494
193 2
%31 39y
15% 159

Ladot

dhve 2ant
Liua 1483
LeT~ ladu
Lica t2av
2wiD ¢4
liwd L1327
[ELTN T 24
ey o
icte §2dl
7 4a9
1353 1527
Tok ol
{116 1201

Ju3  del
2vusl

1>% i5
Tl aldy
I8é  uCa
A 521
iTL 243
cel D3
.1 323
«37 ade
150 3en
20 21e
als LT
“d asl
(ST Y2
s
os 33
1 i h
le3 17
s} «lo
15¢ 1ol
lss 403

11

Q
1
2
3
.
b

15
16

-
L R

P T

wh -G

Q
1
<
3
L]
s
°
7
Ll
v
10
1!
[
43

[
1
<
E]
-
$
[
1
.
+
1¢
1)

¢92 ma
oLl 875

itol

109 (oS
121 he
337 Jue
2Ls 197
9 5
293 279
225
231 e32
242 283

se
210 214
tos 114
v 8
ele 52
ir at
125 197
s dle

2a8sl

s 515
1289 1178
«91 554
991 1128
436 2%
433 952
319 “asc

w1 »3})
daloek

1aa  is1
o2kl

32t el?
2e 370
27> sl
32 2

ERTIXIN

230 112
£0i% 2157
11493 Li2s
220% aiol
S¢d 34l
£330 §50e
3T 32
L1210 1946
559 55s
£14> 23h¢
Sus 68«
Iacd 1232
oSC L%
iled 1274

Tau 873
ur 133

edet

o194 vlo
3% 63l
<117 2202
st a2
Jaks 3933
Sl 359
a3l 1993
L7d 181
E50u 1A
isd 19}
B3 less
403 sl

12
3

-
=YY PPPRY RS

-
-

ORI AL MmO

P el
arlne

S AeNTMALNO

-
=Xy

oo
rww

L BT RV YWY

s o pe
. =-a

s

149y 1027
342 )18
o8 Joat
176 13}
§7 858
s 13
98 788
207 21}
[ 1]
3edel
YRR L]
426 47
$17 521
*18  89h
&3y %97
47 T0R
LI I L1
b4l 87
19§
AFTT1S
1914 2082
148 Lie
1864 2025
AL 452
2251 2417
29 64
cal 2290
I 312
1666 1829
340 333
1384 1528
125
1172 229
49 205
127 1367
231 248
1Les 1132
222 217
112 BRY°
6L 31
3e50t
isr 218
489 ol
e% 111
368 1111
272 S
55§ 1350
317 33D
136 812
1c5 s
825 137
261 283
Y6} ws0
i8n 390
€35 108
202 194
£29 1)
147 157
26 %05
8T A
Jebet
€59 §&5
e i
b2e A%
104 133
580 bee
169 185
232 w35
281 294
€36 esa
itz 219
505 585
tie M
431 4A)
[TE]]
306 415
A7 d0s
3ta ale
1 2
3470l
eas en2
1426 1557
478 as2
11Av 1328
2z« 213
1122 1:80
365 380
1240 1383
3 3ns
1193 1318
16s 142
628 952
T4 87
754 o723
188 230
TS W
e84t
18 Kol
175 161}
421 <&%a
229 2%
LT Ade
137 1y
L4 994
213 212
S5és 493
lss 137
380 383,
18«7
299 s
34 28
255 271%
2edet
97 4
sat  7s¢
336 138
126 2is
123 132
92 352
V2o ae
Ses  se0
161 ae
598 ke
1% 101
asl N85
117 112
311004
295 21X

LR Y T T

o=

DRLPVE WO

-
R T SUY SREeYC)

-
N

A e et 8
Somsrar

CANONE BN

- e o b
R TR ape g I Y A P

-
EY

TomarAtwnmG

- e 0o
e

ke
NO a e

H]

me o2
s w2y
Yy
7 Jel

toe @
Tt 10

8 am
TEa M
Hilsl

LIRI] Y
2289 2394
BI1T Z44D
2331 1367
1306 1497
211 218
15¢3 741
10%6 Lle?
992 L1e0
1818 1429
nss 31154
1258 3376
1010 1149
%3 1031
993 1038
201 5vé
a4 960
bt R A4
$91 896
439 a9l
583 a9l
421 692
S lik
2064 2148
1¢42 1728
1495 358~
143 Tel
t1n3 1099
181 284
as)  9%4
518 553
615 72%
935 94R
9 760
650 492
391 a5
3de 392
583 A22
403 4lR
515 617
“238 250"
302 35
35 371
289 309
4924t
Ias 249
1332 1433
881 o7l
1306 2408
1221 13c%
1237 1318
1314 WTs
s08 et
SRS ors
142 Tne
32¢ 7172
ST 4Te
eCl A28
ATy s
532 579
Tty 823
s LTS
475 5%
IR 359
330 any
LLENY
2196 2612
ez 1519
2113 223%
1233 1492
1883 208
1673 1573
130 2na7
1208 131e
1514 1640
sGs 1172
1852 3559
48 00
1162 1254
Tar 339
977 1045
R42 Q2]
427 a9y
5¢s Koo
732 80
w21 47%
Seknl
255 15
wdn  asl
283 19)
284 yus
515  %0p
224 e
[
1ot 34
[T TY
226 262
i1 237
32 39
1T« 208
108 7e
223 23
Led sl
1 128
181 jeg
L1 "
5l
333 Bed
[T S
1141 1133
16T tiis
12%% 1373
rel 1132
13e4 1178
LET IR 5 1Y
293 asn
oal  asé
1392 1neg
w633
Sey 931
LS TY
171 Tao
[SERN13)
58) %99
354 wnt
A%e a9
(TN

NeCeRvur MeVvmmD

e e
earu

YT R T Y )

[ re oy

"3 0BAE AP BN D

- -
ERT NUE SFENUICS

-

>3 0aNIAPrWN-D

-
SaRNT AP WN D

-
"]

Py
ey

P
e

Aad~NPAEUN~O

. s o 08
AR mh D

18

257 2e9
4% 780
132
113 17
21y 2n7
14 72
133 124
s »l
13 iry
hy 8
1010 L6rs
792 470
T 7RS
194 AR9
254 MW
T Ane
t22 47
528 122
713 e
600 &A1
54 724
%47 471
350 414
473 %50
4091
621 770
%0} &M
€31 751
368 422
647 i
™ 1re
#52 726
45T 457
Son a2t
890 514
fel €32
LU Y
4o I0yL
TS -
1M ke
2%3 23
2726 241
2713 27
228 2e5
218 22
324 we
AL ALY
Ket1,1
sré A8
430 avr
Srllt
2212 23ve
89 Ty
1R44 2071
7% Yw
1281 jec~
TR Ter
143G J7er
23 AW
116 1 3E
4nl  toT
152y 1252
F R
ane Joee
&2 wrn
An? ara
149 &es
Bid 220
J1¢ 2ar
L Thy
24T 2095
Sedal
16 17
2200 2z8¢<
ASL  ©ak
1670 242
1023 1912
1997 2027
ALY anc
1743 jake
411 472
1533 ThAn

§os
139

-

PR R EL

S Sssarnrwrsiens

FESEE STRFEY

LIREIEN

I
IR LR
A ANER)
[T LY ]
tas gar
[X2) =1a
498 uye
T
73
ue?
12 13y
LYY
Lee vew
23 5
var  yne
LTI S
EA L)
LY MY
383 3r
212 s
[PTIETT
ev ce
126 114
a1c e
AL.TONE TR
e vy
FELIETSY
4cr &%t
AN Bt ]
sre usa
16 e
EET T
[ ED
ATt
10L® ¥) 38
s -
TLY B 7y
Ao
cra
en
R¥2,
ary
LN
203
234
12
ety
[ FT Y
ot
ta8 3~
new teY
Tie Ty
PR
37 any
At v
DL
rem aen
[ETSNEE Y
33 11
1w v
12 ey
LI
ey e-s
82 EA T
ire aat
A% v
LIRS 1Y
290 vas
1as Ty
gen s
arr riy
199 1ag
£
1o nes

s

esssl

W07 o}
ewi el
bl ous
éwo ehiv
slo  ocoe
whi e
wlv eua
alis lot3
osk civ
AT sock

A2e2 adec
Mo aod
1071 Lise
3 aoa
dis Ty
> 2%

Erayl

shy Lz
a3 due
L D]

E LI
d3ue dovs
> ala
1330 laed
553 w2

1T 94 se

v
N
¢
3
4 biow agle
>
s
?
°
»

Eqdun

e v
14 e
dead sicr
POTIEYY

s en
Be2s davn
(LI
o st
v >l

v e 312
« biv . Yc
» &la Toau
3 des lod
“ e Dy
S ees ama
o 3lv cav

arlew
v ave b4l
fy Tws a7
& el a3
3 &332 law
4 «r? urn
> d33 leg
o il3 dae
T aud sl
LI ¥ LI
v v! 1.3
W ave jeg
FUSEES ¥ S P

»

‘¢ I LR T
2 wd% .

a el Ll
wers
v T v
& 43w 43
¢ wa vl
& T Loy
. v juald
E Y TR
- ave
L 7T I P
e N1 Ive
» 0D o3
v e Tve

93

osen ity
le ¢ax 1)
[T I 7 B 7%
(118
& 484 LY
b v s
o 1 w0l
4 Mo Wi
* isc 4l
> Tis lor
t deh dus
I ¢ov 118
[T Y]
s vie
A0 db 2}
Soblrh
v i eV
. P )
& 9! i
3 11v 118
4 4éd ey
2 del 220
€ cee 428
T cvs 897
Tided
v S0l duse
b} V3ed s324
é A5 Avse

3 83 aube
% aJi%e anes

$ 1% a2
t )589 loss
1 arrdeec

vl Lol
§ rov a0E
v Qs 1118
i los ek
1é deme lace
1s 214 oY
4% WL Quas
v eS8}

var ure

Al al8 cos
it 4l 303
ls e uoe

Y11Y

& E59 cume
P § PRRRYYTY
¢ lezs 12T
4 deed Ll
« 3% &
3 llisd IXC
€ tudv Lisd
1 dad W5
€ Sul kweC
y d33 Wi
e iall ddoe
sl 88T 13
L2 Wiv o
1y i
e x TS
% v oil
it t3aa avC
AT A2 Ase
1 Sév e
5 pus g0l

Teasb
LI ]
1 év2 2%
¢ 3N S
2 a4y et
& UIT ivs
5l s
& 32 sl
T 1ol ded
€ slv b
S Ll 1ss

10 #Ts 383
1 éer JTC
13 24 w3
L2 343 3
is ci* 54
A led as
s aal as
AT a1y a4l
ae Ay edd

Teast

v sl32 lovk
1 A0ey Aaus
« 14l A3y
3 duwa lads
4 42ad amd
5 1diY dick
© d2ie Atu?
? ey Mul
& el L1y
* u39 Liws
[T LYONTT
M oyev sl
1e lewe llcg
13 37t ol
1% gou a)
4% Fav 23%
st et TIa$
o ale

Tasek
Lol s24
I owae 3L
£ Seo 24’
4wz
4 433 4ds
a Wy 187
€ 88i A
boave Aoe
Tt tth  §a)
r &35 34

1o sl evs
al 131 s
b 44) u2
T I P T Y §
4 Aio etk
1L w3t AT
YN L LI YY
a1 &3¢ «8b

Yeust
v oy T3
TR ¥ PR VYY
€ 813 ade
J wee 32
¢ 4%y S}
3 adl s
¢ o 405
3«54 suy
| YT RYYY
s 331
v 23s st
sl 3 i

bi  s%0  se8
3 411 dey



’
1"
(Y 1adet ekl .
Tesat Y iv 133 dee [S 2 24 I T2 100 . H
' e o 237 i 6 45§30 o afse gee .
£ i s 11 s I 1041t 1 Ste 26, b 4IF ko4 M
Nt e S O M S LR Py e 1 e A
s 2z %N [SR1 TN B '
< 35z a8 M Y2 o8 Y e 28
[ K1 L 3] 2
tivt RIS Wil IR S S 44 S S S S 4 ? .
R 3l 209 3 58 M s 13 4 v v ive v s
PR T S SR+ B S AL B+ TR S I £ 1t G Bob e b
1 &lv T8 ] § AT tv . Moeav &9 .
- R HEE B R R B Rt HH 1tedet Tl on - nae 3 Rt R
b L]
Punblo fabar DD MR ouwne PREERT Ut 0 b
> x4 oW 1e4 1 sop 321 1 2 T oees p12r A *
b Wy w3 il Jee a2S . M 36 124 2 1409 1782 b 31 )’ }ouek ex
he a2 1 0% &5 10 99 s 2 70 o cal Ma
§ s> nr e & a1 Iy a1 2 v ) 3 ezete1s i
&Ny e 4l ae 85 3T 12 as2 Al 4 WS ETIC ¢ HEP IS I P MR
v ey T4 Mo we T N 13 (Te 112 s tes 17s T e cey ovn
§ 1098 j2€¢2 1%
v 833 bbe i3 242 dec L i & 1398 137 . H "
TR TR TR Ittt TR L NN Hren
A BT ek 17w ) 3% e 1 245 291 s 1216 1300 10 3 o
13 v dey v 1ie con AT 252 29e b 240 248 1 ° pse a1t . T A al2 vl ase
e N7 N LIE 3 T 10 1031 1111 1 e t ¥ el Tne L] (2]
T EEEN 10:20L [T S I ] 19020 e b o Sov 308 4 e 43d
T I U B B oA £EE N
0 922 AGGe 13 13 8eT 4t s FYSRE T E R 2 29 4
U oasa B¥E € 1302 as3e 1o#5s 475 la 572 L6l 1s LS 5 1 ale
Doas gy 3 dn da Tt LIRS I LTI §os e
2 s s o) 688 16 * .
Fows ov 3 lle e wiesasle 4 enoees de 108 481 . - M v W5 2sd 8 a3 dom
Ty & 140 a0y e 30t tar 6 s 2 " s s alo s4? $ a0 wte
DAL RL O VaRaRl dHEND e Hezet HE S - S P LM I AL
& dce ade I T or9s el a3 say " 3 hie 3y
T its eva S ied w0 C1as Be o 91} 9N o 318 287 3 126 7% LI B S ‘e les dol [
PO TS Y TV 5 tL e 48 146D & 8 1w 7 1%
vala o PRV R L A U VR R it B HA R GO LIS L O OO R o A< O
e o2 18 LY e es} Jor2 6 14 T
b2t ovn FAE A ¢ NS SR QI S 1 593 63w s acle 100 vesa A PR
12 a4 X7 :« :u "’:: ,2 ,‘:Z: 1223 13 365 Ade 5 957 jois : ;3: 244 H b .8 W1 4 3 .;; siv
t I LTSS sk 371 - [ETL b - M
14 33 tab b - R OS82 AL n YIRe 4y W 1
Tewel 16 onz Tae B i 33 T Y51 4T 19 115 202 wr 14 5 a7 lae
12 A1 %3¢ 15 218 ¢ 78 586 & a4 4nc 1
8 384 el 1 s by oy 141y IYTLITY € all due
voMsosed Hrert 1.: ;:: :i: :: ﬁ: 2:5 s 129 sl :2 2?'; ;i; :; Ze;: z:; 3';‘: " + T sne o
13y e ¢ to 759 113 Is YIS 12 b oTe <as ® a55
& v A4S ¢ 138 15w :’ a3y ‘1:: 10935t Il Tas 37 14 A75 198 A2 ;;; 22; AR P YR ¢ ¥ 9
3 k!; 5 : s ¢ 12 Nt ll: :: 1;:. 3:3 ;2 i0s %£} & 1792 130y PERYTEY "
4 A3 Aus 18 13 ,7%3 82 5 r2 are 3 e gl vl
3w Jue f et :’l::: ;s; 1% 213 2;7 12e2et 14 :)}uo [FRES 4 ;u 304 c 103
s 331 Joe 57 %6 15 sa% 734 12 acy 1y 3 <%0 lob bov
1 fea e : LT 3 571088 i 122 130 1330 R R A 1 clo $s1
P e S phatia o R - o w28 1027 TR LI DI L I RS S0 S R T
> k2 ‘.;2 : i i:; 8% S 1024 11« LIFEIN 1o :7; 'l‘ ::A 411 12 aam orp w3 cad EENEL] ":
W es2 2T 2 873 A 'Y LY TR
M o 502 528 s 757 w2z .o .2 3 339 1 13w o )
e 544 3 821 & 5 o3l IS
Trsvat "f : :.‘u’ ::;’ : :;; ::: 4 293 2o . te? :73 3 i:’{l 3;2 1hetat 13t t los 1Ts
H 5 s8¢ 89 H . ol e
9 Te3 B20 2 ABT 93 v o ne L3
vol> Tes e I 3 370 14 & s a2 s 2y e PO - 4]
SENY OWHE R Ofan Hmem s 1 PSS S S-S S A A Al Vs
4 ol ed 5 < o Sat 10la
581 613 s 315 30a o 3 s bse
3 %3 Sle A5 820 11 16 S s8¢ 12 5 ¢ 33 3316 [ IO ST 2 1 g e
2 & 258 263 173 A a3 e [T
4 atp Sof 11 eas 836 13 6o s 10 378 A2 ¢ 218 282 3 1e2 K
4 T o231 207 ! Q3 a7 boacl
> Su3 540 sl 12 282 247 18 sen 11 397 415 16 118 3o p ot
03 a 451 482 N beavat < wcl o
o Avy 54t 81 515 53¢ 15 512 o 331 319 12 575 aze 1y 293 ane LI L I 2V PR
« )25 dle e 2}9 21 18 321 371 ° y 12 118 127 a tar ) o
43 1e 257 25¢ 13 333 3 ol v S%0 Teu & isa e
el 113 I5& Iy a4 536 17 ala e e AN uoamoam 7 e . o e
¢ Zle 195 18 «l 245 n S 294 308 la sa 82 R &xe 0y 1 57v <
; o 10444t 12 294 M2 9 dra 20y ¢ s Wi
Sau AN Lms Seont 1o s e m et IR R -3 Lovint
4 dws duas Pl W3l a0 §ar il b s 12301 o on p mi ¢ s ule
3 1wes <37 e 1os 105 < e v 1ogee 21 1s A1 4o o ee3 1i1s 12 & 02 T4 ¢ i ule
» senl 1223 T ie 13y bl h;? ::s 3o w 0 18t 198 11087 117 - ; oo oy 3 arm
S icds st LR I L] < 5_’; e + 366 389 14,1 1 3324 1478 2 A9T 161 [CFL N B4 L e st
T smy wome' LN % HECAHIE L UG L4 SO R T "+ A
dtas p 32 0 4% 38 3 1037 1202 3 . Foti > els ebs
o oo <l 3 350 a4 > i <12 & 300 3 67 387 s a3y 517 1 49w e
i 3 1 1228 1366 s 2 ree  ws 1 dve Jdui ¢ Ie3 - dsC
LIRS LI IY ] 2 e  di s 5¢8 507 T 48l 48 3 1083 1183 & e 9t 2 vee s . ¢
23 198 & 451 44l ce > e o e 921 Sos T Jsa
O 1312y sl T 5w 240 S 44 31011 1227 6 43 %r0 T e 7T Iy ! e oo ole
41 151¥ deus 4 22 141 3 247 24 . 125¢ & 675 Vsn o 48 733
5 <5 250 a1 132 711 .
Nt ot 13 ::: i;: :Jo ‘uz (2] 5 934 16l & 228 272 ¢ Bk ;:; : ‘:; .:: sor sy lostat
WIBIL L w e W ot e 1ot a2 s W AR ANy I RN L e e ) ez
” k2] T icly > 1 3ue 3> - s &
42 %l J? 1 ads Sae 12 413 54 1 15 ons 12 <42 ere . gro ay © 4
: 03 8 834 533 31 475 ve PR oast <23
sa dir sl ¢ €%t cot 13 4% les 4 19 2 H 12 31e 261 13 406 428 a n . : 44
134 s 231 35 2 lod 163 ER LIRS ] ~ o s1m w2 FEETISYYY CIEE B
i R 1 - S N S TIPS - i
3 34 v SeTel 3 83 tud B3
: 12 237 238 1% ¢08 &8 bas ot v e eus
P e 8 o6 10,5.L a 31y 3% 14kel ..
" 83 467 T6S € 54 «le
LA S0 .’,33’ 0 552 611  1a 60* 4D 12ekat s 1oeps e - = : PR T oase loe
et rih ow u 1 720 815 15 599 eod CR PO A SN S A S+ SO et
s %0 ng § tal 131 & 393 3ed HATH o 206 248 3 a0 eer 1 ren aws M 1
4 Yo asw 3 ley uTa 3 1ete died g 3 I 130800 t 107 190 4 108 1% 2 AT i3 W e : 1sslal
3 N 22y 1L eu? sen 4 e8é 319 T8 ] s 821 seo 3 am w2 Il evy 2le
4 ¥ o 5 1Led 1183 s 168 847 995 1082 § ,;51 140 X 133 j%a VO 7 T e KS les .
oo s : ﬂ: .3;3 : :;: ::: g 164 ‘\’zs LY | T 342 ese N ‘:"c ‘;: doyaal ‘: :;: :\;>
s 11 euv 232 A 283 2FA . ] Tloyee 3
162 2 161 678 s 257 . « sl 595
T dew e C S8 a7 & 19 3as T 161 873 P Y T sar
- o LI TLY
e e a5l [T S 836 928 B all  be9 3 4 o 10 271 2ae s moay v ol Tea
: M e & ST 743 Y 260 27 ! i 4ol bie A 221 sse
Y Ml i 3to e4d g <71 29 3 ss0 T 4an 1 IO TIE - S O L 3 kmp ey Y . 22
W T sou 3 let 265 11 aae $8s 16 504 533 3 4t 12 13 207 PRS-t s eve
A s 13 & 793 4712 9 14 s s t 323 awd
11 &s as3 4 334 eut 14 isl s i1 4Se 5 201 Lay?yt 2 45¢
; $83 7 157 132 10 25 3 ¢ R
YRR BR $ dei sl 13 Te M L2 227 L 13,61 ~ & oc
; - by s 681 ens 1 ’ - It v « L Sl
82 2oc Mve ¢ 553 eds 13 5ts 3 POPIIE LI L. JEREY FI ) &
is Al avd T 240 s Je8,t i6 326 31y M :2: ::: llg 17 1e1 A 339 e 1T s o e Wl .
1 als 07 €« 333 w2 15 409 &9 :1: 161 182 1% 103 86 1 se is2 2 192 s 7 24 s Loe3de
Wokn oy e ms ponsl 125850 12 Sal 606 HEPEEY S SN SN e B 351 oaw
oo o dodant « s it : 13 141 128 2e500 e oas LN @ R0 5 ol als
3 09 2 ¢ 1915 11Ca 14 43¢ a70 281 YY) al b 2l e ME
745 o 72 12% 5 262 o Megie
avayl . (YL 1" “ 3 22 1 e8s rel 836 e 2n7 3rs b4 o . N
2 w1 980 1la601 1 SN
p ‘;,‘ ‘5; : ::: ;;l; 3 e25 70} 2 282 9% T 3% ?{:‘ o lovaskh :;‘ iy
M ;‘; n : u: ‘;1 7 o> 113 4 830 903 o 117 ur 3 835 913 LI 31 fa; 1200 ¢ los 11s ) v
Lt sapi ST DA s dimae Y e 33
3 a3 aval s o & & 979 103e 2 185 12 A B L ARSI i s
i sec Srlst 16 2% led T s9e 5:9 3 gg;l g:: ‘ :;_ 441 5 os res Jerhar
¥ ¢ 233 95y a2 S 3 .
: ‘;;; l::; v sud 453 " ! e 9 :n (234 5 326 585 8 290 gz]' et 1ot ; :(: ::: L ode v
¥ dvva Base 3 19c5 dich Sedal M 77 B2 6 ke as 1; ::: 2:1 o es 423 0 w2 wm 6 Ma ses 1 s a9
a Nl o i wu5 214 . 11 855 1 1 n:" s;g 19 1 Ta o4 1 ea A T aou  wes « Da e
Mibeolibot SRS LT G A - A S LI 9w Lo mn i B
v e el 4 45 Soe "5 125 s 3 ves axs - au . - &3
31 Tes o) H o les I 18 B0 edn, :? 'o::. t:: 1o ?“ : ::‘! 4"e LS ST 1 o del s S as e
[TA "L I ULY & 353 - 3 452 533 12 oor 36 12080 s asa T s 7an &g 11 e*s  Tus .
[T LTI Y ? ante 178 “ 1;3 ;;: 1ueTel HERTCIT o 391 afa L eme w23 TIPS
. 3 ade 78 leragt
T %93 6um T asn ? v
& 15% l5e o W 2 ¢ 813 103% - - o gon 358
343 3 3107 s
S 1 as3 82> 1 T9 W7 Hetit 1395 436 s 27e H ¢ e 7e Yo 23
s 13 T 2 e 22 2 ooz w07 a TRl 433 Lo agd € 1us )
3155 154 € 1602 L1238 ‘3 62l 886 (LN 4 Losen el .
o 28 222 1 48 s2 A 882 732 1 s
Tetest $lor L% ammuil 3 oans s 0 v 2oz oam o b a8l b
191 3 TE w2 & 5T 41 1 312 342 1y e s 4
O el 3ad s 2 3wl e a o35 <N
. T W12 A% & 1153 1763 T 4e3 4% 2 128 149
Vool s ‘ees Y 5 60 ad 0 eSC 722 3308 2% e a2 al
15
18 L 5 17 N7 4 565 1078 e sce 318 4 2es 230 R : joe ::; Leres
W lee LDe 7 % 85 10 Y 7 5 187 1e¢ ; T T 58 B aae %0
LA LN AL te a8 e 823 474 11 N5 a1 oot Y Tl dus e
L S I 12 TT Y 9 106 122 12 S4e 493 » 0ol ¢ e 3ct D
< 12 173 10 TI6 810 . o 1es 730 ) ARV
5 1% Tocs 1ebet FYOE MWt 0 I : 0 s ise . e 5o
Mot . ; B el 5 aav luC
> btes ines o 36 421 L Melst o 2001 288 2 i iy 4 PR .
& 13se a2y 1 #01 A3e 1 112 13 ez 107 M 2 330 ace dersat
7 163 LLls 2 133 Tas 0 1es 157 2 171 a0 PRt 2 Al
® 1362 1843 3 s 55 1 213 3 123 120 S e 4 ' 3 319 el 6 o1% 14
v W ale A .09 1;0 2 ,l:: : l:;’ :: : :;3 144 n o i< o3 1 4 6
15 130 1382 S 573 e 3 e
1333 sas 4 905 832 4 16 8 M a9 ¢ n oI a2 : ﬁ; e 2 b ow
32 318 1ces T 3Cs 382 s 355 T @ sf 4 e :: 11
L1 135 188 s 54 TI6 . 124 4 M5 a7 10 209 3 A
A eee Te2 1 3 a5¢C ’ 222 ‘; :;f ::; :; n;:: :: Al
1S 132 Tis 10 ad¢ e84 . t21 . .
3% 033 R s oAl Tas . 148 13 ven gev e ro 19 v 434 333



Table 7

Selected bond lengths (1) and angles (°) with standard devistions in

P(2)
c(1)

c(2)

c(11)
c(21)
c(31)
c(41)
¢(51)

parentheses.
Ir - P(1)
Ir - P(2)
Ir - C(1)
Ir - C(2)
P(1) - ¢(11)
P(1) - c(21)
P(1) - C(31) .
ring C(1n)
¢(2n)
¢(3n)
P(1) -~ Ir -
P(1) - Ir -
P(1) - Ir -
Ir - P(1) -
Ir - P(1) -
Ir - P(1) -
Ir - P(2) -
Ir - P(2) -
Ir - P(2) -

c(61)

2,375(2)
2.370(2)
1.867(6)
1.833(7)

Ir - H(1)

1.843(7)
1.826(7)
1.842(7)

1.380(12)
1.383(10)
1.378(12)

101.38(7)
93.8(2)
95.3(2)

P(1) - Ir ~ H(1)

116.7(2)
116.7(2)
112.0(2)

117.1(2)

L 116.2(2)

114.1(2)

mean C-C

c(1) - o(1)
c(2) - o(2)
Ir....0(1)

Ire...0(2)

.64

P(2) - c(h1)
P(2) - c(51)

P(2) - c(61)

ring C(4n)
¢(5n)
c(6n)

P(2) - Ir - ¢(1)

P(2) - Ir - C(2)

c(1) - Ir - C(2)

175
c(11) - P(4)
¢(11) - P(1)
c(21) - P(1)
c(k) - P(2)
c(k1) - P(2)
c(51) - P(2)

c(21)
c(31)
c(31)
¢(51)
c(61)
c(61)

1.163(8)
1.199(9)
3.023(5)
3.029(6)

1.833(7)
1.824(6)
1.848(6)

1.382(10)
1.384(10)
1.384(10)

116.0(4)
114.2(2)

125.9(4)

104,7(3)
102,4(3) °

102.5(3) .
104,0(3)
102.1(3)

101.2(3)



c(6k)
c(5h)
c(55)
- c(52)
c(65)
c(43)
c(63)
c(26)
c(63)

Superscripts refer to atoms in the following positions:

Table 9

Some selected non-bonded distances

0(23)I

3.715
c(u6)tt 3.802
ez 3582

c(z6)t 3.956
c25)" 3.827
c(16)™  3.804
o)t 3.897
ctem)’ 3.516
0(25)IV 3,609

H(1) - H(66)

4
I ?E_"—'Z'»%'Xa

IV x, L +y, 2

Ring

¢(1n)
c(2n)
¢(3n)
c(4n)
c(5n)
c(én)

Mean

deviation

()

0.002
0.004
0.007
0,003
0.007

0,012

H(64)
H(5h)
H(55)
H(52)
H(65)
H(43)
H(63)
- H(26)
H(63)

V x,¥y-1,2

Table 10

Maximum
devigtion

(8)

0.003
0.009
0.020
0.006
0.011

0.019

Planarity of Phenyl rings

Distance of phosphorus

H(23)I

- H(s6) T
- H(33)
- 1(36)YY
- H(15)I

- H(16)
- H(14)
- u(en)’

- H(ZS)IV

2.12 (intramolecular)

111 %

II1

11T

111

2.31

. 2433

2,46
2.49
2.51
2457
2.61
2.97

3.09

atom from least-squares plane

0,078(2)

0.024(6)

0.101(12)
0.076(4)
0.319(8)

0.151(1k4)

96
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12.
13.
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15.

16.
17.
18.

19.

20.

21.

22.

23,
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CHAPTER II

The Crystal Structure of
the Monoclinic(I) Form of
Hydridodicarbonylbis(triphenylphosphine)iridium(I)

IrH(.CO)z(PPhB)z

99
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The crystal and molecular structure of the monoclinic(I) form of
hydridodicarbonylbis(triphenylphosphine}iridium(I) has been determined
* from three~dimensional X-ray diffractometer data. The compound crystallises
in space group 221/5 with four molecules in a unit cell of dimensions
a = 18.036, b = 10.075, ¢ = lé.h?h&,'ﬁ = 113.365°., The structure was
refined by least-séuareé riethods using 3248 measured independent reflections
 to give R = 0,028,

Of the five iridium ligands two afe triphenylphosphine groups in
a cis configuration, with a P(1) - Ir - P(2) angle of 102.17° and Ir - P
distances of 2.357 and 2.3593. Two other ligands - the carbonyl groups,
are disordered and under these circumguances location of the hydride
hydrogen atom ‘has proved impossible. It appeafs from the arrangement
of the disordered carbonyl groups that two different molecular forms

coexist in the crystal in ratio ca. 2:1.
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INTRODUCTION

The significance of the hydridodicarbonylbié(triphenylphosphine)
iridium(I) complex, as an analogue of a rhodium complex, was mentioned
in a previous chapter. The main crystallographic details of the
three polymorphic forms of the iridium complex, all obtained in one

batch of crystals were also given in this chapter.

The co-crystallization of three polymorphs suggests minimal free
energy differences between them, and this is in general agreement with
the conclusion of Yagupsky and Wilkinson (1969) that there are different
conformers coexisting in solution. It was thought interesting to
determine the molecular structure for each of the three polymorphic
forms in a solid state, and the present work is conéerned with the

first of the two monoclinic forms, refered to as monoclinic(I).
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EXPERIMENTAL

The monoclinic(I) form of hydridodicarbonylbis(triphenylphosphine)
iridium(I) was obtained by the reaction in solution of IrCl(CO)(PPh3)2
with NaBHu in the preseﬁce of carbon monoxide. Crystals were kindly
provided by Professor G. Wilkinson and Dr. G. Yagupsky. Preliminary
oscillation and YWeissenberg photogrsphs showed the crystals to be

monoclinic with systematic absences given by CkO:k = 2n + 1 and

Ol:h = 2n +1. These absences are consistent with the space group

I

_ﬁ1/é (No. 14).

Intensity data were collected for a cryst=l of a platelike shape
of approximate dimensions 0.3 x 0.3 x 0.1 mm, mounted about the b axis
on a Siemens 6ff-line automatic four-circle diffractometer.l Cu-Ker
radiation at a take-off angle of 4.50, a Nig filter and a Na(T1)I
scintillation counter were used. The O - 20 scan technique was employed
using a "five-value'" measuring procedure (Skapski and Troughton, 1970).
3248 independent reflections (to © = 50olvwere measured, of which 235 were
judged insignificant as the net count was below 2.58 times the standard
deviation (i.e. below the 99% confidence limit) and were assigned a count
equal to this ;alue. The 8 COreflection was used as a reference every 25
reflections and there were no appreciable changes in the counts for this |
reflection over the data collection period (5 days). The data Wefe scaled
using the reference reflection and Lorentz and polarisation corrections
were applied.

The unit-cell dimensions =and their estimatedprobable errors,

measured on the Siemens diffractometer at EOOC are: a = 18.036(5),
b = 10,075(2), ¢ = 19.474(5), B = 113.365(10); D_ (by flotation) = 1.6o'gém“3,_

D, = 1.582 gem > for 7 = by MW, = 773.8 for IrP F(000) = 1528.

2C38H3102’
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SOLUTION AND REFINEMENT OF THE STRUCTURE

The solution and refinement of the structure were carried out using
the Crystal Structure Calculations System X-Ray-63 described b& J.M. Stewart
in the University of Maryland Technical Report TR-64-6. The calculations
were carried out on the Imperial College IBM 7094 computer.

A three dimensional Patterson gave a straightforward solution for
the iridium atoms which are in a set of general positions. Refinement
of this position gave a value for the standard agreement factor R (= Z\lzg‘
-fchl/‘Eol) of 0.33. The two phosphorus atoms were located from the B
res:itant—éifference Fourier. Further refinement including these positions
reduced R to 0.26, and the ne#t difference Fourier revealed the positions of
all six phenyl rings and one carbonyl group. Refinement of all these
atoms brought R to 0.152 and the next difference Fourier showed what could
be a second carbonyl group. Location of the carbonyl groups, and espedially
the second one, was difficult due to tﬁe "smeared out' appearance of the
peaks and much lower height than one would expect for these groups.
Refinement of all the located atoms, treating the iridium and both
phosphorus atoms anisotropically, gave R = 0.129.

The hydrogen-atom positions in the phenyl rings were calculated using
the carbon positions and assuming a C-H distance of 1.08&; all hydrogen

o2
atoms were assigned an isotropic temperature factor of 3.,0A", Two more

gave R = 0.112.

. At this stage an absorption correction was made (y = 90.31 cm_l) using
a program which combines the Gaussian integration method, described by
Busing and Levy (1957) with the crystal path lengths determined by the
vector analysis procedure of Coppens et al. (1965). In this particular

case the crystal volume was sampled at & x 8 x 8 points. The next four

cycles of anisotropic refinement of all atoms using a fixed hydrogen contr1but10|
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cycles of anisotropic refinement with fixed hydrogens for all phenyl rings
reduéed R to 0.068.

To define the new, better, positions of the carbonyl groups a diffgrence
Fourier was calculated (Figure 1). This showed that both carbonyl groups
are disordered, and the two alternative positions for the carbonyl group
(2 and 2*) with. greater separation of atoms were found. In the
subsequent refinement they were assigned occupancies of 0.6 and O.4
respectively. The separation of the alternative positions of the other
carbonyl group (1 and 1*) is much smaller and the identification of these
positions was done in two stages: first the oxygen was split on the basis
of the difference Fourier, calculated at R = 0.052 while the disorder of
the corresponding carbon atom (C1) was not defined until after the
dispersion correction had been applied. Fhfther attempts to refine the
disordered atoms as two separateée carbonyl groups led to an éstimated
occupancy rafio of 0.63% to 0.37, and were eventually successful in giving
two distinct orientations of each of the carbonyl groups.'

- At this stage two reflections, strongly affected by extinction, were
removed, and a dispersion correction for the Ir and P atoms Qas applied.

These adjustments brought the R factor from 0.04O to 0.032, New
positiéns of the hydrogens in the phenyl rings were then generated and
were used with an assigned B of 3.0&2 as_fixed étom contributions.

Up to this point unit weights were given to the reflections in the
refinement because of the approximately constant counting statistics arising
from the method of measurement of fhe data. Inspection of thé AF's
suggested that secondary extinction was present. However, in view of_the
inadequacy of the‘atomic model arising from disorder it was felt that the
labour involved in applying a correction‘was not justified. In these
circumstances only a weighting scheme of the type suggested by Hughes (194ﬁ,

which would partly compensate for lack of this correction, was used, with
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Fig. 1. Electr;gn density difference mapsi,3 Contours at intervals of
0.5e/L” (lowest contour =t 0,8e/A
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fu = 1 if fo<§_§* and Juw = E‘/Eo if Eo > FF, andlz* = 100. This reduced
R from 0.028" to.0.027. -

Bond-length calculzticns showed that some Ir-C distances were on
the short side (especially for C{41~)), whereas the Ir....0 distances
were more normal. This suggested that in the least-squares refinement
the carbon atoms were being "pulled in" towards the iridium. The cérbon
atoms were thercfore relocated at the geometrically calculated positions,
and their coordinates were kept fixed during the last few cycleé of
refinement which brought the R value to 0.028. The-final average ratio
of shift to standard deviation was 0.05 and thé maximum ratio was 0,30,
| In the refinement, the usual least-squares function, ZQ(EO - Eé)a,
wés minimised; The atomic scattering factors used werc those £;bula;cd
by Cromer and Vaber (1965) and the values for the real (f') znd imaginszvy
(f") parts of the dispersion correction were those given by Cromer (1965).
The nnomaloﬁs dispersion was treated as follows: the newwelues of the
atomic scattering fFCtOfS were calculated as a resultant fcorr = [(f.+ f‘)2
+ (f")z]% and used from then on in place of values not corrected for

dispersion. The unobserved reflections were included throughout the
refinement of ;he structure but are omitted from all estimates of the
agreement?factor R,

A final difference Fourier showed a'maximum clectron-density peak
of O.8e/1\3 and nine other peaks of an electron-density rangé O.}e/.s.3 - O.Se/33
All'those peaks were in fhe vicinity of an iridium atom and the Ir-peak
distances were calculated for each of them. Only three occurred at the
expécted Ir—hyérogen distance of‘about l.?A , and of those only one was
in a geometrically sensible position.

Table 1 lists the final coordinates of the non-hydrogen atoms and
Pable 2 the cocfficients for the anisotropic: temperature factors
expl-(B he 4 g k2 + %__12 + 2B hkﬂ+ 2B.,h1l + 28_.k1)]). In these tables

11— 22— 3% 12— 1= Tar—
the standord deviations have been estimated from block-diaponal matrix

T o
refinement and are, therefore, a slight underestimatée of the true deviations.
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The coordinates of the hydrogen atoms are given in Table 3. Table b

lists the observed structure amplitudesz and the calculated structure

factors.

DESCRIPTION OF STRUCTURE AND DISCUSSION

A steroscopic drawing (Johnson 1965) of an asymmetric unit of the
IrH(CO)Z(PPh3)2 structure found in monoclinic(I) form is shown in

Figure 2. It can be seen that the cérbonyl groups are disordered,
whereas the triphenylphosphine groups are not. The position(s) of the
'h&dride‘ligand were not found. The disordered carbonyls do not occupy

the alternative positions‘With equal probability, but are present in

a ratio of gg; 2:1. The major form is marked as (CO) and the minor

form as (CO*), While it is fairly unusual to find such uneqﬁal occupancy,
it has been encountered in other structures, for instance in PtZS(CO)(f’Phs)3
(Skapski and Troughton, 1969) or RuH(naphthyl)(dmpe)2 (Gregory et al.,
1971). |

The triphenylphosphine groués are in a c¢is configuration with a
P(1)-Ir-P(2) angle of 102.17(5)°, very similar to that found in the
orthorhombic form (101.4°). The two Ir-P distances are identical to
within one standard deviation, 2.357(2) and 2.359(2). These are shorter
than those found in the orthorhombic form by ca. 0.015&, possibly a
significa;t diffefence. Comparison with Ir-P distances found in other
structures was made in the previous chapter.

Thé existence of disorder among the carbonyl groups, with unequal
occupancy, suggests a number of possibilities. Firstly, one could
envisage that only.one molecular form; which may or may not be the same
as that in the orthorhombic form (Form A), fits into the packing scheme
in two orientations, such that P(1) takes the place of P(2) and vice

versa (see below) P(1) pP(2)

¢(1)

\/C-_(z) c<1)/\ o(2)

p(2) P(1)
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~
~

Fig. 2
Molecular structure of the monoclinic(I) form of IrH(CO)Z(PPh3)2’

showirg disorder of the two carbonyl groups.
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This would be possible if one assumed thet during crystal growth the
phenyl rings rotate to find the best fit onto the crystal surface. A
second possibility is that two forms, one of which is form A, coexist

in the crystal. P(1) P(1)

() ) '0(1 c(2)
c(1 \\\\\\/////, c(z ////’
p(2) P(2)

Thirdly the two forms present could be different from each other and

from formA, and finally there might bethe possibility of dynamic disorder.
This last is rather unlikely in view of the fairly large separation
between CO(1) and CO(1)*,

Figures 3(a) and 3(b) show separately the molecular structures of
the major and minor forms. The thermal vibrations of the atoms are shown,
and the orientation of the ellipsoids of the carbon atoms of the dis-
ordered carbonyl groups confirms what was observed during least-squares
refinement, namely that these atoms were beihg "pulled" in ﬁywards the
iridiﬁm atom.

Selected bond lengths and angles relevent to both the major and
the minor form are given in Table 5. In a separate table (6), a compsrison
is made of the spatial arrangement of ligands in these two forms with
that in fbrm A. While the presence of disorder has led to somewhat
limited accuracy =as regards the carbonyl groups, it would appear that
all three forms are different from each other.

While the configuration of form A could be described with some
confidence as a distorted trigonal bipyramid(TBP), s description of the

major and the minor forms in terms of TBP or SP is much more difficult.



Molecular structure of the minor: form in monoclinic(I) IrH(CO)z(PPh

3)2.

Thermal ellipsoid vibrations were scaled to enclose 40% probability.



This is because of the five ligsnds one, the hydride hydrogen, was not
located, and two othersare krowr with limited accuracy. The major form
is probably closer to SP, with P(2) at the apex and four atoms of the
base bent away from it 2t aversge angles of iO?o. The minor form is,
if anything,nearer TBP, with arrargement of ligands similar to that in
form.A. |

Wﬁile discugsing the configuration of ligands around the iridium
atom in the orthorhombic form of the complex the conclusion was reached
that it is different from those suggested by Yagupsky and Wilkinson'(l969)
for-the two isomers existing in thermal equilibrium in solution. It
seems likely that the two forms in the monoclinic(I) polymorph ére also
different froﬁ those in solution.

Calculations were carried out to check the planarity of the phenyl
rings and the results are summarised in Table 7. * All the rings are
satisfaétorily planar. In this structure also some ben&ing is found
to occur at the C(m1) atoms; thus P(1) (not included in the plane
calculation) is 0.143% away from the plane of ring ¢(2n) and 0.1473
from plane of ring C(3n). This corrésponds to P(1)-C(m1)-C(mk) angles
of eca. 1750. &he bending is almost certainly due to. steric pressure.

As in the orthorhombic form, the shortest intermolecular contact between
phenyl hydrogen atom$ involves Hmk hydrogens(ﬁ(BQ?i ahdjiﬁdeed,'

all four shﬁrtest contacts are between hydrogens of rings C(ZE) and
¢(3n), as shown in Table 8.

The P-C(m1) distances are very similar to those found in the
orthorhombic form (1.636 and 1.836% respectively). The same apolies to
the C-C dist-nces in the phenyl rings, which would lengthen a little
if a libration correction wefé 2pplied.

Figure 4 shows s stereoscopic view of the packing of molecules in

the unit cell. It may be noted thzt monoclinic(I) hns the smallest
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- Fig. 4

Crystal structure of the monoclinic(I) form of IrH(CO‘)a(PPhB)Z.
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unit-cell volume of the three polymorphs of IrH(CO)Z(PPh3)2 as shown
in Table 1 of the previous chapter. It may be that slightly more
efficient packing is a consequence of the disorder present. Hopefully,
the structure of monoclinic(II), which has yet to be determined ahd

which has the highest unit-cell volume, will be free of such disorder.
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Table 1

Fractional coordinates, x, y, z, with estimated standard deviations in

parentheses.

Atom x b z

Ir 0.42979(2) 0.64219(3) 0.73383(2)
P(1) 0.55377(9) 0.52821(15) 0.77153(8)
P(2) 0.33731(9) 0.46734(15) 0.71731(8)
o(1) 0.4094(6) 0.7313(10) 0.5503(5)
0(2) 0. 4774(9) 0.7840(12) 0.8832(7)
0(1*) 0.3723(10) 0.6957(15) 0.5651(8)
o(2*) 0.3933(13) 0.8345(20) 0.8270(13)
c(1) 0.417 0.698 0.637

c(2) 0. 460 - - 0.732 0.828
cl1+*) 0.394 0,676 0.628
c(2*) 0.407 0.763 0.793
Cc(11) 0.5941(4) 0.5017(6) 0.6992(3)
c(12) 0,5444(4) 0.4517(7) 0.6302(4)
c(13) - 0.5727(5) © 0.4232(7) 0.5768(4)
c(1h4) 0.6532(5) 0.4480(7) 0.5905(4)
c(15) 0.7029(4) 0.4996(7) 0.6571(4)
c(16) 0.6749(4) 0.5253(6) 0.7135(4)
c(21) 0.5628(3) 0.3595(6) 0.8106(3)
cl22) 0.5900(4) 0.2524(6) 0.7821(4)
cl23) 0.5892(5) 0.1270(7) 0.8091(4)
c(ah) 0.5633(4) 0.1057(7) 0.8655(4)
cl25) 0.5378(4) 0.2115(8) 0.8965(4)
c(26) 0.5373(4) 0.3400(6) 0.8684(4)
c(31) 0.6380(3) 0.,6161(6) 0.8435(3)
c(32) 0.6474(L) 0.7484(6) 0.8338(4)
c(33) 0.7146(4) 0.8177(7) 0.8843(4)
c(3h4) 0.7708(4) 0.7538(7) 0.9435(4)
c(35) 0. 7606(4) 0.6207(7) 0.9546(4)
c(36) 0.6947(4) 0.5526(6) 0.9047(3)
c(41) 0.3470(3) 0.3339(6) 0.6577(3)
c(k2) 0.3117(4) 0.3547(7) 0.5797(4)
c(43) 0.3201(5) 0.2611(8) 0.5308(4)
clhl) 0.3618(4) 0.1463(7) 0.5587(4)
c(4s) 0.3973(4) 0.1265(7) 0.6361(4)
C(46) 0.3899(4) 0.2190(6) 0.6842(3)
c(51) 0.2294(3) 0.5078(6) 0.6703(3)
c(52) 0.1728(4) 0.4067(7) 0.6420(4)
c(53) 0.0905(4) 0.4361(7) 0.6092(4)
c(sh) 0.0638(4) 0.5644(7) 0.6018(4)
c(55) 0.1200(4) 0.6612(6) 0.6291(4)
c(56) 0,2013(4) 0.6353%(6) 0.6628(4)
c(61) 0.3390(4) 0.3841(6) 0.8021(3)
c(62) 0.3636(4) 0.4566(7) 0.,8677(4)
c(63) 0.3666(5) 0.3963(8) 0.9330(4)
c(64) 0.3459(5) 0,2672(9) 0.9342(4)
c(65) 0.32189(5) 0.1966(8) 0.23686(5)
c(66) 0.3145(4) 0.2545(7) 0.5028(4)

Phenyl carbon atoms are numbered C(mn) where m is the ring no. and n is the
atom no. in the ring. n is such that C(m1) is attached to P and other

atoms are numbered in succession such that C(m4) is p=ra to C(m1).



Atom

Ir
P(1)
P(2)
0(1)
o(1*)
o(2)
o(2%)
c(1)
c(1+)
c(2)
c(2*)
c(11)
c(12)
c(13)
c(1h)
c(15)
c(16)
c(21)
c(22)
c(23)
c(2h)
c(25)
c(26)
c(31)
c(32)
c(33)
c(3h)
¢(35)
c(36)
c(h41)
c(h2)
c(43)
c(hh)

B
0.00317(1)
0.00334(6)
0.00334(6)
0.0104(6)
0.0100(10)
0.0182(11)
0.0108(13)
0.0044(5)
0.0052(12)
0.0073(7)
0.0061(10C)
0.0043(3)
0.0057(3)
0.0083(4)
0.0081(4)
0.0061(4)
0.0050(3)
0.0035(3)
0.0044(3)
0.0057(4)
0.0052(3)
0.0041.(3)
0.,0037(3)
0.0034(3)
0.0046(3)
0.0039(3)
0.0039(3)
0.0045(3)
0.0039(3)
0.0032(2)
0.0053(3)
0.,0064(4)

Table 2

Anisotropic thermal parameters

822
0.00804(2)
0.0081(2)
0.0085(2)
0.0213(14)
0.0177(21)
0.0267(19)
0.,0288(34)
0.0126(13)
0.0278(49)
0.0212(22)
0.0138 27)
0.0085(7)
0.0112(8)"
0.0129(9)
0.0140(1)
C.0121(9)
0.0089(7)
0.0085(7)
0.0084(7)
0.0108(9)
0.0089(8)
0,0175(11)
0.0116(8)
0.0086(7)
0.0104(8)
0.0118(9)
0.0153(10)
0.0150(9)
0.,0117(8)
0.0094(7)
0.0129(9)
0.0171(10)

833_
0.00425(1)
0.00311(5)
0.00326(6)
0.0056(4)
0.0054(6)
0.0090(6)
0.0129(13)
0.0036(4)
0.0226(31)
0.0102.8)
0.0121(15)
0.0028(2)
0.0037(3)
0.0033(3)
0.0043(3)
0.0057(3)
0.0044(3)
0.0031(2)
0.0047(3)
0.0057(3)
0.0064(4)
0.00L4(3)
0.0037(2)
0.0032(2)
0.0047(3)
0.,0064( k)
0.0047(3)
0.0034(3)
0.0028(2)
0.0034(2)
0.0040(3)
0.0037(3)

0.0055(4) 0.0154(10) 0.0053(3)

3]

12 13
~0,00025(1) 0.00107(1)
-0.0003%6(8) 0.00109(5)
0.00015(8) 0,00121(5)
-0.0034(8)  0.0034(4)
-0.0054(6) -0,0021(6)
-0.0071(12) 0.0081(7)
0.0028(16) 0,0033(11)
0.0028(6)  0,0017(3)
0.0009(19) -0,0059(16)
0.0016(11) 0.0060(7)
-0.0052(14) 0,0064(11)
0.0009(4)  0.001L5(2)
2.0016(4)  0,0016(2)
0.0030(5)  0.0022(3)
0.0037(5)  0.0036(3}
0.,0023(5)  0,0036(3)
0.0007(4)  0.,0023(2)
-0,0004(3)  0.0006(2)
0.0004(4)  0.0012(2)
0.0008(4)  0.0011(3)
0,0001(4)  0,0002(3)
-0.0015(5)  0,0005(2)
-0.0002(4)  0.0003(2)
-0,0000(3) 0.0013(2)
~0.0003(4)  0,0012(2)
-0.0019(4)  0.0009(3)
~0,0006(4)  0,0007(2)
0.0001(4)  0.,0003(2)
-0.0003(4)  0,0011(2)
-0,0008(3) 0,0017(2)
0.0001(4)  0.0022(2)
-0.0C01(5)  0.,0020(3)
-0.0009(5)  0.0026(3)

B
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83
-0.00064(2)
~-0.00011(8)
~-0,00030(8)

0.0025(6)
0.0015(9)
-0.0071(9)
-0.0117(18)
0.0039(6)
-0.0221(35)"
0.0036(11)
-0.0107(17)
0.0004(3)
~-0.0003(4)
~0.0001(%).
0.0016¢4)
0.0021(4)
0.0009(4)
0.0002(3)
0.0005(4)
0.0012(4)
0.0027(4)
0.0032(5)
0.0014(4)
-0.0006(3)
-0.0006(4)
-0.0024(5)
-0,0027(4)
-0.0011(4)
-0.0003(3)
-0.0014(3)
~0.0003(4)
-0,0014(4)

-0,0035(5)



Teble

c(45)
c(L6)
c(51)
c(52)
c(53)
c(54)
c(55)
c(56)
c(61)
c(62)
c(63)
c(6L)
c(65)
c(66)

2 ctd

0.0043(3)
0.0042(3)
0.0033(2)
0.0031(3)
0.0040(3)
0.0037(3)
0.0049(3)
0.0039(3)
0.0035(3)
0,0058(3)
0.0079(5)
0,0074(4)
0.0077(4)
0.0053(3)

0.0121(9)
0.0083(7)
0.0095(7)
0.0098(8)
0.0118(9)
0.0125(8)
0.0091(8)
0.0097(7)
0.0104(8)
0.0137(9)
0.0189(12)
0.0217(13)
0.,0153(10)
0.0149(9)

0.0063(3)
0.0038(2)
0.0033(2)
0.0068(3)
0.0063(3)
0.0041(3)
0.0054(3)
0.0039(3)
0.0039(2)
0.0035(3)
0.00L2(3)
0.0046(3)
0.0063(4)
0.0037(6)

0.0011(4)
0.0003(4)
0.0004(3)
0.0000(4)
-0,0016(4)
0.0002(4)
0.0013(4)
0.0000(4)
0.,0002(4)
0.0013(5)
0.0013%(6)
0.0007(6)
-0.0022(6)
~-0.0016(5)

0.0022(3)
0.0016(2)
0.0015(2)
0.0013(2)
0.0012(3)
0.0014(2)
0.0012(3)
0.0009(2)
0.,0015(2)
0.0019(2)
0.0028(3)
0.0033(3)
0.0037(3)
0.,0019(2)
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~0.0014(4)
-0.0009(3)
0.0001(3)
-0.0001(4)
0.0004(4)
0.0007(4)
-0.0014(4)
~0.0006(!4)
0.0003(3)
0.0003¢4)
-0.0018(5)
0.0016(5)
0.0022(5)
0.0000(4)



Fractional coordinates of the hydrogen atoms

Atom

H(12)
H(13)
H(14)
H(15)
H(16)
H(22)
H(23)
H(24)
H(25)
H(26)
H(32)
H(33)
H(34)
H(35)
H(36)
H(42)
H(43)
H(44)
H(45)
H(46)
H(s52)
H(53)
H(54)
H(55)
H(56)
H(62)
H(63)
H(6h)
H(65)
H(66)

The number of each hydrogen atom is the same as that of the carbon to

which it is bonded.

1=

0.488
0.539
0.661
0.759
0.715
0.618
0.613
0.568
0.524
0.515
0.614
0.729
0.832
0.800
0.688
0.267
0.284
0.373
0.430
0.416

0.200

0.055
0.002
0.101
0.246
0.386
0.391
0.366
0,320
0.297

Table 3

X
0.434
0.384
0.421
0.521
0.559
0.270
0.051
0,012
0.216
0.430
0.790
0.904
0.791

0.583‘

0.460
0.438
0.281
0,082

- 0,052

0.201
0.325
0.369
0.580
0.745
0.708
0.555
0.448
0.247
0.112
0.213

2

0.620
0.524
0.549
0.668
0.759
0.747
0.788
0.882
0.944
0.867
0.786
0.883
0.983
1.000
0.915
0.560
0.475
0.530
0.654
0.740
0.641
0.589
0.573
0.623
0.694
0.872
0.983
0.996
0.869
0.760

117
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Table L

Final observed and calculated

structure factors

The format of the table is

h k 1

1 - 1olr | 101F
-0 -C

Reflections of intensities not
significantly greater than the
background ("less-thans") are

marked: *
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Table 5

Selected bond lengths (A) and angles

parentheses.

Ir
Ir

Ir.

In

P(1)
P(1)
P(1)

ring

P(1)
P(1)
P(2)
P(2)
c(1)

Ir -
Ir -
Ir -
Ir -
Ir -

Ir -

- c(1)
- c(2)
+..0(1)

.2 .002)

- c(11)
- c(21)
- C(31)

C(1n)
c(2n)
C(3n)

- Ir -

P(1) -
P(1) -
P(1) -
P(2) -
P(2) -
P(2) -

(°) with standard deviations in

Ir - P(1) 2.357(2)
Ir - P(2) 2.359(2)
1.886 Ir - c(1%)
1.916 Ir - C(2%)
2.994(10) Ir...0(1%)
3.042(12) In...0(2*%)
0(1)ev..0(1%) 0.714(19)
o(2)....0(2*) 1.562(22)
1.842(7) P(2) - c(41)
1.843(6) P(2) - ¢(51)
1.836(5) P(2) - c(61)
mean C - C
1.380 ring C(4n)
1.385 c(5n)
_ 1.379 C(6én)
P(1) - Ir - P(2) 102.17(5)
c(1) 100.5 P(1) - Ir - C(1*)
c(2) 93.3 P(1) - Ir - C(2*)
c(1) 106.7 P(2) - Ir - C(1*)
c(2) 113.4 P(2) - Ir - c(2%)
c(2) 133.5 C(1*) - Ir - c(2*%)
c(11) 116.5(2)  c(11) - P(1) - c(21)
c(2r) 119.7(2)  c(11) - P(1) - C(31)
c(z1) 113.5(2)  c(21) - P(q) - c(31)
C(h1) 113.3(2) -~ cC(41) - P(2) - ¢(51)
C(51) 117.0(2) C(41) - P(2) - C(61)
C(61) 117.3(2) ¢(s51) - P(2) - C(61)

.9%8
.829
.076(15)
.902(25)

N W=

1.829(6)
1.838(6)
1.841.(7)

b

.385
375
1.377

=

107.1
123.6

93.7
105.1
119.1

100,6(3)
101.3(3)
102.7(2)
101.3(3)
105.2(3)
100.7(3)

122



Table 6

Selected angles for three forms of IrH(CO)é(PPhB)2

Orthorhombic Monoclinic(I)
form Major form Minor form

P(1) - Ir - P(2) 101.38(7) 102.17(5)

P(1) = Ir....0(1) 95.7(1) 100.5(2) 107.2(4)
P(1) - Ir....0(2) 96.7(1) 93.3(3) 123.6(4)
P(2) - Ir....0(1) 117.6(2) 106;7(2) 93.7(3)
P(2) - Ir....0(2) 114.6(1) 113.4(3) 105.1(5)
o(1)....Ir....0(2) 122.2(2) 133.5(3) 119.1(5)

Since the carbonyl carbon atoms in monoclinic(I) were placed in

calculated positions, angles involving the oxygen atoms are quoted.

.Table 7

Planarity of phenyl rings

Mean - Maxximum Distance of
Ring deviation ' deviation phosphorus atom from
. (4) (4) least-squares plane
c(1n) 0.008 0.013 0.084(10)
c(2n) 0.007 0.011 0.143(8)
c(3n) 0.006 0.009 0.247(7)
c(Ln) 0.005 0.009 0.078(6)
C(5n) 0.005 0.010 0.058(7)

c(6én) 0,012 0,020 0.045(14)
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Table 8

Some selected non-bonded distances.

c(34) - c(25)? 3,643 H(34) - 1(25)% 2.540
c(33) - Q(23)II 3,787 H(33) - H(23)II 2.621
c(32) - (™t 3.934 1(32) - H(23)'T 2.630
Cc(35) - é(eh)l 3.682 H(35) - H(2u) T 2.663
ouy) - o5 4,007 () - (5T 2.680
c(13) - c(13)1Y 3. 463 B(13) - 1(13)" 2.70%
o(1) - c(5l+)V 3.354 co(1) - H(5u)" 2.573
o(1*) - c(a)Y 3.134 o(1*) - u(ut 2.37h
c(1%) - o’ 3,223 c(1*) - (it 3.327

Superscripts refer to atoms in the following positions:

I 13-x,2+y,2-2 II x,1+y, 2 IIT 3 +%, 3 -, 2

IV 1-%,1-3y,1-2 V 3 +x, 13 -y, 2

-
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CHAPTER IITI

The Crystal Structure of
Potassium p~Nitrido-bis[tetrachloroaquoruthenate(IV)]

K}{RuENClS(HEO)E-\
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ABSTRACT

The structure of potassium p-nitrido-bis[tetrachloroaquoruthenate@v)],
KB[RuzNCLB(HEO)a}, hzs been determined by three-dimensional X-ray crystal
structure analysis. The crystals are monoclinic with unit-cell
dimensions a = 15.89, b = 7.34, ¢ = 8.168, 8 = 120.4°. The space group
is C2/m and Z = 2.  Full-matrix least-squares refinement, using 697
visually estimated reflections, has reached R = 0.088.

The structure contains the nitrido-bridged complex ion [RuZNCLB(H20)2]3_,
which has 2/m crystallographic symmetry with the nitrogen atom lying on
a centre of symmetry. The Ru-N distances are very short, 1.720&,
indicating multiple bonding.  The water molecules are trans to the
nitrogen, with a fairly long Ru-O(Qater) distance of 2,18k, The four
chlorines about esch ruthenium are bent away from the nitfogen and towards
the water molecule, such that the N-Ru~C{ éngles are ca. 95°.  The two
independent Ru-C{ distances of 2.364 and 2.367X are normal. The
potassium ions are co-ordinated to eight chlorines at distances in the

I‘ange 3020 - 3.36121.
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There has been much recent interest in transition-metal p-nitrido
cogplexes, although only a few are known. They incluae [OsZN(NH3)8X2'_]X3
(X = Cf, Br or I) 1, and the heterometallic compound [(PEt2Ph)BC£2ReN
1>tc,a,2(PEt3)].2 Recently Cleare and GriffithBShowed, on the basis of
spectroscopic data, that the compoundsKEERuZNXS(HaO)E] (X = CL or Br)
belong to this category. As no structural information existed about
this type of compound we haVerdetermined the structure of KﬁtRuZNC£8(HZO)2]
by X-ray single-crystal methods. The structure determinstion has
confirmed Cleare and Griffith's conception and shows that the Ru-N-Ru
bridge has multiple bonding with very short Ru-N distances of l.?20ﬁ.

A preliminary account of this work has appearedh.

In the final stages of the refinement of this structure we became
aware that Gee and Powell had independently determined the structure of
the ammonium analbgue of the title cgmpounds. A comparison of the two

shows them to be isostructural.

EXPERIMENTAL

Potassium p-nitrido-bis[ tetrachloroaquoruthenate(IV)] crystallises
from dilute hydrochloric acid as deep red plates. They were examined
by single-crystal oscillation and Weissenberg methods with Cu-Ko
radiation (A = 1.5418R).

Crystal Data. K3[Ru2NCJ?,8(HZO)2], M 65%.2, Monoclinic,

15.89, b = 7.34, ¢ = 8.16, B = 120,4°, U = 820.9%°, D_ = 2.6k, 2 = 2,

[
f

1o
i

2.6hg om™>, F(000) = 616. Space group c2/m (No.12).
>

A crystal of approximate size 0.12 x 0.15 x 0.025 mm” was selected
and equi-inclination Weissenberg photographs were taken about [010] to
give hof - g6§_refledtions. Intensities were estimated visually from

multiple-film exposures. A total of 703 observable independent

reflections were measured: The Lorentz-polarisation correction was
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applied, as Was also an absorption correction (p = 340.8 cm™Y).  This
correction was made using the Gaussian integration method with an
8 x 8 x 8 grid, described by Busing and Levy6 with crystal path lengths
determined by the vector analysis procedure of Coppens et a17.

SOLUTION AND REFINEMENT OF THE STRUCTURE

The structure was solved by standard Patterson and Fourier methods.
Computation was qarried out on the Imperial College IBM7094 computer
using the Crystal Structure Calculation System X-ray =63 described by
J.M. Stewart in the University of Maryland Technical Report TR-64-6.

The atomic scatteriné factors used were those tabulated by Cromer and
Waber% a correction for snomalous dispersion was applied and the values
of the réal and imaginary parts of dispersion correction were those
given by Cromerg.

The first round of isotropic leést-squares refinement using all
measuredvreflectiOns gave R = 0.15. The absorption correction was
applied, and the R fell to 0.10k. At this stage it was obvious that
the strongest reflections suffered from extinction, and 6 of them were
removed. Iso?rOpic refinement was used to fix the inter-layer scale
factors and gave R = 0.096. Anistropic refinement reduced R to 0.085.
At the final stage a weighting scheme of the type suggested by Hugheslo
was applied, where_@ =1 for F <§‘_*, fw = _E*/E for F 32‘*. Various
values of_E* were tried, the most satisfactory being.Ef: 17.0. Although
the R factor rose to 0,088, the standard deviations were approximately
25% lower compared to unweighted refinement.

The final fractional coordinates and their standard deviations are
listed in Table 1, as are the orthogonal coordinates. Table 2 shows
the coefficients in the expression for the anistropic temperature factors
exp[-(Bllb_2 + 52252 + 833&? + 2B bk + Zsljgé + 23235§)] and also the

isotropic temperature factors B.
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Observed structure amplitudes and calculasted structure factors
are listed in Table 3. Structure factors were also calculated for
thése reflections too weak to be observed. None of these in a
position to be recorded were caléulated to be greater than twice the
minimum locally observable ‘Eo" The positions of the water hydrogen
atoms could not be confidently located from the final difference

Fourier.

DESCRIPTION OF THE STRUCTURE AND DISCUSSICHN

The determination of the crystal structure has shown that the title
-compound contains the complex ion [Ruchzg(HéO)2]3— and potassium ions.
The nitrido-bridged complex ion is shown in Figure la and the more
important interatomic distances and angles are in Table 4. The anions
have 2/m crystallographic symmetry, with the bridging nitrogen atom
lying on a centre.of symmetry. The ruthenium atoms lie on mirror planes
as do the water molecules which are trans to the nitrogen. Four chlorine
atoms cémplete the distorted octahedral coordination about each metal
atom. The main feature of the distorted coordination is that all chlorines
are bent away from the nitrogen and towards the water molecule. Two such
octahedra share a common corner (N) to give a linear O-Ru-N-Ru-O system.
A further important feature is that the orientation of the chlorines in
the two octahedra is such that they are eclipsed, as found in the
Reaczgz- i-on.11
The structure of the complex ion is mainly determined by two factors:
a) the strong metal-nitrogen bond
b) repulsion forces between the chlorine atoms and nitrogen.
The Ru-N distances are very short,l.?20&, indicating multiple bonding
9

with a considerable amount of n—character2 12. Thus the eclipsed

configuration of the chlorine atoms is almost certainly a result of the
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rigidity of the central Ru-N;Ru bridge. The short Ru-N distance may
be compared with bridging Ru-0O distances of 1.80& found in
[RuzOCzlo]q_(Ref.13) and Re—-0 distances of 1.86A in [Rezoczlojq”(Ref.lu)
and 1.91% in Re,0,(S,0NEt,),, (Ref. 15).

The'repulsion between nitrogen and chlorine atoms is best discussed
by comparison with the structure of the’OsCEBNz- anion16'shown in Fig.lb.
This jon is similar in having a short metal-nitrogen bond with all four
cis chlorines bent away from the nitrogen. The Os-N bond is a triple one
and shorter then the title compound, nevertheless the N-C{ distances are
very similar, average of 3.0Lk in the ruthenium complex and 3.00R in the
osmium complex. This is possible because the angular distortion in the
osmium complex is greater, with an.average N-Os-cisC{ angle of 96.2° as
against an average N-Ru-cisCl angle of o4,7°.  Thus the amount of
angular distortioﬁ seems to be dictated by the requirement that.abminimum
N-cisCl distance of ca 3.0k be achieved.

In Both complex ions the bond length trans to the nitrogen is rather
long (Ru-O(water) of 2.175). Although a trans-influence iska possible
reason the more likely explanation is that the trans atoms are pushed
away by the cis chlorinés. The Ru-O(water) distance may be compared to
2.10} found in Cs,RuC (K,0) 17 nd an average of 2.12% in (CgHg) hsRuCH,
(H20)2'H20 18. The Ru-C{ distances are normal, only slightly longer
than the average Ru-C{ distance of 2.34& found in the last two compounds.
A comparison of the bon?lengths and angles in the complex ion with those
obtained in the parallel and independent study of the‘ammonium salt5
shows fery good agreement.

There are two crystallographically independent potassium ions in the
structure, both of which are co-ordinated to eight chlorine atoms placed

at the corners of a distorted cube at normal distances in the range

3.20 ~ 3.36&. The next nearest neighbours are in one crse two nitrogen
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atoms at 3.67k (Fig. 2a), ana in the other an oxygen ot 3.42h ond a
nitrogen at 3,755 (Fig. 2b).  These stick out of opposite facés of the
cube, but are too far avay to be considered as coordinated. The
spatial relationship of the complex ions and the potassium ions is
shown in Figure 3.

The water molecule also has four chlorine neighbours from two
adjacent complex ions. Two of these are at a distance of 3.25& which
might be consistent with a wesk O-H...Cf hydrogen bond. - However, it

is difficult to say whether any such interaction occurs as the water

hydrogen atoms could not be located.

oo

ON | ' :

Fig. 2.a, Fig. 2.b.
Schemutic drawings of the cocrdination round the two

crystal lcgraphicaly independent potassium atoms.
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The [0107 projection of the structure of K3[Ru2NCZS(H20)2]'

The figures in parentheses indicate the height of atoms. For sake of clarity
the chlorine atoms related by a mirror perpendicular to b have been slightly
offset.



TABLE 1.

estimated standard deviations in parenthesis;

£$ X’ Z'y

135

KBERuZchg(HZO)Z] : fractional co-ordinates x, y, z with

in &. X is parallel to g,

perpendicular to both, in a right-handed system.

Ru
K(1)
K(2)

ce(1)

ce(2)

TABIE 2.

isotropic

Ru
k(1)
K(2)

ca(1)

ce(2)

X

0.11018(9)

)
0.3606(4)
0.1799(3)
0.0649(3)

0

0.2496(9)

s O R

Nl

Z

X

——

0.00754(16) 1.719

0

0.0

0.4675(7) 34799

0.2270(6) 0.2450(5) 1.847

0.2259(6) -0.2297(5) 1.980

0

0

0

0

0.0177(21) 3.893

I

6 0.0
3,670
3.670
1.666
1.658 -

0.0

orthogonal co-ordinates

Y is parallel to b, and Z' is

0.0531

0.0

3.290

1.724

1.617
0

0.124

KB[Ru2N018(H20)2] : anisotropic thermal parameters and

temperature

812
0.00?O

0.0055
0.0042
0.0039
0.0045
0, 0048

0.0018

factors(B).

Bo2 P23
0.0070  0.0073
0.0090  0.0219
0.0172  0.0168
0.0158 0.0140
0.0131  0,0125
0.0053  0.0051
0.0129  0.0171

-0.0019

0.0001

.513

23
0.0021 0
0.0061 0
0.0052 0

0.0035 -0,0041

B(A9)
1.13(5)
3.00(19)
2.74(13)

2.61(10)

0.0045  0.0015  2.32(9)

0.0026 0

0.003%7 o

2.1(6)
2.4(4)



TABLE 3. KBERuZNCLB(HZO)z] : observed structure . amplitudes and
calculated structure factors. The 6 reflections marked with an asterisk

were omitted from least-squares refinement because of extinction.
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TABIE b4, K3[Ru2NCz8(H20)2] : interatomic distances [%] and bond

angles(o). The standsrd devistions also take into account the

uncertainty in the unit-cell dimensions.

Ru - Cf 2.364(6)
Ru ~ Cg2 2.367(6)

Ru - N | 1.720(4)

Ru - O 2.175(17)
K1 - C21 3.225(7) N~-cCcal 3.027(6)
K1 - Cg2 3.253(7) . N =Cg2  3.046(7)
K1 - N 3.67(1)

Cfl ~ Cg2 3.34(2)

K2 - Ccpl 3.206(8) O ARE AR 3.33(1)
K2 - €1,  3.197(9) C - Cf2,  3.32(1)
K2 - c;az3 3.201(9) ¢ - ce2, 3.83(1)
K2 J'Cz25 3.358(8)
K2 - 0, 3.42 (2) 0~-Cf 3.09(2)
K2 - N, 3.75 (1) 0 - Cg2 3,07(1)
N - Ru - Cf1 94,3(2) Cfl - Ru -~ Cg2 90.0(3)
N - Ru - Cg2 95.2(2) GfL - Ru ~ €, 89.7(3)
O -Ru-Cgl 85.6(3) ' C22 - Ru - Cf2,  88.9(3)
O ~ Ru - Cg2 85.0(3) ‘ N-Ru-0 179.9(4)
Subscripts refer to atoms in the following positions : 1 Xa=Ye2 3

1. 2 . 1. 2
2 -X,¥s=z 3 3 ZX,34y,-2 3 b4 %"xa%""yal“z 3 5 zix,z-y,l+2,
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CHAPTER IV

The Structure of the

p-Nitrido-hexasulphatotriaquotri~iridate(IV, IV, III) ion

_ n
[Ir5N(SOL+)6(H20>3'1



ABSTRACT

The crystal structure of ammonium p-nitrido-hexasulphatotriaquotri-
iridate(IV, IV, III) has been determined from three-dimensional X—réy
diffractometer data. The compound forms cubic crystals for which
a = 22.8054, least-squares refinement in space group IEBQ using 565
independent reflections gave R = 0.032. .

The structure contains the complex_ion'[IrEN(SOq)6(H20)5]4_. In it
the central nitrogen atom, which lies on a threefold axis, is coordinated
to three iridium atoms, and each pair of metal atoms is joined by double
sulphate bridges. The octahedral coordination about iridium is completed
by water molecules trans to the nitrogen. The arrangement of the nitrcgen,
iridium atoms énd water molecules is essentially planar. The Ir-N
distances are 1.918%, Ir-1,0, 2,058%, and Ir-o(suiphato) 2,006 ~ 2.o59i5

A clear-cut distinction could not be made between the amménium cations

and molecules of water of crystallisation which are also present in the

lattice.
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INTRODUCTION

Although a substantizl number of polynuclear oxy-complexes are known,
there are few examples in literature of polynuclear nitrido-species. The
structures of two binuclear p~nitrido complexes have recently been
reported. They are those of‘KB[Ru2N01é(H20)2](1) and (NHq)quu2N018(H20)éTE2)

The structures of trinuclear p-nitrido complexes have not been
examined by X-ray methods until now, althoﬁgh some have been known for a

(3)

long time . A number of these compounds have, however, been examined

by I.r. and Raman spectroscopy: Kq{Ir N(Soq)6(H20)3], qu[Ir N(Soq)6(H20)3],

3 3
K7[Ir3N(s04)6(0H)3], anq qurIr NC1. _(H,0) ](4? Our original intention

3 71202773
had been to examine the structure of the complex hqur3N(°oq)6(H20)3]'
Unfortunately, the crystals were found to be unsuitable for data
collection.

It proved possible, however, to find a good crystal of an ammonium salt,

- - \ n . ) > 1 4 r .
containing the same complex ion and given the formula (th)h“IPBN(SOA)6(H20)3]
3H20~4 The presence of both NHL++ groups and molecules of water has led, =s
had been feared, to difficulties in distinguishing them. Nevertheless,

the main point of interest i.e. the structure of the complex ion

[IrBN(SOq)6(HEO)3]-L,r has been established with confidence.
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DA PERIMENTAL

Ammonium p-nitrido-hexssulphatotriaguotri-iridate(IV, IV, III)
was prepered by Delépines method(B) and crystzllised frenm su]phurlc 2cid
a5 very dark green crystals. They were kindly provided by Dr. M.J. Cleare
and Dr. W.P., Griffith. The crystzls were tetrahedral in shape and showed '
a tendency tovtwin, forming aggfegates which, however, could be easily
broken up to give separate crystals.

Preliminary bscillation and Veissenberg photographs showed that tﬁe
crystals vere cubic, with m3m Laue syrmmetry. The systematic absences
were hkl: h + k + ] =2n + 1 and hhl: 2h + 1 = 4n + 1. “hese indicate
uniquely the space group EE}Q (No. 220).

Three—diménsional X-ray data were collected for a cryst=1 of
tetrzhedral shape, with edge dimensions of ca. 0.15 mm. It was mounted
about the [111] axis on a Siemens off-line automatic diffrmctometer, usiﬁg
Cu—Ka rediation at a take-off angle of 4.50, a Nip filter andba Na(Tl)I
écintillation counter, The @ - 20 scon tec“nlque was employed, using a
”fiv;;Vﬂlue" measuring procedure(é). A total of 565 independent reflections
were measured (to @ = 50 ), of which 14 were judged to be unobserved as
their net couné‘was below 2.58 times the standard deviation (i.e..below
the 99%'confidence limit) and were assigned a count equal to this figure.
The 1200 reflection was used as a reference every 25 reflections; its
count did not alter significantly during the period of data collection
(ca. 2 days). The data were scaled using the reference reflection and
the Lorentz-polarisation correction was applied.

The Qnit—cell dimensioﬁs measured on the Sicmens diffractometer
(Cu-k, = 1.500518) at 20°C gave & = 22.805k (o = 0.0058). ¥ = 1136087,

1

I = -3y = = 7.0% -3
space group I1h3d, Dobs = 3,06 gem ©, 4 = 16, Dcalc = 3,05 gem © for a

o 8 - -3 - w0 — p
formula (an)“[1r3N<ooq)6(n20)3].5“H 0, M.W. = 1560171, F(0C0) = 10200.



SOLUTION AND RIEFINZMENT OI' THE 3TRUCTURE

The solut}on and refinement of the structure were carried out
using the Crystél Struéture Calculations System X-Ray-63 described
by J.M., Stewart in the University of Maryland Technical Report TR-64-6.
The Imperial College IBM 7094 cqmputer was used for these calculations.

The space greoup I143d has 48-fold general positions. As this
coincided with the number of iridium atoms in the unit cell it seemed likely
that there was only one independent metzl atom in a general position.

The predicted structure of the complex esnion had a trianglé of iridium
stoms held together by 2 central nitrogen. If this structure wss

accepted as correct (as proved to be the cazse), one would have a'triangle
of iridium atoms ca. BA apart. This gives rise to a regular planar

hexagon of peaks in the Patterson all~3§ from the origin. Although

severzl such peaks were present, no combination gave a planar hexagon. In
retrospect it can be seen that this difficulty waé caused\by the very high

| symﬁgﬁry, m3m, such that a total of eight hexagons are found about the
origin - in four pairs, which are perpéndicular to the 3-fold axes, and the
two hexagons of each pair are related to each.other by mirror planes.

This profusion of peaks produces overlaps in cases of some of them, giving
peaks wﬁose maxima are in incorrect positions. It was only after it was
realized, that a planar héxagon can be built up only out of peaks whose
coordinatés obey the following rule 'ul + lv! = 'w!, that it proved
possible to disentangle all the existing hexagons and show where the true
positions of peaks 1l-y in the c=se of coalesced peaks. These hexagon
peaks, together with those of the type u, O, w, vere used to fix an iridium
position at X = -2.0125, y = 0.1000, %2 = 0.0750. Refinement of this
position gave s value for the standard agreement factor

R( = $‘|F‘| - l;c][/ﬁ |FJ 3 of 0.25. The two indevendent sulphur atoms
-_— ) bl .



vere located from a resulfant difference Yourier. Further-refinement
including the=ze positions reduced R to 0.16. HNext, all eight oxygen atoms of
the sulphate grcups were located, and refinement reduced R to 0.090.

The two remesiring arnion =toms, the bridging nitrogen on = triad, and

the water oxygen were then located and gave R = 0.086. Four other peaks

were =t this stage azssigned bezring in mind required point symmetries,

2s follows: a nitrogen on a triad, a nitrogenon H(NH4+), Zn oxygen on a

diad gnd an oxygen in a general position (HEO)' Refinement including

thése atoms reduced R to 0.051.

Refinement was carried out by the least-squares procedure, minimising
the function Zw(F _ - Ec)a. The full-matrix ORFLS program which was used
throughout, haé no facilities of refining atoms having two or three coordinates
equal, and therefore at this stage the atoms on the three fold axes were kept
fixed in their positions during the refinement. .

Next the iridium and sulphur atoms were allowed to refine anisotropically,
but this gave only a fairly small improvement in R, to 0.047. A correction
for ;£omalous dispersion was applied for the iridium atom: with the sign
of Af" one way R drcpped to Q.OQS, while with the sign reversed R rose
to 0.060. A difference Fourier now revesled znother atom in a general
position, but its low pesk height and very elongzted shape suggested the
presence of disorder. Further refinement including this atom, tentatively
as oxygen, with hzlf-occupsncy, reduced R to 0.038.

Although the crystzl was regular in shape, it was decided to carry out
an rbsorption correction before proeeding with refinement, becausé the
absorption coefficient (y = 301.6 cm-l) was quite high. The correction
was Mode using the Gaussian integration method with a 10 x 10 x 10 grid,
described by Busing and Levy(7) with crystal path lengths determined by the
vector analysis procedure of Coprens et al. No significant positicnal
shifts occured, but the temperature factors rose, on average, by 25+, there

was nosignificant improvement in R.
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In order to be able to refine the two ~toms lying on a triad the
ORFLS program was "patched”(g) to keep x = y = z. Refinement in this
way reduced R to 0.035.

At this stage a difference Fourier was computed to try to find the
hydrogen a£oms. Although various peaks were observed, which could be
hydrogeng, it was felt that such positions would only be hopeful guesses.
Inability to locate the hydrogens with confidence makes it very difficult
to decide which of the atoms outside the complex anion is an ammonium ién,
and which is a w=ter molecule. Various refinements were carried Qut in
which the labels were changed, but these gsve only changes of B of AEAZ
and insignificant chsnge in R. Even the point symmetry of some of the
positions can rot be 2 firm guide (i.e. NH4+ on & or 3) since disordgr is
known to exist for at least one atom in the structure. It must in
honesty be stated thzat the naming of these five atoms (Table 1) is not
certain, and probably could only be placed on a firm basis if a neutron-
diffraction study of the compound were carried out.

The limited number of independent reflections does not allow all
atoms to be refined anisotropically. ;Of the light atoms, only five were
chosen for anisotropic refinement - four of the sulphate oxygen, which
showed greater anisotropy than others in the complex ion, and the disorder
oxygen. This gave R = 0,033.

At this stage a weighting scheme of the type described by Hughes(lO)
was applied vhere fw = 1 if F < E*, and Ju = z*/zg if ;g > F*, with
F* = 500. This reduced the standard deviations by ca. 20% and refinement
was terminatearat R = 0.032.

A final difference Fourier showed thé highest remaining peak to be
O.9e/°l§3 in the vicinity of the iridium 2tom. The atomic scattering factors
used were those trbulated by Cromer and W'ber(ll) and the values fog the
real and imaginsry parts of the dispersion correctioﬁ those given by

Cromer(lZ).
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Table 1 lists the fin2l coordinates of the atoms together with their

isotropic temper-ture frctors, and Table 2 the coefficients for the
2 2 2
i i erat fa : expl-(a . h P ] h
anisotropic temverature factors: exp ('ll- + 22k + 33l + 2H12 k

+ 2g13§; + 2Q23§1)j. The standard deviations gquoted are from full-mstrix
refinement 2nd sre prebably more realistic than those which would have been
obteined from a block-dizgonal refinement. Table 3 lists the observed

structure amplitudes and the calculated structure factors.

DESCRIPTION OF THX STRUCTURE AND DISCUSSION

The majr-point of interest in the structure is the complex anion

[IrsN(SOA)G(H 0) 1#, shown as a stereoscopic vair in Figure 1. The central

23"

nitrogen atom lies on a triad, and is bonded to three iridium atoms at

a distsnce of 1.918% (¢ = 0.002%), The iridium atoms, therefore, form an
equilateral triangle of edge 3.322(2)A; there is of course no metai—metal
bonding. Each pair of metal atoms is joined by double sulphate bridges,
and the distorted octahedral coordination about iridium is completed by

a water molecule trans to the nitrogen. The arrangement of the nitrogen
atom, iridium atoms and water moiécules is essentially planar, with a
maximum deviation from the least-squares plane of 0.012%, The structure

(13)

of the complex ion has therefore confirmed the prediction of Jgrgensen

(14)

and Orgel and supports the results obtained from studies of the vibrational
spectra of normal and 15N-enriched salts(15).

The Ir~N bond length, (1.918%), may be compzred with other known
metal-triply bridging ritrogen distances in (CH3N)2Fe3(CO)9 of mean value
1.928(11)%, This bond length is 0.14% shorter than the sum of the single-
bond covalent rsdii, 1.z2R (Ir(III), octahedral) and 0.74R(N)(1?):Dhis
suggests thet there is some m~bonding between the 222 orbital of the nitrogen

stom (perpendieuler to the Ir_N triangle) and the suitably placed orbitals

3

on the iridium atoms.
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The distances Ir-O(sylphste) of 2.006 - 2.059 (¢ = 0.03%) and Ir-0
(g = 0,035%)
(water) of 2,058L) are normal. The differences observed in the $-0
distances in the sulph~te tetrzhedra are not significant; the average
S-0 distance is 1.479&. The more interesting bond distances and angles
in the complex anion are quoted in Table 4.

(16) of the 193Ir Mossbauer spectrum of -

In a recent study
K431r3(504)6-3H2013t 4°K two peaks were observed, and this was interpreted
as showing iridium atoms in two different oxidation states (III and IV).

The X-ray evidence does not indicate any departure from symmetry about

the threefold axis of the molecule, However, even if gome inequivalence
of the three iridium atoms were present it would not necessarily appear

in the crystaiIOgraphic data because, in the first place the complex

ion might adopt three different orientations in the crystal with equal
probability, fulfilliﬁg in this way the reguirements of three-fold symmetry.
Secondly, on the basis of_X-ray data, the three iridium atoms might

appear to be equivalent due to a time-averaging effect, vhereas the

very short time scele of MOssbauver measurements makes possible = distinction
bétween the iridium IIT and IV atoms. The third possibility is that the
situation at th is not quite the same as at room temperature at which the
X-ray structure was determined.

It is worth pdinting out that the standard deviation quoted for
the Ir-N distance 0.0021, assumes that the three-fold axis operates even.
at the molecular level, in which_égse the uncertainty in this distance
depends mainly on the standard deviétions of the iridium atom.coordinates.
If the three-fold axis is merely the result of averaging asymmetric
complex ions the "sténdard deviation" will be indeterminable, but the
variation in Ir-N distances will be much greater than implied by ¢ = 0.002%.

In view of the difficulty of distinguishing between a nitrogen and an

oxygen atom by x-ray methods the other evidence for the anion containing a
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nitrogen and not an oxygen as the central bridring atom can be summarised

as follows:

1.. A complex of a green colour can be obtaﬁsionlybfrom the ammonium

(17)

salt in the reaction

(NH4)3r1r016] + H,50, - [IrBN(Soh)G(HZO)B]Qh, while an oxy-complex of a
(18)

blue colour is obtained in the reaction

10-
K3[1r0161+ H,80, - [IrB_Q(soq)g'l

2. Analytical data for K4[Ir3N(804)6(H20)3], CsQ[IrBN(SOA)6(H20)3],

K7tIr3N(f04§6(OH)3] and Cs,[Tr NOL ,(H,0),7] all show presence of the
15

nitrogen

3. The infrored spectra of normzl and o) substituted CSREIrBN(SOR)G(HZO)B]’

K7[Ir3N(SOA)6(OH)3] and 054[1r3N0112(320)3] are different. In each
1

case one band nesr 780 cm—l shifts-downwards in frequency by ca. 20 cm ~ on

15 (15)

N substitution

3

. This band can not be attributed to NH4+ or NH, since
such species do not show infrared bands in this region. |
4, A1l the complexes quoted in (3) above are diamagnetic(l9); the
corresponding .oxy-complexes (e.g. KAEIrBO(SOh)6(H20)3] are paramagnetic, since
they contain an odd number of electrons.

The presence of a nitrogen atom at the centre of the mion also
has crystallographic suprort - the temperature factor B of the nitrogén,
0.832, is the same as that of the iridium atom. This is exactly what one

would expect i.e. that the tightly bonded Ir,N unit would vibrate in a

3

very similar way. When, in the final stages of refinement an oxygen atom
was substituted, at the centre of the anion, its temperature factor rose to
2.91°,

The formula used in a previous section of this chapter, (NH4)4[1r3N(304)6

(HZO)BW.B%Hzo, agrees ressonably well with the analytical data(ZO)
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Found Calculszted
NH4+ L. 9% 5,39
N(total) L, 8% ' 5.1%
S 1k, 4% : 14,19
0 36.0% 36,24
Ir Ly, 2 26.2%

mean 42,45
Lz,7 L2, bl

As was pointed out when describing the refinement of the structure,
the labelling of the atoms outside the complex anion is uncertain, and
therefore detailed discussion of them is omitted. Intermolecular
distances were, however, calculated for all those species, and some of
the more intéresting ones are quoted in Tsble 5. It is quite obvious
from these distances that a considerable number of hydrogen bonds occur
between the ammonium ions, water molecules and the outer atoms of the
complex anion.

The structure of the complex ion [Ier(SOu)6(H20)31u— is the first-

established exsmple of a coplanar triangular M_N unit, with the nitride

3
nitrogen acting as a bridging atom. An anzlogous arrangement has been

suggested by Jﬁrgensen(13) for the IrBO unit in [Ir30(304)9]10- and his

suggestion has received some support from studies of the vibrational

)

spectra of oxy-complexes( .

The coplanar (or nearly so) M3O unit has been suggested for a

number of complexes such as [RuBO(OAc)6](OAc).8H20 and [(MeHg)3010104(17),

investigated by Raman and I.r. mefhods, and for four others which had

structures determined by X-ray methods. These four comvlexes are:

(21)

[(Mn o(oAc)6]OAc.HOAc . [FeBO(OAc)6(H20)3101.6H20, the chromium(III)

3

analog 22 isomorphous to it and recently examined compound

FRuBO(OAc)6(PPh3)31(23). Since the accurrcy of the determination of
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the structure of the first two compounds is rather low, the selected

average ilnteratomic distances are quoted below only for the Cr and Ru

compounds
(ay) (23)
[CrBO(OAc)G(HEO)BWCl.6H20 [RuBO(OAc)G(PPhB)E]
M-0 (central) 1.89(1) 1.92(2)
M-0 facetate) 1.98(1) 2.06(2)
MeoooH ' 3, 274(4) | 2%.329(3)

M-L o 2.02(1) (L = H,0) 2.414 (L = PPh)



Molecular structure of [Ir

Fig. 1

N(SOh)6(H2

0)3')-1+ ion.,

1352




Table 1

Froctional coordinates, x, y, z, with estimated standard deviations in

parentheses,; and isotropic temperature factors.

Atom x | y 2 B(1%)
Ir  0.23705(8) 0.32403(8)  0.35079(8) 0.8(c.1)
N(1) 0.3042(14) 0.3042(14) 0.3042(14) . 0.8(1.2)
s(1) 0.2208(6) 0.1861(5) 0.3506(6)  L.h(0.b)
s(2) 0.3280(6) 0.2834(5) 0.4519(5) 1.2(0.4)
0(11) 0.1546(16) 0.2455(14) 0.3321(16) 2.2(0.9)

)

o(12)  0.2839(15) 1910(15)  0.3599(15) 1.5(0.8)
0(13) 0.1890(14) 0.1536(15) 0.3836(15) 2.0(0.7)
o(14) 0.2160(16) 0.1628(17) | 0.2825(18) 3.0(0.8)
o(21)  0.3283(15) 0.2300(14) 0. 4866(15) 2.1(0.7)

o(22) 0.2663(15) 0.2932(14) 0.4278(14) 1.4(0.8)

o

o(23) 0.3458(16) .3345(15) 0.4855(15) 2.7(0.7)

Q

o(24) 0.371L(14) .2789(15) 0.4001(14) 1.5(6.8)

0.(1) 0.1651(15)

o

.3500(15) 0.3990(15) 2.4(0.6)

N(2) 0.1646(15) 0.1646(15) 0.1646(15) 0.5(1.2)
R(3)  0.0859(24)  0.2233(20)  0.4220(23)  5.8(1.1)
o(2) 0.1830(35) o ' s 5.3(2.3)
o(k) 0.2879(51) 0.0723(34) 0.2495(kz Y 5.9(3.0)

o(5) B 3 T 4,6(1.9)

(The atom lszbels of the last five atoms are subject to uncertainty.)



Atom Bll

Ir 0.00061(5)
5(1) 0.0008(3)

s(2) 0.0009(3)
0(11) 0.0014(8)
0(12) 0.0011(8)
0(22) 0.0005(7)
o(24) 0.0013(8)

o(L)

Table 2

Anisotropic thermsl psrameters

0

0

0

0

0

0

o

B2z 833 F12
.00056(5) 0.00060(5) 0.00067(3)
.0005(3) 0.0007(3) -0.0003(2)
.0006(2) 0.0003(2) ~0.C001(2)
-0003(?7) 0.0016(8) ~0.0001(6)
.0007(7) 70.0007(?) -0.0004(6)
.0015(8) 0.0005(6) -0.0001(6)
.0004(7) 0.0007(7) -0.0001(6)

0026(27) 0.0023(21)

0.0067(41) 0.,0003(15) O.

13

0.0010(3)
-0.0001(2)
0.0000(2)
~0.0004(7)
~0.0003(6)

0.0001(6)
~-0.0001(6)

-0.0029(28)

154

/
23

.00007(3)
.C002(2)
.0001(2)
.0000(7)
.001(6)

.0001(6)
.0004(8)

.0014(17)



Table 3

Final observed and calculated

structure factors

The format of the table is

1 101F | 101F
) —c

Reflections of intensities not
significantly greater than the
background ("less-thans'") are

marked s *

ot
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Table 4

. ' ..
Selected bond lengths (R) and angles(®) in the anion [IrBH(304)6(H20)3".+

(5tandard devistions are given in pmrentheses)

Octahedron sround iridium atom

Ir - N(1) 1.918( .2) Ir - 0(12) 2.025(32)
Ir -~ 0(1) 2.058(35) Ir - 0(22) 2.006(32)
Ir - 0(11) - 2.059(33) Ir - 0(24) 2.051(32)
N(1) - Ir - 0O(11) 95.1(1.1) 0(1) - Ir - 0O(11) 87.0(1.4)
N(1) - Ir - 0(12) 95.0(1.1) 0o(1) - Ir - 0(12) 83.2(1.3).
N(1) - Ir - 0(22) 98.0(1.1) o(1) - Ir - 0(22) 84.0(1.4)

N(1) = Ir - 0(24) 87.9(1.0) 0o(1) - Ir - o(24) 90.2(1.3)
0(11) - Ir - 0(12) 90.0(1.4) o(24) - Ir - 0(22) 87.0(1.3)
0(12) - Ir - o(24) 94.0(1.3) 0(22) - Ir - 0o(11) 88.4(1.4)
0(11) -~ Ir - o(2%) 175.0(1.4) 0(12) - Ir - 0(22) 167.0(1.3)

N(1) - If - 0o(1)  177.1(1.0)

Tetrahedrons aroﬁnd'sulphur atoms-:

s(1) - o(11) 1.482(34) s(2) - o(21) 1.L61(35)
s(1) - o(12) 1.510(36) s(2) - o(22) 1.529(35)
s(1) - 0(13) 1.426(35) s(2) - 0(23) 1.557(36)
s(1) - o(1i4) 1.433(42) s(2) - o(2y) 1.532(34)
0(11) - s(1) - 0o(12) 109.1(2.0) 0(22) - 5(2) - o(24) 109.3(1.8)
0(11) - s(1) - o(13) 107.3(2.0) 0(22) - s(2) - o(21) 108.7(2.0)
0(11) - 5(1) - 0(14) 105.9(2.2) 0(22) - s(2) - 0(23) 109.1(2.0)
0(12) - s(1) - o(13) 108.8(2.0) O(24) - s(2) - o(21) 110.7(2.0)
0(12} - S(1) - o(14) 111.7(2.1) o(24) - s(2) - 0(23) 105.2(2.0)
0(13) - 5(1) - o(14) 113.9(2.2) o(21) - 5(2) - 0(23) 113.1(2.0)



Table 5
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Some selected non bonded distances in (NH4)4[Ir3h(b04)6(H20)3]'?%Hgo'

N2) - o(u)T

o(23) - N(a)II

N(Z) - o(13)I

N(3) - o(4)tH

0(13) - o(1§V

0(2)
0(2)
-0(4)
o)
o(h)
o(k)

o(24)?
o(i)?
o1t
o(11)’
w(s)’

n(z)'t

0(13) - o(s)V

o(21) - 0(5)V

III 2 - %y % = ¥

V 2z, x, ¥

VI

v

1
=3

%_Ziy-‘—&’

2.935
2.896
2.972
2.409
2.680
3.093
2.906
2.746
3,013
3.131
3,114
3.065
2.995

Superscripts refer to atoms in the above positions.

x3
X3

x2

x2

xh
xh



9.

10,
11.
12.
13.
1k,

15- .

16.

17.
18.

19.

20.
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