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ABSTRACTS



Chapter I:

Lipscomb and King's hindered rotor expression
was applied to the rigid body routine of M.J. Bennett
and B.M. Foxman. The programme SFLS5 was modified
to calculate the contribution of the hindered rotor
to the structure factors and to do a full matrix least
squares refinement of the input parameters. The
programme was tested on several sets of published
X-ray data. The results showed that the model gives
correct bond lengths without recourse to "riding
corrections". The barrier parameter Bd is related
to the RMS angular displacement of the ring but is not
necessarily a measure of activation energy.

Chapter II:

The compound ferrocinium picrate [Fe(C5H5)2+]
[H2C6N307_] crystallizes in space group Cmcm (Z = 4)
with cell dimensions a = 12.513(7)£, b = 20.267(9)&,

c = 6.903(7)%. The structure was refined, using SFLS5
as modified for the hindered rotor model, to a conven-
tional R factor of 6.0%. The compound consists of two
ionic species, the ferrocinium cation, and the picrate
ion. Both ions sit on sites of mm symmetry and show

some disorder.
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Chapter III:

Hydridotriphenylsilyl (r-cyclopentadienyl)
dicarbonyl manganese, h-CSHS)(OC)ZMn(H)Si(C6H5)3,
crystallizes in the space group P21/n with unit cell
dimensions a = 13.200(3)A, b = 17.328(4)X, c = 9.438(2)A,
B = 92.47(4)°, 2 = 4. The structure was refined to a
conventional R factor of 4.2%. The geometry around the
manganese atom is that of a distorted square pyramid,
with that of the silicon atom a distorted tetrahedron.
The hydridic hydrogen was located on full data and low
angle difference maps and was subject to refinement.

It is located in a bridging position, lying 1.54(4)3
from the manganese and l.76(4)£ from the silicon.

Chapter 1IV:

Dihydrooctacarbonyl dirhenium, H ReZ(CO)S,

2
crystallizeé in space group P21/c, a = 8.96(2)3,

b = 11.62(2)3, c = 12.85(2)&, § = 109.2(1)°, with

four molecules per unit cell; The structure was
refined to a conventional R factor of 10.5%, all atoms
isotropic. There is octahedral geometry about each
rhenium, the hydrogens being assumed to occupy the
vacant co-ordinated positions. The doubly hydrogen

]
bridged Re-Re bond of 2.896 (3)A is shorter than normal

Re-Re single bonds.



The topics covered in this thesis involve X-ray
diffraction. Undefined symbols have their standard
crystallographic meaning and are defined in Appendix C.
The standard theoretical and experimental procedures

can be found in detail elsewherel’2'3.



Chapter I

THE HINDERED ROTOR



INTRODUCTION
In X-ray diffraction the structure factor Fhkz

can be generally expressed a52

Fhkz = J J J pXyz exp[2nz h.r] dx dy dz . [1]
Xy 2
If the assumptions are made that atoms are at rest
and the electron density is zero elsewhere in the cell,

the expression simplifies to

F =z
hky i

fi exp[21n'(hxi + kyi + zzi)] [2]
where fi is the scattering amplitude of atom i at an
angle 9 and allows for the finite size of the atom.

In general, atoms are not at rest, but are in continual
motion. To allow for this, Debye3 derived a tempera-
ture parameter B which was related to the mean square

displacement of an isotropic harmonic oscillator. Then

Fhkz became

F = § fi exp[—B(sine/A)z]exp[Zni(hxi+kyi+zzi)]. [3]

hks i
In many cases a better description of the motion of the
atoms can be obtained by assuming a general rectilinear
harmonic oscillator4. This model is conveniently handled

in tensor form and the six unique thermal parameters of

the general case are related to the root mean square
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amplitudes and the direction cosines of the three
principal axes of the ellipsoid of vibration. The
isotropic and anisotropic models are usually considered
practical to describe most crystal structures.

The major disadvantage of these models lies in the
large number of parameters required to describe the
crystal structure, especially in large molecules such

as RhH(CO)(P(CGH Since the isotropic model

5)3) 3"
requires four parameters per atom (x,y,z,B) in the
general position and the anisotropic model requires
nine parameters per atom (x,y,z and for example 811,
Boor 833, Bygr 813, 623)a full matrix refinement of a
large molecule would require excessive computer time
and storage. There are two obvious solutions to this
problem. The first is to use block diagonal refinement6
rather than full matrix refinement. This cuts down
greatly on both time and storage requirements, but has
the disadvantage thaf some large parameter correlations
can be ignored, even with an apparently sensible choice
of blocks.

The second method retains the use of full matrix
refinement and utilizes known geometries for certain

7’8, the disadvantage of the method being

rigid groups
that significant deviations from ideal geometry will be

missed. In this method, certain groups of atoms are
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treated as a unit. It is assumed that the groups
are internally rigid and the temperature factors of
the atoms are dependent only on the motion of the
rigid body as a whole. Such a group may be defined
by setting up an internal Cartesian co-ordinate system
within the rigid body. The positions of individual
atoms within the group can then be specified with
reference to the internal co-ordinate system. This
co-ordinate system can be related to the crystallo-
graphic co-ordinate system by means of a transformation
matrix. Since the atoms within the group are assumed
to have fixed positions relative to the internal co-
ordinate system, it is only necessary to refine the
origin and orientation of the co-ordinate system with
respect to the crystallographic axes, as well as refining
temperature factors for the individual atoms and/or the
rigid body as a whole. Use of such a model greatly
reduces the number of parameters to be refined.

Use of isotropic temperature parameters for the
atoms is based on the assumption that the rigid body is
undergoing only relatively small oscillations from its
mean positiong. The opposite extreme occurs if the
rigid body is rotating freely. Expressions for the
scattering of X-rays from such groups have been calculated

by Bijvoet and Ketellar10 and Zachariasenll.



- 4 -

Intermediate between the two extremes of free
rotation and no rotation is the case where the rotation
nf the group is hindered. Cruickshank12 found this to
be the case in benzene at -3°C. After anisotropic
refinement of the carbon atoms, he found that the
tangential motion of the atoms was much greater than
the radial motion indicating an oscillation of the benzene
ring about the hexad axis. In order to describe this
motion better, he assumed that the benzene ring was a
rigid body. Then its motion could be described in terms
of two tensors, T describing the translational motion,
and w associated with oscillationsl3. Using this method
of analysis, he showed that the major ring oscillation
was about the hexad axis with a RMS (root mean square)
angular oscillation of 7.9°. From this it was also
possible to calculate the apparent shortening of the C-C
bond due to the motion of the ringl4. The method was
later extended by Schomaker and Trueblood15 to the case
where there was no pre-ordained centre of rotation and
allows for a coupling of rotation and translation via the
introduction of a third tensor S. The Cruickshank T and
w tensor elements have been used as model parameters
within a structure factor and least squares programme16

although strictly speaking the site symmetry of the group

is limited. The general case of Schomaker and Trueblood
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has not been incorporated into a structure factor and
least squares programme and its application is currently
limited to the analysis of the results of an anisotropic
independent atom refinement.

A different approach to the problem of hindered

rotation was taken by Lipscomb and King17

in 1949, at
which time the anisotropic tensor description was not
known. They derived an expression for the calculation
of the intensity of X-ray scattering from rigid groups
undergoing hindered rotation. The assumption was made
that the rigid group rotates about a fixed axis with a
sinusoidal hindering potential. The method was used

by Prewitt18 in 1965 when he treated the cyclopenta-
dienyl rings in [C5H5Fe8]4 as hindered rotors. He
assumed that each cyclopeﬁtadienyl ring formed a regular,
planar pentagon with D5h symmetry and that the motion of
the atoms is predominantly in the plane of the ring. The
other motions of the group were described by a single
isotropic temperature factor B, this being a modification
of the original King and Lipscomb model. This model was
refined by means of two matrices in a block diagonal
refinement; one 4 x 4 matrix for X,¥,2 and B, and a

2 x 2 matrix for the radius of the ring, and the relative
barrier. Use of this model gave cyclopentadienyl C-C

bond lengths in good agreement with the average C-C bond
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length obtained when corrections for thermal motion
had been made for the individual atom models. It
also required far fewer parameters to describe the
system although this resulted in a higher R factor;
6.9% for the hindered rotor as compared to 5.8% for
the individual atom. Also, the hindered rotor model
had the advantage that it placed the electron density
on the arc of a circle giving a curved distribution
rather than attempting to describe the distribution in
a rectilinear manner as in the conventional isotropic
and anisotropic models. However, there were disad-
vantages. The particular blocking of the least squares
matrix was unfortunate-in that the correlation between
the two parameters associated with a description of the
thermal motion was ignored. This caused severe over-
shifting and necessitated the introduction of damping
factors. Because the ring orientations were well
defined from the previous individual atom refinement,
these were not refined and the programme was developed
with a limited scope. However, the utility of the model
had been demonstrated for a routine organometallic
structure.

In order to refine n parameters by means of full
matrix least squares refinement, a symmetrical matrix
containing (n/2) (n+1) unique elements is required. Both

the computing time required and the storage demands for
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a least squares cycle are proportional2 to (n/2) (n+l).
Thus, any decrease in the number of parameters to be
refined will result in a proportionately greater decrease
in time and storage requirements and in the computing
cost. It was therefore deemed more economical to
develop a programme that allowed the ring orientations
to be refined rather than to obtain these parameters
from a complete individual atom refinement.

In the following work, the rigid body expressions
available in the rigid body modification of the basic
full matrix least squares programme SFLS5 by C.T. Prewitt
(1966) were used in conjunction with Lipscomb and King's17
hindered rotor expressions. SFLSS5 was then further
modified to calculate the contribution to the structure
factors by a group undergoing hindered rotation and to
do a full matrix least squares refinement on the input

parameters.



Notation

93

P(6')

t=a

R

|~

1<

e '

THEORETICAL

complex scattering power of the ith
atom

average complex scattering power of
atoms in a ring

probability function of the ring at
an angle 6'

reciprocal lattice vector corresponding
to the Miller indices h,k, %

instantaneous position vector of the
atom which may be resolved into two
components:

vector from the real lattice origin
to the centre of rotation, and

vector from the centre of rotation to
the instantaneous position of the
atom

potential barrier to rotation

potential at rotation angle 6'

number of minima in the potential

instantaneous rotation angle measured
from the x axis of the internal Cart-
esian co-ordinate system in the

rigid body
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xci, yci, zci fractional co-ordinates of the
centre of gravity of the ith rigid
body

. rotation angle at which the potential
is a minimum

D,E angles (in radians) defining the
orientation of the plane of the
ring. The direction cosines (with
respect to the chosen internal
Cartesian co-ordinate system) of
the plane are:

m; = cosD sinE
m, = -sinD
and my = cosD cosE

R radius of the rigid body in R

X (i)

Y (i) Cartesian co-ordinates in g of ith atom

Z(1i)

[L] transformation matrix from the internal
co-ordinate system of the rigid body
to conventional crystallographic
co-ordinates ‘

d; to de non-zero elements of the matrix [L]

*
q, = l./(a sinB siny )

*
q, = coty /b sina



gp;

PO

Bd
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*

1 COsa cosy -—-cotB
q, = = — %
3 c

siny

q, = 1./(b sina)
q5 = ~-c cota
e = l./c
population factor of the ith ring
Debye temperature factor for the ith
ring
conventional Bragg angle
wavelength of X-radiation used
form factor for atoms of the ith ring
absolute temperature
Boltzman's constant
imaginary number = /=1

relative barrier Bd = VO/ZkT

The rigid body expression of M.J. Bennett and

B.M. Foxman assumes a rigid ring system based on a

regular planar polygon of order n possessing Dnh symmetry.

A right handed Cartesian co-ordinate system is defined

such that the origin lies at the centre of the polygon,

*
with the x and z axes being parallel to the a and ¢ axes.,

If the ring lies in the XY plane, then the co-ordinates
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of the first atom can be defined as (R, 0, 0). The

th

position of the i atom is then

X(i) = R cos 27 (i-1)/n
Y(i) = R sin 27 (i-1)/n [4]
and Z(i) =0

with respect to the Cartesian co-ordinate system. The
direction cosine of the ring normal in its standard
orientation is (0, 0, 1). Rotating this polygon about

the z axis, the ith vertex becomes

X(i) = R cos (¢ + 21 (i-1) /n)
Y(i) = R sin(¢ + 27 (i-1)/n) [5]
Z(i) =0 .

The direction cosines of the plane are still (0, 0, 1).

If this is followed by a rotation of D radians about

the x axis and E radians about the y axis, the direction
cosines of the plane'become (cosD sinE, -sinD, cosD cosE).

The co-ordinates of the ith atom are then

X(i) = R[cos (¢ + 27 (i-1)/n) cosE

+ sin(g¢ + 27 (i-1)/n) sinD sinE]
Y (i) = R[sin(g¢ + 2w (i-1)/n) cosD] (6]
Z(i) = R[-cos (¢ + 27(i-1)/n) sinE

+ sin(¢ + 27 (i-1)/n) cosE sinD]

Transformation to crystallographic co-ordinates using
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matrix [L] plus translational correction gives the

fractional co-ordinates of the ith atom as

x(i) = q; Rlcos (¢ + 27 (i-1)/n) cosE

+ sin(¢ + 27 (i-1)/n) sinD sinE] + X,
y(i) = a, Rlcos (¢ + 2m(i-1)/n) cosE

+ sin(¢ +2m (i-1)/n) sinD sinE]

+ d, Rlsin(§ +2w (i-1)/n) cosD] + Yo

and z (i) d5 Rfcos (¢ + 27(i-1)/n) cosE [7]
+ sin(¢ +27(i-1)/n) sinD sinE]

+ dg Rlsin(g +2w(i-1)/n) cosD]

+ dg R[-cos (¢ + 2m(i-1)/n) sinE

+ sin(¢ + 2m(i-1)/n) cosE sinD] + Z
where q; are the elements of the transformation matrix
[L]. Replacing the fixed angle ¢ by the continuous

variable 06', the dot product, 2th-v, used in later

expressions, becomes

2thv = ¢ cos8'+ dsin®"' (8]
where e = 27R[ (h q; + k dq, + 2 q3)cosE -
2 9 sinE] [9]
and d = 2wR[ (h q, + k q, + & q3)sinD SinE

+ (k q, + 4 qs)cosD + 2 qg COSE sinD].
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If a' is defined as a' = /o2 + g° [10]

arc cose/a‘

and n

arc sin d/a‘ [11]
then the dot product 2th*v becomes

27h*v = a'cos(6' - n). [12]
These rigid body expressions can now be used in calcu-
lating the contribution of groups in hindered rotation
to the structure factor. The derivation parallels
that of Lipscomb and Kingl7.

The contribution of the hindered rotor groups to

the structure factor can be expressed as

F [13]

hke = 93
the summation being over all atoms in the unit cell which
are members of a group undergoing hindered rotation. The
instantaneous complex scattering power of an atom in a
ring is given by

£, exp[2ni h-r] [14]

Q.
[
i

fi exp[2ni h-klexp[2ni h.v].
If the probability distribution is given by P(6'), then

g = £, exp[2ni h-k] -
2T
J P(6')exp([2nZ h-v]de'. [15]
o

Using a potential function

V =-%V, cos n(8' - ¢) [16]
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and assuming a Maxwell-Boltzman distribution for the

probability function, P(6'), then

exp[VO cos n(8' - g)/2kT]
P(e') = 5 y (17]
exp[Vo cos n(6' - ¢£)/2kT]de"

(o]

Substituting this expression for P(6') into equation [15]

and using the dot product expression of [12], one obtains

g = £, expl[2ni h-k] - [18]

27
j exp[Bdcos n(6' - ¢) + Za'cos(e' - n)lde’
o

2T :
J exp[Bdcos n(6' - £)]de’
o

where Bd = Vo/2kT.

Defining Mg(a',Bd) =

27

J exp[Bdcos n(8' - &) + Za'cos(6'-£)]de"

° 27 [19]
J exp[Bdcos n(6' - g)]de"
o

then § becomes
g = £, exp[2i h-k] M"(a',Bd). [20]
Mi(a',Bd) can be expanded into an infinite series.

Watson20 gives the following expression:
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exp[s cost] = I (s) + 2 % I (s)cos mrt
o m=1 M

¥ ¢ I (s)cos mrt [21]
m=0 m m

where €n = l when m = 0, and €n = 2 when m # 0. Jm(s)
is a Bessel function of order m and Im(s) is a hyperbolic
Bessel function of order m. Using these expressions, the

numerator of Mi(a',Bd) becomes

27
[Ze I (Bd)cos p(n8'-¢)][ze_I (Za')cos m(e' - £)e']
Jo p PP p m

[22]
27T

] | | I '
; ;emsplp(Bd)Im(a )J cos p(nd £)cos (6 .n)de .

o

By expanding the cosine term the numerator can be written

as
T Ze e I (BA)I_ (Za')-
pm mpp m
27n
J (cos pné' cos p¢ cos md' cos mn [23]
o

+ sin pné' sin pf cos mé' cos mn
+ cos pné' cos p¢ sin mé' sin mn

+ sin pné' sin pf sin mo8' sin mg)de' .

Making use of (1) summation of integral equalling the
integral of summation, and (2) the orthogonality of sines

and cosines, this expression simplifies to:
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21 I spIp(Bd)Ipn(ia')(cos PE cos pnn + sin p¢ sin pnn). [24]
P

Using the relationship

. PR
Jp(-28) = (-2)71_(s) [25]
given by Watson20 the numerator becomes
27 e <PPI_(BA)J_ (a')cos (pn(t - n)) [26]
p p p pn

and by the same method the denominator is 2nIo(Bd).
Mi(a',Bd) then becomes

.pn ' -
z€pz Ip(Bd)Jpn(a Jcos (pn (£ - n))

2 . ) [27]
Io(Bd)

Using this expression, the contribution to the structure

factor from the hindered rotors can be written as

. 2 €. '
- _p $in®e - i
F );figpi expl Bi ] exp[277 h-k]IM (ai,Bdi) [28]

hk e i A2 ni

the summation being over all the rings undergoing hindered

rotation.

Programming

The programme SFLS5 was modified to calculate the
contribution of a hindered rotor to the structure factor.
These modifications were mainly in the addition of two new
subroutines ROTOR and BESSEL, as well as modifications to

the input and output. It can be seen that there are two
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possible routes by which to calculate the M function:
(1) by means of the integral expression, equation
[19], or
(2) by use of the infinite series summation
form (Bessel functions), equation [27].
The first of these, the integral form, can be
calculated by means of Weddel's Rulelg. If one divides

the range of integration into 7 intervals, then

Jx0+6h

d(x)dx = %[yo + 5yl + y2 + 6y3 + y4 + 5y5 + y6] [29]

X
o

This can be expanded for use with (én+l) intervals, where

b JE(x)

n is an integer. An integral of the form J g(x)dx

a
can be expanded into a series of integrals where f(x) and

g(x) are two functions of x.

b b 2
J F ) g(x) ax = J [1+ £(x) + S0 (x) +...] g(x) dx

a a 2!
a b
= j g(x) dx + J f(x) g(x) dx [30]
b a
b
+ %, J £2(x) g(x) dx + ...
L) a )

which hopefully are easier to integrate. Thus the Mﬁ(a',Bd)
function can be broken up into a series of integrals which
can be calculated by means of Weddel's Rule, or integrated

analytically. However, it was found that even integrals
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of the form % J g(x) fz(x) dx became extremely compli-
cated (Figure 1) and required a minimum of 67 intgrvals.
Since this is an extremely slow method of calculation,

it was used only as a check on the results of the infinite
Bessel function series calculations.

The infinite series form of Mi (a',Bd) is

I_(Bd)
£, . _ .pn \ _
Mn(a ,Bd) = é ep & Jpn(a )TETB—d-)COS(pn(E n)) [27]
2m+p
where I (Bd) = (i?/(;ip): [31]
_qam 2m+pn
and J_(a') = 3y L=1) (a'/2) [32]

pn m m! (m+pn) !

J n(a') being a Bessel summation20

p
Bessel summation. It can be seen that whether any term in

and Ip(Bd) a hyperbolic

the summation is real or imaginary depends completely on
the value of ipn; all other functions are real. Thus,

if n, the order of the ring, is even, pn is always even
and <P? is t1; Mg(a',Bd) is then a real summation. If n
is odd, then pn alternates even and odd as P increases
causing Pt o alternate among *1 and t7%. Mi(a',Bd) is a
complex function which can be broken up into real and imag-

inary contributions:
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Figure 1

% g(x)fz(x) versus x

where g(x)

f(x)

The following
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g - .
Mn(d,Bd) = MR + zMI

I (Bd)
- _1yPn/2 1y_P _
. egen (-1) o Jpn(a )Io(Bd) cos pn(E-n) [33]
pn-1
. 2 ' -
+ ; zdd( 1) Ep Jpn(a ) Ip(Bd) cos pn(g-n).

Fhkz is complex and can also be broken down into real and

imaginary terms, generally called Ahkl and Bhkz'

2f; exp(2ni h-k) M:(a',Bd)

i

= ifi (cos 2rh-k + Zsin 2rh-k) (MR + iMI) [34]

S Ahkz = ifi (MR cos 27h-k - MI sin 2rh-k) [35]
and Bhkl = Zfi (MI cos 2"E'£ + MR sin 2nh-k) [36]

Thus for n odd it is necessary to calculate both MR
and MI as well as the sin and cos terms even for the centro-
symmetric case. For the special case of even membered
rings in a centrosymmetric space group then

A M, cos 2rh-k {37]

=1 £,

In a centric space group with no anomalous dispersion

Bhkz = 0. This property was used as a further check on

the calculation of MR and MI since

MI cos 2th-k = —MR sin 2th-k . . [38]
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In order to do a least squares refinement, it is
. necessary to calculate the derivatives of the Mi(a',Bd)
function. The ring is described by means of ten para-
meters, and analytical expressions for the derivatives
of Fhkz with respect to each parameter were obtained.
Those of the population factor gp, the co-ordinates of

the centre of gravity X1 Yor 2 and the overall temp-

c
erature parameter, B, were straightforward, since they

are not involved in the calculation of the M function.

Since
—Bisinze £
- ————— e y . )
Fhkz =1 9pP; fi exp 2 exp[2nZ h E]Mn(a (Bd) [28]

then the derivative with respect to the population factor

becomes
5F —Bisin2 £
e ————— - o N
3(gp) £; exp iz exp[2nZ h-kIM-(a',Bd). [39]

Using the expansion of h*k to (hxc + kyc + z, ) and

i i i
taking the derivative of F with respect to X,
i
5 F —Bisinze
5% = gp; fi exp 5 (277 h)
C. A
i
exp[2ni hekIM: (a',Bd) . [40]
. . oF oF
Analogous expressions can be written for 3o and —
Yo, 9z,

1 1
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where 2ri h is replaced by 277 k and 277 2 respectively.
' Differentiation with respect to the overall temperature

factor gives

.2
. 2 B.sin
3F _ _ sin®s i C . 3
5 = _;5__ exp[——;i———J fi expl[2ri h E]Mn(a',Bd). [41]

The remaining five parameters are used in the
calculation of Mi(a',Bd) and the analytical expressions
for their derivatives are somewhat more complicated.

The relative barrier, Bd, is found only in the
terms Io(Bd) and Ip(Bd). The derivative of Mg(a',Bd)

with respect to Bd is given by

£
oM> (a',Bd) 1
n aBé = — (1% (sa) ¢ iPg NCUE
1. (Ba) p 3
0I_ (BA4)
cos pn(g-n) ——gga—- [42]
9I (B4)
- % .pn ' .
3 Bd ; Ep v Jpn(a )

Ip(Bd)cos pn(¢-n)l.

Since
I_(BA) (Ba/2) P [31]
p o m! (m+p) !
then
9L (Bd) -5 2m+p (Bd/2)2m+p [43)
dBd m B4  mi(mip)! '
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That is, each term in this summation is Zggp times the
original Bessel term. An exactly similar expression
occurs for
aIO(Bd) _ s 2m (Bd/2)2m (a4]
o Bd m Bd (m!)2

It was for the calculation of such modified Bessel terms
that the subroutine BESSEL was written rather than using
the computer library function.

In the expression for Mi(a',Bd), only the term Jpn(a')

is a function of the radius, R.

oM_(a',B4d) I_(B4d) od__(a')
n _ .pn _ n
R = ; 1 Ep I—OTEa-)— CcOSs n(E_: n) —'—Ra'—R——— [45]
Since

(_l)m(a,/2)2m+pn)

Jpn(a') = ; m! (m+pn) ! [32]
then
9J__(a') m 2m+pn-1
pn - (=1) (a'/2) d(a')
oR - ; m! (m+pn) ! 3R (2m+pn)
-3 =0T @ /2)?™P (onipn) (46]
o m: (m+pn) !

where a" = a'/R.
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BMi(a',Bd)
As in the case of B4 , this is a modified Bessel
summation. £
oM’ (a',Bd)
The derivative T is simply
pn Ip(Bd)
- ] ] 1 -
; pnz epJpn(a ) TETEET sin(pn(t-n)). [47]

The most complex expressions for the derivatives

of F arises from those with respect to the orientation

hk2
angles D and E, In each term of the Mﬁ(a',Bd) summation

Jpn(a') and cos(pn(£-n)) are functions of both D and E.

Dealing first with the derivative with respect to D

g
aM> (a',Bd) I (Bd4)
n - 5 -PR D ; -n) a0
) ; 1 Io(Bd) [Jpn(a')51n pn (£-n) 5D

(_l)m(a,/2)2m+pn

+ cos pn(£-n)

Ifl m! (m+pn) !
2m+pn ] aa'] . [48]
a' 9D '
9a' _ d ad
where -a—l')—- = a——l— . -a—D-
an _ _ e sa’ _ [49)
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ad _ .
and -3 = 27R|[ (h q; +kaq,+ 2 d3) cosD sinE
- (k d4 + 2 q5) sinD + % qg cosD COSE] .

The expressions for d,a' and n are given in equations
[9], [10] and [11] respectively.

The derivatives of the Mi(a',Bd) function with
respect to E are calculated in a similar manner with

the result:

oM _(a',Bd) I_(Bd) '
n _ .pn " p . _ an
B ; ’ Io(Bd) [§ann(a-)51n pn(£-n) 3E

(_l)m(a,/2)2m+pn

+ cos pn(g-n)z

m: (m+pn) !
2m+pn oa'
al * 5E ] [50]
da' _ _ .
where 358 - 2 R[(h q; *+ k q, + 2 q3) sinE + 2 dg cosE]
ad 21R[(h q, + k + 2 q,) sinE cosE
3E 1 92 3
- % g sinD sinE] [51]
an _ _d 1 sa’
and 3E 2 3E

(a') A - (d/a')2
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The derivatives of the Fhkz with respect to the last five
parameters can be calculated from the derivatives of M
by application of the chain rule to equation [28].

Once written, this programme was tested by several
different methods. The M function itself was calculated
by two different methods:

(1) the infinite series, the test for convergence
being that the final term was less than 0.01%
of the summation, and

(2) the integral method using Weddel's Rulelg.

Thé results were also compared with those given by Lipscomb
and Kingl7 and agreed to within the four figures given.

The calculations of derivatives were also checked by
several methods:

(1) by calculating %% analytically from the infinite

series form of M, g being one of the variables
D, E, £€, R, or B4,

(2) by calculating M at various values of 4,
plotting the results and obtaining the
slope, and

(3) by means of the numerical analysis technique
of forward differenceSZI.

Once these tests indicated that the programming was correct,
the hindered rotor calculations were tested on several rings

found in published crystal structures. These were (1)
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benzene™™, ruthenocene”®”, (3) dicarbonyl-n-cyclohepta-
trienyl-o-pentafluorophenyl molybdenum23, (4) cycio-

pentadienyl manganese tricarbony124, and (5) benzene-

chromium tricarbonylzs.

Diagrams of these molecules produced using the
published parameters of the individual atom refinements
are shown in Figures 2 to 6. With the exception of
ruthenocene, the drawings show each molecule projected
onto the plane of the ring. The diagrams were all

produced by C.K. Johnson's ORTEP programme and give

qualitative indications of librations about the ring axes.
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Figure 2

The structure of ruthenocene
G.L. Hardgrove and D.H. Templeton

Acta Cryst., 12, 28 (1959)

Figure 3

The structure of benzene
E.G. Cox, D.W.J. Cruickshank and J.A.S. Smith

Proc. Roy. Soc., A247, 1 (1958)
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Figure 4

The structure of cyclopentadienyl manganese tricarbonyl
A.F. Berndt and R.E. Marsh

Acta Cryst., 16, 118 (1963)

Figure 5

The structure of benzenechromium tricarbonyl
M.F. Bailey and L.F. Dahl

Inorg. Chem., 4, 1314 (1965)
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Figure 6

The structure of
dicarbonyl-n-cycloheptatrienyl-o-pentafluoro-
phenyl molybdenum
M.R. Churchill and T.A. O'Brien

J. Chem. Soc. (a), 1110, (1969)
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Results

The refined parameters for the hindered rotor
calculations are given in Table I. Parameters for other
atoms of the structure did not change significantly from
the individual atom refinement values and are not listed.
In each case the results of the individual atom refinement
given in the published paper were used to obtain the input
to the hindered rotor calculation. The centre of gravity
and the orientation angles D, E and £ were obtained from
the programme MMMR (M.J. Bennett and B.M. Foxman, 1967)
which uses the positions of the atoms in the ring as input.
The radius was calculated from the average distance between
the centre of gravity and the atom positions. The barrier,
Bd, was calculated from NMR results where available

28); otherwise set at Bd = 2.

(benzene27 and ruthenocene
The isotropic temperature parameter for the ring, B, was
set to be slightly greater than that of the metal to which
it was attached. In éll cases, the hydrogen atoms were
placed l.OR from the carbon atoms. The results are
discussed under the headings of (1) refined radius, (2)

relative barrier, (3) temperature factor of the ring,

(4) the R factor, and (5) time and storage requirements.
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DISCUSSION

Radius

In the refinement of crystal structures by means of
the thermal ellipsoid description, the origin of an ellipse
tends to refine to the centre of gravity of the local
electron density. For the case of an atom moving along
a radial track, this centre will not be on the track. If
the radial track is the arc AQB of Figure 7, then the
centre of gravity would lie at point P. The radius of
the ring would show an apparent shortening of the ring
by an amount PQ. The ratio of the apparent radius to

the true radius would be

™
J P(6') cose de'
o

- [52]
J P(e') de'

o
In this case a sinusoidal distribution has been used and
P(6') can be calculated at various 6' angles as a function
of the relative barrier to rotation Bd and the order of the
ring. The results are plotted in Figure 8.
For benzene, with a relative barrier from the hindered
rotor refinement of 1.95, the ratio of the apparent radius

to that of the correct radius would be 0.988. The radius
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Figure 7

Radial track of rotation group
where r radius of ring

OP = apparent radius

P(6) probability distribution

along radial track



P(8)
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Figure 8

Apparent fractional radius due to the
rotation of the ring as a function of the

barrier Bd, for various values of n.

n/N

J P(6) cos6 de
Apparent frac- _ o
tional radius - /N

J P(6) de
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calculated by means of the hindered rotor ﬁethod was
l.39l£. Using this result and the ratio of 0.988, one
would expect an uncorrected radius of l.374£ in the
individual atom treatment. This is close to the result
of l.377£ obtained by Cruickshanklz. The hindered rotor
value of 1.391£ is in good agreement with Cruickshank's
corrected value of l.392£ and the Raman29 value of l.397£.
Comparable agreement is found for the case of cyclopenta-
dienyl manganese tricarbonyl. A relative barrier from
the hindered rotor refinement of 1.50 gives a ratio of
0.978. Using the hindered rotor C-C distance of l.424£
and a ratio of 0.978 one would predict an uncorrected
individual atom refinement C-C distance of 1.3942. Berndt
and Marsh24 in fact obtained an average C-C distance of
1.394a. |

A similar pattern of C-C bond lengthening for the other
structures can be seen in Table II. In each case, the
C-C distance obtained from the hindered rotor refinement
was multiplied by the appropriate ratio.to obtain a pre-
dicted uncorrected individual C-C distance. As can be
seen from Table II, these predicted values agree satis-
factorily with the results actually obtained from the indiv-
idual atom refinement. It would appear that the hindered
rotor model correctly allows for the apparent bond short-

ening due to the motion of the ring, and makes the riding
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correction unnecessary, assuming only one dominant

libration.

Barrier to Rotation

The potential function for the hindered rotor was

= _ 1 '
vV = 5 Vocos n(e'-¢) [16]

The barrier to rotation in kilocalories per mole is Vo'
The refined relative barrier, Bd, is related to the

barrier of rotation Vo by

V_x 1000

- (o]
Bd = s T587 =7 [19]

The value of Bd is an indication of the amount of

rotation the group undergoes. A barrier of infinity
would give no rotation while a barrier of zero would
result in free rotation of the rigid group. Intermediate
values are directly reiated to the root mean square

angular displacement of the group.

/N
J 0'2p(a') de°
_ (o]
RMS = /N [53]
j P(6') s’
(o]

Since P(6') is a known function of Bd (see equation [17]),
angular displacement versus relative barrier can be made

for various values of n - the order of the ring. Figure 9



Figure 9

Root mean square angular displacement versus relative

barrier for various values of n
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is such a plot for five up to eight membefed rings.
Thus for Mn(CO)3Cp, which has a barrier (Bd) of 1.49,
one would expect an RMS angular displacement of 12°,
This is alsd the value obtained by Berndt and Marsh24
by means of Cruickshank's13 w=T analysis. In the case
of benzene, the RMS angular displacement obtained from
the graph is 8.5°. This agrees satisfactorily with
Cruickshank's value of 7.9°12. RMS angular displace-
ments for the other molecules are given in Table III.
The values of the relative barrier obtained can also be
compared to the NMR results for benzene27 and rutheno-
cene28. Andrews and Eades obtained an activation energy
for reorientation of the benzene ring about the hexad axis
of 3.7 + 0.2 kcal/mole below ~240°k. Unfortunately, above
this temperature the barrier height drops rapidly and one
can at best ﬁake a rough approximation to the barrier
from the slope assuming rotation is still the dominant
motion. At -3°C, the temperature at which the crystal
structure was done, this was estimated to be 1.8 kcal/mole
giving a Bd of 1.7. This is in the same range of values
as that of the hindered rotor value of 1.9(1). The agree-
ment of the NMR value with that of the hindered rotor
appears to be fortuitous. For nCGHGCr(CO)3,
nCsHSMn(CO)3 and =wC H7Mo(CO)2C6H5, NMR results were not

7
available with which to compare the hindered rotor results.
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The barriers (Bd) obtained for these compounds were of
the same order of magnitude as that of benzene which would
be expected for oscillations of the same order as benzene.
The results obtained are shown in Table III. The value
obtained for ruthenocene was greater than those for the
other compounds and had a much larger error associated
with it: 5.0 % 2.6. This did not agree very well with
the NMR result obtained by Holm and Ibers28 of
Vo = 2.3 £ 0.2 kcal/moles which is equivalent to Bd = 2.01.
The reason for this discrepancy may be in the nature of the
potential function used. In a cosine function the acti-
vation energy required for rotation of the ring should
equal Vo. If, for example, the potential function were
of the form shown in Figure 10 which has a cosine function
in the immediate area of the potential minimum and a fixed
potential elsewhere, the activation energy would be Vo'
while the "Bd" described by a purely cosine function would
be B4 = VO/ZkT and not Vo'/ZkT. A plot of P(6') versus
6' (Figure 11) for various values of Bd shows that for
Bd = 4.0 or greater the atoms are for the most part confined
to within a few degrees of the minimum.

In this case, Bd would be insensitive to the shape and
height of the potential function outside this region. Bd
is then a parameter describing the shape of the function

close to the minimum rather than a genuine measure of an
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Figure 10

A possible form of the potential function

Figure 11

P(6') versus 8' for a cosine distribution function
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activation energy.

Temperature Factor B

In the case of hindered rotors, the assumption is
being made that most of the motion of the ring is in the
plane of the ring and tangential to it. In the case
where the ring is strongly bonded to a metal atom, one
might expect the ring to ride on the metal. If this were
the case, the temperature factors for the rings as a whole,
B, should be very similar to the isotropic B of the metal

atom, B This indeed seems to be the case as can be seen

M*
in Table IV. In each case, the temperature factor seems
to be slightly greater than that of the metal to which it
is attached. This difference could result from out of
plane oscillations by the ring whiéh are not allowed for
in the hindered rotor motion, and also by librations of
the molecule as a unit.

The observation that the isotropic temperature factor
of the ring is slightly greater than that of the metal can
be utilized to obtain a starting value of the barrier.
This is desirable as it is not always possible to calcu-
late a relative barrier, Bd, from the NMR result, nor
would the results be necessarily meaningful.

Application of the hindered rotor model would gener-

ally be preceded by individual atom isotropic refinement
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or by rigid body refinement. Both of these methods

would give B, and an average temperature factor for

M
atoms in the ring, B._ . These results can be utilized.

iso
to obtain starting values for the hindered rotor refine-
ment as follows:

If one takes the case where the major motion of an
atom is tangential to the ring and this direction is
parallel to the z axis, the x and z axes in an orthogonal
co-ordinate system being in the plane of the ring, then

the elements of the less common tensor description for

thermal motion become

By, = (BM + 0.6) By = 0
By, = (BM + 0.6) Byy = 0 [54]
Byy = (By + 0.6) + gn2 ﬁi B,y = 0 .
The equivalent isotropic Biso of the atom is
g2 =2
Biso = BM-+ 0.6 + 3 U, - [55]

o
The root mean square displacement (in A) is

m/N
J 6'2p(6') de"
- o
u = R 7N [56]
J P(e') de'
o

Substituting for u, in equation [55], one obtains:
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Table IV
Comparison of temperature factors for ring

and metal atom

[] [-]
B (a)2 B, A% | a8 (a)2
'n-CSHSMn(CO)3 3.64(17) 3.18 0.46
'n—CGHGCr(CO)3 3.09(9) 2.63 0.46
ruthenocene (1) 2.,11(30) 0.61
1.50
ruthenocene (2) 2.48(30) 0.98
ﬂ-C7H7Mo(CO)2- 3.13(13) 2.60 0.53
~CeF's
Average
0.60
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1r/N2
J 8'“ P(6') do!
B =B +06+8"2R2° 57
iso © "M : 3 /N : [57]
J P(6') ds’
(o]

Since P(6') is known as a function of B4,

/N 2
zj g1 P(el) de?
8; g/N can be plotted as a function
J P(B6') de*

(o]

of the barrier Bd (Figure 12) for various values of n,
]
In Figure 13 a C-C bond distance of 1.392A is assumed

and

AB = Biso - (BM + 0.6)

/N 2
2 J P(6') 6'“ ds"!
8w 2 0
- T3 R T/N [58]
J P(e') de'!
(o]

is plotted against the barrier Bd. Thus, knowing the
average Biso of the atoms in the ring and the isotropic
temperature factor of the metal, AB, can be calculated
and a starting value of the barrier obtained from Figure
12 or 13. For example, in 1r--C6H6Cr(CO)325 the individual

atom refinement gives Biso of 4.5 for carbon atoms in the
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Figure 12

AB/R2 as a function of barrier, Bd

/N 2
R P(e') de!
where AB = 8"2 R2 o
- 73 /N
j P(9') de'

o
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Figure 13

AB as a function of barrier, B4

-]
(C-C distance of 1.392A is assumed)






- 48 -

]

benzene ring and Bi 2.6

SO

1

oo AB B. - (BM + 0.6)

iso
4.5 - (2.6 + 0.6)

= 1,3

From Figure 13 one would obtain a starting value
of Bd = 1.7. The final refined value of the barrier
was 1.97. For n—C5H5Mn(CO)3 a starting value of 1.5
would be calculated while that for 1r-C7H7Mo(CO)2C6F5
would be 1.8. The final refined values were 1.50 and
1.94 respectively. Although not too accurate a method,
this has the practical application that one is able to
obtain a starting value for the relative barrier that is
acceptably close to the final result. This reduces the
number of cycles required for refinement, since the
method of non-linear least squares requires a good starting
value. A starting value of the temperature factor of the
ring would be B = BM + 0.6. The use of reasonably correct
starting values of the temperature factor is important
since there is a high correlation between the two para-
meters, Bd and B, typically being of the order of 0.60.
Thus a poor starting value of one could greatly affect
the other and slow down refinement. Such a high cor-
relation between.the two parameters could explain the

oscillation problems experienced by Prewitt18 et al.

as they refined using block diagonal least squares, the
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barrier and ring temperature factor being in separate

matrices.

Test on —CF3 Groups

The hindered rotor model was also tested out on the
fluorines of the four -CF3 groups in Cs[Y(HFA)4]26,
where HFA represents the hexafluoroacetylacetonate ion,
CF3COCHOCF3. -CF3 groups as well as such groups as
perchlorates are noted for undergoing large thermal
motions. The assumption was made that the fluorine
groups had D3h symmetry and that the dominant motion was
in the plane of the fluorine atoms. The results of the
hindered rotor calculations are given in Table V. Although
the R factor is not as good as that of the individual atom
model, the hindered rotor model does lengthen the C-F and
C-CF3 bonds and brings them close to the corrected values
obtained by Cruickshank, Jones and Walker in ammonium tri-
fluoroacetate30. Since --CF3 groups are less rigid, the
assumption of D3h symmetry of the fluorine groups is
probably not very good and is the probable cause of the
poor structure factor amplitude agreement of the hindered

rotor model. This view gains some support from the

deformations observed in the individual atom refinement.
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Reliability Factor

Another test of the validity of the hindered rotor
model is on purely statistical grournds. An increased
number of parameters being refined will normally result
in a lower R factor. Going from the hindered rotor
model to the individual atom model requires more para-
meters and should result in a drop in the R factor.
Whether such a drop is significant can be decided by
comparing the ratio of R factors with those given by
Hamilton33. If the ratio is greater than that given
by Hamilton then the increase in the number of parameters
is statistically justified at the significance level
chosen (in this case 90%). Thus the hindered rotor model,
which has fewer parameters, would be statistically

“HR < Hamilton ratio. This appears

R1a
to be true for only n-CSHSMn(CO)3 and Ru(C5

justified only if

H5)2.

Time and Storage Requirements

One practical advantage of the hindered rotor model
over that of the isotropic or anisotropic atom model is
that it requires fewer parameters. Since the matrix
size = n(n+l)/2 where n is the number of parameters
refined, the storage requirements increase approximately
in proportion to n2. Furthermore, the time required to

build the matrix and later to invert it is also related
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to the matrix size and also increases as nz. This
effect is especially noticeable in large structures

such as (CSHSCOCO)z(GeCl Fe(CO)434. In this

2)2
structure refinement of both molecules in the asymmetric
unit, with the heavy atoms anisotropic and all others
isotropic, requires 339 parameters, 350K bytes of
storage and two hours of computing time per cycle.
Use of the hindered rotor for the four cyclopentadienyl
rings drops the number of parameters to 295 énd the
storage to 300K bytes. The time per cycle is cut in
half to 63 minutes. Thus, although the addition of
subroutines to handle the hindered rotor calculations
lengthens the programme (-~12K bytes), it is far out-
weighed by the core saved due to the large drop in the
number of parameters to be refined, and concomitant
reduction in storage assigned to the matrix.

For crystal structures such as benzene in which only
a few parameters are refined, a large percentage of the
computing time is spent in calculating structure factors.
Because calculation of the M function is slower than the
corresponding individual atom expressions, the cycle time
will be slower for the hindered rotor model than for the
individual atom model. However, for larger structures
such as 7-C_H Mo(CO)2C6F5, in the order of 75% of computing

777
time2 is spent in building and inverting the matrix. In
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this case, the slow calculation of the M function is
outweighed by the reduction in matrix building time and
the hindered rotor model is faster. The break even point
appears to be for structures of the size of n-CSHSMn(CO)3
for which approximately the same time was required in both

methods.

Conclusions

The development of the hindered rotor model within the
framework of a conventional structure factor and least
Squares programme was undertaken for specific application
to n—Can groups bonded to metal atoms. The model is
attractive in that it emphasizes the physically real
phenomenon of hindered rotation of these groups in the
solid state. The fixed form of the potential function
does not appear to be a serious.problem as long as no
physical significance is attached to the height of the
barrier to rotation that is obtained. Bond lengths
derived from the hindered rotor model agree well with
those obtained from independent atom models after cor-
rections for thermal motion have been made. The model has
been found to be competitive with independent atom models
as judged by a statistical comparison of conventional

crystallographic R factors.



Chapter II

THE CRYSTAL STRUCTURE OF FERROCINIUM PICRATE
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INTRODUCTION

Once the hindered rotor Programme was written
and tested it was decided to test the programme for
use in a routine crystal structure. The compounds
ferrocene and ferrocinium pPicrate both contain cyclo-
pentadienyl rings. The crystal structure of ferrocene
by Dunitz, Orgel and Rich35 shows a libration of the
cyclopentadienyl rings about the five fold axis, making
it ideal for the hindered rotor treatment. Such
libration could also occur in the ferrocinium ion of
such salts as ferrocinium picrate. Since use of the
hindered rotor model gives good average bond lengths,
the structural results could be used as evidence in
determining the bonding in such structures, For these
reasons, the data for ferrocene were re-collected by

Kathleen Simpson36 and the structure of ferrocinium

picrate undertaken.
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EXPERIMENTAL

The compound ferrocinium picrate [Fe(CSH5)2+]

37

[H2C N 07-] was prepared by Ester Lorah from

63
ferrocene dissolved in a benzene/ethanol solution.

This was oxidized with quinone in the presence of a

stoichiometric amount of picric acid. Her analysis
showed
C H N
calculated 46.36% 2.92% 10.15%
found 46.00% 3.06% 10.40%

A thermogram run to 150° - 160° gave no weight loss,
indicating no solvent and no excess ferrocene present

in the crystals. The crystals were long black needles
extinguishing along the needle axis. The symmetry of
rbtation, Weissenberg (hk0 - hk3) and precession photo- |
graphs (0kg) showed the compound to be orthorhombic.
Systematic absences of hkg: h+k = 2n+l and hO2: 2 = 2n+l
allowed three possible space groups - Cmczl, Cmcm or
C2cm, a non-standard setting of Ama2. Of these, only
Cmcm is centrosymmetric. The unit cell a = 12.513(7)3,
b = 20.267(9)£ and ¢ = 6.903(7)£ (V = 1750.6&3) was
obtained from least squares refinement of 26 values

of carefully centred, high angle reflections measured

on the Picker four circle manual diffractometer. The
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density was determined by flotation, using a mixture
of benzene and dibromomethane, to be 1.60 gm/cc. This
is consistent with a calculated density of 1.57 gm/cc
for 4 molecules per unit cell. Since both space
groups Cmc2l and Ama2 have eight general positions
and Cmcm has sixteen, this would require the ionic
species to sit on special positions such as a mirror
or two fold axis. Each space group has one or more
special positions. Cmcm has site symmetries of mm
and 2/m. Site symmetry of mm is possible for both
the ferrocinium and picrate ions. It would require
the ferrocinium ion to be in the eclipsed formation
while the picrate would be required to be planar.
Site symmetry 2/m is possible for the ferrocinium
ion requiring a staggered arrangement of the cyclo-
pentadienyl rings, but is impossible for the picrate
ion unless highly disordered. The space groups
Cmczl and C2cm both have site symmetry m. Both
the ferrocinium and picrate ions can possess this
symmetry as well as the two-fold symmetry found in
C2cm. The possibilities of site symmetries in the
three space groups, assuming no major disorder, are
summarized in Table VII.

Data were collected using a crystal (0.23 mm x

0.057 mm x 0.062 mm) mounted along the needle axis (c)
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Table VII

Possible site symmetry

Space Group | Site Symmetry | Site Symmetry
of FeCp2+ of Picrate Ion
Cmcm mm mm
Cmcm 2/m mm
Cmc2l m m
C2cm m m
C2cm m
C2cm 2 m
C2cm 2 : 2
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and with the c* axis co-incident with the diffracto-
meter g axis. A moving crystal, moving counter
technique (6/26) was used with a scan width of 2°
at two degrees per minute. CuKa X-radiation was
used, monochromated by an oriented graphite crystal
(002 reflection). The diffracted beam aperture
used was 1.0 mm and the pulse height analyser was
centred on the CuK, peak to accept 90% of the
radiation. Stationary background counts of 30
seconds were taken on each side of the scan. Six
hundred and forty-two unique reflections (hk%; h, k
and % positive only) were collected, of which 276
were rejected using the criteria (1) I<0 and (2)

Is30 where I = [P-t(B, + B,)] and o = [P + tz(Bl + 132)1’E

where P peak count
By
} background counts
B2

and t ratio of total peak count to total

background count

Seven well distributed standard reflections measured
periodically throughout the data collection showed no
decomposition of the crystal. No absorption correction

was made (p(Cu) = 75.1 cm 1),
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SOLUTION AND REFINEMENT

A three dimensional Patterson map gave the iron
position as x = 0.0 and ¥ = 0.185, the z co-ordinate
being undefined. Although simple interpretation of
the Patterson does not determine the Space group,
site symmetry considerations given in Table VII
reduced the possible arrangements from seven to two.
The Patterson solution eliminates possibilities 2, 4,
5, 6 and 7, leaving only 1 and 3 for serious consid-
eration and reduces the Space group choice to either
Cmcm or Cmczl. The spéce group Cmc2l was chosen for
initial refinement because the crystal showed mm2
symmetry. Since this space group is polar, the z
co-ordinate was fixed at z = 0.0. A difference map
(Fo - Fc' Fc phased on iron only) revealed the location
of all other non-hydrogen atoms. With the space
group chosen as Cmczl, the iron only phased Fourier map
is centrosymmetric and has the symmetry of Cmem., 1If
the non-centrosymmetric space group is correct, the
effect of the extra symmetry is to show the true electron
density distribution, together with its superimposed
mirror image. The picrate atoms, with the exception
of the ortho nitro group, were found on the mirror plane
(z = 0.0). The appearance of diffuse ortho nitro group

peaks on either side of the Plane could result from
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either non-centric Space group with its superimposed
mirror image, or centrosymmetric space group with
| disorder of the nitro group. The cyclopentadienyl
rings of the ferrocinium cation were revealed as
smears of electron density and possessing mm symmetry.
This could also be due to superposition of the mirror
image in the non-centrosymmetry space group, or‘if
centrosymmetric, due to a large oscillation of the

rings. Calculation of the structure factors using

all non-hydrogen atoms gave an R factor of Rl = 26.7%,
R2 = 28.3%, where
r, = 2lIF I=1F ]|
1
leol
112 |%
and R2 = Ew(IFol-chl)

2
EwlFol

The weights used were obtained from peak and background
counts (weight w = 1/02(F), o(F) = (P + tz(Bl + Bz)
+ p20)%, p = 0.03).

Four cycles of refinement, minimizing the function
ZW(IFOI-IFCI)Z, with all atoms isotropic and the cyclo-
pentadienyl ring as a hindered rotor brought the R
factor down to R1 = 11.6%.

The final orientation of the cyclopentadienyl ring
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was 18° from the orientation required by the additional
mirror of Cmcm. There remained the distinct possibility

of refinement into a false minimum corresponding to the

pseudo-mirror at z 0.0. Also, in a non-polar space
group such as Cmc21, anomalous dispersion38 (in this
case for the iron atom) can produce significant co-
ordinate changes. Four models were then refined with
the inclusion of anomalous scattering for iron:

(1) Previous model; refinement terminated with

Bd negative.
(2) Mirror image of previous model; R = 11.9%.
(3) Ferrocinium ion as in (1), picrate as in (2);
R = 11.8%.
(4) Mirror image of (3); refinement terminated
with Bd negative.
Refinement of models (1) and (4) resulted in negative
values for Bd indicatihg that the mirror image of the
cyclopentadienyl ring was preferred. This suggests that
the omission of anomalous scattering favoured the choice
of a false minimum for the cyclopentadienyl ring in the
initial model.

For the ferrocinium ion, it is reasonable to expect
the centres of gravity 'of the rings and the iron atom to
be approximately collinear. In this crystal structure,
this would require the z co-ordinate of the ring centre

to be zero. However, models (2) and (3) showed a diff-
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[+
erence in z corresponding to ~0.03A.

Cruickshank and MacDonald's38 formula

[ n
Az (in A) = 2 [Af ]
1TSmax lfl %Smax
where S = 35%22

predicts a difference in the z co~-ordinate of 0.03£ in
the incorrect model which agrees with the observed shifts.
This suggests that models (2) and (3) are also wrong and
that none of the cases considered so far are correct.

The structure was then refined using the centro-
symmetric space group Cmcm, Thié group requires a
mirror plane through the plane of the picrate ion
and the iron atom. Isotropic refinement of all atoms
brought the R factor to R, = 10.7%, R

1 2
disorder allowed for the ortho nitro group. These

= 13.7%, with

atoms (N1, 02 and 03) were given half weight above and
below the mirror plane for the following reasons:

(1) The initial difference map showed considerable
smearing of the peaks for these atoms off the mirror
plane.

(2) When confined to the mirror plane, the B33
values obtained were very large, suggesﬁing that the

atoms were in fact off the z = % plane, and that the

ortho nitro group was not planar with the rest of the
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picrate group.

(3) If 01, 02 and 03 were all in the plane,
there would be a very short 01-02 contact of 2.64&,
and an even shorter 02-03 contact of 1.90£, which is
much shorter than the Van der Waal's radius sum. These
short contacts would be lengthened if 02 and 03 were
off the mirror plane.

(4) Work by Maartmann—Moe39 on the structure
of potassium and ammonium Picrates showed that the
ortho nitro groups are twisted 25° - 27° out of the
plane of the benzene ring, making a non-planar picrate
ion a plausible structure.

(5) Study of the packing diagram (Figure 15)
suggests that the nitro group could be accommodated in
either the "up" (z(03) >0.25) or "down" position.

In the "up" position, 03 is within Van der Waal's
contact of Hl4 of the neighbouring ferrocinium ion,
~while in the "down" it is the same distance from H13,
Similarly, 02 is equidistant from H1l and also Ol in
either position. This would suggest that the picrate
ion crystallizes with a random arrangement of "up"

or "down" meta nitro groups. The disordered centric
model was chosen rather than a non-centric model as:

(1) no clear distinction could be made among

the four possible arrangements of the ferrocinium and
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picrate ion;

(2) use of Cruickshank and MacDonald's38 formula
for the error in co-ordinates due to the wrong hand
when using anomalous dispersion indicated that both
hands were incorrect and that the mean - a disordered
model - woﬁld be a better description; and

(3) the R factor was consistently higher for the
non-centric model than for the centric model, despite
the fact that the latter has fewer variable parameters.

Allowing the iron atom anisotropic motion and
adding the hydrogens of the cyclopentadienyl rings
as hindered rotors with c-H distance of l.0£, dropped
the R factor to R, = 8.4%, R2 = 12.3%. Further refine-
ment with all atoms anisotropic and the picrate hydrogen
added gave a final reliability factor of Rl = 6.0%,
R2 = 8.5%. It was noticed during anisotropic refine-
ment that some atoms, noticeably Ol as well as the
disordered nitro group, had much larger thermal para-
meters in the z direction. For this reason, 01 was
also moved off the mirror Plane and given a half
population above and below the mirror plane. Refine-
ment of this disordered model gave a final z co-ordinate
of z = 0.1794 + .1842. Because of this large error in

the z co-ordinate, 01 was returned to the mirror plane

and no other atoms were allowed to become disordered.
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In the final cycle of refinement no shift was greater
than 1/10 of an esd. A final difference map gave no
peak greater than 0.42 e-/£3. The observed and calcu-
lated structure factor amplitudes (x10) are given in
Table VIII. Table IX gives the final positional
co-ordinates of the individual atoms and the aniso-
tropic B values are listed in Table X. Hindered rotor
parameters for the cyclopentadienyl rings are in

Table XI.
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Table VIII

Observed and calculated structure factor amplitudes

. + -
(x10) in electrons for [Fe(CsHS)2 ][H206N307 ]
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417

264
332
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168
167
139
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299
207
130
202
173
151
243
235
191
184
153
179
172

437
227
173
289
159
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Table IX

Positional co-ordinates for ferrocinium picrate

Atom X Y zZ
Fe 0.0 0.1851(1) 0.2500
Cl 0.0 0.4408(8) 0.2500
c2 0.0932(9) 0.4829(6) 0.2500
C3 0.9464(9) 0.5500(5) 0.2500
C4 0.0 0.5827(7) 0.2500
N1 0.1996(11) 0.4511(5) 0.2010(29)
N2 0.0 0.6533(7) 0.2500
ol 0.0 0.3801(5) 0.2500
02 0.2092(8) 0.3960(5) 0.266(10)
03 0.2733(9) 0.4814(5) 0.1285(21)
04 0.0862(7) 0.6822(4) 0.2500
H1 0.1680 0.5730 . . . 0.2500

Parameters without estimated

erxrrors were not refined.
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RESULTS
A drawing of the ferrocinium picrate molecule is
shown in Figure 14, The packing of the ions projected
onto the ab plane is given in Figure 15. The atoms in
the upper picrate ion are dotted in, while those below
are not. Bond angles and bond lengths are given in
Table XII, while some interionic contacts are listed in

Table XIII.
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Figure 14

Drawing of ferrocinium picrate

showing numbering system used
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Figure 15

Packing of ferrocinium picrate

as projected onto the ab plane
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Table XII

. . . o)
ferrocinium picrate (A)

2.074(7)
2.070(5)
2.064(6)

1.395(6)
1.00

2.439(8)

2.277(10)
2.641(10)

(b)

dihedral angle:

(N1, 02, 03 plane) 26.6°

(z

Cl

Cl
Cc2
C3
Cc2
C4
N1
N1
N2

(C3

Bond angles

- c2
- c3
- c4
~ N1
- N2
- 02
- 03
- 04
~ H1) |

(degq)

Intramolecular bond lengths in

1.231(17)
1.445(14)
1.360(15)
1.357(12)
1.517(16)
1.429(18)
1.210(32)
1.216(15)
1.228(9)

1.029(11)

107.6(14)
126.2(7)
126.9(12)
117.2(9)
118.5(12)
121.5(14)
119.2(7)
118.6(8)
122.9(15)
113.(2)
123.(1)
123.(2)

0.25 plane) and



Fe
0l
Ol
01

0l

- 01

- H1l1

- Cl1
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Table XIII

Interionic contacts

3.951(11)
2.439(18)
2.641(10)
3.234(12)
3.830(6)

03
03
03

04

- H13
- H13
- 03

- H1l1

- Hl11

2.383(12)
2.668(12)
1.928(29)
2.505(7)

2.277(10)



- 75 -

DISCUSSION
The compound ferrocinium picrate is an ionic species
consisting of the ferrocinium ion Fe(Cp)2+ in which the
iron may be considered to be in the formal +3 oxidation
2CgN30,1 .
The ferrocinium ion has two cyclopentadienyl rings

state, and the picrate ion [H

which are related by a mirror Plane, and thus unlike
ferrocene in the soligd state35’36, the rings are eclipsed.
Ferrocene in the gaseous state40, as well as ruthenocene~22
in the solid state, are also eclipsed. The Fe-C distances
were found to be longer (average 2.070(5)£) than those of

o
36 (2.047(5)A) while the average C-C distance of

ferrocene
1.395(6)A for ferrocinium was shorter (1.416(4)8) as
obtained from the hindered rotor model.

Although distortions from D5h symmetry may be present,
because of the disorder in the crystal and large oscilla-
tions of the rings (RMS~18°), the results of any indi-
vidual atom refinement would likely be unreliable. Evi-
dence of this can be seen in the results of Pettersen?! in
which the C-C distance ranges from l.33£ to l.44£ with an
error of i0.0Zi or greater. Use of the hindered rotor
model allows for the oscillation of the rings and should

give a good average value for the C-C distance. The

lengthening of the Fe-C distances and shortening of the
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C-C distances in the ferrocinium ion is in agreement
with the molecular orbital calculations42’43 and spectral

44-48 hich indicated that the ground state of

2 4
1g) (o) 71
2 3

results
ferrocene in the eclipsed formation is Ezg[(a
and that of the ferrocinium ion is E2g[(alg)
Since alg and e2g are the highest bonding orbitals,
removal of one electron from the e2g level

elg eig

ferrocene ferrocinium ion

would weaken the Fe-C(ring) bonds and result in a longer
Fe-C distance in ferrocinium ion than in ferrocene. It

would also strengthen the C-C bond thus shortening it in
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Fe(Cp)2+ since an electron is being removed from a C-C
antibonding orbital. These calculations were done42
assuming D5d symmetry. However, the symmetry of the
ferrocinium ion in this structure is DSh rather than

D Molecular orbital calculations using D5h symmetry

5d°
~give the same pattern of enexgy levels. If the assump-
tion is made that the order of the energy levels is the
same in the eclipsed form as in the staggered form,
then a ground state of the ferrocinium ion would be

2
L [}
Ey'(ay

’ e2'3) and the argument given above would
still apply.

The picrate ion lies on a mirror plane at z = 0.2500
and across a second mirror at x = 0.0. However, three
atoms, namely those of the ortho nitro group (N1, 02
and 03), were ailowed to move off the mirror, and have
"half atoms" above and below the z = % mirror. The
reasons for this were discussed in some detail earlier.

Although because of the disorder problem the results
are somewhat suspect, the geometry calculated from the
disordered picrate model agrees fairly well with those
of potassium and ammonium picrate39. The N-O distances
within the ortho nitro group (1.210(32)A and 1.216(15)A
are the same within experimental error as those of the
potassium and ammonium structures (l.232(5)£, 1.229(5)£,

Q. f
1.237(5)A and 1.206(5)£) respectively. The ortho nitro

group was found to be twisted 26.6 degrees from the
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plane of the benzene ring, while in the potassium and
ammonium compounds it was 25° - 27°, The C-N bond
is slightly shorter (1.429(18)£) than those found by
Maartmann-Moe (1.457 (6)A and 1.461(5)A). The rest
of the molecule also has a geometry very similar to

the potassium and ammonium picrates.



Chapter III

THE CRYSTAL STRUCTURE OF HYDRIDOTRIPHENYLSILYL

(m=CYCLOPENTADIENYL) DICARBONYL MANGANESE
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INTRODUCTION

The ultraviolet irradiation of metal carbonyls
in the presence of substituted silanes has lead to
the preparation of a new class of metal-silicon hydrides.
These compounds seem to fall into two groups; for
example, those prepared from triaryl silanes such as
(n-C5H5)(OC)ZMn(H)Si(C6H5)3 (1), and those containing
the more electronegatively substituted silyls such as
(n-CSHS)(OC)ZMn(H)SiC13 (2). The latter group of
compounds shows well defined infrared bands in the
region of "normal" terminal metal-hydrogen stretching
frequencies (1887 cm—l, deuteride 1360 cm—l)49. The
former group, however, showed no bands in either terminal
or bridging M-H regions. The solid state Raman spectra49
shows a weak broad band at 1900 cm"l which shifts to
1350 cm ! in the deuteride, these bands being in what
is considered the éerminal metal-hydrogen region. In
order to understand the differences in the spectral

results, the crystal structures of {1) and (2) were

undertaken.
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EXPERIMENTAL

The compound hydridotrichlorosilyl (r-cyclo-
pentadienyl) dicarbonyl manganese, (w-CSHS)(OC)2
Mn(H)SiCl3 (2), forms light brown needle crystals.
Rotation, Weissenberg (ho2~h4s and 0k2-9k2%2) and
precession (h0g-h3y) photographs using several
crystals showed the crystals to be monoclinic with
unit cell a = l4.7l£, b = ll.46£, c = l4.85£ and
B = 107.75°, Systematic absences of hkg; h+g =
2n+l, 0k0; k = 2n+1 and hO0g; 2 = 2n+l fixed the space
. group at B2,/c (a non-standard setting of P2,/¢).
Eight molecules per unit cell gave a calculated
density of 1.75 gm/cc. Since the molecule does
not possess a centre of symmetry, it is most likely
that the molecules 1lie in general positions with one
molecule per asymmetric unit, The crystal was
mounted on the PAILRED automatic diffractometer in
order to collect data. However, measurement of
standard reflections showed that decomposition of
the crystal in the X-ray beam was so rapid (over
30% in 20 hours), an accurate crystal structure was
impossible. The determination was terminated at

this point.
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The compound hydridotriphenylsilyl (m-cyclo-
pentadienyl) dicarbonyl manganese (n—CsHs)(OC)2

49 by

Mn(H)Si(C6H5)3 was prepared by J.K. Hoyano
the ultraviolet radiation of (C5H5)Mn(CO)3 in the
presence of an excess of triphenylsilane and re-
crystallized from a mixed hexane-dichloromethane
solvent system to obtain crystals suitable for single
crystal X-ray diffraction study. The yellow crystals
were mounted parallel to an extinction direction (a
face diagonal). Rotation, Weissenberg (0k&-2k2)

and precession (khO-hk2 and h0%2-h2%) photographs

showed the crystal to be monoclinic. Systematic

absences of 0k0, k = 2n+l and h02, h+ % = 2n+l

fixed the space group as le/n. The general
positions in this space group are X Yy 2z
v z

Ytx, k%~y, %+z

h-x, Yty, %-z
The unit cell dimensions were obtained from least
squares refinement of 26 values of reflections that
had been carefully centred in the counter window on
the Picker four circle manual diffractometer, using

[+]
radiation (X = 1.5405A). The cell dimensions

CuK
al R
(-] -]
are a = 13.200(3)A, b = 17.328(4)A, c = 9.438(2)A
and B = 92.47(4)°. The density was determined by
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flotation to be 1.347(3) gm/cc which agrees well with
the calculated density of 1.342 gm/cc (2 = 4,
vV = 2156.833) and is consistent with one molecule per
asymmetric unit.

The crystal used in data collection was a prism
bound by the faces 010, 010, 203, 203, 212 and 212
with dimensions 0.17 mm x .097 mm x 0.097 mm. It was
mounted along a face diagonal, the a* axis being co-
incident with the diffractometer @ axis. Data was
collected manually on the Picker four circle diffracto-
meter using CukK, X-radiation and a coupled w/26 scan
technique. The angular settings (4, x, 28) were
calculated using MIXG2 for unique sections of the
reciprocal lattice limited by sin 8/x» <0.5. A
scan width of 2 degrees at a scan speed of 2 degrees
per minute was employed with a stationary background
count of 30 seconds on each side of the scan. The beam
was monochromated by means of a graphite crystal (002
reflection). The diffracted beam collimator aperture
was 0.5 mm and the pulse height analyser was centred
on the CuKa peak. Intensities were calculated using
I = P—t(Bl+B2) where P is the peak count, Bl and B2
are the background counts and t is the ratio of total
time of peak count to total time of background count.

Two thousand, two hundred and thirteen unique (hk&
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and hk%, h, k and & pPositive) reflections were measured
of which 662 were rejected using the criteria (1) I ¢ o,
or (2) Is3¢ where ¢ = [P + tz(B1 + B2)]%. Lorentz and
polarization corrections were applied to the remaining
1551 reflections. Twelve well distributed standard
reflections measured at various times throughout the
data collection indicated no decomposition of the
crystal. The maximum variation was 15 sigma. There
Was no apparent pattern in the peak height variation.
Absorption corrections (“cu = 58.8 cm-l) were applied
to the data. Transmission factors ranged from 0,51

to 0.63 with the majority lying close to 0.59.
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SOLUTION AND REFINEMENT
The three dimensional Patterson map gave a set
of three peaks agreeing with a manganese position of
X = -0.112, vy = 0.250 and z = 0.060. A further set
of peaks gave the position of the silicon atom as
X = —.043,.y = 0.199 and z = -.165. A structure

factor calculation using these co-ordinates returned

Ry = 1]|Fo|-|Fc||] of 51.6% and R, = FNH|F01-|FCI|2 *
z|Fol sw|Fo|

of 64.0%. The weights used were calculated from

o (F): w = 1/5(F)° where o (F) = [P + t2(B+B,) +

p2I]%, p = .03. The scattering factors were calculated
from Cromer's co—efficients50 for all atoms except
hydrogen. These were obtained from Mason and Robertson51.
A difference map phased using the manganese and silicon
atom positions revealed the location of the two carbonyl
groups. A further difference map, phased using the six
atoms located gave the positions of all remaining non-
hydrogen atoms. After one cycle in which the phenyl
groups were treated as rigid bodies and the cyclopenta-
dienyl ring as a hindered rotor, the R factor dropped to

R, = 28.6% and R, = 38.9%. The starting parameters for

1l 2

the four rings were calculated using MMMR with a radius
o

of 1.397A for the rigid bodies. At the end of iso-

tropic refinement the R factor was Rl = 8.6% and
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R, = 10.5%. A difference map at this time showed
the hydrogen atoms attached to the aromatic rings,
the peak heights ranging from 0.76é7£3 to 0.38é7£3.
These were added as rigid bodies with the same
orientation and centre of gravity as the carbon rings
to which they were bonded and with a C-H distance of
1.03. The hydrogens on the cyclopentadienyl ring
were added as a hindered rotor rather than as a rigid
body. The différence map also showed a peak in a
bridging position between the manganese and silicon
atoms. This peak was of the same magnitude as those
of the twenty aromatic hydrogens (-~0.5 é7£3) and

was the twelfth largest peak on the map. Adding

the hydrogen atoms, giving the manganese, silicon

and carbonyls anisotropic temperature factors of

the form: exp—(sllh2 + szzkz + 83322 + Blzhk +
sl3hz'+ 323kz) and allowing for anomalous disperson
(Af'MN = -,050, Af“Mn = 2,90, Af'Si = 0.20 and

Af"s. = 0.40) dropped the R factor to R, = 6.2%,

i 1

R2 = 7.3% after four cycles. A difference map showed
that the peak previously found at the bridging posi-
tion (x = -.009, y = 0.248 and z = -.014) was still
present with a peak height of 0.53é7£3 and was the
second largest peak present. This hydrogen peak is

of very similar density to those of the hydrogen peaks
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52 in the structure

found by Ibers et al.
CoH(Nz)(P(C6H5)3)3. The largest peak was located
near the para carbon of a phenyl ring (C44), and
since it disappeared on the low angle (sin 8/x50.30
difference map, was most likely due to the thermal
motion of the phenyl ring. To further check the
validity of the hydride peak, difference maps were
calculated using various sin 6/) data cutoffs

(sin 8/x50.35, 50.30, £0.25, and <£0.20). In all
four maps, the hydrogen peak was the largest peak on
the map and was approximately a factor of two greater
than the next highest. The peak positions remained
constant on all four maps while its height varied
according to the sin 6/A cutoff. Table XIV gives
tﬁe observed and calculated peak heights. The
calculations are the same as those of La Placa

and Iberss.

The hydridic hydrogen was added as an isotropic
atom and allowed to refine. At the same time the
carbons in the phenyl rings were refined using the
individual atom, anisotropic temperature factor model.
Three cycles of refinement gave a final R factor of

R, = 4.2% and R, = 4.7%. In the final cycle no

1 2
shift was greater than 1/10 of an e.s.d. A final

- O
difference map showed no peak greater than 0.l9e/A3
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Table XIV

Hydrogen peak as a function of sin 6/A

. | E, 33, | c, =23 b
sin 8/a Number of terms o (e/a%) | p%(e/a%)
cutoff(A~l) |in the unique section

0.20 149 0.20 0.16
0.25 278 0.29 0.25
0.30 464 0.37 0.34
0.35 703 0.41 0.42
0.50% 1551 0.53 0.53

a full data set

c _ s _
b o L f ° (1+a%s%/4) 72 exp(-Bs/1672)s2 gs

o

4rsin 6/

/)]
il

a = Bohr's radius
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or less than -0.2067a3,

Table XV lists the observed and calculated
structure factor amplitudes; 10|F,| and 10|F.|,
both in absolute units of electrons. The final
positional parameters for the individual atoms
are given in Table XVI and their anisotropic temp-
erature factors in Table XVII. Parameters for the
hindered rotors are found in Table XVIII. The
estimated standard deviations were obtained from

the inverse matrix of the final least squares cycle.



- 89 -

Table XV

Observed and calculated structure factor amplitudes

(x 10) in electrons for (n-CSHS)(OC)2Mn(H)SJ.(C6H5)3
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Table XVI

Final atom co-ordinates for (C5H5)(OC)2Mn(H)Sl(C6H5)3

Atom X Yy z

Mn -0.1187(1) 0.2382(1) 0.0658(1)
Si -0.0492(1) 0.1991(1) =0.1567(1)
Cl ~0.0827(4) 0.3331(4) 0.1165(6)
01 ~0.0578(3) 0.3956(3) 0.1474(5)
c2 ~0.2109(4) 0.2782(3) -0.0535(6)
02 =0.2751(3) 0.3056(2) -0.1262(5)
c21 ~0.1459 (4) 0.1368(3) -0.2546(6)
C22 =0.2167(5) 0.1689(3) -0.3513(6)
c23 =0.2910(5) 0.1250(5) ~0.4210(7)
C24 -0.2964 (6) 0.0476(5) -0.3957(8)
C25 -0.2278(7) 0.0136(4) -0.3015(8)
C26 -0.1538(5) - 0.0574(4) -0.2314(6)
C31 -0.0206(4) 0.2819(3) -0.2787(6)
C32 -0.0198(4) 0.3590(3) -0.2374(6)
C33 0.0085(5) 0.4173(3) -0.3274(7)
C34 0.0374(4) 0.4005(3) -0.4615(7)
C35 0.0382(4) 0.3247(4) -0.5066(6)
C36 0.0096 (4) 0.2661(3) -0.4157(6)
C4l 0.0721(4) 0.1415(3) -0.1424(6)
C42 0.0997(5) 0.9020(3) -0.2512(6)
C43 0.1950(6) 0.0545(4 -0.2480(8)
C44 0.2608(5) 0.0676(4) -0.1333(10)
C45 0.2378(5) 0.1154(4) -0.0260(8)
C46 0.1435(4) 0.1515(3) -0.0306(7)
H1 -0.0132(32) 0.2467(23) 0.0020(45)
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(b) Derived positional parameters for
rotors and rigid bodies
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Table XVIII

(Contd.)

hindered

Ring Atom X y z
1 H22 -.2128 .2274 -.3701
H23 -.3415 .1510 -.4899
H24 -.3505 .0152 -.445]
H25 -.2308 -.0440 -.2805
H26 -.1021 .0324 -.1607
2 H32 -.0427 .3657 -.1358
H33 .0051 .4708 -.2833
H34 .0566 .4465 -.5192
H35 .0603 .3171 -.6076
H36 .0126 .2119 -.4600
3 H42 .0490 .0831 -.3347
H43 .2109 .0199 -.3283
H44 3297 .0408 -.1325
H45 .2867 .1249 .0569
H46 .1248 .1881 .0505
4 Cl1 -.1412 .2126 .2839
Cl2 -.2287 .1915 .2007
C1l3 -.2002 .1343 .1036
Cl4 -.0952 .1207 .1267
C1l5 -.0587 .1685 .2381
5 H1ll -.1383 .2519 .3614
H12 -.2985 .2132 .2091
H13 -.2463 .1084 .0312
H1l4 -.0538 .0824 .0736
H15 .0129 .1710 2777
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RESULTS

The molecular geometry and the numbering system
used is shown in Figure 16, while the geometry of the
manganese atom is shown in Figure 17. The molecular
packing as viewed down the c axis is depicted in
Figure 18. The drawings were made using the programme
ORTEP. Table XIX gives the bond lengths and angles
within the molecule. Some intermolecular contacts
are listed in Table XX. The results and estimated
errors associated with them were calculated using the

programme ORFFE2.
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Figure 16

Molecular structure of (n-CsHS)(OC)ZMn(H)Sl(CGHS)3
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Figure 17

Geometry around manganese atom
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Figure 18

Molecular packing projected onto ab plane






Mn-Si
Si-H
Mn-H
Mn-Cl
Mn-C2
Cl-01
C2-02
Mn-Cl1l
Mn-Cl2
Mn-C13
Mn-C1l4
Mn-C15
ave Mn-C
Cll-Ccl2
Si-C21
Si-C31
Si-C41
Cl-H

o
(a) Bond lengths (A) in

(n—csHS) (ocC) 2Mn(H) Si (C6H

2.424(2)
1.76(4)

1.55(4)

1.771(7)
1.764(7)
1.162(6)
1.168(6)
2.140(4)
2.132(4)
2.136(4)
2.146(4)
2.148(4)
2.140(4)
1.414(3)
1.883(5)
1.888(5)
1.886(5)
2.08(4)
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Table XIX

C21-C22
C21-C26
C22-C23
C23-C24
C24-C25
C25-C26
C31-C32
C31-C36
C32-C33
C33-C34
C34-C35
C35-C36
C41-c42
C41-C46
C42-C43
C43-C44
C44-C45
C45-C46

5)3

1.393(7)
1.398(7)
1.385(8)
1.365(9)
1.374(9)
1.384(8)
1.391(7)
1.396(7)
1.382(7)
1.369(8)
1.382(8)
1.392(7)
1.398(7)
1.395(7)
1.415(9)
1.378(9)
1.353(9)
1.391(8)
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Table XIX
(Contd.)

(b) Bond angles (degrees) in

('n--CSHS)(OC)2Mn(H)Si(C6H5)3

Mn-H1-Si 94 (2) C26-C21-C22 116.3(5)
Mn-Si-H1 39(1) C21-C22-C23 122.3(6)
Si-Mn-H1l 46 (2) C22~-C23-C24 119.9(6)
Cl-Mn-C2 88.7(3) C23-C24-C25 119.8(6)
Si-Mn-Cp 118.0(1) C24-C25-C26 120.4(6)
Cl-Mn-Cp 122.6(2) C25-C26-C21 121.4(6)
C2-Mn-Cp 123.7(2) C36-C31-C32 116.6(5)
H1-Mn-Cp 122.0(1) C31-C32-C33 122.0(5)
Cl-Mn-H 77.0(1) C32-C33-C34 120.4(5)
C2-Mn-H 109.0(2) C33-C34-C35 119.5(5)
Mn-Si-C21 108.1(2) C34-C35-C36 119.9(5)
Mn-Si-C31 114.1(2) C35-C36-C31 121.6(5)
Mn-Si-Cc41 115.9(2) C46-C41-c42 116.2(5)
C21-Si-C31 106.6(2) C41-C42-c43 121.8(6)
C21-si-c41 106.7(2) C42-C43-c44 118.1(6)
C31-si-c41 104.7(2) C43-C44-c45 122.3(7)
01-Cl-Mn 178.6(6) C44-C45-C46 118.8(6)
02-C2-Mn 176.3(5) C45-C46-C41 122.9(6)
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Table XX

Intermolecular contacts

01-H33 2.723(5) 01-H24 3.038(5)
01-H44 2.829(5) 01-H35 3.048(5)
0l1l-H23 3.288(5) 02-H25 2.749(4)
02-H15 2.937(4) 02-H35 3.049(4)
02-H46 3.270(5) 02-H36 3.284(4)
H22-H45 2.646 (1) H22-H46 2.671(1)
H22-H11 2.787(1) H23-H46 2.849(1)
H25-H45 2.662(1) H33-H34 2.457(1)
H33-H44 2.647(1) H34-H34 2,415(1)
H34-H44 2.610(2) H34-H13 2.796(1)
H36-H15 2.576(1) H36-H1l1 2.645(1)
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DISCUSSION

A drawing of the compound (n—CSHS)(OC)ZMn(H)
Si(C6H5)3 is found in Figure 16. The geometry about
the manganese atom (Figure 17) can be described as
a distorted square pyramid and that of the silicon atom
as a distorted tetrahedron. The molecule has a hydrogen
cis to the silicon and close enough (l.76(4)£) to
interact with it.

The Si-C(C¢H,) distances of 1.883(5)A, 1.888(5)A
and 1.886(5)£ are the same within experimental error.
There is some distortion from tetrahedral geometry about
the silicon atom, the Mn-Si—C(C6H5) angles varying from
108.1(2)° to 115.9(2)° and the C(C6H5)—Si-C(C6H5)
(different rings) from 104.7(2) to 106.7(2). Angles
within the phenyl rings range from 116.3(5) at the
attached carbons to 122.3(6). It will be noticed that
in the phenyl rings‘there is a range in C-C bond lengths
from 1.365(9) to l.415(9)£. This bond length range and
distribution is not that expected for a single popu-
lation of formally identical bond lengths with an
estimated standard deviation of 0.0085 as determined
from the least squares refinement. The variation of
bond lengths follows a definite pattern, the longest

being those close to the silicon-bonded carbon (average

o
1.3953). The shortest, with an average C-C distance of
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1.3702, are those furthest away. A similar pattern
was observed by Beauchamp gE_gl.53 and results from
the waggling motion of the rings. The apparent
shortening of the C~C bond is due to the same effect
as discussed in the hindered rotor section; that is,
the atoms move along an arc, the centre of which lies
near the silicon atom. Attempts to describe the
distribution of electron density resulting from such
motion by means of anisotropic temperature factors
would give an error in the centre of electron density
of each atom, and hence in the calculated bond lengths.
The greatest apparent shortening would occur between
those atoms which have the greatest motion, i.e.,
CR3-CR4 and CR4-CR5 where R is the number of the
ring (R = 2,3,4).

The Mn-C(n-CSHS) and Mn-C(CO) distances were not
unusual and agree with those of such compounds as

54 55

(CH,)Mn(c0) ,°4, (c , (n-CgHg)Mn (o) 42

56
and  [(7-CgH,CH;)Mn(CO),],C H, (As(CH,),),

be seen in Table XXI. The variations, where signi-

10Hg) Mn, (CO) ¢

, as can

ficant, are consistent with the trends that would be
predicted on the basis of the relative m acceptor
properties of the other ligands present. In all
these compounds the carbonyl groups lie trans to a

delocalized m system, One would expect that the
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Mn-C(0) distances trans to other carbonyls
would be longer than those trans to T-ring systems,
This more dramatic demonstration of the trans effect
can be seen in such compounds as HMn(CO)557,

(CO) 4Mn (H) (P(CGHS) ») Mn (CO) 458, an(co)losg, and
HRezMn(CO)l460 in which Mn-C distances tfans to
carbonyl groups are longer (Table XXII).

The Mn-Si bond length of 2.424(2)3 lies between
that found in (OC)4Mn(Si(CGH5)2)2Mn(CO)461 of 2.40A
and that of 2.497(5)3 in Mn(Si(CH3)3)(CO)562. It is
significantly shorter than the calculated single
bond distance of 2.562 (using 1.17263 for the radius

. °64
of silicon and 1.39A

for manganese), and would
suggest some double bond character between the
manganese and silicon.

The most exciting part of the work is the
location of the bridging hydrogen. It lies in an
otherwise empty space between the manganese and silicon
atoms, and as described earlier was found to be the
highest peak on all low angle difference maps. It is
bonded to the manganese with a distance of l.55(4)£
or ca 1.623 when corrected for the use of a spherical
electron distribution65. This is close to the terminal

(]
Mn-H distance of 1.60A found by neutron diffraction

o 4
techniques in HMn(CO)557, 1.60(12)A in RhH(CO) (P(C(H) ),
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Table XXIT

Comparison of bond lengths

Mn-C Mn-C
Molecule trans to not trans to
carbonyl carbonyl
HMn(CO)5 1.836(5) 1.821(9)
an(co)10 1.830(8) 1.792(14)
(CO)4Mn(H)(P(C6H5)2Mn(co)4 1.840(9) 1.788(9)
HRe,Mn (CO) 4 4 1.840(15) 1.80(3)
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and 1.6(1) in CoH(Nz)(P(C6H5)3)352, the latter two
being done using X-ray methods. The Si-H distance
of l.76(4)£, although considerably longer than the
Si-H bond distance of l.48£ in SiH466, is much
shorter than would be expected for a normal Si-H
intramolecular contact. Because silicon has a larger
radius than carbon, one would expect the C-:.+<H contact
to be less than that of Si----H, This is not the case,
Cl-H being 2.08(4)A and Si-H being 1.76 (4)A. This
would suggest an interaction between the Si-H and
formation of a weak bond. A similar type of inter-
action was found in bipy(OC)3CZMoSnCH3C2267 in which
the Sn-C7 distance of 2.805(4)£ was longer than would
be expected for a bridging chlorine distance, but much
shorter than Van der Waals distance (4.0£). The bond
length evidence would suggest a bent 3 centre, 2 electron
bond [Mnllf{\\si] with the predominant atomic orbitals
lying on the manganese and hydrogen atoms.

The presence of such a bridge would help to explain
the different spectral and kinetic properties observed
between this compound and the trihalogenated silyl
derivatives. 1In the structure of (n—CSHS)(OC)Fe(H)
(SiCZ3)268, the hydrogen atom was not located. However,
if an Fe-H distance of ca 1.65 is assumed, the hydrogen

atom lying midway between the Si's and ca 120° from
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Fe-Centre (ring), then one would obtain a Si-H
distance of 2.33. This is greater than the Cl-:-:°-H
distance of 2.08(4)£ and implies that there is no
Fe’,H\\Si bridge. The more electronegative
chlorines pull sufficient electron density from the
silicon to destroy any Si-H interaction. Alter-
natively, taking the electrostatic view of the hydrogen
bond i—- §T°--$: the requirement is that the Y group
(in this case silicon) have a partial negative charge.
In SiCl3, the highly electronegative chlorine would be
expected to produce a slight positive charge on the
silicon, which while improving the electron acceptor
properties as far as transition metal interactions
were concerned, would reduce the ability to hydrogen
bond. It would thus appear that the difference in
physical properties of the two types of compound is
due, in part at least, to the presence or lack of a
bridging hydrogen, The chlorinated silyl compounds
have a terminal M-H bond and clearly show this in the
infrared. The phenyl substituted silyl class have a
Mn-H bond that is close to, but not exactly the same
as, a terminal bond. This difference, due to the
Si...+H interaction, could help to explain the lack

of a peak in the infrared M-H terminal region, but the

appearance of a weaker peak in the Raman,
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The preliminary results of a kinetic study69 of
the displacement of a silane by a phosphine, which may
be represented by the following general chemical
equation:
nCSHSMn (co) 2SiHR3+P (CGHS) 3 -+ 1rC5H5Mn (Co) 2P (C6H5) 3+SiHR3
may be rationalized in terms of the structural results
reported here. In the case of the triphenyl silyl
derivative, the dominant reaction proceeds via an initial
dissociation in which triphenyl silane is eliminated and
the second step involves very rapid phosphine attack on

the electron deficient species nC HSMn(CO)z. The

5
reaction is the first order in transition metal complex
and zero order with respect to phosphine. However, for
the trichlorosilyl derivative the main reaction is found
to be bimolecular. The formation of a weak silicon
hydrogen bond corresponds to a partial activation of

the leaving group and significant formation of the
silicon hydrogen bond in the trichlorosilyl derivative

occurs only with the involvement of the entering phos-

phine ligand.



Chapter IV

THE CRYSTAL STRUCTURE OF DIHYDROOCTACARBONYL DIRHENIUM
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INTRODUCTION

There has been great interest lately in the bonding
and geometry of M-H-M bridges. The presence of the
hydrogen should result in a lengthening of the M-M
distance, since a 2 electron/3 centre bond is postulated.
This was observed in the structure of HRezMn(CO)l460
in which a Re-Re distance of 3.393 was found. This
is longer than the Re-Re distance of 2.96£ to 3.02£
found in such structures as Re4(CO)16= 70. A similar
result was found by Dahl in the structure of
(HCrz(CO)lo)= 71. In this molecule a Cr-Cr distance
of 3.41£ was obtained. If a linear, symmetrical
M-H-M bond is assumed, both compounds have a M-H
distance of l.70£ which is similar to the neutron
diffraction result of 1.68(1)£ for Re-H in ReH9= 72.
It should also be possible to have a bent M-H-M bridge.-
One would then expect a M-M bond shorter than that
found in the linear bridge, but longer than that in
the unbridged M-M bond. This has been found in such
structures as (H2Re3(CO)12—)73 in which bridged Re-Re
distances of 3.181(7)£ and 3.173(7)5 were found, and
in (H6Re4(C0)12=)74 having an average Re-Re distance
of 3.160(7)&. Having established a pattern for

single bridged metal-metal bonds, one wonders what
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would occur in doubly hydrogen bridged bonds such
as occur in H2Re2(CO)8 and H2053(CO)975. These
bridges are now 4 centre rather than 3 centre
systems. Bonding schemes such as protonated metal-
metal double bonds (M=M) have been suggested as well
as a 4 centre delocalization of electrons. In an

attempt to understand the bonding in such systems,

the crystal structure of H2Re2(CO)8 was undertaken.



- 111 -

EXPERIMENTAL

The compound H2Re(CO)8, molecular weight 598.4
gm/mole, was prepared by J.K. Hoyano and was re-
crystallized from a mixture of dichloromethane and
hexane to obtain crystals suitable for single
crystal X-ray diffraction studies. The yellow
crystals were mounted parallel to the elongated edge
of the crystal. Rotation, Weissenberg (Ok2, hog-
h72, hkO0-hkl) and precession (hoOg, bkz) photographs
showed the crystal to be monoclinic with systematic
absences h0%: g = 2n+l1 and 0k0: k = 2n+1, fixing
the space group at P21/c. The unit cell was found
to be a = 8.96(2)A, b = 11.62(2)A, and ¢ = 12.85(2)A,
B = 109.2(1)° from precession and Weissenberg photo-
graphs76. The density was determined experimentally
by means of flotation in a solution of Clérici's
Reagent and water to be 3.16 gm/cc which agreed with
the calculated density of 3.18(2) gm/cc for four mole-
cules per unit cell. This would require that the mole-
cules lie in general positions in the unit cell. Data
within the l.Oi sphere were collected on the PAILRED
automatic diffractometer using Weissenberg geometry
and a moving crystal/stationary counter technique
(v scan). The hexagonal crystal was mounted along

the b axis, and 13 layers (h0&-h122) were collected
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using MoKa-radiation. The X-ray beam was monochromated
using a graphite single crystal (002 reflection).
A scintillation counter, aperture 2.5° was used, with
the pulse height analyser centred on the MoKa peak and
set to accept 90% of the peak. A half scan of 1.5°
for the inner reflections (sin 6/x £0.20) and 1.0°
for the outer reflections was used at a scan speed of
2.5°/min. The scan widths were increased to 2.0°
and 1.5° for inner and outer reflections for the higher
levels. The peak was scanned three times or until
the peak count passed 4,000 counts. A stationary
background was counted for twenty seconds on each
side of the scan. Because the crystal was found to
decompose in light, and to a lesser extent in radiation,
the data were collected in a darkened room. Twelve
standard reflections were measured at the end of each
layer and a decomposition correction applied as a
function of time and sin 6/a. The intensities were
calculated using I = P-t(B1+B2) where P is the peak
count, Bl’ B2 the background count, and t is the ratio
of peak count time to that of total background. Four
hundred and twenty-two reflections were rejected using
the criteria (1) I = 0 and (2) I & 3AI where AI =
(P+t2(Bl+B2))%. Absorption corrections were
applied (u(Mo) = 217.cm_1, max crystal dimensions:

.14 mm x .11 mm x .14 mm, mean ur = 1l.4).
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SOLUTION AND REFINEMENT
The positions of the rhenium atoms were obtained

from a three dimensional Patterson map as Rel:

X 0.295, y 0.130, z = 0.273 and Re2: x = -0.046,

y = 0.130, z 0.180. A structure factor calculation

using the form factors calculated from Cromer's

coefficients50 gave reliability factors of R, =
27.9%, R, = 31.3%, where Ry = £||Fo|-[Fc|] ,
L|F |
o
R, = | mw(|Fo|-1Fc 2|, w = 1/0(¥)2 and o(F) =
Iw|F |2
o

(p+t?(B1+B,) + p?1)%, p = 0.06. A difference map
phased by the two rhenium atoms gave the positions of
all other non-hydrogen atoms. Four cycles of full
matrix least squares refinement, minimizing the
function Ew(IFOI-IFc|)2 with all atoms isotropic,
reduced the R factors to Rl = 16.0% and R2 = 20.4%.
It was noticed that four layers (hl%¢, h22, h3: and
h92) had much higher R factors (of the order of 20%)
than the others (~10%). For this reason, data for
these layers were recollected using a second crystal
of similar dimensions (.12 mm x .13 mm x .10 mm).

The data were treated as for the first crystal,

corrected for absorption and combined with the previous
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data using a second scale factor. Inclusion of the
anomalous dispersion corrections for rhenium (Af' =
-1.40, Af" = 7.70) in the calculated structure factors
and further refinement dropped the reliability factors
to R, = 10.3%, R, = 12.0%. A difference map at this
point showed peaks of 3 - 4 electrons near each of the.
rheniums, suggesting an error in the absorption
correction. Since any anisotropic refinement would
be meaningless for this reason, and also because of the
large decomposition correction (~30%) applied, refine-
ment was terminated at this point. In the final
cycle, all atoms isotropic, no shift was greater than
1/10 the corresponding e.s.d. The observed and
calculated structure factor amplitudes (x10) are

listed in Table XXIII. The positional parameters

and temperature factors are given in Table XXIV.
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Table XXIII

Observed and calculategd Structure factor

amplitudes (x10) in units of electrons
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Table XXIV
Positional parameters for H2Re2(CO)8
Atom < y 2 Isotgopic
Rel .2948(2) .1289(2) .2691(1) 1.69(5)
Re2 | -.0467(2) .1190(2) .1800(2) 1.80(5)
Cl .2948(78) .2262(53) | .1432(50)] 2.6(11)
01 .3114(65) .2936(42) | .0798(41)] 4.0(10)
c2 .4701(67) .0340(48) | .2412(43)| 1.8(9)
02 .5621(65) |-.0183(40) | .2354(40)] 3.8(9)
C3 .4502(65) .2249(42) | .3710(43)| 1.7(9)
03 .5460(64) .2812(43) | .4340(41)| 4.0(10)
c4 .2994(71) .0220(47) | .3921(46)| 2.1(10)
04 .3135(69) |-.0325(48) | .4675(46)] 2.0(10)
C5 -.0512(85) .0178(56) | .3111(55)| 3.0(13)
05 -.0721(61) |-.0365(40) | .3680(41)] 3.7(9)
Cé6 -.2190(88) .2035(56) | .2005(54){ 3.0(12)
06 -.3072(59) .2611(40) | .2199(38)| 3.4(9)
C7 -.1934(95) .0163(61) | .0827(58) | 3.6(13)
07 ~.2868(76) |-.0499(51) | .0298(48)| 5.3(12)
C8 -.0451(73) .2144(51) | .0457(48)| 2.3(10)
08 -.0743(73) .2576(50) |-.0362(49)| 5.1(12)
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RESULTS

A drawing of the molecule is shown in Figure 19,
giving the numbering scheme used. The diagram was
drawn using the Calcomp plotter and Carroll K. Johnson's
programme ORTEP, The bond lengths and angles within
the molecule are found in Table XXV, while Table
XXVI gives some intermolecular contacts. These
distances and their associated errors were calculated

using ORFFE2.
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Figure 19

View of H2Re2(CO)8 down b axis
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Table

. . o
(a) Bond lengths (A) in H

Rel-Re2 2.896(3)

Rel~-Cl 1.97(6)
Rel-C2 2,05(6)
Rel~-C3 1.92(5)
Rel-C4 2.00(6)
Re2-C5 2.06(7)
Re2-C6 1.92(7)
Re2-C7 1.91(7)
Re2-C8 2.06(6)

(b) Bond angles in H2Re2(CO)8

Cl-Rel-C2 87.(2)
Cl-Rel-C4 176. (2)
C2-Rel-C3 90.(2)
C3-Rel-C4 90.(2)

Cl-Rel~Re2 89.(2)

(c) Intramolecular

cl-cs8 2.89(9)
01-08 3.31(8)
Ccl-c2 2.78(8)
Cc2-C3 2.82(8)

C3-C4 2.77(7)

XXV

2Rez(CO)8

Cl-01 1.17(7)
C2-02 1.05(7)
C3-03 1.17(7)
C4-04 1.13(8)
C5-05 1.03(7)
C6-06 1.13(8)
C7-07 1.17(9)
C8-08 1.12(7)
C5-Re2-C6 87.(3)
C5-Re2-C8 178.(2)
C6-Re2~-C7 90.(3)
C7-Re2-C8 89.(3)
C5-Re2-Rel 90. (2)

non-bond contacts

C4-C5
04-05
C5-C6
C6-C7
C7-Cs8

2.97(10)
3.27(8)
2.74(9)
2.70(10)
2.78(9)



Cl1l-07
Cl-02
Cl-C7
01-04
01-07
01-05
01-02
0l-08
0l-c8
0l-C3
01-06
C3-04
C3-06
C3-07
C4-05
C4-04
C4-06
C5-08
Cé6-08
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Table XXVI

-]
Intermolecular contacts (A)

3.40(8)
3.40(8)
3.93(9)
3.13(8)
3.14(8)
3.15(7)
3.15(7)
3.31(8)
3.21(8)
3.32(8)
3.32(7)
3.30(7)
3.38(7)
3.44(8)
3.31(8)
3.34(8)
3.37(7)
3.31(9)
3.23(9)

C2-07
C2-06
C2-C6
C2-04
02-03
02-05
02-C3
02-C5
02-Cé6
02-07
02-C7
03-07
03-04
03-08
03-06
04-04
04-06
05-C8
06-08

3.33(8)
3.37(7)
3.59(9)
3.60(8)
3.12(7)
3.16(8)
3.27(7)
3.30(9)
3.36(8)
3.36(8)
3.41(9)
3.19(8)
3.24(8)
3.33(8)
3.43(7)
3.26(12)
3.38(7)
3.15(7)
3.15(7)
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DiSCUSSION

The compound Re2H2(CO)8 shows octahedral geometry
about the rhenium atoms if one assumes that the hydrogen
atoms occupy the empty region between the Re atoms and
complete the octahedron. The molecule as a whole has
D2h symmetry, although none is required crystallo-
graphically.

There is little deviation from 90° of the C-Re-C
angles, the largest being -3.(2) degrees. The Re-C
bonds range in length from l.91£ to 2.063. Those
being cis to the hydrogens are longer than those trans
(average 2.02(3)£ as compared to 1.95(4)). Since the
hydrogen-rhenium bond is weaker than rhenium-carbon,
the bonds trans to the hydrogen would be stronger than
those trans to carbonyl and thus have shorter bond
lengths. The hydrogen atoms are assumed to occupy
the two remaining octrahedral sites. If there is
undistorted octahedral symmetry (i.e., H-Re-H of 90°),
then a Re~Re distance of 2.896(3)£ would require a
Re-H distance of 2.053. This is rather longer than
the average Re-H distance (terminal) in ReH9= 72 of
1.68(1)3 from neutron diffraction work, and would
suggest that there is a slight distortion from octa-

hedral symmetry by the reduction of the H-Re-H angle
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in order to shorten the Re-H distance. The Re-H
bond length lies between two extremes - 2.05£ for
undistorted octahedral symmetry, and l.45£ if the
M-H-M unit is linear. Most likely it is close to
those found in other Re-H structures of ~l.70£. This
would require a H-Re-H angle of 63°. The Re-Re
distance of 2.896(3)3 is shorter than would be
expected for a Re-Re unbridged bond. A Re-Re bond

4 —
of 3.035A was found in [H,Re,(CO),] 73 5.96, 2.96

= 70

[+ (]
and 3.02A in Re4(CO)16 and 3.000A in

(Si(C6HS)2)2Re2(CO)877. A similar shortening of
75

the metal-metal bond was observed in HZOSB(CO)Q v
also containing a doubly hydrogen bridged Os-Os bond.
This shortening of M-M bonds is the opposite to the
effect of bond lengthening found in singly bridged

H
N
M< g oM

unit is very different from that of the M’/H\\M

bonds, and suggests that the bonding of the

group.
In order to explain the bonding of the rhenium
and hydrogen atoms, a molecular orbital calculation
was done. If one considers only the rhenium-hydrogen unit,
then the following orbitals can be drawn77, assuming

no interaction with the carbonyl groups:
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| RelﬂDRez —>x
/ AN

It should be borne in mind that such an assumption,
as well as the choice of orbitals, can prejudice the

results and may invalidate them. Using D2h symmetry,

the following orbitals are permitted42:
T = A + B
K2 - y2 g = “3u
r,=A4a_ + B

Xy 1lg

The orbitals ¢, to ¢ are defined as follows:

¢y 5d 2 2 orbital on Rel
X =Y

¢ 54 2 2 orbital on Re2
X ~-Y

¢3 1s orbital on Hl

oy 1s orbital on H2

¢s 5dxy orbital on Rel

96 5dxy orbital on Re2
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Then the Ag orbitals can be expressed as
1

= | ¢4+ ¢

/3 [ 1 2 J

n = ’
and i =1 oo+ ¢
JT 3 4
Symmetry considerations permit that these may combine.

78

Using Hackel molecular orbital theory =, the Slater

equations may be set up and the determinant obtained:

HAIAl_E HAIAII
=0
HA'A" HA"A"-E
Defining tp = J ¢1H°¢1ar = J ¢2H°¢231
= = ° =
Gpr = J ¢5H°¢5 g J ¢3H ¢331 J ¢4H°¢481
= J ¢6H°¢6 BR = J ¢1H°¢231 = j ¢2H°¢131
= = = ]
4 r r
= o - o = °

J ¢5H°¢3 B-p = | 93179437 = | 04H%0501
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the determinant can then be rewritten as

o, + B

R E 28

RR R-H

o, + BHH-E

If the assumpéion is made that the overlap between the

rhenium and hydrogen atoms is very small, then BR—H =

and the expression simplifies to

and E, = a, + B

2 H HH

Similar calculations can be carried out for the other

set of orbitals, B, :
2u

P'B = and y"B = 1
bt ¢ 2u = | ¢ ¢

2u

N [

The energies were calculated to be

E. = -b + /b-4c

2¢

-b - Vb2-4¢
2cC

Q
o
Q
=1
"
I

0
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o
Il
Q

where R + BR. + Qp = BH

]
>
™

~and o] + « - o

R'H T %R'% R'By T ogfrr ~ ByBRo

If the assumption is made that the 62 and cross B terms
are much smaller than other terms, then E3 and E4 can be

approximated to
By = o = By + Bpeg
and E4 = aRl + BRI - BRII{

There is only one orbital combination with B3u symmetry:

- ¢ ¢
3u 71 [ 1 2 J

and one with Blg symmetry:
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The following energy level diagram will be obtained:

B3u —— % " Bgp By, *r T Pg
Blg ——— gt~ Bpi B1g ogr T Bgre
Bau ot * BRriT Bpiy
ape
Bou ——— gt B
o
Ay __agtBp A ap + Bp
Bou —— %y = By
Bau g T By * Bry
*H
Ay gt 8y A ay + By
where the order of the levels B and the higher B is

1g 2u
unknown and depends on the relative sizes of BR' and

If Briy is greater than ZBR,, then B1g will lie

There are eight electrons which occupy

BRIH’
below B. .
2u

these orbitals so that the bottom four will be filled.
The bonding of the Re-H unit will be (1) both Ag orbitals

filled (that is, (a) the electrons localized on the
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hydrogen atoms, and (b) a Re-Re ¢ bond), (2) the bonding
B2u orbital filled in which the electrons are localized

over both rheniums and both hydrogens, forming Re-H

AR
/%g\ |

and (3) one of the antibonding orbitals depending on

bonds:

the relative size of BR' and BR'H' If Blg lies below
B2u’ then the electrons Occupy a Re-Re antibonding

orbital:

N A/

Re2

/Re IW N

Otherwise, the two remaining electrons will occupy a
Re-H antibonding orbital in which the electrons are

delocalized over all four atoms:
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The bonding can thus be considered as a Re-Re single
bond with delocalization of the remaining electrons
over both the rheniums and hydrogens, rather than a
protonation of a Re=Re double bond. Examination of
the energy level diagram shows that the hydrogens act
as a stabilizing unit even if there were no Re-H bond.
Removal of the hydrogens to give Re-Re++ would result
in no bond at all, since all four of the remaining

levels would be filled.
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Appendix A

SUBROUTINES ROTOR AND BESSEL

OF SFLS5HR
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SUBROUTINFE ROTOR

CIMMON TITLE(IB):MODE:IHV,NAD,ISAN;NPU,NEH(S)oNFSQfNFGURy
lNCﬂR,KAPD,ID,LV;HLV;NS;NU;NU,WLSC,KRIT,RPAQ,NATE,ICENT
2eNTGHNONR, NHIN .

CI“MoN A,ByC,AL,BE,GA.AQ,BQ,CQ,ALQ,BEQ,GAQ,NSL,SUMDL_

CoMMON NPAR yNVAR ) NCNT,KSEL (921 ) :

COHMON S(GO),RD,GP(?O),GQ(&O),GR(OO),MF(60)pHG(60)1H1(60)1
2X(140)yY(14O)7Z(140):011(140),822(60)y833(60),812(60):
2813(60),R23(60),NA(70),NAHF(I#O);XC(IO)yYC(lO)yZC(lO)v
BP(IO),R(IO)pU(lO),RPB(IO,S),VSTFP(lO),MORD(10)pRID(IO)

COMMON HLSH,AH,BW;CH,DW;EH,FW,GH,HH,SIZEI:SIZEZ

coMMeN SAER(IO,IO),NSAFR(IO,IJ)'SAES(10)1NSAES(10),SAEF(10)y
INSAFF{10) ’

COMMCN NTRAN{4,12412),NVTN(4,36)

CGHMON NF,FM(32;20)yF(ZO);FP(ZO)yFPP(ZO)yRHO,RHDSQ

COHMON FOBS,FCAL,SFC,ADBS,ACA-yBSBS,BCAL:DFLySIGMA,EXTL,EXTZ
1,MS],NREJ;Q1MH,MK,ML,TH,TK,TL,DA(180),DB(180),DF(180)

COMNMON CHG(921),STD(QZI),EPS(ISO);DIAG(lSO):V(lSO)

CCMMNOM A111A12y/\131/\227/\239/\33yBAIyBAZyﬁ/\3,B/\41BA5’BA6

COPFMON SN(SO),BUNyGPN(7O)yCQN(60),SRN(éo)rXN(140)7YM(140)7
IZN140),BllN(140)p822N(60),EBBW(éﬂ),BlZN(éO),813N(60)y
2323“(60),XCN(IO)pYCNflo)yZCN(IO);PN(IO);RN(10):UN(10),

CDHHON/SPSV/I,J;N,RH,RK,PL,T,QHHyRKK,RLL,RHK,PHL,RKL,NR

COMMON /PDC/SPKSPLySPP 4 SPRySPU,CPH,CPK,CPL,CPP,CPR, CPU,HL,
1 S/'\rAL, VﬁysBCAL’K’LyTPI,JFyLC 1SPH;INV1

CJMMON/BFSS/DBJB(IO,ZO)yLM(6),BR,BEA.TE,TD,BDD,BD,BIA(10:20).
1,0813(10),BI0(10),JPA

DTMENSION WL (20),WB(20)

FQUIVALENCE(BI:BII)p(BIN,BllM),(AR.SN)

DIMENSTION AR(20100)

DIMFMNSION BT(140),BIMN(140)

DIMFNSIDN'SUH(G);DELMS(Zyé),DELMC(216)pDFLC(213)vDELS(2'3)

REAL MTERM )

RFEAL:8 CC,DD,AP,AP2

COMHON/RIGIN/CLIMIT

TE=0,.

D=0,

=0,

BPOS=100

3MEG==-1.,0

BD=ARB(1,2)

NK=MDN{MORD (T ),2)+1

CN=Ccos(r(1))

CF=COS(R(1))

SD=SIN(P(I))

SE=SIMNIRI(T))

TP1=6,283185

XK=TPI*RID(I])

TF=FXP(PBRB(I,I)*RHUSQ)*GP(I#VU)*[CENT*NSTEP(I)

[FINAD.EQ.2) TF=TF%x2,
TE=TFXF( JF)

DO 14 IWA=1,2

DO 10 IW=1,6
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DELMCIIWA,TH) =0,
DELMS{INA,TH)=040
IF(IW.GT.3) GO TO 10
DELC{TWA, 1Y) =0,
DELS{IVA, IW)=0.
CONTINUE
CONT IMUE
CODE=0.
D0 23 J=1,MU
ICCDE=0
CALL SYN
PHI=TPI#(RHHXC(I)+RK*YC( I ) +RL*ZC (1) +T)
CP=COSIPHI)*TF
SP=SINIPHI)*TF
XK 1=RH%BAL+RK*BA2+RL¥BA3
XK2=RL*BA6
XK3=RK#*BA4+RL*BAS
CO=XK{ XK 1#CE-XK2%SE)
DN=XK#{ XK 1% SD*SE+XK3*CD+XK2%CI%SD)
AP=DSORT (CC*CC+ND*DD)
XNU=DARCOS (CC/AP)
IFIDD.LT.0.0)XNU=-XNU
ANGLE=MORD { 1) {U(T1)=XNU)
IF{MODE.EQ.1) GD TO 2
IF(KSEL(L+7).EQ.0.AND.KSELIL+3).FQ.0) GO TO 2
DELCE=~XK% [ XK1% SE+XK2%CE)
DELDE=XK* [ XK1#SD*CE~XK2%SD%SE)
DELDD=XK#{CN*SE*XK1-SD#XK3+CEXTD*XK2)
AP2=APHAP
NELAPD=DD*DELDD/AP
DELAPE= (CC*DELCE+DD*NELDE )/ AP
TE=DELAPE/AP
TD=DCLAPD/AP

*ickokwx THIS MEXT SECTION WILL CAUSE DIVIDE BY ZERO FRRORS
FOR CERTAIN REFLECTIONS IF D IR E ARE 0,90,180,0R 2700EGS
BY PASS IS T OMIT THESE REFLECTIONS FROM LEAST SQUARES

CW=AP2%DSQRT(1.-CC*CC/AP2)

IF (ABRS{CW).LT.0.00001) GO TO 1
DXNU=1./CHW
DXNUE==DXNU*{AP#NCLCE-CC*DELAPE)
DXNUD=DXNUXCC*DELAPD

GO TO 2

ICODE=1

IFINK.EQ.2) GO TQ 3

sskxs CALC'N OF REAL TERMS ik #%

MPRIME=NK=NOPD( 1) /2

NAA=1

G0 TO 21

E=SNGL(AP) |
CALL BFSSEL (RJ,04,F ,BNEG)
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SUMILI=DBIB{I)*=BJ
SUM(2)=8R
SUM(3)=080D
SU¥({4)=BEA
SUM{S5)}=0, -
SUM{6)=8J

60 TO 5

#4400k CALC'N OF IMAG TERMS et sk

NPRIMF={NORDI{T)=1)/2

DO 4 IA=1,6
SUM({IA)=0.

CONTINUE

NAA=2

DO 24 TA=1,5
LMITA)=KSEL{TIA+L+4) .

CONTINUE

LM(6)=1

IF{NAA.EQ.1) GO TO 22

PSIGN=1.

[F (ICODE.FO.Q) GO TO 16

SUM(3)=0.

SUM(4)=0.

L4(3)=0

LM{4)=0

DO 6 TA=1,NPRIME
PSIGN=PSIGN*(~1)

CONTINUE

SIGN=PSIGN

IF(NK.EQ.2) PSIGN=-1.

NL=1

IF{NAAJNELNKINL=2

ki CALC'M OF M AND DERIVATIVES idokkk

N0 11 JP=NL,20,NK
JPA=JP
PA=FLOAT (JP)
PMA=PAXNORDI(T)
CU=COS(PA*ANGLE)
SU=STN(PAXANGLE)
TCOM=2.%STGN*RBTA(T,JP)/BIO(])
E=SNGL(AP)
CALL BESSFL (BJ,PNA,E ,BNE3)
[F{MOREL.EQ. 1) GO TOD 34
IFILM({L].FN.0) GO TO 30

ke CALCYN OF DM/D(BD) k& ki

BDTERM=2 . «SIGN*CU*NBJIRI(T 4P ) *BY
SUMET)=SUMI1)+BDTFRM

TFL ABS(RDTERI/SUMIL))LLELCLIMIT) LM(L1)=0
[F(LM(2).EQ.0) GO TO 31
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wrAst CALC'N OF DM/DR #omkix

RTEM=TCOM*BR*CU

SUMI(2)=SUN(2)+RTERM
[FLABSIRTFRM/SUM(2)) JLELCLIMIT) LM(2)=0
[IF(LM(3).EQ.0 ) 6O TN 32

*fdkt CALC'N OF DELMD s stown

HD=SUxPNA=DXNUD
DTERM=TCOM X (BON=CU+BI*XDMD)
SUM(3)=SUM(3)+DTERMN
[FLABSIDTERM/SUM(3)) JLEL.CLIMIT) LM(3)=0
IF{LMI4).EQ.0) GO TO 33

¥%%u% CALC'N OF DM/DE ##%iokx

DME=SU*PNAXDXNUE

ETERM=TCOM* (BEA®CU+R JXDME)
SUML4)=SUM{4 )} +ETERM
TFCABS(ETFPM/SUM(4)) L LEL.CLIMIT) LMI4)=0
IF(LMI5).EQ.0) CO TO 34

222k CALC'N OF DM/DG %dckotek

GTYERM==PNAXTCOM*SU%RJ
SUM{5)=SUM{S)+GTERM
IFLABSIGTERM/SUM{S)) . LELCLIMITILM(S)=0
IF(LM(6).EQ.0) GO TO 35

wdokks CALC'N OF M sk

MTERM=TCOM*CU%BY

SUML6)=SUMI6)+MTERM

IF{ABSIMNTERI/SUM{6)) LLE.CLIMIT) LMI6)=0

LSUM=LML L) +L M 2)+LM03) +LMI4 ) +LMI5) +LM(6)
IF(HMODELEQ.L) LSUM=LM(6)

T (LSUM.EQ.0) GC TO 12

SIGN=SIGN*PSIGN
CINTINUE
WRITE(6,201)RIH,RK,RL
[F (“0DE.EQL1) GO TO 7
SUMALL)=(SUM(1)-SUM(6)*DBIB{I)) /BIOLT)
D0 36 TA=1,5
NELMCINAA) TAY=SUM{TA)XCP+DELMZ (NAA,TA)
DELAS(NAA, TAY=SUM(TA)=SP+DELMS { NAA, [A)
CONTINUE
TEOOKSELIL+1)+KSELIL+2)+KSCL{L+3)).FQ.0) GO TO 7
DELCIMNAA, 1)=NFLCINAA, 1) +CP%SUA(6) %R H
DELCINAA,2)=DELCINAA,2) +CP%SUML6) %PK
DELCINAA,3)=PELCINAA, 3) FCPXSUM{ 6) %R L
OELSIMAA, L)=DELSIHAA, 1) +SPASUM (6) *RH
DFELSTNAAY2)=NELSINAAL2) +SPHSUM({6) *RK
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DELS{MNAA,3)=NELS{NAA,3)+SPXSUM[6)#RL

7 NELMCINAA,5)=SUMI6) *CP+DFLMCINAA,6)
DELMS(NAA,6)=SUM(6)*SP+DELHS(VAA;6)
[F{NAA.EN.2) GO TN 15

23 CONT INUF

8 AT=DELHMC(1,6)-DELNMS(2,6)
ACAL=ACAL+AT
IFINAD.EQL2) GO TO 40
3T7T=DELNCI(2,6)+DELMS(1,6)
BCAL=BCAL+BT

40 IF(MUDE.TCQ.1) GO TO 9

whAik CALC'N OF DELF{POPULATIIN FACTOR) %kiokk

IFIKSELIL).EQ.0) GO TO 58
DA(K)=AT/GP(T+NU)
IF(INV1.FQ.1) GO TO 59
DBIK)=BT/GP{T+NU)

59 K=K+1

53 bL=L+1

wpkadk DERIVATIVES WoReT. CENTRE OF RING H¥tkx

DO 56 1A=1,3
[F{KSEL(L).EQ.0) GO TO 55
DA{K) ==TPI#(DELS(1,IA)+DELC(2,1A))
IF{IMV1.EQ.1) GO TO 57
DBIK)=TPI*(~-DELS(2,TA)Y+DELC{1,1A))
57 K=K+1
55 L=0+1
56 CONTINUE
IF(KSEL(L).EQ.0) GC TO S3

skl CALC'N OF DELF(TEMP) ekt

DA(K)=-RHOSQ*(DELMC(1,6)-DELMS{2,6))
[FIINV1.CQ.1) GO TO 54
NB{K)==RHOSQ*(DELMC(2,6) +DFLMS(2,6))
54 K=K+1
53 L=L+1

dxAxk CALC'N OF DELFD TO DFLF3 ki

DD 50 TA=]1,5

IF(KSEL(L).EQ.O0) GO TO 51
NDA(K)=NELMC(1,TA)-DELMS(2,]A)
[FIINVI.EO.1) GO TO 52
DBIK)=DELMC(2,1A)+DELMS(1,TA)

52 K=K+1

51 L=L+1

50 CONTINUE

9 RFTURN

201 FORMAT(' REFLECTION '4y3F3.0,' HAS NOT CONVERGED!)
END
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SURRCGUTINE BESSEL (BSUM, PP, X7, BSIGN )

COMMON FITLECLB),MONF, TNV, NAD, T SAN,NPU,NEW(5) yNFSQ, NFOUR,
INCOR,KARD 10, LV, NLY yNS»NUy MU, MLSC,KRIT,RP AR, NATE, ICENT
2,NRIG, NONR, NHIN :

COMMON A,B,CyAL4BF,GA,AQ,BQ,CI,ALQ,BEQ, GAQ,NSL ,SUMDL

COMMON NPAR ,MVAR,NCNT,XSEL(921)

CAMMNN SU50),BC,6P170),50(60),GRI60),MF(60) ,MG(60),M[(60),
ZX(140),v«140),2(1401,811(140),R22(60),533(60),812(60).
2R13(60),823(6ﬁ),NA(?O),HAHE(I&O):XC(IO),YC(lO)pZC(lO),
3PL10),R(10),U(10),BRB(19,8),M5TEP(10),NORN(10),RID{10)

COMMION MLSHy Ay BY 3 CW o DYy EH y Fily Gy HW,STZEL,STZE2

COoMMON SAER(IO,IO),NSAFR(10,13),SAES(IO),NSAES(IO),SAEFIIO):
INSAFF(10)

COFMON NTRAN{4,12,12) ,NVTN(4,36)

COMMON NF4FM(32,20),F(20) 4FP(20),FPP{20),RHO, RHOSQ

COMMON FOBS,FCAL,SFC,A0BS,ACAL,,B0ORS,8CAL,DEL,SIGMA,EXT1,EXT2
Ly STy FREJSQyMHy MK ML, THy TRy TL,DA(180),08(180) ,DF(180)

COMMON CHG(921),STD(921),EPSI180),DTAG(130),V(180)

COMNON All,A12,A13,A22,A23,A33,8A1,BA2,3A3,8A4,8A5,BA6
COMMON SNU50) ,BON,GPN{70),GQNI60) ,GRNI62) ,XN{140) ,YN{140),
1ZNL14C),B1IN(140),R22N{60),P33N(60),812N(60),B13N(60),
2B23IN(60), XCNE10),YCNI10), ZCN(LO) 4y PN(10),RN{L10),UNI10),
38R8(10,8),RIDN{10)

COMMON/ SPSY /T 4 J s My RH RK RL, Ty JHH, RKK L L, PHK, RHL ,RKL , NR

COMMECN /PDC/SPRySPLySPP,SPP,SPJ,CPH, CPX,CPL,CPP,CPR,CPU, WL,
1 SACAL, V3,SRCAL,KyL,TPI,JF,LZ ,SPH,INV1

COMMON/BESS/DBJB(10,+20)4L1(6), BR,BEA, TE, TD,B0D,80,B81A(10,20
1,D8IR(10),8I0(10),JPA :

COMMOM/RIGID/CLIMIT

DIMENSTON WLI20),4R{20)

EQUIVALENCEIRTI,RIL) s (BIN,BLIN), (AR, SN)

DTMCHMSTON BI(140),BIN{140)

DIMENSION AR({20100)

DIMENSION LB(S)

BTERM=1.,
3RTERM=0,
FRTERM=0Q,
DRTERAM=0,
RJITERM=0,
Le{s)=1
IF(PP,EQ.0.) GO TO 17
FACP=1,
JP=IFIX{(PP)
NO 1 M=1,JP
XM=FLOAT(M)
RTERM=BTERM*XZ/ (2 .%XM)
COMTINURE
TF{3SICN.LF.0,) GO TO 22
kEddx CALC'M OF 1 TERMS sk
LB(1l)=1
00 13 M=2,4
LR{N)=0
CONTINUE
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Iﬁ(PP.NE.O.)BJTERM=PP*BTERH/B)
DBJIBIT, JPA)=BITERM
GO TO 5
#aAkk CALC'N OF M TERMS Hedoiokk
L8(1)=0
DO 14 M=2,4
LBIM)=LM(H)
CONTINUE
IF(PP.EQ.0.) GO TD 5
BRTERMU=BTERM*PP/RIDI(I)
ERTEPM=PP*BTCRM*TF
DRTERM=PPEBTERM®TD
BSUM=BTERM
BR=BRTERM
BEA=ERTERM
RNN=DRTERM
[F(BSIGN.GT.0} DBJUB(I,JPA)=BITERM
DO 2 M=1,30
BTERM=(BSIGN*BTERM®Y. Z%XZ) /{ & . M% (H+PP) )
IF(MDDELEN. 1) GO/TO 11
IF{LB{1).EQ.0) GO TO 6

*adkkk CALCYN OF DM/DBD TERM i gk

BITERM=(2.*M+PP)XBTFRM/BD

DBJR(T, JPA)=DRIB(T,JPA) +BJITERM
ITF(ABSIBJITERI/NDBIBII, JPA) )W LE. CLIMITILB(1)=0
IF {LB{2).FQ.0) GD TO 7

*ak#k CALC'N OF DHM/DR TERM ekt

BRTERM=BYERMX(2.%M+PP) /RID(I)
BR=BR+BRTERH
[FUABS{BRTERI/BR)LLELCLIMIT) LB(2)=0
IF (LB(3).EQ.N) GO TO 8

fa00kk CALC'N OF DM/DD %ok

DRTERM=BTERM*(2.,%M+PP) *TD
BDN=BDD+NRTERM
IF(ARSIDATERIV/BDON) L LELCLIMIT) LB(3)=0
IF {LB(4).FQ.0) GO TO 11

*xtkx CALC'N OF DM/NE TEPM sckbxk
ERTERM=BTER M5 (2 (%M +PP ) *TE

BEA=BEA+ERTERM .
IFCARSCERTERNM/DEA) JLELCLIMIT) LB(4)=0.
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IF (LBU5).EQ.01 60 TO 12
ik CALC'N OF BESSEL SUMMATION #csoxs

BSUM=BSUM+BTERM

TF{ ARS{BTERM/BSUM)LEL.CLIMIT) LBI(5)=0
LSUM=LB (1) +LB(2)+LR(3)+LB(4)+LB(5)
IF(MODELER.1) LSUN=LB(5)
IF{LSUM.EQ.0) GO TO 3
CONTINUE
RETURN
FND



Appendix B

PROGRAMMES USED



Author

D.P. Shoemaker

M.J. Bennett

M. Elder
M. Elder and
K. Simpson

A. Zalkin

M.J. Bennett

W.C. Hamilton
D.P. Shoemaker

C.T. Prewitt

G.J. Williams

J.S. Wood
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Title

MIXG2

PMMO

Datap
D-refine
FORDAP

MMMR

GONO9
GNABS

SFLS5HR

CROMERS

MGEOM

Description

calculates Picker diff-
ractometer settings

modified by M. Elder
to sort data

calculates intensities,
makes Lp corrections for
Picker data

as for PMMO, except for
PAILRED data

refines axial lengths

Fourier summation for
Patterson or Fourier maps

calculates starting para-
meters for rigid bodies
and hindered rotors

absorption corrections -
Picker data

absorption corrections -
PAILRED data

structure factor calcu-
lation and least squares
refinement of parameters

modified by B.M. Foxman,
M.J. Bennett and W.L.
Brooks for rigid body and
hindered rotor routines

calculates form factor
curves using Cromer
coefficients

calculates bond lengths,
angles and best planes



- 145 -

Programmes Used (Contd.)

Author Title
W. Busing and ORFFE2
H.A. Levy
C. Johnson ORTEP
M. Elder and SFLIST

W.L. Brooks

Description

calculates bond lengths,
angles and associated
errors

modified by B. Penfold
for IBM 360, and W.L.
Brooks and M. Elder for
hindered rotors and rigid
bodies

writes plot command tape
for Calcomp plotter

lists structure factors
for publication



Appendix C

CONVENTIONAL CRYSTALLOGRAPHIC SYMBOLS
AS DEFINED IN VOL. I, PAGE xi, OF THE
INTERNATIONAL TABLES FOR X-RAY CRYSTALLO-

GRAPHY



h,k,2

hk2

a,b,c,
a,B,y

a* ,b*,c*

a*lB*lY*

X, Ve, 2.
ir¥yir i

B117B27B33s
B1278337B53
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indices of the reflection from a set of
parallel planes; co-ordinates of a
reciprocal lattice point

structure factor for the unit cell,
corresponding to the Bragg reflection
hk2

lengths of unit cell edges

interaxial angles

lengths of reciprocal lattice unit cell
edges

interaxial»angles in reciprocal space

fractional co-ordinates of an atom i
(co-ordinates of atom i in units of
a,b,c)

electron density at the point x,y,z

linear absorption coefficient

mean square amplitude of atomic vibration

Debye isotropic temperature parameter

B = 8n2 ﬁz

anisotropic temperature parameters used
to describe ellipsoidal electron distri-
bution of the anisotropically vibrating
atom; the temperature factor expression
. 2 2 2
is then: exp[-(Bllh + B,k + B33t

+ ZBthk + 2813h2 + 2823k2)]
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observed structure factor

calculated structure factor



