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Abstract

The crystal structures of four inorganic compounds:

(CsHs )2Cr2(NO)a(NHs) (I), KIOs5.HIOs (II), a-(CHs)oTels

T ]
(ITI), and (CHs)2AsC=CAs(CHs )2CF2CF2Mnz(C0)s (abbrev. as

fafarsMnz(C0)g) (IV),were determined by x-ray diffraction

techniques. Intensity data collection was carried out on

a Picker four-circle diffractometer, manually operated for

(I) and (II), and computer controlled for (III) and (IV).

While the Phase Problem in (II) and (IV) was solved by

Patterson synthesis, that in (III) was solved by Direct

Methods (Tangent Refinement Program ). The structure

solution of (I) was complicated by the existence of pseudo-

symmetry and was solved by using Direct Methods (Symbolic

Addition Procedure ). Refinement of the atomic and thermal

parameters in all cases was by full-matrix least-squares

techniques. Results are shown in the following table:

compounds I
number of

reflexions 903
measured

number of reflexions
regarded as

significantly 511
above background

(N)

no. of variables T
(V)

N/V _ 6.6

final R-value (%) 6.9

1644

1392

IT

ok

14.8

iii

5.0

IIT

3157

2197

107

20.5

5.4

Iv

1580

1429

208

3.5




The thesis also gives a discussion of the significance
of the results and a detailed description of the experi-
mental and computing methods used in the structure determina-
tion of these compounds. The following briefly describes the
major features in each structure.

In (I), the two chromium atoms are linked together by
a chromium-chromium bond (2.650(4)%) and by bridging nitro-
syl and amido groups, each chromium atom is also bonded to a
terminal nitrosyl group and a mr-cyclopentadiene ring. In this

model of the structure, a crystallographic mirror plane passes

through the Cr-Cr bond and the terminal nitrosyl groups
with the two bridging groups being disordered. Each
cyclopentadiene ring is described by two equal occupancy
disordered orientations.

In (II), the iodate groups are primarily trigonal
pyramidal. Weak interionic (I...0) and hydrogen (OH...O)
bonds result in a three-dimensional network with a
corresponding increase in the coordination numbers (six
and seven) about the iodine atoms. Significant differ-
ences are found between the I-O0 and I-OH bonds.

In (III), each tellurium atom in the molecule has

a distorted octahedral environment formed by two trans-

Te-I, two cis- Te-C covalent bonds and two short inter-
molecular Te...I contacts from iodine atoms attached to

neighbouring (CHs )2 Tel molecules. As a result, the

iv



molecules are linked together in corrugated sheets. Since

there are three crystallographically distinct (CH; ),Tel,

molecules in the asymmetric unit, variations in the Te-I
bonds can be correlated with the regularity of the octa-
hedral environment about the tellurium atoms.

In (IV), the molecule is binuclear ; each
manganese atom is bonded to an arsenic atom and four
carbonyl groups. The two Mn(Coq) units are joined together
by a long Mn-Mn bond (2.971(3) A) and the bridging f) fars
ligand. The molecule 1is twisted about the Mn-Mn bond so
that the ligands of the two manganese atoms are almost

perfectly staggered, as in the parent compound MnQ(CO)lO.
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CHAPTER 1

INTRODUCTION

X~-ray diffraction techniques have been most valuable
in providing quantitative data from structural studies in
the solid state. Moreover the development of computers in
recent years has had great impact on the technical aspect
of structure determinations. This thesis describes the
X-ray crystal structure analysis of four inorganic compounds:
dicyclobentadienyldinitrosylji—nitrosy11J—amidodichromium(I),
(CsHs )2Crz2(NO)a(NHz) (I); potassium hydrogen di-iodate,
KIO3.HIOs (II); a-dimethyltellurium di-iodide, q-(CHz)2Telz

(III); and tetrafluorocyclobutenebis(dimethylarsine)-

octacarbonyldimanganese(0) , (CHz)2AsC=CAs(CHs)2CF2CF2Mn2(CO)g

(abbreviated as fifarsMnz(C0)s) (IV).

Displacement of chloride from cyclopentadienyl-dinitro-
syl-chloro-chromium, (CsHs)Cr(NO)=Cl, can lead to mononuclear
or binuclear products. The binuclear products containing
bridging groups attracted attention as several geometrical
isomers were possible!. The structures of [CsHsCr(NO)z]z 2
both in solidandliquid states would be interesting as
they can be compared with the analogous compleXxes, e.g.
[CsHsFe(NO)2]22, which exhibit geometric isomerism, 3’*

It had been reported that during the preparation




of [CsHsCr(NO)2l2, a by-product, compound (I), was obtained®,
presumably formed by the reduction of Cr-NO to Cr-NH, by NaBHa.
From spectroscopic evidence it was expected to have unusual
mixed amido and nitrosyl bridges as well as a possible metal-
metal bond. Until 1969 there was no report on crystal
structures of compounds with bridging nitrosyl groups. The
chemical interest coupled with its stability in air and

under x-rays made (I) an attractive subject for a crystal

structure study.

During the infra-red studies of some iodate compounds
it was found® that the spectrum for KIOs.HIOs (II) was
complex and the bands could not be assigned satisfactorily
from a simple structural model. It was concluded that
perhaps two kinds of iodate groups were present, It is
interesting to note that various iodate compounds”’ possess
non-linear optical properties and they have wvarious appli-
cations in the solid state. Most of them were found to
have secondary intermolecular interactions besides the
priméry bonding arrangement of trigonal pyramidal IOs~
groups, In particular, the crystal structure of a-iodic
acid, a-HI0s®, showed additional hydrogen bonding to form
infinite chains of the type oo .HIO0s,.. .HIOs,., .HIO3... . .
The crystal structure of (II) wasexpected to reveal the
different environments about the iodine atoms due to possible

intermolecular I...0 interactions as well as the nature of




the hydrogen OH...O0 bonding.

The study of dimethyltellurium di-iodide dateg back to
the 1920'5 when Vernon® suggested that it existed in a and
B forms which he concluded to be cis- and trans- isomers
of a square-planar structure. Subsequent investigation by
Drewlguggested that they were actually covalent (o) and
ionic (B) isomers. The ionic (B) form was confirmed by
an x—ray structure determination to be [Te(CH3)3+]
[Te(CHs)Is ]!, Preliminary x-ray work on the a isomer'?
showed that there were twelve formula units per unit cell,
and the simple molecular formula of (CHs)zTel, was there-
fore questioned. A detailed structure analysis of the a
isomer was thus carried out to study its exact nature and

and to compare it with the 8 form.

The ligating properties of the 1,2-bis (dimethylarsine)-

have been well known'!®, It can act as a monodentate, biden-
tate, tridentate or bridging ligand. (IV) was prepared by
Crow et all® by reaction of f4fars with dimanganese deca-
carbonyl, Spectroscopic evidence indicated a bridging

f,fars ligand and a Mn-Mn bond. Reaction of (IV) with
iodine at room temperature resulted in rupture of the metal-
metal bond to give f,.fars-MnsI-(C0)s. It had a fifars ligand
bridge as the only linkage between the two MnI(CO), moieties

which were twisted about the Mn-As bonds to lie on either



side of the cyclobutene ring'®*® . It was considered interest-
ing to find out the exact coordination about the manganese
atoms in (IV) before the rupture of the Mn-Mn bond, and

to compare it with the parent compound Mnz(CO0);0'° as

well as other related fy fars derivatives.




CHAPTER 2

EXPERIMENTAL

j\generaloutline of the experimental method is pre-
sented in this section., A summary of the crystal data is

included for comparison in Table (I).

Crystals of (I) and (IV) were supplied by Drs N.Flitcroft
and W.R.Cullen respectively.(III) was available as a commercial
product. (II) was prepared by mixing warm equimolar aqueous
solutions of KIOs and HIOs and crystals of KIOs.HIO5 separated

out on cooling.

2.1 Preliminary Examination and Photography

Samples of the crystals were examihed with a hand-lens
and under a polarizing microscope before mounting. Unlike
the others which were stable in air, crystals of (III) were
extremely volatile and toxic. They were therefore first
examined inside a vial with the hand-lens and four suitable
crystals were then individually sealed in capillaries. Since
the single crystal fragment of (II) was a fragile,thin plate it
was also sealed in a capillary. Suitable crystals of (I) and

(IV) were mounted on thin glass fibres.

After a crystal was aligned on a two-circle Nonius
Optical Goniostat, it was put on the Weissenberg and precession

cameras to determine its quality, setting, cell dimensions




and possible space groups. The photographic information was
specially helpful in (I) and (II)(as their intensity data were
collected on a manually operated diffractometer)and served as
input data to the program DSET2(written by E.L. Enwall) to

calculate the angular settings for the unique set of reflexions.

The densities of the compounds were measured using a
Berman density balance except in the case of (I) where a liquid
of the same density was prepared and its density measured after-

wards.

2.2 Diffractometry

In the cases of (I) (II) and (III), the single crystals
for photography were also used for diffractometry. In the case
of (IV), a crystal grinder was used té grind a crystal of cubic-
size(~ .5mm) very slowly to an approximate sphere of .17mm
radius. To examine the quality and setting of this crystal
before it was put on the diffractometer, a precession photo-

graph was taken which was later identified to be the {hhl} zone.

A manually operated Picker four-circle diffractometer
was used for the data collection of (I) and (II) but it was
fully-automated for (III) and (IV). The software was the
Picker FACS I system for (III) and the Vanderbilt system ( a
modified version of FACS I by Dr. G. Lenhert, Vanderbilt
University) for (IV). Differences in experimental procedures

between (I) (II) and (III) (IV) thus mainly arose from the



manual and auvutomatic operations of the diffractometer.

Two reflexions were carefully identified to determine
the setting of a crystal. Both (I) and (II) had reciprocal
axes at yx=90° and x=0°. (III) was mounted about the a
(monoclinic) axis and both reflexions were aligned at y=0°.
The matrix for the general orientation of (IV) was calculated
first from its photographically-determined cell dimensions
and two carefully centred reflexions. Orientation matrices
of (III) and (IV) were recalculated after accurate cell
dimensions h;d been determined on the diffractometer. Since

(ITI) and (IV) did not have reciprocal axes at x=90° the

effects due to intrinsic multiple reflexion were minimized’'®,

Accurate cell dimensions were de%ermined from a least-
squares fit to a number of reflexions whose 26 values were
accurately measured on the diffractometer. Unfiltered
radiation and narrowed detector slit were used so that MoKa,,
as and B positions could be distinctly resolved. MoKa, was
used in (I),(III) and (IV) but all three radiations were used
in (II) and a good consistency was found among the three
results obtained. Measurements of both + and -~ 28 were carried
out in (I) and (II) and their average value was taken.

In general the take-off angle was small to give a sharp-
parallel incident beam in order to increase the accuracy of

the measurement of the 2§ values.

Intensity data of the unique set of reflexions were 1




collected using the 8~28 scan method. MoKa radiation

( X:=O.7107K) was used witha niobium filter. The scan
widths were determined by preliminary investigation of
the mosaicity of the reflexions on the diffractometer
prior to data collection. Scan widths were also corrected
for dispersion effects in (III) and (IV). Since the
diffraction spots as seen from the photographs of (I)

and (II) were reasonably intense and sharp, a faster scan

speed of 4°/min was used to accelerate manual data collection.

A scan rate of 2°/min was used in (III) and (IV). Three
standard reflexions were measured at least every four
hours to check the consistency of the process and the
fluctuations were +1.54 (I), £1.04(II), +2.5% (IIL) and

+2.%% (IV).

If absorption effects are not corrected, they can
affect the accuracy of the results, particularly that of
the thermal parameters. Since the linear absorption coef-
ficients . for (I) and (IV) were low giving only  small
variations of the transmission factors with § and in their
extreme values of yR ( R=spherical radius of the crystal),
no absorption corrections were applied. For (I1) and
(III) the values of |, were considerably higher. A

semi-empirical method '7 of absorption correction




was used where the variation of intensity of a reflexion

at y=90° was plotted against the azimuthal angle £ . Rela-
tive transmission factors derived from the curve were
applied to the intensity measured*according to the % angles
of the reflexions.The extreme variations of intensity due to
absorption were about 3.0 in (II) and 2.0 in (III) and these
reflexions involving extremely low transmission factors were
few in number. This approximate absorption treatment was
suitable for (II) as it was a thin plate and mounted in a
direction parallel to the plate,but less ideal for (III) in
terms of the crystal habit,where end effects could introduce
errors and absorption correction might not be a function of
¢ alone. As the mounting of (III) gave no reflexion at
x=90° during data collection, each arc on the goniometer
head was moved by about 6° to give the reflexion 3 3 -1 at

x=90°.

* The reciprocals of the relative transmission factors
are multiplied into the measured intensity
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CHAPTER 3

COMPUTATIONS

3.1 Data Reduction

3.1.1. The Structure Factor F

For a unit cell containing N atoms, the structure
factor F is a fﬁnction of the fractional coordinates
(X ,¥, 52, )» the scattering factor f, and the temperature
factor B, of the nth atom as well as the Miller Indices
h,k,1

\

_ Ei { e~BnSM19/A2 e,flﬁL(hxn+ k)n + L?n) ()
hzi

[ Sy

o

bkl

where f;, 1n general can be written as the sum of the Rayleigh
1

scattering (f, ), and the real (Af ) and imaginary (Af") terms

due to anomalous scattering:

fus £+ of's tof" 2)

Although f  is always the dominant factor, effects due
to anomalous scattering should not be neglected. This point
becomes particularly Iimportant when the structure is non-
centrosymmetric, as illustrated in the structure determina-

tion of compound (IV) (section 3.6.4). The scattering factor

curves used throughout this work, including anomalous scatter-

ing , were taken from the International Tablegs for x-ray
crystallography'® for the non-hydrogen atomg and the paper

by Stewart et all® for the hydrogen atoms.

*SCF values for light atoms and TFD model values for atoms
with atomic numbers larger than 23
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3,1.2 The Intensity Equation

To find the atomic positions, one must be able to relate
the structure factor F to the measured intensity I, . A
single crystal of finite size will reflect over a certain
angular range on eilther side of the Bragg angle 68 given by:

A=2dsinbd ' (3)

where )\ 1s the wavelength and 4 1s the interplanar spacing.
If the crystal is turned through the reflecting position with
angular velocity w to give a total measured reflected energy
E, the following equation®® holds for a small crystal of i

ideal mosaicity:

{Nﬁf_’}l(r Y AT Lp VA e

- W
1. ™t
where I_= incident beam intensity (in energy/cm®/sec)
N'= number of unit cells per unit volume of the crystal
m = mass of an electron
e = charge of an electron
c = velocity of light
L = Lorentz correction term
p = polarization correction term
V = volume of the crystal
A = gbsorption correction term

and Ew/I, is called the integrated reflection,

The Lorentz factor L is concerned with the time required
for a reciprocal lattice point to pass through the sphere of

i reflection. It varies with the geometries of different
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experimental methods. For diffractometer data collected by the

§-26 scan technique, 1t is given by

| = I (5>
Sin 29

The term p arises from a reduction of the scattered
intensity due to polarization effects of electromagnetic
radiation upon reflection and depends on the angle . If the
incident beam is unpolarized, it 1s given by
|+ 05”28 (&

2

The absorption term A is the most difficult to calculate
exactly as it requires a precise description of the crytal
shape. The treatment of this problem 1n this work has been

described in section 2.2.

Assuming the measured intensity* I,, to be proportional

to Ey one can write

el = /%L_ A x| Fops | (7

where K is the constant which reduces equation (%) to equa-
tion (7), and is known as the scale factor. Since the exact
value of K iswunimportant unless absolute magnitudes of the
\Fl's are required, it has been omitted from the data

reduction calculations. The |F|'s derived from the I, are

* Note the word "intensity" has been loosely used since it
does not have the proper dimension for intensity, namely
energy cm 2sec 1,
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then |F, uuv | 'S ( abbreviated as |F_|'s) defined as

,Fre(,, = k/ ,FoL«5{ = \/-i_bs/Q/Lb\ (¥)
l

A theoretical calculation of k! (=1/JK) is possible by means

of the Wilson Plot2te

A reflexion was considered as observed if its intensity
was xo times above the backgrourd (x was chosen as 1.8,2.0,2.5,
and 2.0; o=/N, where N, is the scan+total normalized background
counts ). The "unobserved”" reflexions were not included in the
refinement. The computer program used was the NRCC Data
Reduction program ( by Ahmed and Pippy ) with local

modifications.

3.2 Solution of the Phase Problem

3.2.1 The Phase Problem

The structure factor F defined by (1) has both amplitude
and phase. However, measurement of intensity will only furnish
direct information of the amplitude of F (7) while its phase
remains unkﬁown. This is the well-known Phase Problem in x-ray
diffraction. To recover the phases, two approaches have been

used: the Direct Methods and the Patterson function.
3.2,2 Direct Methods

In Direct Methods, one tries to obtain an adequate set of
phases to start with by considering the intensities th:=mselves.
Earlier studies, for example those by Sayre Z’b, had lead
to some useful relationships, which were later exploited

by other workers, notably Hauptman and Karle.22
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A number of relationships have been developed but the most

powerful and widely used is the y- principle:
S‘igﬂ (Eh) = SL‘{U\(Z Ek Eh—k) (?)
ky
for centrosymmetric structures, and

P> <P TP > (o)

for noncentrosymmetric structures. E, is the normalized

h
structure factor and ¢, 1is the phase of the structure
factor of the reflexion h. The symbol =~ means "is probably
equal to"; k., implies that k ranges only over high |E|

reflexions. (10) is also written in the form known as the

Tangent formula:

oo, - 2] EeEuid 0 (9% Fn0) o0
2B By s \‘5’\{\- ¥ %"k)

The probability that the ¥ relationship is true, according

to Woolfson and Cochran®®, is equal to

3 ~—
P~ 4+ 1 tanh {53 e lEh Er Erei l j ()

>~/

where os:;ZiS and gz2=rZ, ¥, summation being over the unit cell
i

and Z, being the atomic number of atom 1i.

Both structures (I) and (III) were solved by Direct
Methods, the former by the Symbolic Addition Procedure?*

(SAP) and the latter by the Tangent Refinement PrograrfSTRP).

Both programs were obtained from NRCC (AhmedgHall;HallgHuber).

While these procedures are based on the ¥, principle, they
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differ in the operations which extract the phases from the
data. In the centrosymmetric case, the SAP gives tentative
signs to the E's of the go triplets when the product sum
accumulated is higher than a test limit. Reflexions with
acceptable tentative signs are then included in the list of
signed reflexions and are used in turn. The test 1limit values
are lowered successively ( this ensures that only highly
probable correct signs are included in the early stages of
sign develogment) to generate more tentative signs. When the
minimum test limit is reached and there are still reflexions
with undetermined signs, a symbol 1s assigned to the reflexion
that has the most triplets among the first ten highest E's,
The whole process 1is repeated with the first test limit and
so on. More symbols can be assigned if necessary (maximum of
four). The program then seeks for consistent indication to

determine the actual signs of the symbols and their products.

Symbolic addition procedures are suitable for centro-
symmetric space groups but unsuitable for noncentro-

symmetric ones due to the unrestricted nature of the phases.

The TRP is written particularly for the noncentrosymmetric
space groups though it is also applicable to the centrosymme-

tric cases. The TRP,in solving noncentrosymmetric structures,




19

has the advantage of refining the phases while the phase
development continues. Ten cycles of phase extension and
refinement are allowed, each with its own lE‘threshold

(the values decrease from cycles one to ten).

The allowable triplets with E values above the current thres-
hold are scanned five times for use in (11). A principal test
for reliability is given by the Rkarle index defined as
A

Z \ e $ 253
|E, | is obtained from intensity data whereas [E|, 1is obtain-

ks *Eh‘ml‘

S | (
N

13)

—

R kaxff.

ed from the Tangent formula (11). A low Riarle M8y indicate
a basically correct set of phases. An gcceptance 1limit is
specified for each cycle so that any reflexion with lElml
below the limit is considered unreliable and rejected from

the subsequent iteration.

The choice of origin reflexions, apart from satisfying
the parity group requirements,should be exercised with care
as they will initiate phase assignment and may therefore affect
the phase development. If possible, these reflexions should
interact among themselves, involve a relatively large number of
triplets (especially with other large E values) and be among
the largest E's. When additional phases are assigned to initiate
the process, specially with TRP, they should also meet the
same requirements.

While the TRP is definitely superior to symbolic

addition procedures as far as noncentrosymmetric space
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groups are concerned (the SAP program mentioned is gene-

rally not applicable to noncentrosymmetric space groups),it

is hardly sc in the centrosymmetric casec. There, while the
SAP will in most cases give the answers in one run,leaving
the worker to ponder over the symbols, the TRP may require
2® runs 1f n additional reflexions are included to initiate
phase assignment. In other words, the multiple solution case
of the SAP can be viewed as slightly more elegant and econ-

omical than the single solution case of the TRP

Another relationship which 1s implied by the ¥z princi-

ple is the ¢, relationship:

: E )
Sign Elh:snznz En kR (It

It should be noted that when the E's are sufficiently large
Ezy, Will probably be positive regardless of the sign of E, -
This was used when part of the procedure was done manually

in the solution of (I) as described in section 3.6.1.

It has been pointed out by Dewar®® that the <E3>'g of each
parity group can be renormalized to 1 after intensity statistics
calculation. This point is immaterial in cases where the E
distribution in various parity groups approaches uniformity,
but becomes crucial where this is not so. In the solution of
(I), four parity groups had generally weak E's which were
consequently undetermined by the SAP . Twenty-nine among the
strongest of these were signed manually, which were proved later
to be correct,although the small values of the E's relative

to those of the strong subgroup led to a low probability of

N
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certainty (12) when the E's were not normalized in the res-

pective parity groups.
%3.2.5 The Patterson Function

The Patterson function of an electron-density distri-

bution

—

(?(11){:3)='\!/‘Z-Z ‘-Fkkt QXF[—ZTT’L<L\7L+1<:):4L5)] (B)
h k L
is defined®’ to be

[P
P vy = | f (‘ PCx. 3,30 P Cor e, v, 34wV dadyay (16)

or represented by the Fourier Series
| s S
Pluyw) = m }h: %g[pku‘ exp[ 271 (hus ky+Llw)]. (1)

The physical significance of (16) is that P(u,v,w) is non-
zero only for values of (u,v,w) that represent electron density
overlap. For a set of N atoms, the Patterson function contains
NZ peaks, N of these coincide to form the origin peak. One
half of the remaining (i.e. N(N-1)/2 ) peaks are related to
the other half by a centre of symmetry. The weight of a Patter-
son peak is proportional to the product of the atomic numbers
of the two atoms involved. Peaks generated by the heavy atoms
are therefore prominent in the map. In general, a set of
chemically reasonable atomic coordinates can be worked out to
fit the major features of the Patterson map. Because of the
nature df convoluted function, the Patterson peaks are

considerably broader than the atomic peaks. If the number of
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heavy atoms is small(for example, it is four in structures

(IT) and (IV)) in the asymmetric unit, accidental coincidenca

of the peaks should not be expected to be too serious.

The symmetry of the crystal usually provides useful
information concentrated in certain planes or lines of the
three-dimensional Patterson function known as the Harker
sections or lines. (Harker sections are more useful than Har-
ker lines because of less overlap of peaks.) For instance
a crystal belonging to a space group containing a two-fold
b axis will give a Patterson peak with weight proportional
to Zf at the'plane (2x, ,0,2z ) corresponding to every vector
between symmetry-related atoms at (x ,y; ,z ) and (X ,-y, ,z ).
In the structure solution of (IV), the systematic absences
were consistent with both Pna2,; and Pnam space groups. The
only Harker section derived from the former space group was
at z=1/2 while the latter space group had additional Harker
sections at y=1/2 and x=1/2. Since it was observed in the
Patterson map that a concentration of peaks was found in
the plane at z=1/2 only, the structure was assumed to belong
to the space group Pna2,.

3.3 Fourier Synthesis

Equation(1l5) gives the electron-density distribution
in a Fouier series representation. The coefficients F's for
the first Foufier electron density map canh be obtained by

two methods. Direct Methods yield a set of phased E's
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which gives the phases of a corresponding set of F's whose

amplitudes can be obtained from (8). This set of F'grcan
then serve as coefficients in (15). Although the summation

is not over the entire hkl values measured, the electron
density map will give initial atomic positions since

the input F's are always large in their respective ranges

of sing/x. On the other hand, solution of the Patterson
function gives a set of atomic coordinates from which appro-
ximate F,, 's can be computed(1l) assuming some temperature
factors. Usually the phases of the F,, 's and the amplitudes
from the F,; 's are used as input to (15), If the heavy atoms
represent a high percentage of the scattering material, they
should be sufficiently good to constitute an initial phasing
model even though the summation of (1) is not over the en-
tire contents of the unit cell 1f some positions of the

light atoms are not recovered from the Patterson map.

If the quantities AF=F , -F,,, where F takes the phase of

al

the corresponding F_,, are used as coefficients in the
Fourier series instead, an electron density difference map
is obtained. As suggested by the definition of AF, the map
will reveal the difference between the true structure and
the model used. It is therefore useful in locating light
atoms, correcting misplaced atoms and detecting anisotropic
thermal motion. Since AF depends on F,, as well, a fairly

good model should be obtained before the difference map can

¥ Since the sdies termination errors in an E map are more
serious than those in a corresponding F map, it is expected
to be more difficult in locating light atom positions in a
heavy atom structure. However in a more equal-atom type
structure, an E map will serve just as well,
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be of substantial help. It should also be noted that when

a Fy,, 1s small, its phase cannot be treated as reliable.

The Fourier synthesis program used throughout this
work was FORDAP written by Dr.A.Zalkin, University of
California. It has options for computing the Patterson,

electron density and difference maps.
3.4 Structure Refinement
3.4,1 Least-Squares Method

After a trial phasing model is obtained, refinement of
the scale kK’ between the observed and calculated structure
factors, and positional as well as thermal parameters of
the atoms 1is by full-matrix least-squares methods®®., The

quantity to be minimized is

b- L% Wi Fwal= K TPl )= 5w, 47 (0%
: Wkl
or alternatively
. Pl 2
D, = ). Wi Clre]® - K Fea] )ﬁ“ ()
Rkt

It has been pointed out that if the weights,w,, 's,
represent the uncertainties of the terms of the summation
in each case; both forms should lead to the same final
results. In this work, (18) was used throughout. It should
be noted that while the scale factor K is a variable and
ought to be applied to F,, in a least-squares refinement,
the reciprocal of k'is applied to F,, in the printout of

the structure factor tables so that the results are in
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electrons.

The functional form of the structure factor is non-

linear, therefore it has to be approximated by a truncated

Taylor series.. The refined values of the parameters from a
cycle of least squares procedure are only better approximations
to their best values than those before refinement., Calcula-
tion must therefore be repeated until the iterative process

produces no significant change in the parameters,

3.4.,2 The Weighting Scheme

The choice of weights in the least-squares refinement
is very important as an improper choice can lead to erron-
eous results. In general there are two approacheszs. The
first is to set w=1/0%(F) where ¢®(F) is the variance of F
obtained from the intensity counting statistics. The second
is to construct a weighting scheme empirically which (i)
eliminates trends of <wA°> with respect to ranges of Fre1 2
sind/\ etc., and (ii) adjusts the error of fit [zwAe/m—n]% to
unity (m-n=number of observations-number of variables) so
that the weights obtained are the best in the least-squares
sense. Step (ii) is important to yield the 'correct'
values for the standard errors. The two approaches differ
in the sense that the first one i1s trying to achieve absolute

weights while the second one searches for the best relative

weights. In this work the second approach was followed.
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The subroutine for the weighting scheme in the least-
squares program BUCILS (based on UCILS, Northwestern Univer-
sity and University of California, Irvine, and modified at

University of Canterbury, N.Z.) was changed so that with

W=1/OJ
W:W fov B<Fobs\<C
o = f'?_&.l. -fov B 2> FoLs
Fobs (20)
— = [A Fops -fo‘r ¢ < Fobs:
C

3.4 .3.Agreement Criterion

The agreement between the observed and calculated F's

is shown by the R-factor defined as

R = (T 1al)/ & [Fa (20)

and the weighted R, -factor

2= [(Zwlal) o wlm, )] w

Hamilton 3° considered the question of meaningful
changes in the agreement when the model was altered. The
ratio R, (1)/R.(2) (or one may take R(1)/R(2) as a close
approximation), where (1) and (2) denote before and after
the alteration of the model, can be compared with the appro-
priate value for those dimensions of test( the number of new

variables introduced and the degrees of freedom) at a given
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level of significance. This test has been applied to justi-
fy the introduction of new variables especially in the later

stages of refinement of the four crystal structures.

%.4.4 Secondary Extinction

In (II) and (III), effects of secondary extinction®!
were observed near the final stages of refinement. Compari-
son of the low angle strong reflexions showed that the
| Fay | 's were cdnsistently larger than the |Fu|'s.

An isotropic secondary extinction parameter Ec32 was intro-

duced in BUCILS so that thefollowing expression is minimized:

De= ) w (|Fra] - k[Fer| )2' (23)

i+ Ec I-Ob,%

3.5 Thermal Motion Correction for Bond Lengths

It has been pointed out®® that the thermal motion in
atoms has the effect of shortening the mean separations
between the atoms. In some cases the error in using uncor-
rected values of bond lengths is so large that the least-
squares estimated standard errors can give a misleading

impression of the bond length precision.

If Wy and ¥y are the projected instantaneous displace-
ments of the two atoms A and B on the plane normal to
their line of mean positions, then the value of ﬁ%, where
w°=yhx-gB::relative displacement vector of A and B, can
be expressed in terms of the mean components of displace-

ments of each atom which are experimentally accessible.

It can be shown that?
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(24)
2 —)%4_ 2\=q2
wg= [(wR)®+ (w3)*®]
and therefore
2 - 2 N
S, + wL/,zsog S & Se¥ Wy /26, (25)

where S,= uncorrecﬁed distance

S = true mean interatomic distance
Hence the upper and lower bounds can be placed on the mean
separation of two atoms without any assumption as to the corre-
lation of their motion. The lower bound corresponds to highly
correlated parallel displacements of the two atoms and the

upper bound to highlycorrelated antiparallel displacements. °*

Two models for the evaluation of Shave been proposed:
(i) the "riding" atom - when B is riding on A,
— e —_
wt = V\/B - Wp?. (Zé)

and S = S°+<—V—J—AT"W‘E )/»Z,So , (21

this proves to be a useful approximation when B is strongly

bonded to A and to few other atoms ;

(ii) the independent atom model - when A and B are complete-
ly non-interacting,

——

C = YV ey
g - So -+ \ L/\J B + ','-/'B ;’/Z So 3 I:ACE')
this provides an approximation for non-bonded atoms in a

molecular crystal.
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Bond lengths and angles with standard errors esti-
mated from the least-squares refinement and from the
errors in cell-dimension measurements were calculated
using the program ORFFE( Busing and Levy). Functions
to calculate the various r.m.s. displacements of the atoms,
and correction of bond lengths from the riding and inde-

pendent models were available.

Another program to correct thermal motion effects on
bond lengths was the Rigid Body Program (Schomaker and
Trueblood®®). The four heavy atoms in (IV) had been
considered for such correction but the thermal ellipsoids

suggested the model was not appropriate in this case.

Furthermore, a program was written during the course
of this work to compute the Uij‘s from the Bij's<xfthe
atoms and the lower and upper bound limits of bond lengths

according to (25). This is described in the Appendix.
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%.6 Solution and Refinement of Each Structure

3.6.1 Structure Analysis of (CsHs).Crs(NO)s(NHz)

Among the 903 independent reflexions measured, 511 were
above 1.8¢ and were considered as observed. An examination
of the intensity data revealed that they could be divided
into two parts: the h+k even reflexions were in genefal

much more intense than the ht+k odd.

Applying the SAP program to the data with origin
determining reflexions 1 1 1 (E=2.81), 6 1 5 (E=2.71) and
6 2 3 (E=2.64) (B, =3.90, E, =1.2) yielded 236 signed
reflexions which all belonged to the h+k=2n class. A
Fourier map derived gave an approximate structure. However,
in gpite of the good agreement(R:O.?l) and chemicagl
reasorableness, the pseudo g—centred symmetry could not be
destroyed. It was also noted that amongst the hkO zone
only 6 reflexions were observed for h+k=2n+l and were weak in
intensity. This strongly indicated an approximate n-glide

plane normal to ¢ in addition to the general Q-centring.

The phases of the data based on the significant
chromium gtom contributions could be taken with confidence
and the Sayre relationship was applied to the remaining
unknown phases. The normalization of the E's in each parity
“group (see Section 3.2.1)would give an equivalent result.

Among the ht+k odd data, 29 relatively stronger reflexions
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were selected. As many as 128 triplets were found amongst
themselves and the signed reflexions of high E's. Sayre
relationships were first constructed within each parity
group and later extended to inter-parity-groups. It

was found that two further subgroups existed (eoe and oeo;
oee and eoo) with a small number of relationships between
them. It can be seen from Table II that twice as many
triplets were found for the first subgroup as the second.
Among the six symbols employed, four could be signed with

confidence and yielded 29 phases all of which proved sub-

sequently to be correct. An electron density Fourier map
of the total 256 signed F_, successfully indicated the

distortion of the structure from the Q-centred lattice.

The two independent chromium atoms occupied special
positions at y=0.25 but had very similar x coordinates (they
were found to be on either side of x=-0.25 and this was
responsible for the pseudo—g—centring). The terminal
nitrosyl groups were also located at special positions at
y=0,25., The bridging NO groﬂp was observed as a broad peak,
being disordered with the NH, group with respect to the
crystallographic symmetry plane at y=0.25. Areas of the
cyclopentadiene rings éonsisted of broad and non-spherical
peaks, the best description being two disordered orientations

of equal occupancy for each ring.

Refinement by full-matrix least-squares (unit weights)




range of F..,
range of E

no, of
reflexions
selected

no. of reflexions
signed

no. of triplets

no. of triplets
between subgroups
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TABLE II. htk odd Reflexions

subgroup 1 subgroup 2

eoe 0eo oee eQo
7-14 7-26
0.177-0.740 0.229-0,850
22 17

17 12

82 39

16
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converged slowly because of a large number of severe
interactions (refer to Table III ) amongst the coordinate
parameters since the coordinates of one 'half' of the
molecule were approximately related to those of the other
half @y a twofold axis (positions x,y,z and -i-x,¥,-z

were in general nearly equivalent). The pseudo-C centring
found at the time of structure solution aiso provided a
warning of these interactions, in an equivalent manner to
the coincidences in the Patterson function mentioned by

Geller3%,

A three-dimensional electron density difference map at

=0.12 revealed that the largest features were associated with
the two chromium and terminal nitrosyl oxygen atoms. While
the least-squares refinement gave the x-coordinates for
the chromium atoms as -0.264and -0.220, the electron density
map suggested values of -0.27and -0.24instead (final
refined values being -0.2775and -0.2334), Apparently the least-
squares method had refined to a pseudo-minimum situation
because the initial parameter chosen required the path
of refinement to cross from one side of the pseudo-equivalent
position (x,y,z; —%—x,y,-z) to the other. The new positions
improved considerably the consistency of the distances

between the chromium and light atoms.

After correction of the chromium atomic coordinates the

terminal nitrosyl oxygen atoms were allowed anisotropic



TABLE IIT

Correlation Coefficients (> .4) for Interacting Pairs

of Coordinate Parameters of (I)

Cr 1 x Cr 2 x .46
z 4 A2
cC 1 x C 03 x 45
2 z .55
cC 3 x C 01 x LY
z z A3
v cC 6 y L4y
cC 4 z C 06 z U3
c X C 06 x .40
C X C o4 x b2
C 01 x C o4 x 45
cC 03 y C 06 y .69
z z 43
N 1 x N 2 x 40
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motion. Refinement proceeded and a final R factor of 0.069
was obtained. It was found useful, because of the large
interactions, to refine non-interacting parameters in
various combinations to eliminate oscillations before the
final two cycles of full-matrix least-squares refinement
(Partial shifts would probably have accomplished the same
result). A final electron density difference map showed no

o—
feature greater than 0.5e A™ 3.

In this centrosymmetric model of the structure, the
NO and NHglbridges were disordered and could not be distin-
guished. The noncentrosymmetric model had not been |
pursued because in such a case the number of severe inter-
actions would be expected to increase corréspondingly.
Furthermore it is possible that the cyclopentadiene rings
are disordered even in the noncentrosymmetric case. The
ratio of observations to variables will decrease to a rather
low value (see N/V in abstract). Information of chemical
interest thus obtained will not be expected to differ signi-
ficantly from what is already known about the structure from
the.centrosymmeﬁric model,

The final coordinates and temperature parameters are
listed in Table IV,interatomic distances and angles in Table
V, least-squares planes in Table VI and the structure factors
in Table VII, the molecular diagram and the packing of the

molecules in the unit cell are shown in Figures 1 and 2.




TABLE IV
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Atomic Coordinates and Thermal Parameters of(I)

x y z £2)
cr 1 2774é4g .2500 .0774§2; 3.24(8;
Cr 2 -.2344 (4 .2500 -.0728(2 3.04(8
0o 1 -.6255(23 .2500 .1073(173 *
0o 2 1286§2o .2500 -.0766(16 x
0 3 -.3144 (22 5172(23) -.0011(13 4.8(4
N 1 ~-.4818(28 .2500 .0892(11 5.1(4
N 2 -.0232(28 2500 .0698(12 5.6é5
N 3 - 27%2§é7 4019(11) .001458) 4.% 24)
¢ 1 -.2060(82 2500 .2052( 32 5.6(1
c 2 -.1610(37 .3896(35) .16875162 2.3253
c 3 - 0188225 .3340(27) .1183(11 1.1(3
¢ 01 -.0090(10 2500 .1142§42 7.9(19?
c 02 -.0978(52 .3581(483 .1503(22 4 . 4(10
¢ 03 - 2423é48 3149(61 .1963%21 4.,0(8)
c &4 -.2281(66 .2500 -.1988(27 3.7(10)
¢ 5 -.3313(55 .3581(46; -.1767(22 4.259
c 6 - 4674 (43 3259 (42 -.137% (18) 2.7(7
C Ok -.4852(49 2500 -.1277(22 2.2(8
c 05 -.3916(59 3878 54§ -.1546(25 6-3é11)
¢ 06 -.2552(54 3356 (60 -.1907 (22 4.5(9)

U 1T Uzz Uss U,z Ués Uzs

01 3é25; 3626; 12(5; 0 0 (143 0
02 39(5 21(3 12 (4 0 13(13 0

*¥*Anisotropic thermal parameters for O 1 and O 2.

2
21 bibjUij where Bij
[ - (Bl1h2 +
.)] in the structure factor expression and bi's

tThese values were obtained from Bij =
appear as a temperature effect through exp
2B12hk + ..
are the reciprocal lattice vectors. The Uij's are in
10342,




TABLE V. Interatomic Distances and Angles for (I)
(a) Bonded distances (A)

Cr(1l)-cr(2) 2.650 (1)
Cr(1)-N(1 1.637 (23
Cr(2)-N{(2 1.672 (23
Cr(l)-N(3 1.936 (12
Cr(2)-N(3 1.936 (12

Average Cr—0=C 2.24 (5)
N(1)-0(1 1.185 (27
N(2)-0(2 1.212 (25
N(3)-0(3 1.121 (22

Average C—=C 1.43 (11)

| , (b) Angles (°)

: Cr(1)-N 1{—0 1 171.7 (2.4
Cr(2)-N(2)-0(2 172.6 (2.5
Cr(1)-N(3)-0(3 135.1 (1.7
Cr(2)-N(3)-0(3 135.4 (1.7
N(1)-cr(1)-N(3 96.4 (0.7
N(2)-Cr(2)-N(3 o7.7 (0.7
N(3)-Cr(1)-N(>3 93,1 (0.8
cr(1)-N(3)-Ccr(2) 86.4 o.5§
N(3)-Cr{2)-N(3) 93,1 (0.8

(¢) Intermolecular contacts (<3.25 A)
0(1) 0 33 2.88 A 1"
C{3) 3.05 2
c(ol) 3.2% >
o(2) 0(3) 2.94 3
c(o%) 3.20 i
0(3) 0 3% 2.97 1
N(1 3.10 1

key for symmetry relationship:

*

1 -1-x 1-y -z
2 ~14x y z
3 ~X 1-y -Z
y v Z

37
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TABLE VII

Measured and Calculated Structure Factors of (I)
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Figure 2

Packing Diagrams of (CsHs)=2Crz(NO)s(NH.)
of The Unit Cell

(a)projected down

1o

(b)projected down b
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3.6.2 Structure analysis of KIOs.HIOs

Of the 1644 independent intensities measured for
KI0s.HIOs, 1392 were above 25 and were considered as
observed reflexions. Density and space group requirements
suggested that there were eight formula units per unit
cell. The phase problem was solved by Patterson Synthesis
which gave the positions of the four iodine atoms. A
three dimensional electron-density map(at R=0.30) showed two
potassium atomic positions. Two cycles of least-squares
refinement on these six atoms gave an R of 0.20. An
electron density difference map revealed all twelve oxygen
atoms around the iodine atoms. One cycle of least-square
refinement of all the non-hydrogen atoms with isotropic

temperature factors improved the agreement to 0.132.

Examination of the |F | and |F, | at this stage
showed that the experimental absorption curve was too
severe and it was modified to be less so. The R factor
improved spectacularly to 0.071. Two cycles of refinement
on isotropic thermal and coordinate parameters led to an
R of 0.058. At this point,effects due to secondary extinction
were observed (section -3.4.4) and the appropriate parameter
E, was introduced (the final value for E, being 8.4(5) x
10~7). The R factor dropped to 0.054 with all isotropic

temperature factors. An electron density difference map
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showed anisotropic thermal motion about the iodine atoms
allowing for which brought the R to 0.050 with
negligible further shift. Until completion of refinement
w=1 had been used throughout; < wp®s> was trendless as

a function of sin §/), F.. and other factors. For the

rel
final cycle, w was given a constant value (.1307) such
that the error of fit was 1.0 to give the best possible
standard errors in the atomic parameters. An electron
density difference map computed after the refinement was
complete showed no positive peaks greater than O.7e/f48

(the largest peak being at 0.84 from 0(12))., although a

negative trough of -1.2 e/i\.8 was found at 1.4% from I(3).

The molecular packing diagram is shown in Figure 3.

The final coordinates and temperature parameters are

listed in Table (VIm), the interatomic distances and angles in

Table (IX) and the structure factors in Table (X).
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TABLE VIII
Atomic Parameters for KIOs.HIOs
Coordinates
Atom X Y z B(A)2
(1 0.1688 2§ o.104552) o.6573§1; *
(2 0.2314 (2 0.3873(2 0.4998(1 #*
I(3 0.6678(2) 0.3679(2 0.6563(1 #*
T(4 0.6524 (2 0.8605(2 0.6359(1 #
K(1 0.2498(7 0.8765 7; 0.5034 (2 ' 1.6o§9g
K(2 0.1444 (7 0.613%6(7 0.6715(2 1.79(9
0(11 0.0531(21 0.2675(18 0.6925(7 1.4t
o(12 0.0150(22 0.9416(20 0.6691(7 1.9
0(13 0.0986(22 0.1429(20 0.5758(7 2.0
0(21 0.0014 (21 0.3560(19 0.4534 (7 1.6
o(22 0.3192(22 0.5407(20 0.4524 (7 1.8
0(23 0.3501(22 0.2093(19 0. 4744 (7 1.6
0(3%1 0.4159(23 0.3994 (22 0.6383(8 2.2
0(32 0.6475(22 0.2708(20 0.7347(7 1.9
0(33 0.7410(23 0.5658(20 - 0.6851(8 2.1
o(41 0.4045(21 0.8058(19 0.6276(7 1.4
o(42 0.6645(20 0.9027(19 0.7243(7 1.4
o(43 0.6229(22 0.0612(20) 0.6086(7 1.9
R Atom U11* Uzo Uss U;2 Uia Uzs

. 1(1 96 (7 164 (8 173(8) -41(7) 11(6) —1557;
1(2 135(8 157(8 109(8) - 7(7) 19(6) - 5(7
(3% 112(8 128(8 173(8 0 6% 17§6§ 5§7)
I(4 101(8 120(8 173(8 2(6 25(6 19(7)

* Anisotropic thermal parameter used for Iodine atoms (A)2x10%

t Stapdard error of the B's of the oxygen atoms are less than
0.3A%
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TABLE IX, K Interatomic Distances and Angles of KIOz.HIOs

(A) I-0 bonded distances

Predicted Formal
Bond Order

2

'_I
)

Contacts
Ié})—0(31)
2RI
I RATE
Igz -o§21§
I(2)-0(22
I(2)-0(2%
I(1)-0(11
H{1i-00ed
RSl

Observed
bond length
o

[l el
~N I~
\J1 CONO N
NN >
[l el
~NUT~I~

CO\O\W= M o W +Fr o

NSNS ST AN

oV OO

Average
length A

1.776(17)

1.796(21)

1.932

3% . .
The standard errors in the average values are estimated

from the internal consistency and show no significant

difference between bonds of predicted orders 1& and 2.
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Table (IX) continued

(B) Interionic Contacts (I-O and K-0 < 3.54)

Average
Type of Contact Distance* Symmetry RelationshipT Distance
(1) 0531 3. 04 1
0(41 3,08 la 3,18
0(33 3.43 3
I(2) 0(13) 2.84 1
0 21§' 2.93% 2a
0(31 3.12 1 3.03
O(22)! 3,24 2
I(3) 0(22 2.50 2
O§43 2.72 1 2.69
0(11 2.84 1b
I(4) 0(23 2.47 2
o012 2.64 1b 2.60
0(33 2.68 1
K(1) 0(13 2.80 2a
0(13 2,98 1c
0(21 2.83 2a 2.88
o(22 3,04 1
0(23 2.87 -2
0(23 2.91 1lc
o(41 2.84 1
0(43 2.77 2
K@) Oéll 2.96 1
o(12 2.84 1
o(21 2.78 2a
0(31 2.76 1 2.83
O(3%2 2.68 %a
0(33 2.92 1d
o(41 2.69 1
o(42 5.02 3a

¥ Standard errors in these distances are all less than + 0.02A

+ Key for symmetry relationship

1) x,¥,2 2) 1-x, 1-y, 1-z
la) x,y-1,z 2a) 1-x, y-1, 3/2-z

1b) x+1, y,zZ
lc) x, §+1, z 1-x, y-3, 3/2-2

3)
1d) x-1, y, z 3a) 1-x, y+i, 3/2-z
4) 1-x, -y, 1-z
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Table IX continued
(D)0-0 Interionic distances((3.00A) and selected angles ()

Distance%@) Symmetry %
Type or angle( ) relationship
0(22)-0(31) 2.04 1
0(23)-0(43) 2.89 Y
0(12)-0 42; 2.91 1d
0(3%3%)-0(42 2.97 1
0(11)-0(42) 2. 73+ Y
0(42)-0(32) o.717 2a,
I(3)-0(32 -o§42g 107.1§8%

I(4)-0(42)-0(32 109.5(7

I(4)-0(42 -oéllg 120.9(8

I(1)-0(11)-0(42 104.9(7

0(32)-0(42)-0(11) 99.5(7

standard dev1atlon in these dlstances all less
than + O. OBA

t  hydrogen bonded O...HO distances

¥ as in table B




Table X

Measured and Calculated Structure Factors

scale = 1 X Fabsolute

_Fobs indicates unobserved reflexion

of (II)
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3.6.3 Structural Analysis of g-(CHsz)oTeIs

Of the 3157 intensities measured for g-Te(CHsz)-Io,
2191 were above 2.5 and were considered as observed.
The Tangent Refinement Programs were applied to reflexions
with E values above 1.80 (E, =3.65). The origin-
determining reflexions were 5 5 -11 (E=3.65) 7 0 -4 (E=3.42)
and 7 12 -1 (E=2.90). Two additional reflexions 5 11 7
(E=3.57) and 3 11 -1 (E=3.14) were used to help initiate
phase assignments. Of the four combinations of signs,
(+) 5 11 -7 and (-) 3 11 -1 had the lowest Ry,.,, (Section
3.2.2) values of 0,12 after 10 cycles of phase refinement

(others being 0,20, 0.24 and 0.39).

A Fourier map using the 238 signed E's as coefficients
revealed clearly all the nine heavy atoms in the asymmetric
unit . From the geometry of the atomic arrangement six
iodine and three tellurium atoms were assigned. Initial
refinement commenced at a conventional R value of 0,223 and
dropped to 0.119 after four cycles of full matrix least-
squares refinement. An electron density difference map re-
vealed the six carbon atomic positions. Two further
cycles of refinement brought the R down to 0.105 with iso-
tropic thermal parameters for all the atoms. Another
electron density difference map showed anigotropic thermal

motion about the six iodine atoms to be substantial and
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introduction of the appropriate variables led R to 0.072.

Secondary extinction effects were observed and the para-

meter E, was introduced (section 3.4.4, final E, value

being 2.2(2)x 10 °) with R subsequently droppingto 0.068.

Another electron density difference map suggested inclusion
of anisotropic thermal parameters of the three tellurium
atoms, leading to an R= 0,063. Unit weight had beenused up to
this point. Analysis showed that the lower and higher F's
were overweighted. A weighting scheme such as described

in (20) was constructed. The final numerical values

were g = 440/F,, for F, <80, ¢ =0.502 JFgu, for F, >150

and g =5.5 for 80 < P, <150. Refinement of the model by two
more cycles using this weighting scheme was considered
complete at R=0.054 and RW:O.O59. An electron density

map computed at this point showed peaks and troughs

no larger than +0.70 e/is, the largest peak and trough
occurring at 1.5 A from Te(1) and 1.8 A from I(2)

respectively.

A calculation of the lower and upper bound limits
(see section 3.5) of the Te-I distances showed that

while the uncorrected values were not significantly

different from the 16wer bound limits the upper limits

were some 24g above the uncorrected values. Though

the anisotropic thermal parameters might contain errors
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due to the approximate absorption correction, the values
obtained are physically reasonable indicating that the
motion of the iodine and tellurium atoms is mainly
perpendicular to the Te-I bonds. Two types of correction
for thermal motion, the riding and the independent model
(section 3.5)4were considered. Results of computation
are summarized in Table (XI). The correction obtained

by regarding the motion és the iodine atoms riding on
the tellurium atoms is small, about 3g different from
the uncorrected value. This model is also physically
close to the lower bound limit situation’? where the
tellurium and iodine atoms possess highly correlated
parallel displacements, which, in view of the linearity
of the I-Te-I fragments, merely corresponds to rigid
body motion ( and exclude probable bending modes).
Because of this the riding model probably underestimates

the correction. One might expect that for linear I-Te-I

groups the true bond lengths are intermediate between

the upper and lower bound limit — a value similar to
that obtained from the independent model. This model
has been rejected, however, because it assumes the two
bonded atoms to be completely uncorrelated. . Hence
Values‘from the riding model are used throughout the

discussion.

The packing of molecules in the unit cell is shown
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in Figure 4. Table (XII) lists the final atomic parameters,
Table (XIII) the interatomic distances and angles and

Table(XIV) the observed and calculated structure factors.
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10

Figure 4, Stereomolecular packing diagrams viewed down
an axis rotated by 8° from a* towards a. Short
intermoleculr Te...I contactswithin the unit cell
cell are shown as dotted lines. Thermal ellip-
soids contain 50% electron density of the atoms.




TABLE XTI.

Atom

I(1)
1(2)
1(3)
I(W)
1(5)
1(6)
Te (1)
Te(2)
Te(3)
c(1)
c(2)
c(3)
- c(%)
c(5)
c(6)

0U11
(A2x10%)

I(1)
I(2)
I(3)
I(L)
I(5)
- I(6)
Te(1) 3.
Te(2) &4
Te(3) 4.

O N & &= =

*

.27(10)
.77(10)
.50(10)
JTh(11)
.68(13)
76(16)

51(8)

.22(9)

65(10)

Final Pésitional and Thermal Parameters for
q-(CHs)zTEIz

O O O O

F e 20U 00 N

X

.1333(3)
Ja2u7(2)
.0099(2)
.6512(2)
3404(2)
.2605(2)
.1459(2)
.3292(2)
.2967(2)
.0868(31)
.2511(30)
.3029(28)
.3406(31)
.0634(33)
.3353(29)

Uz2

.00(12)
.72(13)
.80(16)
.38(13)
.15(11)
.73(12)
.61(10)
.37(10)
.43(10)

tellurium atoms.

W W WU =0 =N oo

Uasa

17(11)
.17(12)
.07(13)
.13(15)
.81(11)
.80(12)
.29(9)
.59(9)
.78(9)

Anisotropic thermal parameters used for iodine and

v

.1838(1)
.1876(1)
1044 (1)
.0850(1)
L1644 (1)
.0402(1) |
.1848(1)
.0925(1)
L0647 (1)
.2699(13)
.2225(1%)
.0600(12)
.1853(14)
0645 (1)
.0008(13)

) .
O O O O O O
O 0O OO0 O 0 00O 0O O 1r O 0o 0o

OO0 0o oo oo o

Ujz

.0l(9)
.12(10)
L71(11)
.16(10)
.49(10)
.17(11)
.16(8)
.08(8)
.15(8)

.5544(1)
.6661(2)
.9152(2)
.0143(2)
.2534 (1)
.5318(2)
.6165(1)
.9657(1)
.3880(1)
L7004 (23)
4513(23)
.7978(22)
.9288(24)
.3016(26)
.2663(23)

Ujs

2.25(9)
2.77(9)
1.64(9)
2.12(10)
1.62(9)

3.47(11) -0.

0.82(7)

1.37(7)
1.29(8)

-0.
0.
-0.
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correspond-
ing values

)

¢ distances (A) and angles (°) for (III

i

TableXIIT.Interatom

o

o

for (C:
2 _.854 (3) Te<w218(1)

Te(3)

Te(2)

Te(1)

Te - I(5)

2.914(3)
2,934 (3)

~

N

2.885(3)
2.12(3)
2.13(3)

2.54(1)

(

2.994
2.1

208 (3)

2.10(3)

Y

- C(5)

2.12(3)
2.10(3)

2.16(3)
" 3.907(3)

ceWI(1)?

3.912(3)
.. I(6)2

3.826(3)

c..I(4)3
CI(5)*

3.919(3)1
3.659(3)

4.,030(3)

172.3(3)

178.3(6)

I(5) - Te - I(6)

98(1)

95(2)
89(1)
178(1)

[h ]

~

75(1)

v I(1)

173(1)

“eI(5)
...1(5)
...1(4)
...1(5)

- C(3)

c(3)-

73(1)
166(1)

...1(6)

«..I(1)

c(4) -
...1(6)
5

79(1)

83(1)

168(1)

86(1)

120(1)
91(1)

I(1)...
5

91(1)

112(1)

y
I(3)-

92(1)
$0(1)

87(1)

88(1)

97(1)
84(1)

"'1(4)
-eI(5) .

97(1)
92(1)

86(1)

...1(6)

87(1)
88(1)

90(1)

90(1)
86(1)

- C(2)

L

95(

"'I(l)
<+ I(6)

93(1)

.. I(6) 88(1)

I(2)-

Y

o

Intermolecular I..-I contacts (< 4.35A*)

Thermal motion corrected values, see text

62

o

y
2.15A-

2.20 and I

+ Van der Waal radii for Te

4 241
L.250
5.948

n

z

s

5y

Syrmmetry relationship (1) x,y,z; (2) %

*

)6

Jeo I(H)7

N

I(2).-.1I(

(5) x+1Jsz; (6) x;%-y,%+23 (7) x-l,y,z.

(%) x,y,z+1

N
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TABLE XIV.

63

Measured and Calculated Structure
Factors of o-(CHz)oTels

scale = 1 x Fabsolute

The origin for the F's in this table
is different from that described in
the text (section 3.6.3, first paragraph)

—FobS indicates unobserved reflexion
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3.6.4 Structure Analysis of fafarsMno(CO)s

Of the 1540 independent intensities measured, 1349
were above 20 and were considered as observed. The systema-
tic absences were consistent with both the centrosymmetric
Pnam and the noncentrosymmetric Pna2, space groups.
The anomalous scattering of the arsenic and manganese
atoms will cause break-down of Friedel's law37if the
crystal belongs to a noncentrosymmetric space group.
theory, this phenomenon can then be used to identify
unambigously the true point group of the crystal. In prac-
tice, this would mean precise measurement of the reflexions
most affected by anomalous scattering®”, although ideally
both the hkl and BRI reflexion intensities should be ob-
tained. In this structure, the distinction between the
Pnam and Pna2; space groups was made through the Patter-
son map( as described in 3.2.3),The two arsenic and two
manganese atomic positions obtained from the Patterson
map were used in structure factor calculations (R=0.202),
A Fourier electron density map revealed all the remaining
non-hydrogen atoms and R decreased to 0.157. Two cycles of
least-squares refinement(with unit weights) using
isotropic temperature factors for all atoms brought R
downto 0.082, At this point, the temperature factors of

a carbonyl group had. refined to ridiculous values

showing that it was misplaced. Correction of these atom-
ic positions led to an R of 0.063. An electron density
difference map revealed the positions of the twelve

hydrogen atoms as well as evidence for anisotropic thermal
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motion about all the manganese, fluorine and oxygen atoms.
Introducing the appropriate variables (positional and thermal
parameters of the hydrogen atoms were not refined) brought

R down to 0.038 and refinemsnt stopped.

At this stage, the enantiomorph (with z changed to
-z) was considered. The R factor improved to 0,35 with an
overall increase in consistency among the As~C bond
lengths . The improvement was significant*showing that
this was the correct structure. The weighting scheme used
during the final stages of refinement followed (20) with
final numerical values of A=/1.93, B=27.30 and C=86.30.
A final electron density difference map showed no varia-
tions larger than + 0.39¢/8° (o=0.20e/33), the largest
peak being 1.38 and 1.568 away from 0(8) and H(32), the
largest trough being 0.990 and 0.7248 from the F(4) and

c(16) atoms-

The molecular and unit cell packing diagrams are
shown in Figuvres (5) and (6). Table (xV) 1ists the final
“atomic coordinates, Table (XVI) the inhteratomic distances
and angles, Table (XVII) the mean plane equations, and

Table(XVIII) the structure factor moduli and phases.

* The R factor ratio was 1.086(1,14%9, 0.01) as compared
to the listed value of 1.007(1,480,0.01).
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Figure 5. Stereo Diagram of f4farsMns(CO)sg

The thermal ellipsoids (except those of
As and Mn atoms which are not to scale)
contain 8% electron density of the atoms.




(O)
O D
SA

s viewed down c

Figure 6. Unit Cell Packing Diagram

of fyfarsMn,(CO)
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TABLE XV
Positional and Thermwmal Parameters for fafarsMns(CO)g

(o]
Atom X v z B(A)?2

As 1 0.3109(1 0.3287(1 0.7500 *

As 2 0.4472(1 0.1461(1 o.9574§1

Mn 1 0.2568(1 o.116052 0.7753(2

Mn 2 0.399451 -0.0182(1 o.8417§2

F 1 0.3720(5 0.6069(7 0.9118(8

F 2 0.4590(5 0.5767(7 0.7918(8

F 3 0.5493(5 0.4584(8 0.9338(9

F i 0.4621(6 0.48328(8 1.0528(7

0 1 o.1039§5 0.2143 11g 0.7203g9

0 2 0.2403(6 0.1783%(10) 1.0027(7

0 3 o.1840§6 -0.1402(10) 0.8086(11)

0 i 0.2957(6 0.0493(11) 0.5544(8

0 5 0.8367 (6 -0.1729(10) 0.8869(9

0 5 0.3121(6 ~0.133%(9 1.0202(8

0 7. 0.3452(6 -0.2245(8 0.6995(8

0 8 0.4672(5 0.1188(8 0.6592(8

C 1 0.1649(7 0.1792(13) 0.7401(12) by ok
C 2 0.2498(7 0.1521(11 0.915359) 3.3
c 3 0.2140(7 -0.0405(13) 0.7977(11 4.8
c L 0.2825(7 0.0728(12) 0.6404(11 4.0
c 5 0.4838(7 -0.1093(12) 0.8691(10 b2
C 6 0.3433(7 -0.0851(11 0.9507(11 3.9
C 7 0.3657(6 -0 1424%11 0.7555(10 3.9
c 8 0.4379(6 0.0691(11) 0.7311 9; 3.3
C 9 o.2376§7 o.4736§12 0.7704(9 5.0
c 10 0.3600(8 0.3812(14) 0.6200(11 4.9
c 1 0.5577(7 o.1461§12 0.9710(12 4.6
c 12 0.415158 0.1570(13) 1.1053(11 5.0
c 13 0.3881(6 0.3859(10) 0.8477(10 3.2
c 14 0.4334(6 0.3249(12) 0.9169(9) 3.7
c 15 0.4216(7 0.5180(14) 0.8693 11; 4.8
c 16 0.4736(8 0.4501(1%) 0.9500(13 5.5
H 11 0.275 0.515 0.750 t
H 12 0.221 0.436 0.706

H 13 0.225 0.450 0.83%0

H 2 0.404 0.342 0.600

H 22 0.370 0.485 0.630

H 23 0.330 0.345 0.570

H 31 0.565 0.200 1.019

H 3?2 0.565 0.047 0.988

H 33 0.571 0.145 0.570

H 41 0.361 0.189 1.084

H 42 0.422 0.076 1.113

H 43 0.448 0.211 1.138

Bk
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( table XV continued )
Anisotropic thermal parameters
U,, (Ux10%42) TUs»z Uas U,z U, s Uzs
As 1 386E6 342(5) 349§7; 2%(5)  -40(6 68&6
As 2 378(6 347(5 310(6 26(5 -5026 21(6
Mn 1 374(8 429&9 407(10) =u4(7 -21(8 -1558
Mn 2 38382(0 ) 225(8 389(9) 34(8 10(8 8(9
X A2

F o1 116(7) 40 (4 137(9) 17(5) -28(6) ~28(5)
F 2 117(7 55(5 118(8 -30(5 -13(6 23(5
F 3 67(5 70(5 152(9 —9§5 -31(6 -9§5
F 4 142(9 69(6 81(6 -2(6) -=43(6) -30(5
0o 1 52 (6 11729 101(9g 21(6) -15(6 —7(7;
o 2 87(7 102(8 41 (5 15§6 13(5 -4(5
0 3 o4 (8 T1(7 144%12) -36(6 20(8 -3(73
o 4 95(7 117(8 45(5)  28(7 00(5) -30(6
0o 5 75&7 8457 96(8 48(6 -2856 -10(6
o 6 91 (7 71(6 71(6 4(6 29(6 14§6
o 7 113(8 47&5 63(6 -7(5 -16%6 -8(5
o 8 80(6) 62(6) 59(5) -12(5 17(5 3(5

* Anistropic temperature parameters for As 1 to,0 8 inclusive.

+ Temperature factors for the hydrogen are 7.25A%.
Standard errors for the jsotropic thermal parameters
of the C atoms are 0.03(A)Z2,
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TABLE XVI Interatomic Distances and Angles for f,farsMns(CO)s

(A) Bonded Distances (A)

Mnglg—Mnézg 2.972, c(13)-c(14) 1.34
Mn(1)-As(1 2.405, Cc(13)-c(15) 1.50
MnSEg—AS(2) 2.392 c(14)-c 16; 1.53
Mn(1)-C(1 1.79 C(15)-C(16 1.54
c(2 1.79 F(1 1.37
C(3 1.83 F(2 1.33
C(4 1.80 C(16)-F(3 1.34
Mn(2)-C(5 1.79 F(4) 1.37
c(6 1.78
c(7 1.83 c(1)-0(1) 1.15
c(8 1.80 c(2)-o0(2 1.15
As(1)-Cc(9 1.98 C(3)-0(3 1.16
c(10 1.94 c(4)-0(4 1.14
c(13 1.93 C(5)-0(5 1.16
As(2)-C(11 1.94 c(6)-0(6 1.15
c(12 1.96 o 7;—0 7 1.16
Cc(14 1.93 c(8)-0(8 1.16
0.82< C-H < 1.09

Standard errors in bond lengthbeing 0.002A for the Mn-Mn
and Mn-As bondsand 0.02A for the Mn-C, As-C, C-C, C-F and
C-0 bonds.

* These are corrected for thermal riding motion of the As
on the Mn atoms. The uncorrected values are 2.403% and
2.389A respectively.
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Table XVI continued

(C)Selected intramolecular non-bond contacts (

.018
057
.98
.98
.02

.065
.93

.99
.00

.18
.70
.18
.69

<39
.16

PWMPANDDND NP NN =

c(1), c(2 2
c(3 2
C(4 2
c(5), C(6 2
c(7 2.
c(8 2
052;, c§6 2.
C(3), C(6 3
c(7 2
c(4), c§7; 3
c(8 2

>0

(D) Intermolecular non-hydrogen contacts ( <3,3R)

Distance
3.29
3,04
3.08
3.27

Symmetry Relationship
l-x, 1-y, 1/2+z
x-1/2, 1/2-y, =z
1/2-x, 1/2+y, z-1/2
1/2-x, 1/24y, z-1/2
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TABLE XVIIT.

Measured and Calculated Structure

Factors for fyfarsMns(CO)sg

scale = 1 XFabsolute

—Fobs indicates unobserved reflexion
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CHAPTER 4

RESULTS AND DISCUSSION
This section is divided into four parts, each of which
is devoted to a discussion of the structural and chemical
interest of each compound. The compounds containing tran-
sition metals, (I) and (IV),will be discussed befofe the

main group compounds (II) and (III).

4,1 (CsHs)2Crp(NO)s(NHz)

The molecule has an overall cryﬁallographic mirror sym-
metry with the disordering of the two bridging NH: and NO
groups .Because of the crystallographic problems described in
section 3.6.1, one cannot distinguish whether the structure
is in fact non-centrosymmetric with no crystallographic
mirror plane of symmetry or alternatively is disordered as
described. In addition, there is an approximate (non-crys-
tallographic) twofold symmetry axis normal to the mirror plane

and passing through the mid-point of the Cr-Cr vector.

The answer as to whether a direct metal-metal bond
exists is not altogether clear-cut from consideration of the
bond length and angles. The short Cr-Cr distance,2.650R ,
can be interpreted as evidence for a bond,but may also
result from the imposed geometry.The values of the
angles Cr(1)-N(3)~Cr(2) and N(3)-Cr-N(3) (86.4 and 93.1°)

do not indicate decisively a net attractive force
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between the metal atoms, Electronically however,

the molecule may be formally considered as derived from

two CsHs moieties, two Nd+ (terminal) groups, an NO
(bridging) group, an NH.~ ion and two chromium(I)

atoms; the formation of a metal-metal bond would

therefore satisfy the EAN rule. It has also been reCognized38
that both the low oxidation states of the metal and high field
ligands éuch as carbonyl and nitrosyl groups would help confer
stability on metal-metal bonds. It has been proposed38

thét the influence of these high field ligands is mainly

due to a T-effect. For instance,in an octahedral field the
nonbonding tgg orbitals in the metals have a decreased repul-
sion from each other if carbonyl or nitrosyl groups are

present to withdraw electrons to their vacant n° orbitals.

The bonding scheme of (CsHs)oCr-(NO)s(NHz) can be des-
cribed in valence bond terms. To a first approximation let
the Cr(1)-N(3)-Cr(3)-N(3)' fragment be planar. With say,
Cr(l), as origin, the z-axis is chosen along the terminal
nitrosyl group and the two bridging nitrogen atoms define
the X and Y directions ( the N(3)-Cr-N(3) angle being 93.1°
is close to 90° ). To bond with the cyclopentadiene carbon
( CsHs is treated as tridentate ), terminal and bridging
nitrogen atoms,each chromium atom utilizes the octahedral
bridization of s, Dy, Py, Dz dxe_yz, dy2 orbitals; the two

octahedra sharing an edge occupied by the two Dbridging
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nitrogen atoms. A g Cr-Cr bond is then formed by

the unpalred electrons occupying the twodxy_orbitals. The
fact that the two Cr-N(bridging)-Cr planes are folded about
the Cr-Cr bond having a dihedral angle of 10.30° may be a

result of the repulsion between the Cr-N(bridging) and Cr-Cr

bonds.

Bush and his co-worikers have studied compounds *°©
with substituted amido bridging groups, cis~ and trans-

di-u—dimethylamido—bis(cyclopentadienylnitrosylchromium(I),

[(CsHs)Cr(NO)NMez]2. Similar molecular geometry is found as

in the present compound. From those isomers, they obtained
single bond lengths of ~2,008 for the Cr-NMes(bridging) bonds
(c character only). In the present compound, the Cr-N
(bridging) bond determined is an average value of the

Cr-NO and Cr-NH- bonds, The Cr-NO bond would be expected

to be slightly shorter than a Cr-NH, or Cr-NMe, bond

for two reasons. (i) The nitrogen atom is in an

sp? hybridized state in the bridging NO group instead of sp2,
and thus it has a correspondingly smaller covalent radius.
(ii) The more electronegative subsfituent, an oxygen atom,

on the nitrogen atom will shorten the Cr-NO bond®?,

This is consistent with the Cr-N(bridging) bond

lengths observed in (CsHs)zCra(NO)s(NHz),1.9%(1)R, which are
therefore single bonds. The postulation of the bridging
nitrosyl group as N=0 is also supported by the N=0 (bridging)
bond length of 1.12(2)3 . Unfortunately, structural data on
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bridging nitrosyl compounds are rare(no other binuclear
compound with bridging nitrosyl groups has been reported
although a trinuclear manganese compound is known®2), and

few comparison can be made.

In contrast to the bridging bonds, the terminal Cr-N
and N-O distances are 1.65(2)3 and ].20(2)3 respectively
indicating substantial multiple bond character. Similar
values have been obtained in [(CsHs)Cr(NO)N(Me)-J-. This
is achieved presumably through the filled dyz and dy.,
orbitals of the Cr atoms donating to the n* orbitals of the

nitrosyl groups.

The Cr-N-O(terminal) angles of 171.7(2.%) and 172.6(2.5)°
show that the nitrosyl groups are barely significantly bent.
This may be due to (i) crystal packing forces and non-
bonding contacts of the terminal and bridging oxygen
atoms (ii) unequal participation of the n* orbitals of
the NO groups in bonding with each metal atom as shown
by Kettle #1. The latter effect may be increased specially
in the case when a distorted octahedral environment is

found around the metal atom.

The mean chromium-carbon and carbon-carbon dis-
tances are 2.24(5)A (range 2.16-2.31A) and 1.43(11)4
( range 1.30 to 1.5OR) respectively. The accuracy is
rather low but they are in the range found in chromium-

containing structures of a similar type42. ( Moreover
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least-squares planes in Table (V) show the rings deviate
from planarity.) It has been suggested*® +that when the
cylindrical symmetry around the metal atom is destroyed,

as in the present compound, the C-C distances may not be
all precisely equal and distortions from a perfectly
nm-bonded cyclopentadiene ring can occur. The two disordered
orientations make an angle of less than 3° between them-
selves. The rings are non-parallel and subtend an angle of
at least 5 (taking planes nearest parallel in pairs). This
non-parallelism can be explained by one or a combination of
the following factors : (i) the slight folding of the Cr-
N(bridging)-Cr planes haé caused the two octahedra around
the chromium atoms to have non-parallel faces (ii) in the
parent molecﬁle it is possible that the NO and NH» groups
will not allow mirror symmetry and thus provide an asymmet-
ric electronic distribution about the chromium atoms and

cause a different tilt for each of the CsHs rings,

83
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4.2 (£ifars)Mnz(CO)s 84

In the (f4fars)Mnz(CO)g molecule, each manganese atom
is bonded to four carbonyl groups and an arsenic atom of
the fifars ligand. The EAN rule is satisfied by consider-
ing each CO group and arsenic atom as two electron-donors,
and the unpaired electron of the formally zero-valent
manganese atom pairing up in a metal-metal bond. The pre-
sent compound can be well described as a derivative of the
parent compound Mns(CO);o with one CO group displaced on
each manganese atom by an arsenic atom of the fyfars ligand.
The ligands about the Mn-Mn bond are staggered, forming a
distorted octahedral environment about each manganese atom.
The molecule has an approximate noncrystallographic two-
fold axis of symmetry, which passes through the mid-points

of the Mn-Mn and As...As vectors, as shown in Figure 7.

The Mn-Mn bond in Mns(C0);0'® has been determined to
be 2.923(3)2, a value much longer than would be pre-
dicted from Pauling's value of the covalent radius for
the manganese atom, 1.2248. Since there is no bridging group
present in Mnz(C0);0, the molecule can be expected to have
direct metal-metal interaction , which is also supported by
the thermodynamic studies indicating an interaction of
considerable strength*?*., The Mn-Mn bond is thus unlikely
to hgve been stretched by O.BR. Clearly the first

order approximation of Pauling's covalent radius is not
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Figure 7. Projection of f,farsMn-(CO)g down the
' approximate Two-fold symmetry axis.
Thermal ellipsoids contain 84 of the
electron density of the atoms.
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appropriate for the manganese atom in this compound
and attempts have been made to assign a satisfactory
covalent radius for Mn(0)*®:%°, the best values being 1.39-

1.452 , not too different from the experimental result.
Furthermore, a molecular orbital scheme set up by

Bennett and Mason®*® is able to explain the lengthening of
the Mn-Mn bond up to O.l%, taking into account that the hybrid
orbitals used in metal-metal bond formatior have greater "p"
and "d" character. Hence the Mn-Mn bond may be regarded as
quite "normal" under the circumstances. The Mn-Mn bond
found in fyfarsMn-(CO)g is longer by about 0.053 and there
can be two reasons for this. (1) Compared to a CO group,
the arsenic atom in the f. fars ligand is a good ¢ donor

but is a poor ¢w acceptor. This is consistent with the
observation that while high yr-interacting ligands tend

to stabilize a metal-metal bond, substitution with low
m-interacting ligands tend to destabilize it (Section 4.1).
(ii) The f4fars ligand is relatively "bulky". It has been
observed that a bridging ligand containing higher row ele-
ment or more than one bridging element tend to be associated
with a longer metal-metal bond ( for instance, the Fe-Fe
bond in FesI=(NO), where the Fe atoms are bridged by iodine
atoms have a Fe-Fe bond of 3.058%7). In other words, both
the electronic and geometric factors of the fyfars ligand

work towards a longer Mn-Mn bond.
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The two sets of non-terminal carbon atoms C(2), C(3),
C{(%) and Cc(6),c(7),Cc(8) are bent inwards towards each other
as seen from the acute angles they make with the Mn-Mn
bond vector. Similar bending was observed in Mns(CO);o
which was attributed to the non-bonding repulsion between
these non-terminal and the terminal carbon atoms as suggest-
ed by their non-bond contacts'®. (The molecular orbital
scheme of Bennett & . Mason®® tied the bending-in of the CO
groups with the lengthening of the Mn-Mn bond elegantly. )
The arsenic atoms in f,ufarsMnz=(CO)s, however, are situated
away from the Mn-Mn bond, having a mean Mn-Mn-As angle
of 97.75(presumably with a mean Mn-As bond length of 2.3991
the non-bond repulsion between the terminal carbon and the
arsenic atoms are negligible). The bite of the As...As atoms
has been found to depend largely on the mode of ligation.
For instance, it is 3.2238 in f,farsFe-(C0)s*® where the As
atoms are both bonded to the same Fe atom(while the C=C
bond is m-bonded to the other Fe atom), 4.31ﬁ in
fafarsMnz(CO)gI='? where there is no Mn-Mn bond and a
bridging fifars ligand is reponsible oniy for holding the
two Mn(CO)4I moieties together, 4.108 in (fifars)zRus(C0)g*®
and 4.018(3)3 in the present compound where each fsfars

ligand links two metal atoms that form gmetal-metal bond.

The arsenic atoms and the cyclobutene ring are coplanar

(Table XVI). All the As-C bonds are equivalent within stand-
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ard errors. From the C-As-C and C-As-Mn angles it can

be seen that the lone pair positions are in the

As-Mn bond directions. The double-bond in the cyclobutene
ring C(13)=C(14) has an expected value of 1.34(2)% and

the remaining C-C bonds lie within the range of 1.50-1.5%(2)&
as expected for single C-C bonds. The C-C-C angles in the
ring deviate from 90o as expected from the different

geometry of sp® and sp® hydridizations. The C-F bonds

(mean value 1.353) also compare well with those found in

other fyfars ligand containing compounds.

The Mn-C and C-0 bhonds range from 1.78 to 1.83 and 1.14
o
to 1.16A respectively. No significant variations are found

amongst these distances. All the Mn-C-0 atoms are colinear.
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4.3 KIOs.HIOa

Each iodine atom is covalently bonded to three oxygen
atoms at distances ranging from 1.753 to 1.952X apart,
forming a distorted trigonal pyramidal arrangement. In
addition extensive oxygen-iodine contacts ranging from 2.4
to B.MX(sum of van der Waalsradili for iodine and oxygen
atoms being 3.5ﬁ) exist between neighbouring iodate ions.

As a result, the iodine atoms have two types of environ-
ments. I(1),I(3), and I(%) are each surrounded by oxygen atoms
forming a distorted octahedron. Similar situations have been found
in a number of iodate compounds’? I{(2), however, has a

highly distorted capped-octahedral environment with four
distant I.,..0 contacts. Two of these interactions arise

from a crystallographically equivalent (centro-symmetrically
related, I(2)) iodate ion; and the remaining two from other
independent iodate 1ilons.,

Among the twelve independent I-0 bonds (Table IXA),
two stand out to be significantly longer than the rest,
namely I(%)-0(42)=1.952 and I(3)-0(32)=1.911%. These are
expected to be the hydroxylic oxygen atoms (peaks at suitable
positions for hydrogen atoms were found in the final electron
density difference map but they were no higher than spurious
non-atomic peaks). Further support for this interpretation
are the distances 0(42)-0(32)=2.708 and 0(42)—0(11)=2.7513

o
which are the only 0-0 distances less than 2.80A between
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different iodate groups. Also this is fully consistent
with the 0-H stretching frequency in the reported infra-
red spectrum® which would predict an OH-O length of 2.7A
on the basis of existing empirical correlations®®. From
these I-0 and 0-0 distances, one may conclude that 0(43)
acts both as a hydrogen bond donor and acceptor whereas
0(32) acts only as a hydrogen bond donor, The interatomic
angles computed for this hydrogen bonding scheme (Table
IXD) show reasonable agreement.

Formal bond orders can be assigned to the different
I-0 bonds, for instance, a value of 1 to 02I-OH, 1% in
10; ions and 2 to HOI-Os,. Results in Table IXB show that
while bonds of order 1 are significantly different from
those of order 1%, there 1is no substantial difference
between those of the latter and those of bond order of 2.
Bond length variations between bond orders of 1% and 2 are
expected to be small in any event,especially when variations

in the extensive weak I...0 interactions may further mask
these fractional differences.

To account for the interionic - interactions, the
electronegative envirqnment of the iodine atom 1is probably
responsible for contraction of the empty 5d orbitals allowing
them to provide suitable overlap with the oxygen filled p
orbitals, as pointed out by Mitchell®!, Furthermore, for the

X0z species, one would expect the acceptor strength to
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increase in the order of X=Cl,Br,I, as I is the most polari-

zable and thus has the highest effective positive charge.

The lengths of the weak I...0 contacts are strikingly
different for the I0s and HIOs moieties. The average I...0
distances are invariably longer for the IOQ ions (involving
I(1) and I(2)) than the HIOs species (involving I(3) and
I(4)). (See Table IXB.) An explanation may be found in
terms of a more electrophilic iodine atom in HIO5 to
accept electrons,

The lone-pair on the iodine atom may be proposed to
be situated in between the longer I...0 contacts in the
case of the distorted octahedral environment. However, a
head-on approach of an oxygen atom directly towards a lone
pair position as is found in a regular capped-octahedron
will not be expected. In fact, the line of approach of
the distorted capped oxygen atom 0(31) to I(2) is coﬂsider—
ably displaced towards one side of the triangle formed by
0(21)', 0(22)' and 0(13). It can thus be inferred that the

lone pair of electrons in I(2) may have a higher s character.

Each potassium ilon has eight near-neighbouring oxygen
atoms with K-O distances ranging from 2.67 to 3.042 and
has an environment best described as a distorted square
antiprism. The squares around K(1) consist of 0(21), 0(22),
0(23), 0(41) and 0(13), 0(43) 0(23)', 0(13)' while thcse

around K(2) consist of 0(31), 0(41), 0(%2), 0(k2) and

o(21), o(12), 0(33), and 0(11).




= veit T o S U YO TR

92
Earlier work®2 by Rogers and Helmholz on o -HIOs led them

to believe the structure to consist of bifurcated hydrogen
bonds. Wells® however,re-examined the structure and concluded
that it should be described as infinite HIOs...HIOa...

chains; this model was confirmed by Garrett's® neutron
diffraction work. The overall structure of KIO3.HIOsz may

be considered to consist of (IOs...HIOs...HIOs) , (I0s...I0s)
and K+ ions packed together electrostatically. However the
geometry of the (IOs...HIOs...HIOs) moiety differssubstan-
tially from a fragment of the infinite HIOs5...HIOs... chain

proposed by Wells as it involves the same oxygen atom 0(42)

twice.

Considerable interest has been found in the structures
of HXz anions®® (e.g. X= NOs,C0s;,RCO0 ). Writing the formu-
la of KIOs.HIOs in the form.K+H(IOS)2_, one might expect
the compound to provide a similar HX: system., However,
the crystal structure of KI0s.HIOs clearly shows that it
has a hydrogen bonding scheme which i1s quite distinctly
different from that which was found in H(NOs), 63264,
H(COs)>~ ©2, and H(RCO0),~ ©3. There is no discrete H(IOs)az"
anion present, It is also noted that relationships®® between
0-H...0 and O-H distances suggest an asymmetric hydrogen
atom from the two oxygen atomic positions, This prediction

is consistent with the proposed hydrogen bonding scheme.

Thermal motion for the different atoms in KIOs.HIOs is
generally low (although they may contain errors due to
approximate absorption corrections, the values obtained

are reasonable), a fact which may be attributed to the
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ionic nature and the hydrogen bonding present giving a
stable J-dimensional structure. It is also consistent with
the high density, the hardness and difficulty in cleaving
the crystals. The packing density of oxygen atoms in
KI03.HIOsz is less than that found for other structures
containing the iodate ion®®. The volume per oxygen atom

is 26;&3 compared to about 16 in a closest-packed strudure.

It has been found that a sample of KIO3.HIOs exhibits

t®% indicating that, as in

a strong second harmonic effec
the parent compounds KIOz and HIOs, a crystallographic
centre of symmetry is lacking. This agrees also with a

recent report on the piezoelectric effect®® of the same

crystals. In this work, refinement in the possible non-
centrosymmetric space group was not carried out because of two
reasons, (i) From a chemical interest view point, the positions
of the hydrogen atoms are not found in the present case , and
probably will not be readily located either in the non-centro-
symmetric case. (ii) Since the x-ray diffraction patterns con-
form so closely to those of the space group P2,/c, the heavy
atoms must be 1in almost perfectly centrosymm=tric arrangement
(this is also supported by the small anisotropy in their ther-
mal motion). It is possible that the deviation from centrosym-
metry arises mainly through the hydrogen bonding of the struc-
ture, Refinement in the noncentrosymmetric case will probably
be complicated by a large number of interactions between para-
meters due to the pseudo-centrosymmetry. The present good
agreement obtained really shows that P2;/c is a very close

approximation to the true space group of the structure.

k.
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4.4 g-(CHs)zTelz

In the gaseous state, modern structural theory56
might predict a trigonal bipyramidal geometry for
(CH3)2TeIZ with the lone pair of electrons and the methyl
groups in a distorted trigonal plane, and the iodine atoms
at the axlal positions. In the solid state,however, an
octahedral environment of varying regularity is found for
each of the three crystallographically independent tellurium
atoms, formed by two trans- Te-I bonds, two cis- Te-C bonds
and two weak intermolecular Te...I contacts, as a result
of which, the molecules are linked together in corrugated

sheets approximately parallel to (010).

These weaker intermolecular interactions may be re-
garded as involving the partial donation and acceptance
of electrons of the tellurium atoms with neighbouring
iodine atoms. Such interactions have always been observed
in a number of organo-tellurium halides, and the donor-
acceptor role played by a tellurium atom is often critical-
ly determined by its environment. For instance, in the B-
form of dimethyltellurium di-iodide, [(CH,)aTe*]J[CHLI Te™],
the tellurium atom acts as a donor in the anion and an
acceptor in the cation!! . In the present compound, the
same tellurium atom can be considered to be acting both
as donor and acceptor,indicating that the factors governing

these weak interactions are delicately balanced.
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A comparison between the structures of a-(CHs)zTels

and q-(CHs)2TeCl2>" shows that the two structures are
somewhat similar., However, the iodide definitely assumes a
more regular octahedral geometry in each of the three
independent molecules. This can be explained by the electro-
negativity difference between the iodine and chlorine atoms,
which have two main consequences. Firstly, the chlorine atom
does not donate a lone pair of electrons readily and

6+_Clé-

secondly, the Te o bond polarity decreases the donor
power of the tellurium atom. Also it is worth noting

that when the‘methyl groups are replaced by more electron-
withdrawing aromatic systems (for example, in (CgHs)2TeBro°®
and (p-ClCegH4)2TeI»"),the lone pair donor power of the
tellurium atom is correspondingly reduced and fewer short

intermolecular Te...X (X=I or Br) contacts result. For exam-

ple, all Te...I contacts in reference 59 are >4.1§.

The Te-I covalent bonds are found to be significantly
longer than the sum of covalent radii 2.708 43 for the
tellurium and iodine atoms and they also differ signifi-
cantly amongst themselves ( see the range of the Te-I bonds
in Table XIII). The bond lengthening may be attributed to
the polymeric Te...I linkages in the structure as well
as a high participation of the Te dzz orbital in the
Te~I bond formation; or alternatively, the Te-I bonds can

be regarded as having a covalent bond order of less than one.
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The variations of the Te-I bonds are also consistent with
the different degrees of the intermolecular interactions.
Thus I(6), whose Te(3)-I(6) bond is substantially longer
than all the other Te-I bonds, is the only iodine atom

that forms more than one interatomic contact , both to Te(1)
and Te(3), and the Te(1)...I(6) value of 3.659(3)A is the
shortest of all. As a result of the long Te(3)-I(6)bond, the
trans- ligand,I(5),may have an increased orbital overlap with
Te(3) to give the shortest Te-I bond, 2.854(3)K. Further-
more it 1is ngted that the considerable lengthening of Te(1l)-
I(1) (2.965(3)4),over Te(1)-I(2) (2.885(3)A),is consistent
with the fact that I(2) does not form any intermolecular

Te...I contact.

The variations in 1lengths of the Te...I contacts also
affect the regularity of the "square" plane formed
by the methyl carbon and the weakly bonded iodine atoms,and
they follow the order Te(3)<Te(2) < Te(l). A nearly regular
octahedral arrangement of bond angles is formed in the case
of Te(1l). The wide range of the I...Te...I angles (Table XIII)
as opposed to the relatively constant near-90° C-Te-C angles
ig congistent with the idea that more p character is asso-
ciated with the Te-C bonds and more s character with the Te
lone pair of electrons. Further support for this is found
in the observation that only with the methyl groups in a cis-
arrangement can each Te-C bond obtain the maximum possible p-
character. A small positive !2°Te Mossbauer isomer shif{ﬂzf

+0.55(20)mm/sec (with respect to Cul®°I) is consistent with a
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bonding scheme involving principally 5p and 5d orbitals of

the Te atom.

The Te-C distances are in the range from 2.10 to 2.16(3)K
with a mean value of 2.14A which is identical to the sum of
covalent radii of 2,147 for Te and C atoms. It may be noted
that in g-(CHs)»TeCl, the mean Te-C bond obtained is 2.09(3)A.
Although the difference is not significant it is in the
direction expected from a bond shortening effect due to the

more electronegative tellurium substituents®!,

)
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APPENDIX

The following page lists a program to compute the
Uij’s from the Bij’s of the atoms, and the lower and
upper bound limits of the bond lengths as given in

equation (25),

The input cards required are as follows:

1. unit cell dimension , a,b,c,(x);a,B,Y(°), (6F10.6)

2. atom name (A6)

3. By1,Baz,Bss,Biz,Bya,Bzs (A2) (6F10.6)

4, IEND; g of Bij's in the same or@er as 3. (I1,F9.6,5F10.6)
Cards 2,3,and 4 repeat for each atom, the last set should
set IEND=1, otherwise IEND=0

5 R;,R2,R3,R4,S50 (5F10.5)

R; and Rs are the r.m.s. radial thermal displacements for
atoms A and B when the lower and upper bound limits of
bond A-B are to be determined. R and R, are the r.m.s.
components of thermal displacement of A and B in the
direction A-B. SO is the uncorrected bond length of A-B.
These fi?e values are available through ORFFE. One card is

for one bond. More cards can be added if required.

6. One blank card.
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34

32
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DIAENSTON L(5) B () sSH(6),1(4)
READ(B,3)AsBECa ALP s ETa GAN
FLURFAAT (6F12.5)

RAD=.01745529

(.,’L"SA:C‘S(/\l p*i‘l,/;\[))

CLRSB=C 1S(RETHRAD)
CLSG=C S (Gaitedan)
Shua=Sin(alP=nap)
SIHB=3IN(RETAY)
SIHG=STH(GAAKELAD)
FE2(),0=~COSA%%2=CiiSR%k2~CiISGHx242 ,#CNSA%CISBRC.ISH) /1%, /397
DU2)Y=(FFRse%LR) 2S5 [nit#x%2)
DI3)Y=(FR*CHC) /(5] a%%2)
DCa)=FFRARLB/ (ST ARSI

D(SYSFFHCHA/ (STHEST A

PDEOYSFRERUBAHC/(STHE#STNG)
WRITE (6,8) COSACDSRACISGSTHASSTNSS STHG
FOPMAT {1 20F1Q.0)

WRITE (6,7) FF

FORMAT (1H 2F10.6)

HRITE (656) (D(I)sI=1ls0)
FOLMAT (1lH 26F10.6)
READ(B,1) aTOHM

READ (5,3) (h(I)sl=1l06)
READ(5,2) TEHDS(SB(I)slzlyb)
FURMAT (Ah6)

FUOPHAT (I1sF%4e8sDF1Ueh)
D16 I=1,0

GCOXY=n(I)y*b(T)
SROD)=Sp(ri*n(])

WRITE (654)ATUS» (8(1)s1=150)
FURMAT ()1H 206X uFLl0G.0)
WRITE(G,5) (S (])al=100)
FORMAT (1H 2 1l2Xs0Fluaty)
TFCTENDFQal) G Th 30

Gy TH 20

PEAD (5,31) (B(I)si=lsdyssud
FiJRMAT (5F10.5)
IF(R(L)JEQRLDGILI Tt 40

DO 34 I=1s4

ROTI)=(R(1)) %2
NELTR=5QKT(R(1)=1.(2))
PELTA=SORT(R(A)=11(4))
CLSERSUR (LT L=l LTAaY®%2)y /(2%8(0))
WUSQESTIH (G L TR+ LTA ) R¥2) / (255101))
WHITE(6232) vLads 118

FadvsfAT (LR s 27 10.5)

T 30

CALL EXIT

D
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