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Thesis Title: 

Abstract 

Structure-Reactivity Relationships through X-ray and 

Neutron Diffraction Studies 

This thesis is primarily concerned with the investigation of a structure-reactivity 

relationship in a series of pentacyclic lsodrin derivatives. These compounds un

dergo a two-hydrogen atom dyotropic rearrangement at vastly differing rates when 

apparently small structural changes are made. Two pairs of these isomers (with the 

formulas C16 H8 CI10 and C16HgCI9 ) have been investigated using both X-ray and 

neutron single crystal diffraction studies, at ambient and low temperatures. The 

experimental details of these studies are given for five experiments and the results 

of the least-squares refinements made using the data from these experiments are 

reported herein. 

In addition to conventional crystallographic studies, an experimental charge 

density study of one of these compounds, C16 H9 CI9 , has been made at 123K. The 

electron density was modelled using a multipole model which allows explicitly for 

the aspherical nature of the electron density. The results of this study, including a 

topological analysis of the charge density are reported in this thesis. 

The structures of six organometallic, four molybdenum bis(imido) and two 

half-sandwich niobium imido complexes, are also reported herein. Their structures 

were determined from single crystal diffraction data. These compounds show the 

expected structures predicted using the pseudo-isolobal relationship to the Group 4 

bent metallocenes of which they may be considered analogues. 
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Glossary of units and abbreviations 

KM5 1,5,6,7,8,12,13,14,15,15-decachloropentacyclo- [10.2.1.13·10.02•11 .04 •9] 

hexadeca-5, 7,13-triene. 

KM9 1 ,5,6, 7 ,8,12,13,14,15,15-decachloropentacyclo- [10.2.1.13·10.02•11 .04 •9] 

hexadeca-4(9),5, 7-triene. 

KM22 

KM25 

endo,endo,exo-1 ,5,6, 7 ,8, 12, 13,14-anti-15-nonachloropentacyclo

[10.2.1.13·10 .0. 2•1104•
9]hexadeca-5, 7 ,13-triene. 

endo,endo-1 ,5,6, 7 ,8, 12,13, 14-anti-15-nonachloropentacyclo

[10.2.1.13•10 .0. 2•1104 •
9Jhexadeca-4( 9) ,5, 7-triene. 

A Angstroms w-1o metres 

barn 10-24 cm2 

fm w-15 metres 

esd estimated standard deviation 

esds given for refined parameters are from the least-squares refinements 

esds for average values are variances of the mean 

rms root mean square 

rmsd root mean square deviation 

NMR Nuclear Magnetic Resonance 

TDS Thermal Diffuse Scattering 

BPB Background - Peak - Background 

adp atomic displacement parameter 

lAM Independent Atom Model 

Displex Two-stage closed-cycle helium cryorefrigerator from Air Products 

and Chemical, Inc. Model number CS201 was used at Ris!?l, Denmark 

and CS202 at BNL, USA. 

@ trade mark 
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Me Methyl, CH3 

Et Ethyl, C2Hs 

Ph Phenyl, C6Hs 

ipr isopropyl, CH3CHCH3 

But tertiary butyl, C(CH3h 

Cp cyclopentadienyl, C5H5 

R(F2) 2: ~/ 2: F(h)~bs 

wR(F2) [2: w~2 
/ l:(wF(h)~bs) 2] ~ 

S the Goodness of Fit given by [l:w~2/(n- p)]~ 

where~= JF(h)~bs- F(h)~alcl and nand pare the number 

of observations and parameters respectively 

R 2: ~/ 2: F(h)~bs 

Rw [l:w~2 /l:(wF(h)~bs) 2]~ 

Goof [l:w~2 j(n- p)]t 

where~= JF(h)obs- F(h)calcl and nand pare the number 

of observations and parameters. 
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Chapter 1 

Introduction 

The broad concern of this thesis is the relationship between structure and 

reactivity. It is an area which is of importance to many branches of science, 

including chemistry and biology. Often, the detailed molecular structure of a 

compound allows many of its other properties to be derived and or understood. 

1.1 The history of the project 

We have been studying a series of organic compounds which undergo a two 

hydrogen atom intramolecular rearrangement (1]. These pentacyclic Isodrin 

(which is shown in Figure 1.1) derivatives are thought to rearrange via a peri

cyclic mechanism. The reaction is best seen as a [4u + 2rr] thermal rearrange

ment which is exothermic and irreversible. It is an example of a 'dyotropic' 

rearrangement, i.e. 

an uncatalysed process in which two u-bonds simultaneously, but 

not necessarily via a fully synchronous mode, migrate intramolec

ularly (2]. 

22 
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Cl 

Figure 1.1: Isodrin 

R* 
R 

Cl 4 

R R 

R R R 

Isomer A Isomer B 

Figure 1.2: Rearrangement of isomer A to form isomer B. 
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These compounds initially were found to undergo this interesting rearrange-

ment when an attempt to synthesise isomer A (see Figure 1.2) produced only 

trace amounts and the expected ClC=CCl chromophore was not present [3]. 

The product was found to be isomer B. Similar compounds were synthesised 

where R*=Cl was replaced by R*=OCH3 and R*=OC 2H5 • In these cases, iso

mer A was formed but on heating, the pure crystalline compound melted at 

,....., 180°C and resolidified as isomer B. The different rates of rearrangement 

found for these three compounds, relative stability OMe>OEt>Cl, prompted 

a further systematic program of synthesis to be started. 

A number of compounds, (see Table 1.1 for examples and for the labelling 

scheme) modelled on compound KM5, have been synthesised in which the sub

stituents were varied in order to alter the properties o~ the 1r-receptor site, 

especially its electronic properties. The rate of rearrangement of these com

pounds has been investigated using ultraviolet spectroscopy [4]. An obvious 

target model was the dechlorinated triene KM17. Its aromatic isomer KM18 is 

known [3] but it has proved impossible to isolate the triene as the rearrange

ment proceeds too rapidly. The rate ratio KM17:KM5 has been calculated by 

suitable extrapolation to be ,....., 2 x 105 at 36°C. Such a large difference in rate 

accompanying a relatively small structural change provoked further interest in 

the mechanism of this rearrangement. However, current explanations appear 

to be somewhat controversial. 

Several intermolecular esterification and intramolecular lactonisation reac

tions have been studied in an attempt to understand the greatly enhanced 

rates of reaction often observed for intramolecular reactions over the corre

sponding intermolecular reaction. Rate accelerations of factors as great as 108 

have been observed. These types of reactions may then be useful as models of 

enzyme reactions, which generally show great rate enhancements under very 

mild conditions. A great deal of work has been carried out in an attempt to 

pinpoint the origin of this acceleration and may potentially provide information 
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R2 

Cl 4 

Rs Rs 

R6 R4 R6 R4 

Isomer A Isomer B 

Isomer A Isomer B 

Substituents Compound Crystal Compound Crystal 

Number info Number info 

R1- 6=Cl KM5 X, N t15K KM9 Xt MM 

P212121 C2/c 

R1=0Et, R2- 6=Cl KM7 X KMll MM 

P2t/c 

R1,6=H, R2-s=Cl KM8 KM12 

Rl-6=H KM17 KM18 X MM 

P2t/c 

al-4,6, Rs=H KM22 X, N 123K t KM25 X, N 123K t MM 

P2t/c PI 

.R1- 5=Cl, R6=H KM23 KM26 MM 

R1- 4=Cl, R5
•
6=H KM24 X, N 15K KM27 X, N 120K MM 

C2/c P21/n 

Table 1.1: Some of the compounds studied in the series of trienes. MM signifies that 

Molecular Mechanics calculations have been made for both isomer A and B of this compound. 

t Reported herein. 
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concerning our dyotropic rearrangement. 

One early proposal suggested that the covalent linking of the two reactants 

would not make a great contribution t<? the rate enhancement [5]. A maximum 

55-fold acceleration was calculated although this was subsequently disputed [6] 

as it ignored any attractive or repulsive forces between the reactants. 

It was later proposed that the rate enhancement could be entirely explained 

by the entropy differences between bimolecular and unimolecular reactions [7]. 

This proposal does not explain why all intramolecular reactions do not show 

great rate accelerations, which they do not [8], nor why rate differences are 

seen between closely related intramolecular reactions. The poor correlation 

with experimental results also means that relative rates cannot be predicted 

purely from such entropy differences. 

Two theories were then suggested which relied on reactions having a strong 

angular dependence. The first of the theories, orbital steering [9], stated that 

the precise orientation of the reacting groups was of critical importance. This 

theory was very quickly questioned by Bruice [6] who pointed out that for the 

observed rate enhancements to be accounted for entirely by the orientation 

factor the reactions would have to have unfeasibly narrow angular 'windows'. 

' Displacements of only tenths of a degree and hundredths of an angstrom would 

be necessary to pass from the most to the least favourable conformation; well 

within normal vibrational and torsional displacements. In addition, no such 

strong angular dependence has been observed experimentally in representative 

types of reactions [10]. 

The second theory with a strong angular dependence was that of stere

opopulation control [11 J. This theory suggested that the freezing of a molecule 

into a 'favourable' conformation, i.e. on~ from which the transition state is 

more easily accessible, was the important factor in the determination of the 

rate. This freezing could be effected by various interactions; hydrogen bond-
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ing, steric and/or electrostatic interactions. This idea found some support with 

Bruice [6]. However, it has subsequently been thought that much of the rate 

enhancement in this case is due to relief of strain and that the contribution 

from freezing the molecules in a particular conformer is much less important 

[12]. 

An explanation which did not consider that there is an important angular 

dependence was Menger's spatiotemporal theory. This suggested that the rate 

of reaction was proportional to the time that the two functional groups were 

within a critical distance, where the distance and the critical time were reaction 

dependent. 

A different approach again was taken by Dorigo and Houk [13], using mod

els of transition states with partially formed bonds. The conclusion drawn 

from this study was that the reactivity was determined by the energy required 

to distort the functional groups into the geometry of the rate determining tran

sition state. They did not find any supporting evidence for Koshland's orbital 

steering or for Menger's spatiotemporal theories. 

The Dorigo and Houk paper received a rapid reply from Sherrod and 

Menger [14], maintaining that the ground state distances between the reacting 

units were of importance. They also found better correlations with experi

mental results when using models which had intermediates with 'ground state' 

type structures, i.e. those with fully formed covalent bonds rather than those 

with partially formed bonds. 

' 
Even from this brief summary it is easy to see that the situation is still 

unclear. 
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1.2 The Compounds 

The pentacyclic Isodrin derivatives we have been studying rearrange cleanly at 

conveniently measurable rates, no side reactions take place and they have very 

little conformational freedom. In general they crystallise to form good quality, 

stable crystals suitable for X-ray and neutron diffraction studies. They there

fore provide suitable models for the investigation of the kinetic and structural 

effects of changes to their electronic and steric character. 

In addition to the trienes with which this work is concerned primarily, 

other related series of compounds, based on both Isodrin and Homoisodrin, 

have been synthesised. One of these series has been synthesised in which a 2,3-

diazacyclohexadiene element replaces the cyclohexadiene element of the trienes 

to form 1,3-bisarylpyrazolines [15] (see the Figures accompanying Tables 1.2 

and 1.3). 

Although all the pyrazoline compounds, except KM35 (see Table 1.2 for 

labelling scheme), show dyotropy, they do so considerably less readily than 

the trienes. The rates of rearrangement are typically a factor of rv 102 
- 103 

times slower than those of the trienes: e.g. rate ratio KM5:KM37 1.7 x 103 

[1 J. This slower rate of rearrangement may be due to the two cyclohexadi

ene, the alicyclic and heterocyclic, elements having different requirements for 

aromatisation. Despite these differences comparisons within the series show 

remarkably similar trends when equivalent structural changes are made: e.g. 

for trienes KM5 : KM23 : KM22 KM24 

the rate ratios are 7.2 : 1.8 : 1.7 1.0 

for pyrazolines KM36 KM44 KM45 KM46 

7.3 2.4 1.4 1.0 

suggesting that these structural modifications remote to the reaction cavity 

cause similar changes in the receptor 1r-bond energy in both cases. 
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Rl 
~--~--~----~~ 

Rl 
~~~--L-~--~ 

R2 Cl R2 Cl 

Isomer A Isomer B 

Isomer A Isomer B 

Substituents Compound Crystal Compound Crystal 

R 1•
2=Cl, ,R3 =0Et, KM35 

Ar1
•
2=Ph 

R 1- 3=Cl, Ar 1 ~ 2 '=Ph KM36 KM40 

R1
-

3 =Cl, Ar1
•
2=p-MeCsH4 KM37 Pbca KM41 P2tfn 

R1- 3=Cl, Ar1=p-MeCsH4, KM39 Pbca KM43 

Ar2 =p-ClCsH4 

• R1=H, R2
•
3=Cl, KM44 KM47 

Ar1
•
2=Ph 

R1
•
3=Cl, R2=H, KM45 · KM48 

Ar1•2=Ph 

R1
•
2=H, R3 =Cl, KM46 KM49 

Ar1
•
2=Ph 

Table 1.2: Labelling scheme for pyrazolinefpyrazole pairs. 
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Cl 

Cl 

Cl 
Cl 

~~~--~----, 

Cl 

Isomer A 

C I ~;........,,__~:....-.-&.... 

Cl Cl 

Isomer B 

Isomer A Isomer B 

Substituents Compound Crystal Compound Crystal 

Ar1
•
2=Ph KM60 P21/n KM62 Ama2 

Ar1 
•
2 =p-ClCsH4 KM61 KM63 P21/c 

Table 1.3: Pyrazolines derived from Homoisodrin. 

:30 

The driving force for the rearrangement is thought to come from; the 

aromatisation of the 1,3-cyclohexadiene element, or replacement heterocy

cle, which accompanies the rearrangement, changes in the 1r-energy, E1r, and 

changes in the strain energy, E8 • Other examples of dyotropic rearrangements 

have been reported (see Figure 1.3). The gain in 1r-energy on formation of an 

aromatic element is also important to other related rearrangments [16, 17]. It is 

not, however, a prerequisite for such reactions as shown by the thermoneutral, 

reversible [40' + 21r] thermal rearrangement reported by Vogel [18]. In this case 

the 'lack' of aromatisation is compensated for by the presumed compressed na

ture of the molecule. Nor are all these reactions [40' + 21r] type rearrangements 

as shown by Grimme who has reported an example of a [40' + 61r] hydrogen 

migration [19]. 

A recent paper [20] suggests that the two-hydrogen transfer might occur via 

a two-step asynchronous tunnelling process. This suggestion does not appear 

to take into account several experimental observations. Both chlorine and 

alkoxy substituents would be expected to have a stabilising, and therefore rate-
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ta) 

H 

0 0 0 0 

(b) 

H H 

(c) 

(d) 

H 

Figure 1.3: Other examples of dyotropic rearrangement reactions: see References (a) (16] 

(b) (17], (c) (18] and {d) (19]. 
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enhancing effect but in fact, they have a retarding one; dramatically so in the 

case of the trienes where the rate ratio KM17:KM5 (dechlorinated:chlorinated) 

is 2 x 105 at 36°C. 

Similarly, the aryl substituents and nitrogen atoms of the heterocyclic 47r

element of the pyrazolines should act to stabilise a diradical intermediate. In 

fact, as a series, the pyrazolines rearrange significantly more slowly than do 

the trienes which lack any such stabilising groups. Furthermore, changes to 

the aryl substituent appear to have only a small effect on the kinetics of the 

rearrangement. 

A further indication that a diradical intermediate is not involved is provided 

by the melting point' behaviour of both the trienes and the pyrazolines. Rad

ical reactions often have side reactions and produce by-products. The sharp 

melting points of these compounds after the rearrangement ~as taken place 

implies that no substances other than the aromatic rearrangement product 

are present. 

Results from recent kinetic studies by Mackenzie [21] also contradict the · 

proposed asynchronous; tunnelling process. For triene KM5 the Arrhenius 

relationship is essentially linear over a temperature range of more than 70°C 

which is inconsistent with a tunnelling contribution. However non-classical 

behaviour is suspected for the pyrazolines. 

1.3 Crystallographic Studies 

A key part of this project, adding to the impressive body of kinetic and syn

thetic work, some of which has been discussed above, has been a number of 

crystallographic studies of these compounds. 

Crystallography, both X-ray and neutron, has the unique ability to provide 
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very detailed information about the geometry of the molecule as a whole in a 

crystal environment. Neutron diffraction studies have an important role to play 

in the determination of structures containing hydrogen atoms (see Chapter 2) 

which are only poorly determined by X-ray studies. Neutrons are of particular 

importance to this project as the hydrogen atoms in these molecules are of 

vital interest, especially those directly involved in the rearrangement. 

The structures of several compounds in the triene series, as in the pyra

zoline/pyrazole and homoisodrin derivative series, have been determined by 

X-ray and in some cases neutron crystallographic studies. This has enabled a 

small database of structural information to be built up. Comparisons can thus 

be made between pairs of isomers, within series of related compounds and also 

between series. 

There are very few other research groups studying these dyotropic rear

rangements who make use of crystallographic work. The structures of some 

isolated compounds have been determined but not generally in any system

atic way. Paquette and co-workers [22, 23] are one of few groups who have 

benefitted from the use of crystallographic data. They have been studying a 

dyotropic rearrangement reaction which occurs in a series of syn-sesquinorbene 

disulphones (see Figure 1.4). By changing the substituent 'X' they have been 

attempting to tailor the distance, dec, across the reaction cavity. In their 

initial work [22] they found this distance and the rate of rearrangement to be 

closely correlated; a variation of a little over 0.3A resulting in a rate spread of 

more than a factor of 104 . However, results in a later paper [23] suggest that 

other factors are also involved, for example, the strain energy and 1r-electronic 

effects on the reaction thermodynamics. 

There does not appear to be a clear, simple relationship between these 

cross-cavity separations and the rate of rearrangement in our compounds. The 

investigation into such a correlation has been greatly aided by the neutron 

studies which have been made, allowing the dcH distance as well as the dec 
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Figure 1.4: Dyotropic rearrangement observed in the syn-sesquinorbene disulphones [22]. 

separation to be accurately determined. This suggests that other factors have 

an important influence on the rate of rearrangement. These may be other 

steric factors away from the reaction zone or electronic factors. In either case, 

crystallographic studies have an important contribution to make. Structural 

features away from the reaction cavity may be of interest in themselves or as 

indicators of other characteristics of the molecules such as the level of strain. 

Additionally, Molecular Mechanics (MM) calculations have been made for sev

eral of these compounds, see Table 1.1 and structural parameters determined 

by crystallographic studies are a useful check of the corresponding calculated 

parameters. 

X-ray diffraction studies also probe the electronic structure of the molecule 

directly as it is the electrons which interact with X-rays. In general, peaks 

in the electron density are used to determine the atomic positions. However, 

far more information than this is contained in the diffracted intensities and 

it is possible to study the detailed charge density distribution in the crystal. 

Neutron studies are also used in combination with X-rays in such studies. 

The overall aim of the structure determinations, neutron studies and now a 

charge density study is to obtain information which will allow further insights 

into the mechanism of this rearrangement and into which factors have the 
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greatest influence on the rate of rearrangement. There is always some argument 

that such experiments determine the time averaged structures and electron 

densities in the crystal and so they may not provide information relevant to 

the transition states or to the factors important to the rearrangement in other 

states. However, the rearrangement does proceed in the solid state and kinetic 

studies suggest that the transition states are reactant-like in character thus 

supporting the validity of our studies. 

The work reported herein adds considerably to the database of structural 

information. The determination of the room temperature structure of KM9 is 

reported, as are the results of three neutron diffraction studies, of KM5, KM22 

and KM25, at low temperatures. Both KM5 and KM9, and KM22 and KM25 

form pairs of isomers, therefore allowing the structural changes accompanying 

the rearrangement to be studied. In the case of the latter pair, KM22 and 

KM25, it is the first time that neutron data for a pair of isomers have been 

measured at the same temperature, 123K, and only the second pair of isomers 

which have been studied using neutrons; the other pair being that of KM24 

and KM27. 

An extensive X-ray data set has also been collected for KM25, again at 

123K, which has been used in conjunction with the neutron data to investigate 

the detailed electron density distribution in this molecule. 

1.4 Organisation of the thesis 

This thesis is arranged along the following lines. Chapter 2 contains details of 

the five experiments; three neutron and two X-ray, on the compounds KM5, 

KM9, KM22 and KM25. Some relevant backgound material is also included in 

this chapter and in Chapter 3. Details of the data reduction and least squares 

refinements of the conventional models are given in Chapter 3. Chapter 4 dis-
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cusses the results of these conventional refinements and Chapter 5 is concerned 

with the charge density model refinements for KM25. Chapter 7 is concerned 

with the conclusions which may be drawn from this work and some suggestions 

for future work. 

Chapter 6 reports on the results of the structure determinations of six novel 

organometallic compounds. This work was carried out as a separate study of 

several half-sandwich niobium imido and molybdenum bis-imido compounds 

which can be considered as analogues of the Group 4 bent metallocenes. This 

was in collaboration with Prof. V.C. Gibson and his research group, also at 

the University of Durham. It is also concerned with the relationship between 

structure and reactivity. 
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Chapter 2 

Data Collection 

2.1 The Background 

A crystal is made up of a regular arrangement of atoms with a repeating pat

tern in three dimensions. This internal periodicity means that the crystal can 

act as a three-dimensional diffraction grating for radiation of suitable wave

lengths. In this case, where the atomic spacing is of the order of ,...,_, 1A it is 

X-rays and thermal neutrons which have these suitable wavelengths [1]. To 

observe any diffracted intensity there must be constructive interference be

tween all the waves diffracted by the crystal. In any one direction the Laue 

. conditions state that for constructive interference to occur the phase shift, i.e. 

the change of the position of the wave crests relative to one another, must be 

an integer number of wavelengths. If we assume the phase shift to be caused 

purely by path length differences then the differences corresponding to lattice 

translations must equal an integral number of wavelengths. 

To obtain a resultant beam from a 3-dimensional grating the interference 

must be constructive with respect to all three axes. This depends on the wave

length, A, and the lattice spacing, d, and determines the acceptable angles, 0, 

39 
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Incident 
beam 

-!0 

d(hkl) 

Figure 2.1: Reflection from the planes (hkQ with interplanar separation d(hkl). 

of the incident and diffracted beams relative to the lattice rows. A simple way 

of predicting these angles was given by Bragg who considered the diffraction as 

reflection from the lattice planes, thus giving Bragg's law which is given below 

in Equation 2.1. Hence diffracted beams are often called reflections and la

belled with the indices, (hkQ, of the 'reflecting' lattice planes. Figure 2.1 shows 

this reflection and the path length differences A and B which must equal an 

Integer number of wavelengths. 

2d( hkl)sinO = nA (2.1) 

The structure factor and the density of the scattering material, p(r), are 

related to .one another by Fourier transform: 

F(h) = j p(r) exp(21rir.h)dr (2.2) 

and 
. 1 
p(r) = V L F(h) exp ( -27rir.h) (2.3) 

where r is the position vector, ( xyz) , and h is the reciprocal lattice vector, 



CHAPTER 2. DATA COLLECTION 41 

(hk0, V is the unit cell volume and p is the density (electron or nuclear) of 

the scattering material. The reason for there being a summation rather than 

an integral in Equation 2.3 is that the diffraction pattern is only observed at 

discrete points. 

The observed intensities of the reflections are related to the square of the 

amplitude of the structure factor, IF(h)l;bs' and can be converted by apply

ing several corrections such as those for Lorentz, polarisation and absorption 

effects. 

Equation 2.3 thus shows that if the phase and the amplitude of the structure 

factors for ail indices, (h), were known, the density p at any point r could be 

computed and so a complete picture of the density obtained. Unfortunately 

the phase information is lost and only the intensities are measured. 

X rays and neutrons 

The reason for using the term scattering material is that X-rays and neu

trons interact differently with matter and are not scattered by the same compo- · 

nents of the crystal. X-rays are scattered by electrons, whereas it is the atomic 

nuclei which scatter neutrons. Therefore, the information obtained from an 

X-ray diffraction study concerns the electron density distribution, whereas a 

neutron experiment gives the nuclear positions and displacements. 

This difference between X-rays and neutrons has a number of consequences, 

some of which give rise to the useful complementarity of X-ray and neutron 

studies. For X-rays the scattering power of an atom, given by the atomic 

scattering factor (IJ ), increases in a regular way with atomic number and may 

be calculated. For neutrons the equivalent quantity is the experimentally de

termined atomic scattering length ( bj), and due to the random effect of res

onance scattering it does not vary in any regular way with atomic number; 

even isotopes of a given element may have very different scattering lengths, 

(see Fi~ure 2.2). 
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Figure 2.2: Scattering length (em - 12) versus atomic mass for neutrons. 

A light atom (low atomic number) and hence weak X-ray scatterer may 

not be a weak neutron scatterer. The neutron atom scattering lengths, b, 

only vary by a factor of two or three over all types of nuclei. This is a far 

narrower range than that of X-ray scattering factors. The narrow range is 

particularly useful when studying compounds which contain light atoms, the 

classic example being hydrogen, in the presence of strong X-ray scatterers. 

The non-periodic variation in scattering length with atomic number is also 

useful when studying neighbouring elements in the periodic table, as they may 

have very different neutron scattering lengths hence allowing them to be easily 

distinguished. 

The scattering power for the two types of radiation not only varies dif

ferently with atomic number but also with sinB /A. Atomic nuclei are small 

compared to the wavelengths of thermal neutrons and so act as point scat

terers, scattering isotropically. Consequently many more high angle data are 
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attainable to higher precision in neutron studies than they are with X-rays, 

where the scattering power falls off rapidly with sinfJ / )..,, The fall-off in X-ray 

scattering power is due to the fact that the electrons are distributed over a fi

nite volume which is of comparable dimensions to the X-ray wavelengths used. 

Therefore, X-rays which are scattered from one part of an atom can interfere 

with those scattered from another, at all scattering angles greater than() = 0°. 

f 

sin8/A. A-t 

Figure 2.3: X-ray scattering factor variation with sinO/>. showing the reduction in scat

tering power at high angles. 

However, for both X-ray and neutron radiation the intensity of the high 

angle data is reduced by thermal vibrations. The structure factor for X-rays 

then becomes:-

(2.4) 

and for neutrons:-

(2.5) 

where 

T.- 8 2sin2() (U2) 
J - 1r _\2 . (2.6) 
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(U2
) is the mean square amplitude of displacement of the atom from its equi

librium position. 

2.2 The Diffractometer 

The aim of the experiment is usually to measure, as precisely and accurately 

as required, a set of integrated intensities and to calculate their estimated 

standard deviations ( esds ). These intensities and esds are then used to obtain 

the corresponding structure factor amplitudes, IF(h)l or their squares IF(h)j2. 

4-circle diffractometers are now most commonly used to collect the data using 

some level of automation. In the case of diffractometers equipped with· a 

single detector the intensities are measured one by one, which, although time 

consuming, allows measurements to be made precisely. 

The diffractometer consists of a radiation source, a computer controlled 

goniostat to orient the crystal and a detector to record the intensity of the 

diffracted beam. 

The Source 

X-rays 

A continuous or 'white' X-ray spectrum, called Bremsstrahlung, is produced 

by a beam of electrons, accelerated by a high voltage, striking a metal target. 

This white beam is also accompanied by several spectral lines that give a 

characteristic spectrum for the target metal. The spectral lines result when the 

incoming electrons striking the target have sufficient energy to eject electrons 

from one of the inner shells of the metal target atoms. The ejected electrons 

are then replaced by electrons from a higher energy level which emit the energy 

difference of the two levels as photons of the characteristic wavelength. The two 

most commonly used target materials for single crystal diffraction experiments 

are copper and molybdenum. The X-ray experiments reported here used Mo 
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Ka X-radiation produced using a high vacuum sealed tube source. The tube, 

sealed after evacuation, consists of an electron gun to produce a well defined 

electron beam which is accelerated towards a water-cooled anode or 'target'. 

The X-ray beam then leaves the tube at a low 'take-off' angle, typically 2-6°, 

through a Be window. 

Neutrons 

All the neutron diffraction experiments in this thesis were carried out at reactor 

sources. The neutrons are produced by a self-sustaining fission reaction: 

ntherm + U235 
---+ 2jissionfragments + 2.5n + 200M e V 

The fast neutrons so produced are then 'moderated' or slowed down by col

lisions with the moderator, usually D20 or graphite to give 'thermal' neutrons 

which have wavelengths in the range 0.5A:S .A :S 2.0A. The neutron energies 

have a Maxwellian distribution, i.e. a broad continuous white spectrum, with 

energies centered around the temperature of the moderator. 

Monoch romatisation 

A narrow wavelength band is selected by diffracting the incident beam using a 

single crystal positioned at the correct Bragg angle for a given plane to diffract 

radiation of the chosen wavelength (Equation 2.1). In the case of X-rays this 

wavelength is that of the Ka spectral lines. For neutrons the choice is slightly 

different as there is a continuous spectrum. A wavelength slightly shorter than 

the maximum of the distribution is usually selected in order to reduce the .A/2 

contribution, that is, the radiation of half the wavelength of that desired which 

will be diffracted from higher order planes according to Equation 2.1. 

The Rigaku AFC6S and CAD4 X-ray diffractometers used for this work 

both have graphite single crystal monochromators. On the neutron instru

ments, TAS2 at Ris(ll and H6M at BNL, the beam was reflected from the (002) 

planes of a beryllium single crystal. 
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The beam is then collimated to define a narrow beam as parallel as possible 

and of dimensions such that the background caused by scattering from air and 

from the sample environment is minimised. 

The Goniostat 

There are two commonly used designs of 4-circle diffractometer; either 

Kappa or Eulerian geometry. Both types of diffractometer have been used for 

the experiments described herein. 

A geometric construction which is very useful in visualising the machine 

movements necessary to bring a plane into diffracting position is the Ewald 

sphere. See Figure 2.4. 

For a reciprocal lattice point to satisfy the diffraction condition it must lie 

on the surface of the sphere. In equatorial-plane geometry, which was used for 

each of the data collections described in this thesis, the detector moves in a 

horizontal plane using rotations about the 20 axis. When using an Eulerian 

cradle two rotations are needed to bring a given crystal plane into diffracting 

position: a q)-rotation brings the reciprocal lattice point into contact with the 

Ewald sphere then ax-rotation is needed to bring the point into the equatorial 

plane (see Figure 2.5). The detector is then placed at the correct 20 setting 

and w set to eo' so that the x-circle bisects the angle between the incident 

and diffracted beams. This is known as the bisecting position and is most 

commonly used to make measurements. 

For a machine of Kappa geometry, as an alternative to the full x-circle, 

there is a /\:-axis which is inclined at an angle of 50° to the w-axis about 

which it can be rotated. The q)-axis is then mounted on this ~~:-axis. The 

'Kappa' geometry machines have the advantage of having much clearer access 

to the crystal and most of the data available when using a Eulerian cradle are 

accessible. 
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Figure 2.4: Ewald Sphere construction. The incident beam passes along the diameter 10 

of the sphere of radius 1/ >.. 0 is the origin of the reciprocal lattice amd r•(h) is a reciprocal 

lattice vector. When the reciprocal lattice point P lies on the surface of the sphere: 

OP = r•(h)= 1/d(h) = 10 sinO= 2 sinO/>. and hence obeys Bragg's Law. 
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Figure 2.5: Ewald sphere construction showing the two rotations necessary to bring a 

reciprocal lattice point P into diffracting position in the equatorial plane. 
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The Detector 

Both X-rays and neutrons are neutral and so must be absorbed and mod

ified or reacted in some way in order to be detected. Two types of detector 

have been used in these experiments; proportional detectors for the neutron 

experiments and scintillation counters for the X-ray experiments. 

The proportional counters contain a pressurised absorbing gas, 3 He in the 

TAS2 detector at Ris0 and BF3 in the H6M detector at BNL. The neutrons 

are first involved in a neutron-capture or absorption reaction with these gas 

molecules 

3 He+ n ---+ H+ +3 H-

or 10B+n ---+ 
7Li+4 He++i (2.7) 

which produces secondary, charged particles. These charged particles are then 

involved in c.ollisions which ionise other gas molecules. The electrons pro

duced by this ionisation then go on to ionise further gas molecules, causing an 

avalanche of electrons which give a signal at the wire anode proportional to 

the number of primary particles. 

Proportional counters have a low efficiency for Mo Ka X-radiation and 

so scintillation counters are more commonly used with X-radiation. These 

detectors contain a fluorescent crystal, usually Tl doped Nal, which absorbs 

the incoming X-rays, causing an electron to be promoted from the valence to 

the conduction band. Excited ions returning to the ground state emit a flash 

. of light which enters a photomultiplier tube and so produces a detectable pulse 

of electrons for each quantum absorbed. 
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The Cooling Devices 

As shown by Equations 2.4, 2.5 and 2.6, thermal vibrations have an impor

tant effect on the intensities of Bragg peaks. This effect restricts the number 

of significant data which may be collected, especially at high values of sinO j >., 

and so limits the resolution and I_>recision of the study being made. Collect

ing the data at reduced temperatures therefore helps to increase the number 

of observable data and increases the precision of all the measured reflections. 

Two types of cooling device were used in the experiments reported herein; one 

cold inert gas flow and one conduction type device. 

Cryostream nitrogen gas-stream cryostats [2] were used with both the 

CAD4 in Experiment 5 and for certain experiments in Chapter 6. These 

cryostats are designed to be stable over the temperature range 77.4 - 323.0K 

and work as outlined below. 

Liquid nitrogen is drawn up from an unpressurised Dewar vessel through 

a vacuum insulated supply line and into an evaporation coil, by a small di

aphragm pump. Most of the liquid is evaporated to gaseous nitrogen at its 

boiling point (77.4K), passed through a heat exchanger to bring it to just be

low room temperature and then passed through the diaphragm pump. The 

nitrogen gas is then pumped back through the heat exchanger at a constant 

flow rate, controlled by the pump and a flow regulating valve. The gas then 

passes from the cold end of the heat exchanger over a heater, which allows the 

temperature to be controlled, and on to the sample. A temperature sensor is 

situated at the tip of the delivery nozzle. 

There is usually some temperature gradient between the position of this 

sensor and the crystal so the device needs to be calibrated. This calibration 

was carried out by observing the phase transition between the tetragonal and 

orthorhombic phases of KDP (KH2P04 ) which occurs at 122K [3]. 
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The particular feature of this gas flow cryostat is the positioning of the 

pump, between the liquid supply and the gas output. This prevents the prob

lem of temperature variation when the liquid supply is replenished. The heat 

exchanger is required as the pump operates at room temperature. Generally, 

the flow rate is set at around 0.5lhr-1 which is reasonably economical and 

ensures a stable temperature. To reduce the problem of frosting the cold gas 

stream is surrounded by a flow of dry air. 

The second type of cooling device, which can achieve much lower tempera

tures, minimum lOK, was used for the neutron experiments (Experiments 1, 3 

and 4). Displex@ two-stage closed-cycle helium cryorefrigerators were used to 

cool the crystals by conduction. These cryostats consist of two linked parts; 

an expander and a compressor. 

Helium gas from the compressor unit enters the expander unit and cools 

a cold stage by means of adiabatic expansion. The expanded gas exits to 

the compressor unit, cooling part of the displacer unit as it does so, and the 

cycle begins aga!n. Although the Displex always works at its maximum level, 

which would produce a temperature of 10K, intermediate temperatures may 

be achieved by heating against the cryorefrigeration. Heating is effected by a 

resistor placed around the copper block to which the crystal is attached. 

The crystal is held in thermal contact with the cold stage, so materials, 

such as copper and aluminium, with good thermal conductivity are needed 

for mounts and attachments. Both the crystal and cold stage are contained 

within radiation shields to prevent heating from the exterior and frosting. For 

Experiments 1 and 3 the inner (of three) aluminium 'can' or radiation shield 

contained helium gas, and for Experiment 4 air. The outer cans are evacuated. 

In all cases the 'cans' were made from aluminium, which has low absorption 

properties for neutrons typically "' 1% for A = 1A[4] although it does produce 

powder diffraction lines. 
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The details of the method of mounting the Displex on the diffractometer 

differ in the two laboratories, BNL and Ris0. However, both methods allow 

small adjustments of the crystal position to be made in order that the crystal 

is correctly centered. 

2.3 The Experiment 

Several single crystal diffraction experiments, using both X-ray and neutron 

radiation, are reported in this thesis. The experiments were carried out in 

four laboratories using as many different instruments. Although there are 

many important differences between X-rays and neutrons, some of which are 

outlined in Section 2.1, much of the experimental set up is common to all of 

the data collections. The following is an attempt to give a general outline of 

a typical experiment, to highlight some of the differences between the various 

experiments and to outline some of the experimental factors which should 

·be taken into consideration. Details of the individual experiments are given 

afterwards in Tables 2.3 to 2.7. 

Crystal Selection 

The first step is the choice of the crystal to be used in the experiment. 

Initially, the quality of the crystal is assessed optically using a microscope, 

preferably .a polarising one. Ideally a crystal with clean, sharp edges and 

no obvious flaws is sought. This is not always possible and many perfectly 

adequate crystals do not have an ideal appearance. 

An important consideration when choosing a crystal is its size. The choice 

depends upon a number of factors, for example: the dimensions of the homoge

neous region of the incident beam, the absorption coefficient and the scattering 

strength of the sample. These factors vary greatly between X-rays and neu

trons. The interaction between neutrons and matter is generally much weaker 
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than for X-rays and the incident flux, relative to X-ray sources, is much lower. 

Consequently, in order to have reasonably intense scattering, samples with vol

umes of several cubic millimetres are required. The homogeneous region of the 

neutron beam is generally of the order of a square centimetre, allowing such 

samples to be completely bathed in the beam. 

The greater intensity of X-ray sources and the stronger interaction with 

matter allow smaller crystals to be studied. The smaller homogeneous region 

of the X-ray beam (typically 0 .4mm in diameter) and the fact that absorption 

is, in general, more significant with X-rays than neutrons promote the use of 

smaller samples. Where a suitably sized crystal cannot be found it may be 

necessary to cut or to cleave a crystal. 

Crystal Mounts 

A number of different methods of supporting the crystal were used for data 

collection:-

Experiment Radiation Temperature Mount Adhesive 

1 N 15 Alpin Fluorocarbon grease 

2 X 295 Glass fibre @ Araldite (Epoxy resin) 

3 N 123 Alpin @Goo (rubber base) 

4· N 123 Alpin Varnish 

5 X 123 capillary Epoxy resin 

Table 2.1: Details of the mounts used in Experiments 1 to 5. For an explanation of the 

experiment numbers see Page 65. 

In all cases the adhesives and mounts should provide an inert, rigid support 

without putting undue stress on the crystal. Additionally, they should be 

stable over the temperature range of the experiment and should not greatly 

increase the background scattering. Epoxy resins such as "Araldite" can 'pull' 

on the crystal as they set but are generally satisfactory. The fluorocarbon 

grease used in Experiment 1 solidifies as it cools, without putting excessive 

stress on the crystal. However, it is not rigid at room temperature and as 
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the crystal used in Experiment 3 was examined for some time at ambient 

temperature; it could not be used. The crystal used for the X-ray study 

Experiment 5 was mounted in a glass capillary, despite its stability to air 

and moisture, as it did not appear to be rigidly fixed when mounted on a .fibre 

and the experiment was required to last for more than 6 weeks. This was 

decided after the loss of the first crystal, see Page 68 

Capillaries are generally used for crystals which are air or moisture sensitive 

such as the studies of the organometallic compounds reported in Chapter 6. 

These crystals were mounted in dry glass tubes under nitrogen gas, using dried 

@A piezon grease. 

Crystal centring and initial investigations 

Initially the mounted crystal must be positioned at the centre of the cir

cles. There is no need for any particular alignment with respect to a specific 

crystallographic axis. Indeed, alignment of a crystallographic axis with the 

</J-axis increases the chance of multiple reflection, which is to be avoided. 

The physical centring of the crystal was carried out optically in the case of 

all the X-ray experiments reported herein. The neutron data collections were 

all performed at low temperatures using Displex@ cryorefrigerators where it is 

impossible to see the crystal. Therefore, a different method is used to ensure 

that the crystal is correctly positioned (see Page 56). 

The next step is to locate some Bragg reflections. In X-ray experiments, 

where the flux is relatively high, counting times are such that this is usually 

carried out using an automated process which systematically searches a given 

region of reciprocal space. The reflections which are found are then centred, 

that is the setting angles 2(), wand x are optimised for the maximum observed 

scattered intensity. <P is usually fixed at the value at which the reflection was 

initially found. These reflections must then be assigned indices, hkl. This 

process generally involves finding the three shortest non-coplanar reciprocal 
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lattice vectors from the results of the initial search. For the reciprocal space 

method of indexing [5], the three vectors are then assigned as the reciprocal cell 

axes and then used to describe a simple unit cell and orientation matrix (see 

below). This matrix is then used to assign indices to all the other reflections 

from the search. It is important that reflections found in the initial search 

are well distributed in reciprocal space, are not too few in number and do not 

belong to a special subset of the data as this may result in an incorrect cell 

determination. The cell determined in this way may not be the conventional 

one nor show the metric symmetry, i.e. the symmetry of the lattice, so some 

further processing is generally required. 

The orientation matrix relates a set of cartesian crystal axes to the labo

ratory or machine based axes. Strictly speaking it is only the 3 x 3 matrix U 

which is the orientation matrix. However, the UB matrix is often also referred 

to as the orientation matrix although this actually consists of two matrices, U 

and B. B is another 3 x 3 matrix which relates the, usually triclinic, reciprocal 

lattice axes to a set of cartesian axes fixed to the reciprocal lattice axes. U 

is a second matrix which relates these crystal cartesian axes to the laboratory 

or machine axes. It is therefore possible, using UB, to calculate the machine 

angles for a particular reflection or the indices of a reflection observed at a 

given angle. 

A manual, rather than fully automated, search is made to locate the first 

reflections in a neutron experiment. The counting times required are so much 

longer than those in X-ray experiments that an automated random search of 

reciprocal space would be a waste of neutron beam time. ·As an X-ray study is 

always made prior to a neutron one, the resulting structural model can be used 

to compute a list of calculated intensities. From this list a strong, low angle 

reflection is chosen and the diffractometer angles 2() and w set to the bisecting 

position, ¢1 and x are then rotated to search for the peak. At least two centred 

reflections combined with the cell parameters determined from the X-ray data 
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are then used to calculate an initial orientation matrix. 

Although the crystal could be cooled from the start (and in some cases this 

is necessary) the cooling is often carried out after the indexing. During careful 

cooling, typically at around 2-5 Kmin-I, at least one reflection is repeatedly 

scanned or in some cases a list of reflections are repeatedly recentred in order 

to monitor the effect of the cooling. A gradual increase in intensity of the 

monitored reflections is expected due to the reduction of thermal motion as the 

temperature is lowered. However, this may be offset slightly by changes in the 

peak position as the cell dimensions alter, requiring the peak to be recentred 

occasionally. Any sudden changes in the intensity are more alarming and 

may indicate, for example, that the crystal has undergone a phase transition. 

Repeated warming and cooling of a crystal is known to cause changes in the 

mosaicity. 

In both types of experiments, X-ray and neutron, a more precise orientation 

matrix is often determined using-more reflections. In theory reflections with 

higher 2() values should give a more precise matrix, however, these reflections 

are generally weaker and often broad so some compromise is usually reached. 

Before the higher angle orientation matrix is calculated the crystal must be 

physically centred at the centre of the diffractometer circles, at the relevant 

temperature. As was stated previously, this cannot be achieved optically when 

· the crystal is contained within a Displex@ cryorefrigerator and so a different 

procedure is required. 

The procedure used for centring the crystal in Experiments 1 and 3 was 

as follows. A reflection with x "' goo is used. Two settings, A and B, for this 

reflection are found at </> at 0 and goo such that each of the translational sledges 

are contained in the plane of the x-circle. Two further settings, C and D, are 

calculated using form 2 of settings A and B (from Hamilton's 8 forms [6]). 

The peak at each of these 4 settings is then centred and the angle differences, 

6,.2() and 6,.x, are then used to determine the magnitudes of the translational 
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corrections required. 

2() A and 2()B should be equal if there is no difference in crystal height. 6.2() gives 

the correction to be made in crystal height at x = 0°. The x and y translational 

corrections are determined from 6.x = (XA- xc) and 6.x = (XB- XD)· 

This is an iterative process as the translational corrections are not completely 

independent of one another. 

The initial cell given is often triclinic and a check must be made for cells of 

higher symmetry. A routine to do this is usually included in the data collection 

software. Nowadays, photographic work is often not carried out so extra care 

must be taken that the cell has been correctly chosen. 

A further important check to be made before data collection is the determi

nation of the Laue symmetry, that is, the symmetry of the diffraction pattern. 

This is done by comparing diffracted intensities of reflections which could be 

related by symmetry. For example, for a crystal of Laue symmetry 2/ m the 

following reflections are of equal intensity: !Fhkd = IFhktl = IF"hkli = IFh.ktl· 

The Laue symmetry determines which regions of data are related to one an

other and therefore how many data need to be collected to have a unique set of 

reflections. For the above case only one of the four sets of equivalent reflections 

need be collected. 

Several sets of such symmetry equivalents are often included in the list 

of reflections measured when determining a more precise orientation matrix. 

They provide a check on the centring of the crystal as well as the symmetry 

although strong absorption by a crystal can make it difficult to decide if two 

potential symmetry-equivalents are indeed equivalent. If in doubt, and time 

permits, it is safer to assume to lower symmetry. If the higher symmetry is in 

fact correct an extra set of equivalent reflections will have been collected. 
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Data Collection Strategy. 

A number of decisions still remain to be made concerning the data collec

tion. The main choices are the type of scan, the width of these scans and the 

speed with which they are measured, as well as which data are to be collected. 

If the crystals studied. were infinite and perfect and the radiation used 

completely monochromatic and also infinite, the diffracted intensities would 

be delta functions. However, this is not the case. The crystals are not infinite 

which causes the reciprocal lattice points to have a volume, nor are they usually 

made of perfectly aligned planes but consist of slightly misaligned blocks, i.e. 

they have a mosaic character. The radiation used is also finite and slightly 

polychromatic; too perfect a monochromator crystal would result in too great 

a reduction in the intensity of the incident beam. 

The combination of the above factors results in measurable intensity over a 

small range of w for any given plane, hkl. It is therefore the integrated intensity 

over this range that should be measured. This is achieved by rotating the 

crystal around w so that the entire reciprocal lattice point is swept through 

the Ewald sphere with constant angular velocity. 

There are two commonly used methods of scanning the peak; the w-scan 

and the w/20-scan, both of which have their advantages and disadvantages. 

In an w-scan the crystal is rotated about thew-axis while the detector is kept 

fixed at the calculated 20 value. This moves the reciprocal lattice point across 

the Ewald sphere in the direction shown below in Figure 2.6. An w /20-scan 

involves the coupled movement of both crystal and detector in the ratio of 1:2, 

although other ratios are possible. The section of the peak which is sampled 

in an w /20-scan is different to that of an w-scan and lies in the direction of 

the reciprocal lattice row. This difference may cause problems if the unit 

cell has a long axis where the lattice points are closely spaced in which case 

an w-scan may be favoured. The background sampled in the two cases also 
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differs. For example, white radiation streaks spread out radially from the 

origin of reciprocal space along the lattice rows and so do not contribute to 

the background of an w-scan, therefore causing an overestimation of the peak 

intensity to be made [7]. 

Several studies have been made which examine the relative merits of the 

different types of scan [7, 8, 9]. These studies show the character of the profiles 

to be due to a combination of the properties of the crystal and the instrument, 

e.g. the mosaic spread, the wavelength spread and the beam divergence. These 

properties affect the various modes of scanning differently, as mentioned above 

for the background, and there does not appear to be any hard and fast rule for 

choosing the 'best' method. Two dimensional scans have been recommended 

[9] and though these are very time consuming with a scintillation counter, they 

could be a useful way of examining a small set of reflections to select the scan 

parameters required for collection of the full data set. Such information is 

always provided if an area detector is used, which is increasingly the case. 

Another factor which must be considered is the width of scan to be made. 

This needs to be decided for each crystal studied. The scan should be broad 

enough to ensure that the reflection is fully contained within the scan and allow 

an estimate of the background to be made. This background scatter is due 

to several factors, for example, scattering from air, thermal diffuse scattering 

(TDS), electronic noise and incoherent scattering. Some allowance also needs 

to be made for errors in setting angles and in the unit cell parameters, both 

of which will result in the reflection not being perfectly centred in the scan. 

However, too broad a scan is not desirable as it wastes beam time, risks the 

possibility of including intensity from neighbouring peaks in the estimate of 

the background and increases the estimated standard deviation. 

The scan width is usually varied with the Bragg angle, 20, in some way, 

often as a function of tan(). This is to take into account the broadening of the 

peak due to wavelength dispersion, the tanO term coming from differentiating 



CHAPTER 2. DATA COLLECTION 60 

~etector 

A 0 

!l detector · 
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Figure 2.6: Representation of the two scanning modes: w shown above and w/28 below, 

using the Ewald sphere construction. 
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the Bragg equation 2.1 to give !:10 = (!:1>../ >..)tanO. A function of the form:-

!:1w = A + BtanO (2.8) 

is often used for the scan width where A and B are constants. A is usually 

determined experimentally for each crystal to account for peak broadening 

due to the crystal mosaicity, the beam divergence, the crystal volume and B 

is a typical value reflecting the wavelength. X-rays from a laboratory source 

also have the added problem of the Ka-doublet splitting which becomes more 

pronounced at higher 20-angles. 

This type of variable scan width was used in all the experiments reported 

here apart from the neutron data collection made at Risl15, Experiment 4, where 

the scan width was calculated using a resolution curve. 

The precision of the measurement of a reflection is linked to the time spent 

measuring it. Fluctuations in the source, for both X-rays and neutrons, are 

said to obey Poisson statistics hence, in its simplest form, the esd, O'(l(h)), is 

given by:-

O'(l(h)) = yN (2.9) 

where N is the total number of counts in the scan. Therefore, to improve 

the precision of a measurement the number of counts accumulated must be 

increased. "However, it is clear that for a count time four times as long, the 

precision is only improved by a factor of two. 

In neutron experiments, where the flux is low, sufficient counting time is 

needed so that variations in the flux at the sample are not significant. Rather 

than measure for a fixed time per step, the counts for each step are measured for 

the time needed to accumulate a given incident beam monitor count. The beam 

monitor count is a set number of counts at a detector (with low attenuation) 

placed in the beam before the sample and should be chosen to give satisfactory 

precision within a reasonable time. 

X-ray diffraction measurements are made slightly differently. The incident 
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beam flux is much higher than that of neutron beams, so the corresponding 

times per scan step are shorter. Usually an attempt is made to measure all 

reflections to the same relative precision. An I(h) / a(I(h)) ratio is chosen and 

based on an initial scan the effective scan speed is calculated which will give 

this required precision. The software for the two X-rays diffractometers used 

here, the CAD4 and the Rigaku AFC6S [10, 11] , achieves this in different 

ways. The CAD4 carries out a prescan at some given speed (w)( 0 min-1) 

and then sets the scan speed for the true scan accordingly, up to a maximum 

preselected time. The Rigaku software is set up such that instead of changing 

the scan speed the number of scans made of a particular reflection is changed 

in order to obtain the desired precision. This is evaluated on the completion 

of each scan and in this case, it is the scan speed and the maximum number 

of rescans which are set when using this diffractometer. 

For both the CAD4 and the Rigaku it is possible to set a threshold below 

which a reflection will not be measured as the initial scan indicates it is too 

weak for the required precision to be attained within the maximum time limit. 

As well as the above choices of scan type there are also various methods of 

assessing the peak limits. This will be discussed in more detail in Chapter 3. 

For a simple BPB scan the esd of the intensity a(I(h)) based on counting 

statistics is given by the following equation:-

a(I(h)) = v(I(h)p + I(h)B) (2.10) 

where the intensity of the peak is the total peak intensity I(h)p minus the 

estimate of the background intensity I(h)B:-

I(h) = I(h)p- I(h)B (2.11) 

This shows that the peak to background ratio is an important factor contribut

ing to the precision of the measurement and efforts should be made to minimise 

the background level. 
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One way in which the background may be reduced is by limiting the size 

of the detector window used. This is effected using some kind of slit or mask 

placed in front of the detector. Careful choice of the aperture size is needed 

to ensure that it is only the background which is reduced and that the peak is 

not clipped; especially at high 20-angles. This becomes a more serious problem 

when using w-scans. As with the scan width and speed, the aperture size is 

decided upon by examining several scans and looking at the effect of changes 

in the aperture size. 

Once these scan parameters have been decided upon then the data collec

tion can be started. 

Data are usually collected in shells of increasing 0 and in most cases, all 

the possible reflections in the selected region of reciprocal space are recorded 

or at least an initial scan of them is made. Occasionally, where many weak, 

high angle data are to be measured and where time is limited, only a subset of 

reflections, whose intensities are calculated to be above some threshold value, 

are measured. This list of reflections is calculated using a structural model 

refined against the lower angle data. 

This type of list-driven data collection was used in two cases; in Experi

ment 5 for one set of equivalents with 30° ::; 0 ::; 50° and for a shell of high 

angle data in the neutron diffraction study, Experiment 3. 

As well as adjusting the scan speed, it is also possible and in some ways 

preferable, to improve the precision of the measurement of a particular re

flection, by measuring two or three symmetry-equivalents. These scans are 

measured at twice or three times the scan speed of a single, slow measurement 

so taking the same total measuring time. This method has the advantage of 

averaging or cancelling out certain errors, for example in the setting angles. 

In general, it is better to first collect a unique set of data and then to measure 

each of the equivalent sets in turn. 
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A check is usually made on the quality and stability of the data collection 

as it proceeds by means of the repeated measurement of certain 'standard' 

reflections at regular intervals. Usually two or three reasonably intense reflec

tions, which are well distributed in reciprocal space, are chosen as standard 

reflections. If any change in intensity is observed then it may indicate that the 

crystal has moved, some instrument fault has occurred or that the crystal has 

suffered radiation damage. As well as giving an immediate indication of such 

problems, these measurements can also be used to scale the data during data 

reduction if necessary, see Chapter 3. 

Although the absorption correction is made as part of data reduction (again 

. see Chapter 3) some experimental input is required. The intensity of the beam 

after it has passed through the crystal is attenuated as follows:-

(2.12) 

I is the attenuated intensity, Ia the incident intensity, f.l the linear absorption 

coefficient (mm-1) (which is a function of the type and wavelength of the 

radiation used and the composition of the crystal) and t is the pathlength 

(mm) of the radiation through the crystal. To obtain this last quantity, the 

shape, size and orientation of the crystal relative to the incident beam must 

be known. If possible, the crystal faces are indexed and the distance from each 

face to a reference point within the crystal is measured. 

In some cases, where the faces are not regular or difficult to see, such 

~ description of the crystal is impossible and an empirical correction based 

on ¢-scans is made. These scans are made by measuring the intensity of a 

reflection as it is rotated about th~ scattering vector, i.e. at different values of 

the azimuthal angle ( 1/J). Even if an analytical or numerical correction is to be 

made the ¢-scan provides a useful check of its correctness. 

On a four-circle diffractometer of Eulerian geometry, a reflection with ax

value close to 90° is selected for this measurement. If the reflection is exactly 
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at X = 90° then the '1/J and ¢-axes coincide and only a ¢-rotation is needed. 

In general a combination of rotations about the w, X is required. Although 

previously there has been some ambiguity about '1/J-rotations due to different 

angle conventions being used on different instruments, a standard definition 

has now been proposed [12]. 

2.4 The Details 

The five data collections reported in this Chapter were made in four different 

laboratories, (see Table 2.2). The neutron studies were necessarily made at 

central facilities; the HFBR ( High Flux Beam Reactor) at Brookhaven Na

tional Laboratories, USA for Experiments 1 and 3 and DR3 at Ris~ National 

Laboratory, Denmark for Experiment 4. The help of R.K. McMullan (BNL) 

and B. Lebech (Ris~) is gratefully acknowledged. Experiment 2 was carried out 

in the Department of Chemistry, University of Durham and Experiment 5 in 

the Department of Chemistry, Glasgow University in collaboration with P.R. 

Mallinson. 

Experiments 1, 2 and 3 were carried out very much as described in the 

preceding sections. Details of these experiments are given in Tables 2.3 to 2.6. 

Both Experiments 4 and 5 were more problematic and are described in more 

detail. 

Data for Experiment 4 were c~llected in several stages over a period of 

approximately 2 months. An initial period of beam time was used in checking 

the crystal; face indexing, '1/J-scan measurements and scan parameter determi

nation. A shell of data to () = 25° in the hemisphere h ± k ± l was collected at 

123K, (see Tables 2.5 and 2.6). 

During a second period of beam time the data collection was continued. 



CHAPTER 2. DATA COLLECTION 66 

Cl 
Cl 

Cl 4 

... 
Rl Rl 

R2 Cl R2 Cl 

Substituents R1 = R2 = Cl 

I Isomer KM5 KM9 

Experiment 1 Experiment 2 

Radiation Neutron X-ray 

Instrument BNL H6M Rigaku AFC6S 

Substituents R 1 = Cl, R2 = Cl 

I Isomer KM22 KM25 

Experiment 3 Experiment 4 Experiment 5 

Radiation Neutron Neutron X-ray 

Instrument BNL H6M Ris(ZI TAS2 CAD4 

Table 2.2: Details and labelling of experiments reported herein. 
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Experiment 1 Experiment 2 

Formula C16D6H2Cl1o C16H8Cl10 

Crystal size (mm3) 6.35 0.4 X 0.35 X 0.2 

Radiation neutron Mo Ka X-radiation 

Wavelength (A, A) 1.0462(1) 0.71073 

Temperature (K) 15 293 

Cooling Device Displex None 

Crystal system Orthorhomoic Monoclinic 

Space Group P212121 C2/c 

Number 19 15 

Cell Parameters: 

a( A) 8.664(1) 13.911(3) 

b 14.047(2) 10.357(2) 

c 16.184(2) 28.782(6) 

[J(O) 102.87(2) 

Cell determination 

No. of reflections used 32 25 

in 28 ranges 49 ~ 28 ~53 20 ~ 2() ~ 30 

z 4 4 

Table 2.3: Crystal and instrument details for Experiments 1 and 2. 
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Experiment 1 Experiment 2 

Scan type ()- 2() w profile 

Scan speed monitor count ""'1.7s per step variable 2-8°min - 1 

Scan width for sin() I>.. :::; 0 .44A - 1 2.8° .6.w = (0.89 + 0.30tan()) 0 

70 steps 

for sin() I>.. 2: 0 .44A - 1 

variable scan width:-

.6.2() = (1.488 + 2.51tan()) 0 

minimum 59 steps 

sin()maxl>. (A- 1
) 0.8 0.65 

No. of Data collected 4689 5222 

Check reflections 2 10 6 1 I 2 

2 6 12 447 

404 

Table 2.4: Crystal and instrument details for Experiments 1 and 2 ( cont'd). 

Data were measured in the opposite hemisphere h ± k ± l under the same 

conditions as before, except that the crystal had been remounted. This shell 

of data was started at () = 20° to provide some overlap with the previous shell. 

Due to certain mechanical problems the crystal had to be allowed to warm 

to room temperature before a third and final period of data collection. A 

new peak search had to be made and the crystal recooled. This restart was 

effected without further difficulty. Data were collected to a final B-value of 40° 

( sinBmax/). = 0.62A -l ). A shell of data, 3 :::; () :::; 20°, was measured in the 

hemisphere h ± k ± l; equivalent reflections to those first measured. 

Experiment 5 

The aim of this experiment was to collect an extensive data set suitable for 

an experimental charge density study. This type of study demands that every 

effort is made to minimise errors by careful setting-up of the experiment. 

A first crystal was selected and mounted on a glass fibre using epoxy resin. 
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. I Experiment 3 ·1 Experiment 4 

Formula C16HgClg C15HgClg 

Crystal size (mm3) 8.0 34 

Colour Clear ,colourless clear, colourless 

Radiation neutron neutron 

Wavelength (A A) 1.0462(1) 1.0466 

Temperature (K) 123 123 

Cooling Device Displex Displex 

Crystal system Monoclinic Triclinic 

Space Group P2Ifc PI 

Number 14 2 

Cell Parameters: 

a (A) 13.642(3) 8.600(4) 

b 8.163(2) 8.767(8) 

c 16.864(2) 14.06(1) 

a(o) 90 89.13(6) 

{3 92.84(1) 85.08(5) 

I 90 60.88(4) 

Cell determination 

No. of reflections used 32 36 

in 28 ranges 48 ~ 28 ~57 24 ~ 28 ~57 

z 4 2 

Table 2.5: Crystal and instrument details for Experiments 3 and 4. 



CHAPTER 2. DATA COLLECTION 70 

Experiment 3 Experiment 4 

Scan type o- 20 o- 20 

Scan speed monitor count monitor count 

Scan width 3.0° for sinO/>.~ 0.44A.- 1 variable scan width 

75 steps using resolution curve 

for sinO/>. 0 .44A - 1 50 steps 

variable scan width:-

6.20 = (1.718 + 2.758tan0) 0 

minimum 59 steps 

sinOmax/>. (A- 1) 0.8 0.62 

No. of Data collected 6496 4577 

Check reflections 2 3 12 

845 

Table 2.6: Crystal and instrument details for Experiments 3 and 4 (cont'd). 

An initial peak search was made and the orientation matrix determined. A 

shell of data to () = 15° was measured to assess the quality of the crystal. 

Although it was planned to cool the crystal at this point the Cryostream 

cooling device was not working satisfactorily, so data were collected at room 

temperature to() = 30°. The crystal appeared to be stable and of good quality, 

with good agreement between equivalent reflections. 

It was then cooled to 123K at a rate of 2Kmin-1 whilst several reflections 

were repeatedly centred. The orientation matrix was then re-determined. Once 

the scan parameters had been chosen the data collection was started. 

Unfortunately the first crystal was lost after 3 days of data collection and a 

second crystal was selected and mounted in a capillary. The initial checks and 

determination of the orientation matrix were then repeated. A complete shell 

of 1004 data was collected to () = 13° at room temperature and the crystal 

appeared to be acceptable. 

The faces of the crystal were indexed using an optical goniometer. The 
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necessary cutting of the crystal resulted in some non-natural faces which were 

approximated by natural ones. 

The crystal was cooled at 2Kmin-1 to 123K and a new, low temperature 

orientation matrix determined. The scan parameters were chosen and the data 

collection started. 

All data were measured as () /20-scans and the full profile recorded. A 

variable scan width was used, calculated as .6.w = (0.8 + 0.35tan0) 0
• The scan 

speeds were determined from an initial prescan, measured at 5°(w) min-I, up 

to a maximum time of 120 seconds per scan with a specified precision of(}"(!)/ I 

ratio of 0.030. 

Intensity and orientational check reflections were remeasured at regular 

intervals. The intensity standard reflections were measured every 2 hours. 

The data collection was set to be automatically interupted if a 10% drop was 

observed. Orientational checks were measured every 200 reflections with a 

tolerance of 0.10°. 

A complete sphere of data was collected although, as the Laue symme

try was I, this gave only two sets of equivalent reflections. These data were 

collected in shells as given in Table 2. 7. 
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For hemisphere ±h - k ± I 

0-30 30-50 

prescan cut-off final scan final scan 

for all data for all data 

scan method zig-zag list driven 

for reflections with 

I 2: 4u( I) calculated 

for hemisphere ±h + k ± I 

0-30 30-45 45-50 

prescan cut-off I~ lu(I) I~ lu(I) I~ lu(I) 

scan method zig-zag ztg-zag ztg-zag 

Table 2. 7: Details of data collection shells in Experiment 5. 
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Chapter 3 

Data Processing and Refinements 

3.1 Data Processing 

The raw data measured on the diffractometer consist of the Bragg peak su

perimposed on some background intensity. The first step in data reduction 

is the calculation of the integrated peak intensity with the background sub

tracted out. The stn.).cture factor amplitudes, IF(h)lobs, can then be obtained 

. by applying a number of corrections. 

Peak Integration 

Two methods of obtaining the integrated intensities were used when pro

cessing the data for Experiments 1 to 5 and are outlined below. 

The simplest method is the background-peak-background (BPB) method. 

The outermost points of the scan are taken as being due to background; usually 

around 10% of the scan points on each side or sometimes one point at a certain 

offset from the peak centre is used. The mean value is then used to estimate a 

linear background to be subtracted from the sum of the counts in the scan. The 

resulting value is the integrated intensity, I(h). The esd, a(I(h)), is calculated 

assuming Poisson statistics. 

75 
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To ensure that the outermost points are indeed only background, the scan 

needs to be wider than its optimum width. This is to allow for peaks which 

are off centre and some variation in peak width. The additional width in turn 

affects the esd of the intensity, a-(I(h)), as background points may be included 

in the peak. 

Other methods of peak integration have been developed which aim to im

prove the ratio of I(h) to a-(I(h)) by determining the peak limits more accu

rately. One of these is the Lehmann-Larsen method [1] which uses the fact 

that the peak limits are near to where the ratio o-(I(h)) / I(h) is at a min

imum. This method requires that the complete step-scan profiles have been 

recorded. Another advantage of recording the full peak profile is that it allows 

any irregular peaks to be re-examined. 

Peaks which are weak or which have a high background, possibly due to 

overlap with neighbouring peaks, are generally not processed in the first pass 

. of the Lehmann-Larsen programs. Instead, parameters determined from re

flections which satisfy a number of tests are used to estimate the peak widths 

of the weak reflections. The peak limits are determined separately for each 

side of the peak as the profiles are not necessarily symmetrical. Outside these 

limits, the background is estimated by a least-squares fit of a straight line to 

the two sets of background points. 

Corrections to the Data 

The derived integrated intensities, I(h), require a number of corrections 

to be made in order to convert them to the squares of the structure factor 

amplitudes, JF(h)J 2
• Geometrical corrections, such as those for Lorentz and 

polarisation effects, depend on the experimental configuration used to collect 

the data. Other corrections are needed to account for limitations in the kine

matic theory used, e.g. absorption and extinction corrections. 

The two quantities, I(h) and JF(h)J, are related as below. 
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For neutrons 

I(h) = (A
3

~) ~LATEjF(hW vc w 
(:3.1) 

and for X-rays 

I(h) = ( A~~V) ~ LPATEIF(hW (:3.2) 

where A is the wavelength, V the crystal volume, Yc the unit cell volume, r0 the 

classical electron radius and w the angular scanning velocity. L is the Lorentz 

factor, P the polarisation factor, A the absorption correction, T the correction 

for thermal diffuse scattering (TDS) and E the extinction correction. 

The Lorentz factor, (L), is needed to correct for the fact that the time 

required for a reciprocal lattice point to cross the Ewald sphere is not the same 

for all the reciprocal lattice points. The correction takes the form 1/sin(20) 

for the equatorial geometry used in the experiments reported herein. 

Polarisation (P), in the case of neutrons, only affects magnetic scattering 

measurements and so does not need to be considered for Experiments 1, 3 

and 4. The radiation emitted by a conventional X-ray tube is randomly po

larised and can be considered as two equal parts, half with the electric vector 

in the plane of scattering and half perpendicular to it. This gives rise to the 

polarisation factor of:-

(3.3) 

However, if a single crystal monochromator is used the beam is partially po

larised. One of two situations is usually assumed; the crystal is either a perfect 

or an ideally imperfect one. The correction then needs modifying to take this 

into account. The modified correction is:-

(3.4) 

where A= cos220M for a ideally imperfect crystal and A= cos20M for a perfect 

crystal, OM is the monochromator Bragg angle or 'take-off' angle. In reality, 

it is usually somewhere between the. two situations and should be checked 

experimentally. 
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An absorption correction must be made to account for the attenuation of 

the beam as it passes through the crystal. The transmission factor, A, is given 

by:-

A= ~ j exp( -f.d)dV (:3.5) 

where V(A3
) is the crystal volume, f.L(mm- 1

) is the linear absorption coefficient 

and t(mm) is the mean pathlength through the crystal. The correction to be 

made is therefore 1/ A. 

The linear absorption coefficient, f.L, is calculated as 

1 Nn 

f.l = V LO"n 
c n 

(3.6) 

where O"n are the attenuation cross-sections for each of the Nn contributors in 

the unit cell of volume Vc. Normally, an acceptable approximation is used 

to calculate f.l which does not fully take into account all the processes which 

attenuate the beam and assumes that the absorption is not sensitive to the 

arrangement of the atoms in the unit cell. 

The beam attenuation is due to two main processes; true absorption and 

scattering, both coherent and incoherent. True absorption in the case of X

rays is due to the photoelectric effect where absorption of photons promotes 

or ejects an electron. For neutrons, it is nuclear capture processes which count 

. as true absorption. 

The integral in Equation 3.5 can be solved analytically for certain shapes 

such as cylinders and spheres. For crystals with regular faces, it can also be 

solved by dividing the crystal into Howells polyhedra and then ultimately into 

tetrahedra [2]. The contribution made by each tetrahedron can be calculated 

analytically and then summed over all the tetrahedra to give a total transmis

sion factor. · 

The calculation of this integral, as described above, becomes very time 

consuming for more complex shapes of crystal and a numerical correction can 
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then be made. The crystal is divided into a non-isometric grid and the contri

butions made by the grid points can be summed to approximate the integral 

Equation 3.5. For each grid point the incident and diffracted path lengths 

are calculated, weighted by Gaussian constants as they do not represent equal 

volumes of crystal, and then, for each of the grid points, used to calculate the 

transmission factor. 

As mentioned in the previous chapter, it is not always possible to describe 

the crystal faces. In this case, an empirical correction can be made provided 

azimuthal ( 'ljJ) scans have been made. The values of each of the points in the 

scans are then used to give a table of the relative transmission factor,T, as 

a function of the diffractometer angle ¢. This table is then used to calculate 

relative transmission factors for all the data. 

T= I(¢) 
I max( </J) 

(:3. 7) 

Extinction corrections are made to correct the observations for which the 

intensities are lower than that predicted by kinematic theory for an ideally 

imperfect crystal. The attenuation of. the beam in this case is caused by 

scattering of the beam as it passes through the crystal, which is assumed not 

to occur by kinematic theory. This effect is especially pronounced for intense, 

low angle reflections. 

In the Darwin mosaic model the crystal consists of crystalline blocks slightly 

misaligned with respect to one another. Using this model two extreme situa

tions can be envisaged. The first situation, primary extinction, is caused by 

interactions between the diffracted beam from successive planes and the inci

dent beam.This interaction occurs within the individual blocks. These beams 

are coherent within a single block and the necessary corrections involve the 

dynamical theory of scattering. The second situation, secondary extinction, is 

more common. It is concerned with the effective shielding of correctly aligned 

blocks deeper within the crystal by blocks with the same alignment which the 
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incident beam has already encountered. In this case the blocks are considered 

to scatter incoherently and corrections are based on kinematic theory. If the 

blocks are sufficiently misoriented they will not scatter together and so will 

not experience this shielding. 

The degree of misorientation is quantified by the mosaic spread, (g) and the 

size of the blocks is given by the domain radius, (g). The Becker and Coppens 

formalism [3] used to correct data employs a further division of secondary 

extinction into that of Type I and Type II crystals depending on which of the 

two quantities, g or g, dominates. If the natural width of a reflection is far 

narrower than its mosaic spread then it is a Type I crystal. 

The correction takes the form y = YpYs where YP and Ys are the corrections 

for primary and secondary extinction respectively. It is applied as 

F(h)obs = yF(h)calc where for both cases y has the following form:-

Yi = ( 1 + 2x + higher order terms in x)- ~- (3.8) 

For secondary extinction 

(3.9) 

where T is the absorption weighted mean path length for that reflection and 

g* is the e~tinction parameter related to the mosaic spread and the domain 

radius. 

Unfortunately, neither of the latter quantities, the mosaic spread or domain 

radius, are usually known for the crystals studied and the extinction parameter 

is often refined as part of the least-squares refinements. For the neutron exper

iments reported herein the extinction corrections were made using the Becker 

and Coppens formalism for secondary extinction [3] in a Type I crystal with 

the distribution of the mosaic blocks taken to obey an isotropic Lorentzian 

distribution. T was calculated as part of the absorption corrections. 

Another systematic error for which it is difficult to correct is thermal diffuse 
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scattering, TDS, or inelastic phonon scattering. · TDS shows a maximum at 

the same position as the Bragg peak and so, unlike the incoherent scattering 

which is more uniform, it is not removed when the background is subtracted. In 

general, it can only be removed by calculations involving the elastic constants 

and these are very rarely available for molecular crystals. Although some 

methods of correction are available [5] based on information contained in the 

observed peaks themselves, no corrections were applied to the experiments 

reported herein. The effect of ignoring TDS is the overestimation of peak 

intensities, especially at higher scattering angles, so causing underestimation 

of the thermal parameters. 

It is common that a decay correction is made to account for variation in 

the measured intensities as a function of time. This correction is necessary 

if there is decay due to radiation damage and also in some cases where the 

data collection has been made over a long period of time. The correction is 

usually based on the repeated measurements of the standard reflections. If the 

variation in the intensities of the standard reflections is well behaved, it can 

be fitted by a polynomial function to generate decay factors for all the data. 

Statistical tests can be employed to decide which order of polynomial function 

should be used. The TEXSAN [4) processing program calculates an R-factor 

for each order up to fifth order so allowing the best fit to be chosen. The 

DREAM package [5) uses the F-test to calculate if the addition of an extra 

term produces a significant improvement. 

Since the decay corrections are based on the standard reflection measure

ments it is obviously important that these reflections represent the data set as 

a whole. A very strong, low angle reflection which is affected by extinction may 

increase in intensity as the mosaic character of a crystal changes but this will 

not be true of the rest of the data and so would be a poor choice of standard. 

Sometimes a data set may consist of one or more subsets of data. This may 

be because data were collected on more than one crystal or that some other 
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change in the experimental set-up has occurred. In order to put the data on a 

common scale, inter-layer scale factors must be calculated which requires some 

reflections common to the subsets of data. In general, the standard reflections 

fulfil this requirement, although, obviously there may also be other common 

reflections, The DREAM program SORT A V [5] uses the least squares method 

of Hamilton, Rollett and Sparks [6] to calculate the inter-batch scale factors 

and normalises them such that the scale factor for the largest subset is unity. 

In many cases, replicate and symmetry equivalent reflections are averaged. 

Corrections which depend on the time of measurement, such as decay, or on the 

orientation of the crystal when the reflection was measured, such as absorption 

and in some cases extinction, should be made first. 

There are various choices made about how this averaging of observations is 

carried out but in general, a weighted average is calculated, the esd is modified 

in some way to take into account the scatter of the values observed and some 

tests are made in order to exclude outliers. 

The following equations are as used in the DREAM data processing package 

but are typical of such programs. The mean value of the square of the structure 

factor amplitude is given by 

where the weight of the ith of n observations is Wi = 1/u2 (IF(h)lf). Two esti

mates of the standard deviation are calculated, one based on counting statistics 

and the other on the scatter of the values observed for a given reflection. The 

esd based on counting statistics and errors propagated through the data pro

cessing is given by ..j(n/"E.wi)· The root mean square deviation (rmsd) is 

given as 

rmsd= 
""· w· L....J I 

(3.11) 

Depending on the program the error output with the averaged data may be 

the larger of the two of these values or may be the esd. 
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Outliers are usually rejected or downweighted on the basis of a predefined 

test; often the tests are as a function of a cut-off, c, such as 

IIF(h) I? ___:_ (IF(hW) I 2 C(7 

For Experiment 5 outliers were down-weighted according to their calculated 

relative normal probabilities. In this case the mean, esd and rmsd were all 

recalculated using new weights 

(3.12) 

where 

(3.13) 

and r7 is the maximum of the esd and the rmsd. 

A further modification often made to r7 uses 'p', the proportionality con

stant [7], sometimes called an ignorance factor or instability constant. Al

though intensity data are expected to follow Poisson statistics the variances 

of observations of a reflection are often much larger than this would predict. 

The proportionality constant is estimated by examining the scatter of repeated 

measurements of intense reflections, usually the standard reflections, above the 

scatter expected fro-m Poisson statistics. The 'p' factor calculated should ac

count for any fluctuations in the source, crystal or detector as well errors in 

the scaling factor. It is normally a value of around 0.01 to 0.05 and for a stable 

crystal has a characteristic value for a particular diffractometer. 

The scaled variance as calculated in the DREAM package is 

where K is the weighted average inverse scaling factor and 

(3.15) 
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3.2 Structure Solution 

Once obtained, the set of corrected structure amplitudes IF(h)l or their squares, 

IF(h)j 2
, can be used to confirm the space group. Although the space group 

will have been determined long before this stage, it may have been ambiguous. 

The confirmation uses a number of criteria; the Laue symmetry, the Bravais 

lattice type, the cell constants and the systematic absences. 

Systematic absences are reflections for which the calculated structure fac

tors are zero and occur in certain classes of reflection due to conditions im-

posed by translational symmetry, such as screw axes, glide planes and also 

lattice centering. 

The normalised structure factor, E(h), is used in statistical analyses to 

remove the effects of atomic shape which causes the drop off in intensity with 

increasing sinO/.\. This is calculated as:-

IE(h)l - IF(h)l 
- V(IF(h)l2) 

IF(h)l 

~ 

which should have the mean value of IE(h)IZ = 1 for all values of sinO. 

N 

~='Lf] 
j=l 

(3.16) 

(3.17) 

and V(IF(h)j 2 ) is the expected value of IF(h)l and should be the spherical 

average of the observed values. E depends on the lattice symmetry and takes 

into account the effects of symmetry elements on the mean intensities of certain 

groups of reflections. It is equal to 1 for general reflections. 

One of the commonest uses of these normalised structure factors is to exam-

ine if the space group is centrosymmetric. The theoretical probability distribu

tion of jF(h) I varies in form depending on whether the distribution is centric 

or acentric. Typically for a centric distribution (IE(h)l 2 -.1), calculated for 

all the data, tends to a value of 0.97 and for an acentric distribution tends to 

0.74. 
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Intensities are usually measured on a relative scale and not an absolute 

one. Although the scale factor which puts the data on an absolute scale is ex

perimentally measurable, the relative scale factor is usually estimated. Before 

structure solution, an approximate scale factor is calculated using statistical 

analysis of the intensity data. The method used in Shelxtl-Plus [21 J is that of 

Karle, Hauptman and Christ [8]. Data are divided into intervals of sinO/>. (s) 

and K is calculated for each of the intervals. 

(3.18) 

Then, from a plot of K against s, data can be put on an approximate scale as 

IF(h)l 2 = IF(h)l~bsK(s). Once the structure has been solved, a relative scale 

factor is usually refined as part of the least squares refinements. This refined 

scale factor puts the calculated structure factors, which are on an absolute 

scale, and the observed ones on the same scale. The scale factor refined (de

noted by G as in Equation 3.21) is actually the reciprocal of K so as to leave 

the observed structure factor amplitudes unaltered. 

The structures of three of the compounds under investigation KM5, KM22 

and KM25, had been solved previously. The structure of KM9 was not known 

and was solved in this study from the data collected in Experiment 2. 

As pointed out in Chapter 2, the structure factor amplitudes can be mea

sured but their phase cannot. Unfortunately, it is the phases rather than 

the magnitudes which give the atomic positions, or at least the peaks, in the 

electron density map. Fortunately, we have some information about the elec

tron density and so the two quantities, the phases and the magnitudes of the 

structure factors, are not independent. The situation is greatly simplified for 

centrosymmetric structures where the phase angles are restricted to values of 

· 0 and 180°. 

Direct methods of structure solution use the relationship between the phases 

and the magnitudes to derive the structure factor phases mathematically from 
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the measured X-ray intensities. The information about the electron density is 

used in the form of two important constraints applied to p( x) :-

1. The electron density must be everywhere positive, p(x) 2 0. 

2. It is composed of_ discrete atoms such that p( x) is close to zero everywhere 

apart from approximately spherical peaks at the atomic positions. 

Normalised structure factors, E(h), are used because the the effect of the 

. atomic shape has been removed and so just such spherical peaks are produced 

in an E map. Reflections with large values of E(h) are used in the initial 

· stages of the phase determination. The phase assignment with the best figure 

of merit can then be used to calculate an E map from which the structure may 

be picked out. 

The model structure at this stage is often incomplete. The standard 

method of locating the 'missing' atoms is Fourier synthesis, most commonly 

difference Fourier synthesis. 

~p(r) = Pobs(r)- Pcalc(r) = ~ L [F(h)obs- F(h)caic] exp( -27rih.r) (3.19) 
h 

As the true phases of the observed structure factors are unknown the calcu-

lated phases from the incomplete model are used as an approximation. Thus 

Equation 3.19 becomes:-

~p(r) = ~ L [IF(h)lobs- jF(h)lcaic] exp( -27rih.r + i</>(h)caic) 
h 

(3.20) 

This should result in positive peaks in the observed density which are not 

matched by one in the model. A difference Fourier has the important advantage 

that it is not susceptible to series truncation errors. 

The more or less complete model, at this stage excluding any hydrogen 

atoms, is still only approximate and the next stage is to refine the structure. 

The treatment of hydrogen atoms differs considerably between X-ray and neu

tron studies; one of the main reasons for the neutron studies here. Neutron 
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diffraction data allow the hydrogen atomic parameters to be at least as well de

termined as. all other atoms. Consequently, positional and anisotropic atomic 

displacement parameters may be refined for hydrogen atoms. Their positions 

are generally easily located in neutron Fourier difference maps as negative 

'holes', due to the negative scattering length of hydrogen. 

Compounds are often deuterated for neutron studies to reduce the problems 

caused by the considerable incoherent scattering cross-section of hydrogen. 

Deuterium, which has a very small incoherent scattering cross-section, is also 

a stronger scatterer than hydrogen. The deuteration of KM5 in Experiment 1 

was a useful result of kinetic isotope effect studies carried out by K. Mackenzie. 

The situation is somewhat different for X-rays as hydrogen has only one 

electron and so is a very weak scatterer. Added to this, such electron density 

as there is, is usually spread out asymmetrically and is not centred at the 

nuclear position, as well as having larger than average vibrational amplitudes. 

Even when hydrogen atom positions can be located in difference maps, within 

a sound structural model, it may notbe possible to refine the hydrogen atom 

parameters satisfactorily. 

The hydrogen atoms in the two X-ray studies reported in this Chapter 

were treated slightly differently. Those of Experiment 2 were located from the 

difference Fourier maps after the rest of the model had been refined satisfac- . 

torily and their atomic coordinates were refined, although all of them were 

assigned a fixed isotropic atomic displacement parameter, Uisa(H), of o.osA 2 . 

In the X-ray study of KM25 (Experiment 5), since a neutron study of the same 

compound (Experiment 4) had been carried out at the same temperature as 

Experiment 5, the atomic coordinates and anisotropic adps for all the hydro

gen atoms were fixed at the values from the neutron study. Other methods of 

treating hydrogen atoms are discussed in Chapter 6. 
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3.3 Structure Refinement 

The most commonly used method of structure refinement is that of least

squares.· This method is used to find the best fit of a particular model to a 

set of experimental data. This best fit is achieved by minimising the suin of 

the square of the deviations between the experimental observations and the 

equivalent calculated quantities. Therefore, given a set of experimental obser

vations and the equivalent calculated quantities computed using a theoretical 

model with initial trial values of the parameters, the values of these parameters 

which give the best fit can be determined and an estimate of their accuracy 

can be made. 

In the case of structure refinements, the experimental observations are the 

structure factor amplitudes, IF(h)lobs, or their squares IF(h)l~bs· The 'model' 

is the structural model from which the calculated st:ructure factor amplitudes 

IF(h)lcalc can be computed using Equation 3.21. The 'parameters' are the 

scale factor, the atomic positions and some related parameters for describing 

the thermal motion of the individual atoms, their site occupancy and less 

commonly, an extinction parameter. 

The quantity most usually minimised is:-

Q = Lw(IF(h)lobs- GIF(h)lcalc) 2 (3.21) 
h 

where the summation is over all independent reflections, h, w is the weight for 

each term and G is the reciprocal of the scale factor K for IF(h)lobs· 

This minimisation corresponds to differentiating partially with respect to 

the variables in IF(h)lcalc denoted by Pi whose values are to be refined and 

equating the derivatives to zero. Then the normal equations are:-

or 
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L w6. 8JF(h)Jcalc 
h opj 

0 (3.22) 

where 6. is JF(h)Jobs -JF(h)Jcalc· 

However, the structure factor amplitudes are not linearly related to the 

aforementioned parameters and consequently there are a number of local min

ima in the residual Q. Provided that the trial structure is reasonably close 

to the true structure, a set of linear equations can be derived from the shifts 

(x;) from the initial trial parameters (p;) rather than the parameters them

selves. This is achieved by expanding each of the lf(h) I calc into a Taylor series 

in which~ because the trial structure is assumed to be sufficiently close to the 

best fit, terms higher than the first partial derivative may be neglected. 6. then 

becomes:-

(3.23) 

p and x represent the complete set of parameters and shifts. This leads to the 

normal equations:-

t [L W 8JF(h)Jcalc 8JF(h)Jcalcl X;= L w6. 8JF(h)Jcalc 
i=l h opi opj - h opj 

(3.24) 

The solution ofwhich gives the correction terms or shifts which are then applied 

to the initial trial parameters. This process is repeated until the refinement 

can be said to have converged, that is, the shifts are zero or very small. 

The weighting, w(h), of each reflection is important and should reflect the 

precision of the individual measurements. w(h) is often taken as l/0'2 (1Fiobs) so 

that measurements which are considered to be unreliable have a small influence 

on the refinement. Unfortunately, it is not easy to obtain an accurate estimate 

of the error in the measurement. Factors such as the proportionality constant 

(p) given on Page 83 have been introduced to give a truer estimate of the error. 

A weighting scheme which modifies the esds in some way is often used, based 

on an analysis of the variance when data are divided into subgroups in some 

way; e.g. intensity or sinO/ A intervals are commonly used. 
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Least squares refinements may be made using either the structure factor 

amplitudes, "jF(h)J or their squares JF(h)J2 and there has been considerable 

discussion about the relative merits of the two approaches [9]. The conversion 

from JF(h)J 2 to JF(h)J presents certain problems; the main ones being those of 

taking the square root of a negative number for those weak reflections which 

have a net negative intensity and the estimation of O'(F(h)obs) from O'(F(h)~bs) 

which is complicated for weak and negative reflections. It is therefore impos

sible to use all the data in a refinement against JF(h)J. The data which are 

excluded are the weak data hence producing a bias towards higher values of 

JF(h)Jcalc which generally affects the thermal parameters and the scale factor. 

The common practice of omitting data on the basis of some cut-off criterion, 

for example all data where JF(h)J < 30' are excluded, is a further extension of 

this type of bias. 

The main motivation for omitting data in this way is a cosmetic one and 

there is no statistical basis for it, however, if properly weighted, the least 

accurate data have little effect on the refinements so there is consequently 

little effect on the final parameters obtained [10, 11]. It is advocated to set 

reflections with negative intensities to zero since these intensities are not real 

but result from poor integration and no model will be able to reproduce these 

reflections correctly. 

The model 

The structure factor, F(h), for X-rays is calculated as:-

N 

F(h) = I)j exp(21T'irj.h) (3.25) 

where the summation is over all N atoms in the cell, rj is the position of 

the ph atom relative to the origin, h the scattering vector and fi the atomic 

scattering factor for X-rays which is replaced by bj, the atomic scattering 

length, for neutrons. It is modified by the thermal motion of the atoms as 

given in Equation 2.4. 
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The adjustable parameters in this model are, in general, the atomic posi

tions and those describing the thermal motion of the atoms. Parameters for 

the occupancy of a particular site may also be refined if the structure is statis

tically disordered in some way. Neutron scattering lengths may also be refined 

but this is not generally the case. However, in Experiment 1, the scattering 

lengths for the hydrogen type atoms were refined in order to determine the 

level of deuteration, as discussed in Chapter 4. 

The thermal motion of each of the atoms is considered to be mutually inde

pendent, although not really the case, and to be an oscillation about a position 

of minimum energy. The atomic oscillations due to thermal motion modify the 

electron density. The experimental data therefore give a time-averaged descrip

tion of the ato_~nic distributions with respect to their equilibrium position. This 

motion may be included in the structural model in the following way. 

The probability of finding the centre of one atom at the position r', p(r'), 

can be converted, by Fourier transform, to give a description of the thermal 

motion of an atom in reciprocal space, q(r*), which is known as the Debye

Waller factor:-

q(r*) = j p(r') exp(27rir'.r*)dr' (3.26) 

If the thermal motion of the atom is assumed to be isotropic then it takes the 

form:-

(3.27) 

where B = 81r2(U2) (A2) and (U2) is the mean square displacement of the atom 

with respect to the equilibrium position. In general, the thermal motion is not 

isotropic and the probability, p(r') is often assumed to have a 3-dimensional 

Gaussian distribution centred on the mean atomic position. Six parameters, 

the anisotropic temperature factors, Uij, are then used to characterise the 

thermal motion. q(r*) is then given by:-

( *) [ 2 2(U* *2 U* *2 U* *2 2U* * * + 2U* * * + 2U* * *)] q r = exp - 7r u x + 22Y + 33Z + 12x Y 13X z 23Y z 

(3.28) 
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The orientation of the thermal ellipsoid with respect to the crystallographic 

axes and its size, given by the lengths of its three principal axes are given by 

the six Uij parameters. 

For an atom assumed to have isotropic motion, there are generally four 

parameters per atom, three· positional ( xyz). and one atomic displacement pa

rameter, (Uiso), and for an atom assumed to exhibit anisotropic motion there 

are five additional adps (Uijs). 

The X-ray atomic scattering factors used for most routine structure deter

minations assume the atoms are independent of one another and are spherically 

symmetrical. An alternative atomic model is used in the refinements discussed 

in Chapter 5. 

The scattering factor for a static atomic electron density distribution is 

given below:-

fo = r::o U(r) sin(kr) dr (3.29) 
lo kr 

where k = 47r(sin0j)..) and the radial distribution of the static density, U(r), 

equals 47rr2p(r). The electron density is related to the wavefmiction, '1/J, as 

p(r) can be replaced by l'lll 2
• The atomic scattering factors are calculated us

ing atomic wavefunctions from Hartree-Fock type calculations for most lighter 

atoms, Z<38, and from calculations using the Thomas-Fermi approximation 

for heavier atoms, Z;:::38. 

Each alteration made to the model should be assessed in terms of its fit 

to the experimental data and its chemical sense. A measure of the fit of the 

model to the observed data is given by the agreement factors, generally several 

R-factors and a goodness of fit parameter. The formulae for these agreement 

factors are given in the glossary. 

A difference Fourier synthesis should be calculated to show the extent of the 

residual density which has not been accounted for. The derived bond lengths 

and angles also provide a check of the model as unusual structural features 
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may indicate an anomaly in the model. 

3.4 The Details 

The different programs and methods used are detailed below. 

Experiments 1 and 3 

Experiments 1 and 3 were carried out at Brookhaven National Laboratories 

and data were processed using in-house programs in both cases. 

Integrated intensities were obtained by the BPB method, with the outer 

10% of the scan points on each side taken as background. Data were cor

rected for the Lorentz factor. No decay correction was required. An analytical 

absorption correction was made [2], the attenuation factor, fL, for which was 

calculated for all non-hydrogen elements using mass attenuation coefficients 

(Jl,j p) from International Tables [12]. The mass attenuation coefficient for hy

drogen was taken from the experimental value determined by McMullan and 

Koetzle [13]: 

/-LH = 10.055 + 14.117-\ 
p 

(3.30) 

which is in close agreement with similar measurements made by Howard et al 

[14]. The total attenuation factor, fL, is calculated as 

(3.31) 

over each of the i elements present where fi is the mass fraction of the element 

in the crystal. 

Intensity standard deviations were estimated using counting statistics ex

cept for those reflections where replicate or symmetry equivalent observations 

were merged. In such cases the esd was modified to give an estimated standard 
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I Experiment II 1 3 

Chemical Formula Ct6HzD6Clto Ct6HgCl9 

No. of measured data 4689 6525 

No. of unique data 4472 6022 

Rmerge 0.0219 0.0320 

Ra 0.0183 0.0134 

f.ln (mm- 1
) 0.563 1.169 

Transmission 

mm 0.88 0.76 

max 0.94 0.88 

Crystal volume (mm3) 6.6 7.95 

Table 3.1: Data processing details for Experiments 1 and 3. 

deviation of the mean as 

(3.32) 

Further refinement details are given in Table 3.1. 

Experiment 2 

5222 profile scans were integrated using the Lehmann-Larsen method in 

Experiment 2. These data were also corrected for Lorentz and polarisation 

effects [4]. An empirical absorption correction was made based on azimuthal 

( 'ljJ) scans of three reflections, 0 4 5, 0 4 4 and 0 2 5. The minimum and 

maximum relative transmission factors were 0. 7977 and 1.0. Replicate and 

symmetry equivalent measurements were averaged to give 4643 unique data, 

Rnt = 0.032, Rsigma = 0.0575. 

Experiment 4 

Experiment 4 was carried out in three parts (see Section 2.4) and conse

quently the data were treated in three separate blocks. The blocks were not 

merged after data processing since an extinction correction was included in 

the refinements. Data were processed using a combination of College 5 (ILL), 
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/ Block II 1 3 

() range (0
) 3-25 24.5-28.5 28.5-40 and 3-21 

region -h ± k ± l h±k±l h±k±l 

N°. of data 1177 881 2689 

N°. of unique data 994 715 2518 

Transmission 

mm 0.693 0.684 0.660 

max 0.785 0.782 0.780 

Table 3.2: Data processing details for Experiment 4. 

S.U.N.Y /Buffalo and Risfl) software. Integrated intensities and esds were ob

tained by the Lehmann-Larsen method and a Lorentz correction applied. A 

numerical absorption correction was made using a 14 x 14 x 14 grid and a 

fJ, of 1.299mm-1. The incoherent scattering cross-section for hydrogen, O"H, 

was taken as 41.25 barns from a study made at ILL [15]. 

Experiment 5 

The data from Experiment 5 were all processed using the DREAM [5] 

group of programs. Data were treated in four blocks as outlined below. The 

Lehmann-Larsen method of integration was used and Lorentz and polarisation 

corrections were applied. Data within each block were scaled according to the 

measurements of the standard reflections, however, little decay was observed. 

A proportionality factor was also calculated from analyses of the variation of 

the standards and included in the esds. An absorption correction, by Gaussian 

integration, was made using an 8 x 8 x 8 grid. The linear absorption coefficient, 

J-l, was 1.37mm-1 and the crystal volume 0.08mm3
. A correction was also made 

for absorption by the glass capillary (0.5mm diameter, 0.1mm thickness) using 

the program ABSORB [16]. 

The four blocks of data, in total30571 observations, were put on a common 

scale with the following inter-batch scale factors: 
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/ Block II 1 2 3 4 

() range (0
) 0- 30 0- 30 30-45 45-50 

list driven 30-50 

Hemisphere -ve k +ve k +ve k +ve k 

N°. of data 9727 5892 10541 4411 

with F 2 2CT(F2) 9151 5484 7158 2008 

Scaling factors 

minimum 0.9987 0.980 0.969 0.988 

maximum 1.012 1.004 1.018 1.009 

Crystal transmission 

min 0.682 0.685 0.724 0.740 

max 0.854 0.854 0.838 0.840 

Capillary transmission 

mm 0.966 0.973 0.967 0.964 

max 0.978 0.978 0.978 0.977 

Total transmission 

min 0.667 0.670 0.707 0.723 

max 0.834 0.834 0.816 0.812 

Table 3.3: Data processing details for Experiment 5. 
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Data Block 1 2 3 4 

Scale factor 0.951(2) 1.047(2) 1.00 1.060(3) 

and after averaging gave a total of 19228 unique data with a merging R of 

0.0283. 

Least-squares refinements 

Experiments 1, 3 and 4 

For the neutron diffraction experiments, Experiments 1, :3 and 4, the 

structure refinements were initiated from the preliminary room temperature 

X-ray derived models of the non-hydrogen·atoms [18, 19]. In Experiment 1 the 

hydrogen atoms were located from difference Fourier maps. In Experiments 3 

and 4 the initial hydrogen atomic positions were calculated by extending the 

C-H bond length to 1.1A along the X-ray determined bond vector. Coherent 

neutron-scattering lengths (fm) for H ( -3.7409), D (6.674), C (6.6484) and· 

Cl (9.5792) were taken from the tabulation of Koester [3]. The refinements were 

carried out by full-matrix least-squares methods using the program UPALS 

[20]. The residual 

(3.33) 

was minimized with weights 

(3.34) 

in all three cases. An extinction correction was applied using the Becker and 

Coppens formalism for a Type I crystal with an isotropic Lorentzian distribu

tion of mosaic blocks. 

The variable parameters refined were as follows:- The atomic coordinates 

and anisotropic adps for all atoms and an extinction parameter were refined in 

all three cases. A single scale factor was refined for Experiments 1 and 3 and 

three separate scale factors and extinction parameters were refined for each of 

the three blocks of data in Experiment 3. In addition, the scattering lengths 
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Experiment 1 Experiment 3 Experiment 4 

N°. of Reflections 4374 5575 3989 

Reflections deleted: 

due AI powder line contamination 38 0 30 

due to Extinction 4 0 9 

correction > 1.45 X I F(h) ~~bs 1.30 X IF(h)l~bs 

Agreement Factors: 

R(F2
) 0.0516 0.0596 0.0624 

wR(F 2 ) 0.0616 0.0649 0.0835 

s 1.114 1.044 2.110 

Table 3.4: Refinement details for Experiments 1, 3 and 4. 

at the 8 H/D atom sites were refined for the selectively deuterated sample 

studied in Experiment 1. 

The refinements converged (l::!..pi/O'(Pi) < 0.002) with agreement factors as 

given in Table 3.4. Further details of the refinements for these three exper

iments are also given in Table 3.4. In the final difference Fourier maps, the 

largest l!:!..pl errors were,....., 1.16% and < 1% of the peak maximum of a chlorine 

atom in the Po map for Experiments 1 and 3 respectively. 

Experiment 2 

The structure was solved by direct methods using the Shelxtl-Plus [21] 

package. Full-matrix least-squares refinement on IF(h) I of 268 parameters 

against 2824, observed data F(h);:::: 20'(F(h)), was also carried out using Shelxtl

Plus. Positional parameters were refined for all atoms, anisotropic adps were 

refined for all non-hydrogen atoms. A fixed isotropic adp, Uiso = 0.08A2
, was 

assigned to the hydrogen atoms, located from difference Fourier maps. An 

extinction correction was also made, of the form:-

where x = 0.00015(1). 

F(h)* = F(h) 4 1 + 0.002xF(h)2 
sin(20) 

(3.35) 
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The refinement converged with agreement factors Rw(F) 0.0381, R(F) 0.0501 

and S of 1.27. The weighting scheme was of the form 

1 
w = ----~-------------

o-2(F(h)) + 0.0001F(h)2 
(3.:36) 

The minimum and maximum residual electron densities were -0.39eA - 3 and 

0.33eA - 3 . 

Experiment 5 

Due to the extensive nature of this data set, sinOmax/ A = l.OSA - 1
, a number 

of refinements, using different sections of the data, could be carried out. All 

refinements reported in this chapter were made using a spherical atom model 

with the program UPALS[20]. Atomic scattering factors for the carbon and 

chlorine atoms were taken from Doyle and Turner [22] while for the hydrogen 

atoms, the values of Cromer and Mann were used [23]. Anomalous dispersion 

contributions were from Cromer and Liberman (24]. Positional coordinates 

and anisotropic adps were refined for all non-hydrogen atoms. Hydrogen atom 

positions and thermal parameters were taken from the neutron study, also 

carried out at 123K (Experiment 4). Three sets of refinements, details of 

which are given in Table 3.5, were performed:-

1. Against all data with IF(h)l~bs > 0, which will be referred to as FULL. 

2. Against all data satisfying the same criterion and with sinO/ A < O.SA - 1
, 

which will be referred to as LO (Low Order). 

3. Against all data, again with IF(h)l~bs > 0 and sinO/A> O.sA-1 referred 

to as HO (High Order). 

Results from all these refinements are given in the form of tables of atomic 

coordinates, atomic displacement parameters, bond lengths and angles in Ap

pendix A. 
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J Refinement II FULL I HO LO 

sinO/>. range (A- 1) 0-1.08 0.8-1.08 0-0.8 

No. of data 19228 11322 7906 

R(F2 ) 0.0658 0.1038 0.055 

wR(F2 ) 0.0973 0.1119 0.0789 

s 1.3817 1.2729 1.3919 

Table 3.5: Details of the refinements using the X-ray data from Experiment 5. 
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.Chapter 4 

Structural Results and Discussion 

This chapter contains a report of the results of the neutron studies of KM5, 

KM22 and KM25 (Experiments 1, 3 and 4), the X-ray study of KM9 (Exper

iment 2) and some of the refinements made using the X-ray data for KM25 
\ 

(Experimen.t 5). The details for all these refinements were given in Chapter 3. 

All the refinements converged without particular difficulty and there was no 

structural disorder, although this has been observed in certain of the pyrazoline 

structures [1]. 

The discussion is organised in the following manner. The first section, 

Section 4.1, discusses and compares the results of the studies of KM5 and 

KM9. These compounds form a pair of isomers. However, there are important 

differences between the experimental data sets for the two compounds which 

will be discussed below. 

The following section, Section 4.2, describes the structural changes accom

panying the rearrangement. The rearrangement clearly may be seen to have 

taken place from comparisons of the structures of the starting isomers, KM5 

and KM22 with the rearranged products, KM9 and KM25. 

Section 4.3 moves the discussion from individual pairs of isomers onto 
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Cl Cl 4 

Cl 

Cl 4 

... 
R1 Rl 

RZ Cl 
Cl R2 

Figure 4.1: The compounds under discussion: KM5:KM9 where R1 =R2 = Cl, KM22:KM25 

where.R1 = H, R2=Cl, and KM24:KM27 where R1=R2= H. 

trends across the series of trienes and Section 4.4 discusses some of the ther

mochemical factors involved. 

The final section of the chapter, Section 4.5, contains a detailed discussion 

of the structure of KM25 as determined by neutron and X-ray studies, both 

made at 123K (Experiments 4 and 5). The X-ray data set was collected to 

a much higher sinO/).. limit (of l.OSA -I) than is customary for most standard 

structural studies. This extended data set was collected in order to carry 

out a charge density study which will be discussed in Chapter 5. However, 

as well as the refinements discussed therein several refinements were made 

using a conventional Independent Atom Model (as described iri Chapter 3) and 

different subsets of the data. The results from these refinements are discussed 

and compared, both with one another and with the results from the neutron 

study of the same compound. 

4.1 Studies of KM5 and KM9. 

It is the first time that data have been measured for these two compounds. 

However, although they form a pair of isomers, there are important differences 
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in the two sets of experimental data which should be taken into consideration 

when comparing the two structures. KM5 was studied at 15K using neutron 

diffraction data whereas KM9 was studied at room temperature using X-rays. 

The differences are particularly evident in the parameters for the hydrogen 

atoms and in all the atomic displacement parameters. 

The effect of the temperature differences on the adps is illustrated by Fig

ure 4.2. The atomic displacement parameters averaged over U11 , U22 and U33 

are 9.6 times larger for KM9 at room temperature for the chlorine atoms and 

7.8 times larger for the carbon atoms. For example, the value of the atomic 

displacement u33 for Cl(7) is 0.0660(9)A 2 in KM9 at room temperature and 

0.0066(3)A 2 for KM5 at 15K. 

In general, the chlorine atoms show greater thermal motion than the carbon 

atoms which is not usually the case for heavier atoms (1.54 times greater 

on average for KM9 and 1.24 for KM5). However, all the carbon atoms are 

involved in a very rigid framework whereas the chlorine atoms are terminally 

bound .. A. larger difference is seen for the hydrogen atoms where the average 

of the vibrational amplitudes is 2. 7 times larger than those of the ligated 

carbon atoms in KM5 at 15K. No comparable data are available for KM9 as 

the hydrogen atoms were all constrained to have a Visa of 0.08A 2 • 

There are some differences between the two experiments in the precision of 

the refined parameters for the non-hydrogen atoms. For the chlorine atoms, 

the esds on the positional parameters from the two refinements are about equal 

but those of the adps are a factor of three larger for KM9. For carbon, the 

positional parameter esds are typically a factor of three larger for KM9 while 

those on the adps are around seven times greater. However, as expected, a far 

bigger difference is seen for the hydrogen atom coordinates where the ratio of 

esds(KM9:KM5) is approximately eighteen. 

Other differences are also observed in the hydrogen positional parameters. 
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Figure 4.2: Thermal ellipsoid plots of KM5 and KM9 drawn at 50% probability level. 
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These differences are due to the displacement of the centroid of the electron 

density around the hydrogen atom from the nuclear position towards the lig

ated carbon. This results in shorter C-H bond lengths being observed in X-ray 

studies than in neutron work; average value of C-H bond length in Experi

ment 2 is 0.99(4)A and 1.094(4)A in Experiment 1. 

The sample of KM5 used in Experiment 1 was selectively deuterated. The 

difference between hydrogen and deuterium cannot be seen by X-rays in terms 

of different scattering power. An attempt was made to distinguish the two 

isotopes using X-ray data by Seiler et al [2] on the basis of the different vi

brational behaviour of the two hydrogen isotopes. This study showed that the 

data were just on the limit of the precision needed for such detailed compar

isons. However, the neutron scattering lengths are very different for the two 

hydrogen isotopes [3] , bH = -3.7409fm for H and bD = 6.674fm for D and 

hence they can be distinguished easily. By assuming the occupancy to be 1.0 

at each of the hydrogen atomic sites and refining the scattering length as part 

of the least-squares refinements, the degree of deuteration was calculated at 

each of the sites. The following relationship was used to convert the refined 

values, bref, of the scattering lengths for each of the i sites to the percentage 

deuteration,x : 

X= breJ(i)- bH X 100 
bD- bH 

The results are given in Table 4.1. 

4.2 Structural Changes associated with the Rearrangement 

As stated above, the compounds KM5 and KM9 form a pair of isomers, as 

do the compounds KM22 and KM25. Comparisons between this latter pair 

of isomers are rendered somewhat simpler as neutron data were measured 

for both isomers at the same temperature, 123K. This is the first time that 

neutron data have been collected for a pair of these dyotropic isomers at the 
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Cl 

Cl 

Cl 

Cl 
0(1'-) 

Atomic Site bref % deuteration from 

Experiment 1 nmr study 

D(3) 0.606(6) 94(1) 96.7 

D(4) 0.649(6) 98(1) 97.6 

D(9) 0.633(6) 97(1) 97.6 

D(10) 0.586(6) 92(1) 96.7 

D(16a) 0.593(6) 93(1) 95.8 

D(16b) 0.584(6) 92(1) 96.6 

H(2) -0.365(6) 9(1) 

H(ll) -0.372(6) 2(1) 

Table 4.1: Percentage deuteration for KM5. Deuterated sites marked by patterned circles. 
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same temperature. Hitherto, neutron data have been collected for both isomers 

of only one other pair, that of KM24 and KM27; measured at 15K and 120K 

respectively. Although both X-ray and neutron data are available for the 

compound KM25 the results from the neutron study, Experiment 4, are used 

exclusively in this part of the discussion. 

The gross structural changes predicted to be associated with the rearrange

ment can be seen to have taken place. The hydrogen atoms of the starting 

isomer have transferred from the H(4), H(9) positions (or D(4), D(9) positions 

in KM5) to those of H(l3) and H(14) in the rearranged isomer. Changes have 

also occured in the geometry around the C(4)-C(9) and C(13)-C(14) bonds. 

The C(13)-C(14) separation has increased from that of a typical C=C bond 

in KM5 and KM22 to that of a C-C bond in isomers KM9 and KM25 (see 

Table 4.2). A parallel decrease can be seen in the C( 4)-C(9) separation as it 

changes from a single C-C bond to an aromatic C-C bond. 

Similarly, the bond lengths around the 6-membered ring (atoms C ( 4) to 

C(9)) alter with its aromatisation. In each of the starting isomers, KM5 and 

KM22, there are two significantly shorter bonds in the ring, C(5)-C(6) and 

C(7)-C(8), corresponding to the two C=C bonds, see Figure 4.3. As expected 

for an aromatic ring, the bond lengths become far more homogeneous in the 

rearranged isomers. 

However, the largest positional changes due to the rearrangement are not 

those made by the two hydrogen atoms transferring, nor the changes described 

above but those of the 6-membered ring and the attached chlorine atoms. The 

program OFIT [4] was used to fit, by least-squares, specified atoms from one 

model to those of the other isomer in order to calculate the distance 'moved' 

by the atoms during the rearrangement. In all cases only the frame carbon 

atoms C(l) to C(4) and C(9) to C(14) were involved in the fitting. The largest 

changes in position are those of the chlorine atoms Cl(6) and Cl(7) which move 

4.23A and 3.75A respectively for the pair of isomers KM5:KM9, and 3.71A and 
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1 3 13 9 . 

15 16 16 

I Compound II dqt3)-C(14) I dC(4)-C(9) I LC(12)-C(13)-Cl(13) I LC(1)-C(14)_:Cl(14) I 
KM5 1.341(2) 1.569(2) 125.0(1) 124.6( 1) 

KM9 1.570(5) 1.397(5) 115.8(3) 114.9(3) 

KM22 1.343(2) 1.572(1) 124.91(8) 124.92(8) 

KM25 1.579(2) 1.397(2) 110.6( 1) 112.6(1) 

KM24 1.367 1.590 125.0 125.2 

KM27 · 1.579 1.404 110.9 110.7 

Table 4.2: Selected bond lengths (A) with esds from least squares refinement given in 

parentheses. Values for KM25 taken from the neutron study at 123K (Experiment 4), those 

for KM24 and KM27 [17] are included for comparison. 

1.475(2) 1 .392(6) 

C(S)1.471 (1) C(7) C(S) 1.403(2) C(7) 

1.344(2) 1.394(6) 1.400(6) 

1.341 (2) 1 .407(2) 1.402(2) 

C(S) C(S) C(8) 

1.506(2) 1.503(2) 1 .380(6) 1.380(6) 

1 .503(2) 1.504(2) 1.382(2) ·1.378(2) 

C(4) C(9) C(4) C(9) 

1.569(2) 1.397(5) 

1.572(1) 1.397(1) 

Fi"gure 4.3: Bond lengths around the ring C( 4) to C(9) for diene isomers KM5 and KM22 

(below) on the left and for aromatic isomers KM9 and KM25 (below) on the right. All 

distances in A with esds in parentheses. 
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3.51A for the pair KM22:KM25. Other distances similarly calculated are given 

in Table 4.3, 

Structural differences between the two isomers are also reflected in the rel

ative orientations of certain planes. The values given were calculated using the 

program MPLN [4] which calculates the best least-squares plane through the 

specified atoms. From the fitted pairs of isomers the angle between the planes 

A and A' is 60.9° for the KM5:KM9 pair and 55.4° for the pair KM22:KM25. 

Similarly for planes C and C' the interplanar angles are 49.4° and 56.6° for 

KM5:KM9 and KM22:KM25 respectively. 

The changes in the hybridisation of the carbon atoms, C(13) and C(14), 

from sp2 to sp3 are also indicated by the bond angles in the two pairs of 

compounds (see Table 4.2). In both cases the bond angles are slightly larger 

than the ideal angles of 120° and 109.5° (for sp2 and sp3 hybridisation). These 

deviations are predominantly due to ring strain, although they are in part 

caused by the inequivalence of the groups around the carbon atoms C(13) and 

C(14). 

Another feature of interest shown by the MPLN results is the coplanarity 

of planes A' and B in the rearranged aromatic isomers and of planes C and 

D in the starting isomers. The root mean square deviation from the plane 

for the eight atoms contained in planes A' and B is 0.0049A for KM9 and a 

little larger at 0.0331A for KM25. For the starting isomers KM5 and KM22 the 

deviation from a plane fitted to the six atoms in planes C and D is 0.0174A 

and 0.0132A. 

However, careful interpretation of the interplanar angles calculated by 

MPLN is required as the plane is fitted to the defining atoms in each case 

and the angle is not between the two planes hinged along the C(4)-C(9) or 

C(13)-C(14) internuclear vectors as might be imagined. Planes C and D both 

lie midway between atoms C(13) and C(14); C(13) and C(14) lie 0.0018A to 
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Atom II KM5 ........ KM91 KM22 ........ KM251 

H( 4)-H(14) tl.401 1.422 

H(9)-H(13) h.254 1.411 

C(5)-C(5a) 1.376 1.265 

C(6)-C(6a) 2.551 2.307 

C(7)-C(7a) 2.386 2.240 

C(8)-C(8a) 1.148 1.162 

Cl(6)-Cl(6a) 4.233 3.714 

Cl(7)-C1(7a) 3.748 3.509 

Cl(13)-Cl(13a) 1.173 1.395 

Cl( 14 )-Cl( 14a) 1.328 1.443 

Table 4.3: Calculated separations (A) between selected atoms and their equivalents in 

the rearranged isomer. Values for KM22 and KM25 are taken from the neutron refinements 

(Experiments 3 and 4). t Hydrogen atom po~itions for KM9 were extended along the bond 

vector (as determined from the X-ray study) to a C-H bond length of l.lA. The shaded 

planes in the Figure below correspond to those of the diene. 

7a 

7 
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Atom rms deviation atoms 

Compound Cl(13) Cl(14) in planeD 

KM5 -0.088 -0.063 0.0014 

KM22 -0.070 -0.008 0.0022 

KM24 +0.031 +0.055 0.0012 

Atom rms deviation atoms 

C(3) C(10) in plane A' 

KM9 -0.0134 -0.0034 0.0051 

KM25 +0.117 +0.125 0.0122 

KM27 +0.099 +0.110 0.0086 

Table 4.4: Deviation out of plane (A) for certain atoms. + signifies out of plane to the 

side of C(16). 

opposite sides of PlaneD and 0.0026A to Plane C in KM5. Perhaps a more in

formative figure than the interplanar angle is the deviation of the two Cl atoms, 

Cl(13) and Cl(14), from plane D and of the atoms C(3) and C(lO) from the 

plane of the aromatic ring plane A' in the other isomers, (see Table 4.4). 

The degree of tilt of Cl(13) and Cl(14) and its direction, i.e. towards 

or away from the reaction cavity, have been discussed previously [17] with 

reference to its implications on the 1r-density in the reaction zone. However, 

as pointed out above, these angles may be misleading and the deviations are 

relatively small when compared with the mean deviations from the plane of 

the atoms defining it. 

4.3 The Trienes as a senes 

The comparisons made between the pairs of isomers given above clearly show 

·the rearrangement to have taken place with the expected structural changes. 

They also show that different members of this series of compounds have very 

similar structures. The carbon skeleton, C(l) to C(4) and C(9) to C(14), has 
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a very rigid and effectively constant structure. The fit of these parts of the 

molecule is very close between pairs of isomers where the two isomers have 

different types of C(13)-C(14) and C( 4)-C(9) bonds (root mean square devia

tion 0.0773A and 0.0832A for KM5:KM9 and KM22:KM25 respectively) and is 

even closer for two starting isomers, e.g. 0.0253A for KM5 and KM22 fitted by 

the program OFIT [4]. This series of compounds therefore provides a system 

in which rather small structural changes can be investigated, particularly in 

relation to their rates of rearrangement. 

One of the features which has been suggested to have a key effect on the 

rate of rearrangment is the separation, dec, across the reaction cavity of the 

donor and acceptor carbon atoms, and that between the transferring hydrogen 

atoms and the acceptor carbons, dcH. 

A series of syn-sesquinorbornene disulphones with vanous substituents, 

studied by Paquette [5], undergo a similar dyotropic rearrangement (see Fig

ure 4.4). A close correlation was originally found between the separations dec 

and dcH, as determined by X-ray crystallography, and the rate of rearrange

ment. The interpretation of the dcH distances is somewhat optimistic given 

that all the data are from room temperature X-ray studies in which hydro

gen positions are only poorly determined and one of these compounds (where 

X=CHMe) even showed some structural disorder. However, the dec distances 

do appear to follow a similar trend. Paquette stated that "modulation on the 

order of O.lA in the size of the intracavity gap is reflected in a rate spread 

greater than 104 " [5]. A similar correlation is not observed for the trienes of 

our series either with the carbon-carbon separations dec (see Figure 4.5), or 

with the precise carbon-hydrogen separations dcH determined from neutron 

diffraction data. 

A further ambiguity in these distances is caused by the marked inequiva

lence of the two values of dec and dcH in any given compound. This inequiva

lence is observed in both the trienes and the syn-sesquinorbonene disulphones. 
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Figure 4.4: Syn-sesquinorbornene disulphones; another example of compounds which .un

dergo a dyotropic rearrangement. 
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Figure 4.5: Plot of cross-cavity separations dec against lnk1 for trienes the trienes. 
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3.061 (2)A 
C(9) 

C(4) 
3.065(2)A 

Figure 4.6: Separations across the reaction cavity of KM25 illustrating the asymmetry. 

A-B-C I L A-B-C I A-B-C I L A-B-C I 
C(9)-C( 4)-C(14) 95.3(1) C(9)-C(13)-C(14) 91.61(9) 

C( 4)-C(9)-C(13) 87.95(9) C( 4)-C(14)-C(13) 84.83(9) 

Table 4.5: Selected distances and angles within the reaction cavity of KM25. 

From the symmetrical appearance of these compounds they might be expected 

to have a plane of symmetry bisecting the molecule lengthways, midway be

tween C(13) and C(14), C(2) and C(ll), C(4) and C(9) and passing through 

C(15) and C(16). This is not the case; there is neither chemical nor crystal

lographic symmetry in the solid state in any of these compounds. Even for 

compounds such 'as KM25 where the two dec values, 3.061(2)A and 3.065(2)A, 

are not significantly different there is no such mirror, as illustrated below in 

Figure 4.6. 

Paquette ignores the inequivalence of the two cross-cavity separations and 

uses the average value for each compound in his discussion. However, in some 

cases the differences between the two values for a given compound are of the 

same order as those attributed to a 104 factor rate change, e.g. for the com

pound where X=O the dcH separations are 2.60A and 2.46A. 
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In later work the situation appeared to be less clear [6]. Previously it 

had been thought that electronic effects would not be particularly important 

since the substituents were not directly attached to the acceptor/donor sites. 

However it was subsequently concluded that other effects played an important 

role in determining the rate of reaction, such as 11'-electronic effects, differences 

in strain energies and the energy required to stretch the key C-H bonds. 

The most recent report [7] states that proximity of the two reacting groups 

is not the sole contributor to the differing rates of reaction. It suggests that 

steric interactions within the disulphones, although not necessarily affecting 

the cross-cavity separations, may alter the stability of the ground state and 

hence the rate. Several compression zones were defined but as the discussion 

is purely qualitative, it is difficult to make any meaningful comparison with 

the trienes under discussion here. 

4.4 Energetic considerations and MM Calculations 

MM (Molecular Mechanics) calculations were made on a number of compounds 

in the series of trienes. These calculations were made to investigate some of 

the thermo·chemical quantities which are expected to correlate with the rate, 

for example, the reactant strain energy, Es, and the reactant-product 11'-energy 

differences, 6.E1r· 

The dyotropic rearrangement of these trienes is markedly exothermic as 

suggested by the irreversible nature of the rearrangement and the fact that 

the reactions go to completion. Experimental results also provide evidence of 

the exothermic nature of these compounds; e.g. the experimentally determined 

enthalpy change of -22.63 kcal for KM24 and the sudden rise in temperature 

of the sample observed as the rearrangement takes place. The exothermicity is 

largely due to the release of resonance energy as the aromatic ring is formed. 
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The aromatisation is one reason for the generally higher activity of the trienes 

relative to the syn-sesquinorbornene disulphones. 

In addition to the aromatisation there is also a contribution to the over-

all energy gain by the saturation of the 1r-acceptor bond, C(13)-C(14). Hence 

changes in the substituents on and around this bond affect the overall exother

micity of the reaction. Electron withdrawing substituents cause a drop in the 

1r-energy, E1r, and consequently in the exothermicity and rate. 

Across a family of compounds, changes in the rate are expected to reflect 

changes in the difference between the reactant and product 1r-energy, !:lE11". 

A convincing linear relationship between !:lE11" and ln k1 , is not observed ex

cept over a very narrow range of compounds [1] (see Figure 4.7). The narrow 

range in this example is over compounds KM5, KM23 and KM24. KM22 devi

ates significantly from this limited linear relationship. It was suggested that 

this deviation might have been due to the exceptionally long dcH separations 

(2.587 A) across the reaction cavity which was determined by X-ray crystallog

raphy. However, with the benefit of the neutron diffraction derived values from 

Experiment 3 of 2.376(3)A and 2.393(3)A, it can be seen that the separation 

are well within the normal range of values (2.25-2.46A). 

Exothermic reactions are-believed to have reactant-like transition states 

since very little structural change is needed to reach the transition state. Cor

relation of the reactant strain energy, Es, with ln k1 is also expected; the more 

strained the molecule the easier it is to reach the transition state, the lower 

the activation energy and the faster the rate. The product strain energy does 

not affect the rate of reaction in exothermic rearrangements. The strain en

ergy has a much smaller effect than the 1r-energy on the rate. Again a linear 

relationship is not observed except over the same narrow range, see Figure 4.8, 

and other trienes in the series, especially the very reactive KM17, show no such 

correlation. · 



CHAPTER 4. STRUCTURAL RESULTS AND DISCUSSION 

·41 

·42 

·43 

120 

115 

110 I 
105 ~ 

I 
I 

• • • 

2 

lnk1 

3 4 

• 
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The correlation between the rate and the strain and rr-energy may indeed 

be as outlined above and the apparent lack of a linear relationship due to 

shortcomings of the MM calculations. The intracavity distances dcH and dec 

do not agree closely with the experimental values from the crystallographic 

studies nor do they follow the same trends. Figure 4.9 clearly shows that the 

correlation between the MM calculated separations and the experimentally de

termined values is far from perfect. Furthermore, the observed inequivalence 

of the dec and dcH distances in a given compound is not modelled by the 

MM calculations for the trienes. Recent calculations on compounds which 

are asymmetrically substituted (see Figure 4.10) show asymmetry but experi

mentally observed asymmetry in symmetrically substituted compounds is not 

reflected in the calculated values. Calculations based on models which agree 

more closely with the experimentally determined structures may show clearer 

correlations. 

4.5 Conventional refinements of the structure of KM25 

The apparent lack of a simple relationship between the structure of these 

compounds and their reactivity, combined with the greater emphasis on their 

electronic properties has prompted a new programme of more detailed studies 

of the trienes .. The first of these studies has been made of KM25. 

An extensive X-ray and a neutron data set have been collected at 123K 

(Experiments 4 and 5) and have been used to investigate the electron density 

distribution in KM25. A more sophisticated model has been used in this study, 

details of which are given in Chapter 5. 

Refinements have also been carried out using a more conventional indepen

dent atom model, lAM. Several refinements were made against subsets of the 

X-ray data as well as the full X-ray data set and against the neutron data (see 
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Figure 4.10: Asymmetrically substituted compounds. R = H, CH3 

Table 4.6). The results are discussed below. 

I Refinement RT LO HO FULL N 

Radiation A (A) Mo Ka X-radiation 0.7107 neutron 1.04 

Temperature (K) 298 123 

sinO j A range (A -l) 0-0.65 0-0.8 0.8-1.08 0-1.08 0-0.62 

Number of data 3852 7906 11322 19228 3989 * 
R(F 2) 0.0335 t 0.055 0.1038 0.0658 0.0624 

wR(F2) 0.0397 0.0789 0.1119 0.0973 0.0835 

s 2.102 1.3919 1.2729 1.3817 2.110 

Table 4.6: Details of refinements made for KM25. tRefinement made against IFI not IFI2 

therefore the agreement factor given is R(F) not R(F2). Formulas of agreement factors are 

given in the glossary. * not unique data. 

As a result of chemical bonding the electron density distribution is deformed 

relative to a spherical distribution of electrons around the atomic nuclei. The 

atomic positions obtained from X-ray studies correspond to the centroids of the 

electron density peaks and will be biased by such a redistribution. The adps 

will also be biased as they often absorb some of the deviations from sphericity 

that these peaks show. This bias on positional and thermal parameters has 



CHAPTER 4. STRUCTURAL RESULTS AND DISCUSSION 123 

important consequences in studies of the charge density (see Chapter 5). 

There are two main approaches to reducing the aforementioned bias. The 

first is to use neutron data. Atomic positions derived from neutron experimen

tal data are unbiased by the electron distribution and so truly correspond to 

the nuclear positions. The adps are also closer to the atomic vibrations than 

those from standard X-ray refinements. Therefore, as well as the essential use 

of neutrons to obtain accurate information on the critical hydrogen atoms, 

neutron studies have an important role to play in the investigation of electron 

densities when combined with X-ray data. 

However, the combined use of data sets from separate experiments presents 

certain difficulties in ensuring that they are compatible. Neutron studies de

mand much larger samples than X-ray work (see Chapter 2), so the experiments 

are not carried out on the same crystal. Equally, ensuring that the temperature 

is identical in both experiments can be problematic. There is also the added 

problem of obtaining beam time for neutron experiments which are necessarily 

made at central facilities. 

In an attempt to avoid some of these difficulties an alternative approach has 

been developed to obtain unbiased atomic positions and adps solely from X

ray data. This approach uses only the high order data to refine the structural 

model and such refinements are often called high order refinements (HO in 

Table 4.6). These refinements rely on the assumption that the valence electrons 

of many atoms do not contribute significantly to X-ray scattering at high values 

of sinO/>... 

Examination of the scattering factors of Cromer and Waber [8], which are 

partitioned into those of core and valence electrons, shows the valence scatter

ing of the chlorine atom to be less than 10% of its maximum value at sinO/).. 

of 0.3A -I. Provided that the core electrons are not affected significantly by 

bonding and that bonding features do not contribute to high order scattering, 
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then the results of a high order refinement should be free of the bias caused 

by deviations from sphericity in the electron distribution. 

The lower limit of such 'high order' refinements is somewhat arbitrary and 

has been steadily rising in recent years. The rise in cut-off value is partly due 

to improved experimental conditions allowing collection of a greater quantity 

of more precise high angle data and partly due to evidence in a number of 

studies that sharp deformation density features may scatter to high sinO j). 

values. In the study of KM25 a lower limit of O.SA -l was chosen since it gave 

an acceptable refinement and no residual features indicating asphericity were 

found in the difference Fourier maps (see Figure 4.13). 

Since X-ray and neutron data collected at the same temperature were avail

able for KM25 both approaches could be tried and compared. In the following 

discussion all comparisons were made only between non-hydrogen atoms, as 

the parameters resulting from the neutron refinement were used in all the X

ray refinements. Differences quoted as being significant are those where the 

difference, ~' was greater than 30'c where 

( 4.1) 

and O'(Pi) and O'(pj) are the esds from the least-squares refinements i and jon 

parameter p. 

Bond lengths and angles from all the refinements (HO, LO, FULL and 

N) agree well, _even those from the RT refinement only disagree significantly 

with the HO values for the C(l)-C(15) bond; RT value 1.547(2)A and HO 

1.556(1)A. The bond lengths cited here and in Table 4.7 are from the neutron 

study, although all the bond lengths from the HO refinement agree within 

three esds (see Figure 4.11). The asymmetry observed in the dec distances 

(see above) is also observed in the rest of the structure, in all the refinements; 

bond lengths C(l)-C(14) and C(12)-C(13) differ significantly at 1.541(2)A and 

- 1.553(2)A. Other bond lengths illustrating this lack of symmetry in the solid 
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state are given in Table 4. 7. Such close agreement in the bond lengths from 

the various ·refinements suggests that the positional parameters do not differ 

greatly. 

Cl(7) 

C(16) 

0(15) 

dAB II A-B 

C(1)-C(2) 1.541(2) C( 11)-C( 12) 1.548(2) 

C(2)-C(3) 1.565(2) C(10)-C( 11) 1.555(2) 

C(3)-C(4) 1.517(2) C(9)-C(10) 1.498(2) 

C(1)-C(14) 1.541(2) C(12)-C(13) 1.553(2) 

Table 4. 7: Selected bond lengths for KM25 taken from the neutron study, refinement N; 

esds from the least-squares refinement given in parentheses. 

Comparison of neutron and X-ray results 

An initial comparison of the positional parameters, x,y and z, was made 

by examining the ratio 6./u(fi). 6.. is the difference between a particular 

parameter, Pi, from the two refinements HO and N 

6.. = Pi(N)- Pi(HO) 

and u( 6..) is the error on 6.. calculated as 
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Figure 4.11: Carbon_:.Carbon bond lengths (A) from N and HO (values given below) 

refinements with least squares esds in parentheses. 

This showed that all the positional parameters for the carbon atoms, C(l) to 

C(16), from the two sets agree within 317 except for the fractional coordinate 

zof C(13)where 6./17(6.) is 3.2. 

The ratio Pi(N)/Pi(HO) is very uniform over the positional parameters. 

The mean value of this ratio is 1.000(2) where the value given in parentheses 

is the variance. The variance gives an indication of the spread of values and in 

this case is of approximately the same order as the least-squares derived esds 

on the coordinates themselves. As might be expected the agreement between 

the parameters from the separate X-ray refinements is even closer, with a mean 

ratio x(HO)/ x(LO) of 1.0001(8). 

However, as has been seen in a number of studies comparing neutron and 

X-ray results, such good agreement is not seen when comparing the adps from 
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these refinements. Comparisons were made using the parameters f3ij from the 

least-squares refinements. The {3;jS are dimensionless anisotropic temperature 

factor coefficients defined with respect to the crystal axis system. They must 

then be transformed to an orthogonal systen to obtain the U;j values which 

have dimensions of A 2 and were discussed in Chapter 3. Not only do the ratios 

. {3;;(N)/ {3;;(HO) deviate significantly from unity (see Table 4.8) but there is 

also a much greater spread of ratios for the individual parameters than was 

observed in the positional parameters. 

I carbon I chlorine I All non-H I 
/311 0.84(6) 0.94(5) 0.88(7) 

!322 0.97(5) 0.99( 4) 0.98(5) 

!333 1.03(5) 1.07(2) 1.04(5) 

Table 4.8: Ratio of adps N:HO refinements. 

The adps will differ if the two experiments (Experiments 4 and 5) were 

carried out at different temperatures. Such temperature differences should be 

reflected in the unit cell parameters. Impressive agreement was found for the 

parameters a and b (see Table 4.9). However, significant differences were found 

for the interaxial angle (3. This problem has been noted in several other studies. 

Klooster et al [9] made considerable efforts to match the cell parameters from 

the X-ray and neutron studies of 1-methyluracil, even recollecting the X-ray 

data and still found significant differences in the cell parameters. 

With the disagreement as it stands, the relatively small changes (for exam

ple, in 1 on cooling from room temperature to 123K) and the precision of the 

cell parameters it is unfortunately impossible to rule out some difference in 

temperature. The parameter differences suggest that it is the neutron experi

ment which was carried out at the higher temperature. This seems unlikely as 

although flow type cooling devices often show temperature variations, Displex 

cryorefrigerators are generally very stable. In addition, both cooling devices 

had been calibrated carefully. 
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a b c I ,8 

RT X-ray 293K 8.664(1) 8.8134(6) 14.261(1) 89.768(6) 84.232(8) 61.138(8) 

LT X-ray 123K 8.601(3) 8.767(2) 14.081(3) 89.29(2) 85.32(2) 60.99(2) 

Neutron 123K 8.600(4) 8.767(8) 14.063( 10) 89.13(6) 85.09(5) 60.88(4) 

~(RT- LT) 0.063 0.046 0.121 0.477 -1.09 0.14 

no. of esds 23 27 51 25 47 6.5 

t::..(RT- N123) 0.064 0.046 0.198 0.642 -0.8.54 0.262 

no. of esds 15 6 20 11 18 6 

t::..(LT- N) 0.0004 0.0002 0.0177 0.165 0.236 0.122 

no. of esds 0.08 0.02 1.7 5 5 3 

Table 4.9: Cell parameters and differences of KM25 at 293 and 123K. 

There are possible explanations for the observed differences in the adps from 

the two refinements other than small differences in experimental temperature. 

The tendancy of adps derived from X-ray refinements to contain some of 

the valence density as well as actual atomic vibrations can result in the X-ray 

derived values being systematically larger than those from neutron studies. 

High order refinements should be less susceptible to this problem. 

The differences observed in KM25 are not, however, consistently in this 

sense of the X-ray derived adps being greater than those from the neutron 

· studies. A very similar range of ratios was found in the study of p-nitropyridine 

N-oxide made using both X-ray and neutron data measured at 30K [10]. The 

ratios for neutron over high order X-ray values of U;; averaged over all atoms 

were found to be 0.82 fori = 1, 0.96 fori = 2 and 1.07 fori = 3. No indication 

of temperature differences was given in this study. 

A more subtle and harder to resolve explanation, may be that the dis

crepancies between the two sets of parameters are due to some uncorrected 

systematic errors in one or both data sets. Effects, such as extinction and ab

sorption and also TDS, which have not been properly corrected for will affect 

the adps. TDS was not corrected for in either data set and may not affect the 
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two experiments to the same extent. In a comparison of adps from X-ray and 

neutron studies of several compounds [11] it was suggested that a considerable 

part of the differences could be attributed to differences in TDS and that pro

nounced anisotropy and contributions of more than 20% to high angle data 

have been observed. Coppens and Lehmann concluded that it was impossible 

to draw any conclusions concerning any systematic bias in either of their two 

data sets. Unsatisfactorily this appears often to be the case. The IUCr com

mission project to compare the structural parameters of oxalic acid dihydrate 

[12] also found significant differences, even between results from studies which 

showed no temperature differences. 

Comparison between the X-ray refinements 

In addition to the differences between the results from the HO and the 

neutron refinements, there are systematic differences between the refinements 

HO, LO and FULL all of which use the X-ray data from Experiment 5. Most 

of the very strong reflections in the data set are found at low sinO/>. (see 

Figure 4.12). The R-factor is dominated by the agreement between Fobs and 

F calc of these reflections. As a greater proportion of weaker, less precise data 

are introduced into the refinement, the R-factor increases (see Table 4.6). 

The esds from the least-squares refinements are not influenced in the same 

way as the R-factors but depend on the number of data in the refinement. 

As more data are included the esds are reduced, provided of course that the 

model is in agreement with the data. Esds on the positional parameters of 

the carbon atoms from refinement HO are typically 75% of those from the 

LO refinement. Similarly the average ratio O"(FULL):O"(HO) though closer to 

unity for the carbon atom positional parameters is still less at 0.82 and is 0. 7 

for the chlorine atoms. A similar trend is observed for the esds of the adps 

where the average ratio O'(LO):O"(HO) is 0.5 for the carbon atoms and the ratio 

FULL:HO is 0.9 for the carbon atoms and 0. 73 for the chlorine atoms. The 

· ratio between HO and LO chlorine positional parameter esds is less consistent 
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Figure 4.12: Plot showing the number of data as a function of sinO/>. (A -l) and intensity. 

at 1.1(1) with a far larger spread of values. This is perhaps a consequence of 

the greater thermal motion of the chlorine atoms relative to the carbon atoms 

which reduces the intensity and precision of the high angle data. 

Some disagreement between the positional and thermal parameters from 

the refinements HO and LO is to be expected ifthe low order data are indeed 

biased by the deformation density. There is only one significant difference be

tween the positional parameters for the carbon atoms from the two refinements, 

that on the coordinate x for C(13) where the difference is 0.0055A. More sig

nificant differences are seen in the positional parameters of the chlorine atoms, 

including a difference of 0.0063A in the coordinate z of Cl( 1) corresponding to 

lOu. 

The differences are smaller between the HO and FULL refinements. There 

are no significant differences. for the carbon atom positional parameters, the 
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majority of which are less than one esd. This agreement is even better con

sidering that the esds are lower in these refinements than in refinement LO. 

Again there are more differences in the chlorine atom parameters, the largest 

of which is 0.0035A for Cl(5). 

As was seen with the HO and neutron comparisons the largest differences 

from the various X-ray refinements are between the adps. Between the refine

ments HO and LO there are many significant differences. The overall ratios 

averaged over all atoms are (311 1.03( 4), /322 1.01( 4) and (333 1.02(3), i.e. all 

the adps from the HO refinement are larger than those from LO. This is not 

consistent with the inclusion of diffuse electron density in the adps in the LO 

refinement. The difference may be due to a systematic underestimation of the 

thermal motion as a consequence of the number of strong reflections with large 

weights included in the LO refinement. 

A similarly systematic difference is seen between the adps of the FULL 

and HO refinements where the ratios HOIFULL are 1.048(20), 1.049(17) and 

1.052(10) for the adps /311 , fJ22 and (333 respectively, averaged over all non

hydrogen atoms. This again may be due to the strong influence of the intense 

reflections on the model. 

Overall, all the refinements proceeded normally and show the data to be 

of good quality although the poor agreement between the X-ray and neutron 

derived adps is somewhat disappointing. 

Figure 4.13 is inCluded as a final note to illustrate the contribution the 

valence density makes to the low order data. This Figure shows two difference 

Fourier maps of the section through the aromatic ring containing atoms C( 4) to 

C(9). The F(h)calc values are from the refinements FULL which used the whole 

dat~ set. The difference between the two maps is the top map, Figure 4.13(a), 

is calculated using reflections with sinO I>.. < 0.8A - 1 and Figure 4.13(b ), the 

lower map, uses data with sinO I>.. > 0.8A - 1
. 



CHAPTER 4. STRUCTURAL RESULTS AND DISCUSSION . . 

' I 
' I ,, 

0 

<> 

/ , , I 
... i 

Figure 4.13: Difference Fourier maps in the plane of the aromatic ring C( 4) to C(9). 

(a) above for data with sinO I>. < O.s.A- 1 and (b) below with sinO I>. < 0.8A -t. Contours 

marked at O.leA - 3 intervals. 
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Figure 4.13(a) is almost featureless showing that the high order data are 

well modelled by the Independent Atom Model, (IAM). This is to be expected 

since these data contain information on the core electrons. The residual density 

in Figure 4.13(b) is far from featureless, clearly showing density in the regions 

between the bonded atomic nuclei and also in the region of the chlorine atom 

lone pair electrons. This is consistent with the concept of the high order 

refinements and gives an indication of the deformation of the density caused by 

bonding. It is this density which has been modelled using a more sophisticated 

model in the charge density study; the results of which are presented in the 

following chapter, Chapter 5. 
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Chapter 5 

Charge .Density Study of km2.5. 

5.1 Introduction 

The X-ray refinements discussed in the previous chapter were all made using 

the conventional Independent Atom Model, (lAM); a model which assumes that 

the atoms are neutral and of spherical shape with a radial dependence equal 

to that of free atoms in the gas phase. Such a model is used in the majority of 

. X-ray crystallographic structural studies. However, refinements using the lAM 

ignore a great deal of information contained in the measured Bragg intensities. 

For almost as long as X-ray diffraction by crystals has been known about, 

it has been recognised that X-ray data contain information on electronic struc

ture in the crystals. Debye stated in 1915 that he thought it should be possible 

to determine the arrangement of the electrons in the atoms from the scattered 

radiation. However, despite this early recognition and some pioneering work 

over subsequent decades (notably on the structure of diamond and sodium 

chloride), there was little confidence in the feasibility of the techni.que. 

A number of technical breakthroughs over the past 30 years have meant 

that charge densities are now being made on a wide range of compounds al-
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though not a large number of them. 

One of the important technical breakthroughs was the use of neutron 

diffraction. Results from neutron studies demonstrated the bias in the struc

tural parameters obtained from lAM refinements against X-ray data caused 

by their tendency to account for bonding features in the density. The combi

nation of neutron and X-ray diffraction studies allowed bonding and lone pair 

electron densities to be observed [1, 2]. 

Other advances in X-ray studies such as computer controlled diffractome

ters and the use of scintillation counters as detectors have improved the ease 

and precision of data collection. The increasingly routine use of low tem

perature techniques has also improved the precision and accessibility of high 

resolution data. The availability of powerful computing has made the use of 

sophisticated models and the handling of large data sets practicable. 

Despite these advances, experimental charge density studies are still far 

from being routine. The bonding effects of interest form only a small propor

tion of the total electron density and these are often diffuse in nature. To have 

any confidence in the results of the study, especially on a quantitative level, 

requires very accurate and extensive data. 

Due to its diffuse nature, much of the information on the bonding density 

is contained in the low order data. However, accurate and extensive high order 

data are required for the determination of the nuclear positions and displace

ment parameters. The fall-off in scattering power with increasing Bragg angle 

is one of the reasons for adopting low temperature techniques. TDS, which 

also affects high order data is reduced by lowering of the temperature. 
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5.2 Investigating the bonding density 

There are several strategies which have been developed to investigate the elec

tron density distribution ( see for example Reference [:3]). 

A Fourier synthesis of the structure factor amplitudes derived from the ex

perimentally measured intensities gives the thermally averaged electron density 

provided that a suitable estimate of the phases has been made. The majority 

of the phases from the lAM will be assigned correctly for a centrosymmetric 

crystal, such as KM25, where the choice is limited to values of 0 or 1r. More 

serious errors will occur for a non-centrosymmetric structure. However, such a 

Fourier map will provide little information on the effects of chemical bonding 

on the electron density as it will be dominated by the core electrons. 

A more informative representation is a difference map of the density calcu

lated for the lAM subtracted from the total experimental density (using the 

model phases). This type of map, the equation for which is shown below, is 

often called a deformation map. Care should be taken with this term as it is 

used for a number of maps which show the non-spherical density, some of which 

involve experimental data and some of which are entirely model densities. 

!::J.p = ~ L(Fobs(h) .:..._ Fcalc,IAM(h)exp(....;.21l"ih.r) (5.1) 

The use of a difference density shows the bonding density more clearly than 

the does the total density and additionally avoids the problem of series termi

nation. 

Deformation maps show the electronic redistribution to form bound atoms 

m the crystal relative to a promolecule density. The lAM is generally the 

model used to provide this reference or promolecule density of non-interacting 

isolated atoms although other promolecule densities have been proposed, e.g. 

the Oriented Atom Model [4]. 

Despite the wide acceptance of the lAM density as the promolecule density, 
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its use presents some problems. The assumptions contained in the lAM (neu

tral, spherical atoms) produce biased parameters which consequently means 

that the promolecule density is not that of the reference model desired. The 

least-squares refinement process tends to minimise the residual density and so 

produce structural parameters which attempt to compensate for the deviations 

from sphericity. For example, in order to best fit the electron density which 

has been drawn into the region of the covalent bond, hydrogen atom positions 

are usually displaced, relative to their true nuclear position, towards the lig

ated atom. Lone pair density may also be modelled by the lAM as anisotropic 

thermal displacements. The promolecule density will therefore contain some 

of the bonding density and as a consequence the deformation density maps 

will be smoother than they are really. 

As mentioned in the previous chapter, refinements and the combination of 

neutron data with X-ray refinements can be used to reduce this bias. However, 

both of these solutions present some problems. High order refinements present 

problems in being sure that no bonding features scatter to high angles and the 

neutron experiments present problems in ensuring their compatibility with 

the X-ray data. Rather than having the worrying uncertainty of whether 

the promolecule density ~ontains any of the bonding density, extra atomic 

parameters can be included in the model to describe explicitly the effects of 

the chemical bonding. 

One of the simplest such models is that used in the Kappa refinement [5] 

which retains the spherical shape but allows both the variation of the popula

tion of the valence shell and its expansion or contraction. The latter expansion 

or contraction is a consideration which is in agreement with Slater's rules of 

nuclear screening. There are therefore two extra parameters per atom, the 

valence population P valence and K, an expansion/ contraction factor. 

The expression for the perturbed valence density, P~alence' as related to the 
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free-atom ground state density, Pvalence, is then: 

P~a/ence ( r) = p valenceK3 Pvalence( Kr) (.5.2). 

The structure factor expression then becomes: 

Na 

F(h) = L)fj,core(h) + Pj,valencefj,valence( Kj, h)]Tj (h )exp(27rih.rj) (5.3) 
j=l 

where Tj is the atomic temperature factor and Pj the population parameters 

of atom j at r j. A ,; parameter larger than one signifies that the valence density 

at r is equal to that of the free-atom valence density at a point further from 

the nucleus, i.e. the atom is contracted relative to the free atom. 

The above formalism (Equation 5.3) has been called the poor man's charge 

density refinement as it is very computer efficient. The great availability of 

powerful computers nowadays means that there are not so many 'poor men' 

about, nonetheless, the method gives a better estimate of the net atomic 

charges than the multipole models. 

Several more flexible and more sophisticated models have been developed 

[6, 7, 8] which allow explicitly for the description of non-spherical electron den

sity feature_s. The rigid pseudoatom model of Stewart [6], on which Hansen and 

Coppens [7] have based their formalism, contains two important assumptions: 

• that the total electron density in the molecule or crystal may be divided 

into pseudoatoms (atoms deformed due to their crystal environment) 

which are centred on the nuclei. 

• that these atomic fragments rigidly follow the thermal vibrations of the 

appropriate nucleus. 

If the second of these assumptions is indeed valid then we can calculate static . 

electrondensity maps using experimental data (see below). 
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Order Symbol Ytm Cartesian Coordinates Spherical Coordinates 

0 Yoo 1 1 

1 yll· X sinO cos¢ 

Y11- y sinOsin¢ 

Y1o z cosO 

2 Y2o (3z2 - 1) 3cos20-1 

y21 xz sinOcosOcos¢ 

y21- yz sinOcosOsin¢ 

y22 x2 _ y2 sin20cos2¢ 

y22- 2xy sin20sin2¢ 

3 Y3o (5z2 - 3)z cos0(5cos20- 3) 

y31 (5z2 - 1)x sinO( 5cos2 0-1 )cos¢ 

y31- (5z2 - 1)y sin0(5cos2 0-1 )sin¢ 

y32 (x2-y2)z sin 2 Ocos0cos2¢ 

y32- xyz ~sin 2 Ocos0sin2¢ 

y33 (x 2 - 3y2)x sin30cos3¢ 

y33- (3x2 - y2)y sin30sin3¢ 

Table 5.1: Real spherical harmonic functions up to the order of 3. 

In general, the models consist of an invariapt spherical core electron den

sity much like that of the lAM, the nucleus as described by its coordinates and 

thermal displacement parameters, and a third component which is the defor

mation functions. The last component, the deformation functions, is usually 

expressed in polar coordinates (r, fJ, ¢>) and the functions are centred on the 

nucle~s, although this is not a prerequisite. The deformation terms are then 

further separated into a radial and an angular part and are given an associated 

weight or population parameter which is usually refined in the least-squares 

fitting. 

The angular parts in both the Stewart and the Hansen and Coppens models 

are spherical harmonic functions, Ytm ( (), ¢>). Some of the spherical harmonic 

functions are shown in Figure 5.r and more information given in Table 5.1. 

It is these terms which are often referred to as 'multipoles'. The functions 

.are normalised such that for a population constant of unity (Pzm = 1.0), one 
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Figure 5.1: Representation of selected Spherical Harmonic functions. 
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electron has moved from the negative to the positive lobes of the deformation 

functions (for those functions with l greater than one). For the spherically 

symmetric function, a population constant, P00 , of 1.0 implies that the func

tion is populated with one electron. The normalisation constants used in the 

refinements are given in reference (7]. P00 is the only function which confers 

any net charge, the higher poles cause the aspherical distribution. 

The angular functions are not necessarily spherical harmonics. The formal

ism developed by Hirshfeld (8] uses cosine functions of the form cosnek where 

Bk is the angle between the radius vector, r, and a specified polar axis. There 

are up to 35 non-orthogonal deformation functions allowed per atomic centre 

in this model. Refinements made using the various models have been shown 

to reproduce the bonding density equally well although differences in other 

regions of the density and in the derived charges have been noted (3]. 

5.3 Static versus dynamic densities 

The· electron density described by the deformation density is a static one. 

Static densities have several advantages over dynamic ones. The effect of the 

thermal motion smears the electron density and so some of the sharper features 

in the density may be lost. There may also be some confusion between thermal 

effects and the bonding density. This makes static densities intrinsically more 

informative. 

In order to make comparisons between theoretical and experimental den

sities the thermal effects in the experimental density must be taken into con

sideration; either the thermal effects must be removedfrom the experimental 

density or the theoretical one must be thermally smeared. It is also important 

when comparing experimentally determined charge distributions as they may 

not be affected to the same degree nor measured at the same temperature. 
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Vibrational motion in the crystal causes several problems. The reduction 

in intensity due to thermal motion particularly affects the high order data and 

so limits resolution. TDS also contributes to the high angle data. Cooling of 

the sample during data collection alleviates these difficulties to some extent, 

nevertheless the experimentally determined density will always be the time 

average over the thermal motion of the crystal. It is therefore of interest to 

deconvolute the thermal motion and so obtain a static distribution from the 

experiment. 

The convolution approximation is used to deconvolute the thermal motion 

from the experimentally determined density by assuming that the charge den

sity rigidly (i.e. without changing its shape) follows the nucleus and so can be 

convoluted with the vibrational motion of that nucleus. This raises the ques

tion of how to partition the continuous electron density into atomic fragments 

assigned to a particular nucleus, especially for density between atomic nuclei. 

The method of partitioning becomes a more important factor if the nuclear 

displacements of neighbouring atoms differ greatly. In the case of the multi

pole models, each set of functions is centred on a particular nucleus and so 

are convoluted with the nuclear motion of that nucleus. This does not present 

particular difficulties in terms of the total density but makes any attempts to 

look at an atomic density somewhat complex. 

An alternative method of dividing the total density has been proposed by 

Hirshfeld, the Stockholder Principle [9]. In general terms this proposes that 

the contribution, 8p;, from a given atom, i, to the total deformation density, 

8ptotal at a particular point r, is in direct proportion to the contribution from 

that same atom's spherical density, Pspherical,i to the total procrystal density 

at that point such that: 

(5.4) 

where w; gives the relative share in the promolecule density of the atom i at r 
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and is given below: 
Psphericat,i ( r) 

w; = -'""'-a-,-to_m:._s _ ____;.___;_.;__( -) 
L..,.j=l Pspherical,j r 

(5.5) 

The work of Coulson and Thomas [10], which examined the effect of stretch

ing vibrations on the charge density using both a convolution model and a full 

Born-Oppenheimer study of Hi and H2 , suggests that the convolution ap

proximation is an acceptable one. This is particularly encouraging given that 

hydrogen is such a light atom and therefore subject to much larger vibrational 

amplitudes than heavier atoms. 

However, as well as doubts as to the validity of the approximation itself 

there are also some doubts concerning the reliability of the experimentally 

determined vibrational amplitudes and the type of model used to describe 

them. In many studies, including this one, an anisotropic harmonic probability 

density function is used. 

A test of the thermal motion model has been proposed by Hirshfeld [11]. 

It uses the experimentally determined adps and depends on the idea that for 

a pair of bonded atoms, A and B, the mean square vibrational amplitudes 

along their mutual bond should be equal, i.e. if z~,B denotes the mean square 

displacement of atom A along the vector to atom B then:-

~A,B = Z~,B - z1,A = 0 (5.6) 

For atoms at least as heavy as carbon Hirshfeld proposed that the rigid-bond 

test should hold to within 0.001A. If this is the case then it should give some 

confidence in the refined adps and if it does not hold it indicates some bias in 

the model orrefinement. However parameters which are affected by a system

atic error will also satisfy this test. 
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5.4 Fitting the model 

The specific model used in the refinements reported herein was that of Hansen 

and Coppens [7r In direct space the atomic density is represented by Equa

tion 5. 7:-

4 I 

Patomic(r) = PcPcore + Pv(~~:') 3 Pvalence(~~:'r) + L(~~:")3RJ(K"r) L PlmYim(r/r) 
l=O m=-1 

(5.7) 

P c, P v and P tm are population coefficients. P~ore and Pvalence are Hartree-Fock 

densities of the free atoms normalised to one electron, although the valence 

function is allowed to expand or contract by adjustment of ~~:'. The radial 

function is of the form: 

(5.8) 

where ( is modified by the variable parameter~~:" and values for n1 were taken 

from reference [7] and for the optimised Slater exponent, (t, taken from self

consistent field calculations of Clementi and Raimondi [12]. 

However, as with the lAM, the actual fitting is carried out in reciprocal 

space by a least squares minimisation of the differences between the observed 

and calculated structure factor amplitudes. In the case of the multipole model 

the calculated structure factor expression is as given below in Equation 5.9: 

x exp(21T'ih.lkp Tk(h) 

fcore and fvalence are the Fourier transforms of Pcore and Pvatence respectively, 

<I>kt is the Fourier-Bessel transform of Rkt, Tk the temperature factor and hv 

and r 1P the scattering and position vectors. One of the advantages of using 

spherical harmonic functions is that their Fourier transforms are also spherical 

·harmonic functions. 

(5.9) 
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The parameters which are refined are the positional and atomic displace

ment parameters, the radial parameters 1\,
1 

and 1\,
11 

and the population coeffi

cients P v and P kim. The total charge is constrained so that the crystal remains 

neutral. 

The use of a least-squares. refinement has certain advantages. It allows: (i) 

the structure factor amplitudes to be assigned statistical weights from those 

estimated on the intensities, (ii) the calculation of estimated standard devia

tions on the refined parameters and (iii) statistical measures of the fit between 

the experimental and model values to be calculated so checking the fit of the 

model. 

The use of a more flexible model than the lAM reduces the errors in the 

phase assignment and generally introduces less bias into the refined parame

ters. The explicit separation of the parameters for both static spherical and 

deformation densities from the thermal motion allows the calculation of the 

static density from experimental data, provided that the convolution approxi

mation is valid. 

The use of a model density also has the advantage of being free from exper

imental noise. It gives a quantitative description of the deformation density 

and allows the calculation of a number of electrostatic properties. 

One problem with the static densities obtained from multipole models is 

that they imply infinite resolution. However, there is an experimental limit to 

the data available of 1/).. and in general data are not collected as far as this 

limit. The model density close to the nuclei, which is not accessible to X-ray 

diffraction, is therefore totally model dependent. 
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5.5 Topological Analyses 

The topology of the electron distribution may used to describe some of the 

chemical properties of the molecule [13]. The following section is a brief intro

duction to the terms which will be further discussed later in the text. 

The topological properties of the electronic distribution can be described 

concisely by certain values at the points where the first derivative of the density 

vanishes, i.e. where 

't7 ( ) • ap . ap kap 
v p r c = 1 ax + J ay + az = 0 (5.10) 

These points are known as critical points and their position is denoted by the 

position vector rc. 

The location and classification of critical points and the determination of 

certain quantities at these points allows the formal definition of such concepts 

as nuclear positions and bonds in topological terms. This permits a range of 

chemical concepts to be related to the total electronic charge density, p and 

so quantitative comparisons may be made both within studies and with care, 

between studies. 

To decide if these stationary points are maxima, minima or saddle points 

the second derivative must be examined. For an arbitrary choice of coordinate 

axes, nine values of the form a2 pI axay will be obtained, the ordered 3 X 3 

array of which is the Hessian matrix of p. This matrix can be diagonalised 

and the eigenvectors and eigenvalues correspond to the principal axes and the 

corresponding curvatures at the critical point. 

Critical points are characterised by two quantities; their rank, w and their 

signature, a and are labelled as (w, a). The rank is the number of non-zero 

eigenvalues or curvatures of p at the critical point and the signature is the 

algebraic sum of the signs of the eigenvalues. 
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Almost all stable critical points are of rank three for which there are four 

possible signature values: 

• (3,-3) critical points are local maxima in the electronic density, p, where 

all curvatures are negative. These correspond to nuclear positions. 

• (3,-1) critical points, known as bond critical points (bcp), are of most 

interest to this study and will be discussed in more detail below. 

• (3,+ 1) are critical points where two curvatures are positive. p is a min

imum at rc in the plane of these two curvatures and a maximum at rc 

along the third axis perpendicular to the previous plane. These critical 

points are associated with rings. 

• (3,+3) are local minima in pas all curvatures are positive and are linked 

to the presence of cages. 

(3,-1) critical points are saddle points which lie between every pair of nuclei 

linked by a chemical bond. Along the line of maximum charge density linking 

the two bound nuclei, called the bond path, the critical point lies at a mini

mum in the density. By convention, the principal axes in the direction of the 

bond patht which is not necessarily coincident with the internuclear vector, 

is taken as z and the corresponding curvature or eigenvalue is denoted by A3 • 

The curvatures perpendicular to the bond path, the x and y components are 

denoted by At and A2 respectively. At a bond critical point these two curva

tures are both negative, showing an accumulation of electron density between 

the two nuclei. 

The relative magnitudes of the eigenvalues At and A2 indicate the extent to 

which electronic charge has accumulated preferentially in a given plane along 

the bond path, for example in bonds which contain a 1r-component. Where 

electron density has accumulated the density will drop away less steeply from 

the bond critical point and so the curvature will be smaller. A measure of this 
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charge accumulation is given by the bond ellipticity, c: defined in Equation 5.11. 

(5.11) 

Therefore if .X1 is equal to .X 2 the density has axial symmetry at the critical 

point and the ellipticity is zero. 

Bader and co-workers have published a series of papers discussing certain 

concepts in topological terms for the theoretical electron densities of a series 

of hydrocarbons. For example, the characterisation of bond orders in terms 

of the value of electron density at the bond critical point, bond ellipticities 

as a quantitive measure of the 71'-character of C-C bonds [14, 15) and strain 

energies from examination of the bond paths and their deviation from the 

internuclear vector (16], have been discussed. Some of these factors will be 

further discussed in this chapter with reference to the results of the charge 

density study of KM25. 

Topological considerations of the charge density can provide a useful means 

of quantifying and characterising chemical concepts such as atoms and bonds 

in terms of the measurable electron density in molecular systems. However, 

there are no features which correspond to the concepts of localised electron 

pairs, either in bonds or as non-bonding lone pairs. This model of Lewis pairs 

appears in the topology of the Laplacian of p, \72 p( r) as defined below in 

Equation 5.12. 
2 82p 82p 82p 

\7 p(r) = 8x2 + 8y2 + 8z2 (5.12) 

The Laplacian of p represents local concentrations and depletions of the charge 

density where \72p(r) < 0 and \7 2p(r) > 0 respectively. The distribution of the 

Laplacian shows maxima, minima and saddle points which correspond to our 

ideas of localised pairs of electrons. These features in the Laplacian can be used 

to show the local charge depletion associated with electrophiles and conversely 

local charge concentrations associated with nucleophiles, thus locating possible 

sites of reactivity. 
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The electronic charge density used in this study was the model density 

from the multipole refinements which has the advantage of being free from 

experimental noise. Provided that the model is a good fit to the data, this 

model density will introduce very little in the way of model dependent bias. 

Topological analyses thus provide a relatively objective way of investigating 

and comparing bonds and factors such as strain in the molecule. 

5.6 Choice of a system to study 

Given the considerable amount of time and effort demanded for a charge den

sity study it is important to consider carefully the suitability of the study to 

be undertaken. 

Some of the obvious considerations are the reason for studying the electron 

density of a particular molecule, what information it is hoped will be obtained 

and whether a charge density study can provide this information. As discussed 

in the previous chapter (Chapter 4), it has become increasingly obvious that 

electronic factors play an important role in the dyotropic rearrangement. Some 

structural parameters such as bond lengths and angles around certain atomic 

sites have been cited as indicating different electronic properties. For exam

ple, the degree of tilt of the chlorine atoms at the C(13) and C(14) sites in the 

starting isomer has been suggested to indicate the degree of pyrimidalisation 

[17]. The aim of the charge density studies was therefore to investigate the 

electronic structure of these compounds directly rather than from such indi

cations. This chapter contains a report of the results of the first of the charge 

density studies made of one of these compounds. 

KM25 was chosen as the initial subject of study for several reasons. One 

of the main interests in this work is to compare the density distributions in a 

pair of isomers. It is therefore important that both isomers of the pair should 
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be suitable for such studies. 

The chemical interest is equally important for each of the three pairs of 

isomers which have been studied, KM5:KM9, KM22:KM25 and KM24:KM27. 

Such general criteria as Coppens' suitability factor [18] are also equivalent 

for all three pairs. This suitability factor quantifies the degree to which the 

bonding effects are dominated by the core scattering. The trienes give typical 

values for organic compounds of around 3.5-4.0. The smaller values generally 

obtained for metals indicate that to obtain a given precision in the bonding 

density requires that the intensities are measured to a higher relative precision. 

The decision was therefore made on the basis of practical considerations as 

discussed below. 

As has been stated previously, charge density studies require extensive and 

accurate data sets measured at low temperature. This requires high quality 

crystals which are stable enough to allow long data collection periods (of many 

weeks in this case), give good quality data and are stable at low temperature. 

In general, the trienes crystallise to give high quality crystals which satisfy 

these conditions. Both in combination with X-ray data for charge density 

studies and in their own right, neutron experiments form an important part of 

this work. It is therefore desirable to study compounds of which large crystals 

can be grown (see Chapter 2). These criteria do not rule out any of the three 

pairs of isomers. 

Although these compounds crystallise in a variety of space groups, see 

Table 1.1 and Tables 1.2 and 1.3 in Chapter 1, the amount of unique data 

does not vary very much from compound to compound, provided that there is 

only one molecule in the asymmetric unit. In some ways a higher symmetry 

crystal is better 'value' as there are more possibilities for collecting symmetry 

equivalents. However, there may be a price to pay in terms of the resolution 

of the reflections since many of the higher symmetry compounds have a cell 

axis of approximately 30A in length. 
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One of the most important factors is the choice of a centrosymmetric struc

ture. Although the phases may be better approximated by the use of a more 

sophisticated and flexible model, such as the multipole models used, the sit

uation is simplified enormously in the case of centrosymmetric crystals. This 

therefore ruled out the study of KM5. Also, the neutron data were collected at 

15K (Experiment 1) and this temperature could not be matched with X-ray 

data at the time. An additional point against the study of this pair of isomers 

was that, in a preliminary study, KM9, its isomer, showed some instability at 

low temperatures. 

Both isomers of the pair KM24:KM27 crystallise in centrosymmetric space 

groups and both have been studied using neutron diffraction but at differing 

temperatures, 120K and 15K. 

KM25 was therefore chosen as both isomers satisfy all the above criteria 

and in addition the neutron and X-ray experiments could be made at the 

same temperature for both isomers and for both types of experiment, X-ray 

and neutron. 

5. 7 The refinements 

All the refinements were made using the XD package of programs [19] which is 

currently under development. It contains a least-squares refinement program 

for multipole model refinements, programs for calculating Fourier syntheses 

and one-electron properties for the refined model. . The overall aim of the 

project is the provision of a comprehensive multipole refinement and analysis 

source code which is updated and supported. It therefore contains some new 

features as well as some well established ones. I have been using these programs 

by kind permission of P.R. Mallinson. 

The multipole model f?rmalism used in the refinements was that of Hansen 
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and Coppens [7], as described above. The scattering factors used were calcu

lated from the ground state Slater-type orbital Hartree-Fock atomic wavefunc

tions of Clementi and Roetti [20]. The radial functions of the valence defor

mation density are of single Slater-type and the parameters for these functions 

n( 0 and ((l) are obtained from the single-zeta wavefunctions [20]. The thermal 

motion was described by an anisotropic harmonic model. 

All the refinements were made using all the X-ray data, collected to a sinO f ,\ 
limit of 1.08A -l, which satisfied the condition F> 20"(F). The weighting scheme 

used was w = 0"-2
• No correction for extinction was made. 

Local coordinate systems were defined for all atoms. However, these local 

coordinate systems are usually- used to apply symmetry constraints. These are 

not appropriate to KM25. The only constraint applied was that of electroneu

trality, such that the contents of the asymmetric unit were neutral. 

A number of refinements were made using a variety of combinations of X

ray and neutron derived parameters. The use of neutron data in charge density 

studies is well established. As discussed in Chapter 4 the nuclear positional 

and atomic displacement parameters derived from neutron experiments are free 

from any bias arising from the electron density distribution. Several methods 

have been proposed to utilise this freedom from bias. Coppens reported the 

use of X-N deformation maps to investigate the bonding density in s-Triazine 

in 1967 [1]. The lAM promolecule density uses the positional and atomic 

displacement parameters derived from the neutron study and the deformation 

maps are the difference maps between the total electron density, as measured 

by the X-ray study, and the neutron based lAM density. All the deviations 

are assumed to be due to bonding effects. 

Joint refinement of parameters using the neutron and X-ray data for a com

pound simultaneously have been proposed by Duckworth, Willis and Pawley 

[2] and also by Coppens and co-workers [21]. These refinements are denoted 
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as X+ N refinements. It is prudent first to run refinements using the two sets 

of diffraction data separately. 

In most combined neutron and X-ray charge density studies, the results 

of the separate neutron structural refinement.are used as constrained param

eters in the X-ray refinements rather than refining the model against the two 

data sets together. It was hoped originally that the results from the neutron 

experiment, Experiment 4, carried out on KM25 could be used in this way. 

Unfortunately, as discussed in Chapter 4, important differences were found 

between the neutron and X-ray refinement results, not all of which are caused 

by the bias in the X-ray derived parameters. 

The first model which was tried was an Independent Atom Model in which 

the parameters were all constrained to the values derived from the neutron 

study and only a scale factor was refined against the X-ray data. This did 

not result in a satisfactory refinement and gave an unacceptably poor fit of 

the data with the deformation density showing a number of features more 

consistent with incorrect adps than with bonding density. This was probably 

only to be expected given the differences discussed in Chapter 4. 

It was decided therefore that in future refinements all hydrogen atom posi

tional and atomic displacement parameters would be constrained to their neu

tron derived values, but for all non-hydrogen atoms these parameters would 

be refined against the X-ray data. 

A further set of refinements using the lAM were run against the X-ray data 

with the parameters refined as above. These refinements will be referred to 

henceforth as SPH. Within the XD least squares program, this was effected by 

fixing the monopole populations to the number of valence electrons; four for 

carbon, seven for chlorine and one for hydrogen and the expansion/ contraction 

parameter K
1 to 1.0 for the carbon and chlorine atoms. The K

1 and K
11 param

eters for hydrogen were fixed to a value of 1.2 in all refinements. This value 
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gives a scattering factor curve which corresponds to the Stewart, Davidson and 

Simpson curve [22] normally used in conventional refinements. 

After the examination of several sets of refinements, a final multi pole ~odel 

was chosen and will be referred to as MULT. The data used in the refinement 

and the treatment of the positional and atomic displacement parameters were 

as described above. Population parameters of multipole functions of up to 

third order (oct a poles), were refined for all carbon atoms and up to fourth order 

(hexadecapoles), for the chlorine atoms. First order (dipole) populations were 

refined for the hydrogen atoms. Four groups of atoms were assigned common 

expansion/contraction factors, two for each group, one for the spherical valence 

density and one for the aspherical functions, K
1 and "'" respectively. The four 

groups of atoms were:-

Group 1 sp3 hybridised carbon atoms: · C(l) to C(3) and C(lO) to C(16) 

Group 2 sp2 hybridised carbon atoms: C( 4) to C(9) 

Group 3 the chlorine atoms. 

Group 4 the hydrogen atoms. 

As for the lAM refinement, both these K-parameters were fixed at a value of 

1.2 for the hydrogen atoms. The K
1 parameters for the other three groups were 

all allowed to refine, as were the K
11 parameters for the two different groups of 

. carbon atoms. The K 11 parameter for the chlorine atoms refined to an unusually 

high value of 1.62(2). This did not result in a noticeable improvement in 

the fit of the model to the experimental data nor did the model deformation 

density resemble more closely the residual density from the lAM model. It 

was therefore decided to constrain the K
11 parameter for the chlorine atoms to 

a value of 1.0. 

The lAM refinement was made purely as a reference for the multipole 

refinement. Perfectly satisfactory refinements of a spherical atom model had 
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SPH MULT 

No. of Parameters refined 226 748 

No. of data used 13662 13662 

Criterion for observed data F> CT(F) F> CT(F) 

Scale Factor - 0.8534(6) 0.8379(8) 

R(F) 
. 0.0401 0.0307 

wR(F) 0.0474 0.0385 

Goodness of Fit 1.576 1.299 

Min/Max Shift/esd 0.0014, 0.52 0.0001, 0.086 

Min/Max Residual Density (eA-3 ) -0.741, 1.024 -0.527' 0.299 

K.
1 and K.

11 values for 

Group 1 1.0, 1.0 1.011(6), 0.79(2) 

Group 2 1.0, 1.0 1.013(8), 0.80(3) 

Group 3 1.0, 1.0 1.030(3), 1.0 

Group 4 1.2, 1.2 1.2, 1.2 

Table 5.2: Some details of the refinements SPH and MULT. 

already been made using the program UPALS, the results from which were 

discussed in Chapter 4. The results of the refinement using XD showed no 

significant differences from these previous results. 

Some of the details of the two refinements, SPH and MULT, are given in 

Table 5.2. 

The results of the refinement MULT are discussed below. Some of the 

general results are discussed first and then each of the bond types; aromatic 

C-C, single C-C, C-H and C-Cl bonds are discussed in turn. 

As a test of the refined atomic displacement parameters (adps), Hirshfeld's 

rigid bond test [11] was applied to both the adps from the SPH and MULT re

finements. The largest differences found in the root mean square displacement 

amplitudes were 0.0006A 2 in the SPH refinement (for the bonds C(5)-C(6) and 

C(6)-Cl(6)) and 0.0007A2 in the bonds C(5)-C(6) and C(7)-Cl(7) in refinement 

MULT. Both of these results are well within the 0.001A2 limit suggested by 
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Hirshfeld. 

The statistical agreement factors, R(F), wR(F) and the goodness of fit 

all showed satisfactory agreement. The multipole model agreement factors 

indicate that data are fitted more closely by this model which is unsurprising 

given the far greater number of refined parameters. 

An additional, and more informative, method of checking the model is the 

calculation and examination of difference Fourier maps. These are expected 

to differ for the two models. The residual maps Pobs - Pcalc,IAM should reveal 

the features of the density which result from the deformation of the density 

caused by bonding. The residual maps from the multipole refinement should 

be flat and featureless as the aim of using these models is to reproduce all of 

the density. 

For the carbon and hydrogen atoms of KM25 this is indeed the result, as 

illustrated by Figures 5.2 and 5.4 for example. Clear bonding features can be 

seen in the Pobs - Pcalc,SPH maps and the Pobs - Pcalc,MULT maps are indeed 

clean and featureless. This suggests that these atoms are well modelled by 

the refined multipole model. The chlorine atoms are less well modelled and on 

first inspection do not show the expected accumulation of charge in the region 

between the bonded nuclei.· This will be discussed below. 

The positional parameters agree very closely from the two refinements. The 

adps are consistently larger from the lAM refinement which is to be expected 

if these include some of the deformation density. 

Of the multipole population parameters refined it is only the monopole 

populations P00 which account for any transfer of charge between the atoms. 

Monopole populations greater than that of a the neutral atom ( 4.0 for carbon, 

7.0 for chlorine and 1.0 for hydrogen) show an increase in electronic charge. 

The higher multipole terms have no effect on the net charge but whereas the 

monopole terms have spherical symmetry the higher poles cause aspherical 
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Atom Charge II Atom Charge Atom Charge Atom Charge 

C(1) 0.0(1) C(10) -0.1(1). Cl(1) -0.2(1) H(2) +0.15(8) 

C(2) -0.1(1) C(ll) +0.1(1) Cl(5) -0.1(1) H(3) +0.29(9) 

C(3) 0.0(1) C(12) +0.3(1) Cl(6) -0.2(1) H(lO) +0.11(9) 

C(4) 0.0(2) C(13) +0.1(1) Cl(7) -0.4( 1) H(ll) +0.14(8) 

C(5) +0.2(2) C(14) -0.1(1) Cl(8) -0.5(1) H(13) +0.23(8) 

C(6) +0.2(2) C(15) 0.0(1) Cl(12) -0.2(1) H(14) +0.22(8) 

C(7) 0.0(2) C(16) -0.2(1) Cl(13) -0.1(1) H(15) +0.24(8) 

C(8) -0.2(2) Cl(14) -0.3(1) H(16a) +0.32(9) 

C(9) 0.0(2) Cl(15) -0.1(1) H(16b) +0.22(9) 

Table 5.3: Atomic charges from multipole model refinement MULT. 

deformations. 

The refined monopole populations are consistent with simple ideas of elec

tronegativity, i.e. all the chlorine atoms have a small negative charge and the 

hydrogens a small positive one, see Table 5.3 

The aromatic ring: C( 4) to C(9) 

The atoms C( 4) to C(9) form a six membered planar ring. The results 

from the neutron study (see Chapter 4) show the bond angles within the ring 

to all be 120° ± 1.2°, the ideal angle for sp2 hybridised carbon atoms. These 

structural features suggest that the ring is an aromatic ring without angular 

strain. It is therefore interesting to examine the electron density and see if it 

is compatible with such a structure. 

Figure 5.2 shows the difference density Pobs - Pcalc,SPH in the plane of the 

aromatic ring, where Pcalc,SPH is the calculated density for the refined lAM 

of the SPH refinement. This residual density map shows electron density ac

cumulation between the pairs of bonded nuclei. Figure 5.3 shows map of the 

multipole density in the same plane and shows how this density has been mod

elled in refinement MULT. The increased density shown in this plot, relative 

to that in Figure 5.2, is due to the effect of thermal smearing which is present 
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Figure 5.2: Difference Fourier of the plane of the aromatic ring C( 4) to C(9). Pob• -

Pcalc,SPH for all data to sinO/>. 0. 7 A -l. Contours drawn at O.leA -a intervals. 

in the dynamic difference map but not in the dynamic model map shown in 

Figure 5.3. The clean, featureless residual density for the MULT refinement, 

shown in Figure 5.4, demonstrates that this model has successfully taken into 

account all the electron density in this plane. 

The results from the topological analysis are compatible with the multiple 

bonds expected of an aromatic structure. (3,-1) critical points were located 

between all pairs of nuclei which, from the interatomic separations, are con

sidered to be bonded. The electron density at these points, p(rc), is higher, 
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Figure 5.3: Static deformation density map in the plane of the aromatic ring C( 4) to C(9) 

for data to sinO/). of 1.08A -l. Contours drawn at 0.1eA - 3 intervals. 

I Bond 

C(4)-C(5) -24.02 -17.51 7.58 2.562 -33.951 0.37 1.39 0.782 0.610 

C(4)-C(9) -19.50 -17.05 8.73 2.467 -27.823 0.14 1.40 0.758 0.646 

C(5)-C(6) -28.39 -20.60 7.00 3.032 -41.992 0.38 1.41 0.781 0.625 

C(6)-C(7) -22.20 -15.47 8.13 2.475 -29.538 0.43 1.41 0.701 0.705 

C(7)-C(8) -21.41 -13.33 10.06 2.295 -24.678 0.61 1.40 0.657 0.746 

C(8)-C(9) -23.94 -16.81 9.16 2.764 -31.586 0.42 1.38 0.737 0.642 

Table 5.4: Details of the bond critical points in the aromatic ring, C( 4) to C(9). For an 

explanation of the column headings see Page 148 
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Figure 5.4: Difference Fourier of the plane of the aromatic ring C(4) to C(9). Pob• -

Pcalc,MULT for all data to sinO/>.. 0.7A- 1. Contours drawn at O.leA-3 intervals. 
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Figure 5.5: Sections of the static model deformation density through the C(8)-C(9) and 

C(2)-C(ll) bonds, illustrating the difference in their axial symmetry . 

. on average, than that in the other C-C bonds in the structure; average den

sity 2.6eA - 3 compared to 2.0eA - 3 for the single C-C bonds. See Table 5.4 for 

details of the individual bond critical point in the aromatic ring. 

The C-C bonds in phenyl rings contain a significant 1!'-contribution. This 

should be reflected in the ellipticity of the bond. The ellipticity at the bond 

critical points of the ring has an average value of 0.4(1) which is larger than the 

maximum value found for the other C-C bonds and is significantly non-zero. 

The deviation from axial symmetry in these bonds is also illustrated by the 

two sections of the model density shown in Figure 5.5. 

C-C single bonds 

All carbon-carbon bonds other than the aromatic bonds discussed above, 

are single bonds. Figures 5.6 to 5.8 are composite maps of four non-coplanar 



CHAPTER 5. CHARGE DENSITY STUDY OF KM25. 

/. 

/"'-

l' 

164 

Figure 5.6: Composite difference Fourier map Pob$- Pcalc,SPH. Contours drawn at O.leA - 3 

intervals. 

sections; the sections are(a) that containing the C(l), C(12) and C(15) nuclei, 

(b) containing the C(l), C(2), C(ll) and C(12) nuclei, (c) containing the C(2), 

C(3), C(lO) and C(ll) nuclei and (d) containing the C(3), C(lO) and C(16) 

nuclei. The four sections are joined along their common internuclear vectors. 

The experimental deformation map Figure 5.6 and the static model de

formation map Figure 5. 7 both show an accumulation of charge density in 

the region between the bonded nuclei. The Laplacian of the electron density, 

shown in Figures 5.9 and 5.11, highlights these regions of local concentration 

in the electron density between the bonded nuclei. 

Similarly, an accumulation of charge is also seen in the remaining C-C single 

bonds as illustrated for the C(13)-C(14) bridgehead bonds in Figure 5.10 and 

for the C(3)-C( 4) and C(9)-C(10) bonds shown in Figures 5.2 and 5.3. 

Table 5.5 gives the values of certain prop.erties, including the electron den-
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Figure·5. 7: Composite static deformation density from refinement MULT. Contours drawn 

at O.leA -J intervals. 
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sity, at the bond critical points. (3,-1) critical points were located between 

all pairs of carbon nuclei considered to be bonded. As expected the electron 

density at the critical points in the single C-C bonds is generally lower than 

that in the aromatic C-C bonds. Table 5.5 gives the ellipticity of each of the 

bonds, which are lower than those of the aromatic C-C bonds. The greater 

axial symmetry is illustrated by Figure 5.5. 

In many of the single carbon-carbon bonds the peak of the density lies off 

the internuclear vector to the outer side of the rings. Such bent bonds are a 

means of easing the angular strain in these rings, such that the electron density 

is not as strained as the nuclear positions would suggest. Bent bonds have been 

noted in many structures, particularly those compounds which contain small 

cyclic groups such as cyclopropyl groups, see for example, the review article of 

Tsirelson and Ozerov (23]. 

Angular strain is particularly evident around the atom C(15). The bond 
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Figure 5.10: Static deformation density from the refinement MULT in the section con

taining the C(l), C(12),C(13) and C(14) nuclei. Contours drawn at O.leA - 3 intervals. 
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Figure 5.11: Laplacian of pin the plane of the C(l), C(12), C(13) and C(l4) nuclei. 
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/ Bond -
C(1)-C(2) -15.11 -13.52 8.92 1.878 -19.710 0.12 1.54 0.761 0.784 

C(1)-C(14) -17.18 -14.99 10.27 2.167 -21.900 0.15 1.5.5 0.858 0.689 

C(1)-C(15) -14.42 -11.68 9.64 1.743 -16.451 0.23 1.56 0.793 0.769 

C(2)-C(3) -14.74 -12.17 8.46 1.843 -18.446 0.21 1.56 0.704 0.861 

C(2)-C(11) -14.59 -13.56 11.51 2.038 -16.645 0.08 1.56 0.794 0.766 

C(3)-C( 4) -18.52 -15.16 9.90 2.264 -23.782 0.22 1.52 0.802 0.719 

C(3)-C(16) -14.09 -11.00 8.86 1.735 -16.221 0.28 1.56 0.740 0.822 

C(9)-C(10) -15.45 -11.51 10.76 1.974 -16.206 0.34 1.51 0.779 0.728 

C(10)-C(11) -13.77 -11.76 10.61 1.862 -14.926 0.17 1.55 0.802 0.753 

C(10)-C(16) -17.47 -16.63 10.50 2.311 -23.608 0.05 1.56 0.784 0.780 

C(11)-C(12) -18.22 -15.29 8.99 2.323 -24.519 0.19 1.55 0.698 0.848 

C(12)-C(13) -17.85 -16.78 7.57 2.271 -27.066 0.06 1.55 0.796 0.757 

C(12)-C(15) -16.02 -13.18 8.74 1.940 -20.468 0.22 1.55 0.766 0.788 

C(13)-C(14) -15.76 -13.54 8.72 1.925 -20.588 0.16 1.58 0.771 0.810 

Table 5.5: Details of the C-C single bond critical points. For an explanation of the column 

headings see Table 5.4. 

angle LC(1)-C(15)-C(12) is 93.3(1)0
• This significant deviation from the ideal 

tetrahedral angle of 109°28' for an sp3 hybridised carbon atom is the largest 

in this structure. Figure 5.12 shows the model deformation density in the 

section of the C(1), C(12) and C(15) nuclei and the peaks in the bond density 

can clearly-be seen to lie outside the internuclear vector. This bending of the 

bonding density is also indicated by the length of the bond path relative to the 

internuclear separation. For example, the C(1)-C(15) bond length is 1.555(2)A 

compared to the bond path length at 1.578A, and similarly for C(12)-C(15), 

the bond length is 1.549(2)A and the bond path length 1.576A. 

The bond angle LC(3)-C(16)-C(10) of 94.5(1)0 also indicates considerable 

angular strain. Again, the bond density peaks lie outside the internuclear 

vectors. However, the C(3)-C(16) bond appears to have a slightly unusual 

density distribution. Examination of the experimental deformation maps (see 

Figure 5.13) shows there to be very little density in this bond, although the 
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Figure 5.12: Static deformation density in the C(l), C(12), C(15) section. Contours drawn 

at O.leA - 3 intervals. 
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Figure 5.13: Three densities for the section containing the nuclei C(3), C(lO) and C(l6). 

From left to right:- difference Fourier density Pob• - Pcalc,SP H, static model deformation 

density and the residual density Pob•- Pcalc,MU LT· Contours drawn at intervals of O.leA -J. 

bond length of 1.554(2)A indicates a standard C-C single bond. The model 

density (see Figure 5.13) at the bond critical point, p(rc), is the lowest of any 

of the C-C bond critical points at 1. 7 4eA -J. However, the residual map, shown 

in Figure 5.13, does not indicate any unmodelled density nor is the low density 

correlated in any way to a long or apparently weak bond. 
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I Bond -
C(2)-H(2) -21.34 -20.27 19.38 2.188 -22.226 0.05 1.10 0.767 0.330 

C(3)-H(3) -26.22 -23.71 13.71 2.429 -36.223 0.11 1.08 0.754 0.330 

C(10)-H(10) -18.05 -15.11 12.64 1.937 -20.532 0.19 1.10 0.656 0.440 

C(ll)-H(ll) -17.18 -15.47 15.07 1.886 -17.581 0.11 1.10 0.696 0.401 

C(13)-H(13) -21.38 -20.61 14.79 2.219 -27.197 0.04 1.09 0.745 0.348 

C(14)-H(14) -23.83 -19.36 16.27 2.249 -26.917 0.23 1.09 0.755 0.338 

C(15)-H(15) -22.42 -21.44 15.72 2.229 -28.135 0.05 1.10 0.761 0.338 

C(16)-H(16a) -20.03 -18.94 14.48 1.970 -24.484 0.06 1.10 0.766 0.335 

C(16)-H(16b) -22.37 -21.59 15.56 2.236 -28.392 0.04 1.10 0.755 0.344 

Table 5.6: Details of C-H bond critical points. See Table 5.4 for details of the column 

. headings. 

C-H bonds 

As with the C-C bonds discussed above, an accumulation of charge density 

. is also observed in the region between the hydrogen atoms and the ligated 

carbon atoms. This density is of about the same order as in the C-C single 

bonds with a slightly higher average density (2.15eA - 3
) at rc· This i~ probably 

due to the shorter C-H separation making for somewhat denser bonds. 

Figure 5.14 shows the static model deformation density in the plane con

taining the C(16), H(16a) and H(16b) nuclei. This Figure clearly shows the 

displacement of the centroid of the electron density relative to the nuclear po

sition, as derived from neutron diffraction data. This illustrates the cause of 

the systematic difference between the C-H bond lengths determined by X-ray 

and neutron studies. This is also true of the density of the hydrogen atoms 

attached to carbons C(13) and C(14), also shown in Figure 5.14. Table 5.6 

gives details of the bond critical points located in the C-H bonds. 



CHAPTER 5. CHARGE DENSITY STUDY OF KM25. 174 

Figure 5.14: Sections of the static model deformation density containing the C(16),H(16a) 

and C(16b) nuclei on the left and C(14),C(13),H(14) and H(13) nuclei on the right. Contours 

are drawn at O.leA -a intervals. 
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C-CI bonds 

Unlike the C-C and C-H bonds discussed above, examination of the ex-

. perimental deformation maps does not systematically show an accumulation 

of charge density in the region between the chlorine atoms and their ligated 

carbon atoms. In the bonds where some accumulation is observed it is very 

much lower than that seen in the C-C and C-H bonds. 

Figure 5.15 shows some density in the C(6)-Cl(6) and C(7)-Cl(7) bonds 

and very little density in the C(5)-Cl(5) and C(S)-Cl(S) bonds. This density 

has been modelled as shown in Figure 5.16. Difference Fourier maps of other 

sections containing C-Cl bonds show a similar lack of density in the bonding 

region,, see Figure 5.17 for example. 

Although the apparent lack of bonding density in the C-Cl bonds may 

appear to be contrary to expectation it is not without precedent. One of 

the best known examples, reported by Dunitz and co-workers [24] and further 

investigated by Hirshfeld [25], is that of tetrafl.uoroterephthalonitrile, (TFT). 

They observed very little bonding density in the C-F bond in both the dynamic 

experimental deformation maps and in the static model deformation maps from 

Hirshfeld's study. 

· A similar situation has been observed in a number of structures contain

ing chlorine. No C-Cl bond density was observed in the study of 2-amino-5-

chloropyridine [26] nor in that of 2-(2-chlorobenzoylimino)-1,3-thiazoline [27]. 

Several papers have been published [28, 29, 30] which offer possible expla

nations of this lack of accumulation in what otherwise appear to. be covalent 

bonds, not only in carbon-halogen bonds but also in bonds between other elec

. tronegative atoms, such as 0-0 bonds in peroxides and inC-Nand C-0 bonds 

in other compounds [31]. 

These works suggest that the use of the lAM may not be the most ap-
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Figure 5.15: Difference Fourier map in the plane of the aromatic ring. Pob• - Pcalc,SPH 

for all data to sinO/>. o.7A-1. Contours drawn at O.leA-3 intervals. 
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Figure 5.16: Static model deformation density in the plane of the aromatic ring. 

Pcalc,MULT for all data to sinO/'>. 0.7A- 1. Contours drawn at O.leA-3 intervals. 
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propriate reference model to use to investigate the bonding in all bonds. For 

example, Kunze and Hall [28] describe the situation of fluorine in F2 . For the 

electronic configuration 2s 22p5 a spherical atom model will distribute the 5 

electrons evenly over the three p orbitals and so 1 ~ electrons will be removed 

from the direction along the bond. However, if there are in fact two filled 

p orbitals and one electron in the orbital lying in the direction of the bond, 

then the extra ~ of an electron removed will compensate considerably for any 

accumulation of charge which results from bonding. 

The suggestion has been made that, in order to investigate the bonding 

density in such situations, 'prepared' atoms may be more appropriate as a 

reference state. These prepared atoms have already taken into account orien

tation, polarisation and hybridisation effects. A second stage of deformation, 

due to the formation of a covalent bond, may then be investigated. 

Such a model was proposed called the Oriented-Atom Model or OAM [4]. 

This model has been used in the study of a series of chlorobenzene derivatives 

[32]. In the initial experimental deformation maps using a conventional lAM 

as the reference density, very little accumulation of charge was observed in 

the C-Cl bonds. Such models account for the lone pair density explicitly and 

reveal the bonding density. 

Features consistent with lone pair electron densities can be seen in the dif

ference Fourier map shown in Figure 5.15 and in the model electron density 

shown in Figure 5.16. Figure 5.18 shows a section of the static deformation 

density through the Cl(8) nucleus perpendicular to the C(8)-Cl(8) internuclear 

vector. This map shows lobes of electron density suggestive of lone pair elec

tron density, as do many of the other chlorine atoms in this structure. The 

orientation of these lobes of density appears to vary with respect to the C-Cl 

internuclear vectors but this is not perhaps surprising since all the chlorine 

atoms form terminal bonds to the ligated carbon atoms. 
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Figure 5.18: Static deformation density in a section through the Cl(8) nucleus perpen

dicular to the C(8)-Cl(8) internuclear vector. Contours are drawn at O.leA -J intervals. 
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I Bond 

C(1)-C1(1) -7.46 -5.14 11.02 1.194 -1.584 0.45 1.77 0.837 0.931 

C(5)-Cl(5) -9.25 -7.90 12.16 1.352 -4.988 0.17 1.72 0.820 0.901 

C(6)-Cl(6) -14.94 -10.99 13.57 1.748 -12.357 0.36 1.71 0.751 0.962 

C(7)-Cl(7) -12.29 -8.43 13.88 1.781 -6.845 0.46 1.71 0.823 0.891 

C(8)-Cl(8) -12.61 -8.91 14.26 1.568 -7.260 0.41 1.72 0.786 0.933 

C(12)-Cl(12) -10.81 -10.28 11.20 1.451 -9.901 0.05 1.77 0.775 0.996 

C(13)-Cl(13) -11.02 -8.58 13.22 1.541 -6.383 0.28 1.77 0.768 1.006 

C(14)-Cl(14) -13.92 -7.72 14.98 1.453 -6.653 0.80 1.78 0.832 0.951 

C(15)-Cl(15) -11.94 -9.65 13.33 1.648 -8.262 0.24 1.77 0.807 0.964 

Table 5. 7: Details of the C-Gl bond critical points. 

Topological analysis of the electron density is free of the problems associ

ated with the use of the lAM as the promolecule density as it uses the total 

electron density. Bond critical points were located between each of the bonded 

carbon and chlorine nuclei. The electron density at these bcps is somewhat 

lower than for the other types of bond. The values of p(rc) at the carbon

chlorine bond critical points are given in Table 5.5. However, the same argu

ment as that used to explain the higher densities in the C-H bonds suggests 

that this may be a consequence of the longer internuclear separations of the 

C-Cl bonds. 

The Laplacian of p, \72p(r), is also free of the problems associated with the 

lAM promolecule density. Local charge concentrations can indeed been seen 

in between the bonded carbon and chlorine nuclei, see Figure 5.19. 

The atomic shell structure is also revealed by the Laplacian of p. Fig

ure 5.20 shows the \72p(r) in the section containing the C(15), Cl(15) and 

H(15) nuclei. Two shells are visible for the chlorine atom, one for the carbon 

and none for the hydrogen atom which has no core electrons. 

The chlorine atoms are the least well modelled in the structure, with neg

ative 'peaks' of electron density in the residual maps Pobs - Pcalc,mult of up to 
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Figure 5.20: Relief plot of the Laplacian of p ('V12p(r)) in the section containing the C(15), 

Cl(15) and H(15) nuclei. 
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around 0.5eA - 3 at the nuclear positions. However, the effect of any systematic 

errors in the data will tend to accumulate at the atomic positions, particularly 

at those of the heavier atoms. Such differences form a very small percentage 

of the total electron density of these atoms. 

In general terms, the multipole model has successfully modelled the ob

served electron density in KM25 , especially for the carbon and hydrogen 

atoms. This study therefore shows that such studies of these compounds are 

feasible and can give credible results. 

The results of this study provide an important reference density for com

parison with other compounds in the series. However, the conclusions which 

can be drawn from this study in isolation are limited. A charge density study 

of the starting isomer, KM22; which rearranges to form KM25 may be more 

informative in terms of the compounds reactivity. Studies of more than one 

starting isomer with differing rates of rearrangement would be particularly in-

. teresting. There may also be scope for examining such densities in terms of 

reactivity using Bader's topological analysis of the electron density. 
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Chapter 6 

Structural Studies of Four 

Coordinate Nb Half-Sandwich Imido 

and Mo Bis(imido) Bent 

Metallocene Analogues 

6.1 I ntr6d uction 

This chapter contains details of the structure determination of several organometal

lic complexes synthesised by the group of Prof. V.C. Gibson of the Department 

of Chemistry, University of Durham. This work has been published in Refer

ences [1, 2] and [3] and details of the syntheses and other characterisation of 

the samples is given in the Ph.D. theses of A.D. Poole, M. Jolly and P.W. Dyer 

[4, 5, 6] 

These compounds can be considered as analogues of the bent Group 4 met

allocenes [Cp2ML2], where M=Ti, Zr. Complexes containing the bent metal

locene fragment have been found to be important reagents in organic syntheses 
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[7) and as catalysts for polymerisation reactions, for example as Ziegler Natta 

catalysts [8). 

In comparison to the highly symmetrical 'normal' metallocenes, such as 

ferrocene, the metallocenes of early transition metals are electron deficient. 

However, they may achieve an 18-electron configuration by coordinating ad

ditional ligands which, in turn, causes the [Cp2 M) fragment to adopt a bent 

geometry. Lauher and Hoffman [9) have examined the frontier orbitals of a 

bent [Cp2 M) fragment using Extended Huckel Molecular Orbital calculations 

on a model of [Cp2 Ti]2+. They have computed that there are three empty, 

low-lying molecular orbitals (one b2 and two ai) which may bind additional 

ligands. All three of these molecular orbitals lie in the yz plane as shown in 

Figure 6.1. The b2 orbital is mainly dyz in character, whereas both a1 orbitals 

contain some contribution from the s and p as well as the dx2-y2 and dz2 or

bitals. The la1 is strongly directed along the y-axis and the 2a1 is hybridised 

along the z-axis. 

Gibson et al [10) have carried out Fenske-Hall calculations (using a consis

tent set of coordinate axes) investigating the bonding in Group 5 half-sandwich 

imido complexes such as [CpNb(NMe)Ch] and some other related cyclopen

tadienyl compounds. The accessible frontier orbitals available for ligand co

ordination in these compounds were found to be very similar (in energy and 

orientation) to those of the bent metallocenes. From a consideration of the 

bonding of both cyclopentadienyl, Cp-, and imido, NR2-, closed shell anions 

it can been seen that both form (211" + 10") type interactions with a transi

tion metal. The Cp group in Cp2 ZrX2 forms a strong 11"-type interaction with 

the metal dxz and dyz and a O"-type interaction with the s and Pz orbitals. 

For the later transition metals, the two unfilled 8* -symmetry orbitals of the 

Cp ligand are another important difference as 8- 8* back-bonding from filled 
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X Nb X 

I 
Me~ 

Figure 6.1: Axial framework for MO calculations and representations of the three low 

lying Molecular Orbitals. 
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Figure 6.2: Representation of the energies of the [Cp]- and [NR]Z- fragment frontier 

orbitals. 

metal d-orbitals of suitable symmetry is possible. 

The linear imido group, NR, formally donates four electrons. one less elec

tron than the 17 5-C5Hs group, to the metal electron count. This suggests that 

half-sandwich imido Group 5 complexes can be considered to be valence isoelec

tronic and isolobal to the Group 4 metallocenes. By analogy t.his relationship 

may be extended to the bis(imido) complexes of Group 6 metals, see Figure 6.3 

Imido ligands have the useful ability to act as both two and four electron 

donors to transition metals as shown in Figure 6.4. The linear, four electron 

donor implies a triple M-N bond where an sp hybridised nitrogen forms one 0' 

and two 1r bonds to the metal. In the bent bonding mode the imido acts as 

a two electron donor retaining its lone pair on the nitrogen. The variation in 

bonding mode allows the stabilisation of the metals in their highest oxidation 

states yet the imido ligand can also act as a two electron donor on reduction 

of the metal centre [ 11]. The two electron donating mode of bonding usually 

occurs when there is only one metal orbital of 7r-symmetry available or where 

the metal d-orbitals are filled. The use of a bulky organo substituent can also 
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Figure 6.3: Isolobal 14 electron fragments of Group 4, 5 and 6 metals. 

+ 
M=N-R 

(1) (2) 

Figure 6.4: Two of the possible bonding modes of the imido group NR2-. 
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be employed to stabilise low coordinate. highly reactive metal centres and thus 

imido ligands can provide a means of tailoring both the steric and electronic 

properties of the complex. 

Although the strength of the .M-L multiple bond may pro\·ide an important 

stabilising effect in catalytic cycles it is still an unsaturated bond and as such 

remains a possible reactive site. However, these ligands are increasingly being 

used as ancillary ligands, much as cyclopentadienyl groups are commonly used. 

The isolobal arid valence isoelectronic relationship of the Group 4 and .j 

complexes to the Group 4 metallocenes, the chemistry of which is very well 

documented, allows the geometry and chemistry of these compounds to be pre

dicted to a certain degree. A large number of these Group 4 and .j compounds, 

with chemistry related to the Group 4 metallocenes, have been synthesised and 

their chemistry investigated. Single crystal X-ray diffraction studies on six of 

these compounds have been made, the results of which are reported herein. 

These studies allow the detailed geometry of these molecules as determined 

experimentally to be compared to that predicted using this ·isolobal' relation

ship. 

6.2 Experimental 

The six compounds discussed herein and the numbering scheme used for the 

complexes are shown in Figure 6.5. For atom labelling schemes see Figures 6.9 

to 6.18 later in this chapter. 

All six compounds were sensitive to air and to moisture and so were 

mounted in capillaries under N2 using dried Apiezon grease. In all cases data 

were collected on an automated 4-circle Rigaku AFC6S diffractometer using 

graphite monochromated Mo-Ka X-radiation. Data were collected at room 
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Figure 6.5: Numbering scheme for the organometallic compounds. 

R=2,6-iPr2C6H3. 
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temperature for 1 and 2 and also for 4 as cooling was not satisfactory for this 

compound. 3 was measured at 120K and 5 and 6 were necessarily measured at 

low temperatures as both compounds had low melting points. Cooling was ef

fected using a Cryostream [12] N2 gas stream device. Details of data collection 

are given in Tables 6.1 to 6.4. 

Net intensities, corrected for Lorentz-polarisation effects, were calculated 

from the raw X-ray data by the PROCESS program; part of the TEXSAN [13] 

package. Data for all compounds were corrected for absorption by means of 

an empirical correction using the '~/;-scan measurements. 

All refinements were made using the SHELXTL-Plus [14] package by full 

matrix least-squares minimisation of 

L w[IF(h)lobs- jF(h)lcalc] 2 

where 

Hydrogen atoms were placed in calculated positions using the positions 

of other relevant atoms at a C-H separation, dcH, of 0.96A. The positional 

parameters of the hydrogens were constrained to ride on the ligated carbon 

atoms, i.e. calculated shifts in x} y and z for a given carbon atom were applied 

to the attached H atom. Due to large thermal vibrations in several of the 

compounds other constraints and restraints were applied as detailed below. 

Positional parameters and anisotropic adps were refined for all non-hydrogen 

atoms. All hydrogen atoms were given fixed isotropic adps, U;50 = 0.08. 

Apart from the carbon atoms, C(9), C(10) and C(ll) for which a com

mon isotropic adp was refined, anisotropic adps were refined for all other non-
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hydrogen atoms arid positional parameters were refined for all non-hydrogen 

atoms. The tertiary butyl group containing the above carbon atoms showed 

large thermal vibrations and was restrained to form a regular tetrahedron with 

a refined C-C bond length of 1.482(8)A. The hydrogen atoms were treated as 

before with a fixed Visa of o.osA 2 • 

This compound crystallised with one full molecule and two half molecules 

in the asymmetric unit. The two half molecules are situated on the 2-fold axes 

with the Mo atoms constrained to be on the special positions 0.5, y, 0.25 and 

0, y, 0.25 and their anisotropic thermal factors constrained to be consistent 

with the 2-fold symmetry. The identical length of the cell dimensions a and b 

prompted a thorough search for higher symmetry to be made although none 

was found and the monoclinic symmetry was confirmed by the satisfactory 

refinement. 

The isopropyl groups showed large thermal motion so the distances de-c 

from car bon (a) as labelled in Figure 6. 6 to car bon (b) in each 'molecule' or 

part molecule were restrained to a refined common bonded C-C separation of 

1.50(2)A. 

Of the non-hydrogen atoms the thermal parameters of the Mo, P, N and 

methyl carbons of the PMe3 groups were refined anisotropically while all car

bon atoms of the 2,6-diisopropylphenylimido ligands were refined isotropically. 

Individual isotropic adps were refined for the phenyl carbon atoms marked (c) 

in Figure 6.6. Common isotropic adps were refined for the carbon atoms (a) 

and for carbon atoms (b) in each of the 'molecules'. The hydrogen atoms were 

divided into four groups; methyl hydrogens of the PMe3 ligands and phenyl hy

drogens (each group with a common refined isotropic adp) and the hydrogens . 

of the isopropyl groups attached to atoms (a) and (b) were assigned isotropic 

adps 1.2 times that of the ligated carbon atoms. 
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b 

b 

c 

Figure 6.6: 2,6-diisopropylphenyl imido ligand with labelling for discussion. 

This compound showed considerable disorder which was modelied as fol

lows. The cyclopentadienyl group was modelled as two rings; C(l) to C(5) 

and C(lA) to C(5A) with occupancies of 0.55 and 0.45. These rings were 

constrained to be regular pentagons with a C-C separation of 1.42A and were 

refined· as a rigid group with a common isotropic adp. Hydrogen atoms also 

· formed part of the rigid group and were assigned isotropic adps 1.2 times that 

of the carbon atoms. 

Both the CF3 and butyl carbon frame of the trifluorobutoxide ligands were 

restrained to the geometry of a regular tetrahedron, C-F and C-C separations 

were refined in each ligand. As for the cyclopentadienyl ring, these were also 

modelled as two sites C(ll), C(12) C(13) with 0.7 occupancy and the second 

sites, C(UA), C(12A) C(13A), with an occupancy of 0.3. Similarly for the 

group attached to C(14) where the occupancy was 0.5 for each site. 
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Anisotropic adps were refined for the atoms Nb(l ), the non-hydrogen atoms 

of the imido ligand and the oxygen atoms of the alkoxide ligands. Positional 

parameters were refined for all non-hydrogen atoms apart from those of the 

constrained Cp rings. Isotropic adps were refined for C(lO) and C(14). Com

mon isotropic adps were refined for the fluorine and for the carbon atoms in 

each butoxide ligand. Hydrogen atoms were assigned isotropic adps 1.2 times 

those of the ligated carbon atoms, apart from those of the imido ligand which 

were fixed at o.osA 2 • 

This compound also showed some disorder although to a far lesser degree. 

The tertiary butyl group of one imido ligand, that of N(2), was modelled as 

two sites with occupancies 0.6 and 0.4. Individual isotropic adps were refined 

for the carbon atoms C(14), C(15) and C(16) and their second site equivalents 

C(14A), C(15A) and C(16A). Anistropic adps were refined for all other non

hydrogen atoms and hydrogen atoms were refined an isotropic adp of O.OSA 2 • 

Positional parameters were refined for all non-hydrogen atoms. 

6.3 Results and Discussion 

This discussion is organised such that the initial part contains details relevant 

to all or several of the compounds. A slightly more detailed discussion of the 

individual structures then follows. The results of the studies of 1 to 4 have 

been published see references [1, 2] and [3]. 

All the compounds studied, 1 to 6, can be considered as four coordinate 

at the metal and to have approximately tetrahedral geometry. 1 and 4 are 

half-sandwich niobium imido c~mplexes, i.e. niobium complexes with an ry 5
-

cyclopentadienyl ring and one imido group. The remaining four compounds, 

2, 3, 5 and 6, are his-imido molybdenum complexes. 
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I Compound II 1 2 3 

Formula NbNPC26H35 MoN2PC14H33 MoPC25N2H37 

Molecular Weight 485.4 356.3 492.5 

Deale gcm-3 1.276 1.192 1.221 

Cell Parameters 

a( A) 16.140(2) 9.312(2) 13.980(3) 

b(A) 16.919(2) 9.723(2) 15.332(6) 

c(A) 18.511(4) 11.203(2) 24.988(9) 

ao 90.0 78.85(2) 90.0 

{30 90.0 88.23(2) 90.0 

/o 90.0 85.94(2) 90.0 

Volume(A3) 5054.5(1) 992.5(4) 5356(3) 

Temperature (K) 293 293 120 

z 8 2 8 

Crystal System Orthorhombic Triclinic Orthorhombic 

Space Group Pbca PI Pbca 

Crystal description prism prism needle 

Colour· orange orange yellow 

Dimensions( mm) 0.3 X 0.15 X 0.35 0.25 X 0.35 X 0.5 1.0 X 0.2 X 0.2 

Absorption 

J-l (mm-1) 0.55 0.73 0.56 

min/max transmission 0.89/1.00 0.908/1.00 0.92/1.00 

Table 6.1: Details of Data Collection for 1, 2 and 3. 
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I Compound II 1 2 3 

Formula NbNPC26H3s MoN2PC14H33 MoPC2sN2H37 

2(} 0 range for 20-28 6-13 18-21 

Cell parameters 

2(} 0 range data collection 5-55 5-55 5-55 

Scan width A,B 1.52 0.3 1.37 0.3 0.945 0.4 

(A+ BtanB 0
) 

Scan Speed (w) 0 min- 1 2.0-8.0 1.0-4.0 0.8-8.0 

No.of data measured 6544 4945 8099 

No.of unique data 5799 4555 4722 

No.of observed data 2350 3839 2344 

( cr(F) cut-off) 3 4 2 

Rint 0.0061 0.0115 0.0656 

No. of parameters 262 149 262 

refined 

Final R 0.0559 0.0456 0.0585 

Final·Rw 0.0452 0.0644 0.0673 

Goof 1.289 1.553 1.08 

weighting (g) 0.0001 0.001 0.0015 

(~P)min(eA~3 ) -0.49 -0.65 -1.07 

(~P)max(eA - 3) 0.48 0.92 0.72 

Table 6.2: Details of Data Collection (cont'd) for 1, 2 and 3. 
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j Compound II 4 5 6 

Formula MoP2N 2C3oHs2 NbC14H26N02F 6 MoN202C16H36 

Molecular Weight 598.6 483.3 384.4 

Deale gcm-3 1.171 1.49 1.16 

Cell Parameters 

a( A) 25.848(6) 25.90(1) 17.969(4) 

b(A) 25.848(3) 10.214(5) 7.885(2) 

c(A) 21.340(3) 16.377(5) 17.881(4) 

ao 90.0 90.0 90.0 

/30 107.72(2) 96.04(3) 119.64(3) 

10 90.0 90.0 90.0 

Volume(A3) 13581(4) 4309(3) 2201.9(9) 

Temperature (K) 293 150 200 

z 16 8 4 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group C2/c C2/c P2Ifc 

Crystal description prism cube pnsm 

Colour. dark green colourless pale yellow 

Dimensions( mm) 0.6 X 0.4 X 0.2 0.4 X 0.4 X 0.4 0.3 X 0.3 X 0.2 

Absorption 

J.l (mm- 1) 0.499 0.619 0.601 

min/max transmission 0.936/1.00 0.954/1.00 0.83/1.00 

Table 6.3: Details of Data Collection for 4, 5 and 6. 
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J Compound II 4 5 6 

Formula MoP2N2C3oH52 NbC14H26N02F 6 MoN202C16H36 

2() 0 range for 20-24 20-24 24-30 

lattice parameters 

2() 0 range data collection 5-45 5-50 5-50 

Scanwidth A,B 1.26 0.35 1.37 0.3 1.31 0.3 

(A+ BtanB 0
) 

Scan Speed (w) 0 min- 1 2.0-16.0 1.1-8.0 1.0-8.0 

No.of data measured 9344 4225 4449 

N o.of unique. data 8874 3792 3887 

No.of observed data 4121 2702 2965 

( O'(F) cut-off) 2 4 4 

Rint 0.016 0.020 0.018 

No. of parameters 382 172 187 

refined 

Final R 0.0603 0.0754 0.0429 

Final Rw 0.0668 0.1014 0.0486 

Goof 1.71 2.29 2.04 

w~ighting (g) 0.0002 0.0008 0.0001 

(dp)min(eA- 3
) -0.36 -0.98 -0.42 

( dp )max ( eA - 3) 0.66 1.04 0.58 

Table 6.4: Details of Data Collection ( cont'd) and Structure Refinement. 
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The tetrahedral geometry can be illustrated by certain bond and interpla

nar angles. For example the bond angles around the Mo atom in 3 range from 

100. 7(2) 0 to 117.6(3)0
• The use of the centroid of the Cp rings, X, and the 

midpoint, Y, of the coordinated C-C bond of the acetylenes and olefins ofl, 

2 and 3 facilitates this demonstration. 

Examination of the angle between the plane defined by the Cp centroid, 

imido N atom and the metal for the half-sandwich imido complexes or the two 

imido N atoms and the metal for the his-imido ligands and a second plane 

containing the ligated atoms of the remaining ligands, e.g. C(l ), C(2) and 

P(1) for 3, also illustrates the tetrahedral geometry. 

Figures 6.9 and 6.11 to 6.18 show the molecular structure and labelling 

scheme for each of the complexes and selected bond lengths and angles are 

given in Tables 6.5 to 6.10. Full lists of atomic coordinates, adps, bond lengths 

and angles are given in Appendix A. 

Atoms defining Interplanar 

Compound Plane 1 Plane 2 angle (0
) 

1 X, N(1), Nb C(1), C(2), P, Nb 95.9 

2 N(1), N(2), Mo(1) C(1), C(2), P(1), Mo(1) 89.4 

3 N(1), N(2), Mo C(1), C(2), P(1), Mo 90.4 

4 N(31), N(32), Mo(3) P(31), P(32), Mo(3) 82.8 

5 X, N(1), Nb(1) 0(1), 0(2), Nb(1) 89.4 

6 N(1), N(2), Mo(1) 0(1), 0(2), Mo(1) 90.4 

However, as well as illustrating the tetrahedral geometry these angles are 

also important to the discussion of the pseudo-isolobal relationship between 

these compounds and the Group 4 bent metallocenes. If the pseudo-isolobal 

relationship, as discussed in the introduction to this chapter, is valid, then the 

coordinated acetylenic carbon atoms of 1· and 3 and olefinic carbons of 2 are 

expected to be coplanar with the phosphorous atom of the phosphine ligand 

and the metal. 
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1\ 
Figure 6. 7: Diagram showing an MO view of olefin-metal bonding. (J' interaction shown 

on the left. ii backbonding on the right. Shading indicates filled orbitals. 

Compound Atoms defining plane :viean deviation from plane (A) 

1 C(l), C(2), P, Nb 0.0292 

2 C(l), C(2), P(l), Mo(l) 0.0381 

3 C(l), C(2), P, i'vlo 0.0172 

These atoms are clearly coplanar and show the geometry predicted for bent 

metallocene analogues, thus lending support to the pseudo-isolobal relation

ship. 

In general terms the propene, the benzyne and the diphenylacetylene~ in

teract with the metal in a similar manner. The interaction between the olefin 

and the metal has both a 0' and 1r component; the 0' component comes from 

the donation of C=C ;r-electrons to an unfilled d orbital on the metal, the 

1r-component comes from the back donation from a filled metal d orbital into 

the vacant C=C 1r* orbital, as shown in Figure 6. 7. This back donation results 

in the lengthening of the C=C bond and in the extreme case the system may 

be viewed as a metallacyclopropane. The situation is similar for the alkynes 

but there are two sets of filled orthogonal 1r-orbitals available. Alkynes can 

therefore act as either two or four electron donors in which there is either a 0' 

type donation or both 0' and 7r donation. 

The structure of complex 2 is consistent with this model of the bonding. 
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The C-C bond length for C(1)-C(2) of 1.431(7) is significantly longer than 

that of a free C=C suggesting that there is considerable back bonding from 

the metal to the C=C 1r* antibonding orbital. 

Similarly, the C-C separations in 1 and 3 are also longer at 1.34(1) and 

1.306(12)A than for a free C=C bond (1.18A) as given in Reference [15]. For 

these two compounds there is the added possibility of the alkynes acting as four 

electron donors, through the two mutually orthogonal 1r-systems. Templeton 

[16] has reported an empirical correlation of the number of electrons formally 

donated by the alkyne and the chemical shift of the bound acetylene nuclei 

in 13C NMR spectra. The chemical shifts for the two acetylene carbon nuclei 

of 3 lie somewhere between the values for two and four electron donors. This 

intermediate value has been attributed to only partial donation from the second 

filled 1r-system of the alkyne due to competition for the available metal 7r

symmetry orbitals from the imido ligands [6]. 

The two bonding modes are expected to be reflected in structural changes 

in the acetylene and benzyne ligands. Churchill and Youngs [17] observed 

a marked alternation of bond lengths around the benzyne ring in Schrock's 

[Ta(ry 2-C6 H4 )(ry 5C5 H5 )Me2] complex. The alternating bond-lengths are consis

tent with the benzyne acting as a four electron donor, that is, electron pair 

donation from both filled 1r-orbitals of the benzyne. Such an alternation in 

these bond lengths is not seen in 1. All bonds lengths in the benzyne ring, 

except the C=C bond C(1)-C(2) at 1.340(10)A, are equivalent within experi

mental error. The C-C separation in 3 is shorter than in both the Zr and Ta 

[18, 17] benzyne compounds (1.364A in both cases). 

Structural changes are also observed in the diphenylacetylene ligand when 

it binds to the molybdenum. There is considerable bending at the acetylenic 

carbon atoms, shown by the bond angles LC(1)-C(2)-C(201) and LC(2)-C(1)

C(101) which are 138.4(9) and 142.0(9)0
• This bending at the acetylenic car

bons and the elongated C-C bond length suggest that there is considerable 
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Figure 6.8: Molecular 

[NbCp(N-2-ButCsHa)(PhC:CPh)(PMea)]. 

structure and labelling of 

back-bonding from the metal to the 7r* -orbitals of the acetylene. The closely 

related ~omplex [NbCp(N-2-ButC6H3)(PhC=:CPh)(PMe3 )], the structure of 

which has been determined at 150K by C.W. Lehmann [19], shows very simi

lar geometry around the acetylenic carbon atoms; comparable bond angles are 

LC(ll)-C(l)-C(2) 137.7(3) and LC(1)-C(2)-C(21) 136.0(3)0 and a short C-C 

separation of 1.309(5)A. See Figure 6.8. 

The greater electronegativity of the alkyne ligands relative to the alkenes 

is reflected in the shorter M-C separations for 1 (2.139(7), 2.194(7) A) and 3 

(2.081(8), 2.158(9)A) compared to those of 2 (2.238(4), 2.188(4)A). Shorter 

separations are also observed in the Nb diphenylacetylene compound discussed 

above (2.200(3), 2.144(3)A). The difference is especially marked given that Nb 

lias a larger ionic radius. 

As well as the overall tetrahedral geometry another feature common to 
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all six complexes is the. presence of the imido ligands. As discussed in the 

introduction· to this chapter, there are two main types of bonding for these 

ligands applicable to these complexes, linear and bent, shown in Figure 6.4. 

All the imido ligands in these compounds can be considered as linear from 

examination of the the bond angles LM-N-C. These angles are all greater than 

160° (except for in the Mo his-imido complex 6 where one of the angles is 

169.5(6)0 and the other 157.1(5)0
). Such bond angles are thought to indicate 

linear M=N triple bonds with the imido unit acting as an sp hybridised four

electron donor forming two Jr-bonds to the metal centre. However there are 

insufficient metal Jr- bonding orbitals available for two such ligands in a tetra

hedral arrangement and it has been suggested that this might result in one 

bent two electron donating imido ligand and one linear four electron donor. 

From examination of the structures of these complexes the situation does not 

appear to be clear. For example, in the his-imido 4 two imido ligands attached 

to two of the metal centres are not independent but are related by symmetry 

and so are necessarily equivalent. 

1 [NbCp(N -2,6-iPr2C6H3) (PMe3) ( 77 2-C6H4)] 

1 is a rare example of a niobium benzyne. The only other structurally charac

terised [Nb(772-C6H4)] complex is an unusuallithiated species [20]. The [Nb(772-

C6H4)Cp(N-2,6-Pr~C6H4)PMe3] structure reported here shows a very simi-

lar metallocene-type geometry to that reported by Buchwald [18] for [Zr( 77 5
-

CsHsh( 772-C6H4)PMe3]. 

The orientation of the benzyne ligand in the Ta complex [17] is very differ

ent from that of 1, as shown in Figure 6.10. The Nb benzyne has the 77 2-C6H4, 

Nb, P plane at an angle of 38.2° to the plane of the cyclopentadienyl ring, 

atoms C(19) to C(23), whereas in the Ta complex the benzyne ring is at an 

angle of 85.3° to the plane of the Cp ring and at 85.84° to the plane defined 

by theTa atom and the two Me groups coordinated to it. 

The benzyne ring of 1 is itself planar with a rms deviation of 0.0062A . 
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Figure 6.9: Molecular structure and labelling scheme for 1. 

A-B dAB (A) A-B-C L A-B-C (0
) 

Nb-C(1) 2.139(7) N(1)-Nb-X 129.1 

Nb-C(2) 2.194(7) N(1)-Nb-Y 105.9 

Nb-Y 2.060 P-Nb-X 109.7 

Nb-N(1) 1.805(5) P-Nb-Y 95.7 

Nb-X 2.161 X-Nb-Y 117.2 

Nb-P 2.528(2) N(1)-Nb-P 90.7(2) 

C(1)-C(2) 1.340(10) 

Table 6.5: Selected bond lengths and angles for 1. X is the centroid of the Cp ring and Y 

is the centroid of the benzyne ring. 



CHAPTER 6. NB AND MO BENT METALLOCENE ANALOGUES 209 

Figure 6.10: Projections of theTa and Nb benzynes onto the plane of the Cp 

ring~, showing the different relative orientations of the the Cp and benzyne 

rmgs. 

The bond lengths Nb-C(1) and Nb-C(2) are not equivalent, at 2.139(7) 

and 2.194(7)A respectively, which may be a con:sequence of the asymmetry 

of their environment. The longer Nb-C(2) bond length is probably due to 

steric crowding by the bulky PMe3 ligand. This asymmetry is also seen in 

Buchwald's Zr-benzyne complex (18] where the Zr-C bond lengths are 2.267(5) 

and 2.228(5)A and again the longer bond length corresponds to the carbon 

atom closest to the PMe3 group. 

2 (Mo(NBut)2(CH=CHMe)(PMe3)] 

The choice of [NBut] as the imido group rather than [N-2,6-Pr~C6H3] was made 

in an attempt to form the 4-coordinate species rather than the 5-coordinate 

complex, (Mo(NAr)2(PMe3)2(C2H4)j. The anisotropy of the aryl substituent 

allows it to orient such that the steric crowding around the metal centre is 

reduced, giving access to the 5-coordinate species. 

There are two possible orientations of the propene whilst maintaining the 

metallocene-like geometry. The Me substituent may either be oriented towards 
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-
.. --. 

Figure 6.11: Molecular structure and labelling scheme for 2. 

A-B dAs(A) A-B-C LA-B-C (0
) 

Mo(1)-C(1) 2.238(4) P(1)-Mo(1)-X 99.6 

'Mo(1)-C(2) 2.188(4) N(1)-Mo(1)-X 113.3 

Mo(1)-X 2.094 N(2)-Mo(1)-X 114.2 

Mo(1)-P(1) 2.446(1) P(1)-Mo(1)-N(1) 101.9(1) 

Mo(1)-N(1) 1.771(3) P(1)-Mo(1)-N(2) 99.4(1) 

Mo(1)-N(2) 1.772(4) N(1)-Mo(1)-N(2) 123.0(2) 

C(1)-C(2) 1.431(7) Mo(1)-N(1)-C(4) 162.9(3) 

C(2)-C(3) 1.517(8) Mo(1)-N(2)-C(8) 168.2(3) 

C(1)-C(2)-C(3) 119.0(4) 

Table 6.6: Selected bond lengths and angles for 2. Y is the midpoint of C(1) and C(2). 
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Figure 6.12: A view of 3 projected onto the plane of the Mo, P, C(l) and C(2) atoms, 

showing the tilt of the phenyl rings. 

or away from the PMe3 ligand. In this case it is oriented away from it, the exo 

isomer. This preferred orientation (supported by solution NMR data) probably 

results from this being the least sterically demanding arrangement of the Me 

substituent. 

3 is an example of a transition metal complex of an alkyne. As discussed above, 

the PhC=CPh group is in a plane with the Mo and P atoms which deviates 

0.0172A from planarity. The ipso-carbon atoms of the phenyl substituents 

also lie in this plane, the rms deviation from the plane defined by atoms C(1), 

C(2), C(101) and C(201) is 0.0015A and 0.0099A if the Mo atom is included 

in the definition of the plane. However the phenyl rings are tilted out of this 

plane; the ring containing C(101) to C(106) by 24.1 o and the other, containing 

C(201) to C(206, ) by 103.45° (see Figure 6.12). This is presumed to be for 

steric reasons as the second ring, C(201) to C(206), is closer to the bulky PMe3 

ligand. This effect is also reflected in the Mo-C bond lengths of 2.081(8) and 

2.158(9)A for Mo-C(1) and Mo-C(2) respectively. 
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' 

Figure 6.13: Molecular structure and labelling scheme for 3. 

A-B dAB (A) A-B-C L A-B-C (0
) 

Mo-C(1) 2.081(8) N(1)-Mo-N(2) 117.6(3) 

Mo-C(2) 2.158(9) N(1)-Mo-P 100. 7(2) 

Mo-Y 2.017 N(2)-Mo-P 100. 7(3) 

Mo-N(l) 1.759(7) Mo-N(1)-C(3) 162.8(6) 

Mo-N(2) 1. 761(7) Mo-N(2)-C(7) 171.6(7) 

Mo-P 2.465(3) N(1)-Mo-Y 115.0 

C(1)-C(2) 1.306(12) N(2)-Mo-Y 115.4 

P-Mo-Y 103.6 

Table 6.7: Selected bond lengths and angles for 3. Y is the midpointofC(1) and C(2). 
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Schwartz [7] comments on the possible usefulness of the inequivalence of 

the two substituents of the acetylene ligand. By using an asymmetrically 

substituted acetylene with one bulky substituent one particular orientation is 

expected to be favoured, as was observed in the structure of 2. This would 

hence allow the selection of the products of certain reactions, for example, of 

protonation. 

The overall geometry is again pseudo-tetrahedral, as shown by the bond 

lengths and angles around the metal centre given in Table 6.7. The molecular 

structure of 3, see Figure 6.13, is similar to that reported by Floriani and 

co-workers of [Ti(Cp )2(CO)(PhC=CPh)] [21]. The carbonyl ligand however 

is a much less bulky ligand than PMe3 and the tilting of the phenyl rings is 

reduced relative to the plane containing the metal atom, the CO ligand and the 

acetylenic carbon atoms. The two rings form angles of 23.9° and 47.4° with 

the plane described above, the two M-C bond lengths are still significantly 

different at 2.107(7) and 2.230(7)A. 

The structure of an analogous [Cp2Zr(PhC=CPh)PMe3] complex has also 

been reported by Takahashi et al [22] which appears to have the same geometry 

as 3 but their structure is of poor quality. 

A criterion given for an imido ligand to be considered as linear [11] is that 

the bond angle LM-N-C should be greater than 161 o. Both the Mo-N-C bond 

angles are therefore acceptable for a linear imido group with the Mo-N(1)-C(3) 

of 162.8(6) and the Mo-N(2)-C(7) of 171.6(7). The two Mo-N bond lengths are 

identical within one esd at 1.759(7) and 1.761(7)A for Mo-N(l) and Mo-N(2) 

respectively which are equivalent to the bond length quoted for an M=N triple 

bond [11]. 

4 [Mo(2,6-iPr2C6H3)2(PMe3)2] 

This compound crystallised with one full molecule on a general position and 

two half molecules with the Mo atoms on special positions with 2-fold symme-
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Figure 6.14: Contents of the asymmetric unit for 4. 

try. [TiCp2(PMe3] [23] shows a similar pattern with one molecule in a general 

position and another on a 2-fold symmetry site in the space group Fdd2. The 

contents of the asymmetric unit are shown in Figure 6.14, selected bond lengths 

and angles for the molecule in a general position centred on Mo(3) are given in 

Table 6.8 and Figure 6.15 shows the molecular structure and labelling scheme. 

This complex has similar geometry to the the other compounds and as such 

can be· considered as pseudo-tetrahedral, with the angle between the N(31), 

N(32) and Mo(3) plane and the Mo(3), P(31) and P(32) plane of 82.8°. How

ever the LN(31)-Mo(3)-N(32) of 137.1(5) is greatly distorted from a tetrahedral 

angle. 

The two imido ligands are approximately linear, with Mo(3)-N(31)-C(311) 

and Mo(3)-N(32)-C(321) bond angles of 169.8(9)0 and 172.3(9)0 respectively, 

as expected for a linear M=NR bond. 
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Figure 6.15: Molecular structure and labelling scheme for 4. 

A-B dAB(A) A-B-C LA-B-C (0
) 

Mo(3)-P(31) 2.400(4) P(31)-Mo(3)-P(32) 96.9(2) 

Mo(3)-P(32) 2.405(5) P( 31 )-Mo( 3 )-N ( 31) 98.9(3) 

Mo(3)-N(31) 1.805(13) P(32)-Mo(3)-N(31) 109.0( 4) 

Mo(3)-N(32) 1. 797(10) N(31)-Mo(3)-N(32) 137.1(5) 

Mo(3)-N(31)-C(311) 169.8(9) 

Mo(3)-N(32)-C(321) -172.3(9) 

Table 6.8: Selected bond lengths and angles for molecule of Mo(3) for 4. 
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C.,,;\ 'l. ) 'I :! 
.. <.::.-.I 

.--·. t __ .._ 

C(6l F(4) 

Figure 6.16: Molecular structure and labelling scheme for 5. Second sites modelling 

disorder are omitted for clarity . 

. 5 [NbCp(NBut)(OMe2CF3)2) 

This complex is a further example of a niobium half-sandwich imido with the 

predicted metallocene analogue structure. The angles around the niobium 

atom show the geometry to be approximately tetrahedral. Selected bond 

lengths and angles are given in Table 6.9 and, as for the other compounds, 

a full list of coordinates, bond lengths and angles is given in Appendix A. 

The relative orientation of the trifluoro groups is, as one would expect from 

steric considerations, that they are oriented away from one another, as shown 

in Figure 6.17 
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A-B dAa(A) A~B-C LA-B-C (0
) 

Nb( 1 )-0( 1) 1.930(6) 0(1)-Nb(1)-0(2) 102.1(3) 

Nb(1)-0(2) 1.936(6) 0(1)-Nb(1)-N(1) 106.1(3) 

Nb(1)-N(1) 1. 773(7) 0(2)-Nb(1)-N(1) 106.9(3) 

Nb(1)-X 2.169 0(1)-Nb(1)-X 112.1 

N(1)-C(6) 1.447( 12) 0(2)-Nb(1)-X 111.0 

N(1)-Nb(1)-X 117.3 

Nb(1)-N(1)-C(6) 165.6(7) 

Table 6.9: Selected bond lengths and angles for 5. X is the centroid of the Cp ring C(l) 

to C(5). 

Figure 6.17: 5 showing the relative orientations of the CF3 groups. 
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A-B dAB(A) A-B-C LA-B-C (0
) 

Mo(1)-0(1) 1.862( 4) 0(1)-Mo(1)-0(2) 107.9(2) 

Mo(1)-0(2) 1.877(3) 0(1)-Mo(1)-N(1) 110.1(3) 

Mo(1)-N(1) 1.716(5) 0(2)-Mo(1)-N(1) 109.6(2) 

Mo(1)-N(2) 1.777(6) 0(1)-Mo(1)-N(2) 108.2(2) 

N(1)-C(9) 1.471(7) 0(2)-Mo(1)-N(2) 108.8(2) 

N(2)-C(13) 1.442(10) N(1)-Mo(1)-N(2) 112.2(3) 

Mo(1)-N(1)-C(9) 169.5(6) 

Mo(1 )-N(2)-C( 13) 157.1(5) 

Table 6.10: Selected bond lengths and angles for 6. 

6 [Mo(NButh(OButh] 

This compound very clearly has a tetrahedral arrangement of ligands around 

the molybdenum with a very narrow range of bond angles around the metal 

from 107.9(2) 0 to 112.2(3)0 (see Table 6.10). The angle between the plane 

containing the atoms Mo(1), 0(1) and 0(2) and a second plane also containing 

Mo(l) and the two imido nitrogen atoms, N(1) and N(2) is 90.4° 

The two imido ligands are significantly different and are consistent with the 

proposal of there being one bent and one linear imido to ease the competition 

for certain metal orbitals. This arrangement suggests that the bent imido 

ligand acts as a two electron donor and as such has a weaker interaction, 

reflected in: the longer bond length (Mo(1)-N(2) 1.777(6)A) relative to the 

four electron donating linear imido (Mo(1)-N(1) 1.716(5) A). However, it is 

not clear that this is indeed the situation nor why it is not also the case for 4. 

All the six compounds have been found to have approximately tetrahedral 

geometry around the metal atoms. For the compounds which contain coor

dinated alkene and alkyne groups, 1,2 and 3, these groups have been found 

to lie in the orientation which one would predict using their proposed isolobal 

relationship with the Group 4 metallocenes. Where there is more than one 

possible orientation consistent with the metallocene-like structure then steric 

effects appear to play an important role. These structural features are in 
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C(JQJ 

Figure 6.18: Molecular structure and labelling scheme for 6. 
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agreement with the results of the calculations discussed in the introduction to 

this chapter. Hence, in conclusion, the structures of the compounds reported 

herein lend considerable support for the pseudo-isolobal relationship between 

the Group 4 bent metallocenes and these Group 5 half-sandwich imido and 

Group 6 bis-imido compounds. 
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Chapter 7 

Concluding Remarks 

The investigation of the the dyotropic rearrangement which occurs in the Iso

drin derivatives discussed in this thesis, involves and links several important 

areas of chemistry; organic synthesis, kinetic studies, theoretical work, such as 

the Molecular Mechanics calculations which have been made, and of course, 

crystallographic studies. It is also a project with a great deal of scope for 

future work. 

The compounds provide a useful system in which to study a structure

reactivity relationship since a considerable number of compounds exist with 

many structural variations, both in terms of electronic and steric properties. 

The ongoing synthetic and kinetic studies of Kenneth Mackenzie in Bristol 

have recently opened up several new series of related compounds which show 

dyotropy. Therefore, in addition to the triene series, with which this thesis has 

been concerned primarily, and the pyrazolinefpyrazole pairs which have also 

been discussed, there are several new series to be investigated. The generally 

very high quality of the samples available for crystallographic studies make 

this a potentially very rewarding area for further X-ray and neutron studies. 

The work reported in this thesis has contributed significantly to the study 

of the triene series. The number of data points is obviously an important factor 
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when investigating trends in a series. The addition of the structures of one pair 

·of isomers which had not been studied previously (KM5 and KM9) and neutron 

data at the same temperature for a second pair (KM22 and KM25 ), for which 

X-ray data had been collected previously, is a most significant contribution to 

the project. This is especially true when one considers that neutron data have 

been collected for only one other pair of these dyotropic isomers; KM24 and 

KM27. 

With these additional data it is possible to confirm conclusively that the 

expected gross structural changes which are predicted accompany the rear

rangement do indeed take place. 

The results from these studies have also confirmed the emerging view that 

the relationship between these compounds and their rates of reactivity is not 

a simple one. It is definitely not as straight forward a relationship as was 

originally proposed by Paquette and co-workers in Reference 5 of Chapter 4, 

which directly correlated the cross-cavity separations in the reactant isomers 

with the rates of reaction. The neutron studies of KM5, KM22 and KM25 

have a particularly important role in this discussion as they have provided 

accurate hydrogen atomic positions. This is especially true of the study of 

KM22 since the X-ray derived hydrogen positions for this compound showed 

some anomalies. 

The cross-cavity separation is not the the only steric factor involved in 

these reactions and the role of the electronic stucture also appears to be im

portant. The MM calculations were made partly with the aim of quantifying 

these factors and hence allow the examination of any correlation of the calcu

lated thermochemical quantities with the rates of reaction. The results from 

these calculations are slightly disappointing but may be a consequence of the 

limitations of such calculations. It would be very interesting to see if any 

greater degree of correlation is found with quantities derived from calculations 

based on the experimentally derived structural parameters, or at least using 



CHAPTER 7. CONCLUDING REMARKS 225 

calculations which show the same trends as the structural parameters from 

experiment. Increasingly, as the database of structural parameters is enlarged 

for these compounds it will become possible to eliminate some of the suggested 

causes of the rate variations and concentrate on fewer lines of investigation. 

As well as the investigations of_ the trends in the series, opportunites exist 

for very detailed studies of one or a few compounds, such as the charge density 

study of KM25 reported herein. This study was prompted by the investigations 

of the series as a whole, highlighting the importance of the electronic effects. 

The study has given credible results and shown that such studies of these 

compounds are feasible. It provides an important reference density, however, 

its importance in isolation is limited. Features in the electron density of the 

starting isomers will be more informative in terms of the investigation of the 

reaCtivity of these compounds. I would very much like to seethe charge density 

work completed, at the very least with a charge density study of the starting 

isomer KM22 which rearranges to form KM25. The neutron study of this 

compound at 123K has been reported in this thesis. It would be still more 

interesting to study the charge density for several starting isomers with very 

different rates of rearrangement. 

Another possible area of future work involving detailed crystallographic 

work is the study of the rearrangement as it proceeds. These compounds have 

been observed to rearrange in the solid state as well as in solution. It may 

be possible to collect data at various stages of the reaction and so follow the 

rearrangement with a series of 'snapshot' structures. This, of course, depends 

on the crystal quality being maintained ·throughout the rearrangement and a 

system being chosen which rearranges at a suitable rate. This would require a 

feasibility study to be made prior to selection. 

In conclusion, the work presented here is of significance to a much larger 

project which has great potential for further work. 



Appendix A 

Tables of results from all 

refinements. 

The following Appendix contains full listings of the atomic coordinates, atomic 

displacement parameters, bond lengths and angles from the refinements dis

cussed in Chapter 4:-

• Neutron study of KM5 at 15K, Experiment 1. 

• X-ray study of KM9 at room temperature, Experiment 2. 

• Neutron study of KM22 at 123K, Experiment 3. 

• Neutron study of KM25 at 123K, Experiment 4. 

and also the results from the following IAM refinements using the X-ray data 

for KM25 at 123K. 

• FULL refinement using all the X-ray data with lf(h)l~bs > 0 and to a 

sinB/-X(max) of l.OsA-1
. 

• HO refinement using all the X-ray data with jF(h) l~bs > 0 with sinO/ A > 

o.sA -1 . 

226 
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• LO refinement using all the X-ray data with JF(h)J;bs > 0 and to a 

sinO I ).(max) of o.sA -l. 

Values involving hydrogen atoms are not included in the tables from these 

three refinements, FULL, HO and LO, as the hydrogen atoms were constrained 

to their neutron derived positions and atomic displacements in these refine

ments. 

Tables of atomic coordinates, anisotropic adps and the refined multipole 

populations from the refinement MULT, discussed in Chapter .s are also in

cluded in this Appendix. 

Full listings of atomic coordinates, bond lengths and angles (excluding 

hydrogen atoms), and atomic displacement parameters are also given for com

pounds 1 to 6 discussed in Chapter 6. Details of the treatment of the hydrogen 

atoms are given in the text of Chapter 6. 

All atomic positions are given in fractional coordinates, all bond lengths in 

A and all bond angles in degrees (0
). The equivalent isotropic atomic displace

ment parameter, Ueq is defined as one third of the trace of the orthogonalised 

Uij tensor and the anisotropic displacement factor exponent takes the form:-

-211'2 L L hihja:a;uii 
j 

Esds from the least-squares refinements are given in parentheses. 
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I Atom II ·x y = 
CL1 0.1051( 1) 0.80336( 6) 0.27487( 6) 0.0065( 2) 

CL5 0.5407( 1) 0.78625( 6) 0.51187( 6) 0.0071( 2) 

CL6 0.8182( 1) 0.89455( 6) 0.58910( 5) 0.0061( 2) 

CL7 0.8605( 1) 1.11181( 6) 0.55606( 5) 0.0066( 2) 

CL8 0.6720( 1) 1.21159( 6) 0.41598( 6) 0.0073( 2) 

CL12 0.2664( 1) 1.17101( 6) 0.18454( 5) 0.0072( 2) 

CL13 0.1583( 1) 1.16996( 6) 0.37935( 5) 0.0073( 2) 

CL14 0.0630( 1) 0.94397( 7) 0.43441( 5) 0.0064( 2) 

CL15 -0.0346( 1) 1.01447( 7) 0.19783( 6) 0.0065( 2) 

CL25 0.2188( 1) 0.94199( 6) 0.10451( 5) 0.0062( 2) 

C1 0.2013( 1) 0.91314( 9) 0.27676( 8) 0.0050( 3) 

C2 0.3794( 1) 0.90721( 9) 0.26742( 8) 0.0051( 3) 

C3 0.4966( 1) 0.88361( 9) 0.33637( 8) 0.0054( 3) 

C4 0.4764( 1) 0.94175( 9) 0.41773( 7) 0.0049( 3) 

C5 0.5809( 1) 0.90129( 9) 0.48327( 7) 0.0054( 3) 

C6 0.6980( 1) 0.94915( 9) 0.51837( 7) 0.0056( 3) 

C7 0.7262( 1) 1.05012( 9) 0.49859( 7) 0.0055( 3) 

C8 0.6439( 1) 1.09317( 9) 0.43915( 8) 0.0055( 3) 

C9 0.5180( 1) 1.04570( 9) 0.39035( 8) 0.0054( 3) 

C10 0.5634( 1) 1.03426( 9) 0.29799( 8) 0.0058( 3) 

C11 0.4250( 1) 1.01109( 9) 0.24112( 8) 0.0053( 3) 

C12 0.2672( 1) 1.06386( 9) 0.23995( 7) 0.0052( 3) 

C13 0.1929( 1) 1.06834( 9) 0.32552( 8) 0.0052( 3) 

C14 0.1551( 2) 0.97926( 9) 0.34724( 7) 0.0052( 3) 

C15 0.1624( 1) 0.98263( 9) 0.20350( 7) 0.0052{ 3) 

C16 0.6398( 1) 0.93430( 9) 0.29978( 8) 0.0059( 3) 

D9 0.4179( 2) 1.09246(12) 0.39762( 10) 0.0132( 4) 

D16B 0.7411( 2) 0.93121(14) 0.34027(11) 0.0148( 5) 

D16A 0.6719( 2) 0.90823(13) 0.23833( 11) 0.0156( 5) 

D10 0.6348( 2) 1.09259( 13) 0.27521(11) 0.0137( 4) 

D4 0.3591( 2) 0.93740(12) 0.44215( 10) 0.0133( 4) 

D3 0.5071( 2) 0.80771(12) 0.34759(11) 0.0142( 4) 

H11 0.4675( 3) 1.01149(22) 0.17707(17) 0.0158( 8) 

H2 0.4018( 4) . 0.85725(21) 0.21695(18) 0.0159( 8) 

Table A.l: Atomic coordinates and Ueq (A2 ) for KM5 from Experiment 1, neutron data 

measured at 15K. Esds given in parentheses. 



APPENDIX A. TABLES OF RESULTS FROM ALL REFINEMENTS. 229 

I Atom II - - -

CL1 0.0079( 3) 0.0048( 3) 0.0068( 3) -0.0011( 3) -0.0001( 3) 0.0001( :3) 

CL5 0.0092( 4) 0.0051( 3) 0.0069( 3) . -0.0017( 3) -0.0014( :3) 0.0019( :3) 

CL6 0.0067( 3) 0.0056( 3) 0.0060( 3) 0.0006( 3) -0.0013( 3) 0.0006( :3) 

CL7 0.0070( 3) 0.0061( 3) 0.0066( 3) -0.0008( 3) -0.0013( 3) -0.0013( 3) 

CL8 0.0094( 4) 0.0043( 3) 0.0082( 3) -0.0009( 3) -0.0018( 3) 0.0008( 3) 

CL12 0.0084( 3) 0.0056( 3) 0.0075( 3) 0.0000( 3) -0.0003( 3) 0.0022( 3) 

CL13 0.0089( 4) 0.0053( 3) 0.0077( 3) 0.0011( 3) -0.0003( 3) -0.0016( 3) 

CL14 0.0067( 3) 0.0071( 3) 0.0054( 3) -0.0003( 3) 0.0014( 3) 0.0006( 3) 

CL15 0.0048( 3) 0.0082( 3) 0.0064( 3) 0.0007( 3) -0.0006( 3) 0.0004( 3) 

CL25 0.0070( 3) 0.0076( 3) 0.0040( 3) 0.0003( 3) -0.0002( 3) -0.0005( 3) 

C1 0.0059( 5) 0.0043( 4) 0.0049( 4) -0,0002( 4) 0.0001( 4) 0.0003( 4) 

C2 0.0049( 4) 0.0045( 4) 0.0058( 4) -0.0003( 4) 0.0002( 4) -0.0005( 4) 

C3 0.0050( 5) 0.0055( 5) 0.0056( 4) 0.0001( 4) -0.0007( 4) -0.0005( 4) 

C4 0.0050( 4) 0.0049( 4) 0.0048( 4) -0.0009( 4) 0.0007( 4) 0.0005( 4) 

C5 0.0055( 5) 0.0059( 5) 0.0050( 4) -0.0007( 4) -0.0001( 4) 0.0000( 4) 

C6 0.0067( 5) 0.0049( 4) 0.0052( 4) -0.0005( 4) ~0.0009( 4) 0.0002( 4) 

C7 0.0061( 5) 0.0053( 4) 0.0053( 4) -0.0012( 4) -0.0010( 4) 0.0006( 4) 

C8 0.0066( 5) 0.0041( 4) 0.0058( 4) 0.0002( 4) -0.0009( 4) 0.0003( 4) 

C9 0.0054( 5) 0.0048( 4) 0.0061( 4) -0.0006( 4) -0.0008( 4) 0.0000( 4) 

C10 0.0060( 5) 0.0063( 5) 0.0051( 5) -0.0004( 4) 0.0006( 4) 0.0006( 4) 

C11 0.0056( 5) 0.0057( 5) 0.0045( 5) . -0.0001( 4) -0.0007( 4) 0.0008( 4) 

C12 0.0062( 5) 0.0047( 4) 0.0045( 4) -0.0002( 4) -0.0003( 4) 0.0006( 4) 

C13 0.0067( 5) 0.0037( 4) 0.0053( 4) 0.0010( 4) 0.0010( 4) 0.0002( 3) 

C14 0.0062( 5) 0.0055( 4) 0.0040( 4) -0.0004( 4) 0.0007( 4) 0.0007( 4) 

C15 0.0056( 5) 0.0054( 4) 0.0047( 4) -0.0007( 4) 0.0000( 4) 0.0002( 4) 

C16 0.0054( 5) 0.0063( 5) 0.0059( 4) 0.0014( 4) -0.0007( 4) -0.0001( 4) 

D9 0.0112( 7) 0.0124( 7) O.Q160( 7) 0.0038( 5) -0.0003( 5) -0.0009( 5) 

D16B 0.0109( 8) 0.0198( 9) 0.0138( 8) 0.0005( 6) -0.0044( 6) -0.0002( 6) 

D16A 0.0164( 8) 0.0184( 8) 0.0120( 7) 0.0015( 6) 0.0032( 6) -0.0032( 6) 

D10 0.0145( 8) 0.0136( 8) 0.0130( 7) -0.0045( 6) -0.0002( 6) 0.0029( 6) 

D4 0.0095( 7) 0.0166( 7) 0.0139( 7) -0,0004( 5) 0.0017( 5) 0.0007( 5) 

D3 0.0171( 8) 0.0097( 7) 0.0157( 8) 0.0005( 5) -0.0018( 6) 0.0001( 5) 

H11 0.0164(14) 0.0196(14) 0.0115(12) -0.0003(10) 0.0009( 9) 0.0001( 9) 

H2 0.0187(14) 0.0154(13) 0.0137(13) 0.0015(10) 0.0010(10) -0.004~( 9) 

Table A.2: Anisotropic atomic displacement parameters (A 2) for KM5 from Experiment 1, 

. neutron data measured at 15K. Esds given in parentheses. 
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dA-B II A-B dA-B II A-B 

CL1 -C1 1. 754(2) C2 -C3 1.545(2) C11 -C12 1.556(2) 

CL5 -C5 1.717(2) C2 -Cll 1.571(2) C12 -C13 1.529(2) 

CL6 -C6 1. 727(2) C3 -C4 1.560(2) C12 -C15 1.573(2) 

CL7 -C7 1.724(2) C3 -C16 1.548(2) C13 -C14 1.341(2) 

CL8 -C8 1. 723(2) C4 -C5 1.506(2) C2 -H2 1.095(3) 

CL12 -C12 1.753(1) C4 -C9 1.569(2) C3 -03 1.086(2) 

CL13 :-C13 1.699(2) C5 -C6 1.344(2) C4 -04 1.092(2) 

CL14 -C14 1.695(2) C6 -C7 1.475(2) C9_ -09 1.095(2) 

CL15 -C15 1. 766(2) C7 -C8 1.342(2) C10 -010 1.091(2) 

CL25 -C15 1.770(2) C8 -C9 1.503(2) Cll -Hll 1.100(3) 

C1 -C2 1.552(2) C9 -C10 1.554(2) C16 -016A 1.096(2) 

C1 -C14 1.525(2) C10 -Cll 1.546(2) C16 -016B 1.096(2) 

C1 -C15 1.573(2) C10 -C16 1.553(2) 

Table A.3: Bond lengths (A) for KM5 from Experiment 1, neutron study at 15K. Esds 

given in parentheses. 
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I A-B-C I LA-B-C II A-B-C I LA-B-C I 
CL1 -C1 -C2 115.1(1) CL1 -C1 -C14 115.1(1) 

CL1 -C1 -C15 115.5(1) C2 -C1 -C14 111.5(1) 

C2 -C1 -C15 100.0(1) C14 -C1 -C15 97.4(1) 

C1 -C2 -C3 126.5(1) C1 -C2 -C11 103.1(1) 

C3 -C2 -C11 103.3(1) C1 -C2 -H2 106.5(2) 

C3 -C2 -H2 106.5(2) C11 -C2 -H2 110.4(2) 

C2 -C3 -C4 115.1(1) C2 -C3 -C16 98.7(1) 

C4 -C3 -C16 99.9(1) C2 -C3 -D3 112.7(1) 

C4 -C3 -D3 112.5(1) C16 -C3 -D3 116.7(2) 

·C3 -C4 -C5 109.2(1) C3 -C4 -C9 102.9(1) 

C5 -C4 -C9 114.3(1) C3 -C4 -D4 112.4(1) 

C5 -C4 -D4 106.5(1) C9 -C4 -D4 111.6(1) 

CL5 -C5 -C4 115.1(1) CL5 -C5 -C6 120.7(1) 

C4 -C5 -C6 124.3(1) CL6 -C6 -C5 120.9(1) 

CL6 -C6 -C7 118.2(1) C5 -C6 -C7 121.0(1) 

CL7 -C7 -C6 118.6(1) CL7 -C7 -C8 121.3(1) 

C6 -C7 -C8 120.1(1) CL8 -C8 -C7 121.1(1) 

CL8 -C8 -C9 114.6(1) C7 -C8 -C9 124.2( 1) 

C4 -C9 -C8 115.6(1) C4 -C9 -ClO 103.5( 1) 

C8 -C9 -C10 111.6(1) C4 -C9 -D9 110.3(1) 

C8 -C9 -D9 104.6(1) C10 -C9 -D9 111.5(1) 

Table A.4: Bond angles (0 ) for KM5 from Experiment 1, neutron study at 15K. Esds given 

in parentheses. 
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I A-B-C I LA-B-C II A-B-C I LA-B-C I 
C9 -ClO -Cll 113.5(1) C9 -ClO -C16 100.6(1) 

C11 -C10 -C16 98.7(1) C9 -C10 -010 113.0(1) 

C11 -C10 -010 113.4(1) C16 -C10 -010 116.4(1) 

C2 -C11 -C10 103.3(1) C2 -C11 -C12 103.0(1) 

C10 -Cll -C12 126.1(1) C2 -Cll -Hll 110.1(2) 

C10 -Cll -H11 107.5(2) C12 -C11 -H11 106.3(2) 

CL12 -C12 -Cll 114.8(1) CL12 -C12 -C13 115.3( 1) 

CL12 -C12 -C15 115.4(1) C11 -C12 -C13 112.3(1) 

C11 -C12 -C15 99.6(1) C13 -C12 -C15 97.3(1) 

CL13 -C13 -C12 125.0(1) CL13 -C13 -C14 127.4(1) 

C12 -C13 -C14 107.6(1) CL14 -C14 -C1 124.6(1) 

CL14 ...:...c14 -C13 127.3(1) C1 -C14 -C13 108.0( 1) 

CL15 -C15 -CL25 107.6(1) CL15 -C15 -C1 113.8(1) 

CL15 -C15 -C12 113.2(1) CL25 -C15 -C1 115.0(1) 

CL25 -C15 -C12 114.5(1) C1 -C15 -C12 92.5(1) 

C3 -C16 -C10 94.7(1) C3 -C16 -D16A 113.4(1) 

C3 -C16 -D16B 113.2(1) C10 -C16 -D16A 113.2(1) 

C10 -C16 -D16B 112.8(1) D16A -C16 -D16B 109.1(2) 

Table A.5: Bond angles (0 ) for KM5 from Experiment 1, neutron study at 15K (cont'd). 

Esds given in parentheses. 
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I Atom II 
CI(1) 4.8269(8) -0.4429(12) 6.2857(5) 0.638(5) 

CI(5) 6.3374(8) -1.2058(14) 4.9644( 4) 0.652(5) 

CI(6) 7.8233(10) 0.5885(15) 4.5970(4) 0.823(6) 

Cl(7) 9.7445(9) 1.5114(14) 5.2914(5) 0.776(6) 

Cl(8) 10.2498(8) 0.5218(13) 6.3556(4) 0.622(5) 

CI( 12) 8.3783(9) 1.2276( 13) 7.4238(4) 0.654(5) 

Cl(13) 7.5791(8) 3.1268(11) 6.5456(4) 0.552( 4) 

Cl(14) 5.5673(8) 2.2086(11) 5.9235( 4) 0.534(4) 

CI(15) 5.9054(9) 2.0165(12) 7.0679(4) 0.602(5) 

Cl(25) 6.2594( 10) -0.5130(13) 7.4257(4) 0.701(5) 

C(1) 6.0869(28) -0.0566( 40) 6.4541(14) 0.402( 15) 

C(2) 6.7535(29) -1.2845(40) 6.4998(14) 0.389(15) 

C(3) 7.1094(29) -2.0130(41) 6.0921(15) 0.404(16) 

C(4) 7.6515(28) -1.1509(38) 5.8085(15) 0.381(15) 

C(5) 7.4337(28) -0. 7466( 41) 5.3397(14) 0.426( 16) 

C(6) 8.0917(32) 0.0696(46) 5.1818(14) 0.516(18) 

C(7) 8.9628(30) 0.4672(45) 5.4874(15) 0.499( 17) 

C(8) 9.1878(28) 0.0298(41) 5.9594(15) 0.421( 15) 

C(9) 8.5303(27) -0.7681(38) 6.1157(14) 0.381(15) 

C(10) 8.5485(29) -1.3823(42) 6.5958(15) 0.417(15) 

C(ll) 7.7442(30) -0.8247(41) 6.8333(14) 0.416( 15) 

C(12) 7.5315(28) 0.6103(40) 6.9202(13) 0.399(15) 

C(13) 7.4480(30) 1.4276(39) 6.4606( 14) 0.385(15) 

C(14) 6.4394(28) 0.9750(39) 6.1397(14) 0.381(15) 

C(15) 6.4425(30) 0.5216(41) 6.9654(14) 0.447(16) 

C(16) 8.0256(34) -2.6688(45) 6.4199( 18) 0.498(18) 

Table A.6: Atomic coordinates and Ueq (A2 ) for KM9 from Experiment 2. Esds given in 

parentheses. 
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I Atom II ull I u22 I u33 I u?J I -

Cl(1) 0.369(6) 0.588(8) 0.941(10) -0.026(6) 0.108(6) 0.030(8) 

Cl(5) 0.542(7) 0.875(10) 0.471(7) -0.218(7) -0.034(6) -0.0.50(7) 

Cl(6) 0.855(10) 1.168(13) 0.409(7) -0.324(9) 0.063(7) 0.121(8) 

Cl(7) 0.715(9) 0.966(12) 0.660(9) -0.389(8) 0.180(7) 0.032(8) 

Cl(8) 0.458(7) 0.691(9) 0.648(8) -0.150(6) -0.026(6) -0.097(7) 

Cl(12) 0.760(8) 0.652(8) 0.416(7) 0.117(7) -0.156(6) -0.101{6) 

Cl(13) 0.657(8) 0.366(6) 0.565(7) -0.043(6) -0.011(6) -0.009(6) 

Cl(14) 0.541(7) 0.464(7) 0.510(7) 0.099(6) -0.072(5) 0.088(6) 

Cl(15) 0.713(8) 0.583(8) 0.531(7) 0.255(7) 0.183(6) 0.005(6) 

Cl(25) 0.912(10) 0.720(9) 0.570(8) 0.204(8) 0.375(7) 0.243(7) 

C(1) 0.341(22) 0.433(26) 0.429(25) 0.026(20) 0.080(19) 0.077(21) 

C(2) 0.387(24) 0.331(25) 0.452(26) 0.041(20) 0.102(20) 0.052(21) 

C(3) 0.412(25) 0.346(26) 0.447(26) 0.005(21) 0.080(21) -0.021(21) 

C(4) 0.369{23) 0.324(24) 0.458(26) -0.023(20) 0.107(20) -0.100(21) 

C{5) 0.377(23) 0.510(29) 0.376(24) -0.055(22) 0.054(20) -0.097{22) 

C(6) 0.517(28) 0.669(34) 0.346(24) -0.082(25) 0.064(21) -0.006{24) 

C(7) 0.479(26) 0.570(31) OA70(27) -0.128(25) 0.153(22) -0.080(25) 

C(8) 0.348(23) 0.438(27) 0.454(26) -0.035(20) 0.038(20) -0.120(22) 

C(9) 0.338(22) 0.360(25) 0.434(24) 0.048(20) 0.063(19) -0.093(20) 

C{10) 0.365(23) 0.408(26) 0.457(26) 0.071(21) 0.043(20) -0.029(22) 

C(ll) 0.462(25) 0.399(27) 0.361(24) 0.056(21) 0.037(21) 0.039(21) 

C(12) 0.437(24) 0.444(27) 0.267(21) 0.062(21) -0.028( 18) -0.015(20) 

C(13) 0.436(25) 0.322(24) 0.365(24) 0.020(20) 0.020(19) -0.003(20) 

C(14) 0.354(22) 0.381(26) 0.375(24) 0.063(20) 0.009( 19) 0.001(21) 

C(15) 0.553(28) 0.410(27) 0.401(24) 0.156(22) 0.154(21) 0.091(22) 

C(16) 0.502(29) 0.391(29) 0.591(32) 0.111(23) 0.098{24) 0.030(24) 

Table A.7: Anisotropic atomic displacement parameters (A2
) for KM9 from Experiment 2. 

Esds given in parentheses. 
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j Atom II 
H(14) 0.6560(30) 0.0556( 42) 0.5853( 15) 0.080 

H(11) 0.7826(31) -0.1175(42) 0.7154(16) 0.080 

H(10) 0.9225(30) -0.1338( 42) 0.6806( 15) 0.080 

H(13) 0.8003(31) 0.1246(44) 0.6323(16) 0.080 

H(16B) 0.7864(31) -0.3254( 42) 0.6684( 16) 0.080 

H(3) 0.6598(31) -0.2525( 43) 0.5903(16) 0.080 

H(2) 0.6332(30) -0.1937(42) 0.6665(15) 0.080 

H(16A) 0.8381(32) -0.3174(44) 0.6230( 16) 0.080 

Table A.S: Atomic coordinates and U;80 (A 2 ) for hydrogen atoms of KM9 from Experi

ment 2. 

dAB II A-B dAB II A-B d.-tB I 
Cl(1)-C(1) 1. 757( 4) Cl(5)-C(5) 1. 728( 4) Cl(6)-C(6) 1. 727( 4) 

Cl(7FC(7) 1.716(5) Cl(8)-C(8) 1.730(4) Cl( 12)-C( 12) 1.771(4) 

Cl( 13)-C(13) 1.781(4) Cl(14)-C(14) 1.776(4) Cl(15)-C(15) 1.772(4) 

Cl(25)-C(15) 1.766(4) C(1)-C(2) 1.562(6) C(1)-C(14) ).549(6) 

C(1)-C(15) 1.564(5) C(2)-C(3) 1.565(6) C(2)-C(ll) 1.568(5) 

C(3)-C(4) 1.519(6) C(3)-C(16) 1.562(6) C(4)-C(5) 1.380(6) 

C(4)-C(9) 1.397(5) C(5)-C(6) 1.394(6) C(6)-C(7) 1.392(6) 

C(7)-C(8) 1.400(6) C(8)-C(9) 1.380(6) C(9)-C(10) 1.516(6) 

C(10)-C(ll) 1.547(6) C(10)-C(16) 1.548(6) C(ll)-C(12) 1.547(6) 

C(12)-C(13) 1.553(6) C(12)-C(15) 1.552(6) C(13)-C(14) 1.570(5) 

Table A.9: Bond lengths (A) for KM9 from Experiment 2. Esds given in parentheses. 
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I A-B-C I LA-B-C II A-B-C I LA-B-C II A-B-C I LA-B-C I 
Cl( 1 )-C( 1 )-C(2) 112.0(3) Cl( 1 )-C( 1 )-C( 14) 115.0(3) C(2)-C(1)-C(14) 110.6(3) 

Cl( 1 )-C( 1 )-C( 15) 115.7(3) C(2)-C(1)-C(15) 100.1(3) C( 14)-C( 1)-C(15) 102.2(3) 

C(1)-C(2)-C(3) 127.6(3) C(1)-C(2)-C(ll) 103.2(3) C(3)-C(2)-C(11) 102.9(3) 

C(2)-C(3)-C( 4) 113.4(3) C(2)-C(3)-C(16) 96.2(3) C( 4)-C(3)-C(16) 98.3(3) 

C(3)-C( 4)-C(5) 132.6(3) C(3)-C( 4)-C(9) 107.2(3) C(5)-C( 4)-C(9) 120.2( 4) 

Cl( 5 )-C( 5 )-C( 4) 119.9(3) Cl(5)-C(5)-C(6) 121.0(3) C(4)-C(5)-C(6) 119.0(3) 

Cl(6)-C(6)-C(5) 119.4(3) Cl(6)-C(6)-C(7) 119.5(4) C(5)-C(6)-C(7) 121.1( 4) 

Cl(7)-C(7)-C(6) 120.3(3) Cl(7)-C(7)-C(8) 120.1(3) C(6)-C(7)-C(8) 119.5(4) 

Cl(8)-C(8)-C(7) 121.2(3) Cl(8)-C(8)-C(9) 119.5(3) C(7)-C(8)-C(9) 119.3(3) 

C( 4)-C(9)-C(8) 120.9(4) C( 4)-C(9)-C(10) 107.0(3) C(8)-C(9)-C( 10) 132.1(3) 

C(9)-C(10)-C(ll) 112.3(3) C(9)-C(10)-C(16) 98. 7(3) C(11 )-C( 10)-C( 16) 97.6(3) 

C(2)-C(11)-C(10) 103.9(3) C(2)-C( 11 )-C(12) 102.5(3) C(10)-C( 11 )-C( 12) 127.8(4) 

Cl( 12)-C( 12)-C(11) 111.3(3) Cl(12)-C( 12)-C(13) 114.2(3) C( 11 )-C( 12)-C( 13) 111.5(3) 

Cl(12)-C(12)-C( 15) 115.9(3) C( 11 )-C( 12)~C(15) 100.5(3) C(13)-C( 12)-C( 15) 102.4(3) 

Cl( 13 )-C( 13 )-C( 12) 115.8(3) Cl( 13)-C( 13)-C(14) 115.3(3) C(12)-C( 13)-C( 14) 103.1(3) 

Cl(14)-C(14)-C(1) 114.9(3) Cl( 14)-C(14)-C(13) 116.3(3) C(1 )-C( 14)-C( 13) 102.7(3) 

Cl( 15 )-C( 15 )-Cl(25) 105.6(2) Cl( 15)-C( 15 )-C( 1) 115.8(3) Cl(25)-C( 15 ).-C( 1) 113.9(3) 

Cl(15 )-C( 15 )-C( 12) 114.7(3) Cl(25)-C( 15 )-C( 12) 113.9(3) C( 1 )-C(15 )-C( 12) 93.1(3) 

C(3)-C(16)-C(10) 94.8(3) 

Table A.lO: Bond angles (0
) for KM9 from Experiment 2. Esds given in parentheses. 
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I Atom II X y 

CL1 0.87614( 7) 0.81544(11) 0.79384( 4) 0.0228( 2) 

CL5 0.56656( 7) 0.43104(13) 0.74055( .5) 0.0290( 3) 

CL6 0.45123( 6) 0.21681( 11) 0.61529( .5) 0.0231( 2) 

CL7 0.50980( 6) 0.20773(10) 0.44096( 5) 0.0206( 2) 
-

CL8 0.68790( 6) 0.41140( 11) 0.38632( 4) 0.0212( 2) 

CL12 0.96953( 6) 0.80016(10) 0.47672( 5) 0.0186( 2) 

CL13 0.74987( 6) 0.95514(10) 0.49011( 5) 0.0200( 2) 

CL14 0.68866( 6) 0.95473(10) 0.68437( 5) 0.0206( 2) 

CL15 1.07163( 6) 0.75038(11) 0.67035( 5) 0.0221( 2) 

C1 0.86744( 8) 0.77155(13) 0.69175( 6) 0.0146( 3) 

C2 0.86847( 8) 0.58558(13) 0.67263( 6) 0.0136( 2) 

C3 0.78067( 8) 0.46675( 13) 0.67326( 6) 0.0140( 2) 

C4 0.68697( 7) 0.52848(13) 0.62618( 6) 0.0127( 2) 

C5 0.60012( 8) 0.42364(14) 0.64384( 6) 0.0154( 3) 

C6 0.55002( 8) 0.33176(13) 0.58977( 6) 0.0147( 2) 

C7 0.57823( 8) 0.32699(13) 0.50676( 6) 0.0139( 3) 

C8 0.65492( 8) 0.41498(13) 0.48355( 6) 0.0135( 2) 

C9 0.71738( 7) 0.52352(12) 0.53752( 6) 0.0120( 2) 

C10 0.82442( 7) 0.45928(13) 0.54475( 6) 0.0129( 2) 

Cll 0.89714( 7) 0.58241(13) 0.58396( 6) 0.0129( 2) 

C12 0.90617( 7) 0.76715(13) 0.56349( 6) 0.0132( 2) 

C13 0.81046( 8) 0.86296(13) 0.56817( 6) 0.0138( 2) 

C14 0.78723( 8) 0.86466(13) 0.64464( 6) 0.0149( 3) 

C15 0.95493( 8) 0.83310( 13) 0.64292( 6) 0.0152( 3) 

C16 0.81710( 8) 0.33727(13) 0.61459( 6) 0.0148( 3) 

H2 0. 92793( 17) 0.53269(32) 0.71090(14) 0.0279( 6) 

H3 0.76587(18) 0.42327(32) 0.73272(13) 0.0285( 6) 

H4 0.66735(17) 0.65336(29) 0.64337(14) 0.0260( 6) 

H9 0. 71262(17) 0.64584(28) 0.51099(14) 0.0262( 6) 

H10 0.84927(17) 0.40804(30) 0.48926(13) 0.0258( 6) 

Hll 0.97095(16) 0.53185(30) 0.57946(14) Q.0256( 6) 

H15 0.96166(18) 0.96653{30) 0.64343(15) 0.0293( 6) 

H16A 0.88809( 18) 0.28359(31) 0.63429(15) 0.0305( 7) 

H16B 0.76343(18) 0.23942(30) 0.60177( 14) 0.0290( 6) 

Table A.ll: Atomic coordinates and Ueq for KM22 from the neutron study at 123K, 

Experiment 3. Esds given in parentheses. 
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I Atom II Uu Up ., 
" " 

CLl 0.0302( 4) 0.0263( 4) 0.0119( 3) -.0029( 3) 0.0005( 3) -.0048( 3) 

CL5 0.0247( 4) 0.0466( 6) 0.0 165( 3) -.011-:i( 4) 0.0 100( 3) -.0059( 4) 

CL6 0.0203( 4) 0.0236( 4) 0.0259( 4) -.0094( 3) 0.0057( 3) 0.0015( 3) 

CL7 0.0202( 3) 0.0201( 4) 0.0213( 3) -.0059( 3) -.0012( 3) -.0050( 3) 

CL8 0.0220( 4) 0.0302( 4) 0.0115( 3) -.0046( 3) 0.0022( 3) -.0022( 3) 

CL12 0.0228( 4) 0.0167( 3) 0.0171( 3) -.0040( 3) 0.0081( 3) -.0011( 3) 

CL13 0.0235( 4) 0.0161( 3) 0.0198( 3) 0.0008( 3) -.0042( 3) 0.0022( 3) 

CL14 0.0193( 3) 0.0181( 4) 0.0251( 4) 0.0027( 3) 0.0071( 3) -.0058( 3) 

CL15 0.0146( 3) 0.0247( 4) 0.0265( 4) -.0015( 3) - .0034( 3) -.0034( 3) 

C1 0.0158( 4) 0.0160( 5) 0.0120( 4) -.0007( 4) -.0002( 3) -.0034( 4) 

C2 0.0146( 4) 0.0140( 4) 0.0121( 4) 0.0001( 4) 0.0000( 3) -.0007( 4) 

C3 0.0148( 4) 0.0152( 4) 0.0121( 4) -.0009( 4) 0.0017( 3) 0.0012( 4) 

C4 0.0131( 4) 0.0126( 4) 0.0127( 4) -.0007( 4) 0.0024( 3) -.0018( 3) 

C5 0.0143( 4) 0.0178( 5) 0.0144( 4) -.0018( 4) 0.0045( 3) -.0011( 4) 

C6 0.0143( 4) 0.0142( 4) 0.0158( 4) -.0017( 4) 0.0025( 3) 0.0003( 4) 

C7 0.0151( 4) 0.0121( 4) 0.0146( 4) -.0015( 4) 0.0008( 3) -.0005( 4) 

C8 0.0137( 4) 0.0146( 4) 0.0122( 4) -.0016( 4) 0.00 13( 3) -.0008( 4) 

C9 0.0123( 4) 0.0116( 4) 0.0123( 4) -.0009( 4) 0.0015( 3) -.0002( 3) 

C10 0.0128( 4) 0.0131( 4) 0.0128( 4) -.0007( 4) 0.0022( 3) -.0012( 3) 

C11 0.0126( 4) 0.0124( 4) 0.0137( 4) -.0002( 4) 0.0015( 3) -.0011( 4) 

C12 0.0144( 4) 0.0120( 4) 0.0134( 4) -.0019( 4) 0.0020( 3) -.0015( 4) 

C13 0.0148( 4) 0.0126( 4) 0.0141( 4) -.0002( 4) 0.0015( 3) -.0013( 3) 

C14 0.0161( 5) 0.0142( 5) 0.0145( 4) 0.0006( 4) 0.0028( 3) -.0021( 4) 
0 

C15 0.0142( 4) 0.0155( 5) 0.0158( 4) -.0019( 4) 0.0000( 3) -.0023( 4) 

C16 0.0167( 5) 0.0118( 4) 0.0161( 4) 0.0001( 4) 0.0019( 4) 0.0002( 4) 

H2 0.0252(10) 0.0310(12) 0.0269(10) 0.0026( 10) -.0056( 8) 0.0026( 9) 

H3 0.0331(12) 0.0329(12) 0.0197( 9) -.0023(10) 0.0033( 8) 0.0051( 9) 

H4 0.0262(10) 0.0217(10) 0.0305(11) 0.0017( 9) 0.0049( 9) -.0042( 9) 

H9 0.0286(11) 0.0213( 10) 0.0287(10) -.0009( 9) 0.0021( 9) 0.0052( 9) 

H10 0.0260(10) 0.0288(11) 0.0233( 9) -.0013( 9) 0.0062( 8) -.0072( 9) 

H11 0.0184( 9) 0.0281(11) 0.0306(11) 0.0017( 9) 0.0032( 8) -.0022( 9) 

H15 0.0317(12) 0.0214(10) 0.0347(12) -.0059(10) 0.0005( 9) -.0051( 9) 

H16A 0.0246(10) 0.0287(12) 0.0379(12) 0.0064(10) -.0006( 9) 0.0021(10) 

H16B 0.0306(11) 0.0228(11) 0.0335(11) -.0067( 9) 0.0017( 9) -.0017( 9) 

Table A.l2: Anisotropic atomic displacement parameters (A2
) for KM22 from the neutron 

study at 123K, Experiment 4. Esds given in parentheses. 
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I A-B. d.4-8 II A-B d.-t-8 II A-B d-t-8 I 
Cll- C1 1.757(1) Cl5- C5 1.717(1) Cl6- C6 1.715(1) 

Cl7- C7 1.717(1) CIS- C8 1.722(1) Cl12 - C12 1.7-57( 1) 

Cl13- C13 1.696(1) Cl15 - C15 1.770( 1) C1 - C14 1.523(1) 

C1- C2 1.552(1) C1 - C15 1.566( 1) C2- Cll 1.565( 1) 

C2- C3 1.542(1) . C3- C16 1.547(1) C3- C4 1.555( 1) 

C4- C5 1.503(1) C4- C9 1.572(1) C5- C6 1.341(1) 

C6- C7 1.471(1) C7- C8 1.343( 1) C8- C9 1.504(1) 

C9- C10 1.551(1) C10- Cll 1.538(1) C10- C16 1.549(1) 

Cll- C12 1.553(1) C12 - C13 1.527(1) C12- C15 1.561(1) 

C13- C14 1.343( 1) H2- C2 1.099(3) H3- C3 1.092(3) 

H4- C4 1.097(3) H9- C9 1.095(3) H10 - C10 1.094(3) 

Hll-Cll 1.094(2) H15- C15 1.093(3) H16A- C16 1.099(3) 

H16B- C16 1.098(3) 

Table A.13: Bond lengths (A) for KM22 from the neutron study at 123K, Experiment 3. 

Esds given in parentheses. 

I A-B-C LA-B-C II A-B-C I LA-B-C I 
C2- C1- C15 100.93(8) C14- C1- C15 96.44(8) 

C1- C2- C3 126.79(9) C1- C2- Cll 102.71(8) 

C3- C2- C11 103.13(8) C2- C3- C4 114.32(9) 

C2- C3- C16 98.70(8) C4- C3- C16 100.19(8) 

C3- C4- C5 110.51(9) C3- C4- C9 103.20(8) 

C5- C4- C9 114.93(8) C4- C5- C6 124.31(9) 

C5- C6- C7 120.89(16) C6- C7- C8 120.50(9) 

C7- C8- C9 124.38(9) C4- C9- C10 103.05(8) 

C8- C9- C10 110.57(8) C9- C10- Cll 113.42(8) 

C9- C10- C16 100.45(8) Cll - C10 - C16 99.08(8) 

C2- Cll- C10 103.60(8) C2- Cll- C12 102.86(8) 

C10 - Cll - C12 126.54(8) Cll - C12 - C13 114.09(8) 

Cll - C12 - C15 100.33(8) C13 - C12 - C15 96.21(8) 

C12- C13- C14 107 .33(9) C1- C14- C13 107.34(9) 

C1- C15- C12 92.13(8) C3- C16- C10 94.69(8) 

C2- C1- C14 113.16(8) 

Table A.l4: Bond Angles (0
) for KM22 from the neutron study at 123K, Experiment 3. 

Esds given in parentheses. 
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I A-B-C LA-B-C II A-B-C LA-B-C I 
CL1- C1- C2 113.72(8) CL1- C1- C14 114.92(8) 

CL1- C1- C15 115.70(8) CL5- C5- C4 114.72(8) 

CL5- C5- C6 120.97(9) CL6- C6- C5 121.05(9) 

CL6- C6- C7 118.06(8) CL7- C7- C6 118.08(8) 

CL7- C7- C8 121.42(8) CL8- C8- C7 120.82(8) 

CL8- C8- C9 114.79(8) CL12- C12- C11 112.44(7) 

CL12- C12- C13 114.93(8) CL12- C12- C15 117.09(8) 

CL13- C13- C12 124.91(8) CL13- C13- C14 127.71(9) 

CL14- C14- C1 124.92(8) CL14- C14- C13 127.74(9) 

CL15- C15- C1 116.06(8) CL15- C15- C12 115.60(8) 

C1- C2- H2 106.03(16) C3 ~ C2- H2 107.44(16) 

C11- C2- H2 110.02(16) C2- C3- H3 112.95( 16) 

C4- C3- H3 112.93(16) C16- C3- H3 116.44(16) 

C3- C4- H4 111.81(16) C5- C4- H4 105.76(16) 

C9- C4- H4 110. 78( 16) C4- C9- H9 110.62(15) 

C8- C9- H9 105.64(15) C10- C9- H9 112.16(15) 

C9- C10- H10 113.12(15) Cll - C10- H10 113.38( 15) 

C16- C10- H10 116.02(16) C2 - <;11 - H11 110.29( 15) 

C10- C1i- H11 107.45(15) C12- Cll - Hll 105.51( 15) 

CL15- C15- H15 107.70(15) C1- C15- H15 112.42( 16) 

C12- Cl5- H15 112.48(16) C3 - C16 - H16A 112.66( 16) 

C3- C16- H16B 113.00(16) C10- C16- H16A 113.40(16) 

C10- C16- H16B . 112.68(15) H16A- C16 - H16B 109.78(20) 

C16- H16A- H16B 35.08(12) C16- H16B - H16A 35.13(13) 

Table A.l5: Bond Angles (0 ) for KM22 from the neutron study at 123K, Experiment 3 

(cont'd). Esds given in parentheses. 
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., Atom JJ y = 
C1 0.3483( 2) -0.3241( 2) 0.8383( 1) 0.0188( 6) 

C2 0.5337( 2) -0.3636( 2) 0.8659( 1) 0.0168( 6) 

C3 0.7136( 2) -0.4501( 2) 0.80 10( 1) 0.0182( 6) 

C4 0.7091( 2) -0.3522( 2) 0. 7108( 1) 0.0 188( 6) 

C5 0.7302( 2) -0.3971( 2) 0.6150( 1) 0.0217( 6) 

C6 0. 7362( 2) -0.2810( 2) 0.5469( 1) 0.0253( 6) 

C7 0.7161( 2) -0.1197( 2) 0.5763( 1) 0.0236( 6) 

C8 0.6874( 2) -0.0729( 2) 0.6736( 1) 0.0205( 6) 

C9 0.6889( 2) -0.1911( 2) 0.7393( 1) 0.0197( 6) 

C10 0.6808( 2) -0.1854( 2) 0.8460( 1) 0.0220( 6) 

C11 0.5080( 2) -0.1806( 2) 0.8922( 1) 0.0199( 6) 

C12 0.3143( 2) -0.0568( 2) 0.8685( 1) 0.0173( 6) 

C13 0.2852( 2) -0.0532( 2) 0.7608( 1) 0.0174( 6) 

C14 0.3108( 2) -0.2409( 2) 0.7399( 1) 0.0190( 6) 

C15 0.2211( 2) -0.1627( 2) 0.9039( 1) 0.0184( 6) 

C16 0.8138( 2) -0.3823( 2) 0.8601( 1) 0.0230( 6) 

CL1 0.3165( 2) -0.5074( 1) 0.8520( 1) 0.0309( 5) 

CL5 0.7477( 2) -0.5920( 1) 0.5800( 1) 0.0363( 5) 

CL6 0:7671( 2) -0.3368( 2) 0.4283( 1) 0.0413( 5) 

CL7 0.7301( 2) 0.0199( 1) 0.4943( 1) 0.0400( 5) 

CL8 0.6489( 2) 0.1285( 1) 0.7122( 1) 0.0320( 5) 

CL12 0.2300( 1) 0.1529( 1) 0.9219( 1) 0.0236( 4) 

CL13 0.0711( 1) 0.1190( 1) 0.7390( 1) 0.0205( 4) 

CL14 0.1258( 2) -0.2410( 2) 0.6935( 1) 0.0360( 5) 

CL15 0.2231( 1) -0.2007( 1) 1.0274( 1) 0.0252( 4) 

H2 0.5574( 4) -0.4428( 4) 0.9296( 2) 0.0386(13) 

H3 0.7731( 4) -0.5907( 4) 0. 7910( 2) 0.0338(13) 

H10 0.7101( 5) -0.0888( 4) 0.8766( 2) 0.0480(14) 

Hll 0.5068( 4) -0.1654( 4) 0,9694( 2) 0.0378(13) 

H13 0.3801( 4) -0.0293( 4) 0. 7158( 2) 0.0370(13) 

H14 0.4230( 4) -0.3133( 4) 0.6870( 2) 0.0372(13) 

H15 0.0813( 4) -0.1019( 4) 0.8875( 2) 0.0340(13) 

H16A 0.9488( 4) -0.4213( 5) 0.8280( 3) 0.0465(15) 

H16B 0.8175( 5) -0.4200( 5) 0.9349( 2) 0.0462( 15) 

Table A.16: Atomic coordinates and Ueq (A 2) for KM25 from the neutron study at 123K, 

Experiment 4. Esds given in parentheses. 
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I Atom II Uu - UtJ ·1 -

Cl 0.0124( 8) 0.0110( 7) 0.0183( 8) -0.0081( 6) 0.0006( 6) 0.0017( 6) 

C2 0.0098( 8) 0.0 123( 7) 0.0164( 8) -0.0059( 6) 0.0005( 6) 0.0038( 6) 

C3 0.0107( 8) 0.0134( 8) 0.0186( 8) -0.0053( 6) 0.0013( 6) 0.002.5( 6) 

C4 0.0119( 8) 0.0132( 7) 0.0166( 8) -0.0079( 6) 0.0015( 6) 0.0020( 6) 

C5 0.0161( 8) 0.0136( 8) 0.0176( 8) -0.0095( 7) 0.0023( 6) -0.0008( 6) 

C6 0.0190( 9) 0.0184( 8) . 0.0156( 8) -0.0125( 7) 0.0019( 6) 0.0003( 6) 

C7 0.0174( 9) 0.0173( 8) 0.0147( 8) -0.0118( 7) 0.0011( 6) 0.0010( 6) 

C8 0.0129( 8) 0.0149( 8) 0.0160( 8) -0.0101( 6) 0.0014( 6) 0.0014( 6) 

C9 0.0122( 8) 0.0152( 8) 0.0140( 7) -0.0102( 6) 0.0003( 6) 0.0010( 6) 

ClO 0.0130( 8) 0.0184( 8) 0.0158( 8) -0.0107( 7) -0.0017( 6) 0.0016( 6) 

Cll 0.0131( 8) 0.0160( 8) 0.0130( 8) -0.0099( 6) -0.0002( 6) 0.0011( 6) 

C12 0.0134( 8) 0.0118( 7) 0.0117( 7) -0.0081( 6) 0.0002( 6) 0.0005( 6) 

C13 0.0123( 8) 0.0130( 7) 0.0126( 7) -0.0076( 6) 0.0000( 6) 0.0011( 6) 

C14 0.0112( 8) 0.0151( 8) 0.0164( 8) -0.0074( 7) 0.0001( 7) -0.0018( 6) 

C15 0.0119( 9) 0.0124( 7) 0.0168{ 8) -0.0073{ 7) 0.0015( 6) 0.0014( 6) 

C16 0.0111( 9) 0.0204{ 8) 0.0214( 9) -0.0083( 7) -0.0029( 7) 0.0056( 7) 

CL1 0.0195( 6) 0.0143( 6) 0.0366{ 7) -0.0123( 5) 0.0033( 5) 0.0009( 5) 

CL5 0.0344{ 7) 0.0179{ 6) 0.0241( 6) -0.0180( 6) 0.0025( 5) -0.0029( 5) 

CL6 0.0387{ 8) 0.0291( 7) 0.0159( 6) -0.0217( 6) 0.0038( 5) -0.0033( 5) 

CL7 0.0384{ 8) 0.0241( 6) 0.0193{ 6) -0.0211( 6) 0.0022{ 5) 0.0056( 5) 

CL8 0.0277( 7) 0.0164{ 6) 0.0242{ 6) -0.0160( 5) -0.0010{ 5) 0.0004( 5) 

CL12 0.0210{ 6) 0.0129( 5) 0.0195( 6) -0.0088( 5) -0.0017(5) -0.0023( 4) 

CL13 0.0129( 6) 0.0175{ 6) 0.0188( 6) -0.0048( 5) -0.0025( 4) I 0.0033( 4) 

CL14 0.0210( 7) 0.0286( 7) 0.0307{ 7) -0.0160( 5) -0.0082( 5) -0.0017(5) 

CL15 0.0188( 6) 0.0205( 6) 0.0169( 6) -0.0084( 5) 0.0038( 5) 0.0045( 4) 

H2 0.0317(19) 0.0268(17) 0.0266(17) -0.0155(15) -0.0022(14) 0.0096(14) 

H3 0.0266(18) 0.0180(17) 0.0386(19) -0.0061(14) 0.0023(15) 0.0027( 14) 

H10 0.0347(20) 0.0358(19) 0.0304(18) -0.0249(16) -0.0033(15) -0.0012(15) 

Hll 0.0304(19) 0.0316(18) 0.0202(17) -0.0159(15) -0.0036(14) 0.0034(13) 

H13 0.0227(17) 0.0316(18) 0.0265(17) -0.0155(15) 0.0020(14) 0.0053(13) 

H14 0.0251(18) 0.0315( 18) 0.0272(17) -0.0126(15) 0.0050(15) -0.0091(14) 

H15 0.0190(18) o:o291(17) 0.0315(18) -0.0103(15) -0.0011(14) 0.0003{14) 

H16A 0.0188{19) 0.0453(21) 0.0418(20) -0.0167(16) 0.0013(15) 0.0036(16) 

· H16B 0.0333(20) 0.0432(21) 0.0261(18) -0.0178(17) -0.0101(15) 0.0121(15) 

Table A.17: Anisotropic atomic displacement parameters (A2
) for KM25 from the neutron 

study at 123K, Experiment 4. Esds given in parentheses. 
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I A-B .. dA-B II A-B d.-t-B II A-B dA-B I 
C1- C14 1.541(2) C1- C2 1.541(2) Cl- Cl.5 1.55.5( 2) 

C2- Cll 1.555(2) C2- C3 1.565(2) C3- C4 1.511(2) 

C3- Cl6 1.554(2) C4- C5 1.382(2) C4- C9 1.397(2) 

C5- C6 1.407(2) C6- C7 1.403(2) Ci- C8 1.402( 2) 

C8- C9 1.378(2) C9- ClO 1.498(2) C10- C11 1.5.55(2) 

C10- C16 1.562(2) Cll- C12 1.548(2) C12- C15 1.549(2) 

C12- C13 1.553(2) C13- C14 1.579(2) CL1- C1 1.763(2) 

CLS- C5 1. 716(2) CL6- C6 1. 709(2) CL7- C7 1.712(2) 

CL8- C8 1. 717(2) CL12- C12 1. 767(2) CL13- C13 1.77 4(2) 

CL14- C14 1. 770(2) CL15- CIS 1. 767(2) H2- C2 1.099(3) 

H3- C3 1.087(3) HlO- C10 1.096( 4) Hll-C11 1.095(3) 

H13- C13 1.090(3) H14- C14 1.090( 4) H15- C15 1.097(4) 

H16A- C16 1.097(4) H16B- C16 1.098( 4) 

Table A.l8: Bond lengths (A) for KM25 from the neutron study at 123K, Experiment 4. 

Esds given in parentheses. 

I A-B-C I LA-B-C II A-B-C I LA-B-C I 
C2- C1- C14 111.5(1) C2- C1- C15 102.3( 1) 

C1- C2- C3 127.2(1) Cl- C2- C11 103.5(1) 

C3- C2- CU 103.6(1) C2- C3- C4 113.6(1) 

C2- C3- C16 96.6(1) C4- C3- C16 97.9( 1) 

C3- C4- C5 132.9(1) C3- C4- C9 106. 7( 1) 

C5- C4- C9 120.3(1) C4- C5- C6 119.2(1) 

C5- C6- C7 120.1(1) C6- C7- C8 120.1(1) 

C7- C8- C9 119.0(1) C4- C9- C8 121.3(1) 

C4- C9- ClO 107.7(1) C8- C9- ClO 130.9(1) 

C9- C10- CU 111.7(1) C9- C10- C16 98.0(1) 

CU - C10 - C16 98.4(1) C2- CU- C12 102.7(1) 

ClO - CU - C12 127.0(1) C2- CU- C10 103.6(1) 

C14- C1- C15 100.1(1) Cll - C12- C13 114.4(1) 

Cll - C12 - C15 100.9(1) C13 - C12 - C15 99.1( 1) 

C12 - C13 - C14 103.0(1) C1- C14- C13 102.3(1) 

C1- C15- C12 93.3(1) C3- C16- ClO 94.5( 1) 

Table A.l9: Bond Angles (0
) for KM25 from the neutron study at 123K, Experiment 4. 

Esds given in parentheses. 
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I A-B-C . I LA-B-C II A-B-C I LA-B-C I 
C2- Cl- CLl 111.5(1) C14- C1 - CL1 114.8(1) 

C15- Cl- CL1 115.6(1) C4- C5- CL5 120.2(1) .. 

C6- C5- CL5 120.5(1) C5- C6- CL6 119.8(1) 

C7- C6- CL6 120.2(1) C6- C7- CL7 120.5(1) 

C8- C7- CL7 119.5(1) C7- C8- CL8 121.5(1) 

C9- C8- CL8 119.5(1) C11 - C12- CL12 111.5(1) 

C13 - C12 - CL12 113.5(1) C15- C12- CL12 116.3(1) 

C12 - C13 - CL13 110.6(1) C14- C13- CL13 113.7(1) 

C1 - C14- CL14 112.6(1) C13- C14- CL14 114.4(1) 

C1 - C15 - CL15 115.4(1) C12- C15- CL15 114.8(1) 

C1- C2- H2 105.8(2) . C3- C2- H2 106.1(2) 

C11-C2-H2 110.1(2) C2- C3- H3 114.4(2) 

C4- C3- H3 115.0(2) C16- C3- H3 116.9(2) 

C9- C10- HlO 115.0(2) Cll - C10- H10 114.1(2) 

C16 - C10- HlO 117.5(2) C2- Cll- H11 110.6(2) 

C10 - Cll - Hll 107.1(2) C12- C11 - H11 105.3(2) 

C12 - C13 - H13 112.9(2) C14- C13- H13 111.3(2) 

CL13 - C13 - H13 105.6(2) C1- C14- H14 111.4(2) 

C13- C14- H14 111.1(2) CL14- C14- H14 105.3(2) 

Cl- C15- H15 113.5(2) C12 - C15 - H15 112.9(2) 

CL15 - C15 - H15 106.8(2) C3 - C16 - H16A 112.6(2) 

C3 - C16 - H16B 112~7(2) C10- C16- H16A 112.4(2) 

C10 - C16 - H16B 113.4(2) H16A- C16 - H16B 110.5(3) 

Table A.20: Bond Angles (0
) for KM25 from the neutron study at 123K, Experiment 4 

(cont'd). Esds given in parentheses. 
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j Atom II X y I 
C1 0.3484( 1) -0.3241( 1) 0.83843( 6) 0.0180( 2) 

C2 0.5337( 1) -0.3639( 1) 0.86592( 6) 0.0166( 2) 

C3 0.7131( 1) -0.4504( 1) 0.80090( 6) 0.0178( 2) 

C4 0.7091( 1) -0.3525( 1) 0. 71065( 6) 0.0184( 2) 

C5 0.7302( 1) -0.3974( 1) 0.61483( 6) 0.0218( 2) 

C6 0.7364( 1) -0.2812( 1) 0.54699( 6) 0.0248( 2) 

C7 0. 7162( 1) -0.1198( 1) 0.57622( 6) 0.0244( 2) 

C8 0.6880( 1) -0.0729( 1) 0.67340( 6) 0.0205( 2) 

C9 0.6893( 1) -0.1912( 1) 0.73916( 6) 0.0188( 2) 

C10 0.6803( 1) -0.1853( 1) 0.84615( 6) 0.0212( 2} 

C11 0.5080( 1) -0.1807( 1) 0.89209( 5) 0.0176( 2) 

C12 0.31.46( 1) -0.0570( 1) 0.86865( 5) 0.0158( 1) 

C13 0.2855( 1) -0.0530( 1) 0.76118( 5) 0.0165( 2) 

C14 0.3110( 1) -0.2409( 1) 0.73998( 6) 0.0188( 2) 

C15 0.2211( 1) -0.1628( 1) 0.90403( 6) 0.0174(2) 

C16 0.8136( 1) -0.3821( 1) 0.86008( 7) 0.0223( 2) 

CL1 0.3162( 4) -.50765( 3) 0.85214( 2) 0.0291( 6) 

CL5 0.7481( 5) -.59264( 3) 0.57988( 2) 0.0351( 8) 

CL6 0.7678( 5) -.33730( 4) 0.42814( 2) 0.0412( 9) 

CL7 0.7299( 5) 0.02004( 4) 0.49409( 2) 0.0396( 9) 

CL8 0.6496( 4) 0.12824( 3) 0.71213( 2) 0.0305( 6) 

CL12 0.2302( 3) 0.15285( 3) 0.92225( 2) 0.0226( 5) 

CL13 0.0718( 3) 0.11898( 3) 0.73924( 2) 0.0195( 5) 

CL14 0.1257( 4) ~.24121( 4) 0.69369( 2) 0.0334( 7) 

CL15 0.2232( 4) -.20045( 3) 1.02769( 2) 0.0240( 6) 

Table A.21: Atomic coordinates and Ueq (A2) for KM25 from the refinement FULL, using 

X-ray data measured at 123K and to a sinO/ A( max) of 1.08A -l. 
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I Atom II Uu - -

C1 0.0127( 2) 0.0112( 2) 0.0178( 2) -0.0059( 2) 0.0014( 2) -0.0004( 2) 

C2 0.0126( 2) 0.0116( 2) 0.0147( 2) -0.0047( 2) 0.0002( 2) 0.0019( 2) 

C3 0.0129( 2) 0.0126( 2) 0.0169( 2) -0.0044( 2) 0.0006( 2) 0.0018( 2) 

C4 0.0135( 2) 0.0130( 2) 0.0151( 2) -0.0065( 2) 0.0013( 2) -0.0001( 2) 

C5 0.0183( 3) 0.0142( 2) 0.0156( 2) -0.0086( 2) 0.0020( 2) -0.0015( 2) 

C6 0.0206( 3) 0:0 184( 3) 0.0141( 2) -0.0109( 2) 0.0023( 2) -0.0013( 2) 

C7 0.0204( 3) 0.0169( 3) 0.0146( 2) -0.0111( 2) 0.00 13( 2) 0.0011( 2) 

C8 0.0154( 3) 0.0143( 2) 0.0152( 2) -0.0087( 2) 0.0002( 2) 0.0004( 2) 

C9 0.0133( 2) 0.0145( 2) 0.0137( 2) -0.0076( 2) -0.0001( 2) 0.0004( 2) 

C10 0.0147( 3) 0.0177( 2) 0.0141( 2) -0.0090( 2) -0.0017( 2) 0.0006( 2) 

C11 0.0137( 2) 0.0136( 2) 0.0121( 2) -0.0063( 2) -0.0013( 2) 0.0010( 2) 

C12 0.0133( 2) 0.0110( 2) 0.0118( 2) -0.0053( 2) -0.0004( 2) 0.0000( 2) 

C13 0.0124( 2) 0.0135( 2) 0.0119( 2) -0.0052( 2) -0.0006( 2) 0.0006( 2) 

C14 0.0129( 2) 0.0150( 2) 0.0155( 2) -0.0059( 2) -0.0002( 2) -0.0029( 2) 

C15 0.0132( 2) 0.0125( 2) 0.0141( 2) -0.0054( 2) 0.0018( 2) 0.0003( 2) 

C16 0.0134( 3) 0.0203( 3) 0.0188( 3) -0.0064( 2) -0.0033( 2) 0.0036( 2) 

CL1 0.01979( 8) 0.01375( 6) 0.03408(12) -0.01019( 6) 0.00258( 8) -0.00048( 7) 

CL5 0.03478(13) 0.01811( 8) 0.02227( 9) -0.01585( 9) 0.00282( 8) -0.00442( 7) 

CL6 0.04060( 16) 0.02940(11) 0.01414( 7) -0.02054(11) 0.00399( 8) -0.00374( 7) 

CL7 0.04013(15) 0.02437(10) 0.01721( 8) -0.01972(10) 0.00214( 8) 0.00375( 7) 

CL8 0.02805(11) 0.01617( 7) 0.02195( 8) -0.01383( 7) -0.00062( 7) -0.00064( 6) 

CL12 0.02206( 8) 0.01263( 6) 0.01781( 7) -0.00677( 6) -o:oo163( 6) -0.00307( 5) 

CL13 0.01441( 7) 0.01734( 7) 0.01657( 7) -0.00269( 6) -0.00249( 5) 0.00221( 5) 

CL14 0.02089( 9) 0.02650( 10) 0.02892( 11) -0.01308( 8) -0.00764( 8) -0.00319( 8) 

CL15 0.02069( 8) 0.01932( 8) 0.01471( 7) -0.00627( 6) 0.00392( 5) 0.00333( 6) 

Table A.22: Anisotropic displacement parameters (A2
) for KM25 from the refinement 

FULL, using X-ray data measured at 123K and to a sinO/ A( max) of 1.08A -l. 
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., A-B dA-B II A-B dA-B II A-B 

C1- C2 1.539( 1) C1- C14 1.542( 1) C1 - C15 1.555( 1) 

C2- C11 1.557(1) C3- C4 . 1.518(1) C3- C16 1.559(1) 

C4- C5 1.383(1) .C4- C9 1.400(1) C5- C6 1.405(1) 

C6- C7 1.402(1) C7- C8 1.401(1) C8- C9 1.378( 1) 

C9- C10 1.502( 1) C10- C11 1.550( 1) C10- C16 1.562( 1) 

C11- C12 1.544(1) C12- C15 1.550( 1) C12- C13 1.551(1) 

C13- C14 1.581(1) C14- Cl 1. 7663(8) CL5- C5 1.7172(9) 

CL6- C6 1.7128(9) CL7- C7 1.714(1) CL8- C8 1.7167{9) 

CL12- C12 1.7695(8) CL13- C13 1. 7724(9) CL14- C14 1. 7i20(9) 

CL15- C15 1.7682(9) 

Table A.23: Bond lengths (A) for KM25 from refinement FULL, using X-ray data measured 

at 123K and to a sinO/,\(max) of 1.08A- 1. Esds given in parentheses. 
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I A-B-C LA-B-C II A-B-C LA-B-C I 
C2 -C1 -C14 111.41(6) C2 -C1 -C15 102.42(6) 

C2 -C1 -CL1 111.43(5) C14 -C1 -C15 100.13(6) 

C14 -C1 -CL1 114.83(6) C15 -C1 -CL1 115.51( 6) 

C1 -C2 -C3 127.12(7) C1 -C2 -C11 103.42(6) 

C3 -C2 -C11 103.54(6) C2-C3-C4 113.84(6) 

C2 -C3 -C16 96.45(7) C4 -C3 -C16 97.74(6) 

C3-C4-C5 132.94(7) C3-C4-C9 106. 77(7) 

C5-C4-C9 120.17(7) C4-C5-C6 119.10(7) 

C4 -C5 -CL5 120.13(6) C6 -C5 -CL5 120.76(7) 

C5-C6-C7 120.30(8) C5-C6-CL6 119.61(7) 

C7 -C6 -CL6 120.09(7) C6-C7-C8 120.05(8) 

C6 -C7 -CL7 120.56(7) C8-C7-CL7 119.37(7) 

C7-C8-C9 118.89(7) C7 -C8 -CL8 121.66(6) 

C9 -C8 -CL8 119.44(6) C4-C9-C8 121.38(7) 

C4 -C9 -C10 107.63(7) C8 -C9 -C10 130.93(7) 

C9 -C10 -Cll 111.88(7) C9 -C10 -C16 97.80(7) 

C11 -C10 -C16 98.47(7) C2 -Cll -C10 103. 72(6) 

C2 -Cll -C12 102.72(6) C10 -C11 -C12 127.14(6) 

Cll -C12 -C13 114.30(6) Cll -C12 -C15 101.03(6) 

Cll -C12 -CL12 111.63(5) C13 -C12 -C15 99.08(6) 

C13 -C12 -CL12 113.45(5) C15 -C12 -CL12 116.28(5) 

C12 -C13 -C14 103.03(6) C12 -C13 -CL13 110.68(5) 

C14 -C13 -CL13 113.70(5) C1 -C14 -C13 102.19(6) 

C1 -C14 -CL14 112.42(6) C13 -C14 -CL14 114.51(6) 

Cl -C15 -C12 93.26(6) Cl -C15 -CL15 115.47(6) 

C12 -C15 -CL15 114.69(5) C3 -C16 -ClO 94.54(7) 

Table A.24: Bond angles (0 ) for KM25 from refinement FULL, using X-ray data measured 

at 123K and to a sinO fA( max) of 1.08A -l. Esds given in parentheses. 
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I Atom II X y :: 

C1 0.3486( 1) -0.3243( 1) 0.83843( 7) 0.0190( 2) 

C2 0.5337( 1) -0.3641( 1) 0.86591( 7) 0.0177( 2) 

C3 0.7131( 1) -0.4503( 1) 0.80096( 8) 0.0188( 2) 

C4 . 0.7090( 1) -0.3525( 1) 0.71067( 7) 0.0196( 2) 

C5 0.7303( 2) -0.3976( 1) 0.61494( 8) 0.0228( 2) 

C6 0.7367( 2) -0.2814( 1) 0.54699( 8) 0.0258( 2) 

C7 0.7161( 2) -0.1197( 1) 0.57614( 8) 0.0256( 2) 

C8 0.6881( 1) -0.0728( 1) 0.67342( 7) 0.0217( 2) 

C9 0.6893( 1) -0.1913( 1) 0.73915( 7) 0.0197( 2) 

ClO 0.6803( 1) -0.1853( 1) 0.84615( 7) 0.0223( 2) 

Cll 0.5080( 1) -0.1806( 1) 0.89210( 6) 0.0186( 2) 

C12 0.3146( 1) -0.0568( 1) 0.86873( 6) 0.0171( 2) 

C13 0.2852( 1) -0.0528( 1) 0.76123( 6) 0.0176( 2) 

C14 0.3109( 1) -0.2409( 1) 0.74005( 7) 0.0197( 2) 

C15 0.2212( 1) -0.1630( 1) 0.90410( 7) 0.0184( 2) 

C16 0.8136( 2) -0.3821( 2) 0.86012( 9) 0.0234( 2) 

CL1 0.31627( 5) -0.50772( 4) 0.85242( 4) 0.0298( 1) 

CL5 0.74853( 7) -0.59282( 5) 0.58001( 3) 0.0359( 1) 

CL6 0.76819( 9) -0.33757( 7) 0.42818( 3) 0.0413( 1) 

CL7 0.73004( 8) 0.01998( 6) 0.49408( 3) 0.0401( 1) 

CL8 0.64964{ 6) 0.12830( 4) 0.71211( 3) 0.0314( 1) 

CL12 0.23020( 5) 0.15291( 3) 0.92228( 2) 0.0236( 1) 

CL13 0.07184( 4) 0.11909( 4) 0.73930( 2) 0.0206( 1) 

CL14 0.12557( 6) -0.24132( 6) 0.69385( 4) 0.0340( 1) 

CL15 0.22325{ 5) -0.20026( 4) 1.02782( 2) 0.0248( 1) 

Table A.25: Atomic coordinates and Ueq (A2 ) for KM25 from the refinement HO, using 

X-ray data measured at 123K and with sinO (A > 1.08A -l. 
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) Atom II - -

C1 0.0133( 2) 0.0121( 2) 0.0185( 3) -0.0062( 2) 0.0014( 2) -0.0003( 2) 

C2 0.0134( 2) 0.0 122( 2) 0.0156( 2) -0.0050( 2) 0.0001( 2) 0.0019( 2) 

C3 0.0137( 3) 0.0134( 2) 0.0176( 3) -0.0046( 2) 0.000.5( 2) 0.00 17( 2) 

C4 0.0146( 3) 0.0139( 2) 0.0157( 2) -0.0071( 2) 0.0012( 2) 0.0001( 2) 

C5 0.0189( 3) 0.0152( 2) 0.0160( 3) -0.0090( 2) 0.0017( 2) -0.0011( 2) 

C6 0.0214( 4) 0.0190( 3) 0.0149( 3) -0.0112( 3) 0.0022( 2) -0.0009( 2) 

C7 0.0213( 4) 0.0179( 3) 0.0154( 3) -0.0117( 3) 0.0013( 2) 0.0011( 2) 

C8 0.0165( 3) 0.0151( 2) 0.0159( 2) -0.0091( 2) 0.0002( 2) 0.0005( 2) 

C9 0.0140( 2) 0.0151( 2) 0.0144( 2) -0.0079( 2) -0.0002( 2) 0.0005( 2) 

C10 0.0156( 3) 0.0185( 3) 0.0150( 2) -0.0094( 2) -0.0016( 2) 0.0006( 2) 

Cll 0.0145( 3) 0.0143( 2) 0.0130( 2) -0.0067( 2) -0.00 13( 2) 0.0010( 2) 

C12 0.0143( 2) 0.0120( 2) 0.0124( 2) -0.0059( 2) -0.000.5( 2) 0.0002( 2) 

C13 0.0133( 2) 0.0143( 2) 0.0126( 2) -0.0056( 2) -0.0005( 2) 0.0007( 2) 

C14 0.0138( 3) 0.0154( 2) 0.0164( 3) -0.0062( 2) -0.0001( 2) -0.0028( 2) 

C15 0.0140( 3) 0.0132( 2) 0.0151( 2) -0.0057( 2) 0.0017( 2) 0.0003( 2) 

C16 0.0144( 3) 0.0211( 3) 0.0195( 3) -0.0067( 2) -0.0033( 2) 0.0036( 3) 

CL1 0.02039(11) 0.01452( 9) 0.03425(16) -0.01039( 7) 0.00221( 9) -0.000 15( 8) 

CL5 0.03552(18) 0.01875(10) 0.02282( 12) -0.01605(11) 0.00264(10) -0.00413( 8) 

CL6 0.04046(22) 0.02969(15) 0.01487(10) -0.02019(15) 0.00368(10) -0.00335( 8) 

CL7 0.04027(21) 0.02500(13) 0.01793(10) -0.01969(14) 0.00182(10) 0.00390( 8) 

CL8 0.02871(14) 0.01689( 9) 0.02271(11) -0.01406( 9) -0.00078( 9) -0.00043( 7) 

CL12 0.02293(11) 0.01339( 8) 0.01854(10) -0.00714( 7) -0.00175( 7) -0.00290( 6) 

CL13 0.01534( 9) 0.01811(9) 0.01729( 9) -0.00313( 7) -0.00259( 6) 0.00237( 6) 

CL14 0.02149(13) 0.02690( 13) 0.02939(15) -0.01313(10) -0.00757(10) -0.00287(10) 

CL15 0.02131(11) 0.01995(10) 0.01545( 9) -0 .00649( 8) 0.00375( 7) 0.00336( 6) 

Table A.26: Anisotropic atomic displacement parameters (A 2) for KM25 from the refine

ment HO, using X-ray data measured at 123K and to a sinO/>.> 1.08A-
1

. 
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I A-B . d..t-8 II A-B d4-8 II A-B -

C1- C2 1.538( 1) C1 - C14 1.542(1) C1 - C15 1.556( 1) 

C2- Cll 1.558(1) C2- C3 1.563( 1) C3- C4 1.518(1) 

C3- C16 1..)58(2) C4- C5 1.382( 1) C4- C9 1.399( 1) 

C.5- C6 1.407(2) C6- C7 1.403(2) C7- CS 1.403(2) 

C8- C9 1.379( 1) C9- C10 1..)03( 1) C10- Cll 1.550( 1) 

ClO- C16 1.562(2) Cll- C12 1.544( 1) C12 - C15 1.552( 1) 

C12- C13 1.552( 1) C13- C14 1.582( 1) CL1- C1 1.766(1) 

CL5- C5 1.716(1) CL6- C6 1.712(1) CL7- C7 1.713(1) 

CL8- C8 1.716(1) CL12- C12 1.7683(9) CL13- C13 1.770( 1) 

CL14- C14 1. 772( 1) CL15- C15 1.769(1) 

Table A.27: Bond lengths (A) for KM25 from refinement HO, using X-ray data measured 

at 123K and with sinO I).. > 1.08A - 1. Esds given in parentheses. 

I A-B-C I LA-B-C II A-B-C I LA-B-C II A-B-C LA-B-C I 
C2- C1- C14 111.47(8) C2- C1- C15 102.42( 7) C2- C1- CLl 111.43(6) 

C14- C1- C15 100.06(7) C14- C1- CL1 114.96(7) C15- C1- CL1 115.38(7) 

C1- C2- C3 127.15(8) C1- C2- C11 103.42(7) C3- C2- Cll 103.49( 7) 

C2- C3- C4 113.86(8) C2- C3- C16 96.51(8) C4- C3- C16 97.80(8) 

C3- C4- C5 132.92(8) C3- C4- C9 106. 73(8) C5- C4- C9 120.23(9) 

C4- C5- C6 119.06(9) C4- C5- CL5 120.21(8) C6- C5- CL5 120.74(8) 

C5- C6- C7 120.3(1) C5- C6- CL6 119.62(9) C7- C6- CL6 120.06(9) 

C6- C7- C8 120.0(1) C6- C7- CL7 120.63(8) C8- C7- CL7 119.31(8) 

C7- C8- C9 118.79(9) C7- C8- CL8 121.68(8) C9- C8- CL8 119.52(8) 

C4- C9- C8 121.46(9) C4- C9- C10 107 .66(8) C8- C9- C10 130.82(9) 

C9- C10- Cll 111.87(8) C9- C10- C16 97.79(8) C11 - C10- C16 98.48(8) 

C2- C11- C10 103.67(7) C2- C11- C12 102. 77(7) C10- C11 - C12 127.16(8) 

Cll - C12 - C13 114.33(7) Cll - C12 - C15 100.97(7) Cll - C12- CL12 111.68(6) 

C13 - C12- C15 98.99(7) C13 - C12- CL12 113.44(6) C15- C12 - CL12 116.35(6) 

C12- C13- C14 103.03(7) C12- C13- CL13 110.74(6) C14- C13- CL13 113.79(6) 

C1- C14- C13 102.26(7) C1 - C14- CL14 112.41(7) C13- C14- CL14 114.49(7) 

C1- C15- C12 93.29(7) C1 - C15 - CL15 115.57(7) C12- C15- CL15 114.57(6) 

C3- C16- C10 94.52(8) 

Table A.28: Bond angles (0 ) for KM25 from refinement HO, using X-ray data measured 

at 123K and with sinO I).. > 1.08A - 1. Esds given in parentheses. 
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I Atom IJ X y 

C1 0.3481( 2) -0.3239( 2) 0.8385( 1) 0.0 188( 3) 

C2 0.5335( 2) -0.3638( 2) 0.8659( 1) 0.0174( 3) 

C3 0.7132( 2) -0.4505( 2) 0.8008( 1) 0.0192( 4) 

C4 0.7091( 2) -0.3525( 2) 0.7107( 1) 0.0186( 3) 

C5 0.7301( 2) -0.3973( 2) 0.6147( 1) 0.0225( 4) 

C6 0.7360( 2) -0.2811( 2) 0.5469( 1) 0.0257( 4) 

C7 0.7162( 2) -0.1197( 2) 0.5763( 1) 0.0250( 4) 

C8 0.6878( 2) -0.0730( 2) 0.6734( 1) 0.0210( 4) 

C9 0.6893( 2) -0.1910( 2) 0.7392( 1) 0.0198( 3) 

C10 0.6803( 2) -0.1854( 2) 0.8462( 1) 0.0218( 4) 

Cll 0.5081( 2) -0.1808( 2) 0.8921( 1) 0.0183( 3) 

C12 0.3146( 2) -0.0573( 2) 0.8686( 1) 0.0158( 3) 

C13 0.2858( 2) -0.0533( 2) 0.7611( 1) 0.0175( 3) 

C14 0.3111( 2) -0.2409( 2) 0.7398( 1) 0.0197( 4) 

C15 0.2211( 2) -0.1626( 2) 0.9040( 1) 0.0 182( 3) 

C16 0.8136( 2) -0.3822( 2) 0.8601( 1) 0.0234( 4) 

CL1 0.31615( 5) -.50757( 4) 0.85197( 3) 0.0303( 1) 

CL5 0.74789( 6) -.59255( 5) 0.57981( 3) 0.0360( 1) 

CL6 0.76764( 6) -.33716( 6) 0.42813( 3) 0.0425( 1) 

CL7 0.72982( 6) 0.02004( 5) 0.49409( 3) 0.0407( 1) 

CL8 0.64965( 5) 0.12818( 4) 0.71214( 3) 0.0315( 1) 

CL12 0.23020( 5) 0.15276( 4) 0.92222( 2) 0.0233( 1) 

CL13 0.07171( 4) 0.11890( 4) 0.73917( 2) 0.0202( 1) 

CL14 0.12575( 5) -.24116( 5) 0.69360( 3) 0.0347( 1) 

CL15 0.22318( 5) -.20061( 5) 1.02758( 2) 0.0250( 1) 

Table A.29: Atomic coordinates and Ueq (A2) for KM25 .from the refinement LO, using 

X-ray data measured at 123K and to a sinO/ ..\(max) of 0.8A -t. 
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I Atom II Uu Un -
C1 0.0135( 5) 0.0115( 4) 0.0181( 5) -0.0065( 4) 0.0015( 4) -0.0010( 4) 

C2 0.0123( 5) 0.0 130( 4) 0.0150( 4) -0.0053( 4) 0.0008( 4) 0.0013( 4) 

C3 0.0138( 5) 0.0137( 5) 0.0170( 5) -0.0057( 4) 0.0009( 4) 0.0016( 4) 

C4 0.0128( 5) 0.0135( 5) 0.0160( 5) -0.0063( 4) 0.0016( 4) -0.0005( 4) 

C5 0.0187( 5) 0.0140( 5) 0.0165( 5) -0.0091( 4) 0.0026( 4) -0.0027( 4) 

C6 0.0209( 6) 0.0194( 5) 0.0142( 5) -0.0115( 5) 0.0027( 4) -0.0024( 4) 

C7 0.0204( 6) 0.0177( 5) 0.0156( 5) -0.0111( 5) 0.0017( 4) 0.0004( 4) 

C8 0.0153( 5) 0.0143{ 5) 0.0162( 5) -0.0092( 4) 0.0004( 4) -0.0005( 4) 

C9 0.0136( 5) 0.0153( 5) 0.0143( 4) -0.0084( 4) 0.0002( 4) -0.0002( 4) 

C10 0.0149( 5) 0.0183( 5) 0.0141( 4) -0.0098( 4) -0.0016( 4) 0.0001( 4) 

C11 0.0143( 5) 0.0143{ 5) 0.0123( 4) -0.0068( 4) -0.0010{ 4) 0.0002( 4) 

C12 0.0132( 5) 0.0107( 4) 0.0121( 4) -0.0052( 4) -0.0003{- 3) -0.0008( 3) 

C13 0.0130( 5) 0.0140( 5) 0.0126( 4) -0.0060{ 4) -0.0004( 4) 0.0000( 3) 

C14 0.0135( 5) 0.0160( 5) 0.0154( 5) -0.0068( 4) -0.0005( 4) -0.0030( 4) 

C15 0.0136( 5) 0.0134( 5) 0.0142( 4) -0.0059( 4) 0.0020( 4) 0.0001( 4) 

C16 0.0134( 5) 0.0211( 6) 0.0198( 5) -0.0074( 4) -0.0032( 4) 0.0029( 4) 

CL1 0.0205{ 1) 0.0145{ 1) 0.0350{ 2) -0.0110( 1) 0.0030( 1) -0.0014( 1) 

CL5 0.0352( 2) 0.0188( 1) 0.0229( 1) -0.0165( 1) 0.0030( 1) -0.0052( 1) 

CL6 (}.0417( 2) 0.0304( 2) 0.0145{ 1) -0.0215( 2) 0.0042( 1) -0.0045( 1) 

CL7 0.0410{ 2) 0.0250( 2) 0.0177( 1) -0.0204( 2) 0.0025( 1) 0.0033( 1) 

CL8 0.0287{ 2) 0.0168{ 1) 0.0223( 1) -0.0146( 1) -0.0005( 1) -0.0014( 1) 

CL12 0.0225( 1) 0.0131( 1) 0.0182( 1) -0.0073( 1) -0.0014( 1) -0.0037( 1) 

CL13 0.0147{ 1) 0.0180( 1) 0.0170( 1) -0.0031( 1) -0.0022( 1) 0.0015( 1) 

CL14 0.0216( 2) 0.0275( 2) 0.0296( 2) -0.0140( 1) -0.0078( 1) -0.0039( 1) 

CL15 0.0214( 1) 0.0202( 1) 0.0151( 1) -0.0070( 1) 0.0042( 1) 0.0029( 1) 

Table A .30: Anisotropic atomic displacement parameters (A 2) for KM25 from the refine

ment 10, using X-ray data measured at 123K and to a sinO/ ..\(max) of 0.8A -l. 
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dA-B II A-B dA-B II A-B 

C1- C2 1.540(2) C1- C14 1.543(2) C1- C15 1.554(2) 

C2- C11 1.555(2) C2- C3 1.566(2) C3- C4 1.517(2) 

C3- C16 1.561(2) C4- C5 1.385(2) C4- C9 1.401(2) 

C5- c6 1.403(2) C6- C7 1.404(2) C7- C8 1.400(2) 

C8- C9 1.376(2) C9- C10 1.503(2) C10- Cll 1.550(2) 

C10- C16 1.562(2) C11- C12 1.544(2) C12- C15 1.54 7(2) 

C12- C13 1.551(2) C13- C14 1.580(2) CL1- C1 1.766(1) 

CL5- C5 1.718(i) CL6- C6 1.712(1) CL7- C7 1.713(1) 

CL8- C8 1.717(1) CL12- C12 1. 771( 1) CL13- C13 1.775(1) 

CL14- C14 1. 772(1) CL15- C15 1.767(1) 

Table A.31: Bond lengths (A) for KM25 from refinement LO, using X-ray data measured 

at 123K and to asinO/-\(max) of0.8A- 1. Esds given in parentheses. 
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I A-B-C LA-B-C II A-B-C LA-B-C I 
C2- C1- C14 111.3(1) C2- C1- C15 102.4(1) 

C2- C1- CL1 111.41(9) C14- C1 - C15 ·100.2(1) 

C14- C1- CL1 114.74(9) C15- C1- CL1 115.67(9) 

C1- C2- C3 127.1(1) C1- C2- C11 103.5(1) 

C3- C2- C11 103.6( 1) C2- C3- C4 113.8(1) 

C2- C3- C16 96.3(1) C4- C3- C16 97.7(1) 

C3- C4- C5 132.9( 1) C3- C4- C9 106.9(1) 

C5- C4- C9 120.1( 1) C4- C5- C6 119.2(1) 

C4- C5- CL5 120.1(1) C6- C5- CL5 120.8( 1) 

C5- C6- C7 120.2( 1) C5- C6- CL6 119.6(1) 

C7- C6- CL6 120.1(1) C6- C7- C8 120.0(1) 

C6- C7- CL7 120.5(1) C8- C7- CL7 119.5( 1) 

C7- C8- C9 119.0(1) C7- C8- CL8 121.6(1) 

C9- C8- CL8 119.4(1) C4- C9- C8 121.3(1) 

C4- C9- C10 107.6(1) C8- C9- C10 131.1(1) 

C9- C10- Cll 111.9(1) C9- C10- C16 97.9(1) 

C11 - C10 - C16 98.5(1) C2- Cll- C10 103.8(1) 

C2- C11- C12 102.6(1) C10- Cll- C12 127.2(1) 

Cll - C12 - C13 114.3(1) C11 - C12 - Cl5 101.12(9) 

Cll - C12 - CL12 111.58(8) C13- C12- C15 99.22(9) 

C13 - C12 - CL12 113.43(8) Cl5- C12- CL12 116.19(9) 

Cl2 - C13 - C14 103.04(9) C12- C13- CL13 110.62(8) 

C14- C13 - CL13 113.58(9) C1 - C14- C13 . 102.09( 1) 

Cl - C14- CL14 112.36(9). C13- C14- CL14 114.59(9) 

Cl- C15- Cl2 93.22(9) C1 - C15 - CL15 115.39(9) 

C12 - C15- CL15 114.83(9) C3- C16- C10 94.6( 1) 

Table A.32: Bond angles (0
) for KM25 from refinement LO, using X-ray data measured 

at 123K and to a sinOf,\(max) of0.8A- 1. Esds given in parentheses. 
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/Atom II x/ 
C(1) 0.3485(1) -0.32419(9) 0.83847(6) 

C(2) 0.5337(1) -0.36410(9) 0.86587(6) 

C(3) 0.7131(1) -0.4504(1) 0.80094(6) 

C(4) 0.7090(1) -0.3525( 1) 0.7107(6) 

C(5) 0.7304(1) -0.3975(1) 0.61483(6) 

C(6) 0.7363(1) -0.2812(1) 0.54700(6) 

C(7) 0.7161(1) -0.1197(1) 0.57616(6) 

C(8) 0.6879(1) -0.0728(1) 0.67340(6) 

C(9) 0.6893(1) -0.1912(1) 0.73918(6) 

C(10) 0.6803( 1) -0.1852( 1) 0.84612(6) 

C(11) 0.5080(1) -0.18058(9) 0.89212(5) 

C(12) 0.3146(1) -0.05691(9) 0.86866(5) 

C(13) 0.2853(1) -0.0530( 1) 0.76118(5) 

C(14) 0.3109(1) -0.2408( 1) 0.74003(6) 

C(15) 0.2211(1) -0.16290(9) 0.90402(6) 

C(16) 0.8137(1) -0.3822(1) 0.86011(7) 

Cl(1) 0.31626(4) -0.50768(2) 0.85228(2) 

Cl(5) 0.74829(5) -0.59270( 4) 0.57994(2) 

Cl(6) 0.76802(6) -0.33745(5) 0.42817(2) 

Cl(7) 0.72992(5) 0.02007(4) 0.49410(2) 

Cl(8) 0.64961(4) 0.12827(3) 0.71214(2) 

Cl(12) 0.23018(3) 0.15286(3) 0.92225(2) 

Cl(13) 0.07174(3) 0.11901(3) 0. 73923(2) 

Cl(14) 0.12564(4) -0.24126( 4) 0.69373(3) 

Cl( 15) 0.22317(4) -0.20039(3) 1.02773(2) 

Table A.33: Atomic coordinates for the non-hydrogen atoms of KM25 from refinement 

MULT. 
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I Atom II Uu I Un I - -

C(1) 0.0116(2) 0.0103(2) 0.0172(2) -0.0053(2) 0.0013(2) -0.0003(2) 

C(2) 0.0115(2) 0.0106(2) 0.0145(2) -0.0042(2) 0.0002(2) 0.0019(2) 

C(3) 0.0121(2) 0.0115(2) 0.0164(2) -0.0040(2) 0.0007(2) . 0.0016(2) 

C(4) 0.0128(2) 0.0119(2) 0.0143(2) -0.0061(2) 0.0012(2) -0.0002(2) 

C(5) 0.0168(3) 0.0132(2) 0.0151(2) -0.0080(2) 0.0019(2) -0.0012(2) 

C(6) 0.0192(3) 0.0166(3) 0.0137(2) -0.0099(2) 0.0022(2) -0.0010(2) 

C(7) 0.0194(3) 0.0155(2) 0.0141(2) -0.0104(2) 0.0013(2) 0.0012(2) 

C(8) 0.0145(2) 0.0130(2) 0.0147(2) -0.0081(2) 0.0003(2) 0.0005(2) 

C(9) 0.0124(2) 0.0132(2) 0.0134(2) -0.0071(2) 0.0000(2) 0.0004(2) 

C(10) 0.0134(2) 0.0162(2) 0.0139(2) -0.0083(2) -0.0017(2) 0.0008(2) 

C(ll) 0.0125(2) 0.0123(2) 0.0118(2) -0.0056(2) -0.0012(2) 0.0009(2) 

C(12) 0.0120(2) 0.0101(2) 0.0114(2) -0.0049(2) -0.0006(2) 0.0001(1) 

C(13) 0.0114(1) 0.0125(2) 0.0115(2) -0.0048(2) -0.0006(2) 0.0006(2) 

C(14) 0.0119(2) 0.0137(2) 0.0152(2) -0.0054(2) -0.0001(2) -0.0027(2) 

C(15) 0.0118(2) 0.0114(2) 0.0138(2) -0.0047(2) 0.0016(2) 0.0004(2) 

C(16) 0.0121(2) 0.0190(3) 0.0185(3) -0.0059(2) -0.0033(2) 0 .0035(2) 

Cl(1) 0.01813(8) 0.01260(6) 0.0334(1) -0.00925(6) 0.00240(8) -0.00029(7) 

Cl(5) 0.0320(1) 0.01669(8) 0.02179(9) -0.01459(9) 0.00252(9) -0.00397(7) 

Cl(6) 0.0369(1) 0.0270(1) 0.01391(8) -0.0186(1) 0.00367(9) -0.00328(7) 

Cl(7) 0.0366(2) 0.02250(9) 0.01693(8) -0.0180(1) 0.00189(9) 0.00379(7) 

Cl(8) 0.0258(1) 0.01485(7) 0.02152(9) -0.01269(8) -0.00072(7) -0.00045(6) 

Cl(12) 0.02017(8) 0.01153(6) 0.01746(7) -0.00613(6) -0.00165(6) -0. 00285( 5) 

Cl(13) 0.01320(7) 0.01593(7) 0.01615(7) -0.00232(5) -0.00235(5) 0.00217(5) 

Cl(14) 0.01929(9) 0.02429(9) 0.0284(1) -0.01202(8) -0.00754(8) -0.00280(8) 

Cl( 15) 0.01884(8) 0.01767(7) 0.01444(7) -0.00547(6) 0.00384(6) . 0.00324(5) 

Table A.34: Anisotropic atomic displacement parameters (A 2) for the non-hydrogen atoms 

of KM25 from refinement MULT. 
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II C(1) I C(2) I C(3) I C(4) I C(5) I C(6) I C(7) I C(8) I 
M1 4.0(1) 4.1(1) 4.0( 1) 4.0(2). 3.8(2) 3.8(2) 4.0( 1) 4.2(1) 

D1+ 0.17(8) 0.10(8) -0.04(8) 0.03(9) 0.15(9) 0.11(9) 0.05(9) 0.07(9) 

D1- -0.10(7) -0.06(8) 0.06(8) -0.2(1) 0.08(8) 0.01(8) -0.02(8) -0.01(8) 

DO -0.09(7) -0.07(8) 0.00(8) -0.04(7) 0.06(7) -0.00(7) -0.01(7) 0.04(7) 

QO -0.09(7) 0.19(7) -0.14(8) -0.33(7) -0.21(6) -0.20(7) -0.17(7) -0.27(6) 

Q1+ -0.06(6) 0.21(7) -0.17(7) -0.01(6) 0.22(7) 0.07(7) 0.10(7) -0.07(6) 

Q1- 0.07(6) 0.03(7) -0.10(7) 0.10(6) 0.03(6) 0.17(6) -0.09(6) -0.06(6) 

Q2+ 0.23(7) 0.10(7) -0.07(7) -0.01(8) 0.27(8) -0.10(7) -0.04(7) -0.07(7) 

Q2- -0.08(6) 0.09(7) -0.01(7) -0.00(7) 0.06(7) 0.14(7) -0.18(7) 0.26(7) 

00 -0.09(9) -0.10(9) -0.25(9) -0.12(8) 0.15(8) 0.13(8) -0.13(8) 0.18(8) 

01+ -0.08(8) -0.19(8) -0.26(9) -0.00(7) -0.08(8) 0.09(8) -0.10(8) 0.03(8) 

01- -0.32(8) -0.27(8) -0.29(9) 0.12(8) -0.06(7) -0.07(7) -0.05(7) -0.13(7) 

02+ -0.09(8) 0.07(9) 0.01(9) 0.12(9) 0.03(8) -0.07(8) -0.16(8) 0.02(8) 

02- -0.00(8) 0.00(8) 0.27(9) -0.01(8) -0.13(8) 0.02(8) 0.00(8) 0.09(8) 

03+ 0.33(8) 0.29(8) 0.44(8) 0.41(9) 0.40(9) 0.~8(9) 0.39(9) 0.37(9) 

03- -0.17(8) -0.04(9) -0.05(8) -0.0(1) 0.06(9) 0.10(9) 0.10(9) 0.02(9) 

Table A.35: Multipole populations for the carbon atoms of KM25 taken from the refine

ment MULT. 
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II C(9) I C(10) I C(ll) I C(12) I C(13) I C(14) I C(15) I C(16) I 
M1 4.0(2) 4.1(1) 3.9(1) 3.7(1) 3.9(1) 4.1(1) 4.0( 1) 4.2(1) 

D1+ -0.01(9) -0.09(8) 0.17(8) 0.01(7) -0.10(7) -0.03(7) -0.04(7) 0.04(8) 

D1- 0.06(9) -0.02(8) 0.02(8) 0.15(7) -0.18(7) -0.01(7) 0.10(8) 0.00(8) 

DO 0.09(7) -0.06(8) 0.03(8) 0.05(7) 0.12(8) -0.28(8) -0.16(7) -0.02(9) 

QO -0.20(6) 0.06(7) 0.07(7) -0.10(7) 0.03(7) 0.02(7) -0.13(7) 0.02(7) 

Q1+ -0.07(6) 0.12(7) 0.13(6) -0.12(6) -0.07(6) -0.13(7) 0.14(6) 0.04(7) 

Q1- -0.04(6) 0.14(7) -0.07(7) 0.02(6) 0.02(6) 0.02(7) -0.17(7) 0.04(7) 

Q2+ -0.10(7) -0.00(7) -0.04(7) -0.03(6) 0.00(6) -0.05(6) -0.06(6) -0.10(7) 

Q2- 0.10(7) -0.02(7) 0.09(7) -0.22(6) -0.09(6) 0.13(6) -0.13(6) 0.19(7) 

00 0.06(8) -0.16(9) -0.02(9) 0.19(9) 0.06(9) -0.17(9) -0.02(9) -0.1(1) 

01+ -0.06(7) -0.09(9) -0.19(8) -0.30(8) -0.30(8) -0.14(8) -0.27(8) -0.35(9) 

01- 0.03(8) -0.24(8) -0.19(8) -0.31(8) -0.33(8) -0.35(8) -0.28(8) -0.40(9) 

02+ -0.02(9) 0.00(9) 0.21(9) 0.11(8) 0.13(8) 0.05(8) -0.12(8) 0.09(9) 

02- -0.00(8) 0.10(9) -0.02(8) -0.07(8) 0.03(8) -0.10(8) -0.06(8) 0.00(9) 

03+ 0.24(9) 0.32(8) 0.16(8) 0.42(8) 0.27(7) 0.42(8) 0.36(8) 0.14(8) 

03- -0.0(1) -0.07(9) -0.06(9) 0.00(8) -0.09(7) -0.02(8) -0.07(8) -0.30(9) 

Table A.36: Multipole populations for the carbon atoms of KM25 taken from the refine

ment MULT. 



APPENDIX A. TABLES OF RESULTS FROM ALL REFINEMENTS. 260 

II Cl(1) I Cl(5) I Cl(6) I Cl(7) I Cl(8) I 
M1 7 .2( 1) 7.1(1) 7.2(1) 7 .4( 1) 7 .5( 1) 

D1+ -0.03(4) -0.13(4) -0.05( 4) -0.04( 4) 0.09(4) 

D1- 0.33(4) 0.24( 4) 0.11(4) 0.00(4) 0.00(4) 

DO -0.21( 4) 0.24( 4) 0.26(4) -0,10(4) 0.09(4) 

QO -0.01( 4) 0.15(4) 0.17(5) 0.28(5) 0.16(4) 

Ql+ -0.13(4) 0.24(4) -0.04( 4) 0.31(4) 0.30(4) 

Q1- 0.05(4) 0.25(4) 0.35(4) 0.15( 4) -0.19(4) 

Q2+ -0.39(4) -0.41( 4) -0.30(4) 0.14(4) -0.35( 4) 

Q2- 0.43(4) 0.33( 4) -0.40( 4) -0.02(4) -0.28(4) 

00 0.19( 4) 0.19(5) 0.27(5) 0.16(5) -0.06(4) 

01+ -0.02(4) -0.02(4) 0.06( 4) 0.16( 4) -0.03(4) 

01- 0.03(4) 0.19(4) 0.07(5) -0.04(5) -0.07(4) 

02+ 0.33(4) -0.18( 4) -0.11(4) 0.01(4) -0.03( 4) 

02- -0.06( 4) 0.00(4) -0.09( 4) -0.05(4) -0.01( 4) 

03+ -0.06(4) 0.07(4) 0.10(4) -0.08( 4) 0.01( 4) 

03- -0.19(4) -0.03( 4) 0.04(4) -0.04( 4) 0.01(4) 

HO -0.20(5) 0.25(5) 0.56(6) 0.35(6) 0.26(5) 

H1+ 0.17(4) -0.25(5) -0.14(5) -0.05(5) -0.12( 4) 

Hl- -0.12(5) -0.01(5) -0.18(5) -0.21(5) 0.04(4) 

H2+ -0.01( 4) 0.02(5) -0.16(5) 0.17(5) -0.11(4) 

H2- -0.25(4) 0.16(5) -0.11(5) 0.03(5) -0.17(4) 

H3+ 0.20(4) 0.05(4) -0.06(5) -0.13(5) 0.07( 4) 

H3- 0.12(4) -0.16(4) 0.08(5) -0.14(4) 0.15(4) 

H4+ 0.11(4) -0.03( 4) 0.05(4) 0.08( 4) -0.05( 4) 

H4- ~0.10(4) -0.02( 4) 0.05(4) 0.04(4) -0.00( 4) 

Table A.37: Multipole population parameters for the chlorine atoms from refinement 

MULT. 
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Cl(12) Cl(13) Cl(14) Cl(15) 

M1 7.2(1) 7.1(1) 7.3(1) 7.1(1) 

D1+ 0.09( 4) 0.03(4) 0.00(4) 0.13(4) 

D1- -0.04(4) -0.02(4) 0.14(4) 0.00(4) 

DO -0.04( 4) -0.05( 4) 0.18(4) -0.22( 4) 

QO -0.02( 4) -0.28( 4) 0.48( 4) 0.02(4) 

Ql+ 0.19( 4) 0.08(4) -0.37( 4) 0.28(4) 

Q1- -0.04( 4) -0.08(4) 0.08(4) 0.25( 4) 

Q2+ -0.37( 4) 0.03( 4) -0.22(4) -0.09(4) 

Q2- -0.38(4) -0.24(4) 0.22(4) 0.21( 4) 

00 0.10(4) 0.06(4) 0.06( 4) -0.02(4) 

01+ 0.01(4) -0.05(4) -0.01( 4) 0.11(4) 

01- -0.07(4) -0.07(~) 0.11(4) 0.06(4) 

02+ 0.03(4) 0.07(4) -0.06( 4) -0.03(4) 

02- -0.02(4) 0.02(4) -0.10(4) -0.08(4) 

03+ 0.04(4) 0.06( 4) -0.15( 4) -0.01( 4) 

03- -0.05(3) 0.04(4) 0.10(4) 0.09(4) 

HO 0.34(4) 0.05(4) 0.08(5) -0.04(5) 

H1+ -0.04(4) -0.23( 4) -0.06(4) -0.11(4) 

H1- -0.10( 4) -0.23( 4) -0.03(5) 0.18(4) 

H2+ -0.05(40 0.00(4) -0.06(5) 0.11(4) 

H2- -0.14(4) -0.05(4) -0.06(5) -0.21( 4) 

H3+ 0.03(4) -0.09(4) 0.00(5) -0.09(4) 

H3- 0.10(4) 0.05(4) 0.19(5) 0.15(4) 

H4+ 0.04(3) -0.08(4) -0.01( 4) 0.17(4) 

H4- 0.05(3) 0.00(4) 0.37(4) 0.04(4) 

Table A.38: Multipole population parameters for the chlorine atoms from refinement 

MULT cont'd. 
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II H(2) I H(3) I H(10) I H(ll) I H(13) I H(14) I 
M1 0.85(8) 0.71(9) 0.89(9) 0.86(8) 0.77(8) 0. 78(8) 

D1+ 0.07(5) 0.23(5) 0.28(6) 0.21(5) 0.19(5) 0.16(5) 

D1- 0.09(5) -0.07(6) 0.04(6) 0.03(5) -0.00(5) 0.13(5) 

DO -0.02(5) 0.12(6) -0.05(6) 0.07(5) -0.06(5) -0.00(6) 

H(15) H(16A) H(16B) 

M1 0.76(8) 0.68(9) 0.78(9) 

D1+ 0.20(5) 0.12(6) 0.15(6) 

D1- 0.02(5) 0.05(6) -0.06(6) 

DO 0.08(5) 0.07(6) -0.02(6) 

Table A.39: Hydrogen atom multi pole population pparameters from the refinement MULT 
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\Atom II 
Nb 0.77545(4) 0.02670(4) 0.35071(3) 0.0368(2) 

C(1) 0.8037(5) 0.0514(4) 0.2401(4) 0.043(3) 

C(2) 0.8533(5) -0.0086(4) 0.2591(4) 0.044(3) 

C(3) 0.9110(5) -0.0390(5) 0.2108( 4) 0.059(3) 

C(4) 0.9132(5) -0.0053(6) 0.1420(5) 0.071(4) 

C(5) 0.8612(6) 0.0543(6) 0.1229(4) 0.071(4) 

C(6) 0.8044(6) 0.0849(5) 0.1709(4) 0.064(3) 

N(1) 0.8304(3) 0.1034(3) 0.3987(3) 0.036(2) 

C(7) 0.8726(4) 0.1632(4) 0.4362(3) 0.034(2) 

C(8) 0.8515(4) 0.1823(4) 0.5089(4) 0.035(2) 

C(9) 0.8956(5) 0.2433(4) 0.5417(4) 0.048(3) 

C(10) 0.9573(5) 0.2849(4) 0.5068(4) 0.056(3) 

C(11) 0.9790(5) 0.2639(4) 0.4368(4) 0.046(3) 

C(12) 0.9380( 4) 0.2037( 4) 0.3999(4) 0.038(2) 

C(13) 0.9622(5) 0.1822(4) 0.3231(4) 0.047(3) 

C(14) 0.9170(6) 0.2342(5) 0.2700(4) 0.080(4) 

C(15) 1.0550(5) 0.1894(5) 0.3095(4) 0.081(4) 

C(16) 0.7828(5) 0.1385(4) 0.5472(4) 0.046.(3) 

C(17) 0.7975(5) 0.1263(6) 0.6271(4) 0.080(4) 

C(18) 0.7018(5) 0.1799(5) 0.5367(5) 0.081(4) 

C(19) 0.6493(5) 0.0106(6) 0.4219(5) 0.068(4) 

C(20) 0.6311(5) 0.0591(6) 0.3640(5) 0.071(4) 

C(21) 0.6339(5) 0.0139(7) 0.3008(5) 0.071(4) 

C(22) 0.6561(6) -0.0610(6) 0.3191(6) 0.075(4) 

C(23) 0.6654(6) -0.0644(6) 0.3931(6) 0.076(4) 

p 0.8672(2) -0.0777(1) 0.4068(1) 0.0576(9) 

C(24) 0.8623(6) -0.1759(5) 0.3674(4) 0.093(5) 

C(25) 0.9742(5) -0.0508(5) 0.4016(5) 0.085(4) 

C(26) 0.8533(6) -0.0966(5) 0.5033(4) 0.085(4) 

Table A.40: Atomic coordinates and Ueq (A2 ) for the non-hydrogen atoms of 1 [Nb(TJ
2

-

C6H4)Cp(N-2,6-iPr2C6H4)PMe3]· 
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dAB II A-B dAB II A-B 

Nb-C(1) 2.139(7) Nb-C(2) 2.194(7) Nb-N(1) 1.805(5) 

Nb-C(19) 2.440(8) Nb-C(20) 2.406(8) Nb-C(21) 2.474(9) 

Nb-C(22) 2.502(10) Nb-C(23) 2.480(10) Nb-P 2.528(2) 

C(1)-C(2) 1.340(10) C(l)-C(6) 1.401(10) C(2)-C(3) 1.390(10) 

C(3)-C( 4) 1.396(12) C(4)-C(5) 1.360(13) C(5)-C(6) 1.377(12) 

N(1)-C(7) . 1.405(8) C(7)-C(8) 1.425(9) C(7)-C(12) 1.425(10) 

C(8)-C(9) 1.393(10) C(8)-C(16) 1.511(10) C(9)-C(10) 1.380(11) 

C(10)-C(11) 1.387(11) C(11 )-C(12) 1.395(10) C(12)-C(13) 1.520(10) 

C(13)-C(14) 1.507(11) C(13)-C(15) 1.524(11) C(16)-C(17) 1.512(10) 

C(16)-C(18) 1.496(11) C(19)-C(20) 1.382(13) C(19)-C(23) 1.400(14) 

C(20)-C(21) 1.399(14) C(21 )-C(22) 1.359(15) C(22)-C(23) 1.379(15) 

P-C(24) 1.816(8) P-C(25) 1. 789(8) P-C(26) 1.829(8) 
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I A-B-C I LA-B-C II A-B-C I LA-B-C II A-B-C I LA-B-C I 
C(1)-Nb-C(2) 36.0(3) C(1)-Nb-N(1) 103.0(2) C(2)-Nb-N(l) 107.1(3) 

C( 1 )-Nb-C(19) 135.8(3) C(2)-Nb-C(19) 149.9(3) N(1)-Nb-C(19) 103.0(3) 

C( 1 )-Nb-C(20) 105.0(3) C(2)-Nb-C(20) 134.1(3) N(1)-Nb-C(20) 105.2(3) 

C(19)-Nb-C(20) 33.1(3) C(1)-Nb-C(21) 81.7(3) C(2)-Nb-C(21) 102.5(3) 

N(1)-Nb-C(21) 134.5(3). C(19)-Nb-C(21) 54.7(3) C(20)-Nb-C(21) 33.3(3) 

C(1 )-Nb-C(22) 93.2(3) C(2)-Nb-C(22) 95. 7(3) N(1)-Nb-C(22) 156.9(3) 

C(19)-Nb-C(22) 54.4(3) C(20)-Nb-C(22) 54.1(3) C(21)-Nb-C(22) 31.7(3) 

C(1)-Nb-C(23) 125.3(3) C(2)-Nb-C(23) 119.1(3) N(1)-Nb-C(23) 130.0(3) 

C(19)-Nb-C(23) 33.1(3) C(20)-Nb-C(23) 54.3(3) C(21)-Nb-C(23) 53.3(3) 

C(22)-Nb-C(23) 32.1(3) C(1)-Nb-P 113 .9(2) C(2)-Nb-P 78.0(2) 

N(1)-Nb-P 90.7(2) C(19)-Nb-P 100.9(2) C(20)-Nb-P 133.2(2) 

C(21)-Nb-P 129.3(3) C(22)-Nb-P 97.6(2) C(23)-Nb-P 81. 7(2) 

Nb-C(1)-C(2) 74.2(4) Nb-C(1)-C(6) 163.0(6) C(2)-C(1)-C(6) 122.7(7) 

Nb-C(2)-C(1) 69.7(4) Nb-C(2)-C(3) 169.1(6) C(1)-C(2)-C(3) 120.8(7) 

C(2)-C(3)-C( 4) 116.9(7) C(3)-C( 4)-C(5) 121.6(8) C( 4)-C(5)-C(6) 121.5(8) 

C(1)-C(6)-C(5) 116.4(8) Nb-N(1)-C(7) 179.5(6) N(1)-C(7)-C(8) 121.0(6) 

N(1)-C(7)-C(12) 118.2(6) C(8)-C(7)-C(12) 120.9(6) C(7)-C(8)-C(9) 117.2(6) 

C(7)-C(8)-C(16) 120.5(6) C(9)-C(8)-C(16) 122.2(6) C(8)-C(9)-C(10) 122.8(7) 

C(9)-C(10)-C(11) 119.3(7) C(10)-C(11 )-C(12) 121.6(7) C(7)-C(12)-C(11) 118.1(6) 

C(7)-C(12)-C(13) 121.1(6) C(11 )-C(12)-C(13) 120.7(6) C(12)-C(13)-C(14) 110.3(6) 

C(12)-C(13)-C(15) 112.9(6) C(14)-C(13)-C(15) 108.8(6) C(8)-C(16)-C(17) 114.3(6) 

C(8)-C(16)-C(18) 110.6(6) C(17)-C(16)-C(18) 109.1(6) Nb-C(19)-C(20) 72.1(5) 

Nb-C(19)-C(23) 75.1(5) C(20)-C(19)-C(23) 106.5(8) Nb-C(20)-C(19) 74.8(5) 

Nb-C(20)-C(21) 76.0(5) C(19)-C(20)-C(21) 108.4(9) Nb-C(21 )-C(20) 70.7(5) 

Nb-C(21 )-C(22) 75.3(5) C(20)-C(21)-C(22) 108.1(9) Nb-C(22)-C(21) 73.0(6) 

Nb-C(22)-C(23) 73.1(6) C(21 )-C(22)-C(23) 108.4(9) Nb-C(23)-C(19) 71.9(5) 

Nb-C(23)-C(22) 74.8(6) C(19)-C(23)-C(22) 108.6(9) Nb-P-C(24) 116.7(3) 

Nb-P-C(25) 111.5(3) C(24)-P-C(25) 104.7(4) Nb-P-C(26) 116.8(3) 

C(24)-P-C(26) 103.1(4) C(25)-P-C(26) 102.4(4) 
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II u11 I u22 I . Uaa I ul2 I -

Nb 0.0434(3) 0.0354(3) 0.0315(3) -0.0051(4) -0.0045( 4) 0.0017(4) 

C(1) 0.061(5) 0.041(4) 0.027(4) -0.022(4) 0.003(3) 0.000(3) 

C(2) 0.048(5) 0.046(5) 0.038(4) -0.008( 4) -0.010( 4) -0.001( 4) 

C(3) 0.054(5) 0.065(6) 0.059(5) -0.008(5) 0.003(4) -0.009(5) 

C(4) 0.074(6) 0.093(8) 0.047(5) -0.030(5) 0.021(5) -0.021(5) 

C(5) 0.099(8) 0.082(7) 0.033(5) -0.034(6) 0.010(5) -0.002(5) 

C(6) 0.096(8) 0.055(5) 0.041(5) -0.019(5) -0.010(5) 0.008( 4) 

N(1) 0.040(4) 0.035(3) 0.033(3) -0.004(3) -0.004(3) 0.006(3) 

C(7) 0.039(4) 0.034(4) 0.030(4) 0.008(3) -0.003(3) 0.003(3) 

C(8) 0.039(4) 0.034(4) 0.033(4) 0.002(3) -0.002(3) -0.005(3) 

C(9) 0.059(5) 0.044(5) 0.040(4) -0.002( 4) -0.001(4) -0.007(4) 

C(10) 0.056(6). 0.048(5) 0.064(6) -0.013(4) -0.005(5) -0.013(5) 

C(ll) 0.047(5) 0.047(5) 0.046(5) -0.005(4) 0.004(4) 0.001(4) 

C(12) 0.046(5) 0.034( 4) 0.035(4) -0.003( 4) -0.008( 4) -0.004(4) 

C(13) 0.059(5) 0.044(5) 0.038(4) -0.005( 4) 0.003(4) 0.003(4) 

C(14) 0.120(9) 0.073(7) 0.047(5) 0.014(6) -0.006(6) -0.001(5) 

C(15) 0.082(7) 0.106(8) 0.055(6) 0.007(6) 0:020(5) -0.012(6) 

C(16) 0.043(5) 0.049(4) 0.045( 4) 0.004(4) -0.002( 4) -0.003( 4) 

C(17) 0.082(8) 0.115(8) 0.045(5) -0.034(6) 0.004(5) 0.007(5) 

C(18) 0.061(7) 0.069(6) 0.112(8) 0.008(5) 0.021(6) 0.012(6) 

C(19) 0.058(6) 0.103(8) 0.044(5) -0.026(6) 0.001(5) -0.007(6) 

C(20) 0.052(6) 0.081(7) 0.080(7) 0.005(5) 0.004(5) -0.012(6) 

C(21) 0.046(6) 0.109(9) 0.058(6) -0.015(6) -0.022(5) 0.004(7) 

C(22) 0.066(7) 0.084(8) 0.076(8) -0.036(6) 0.006(6) -0.022(6) 

C(23) 0.076(8) 0.075(7) 0.078(8) -0.029(6) 0.009(7) 0.018(7) 

p 6.080(2) 0.045(1) 0.048(1) 0.014(1) -0.010(1) 0.004(1) 

C(24) 0.168(10) 0.050(6) 0.061(7) 0.025(6) -0.009(7) -0.002(5) 

C(25) 0.074(7) 0.099(8) 0.083(7) 0.028(6) -0.021(6) 0.001(6) 

C(26) 0.136(9) 0.072(7) 0.045(5) 0.030(6) -0.010(6) 0.021(5) 

Table A.43: Anisotropic atomic displacement parameters (A.2
) for the non-hydrogen atoms 

of 1 [Nb(7J2-C6H4)Cp(N-2,6-;Pr2CsH4)PMea]. 
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I Atom II z II Atom 

H(3A) 0.9475 -0.0815 0.2238 H(4A) 0.9528 -0.0237 0.1071 

H(5A) 0.8637 0.0746 0.0745 H(6A) 0.7670 0.1268 0.1582 

H(9A) 0.8824 0.2565 0.5908 H(10A) 0.9843 0.3284 0.5303 

H(11A) 1.0240 0.2910 0.4136 H(13A) 0.9465 0.1283 0.3144 

H(14A) 0.8583 0.22~7 0.2774 H(14B) 0.9337 0.2881 0.2772 

H(14C) 0.9304 0.2182 0.2216 H(15A) 1.0849 0.1564 0.3427 

H(15B) 1.0676 0.1736 0.2609 H(15C) 1.0710 0.2435 0.3164 

H(16A) 0.7785 0.0870 0.5257 H(17 A) 0.8493 0.0994 0.6340 

H(17B) 0.7997 0.1771 0.6501 H(17C) 0.7536 0.0956 0.6480 

H(18A) 0.6921 0.1864 0.4859 H(18B) 0.6577 0.1493 0.5575 

H(18C) 0.7038 0.2308 0.5596 H(19A) 0.6496 0.0244 0.4722 

H(20A) 0.6183 0.1144 0.3677 H(21A) 0.6234 0.0335 0.2530 

H(22A) 0.6622 -0.1037 0.2853 H(23A) 0.6822 -0.1107 0.4194 

H(24A) 0.8994 -0.2103 0.3928 H(24B) 0.8068 -0.1959 0.3710 

H(24C) 0.8782 -0.1733 0.3175 H(25A) 1.0070 -0.0918 0.4234 

H(25B) 0.9900 -0.0448 0.3519 H(25C) 0.9833 -0.0020 0.4268 

H(26B) 0.8914 -0.1370 0.5181 H(26C) 0.8631 -0.0495 0.5309 

H(26D) 0.7976 -0.1144 0.5114 

Table A.44: Atomic coordinates for the hydrogen atoms of 1 [Nb(7]2-CsH4)Cp(N-2,6-

ipr2CsH4)PMe3]· 
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I Atom II 
Mo(1) 0.13341(3) 0.30951(3) -0.19126(3) 0.0420(1) 

P(1) 0.2832(1) 0.5087(1) -0.2043(1) 0.0545(3) 

N(1) 0.1597(4) 0.2208(4) -0.0391(3) 0.054(1) 

N(2) 0.2036(4) 0.2419(4) -0.3186(3) 0.056(1) 

C(1) ·-0.0397(5) 0.4838(5) -0.2186(5) 0.064(2) 

C(2) -0.0983(4) 0.3518(5) -0.2190(4) 0.057(1) 

C(3) -0.1540(6) 0.3233(7) -0.3372(5) 0.079(2) 

C(4) 0.2151(5) 0.1259(4) 0.0684(4) 0.055(1) 

C(5) 0.2789(7) -0.0115(6) 0.0337(6) 0.083(2) 

C(6) 0.3315(7) 0.1962(7) 0.1217(6) 0.086(2) 

C(7) 0.0942(7) 0.0970(7) 0.1618(5) 0.086(2) 

C(8) 0.2784(5) 0.1663( 4) -0.4042(3) 0.065(2) 

C(9) 0.3430(8) 0.2654(8) -0.5055(7) 0.132(3) 

C(lO) 0.1745(8) 0.0845(8) -0.4541(7) 0.132(3) 

C(11) 0.3937(8) 0.0688(8) -0.3412(7) 0.149(4) 

C(12) 0.2720(9) 0.6383(7) -0.3427(5) 0.097(3) 

C(13) 0.4750(6) 0.4625(7) -0.1957(7) 0.089(3) 

C(14) 0.2549(7) 0.6100(6) -0.0852(5) 0.076(2) 

Table A.45: Atomic coordinates and Ueq (A2) for the non-hydrogen atoms of 2 

[Mo(NBut)2(PMe3)(CH2=CHCH3)]. 

dAB II A-B dAB II A-B 

Mo(1)-P(1) 2.446(1) Mo(1)-N(1) 1. 771(3) Mo(1)-N(2) 1.772( 4) 

Mo(1)-C(1) 2.238(4) Mo(1)-C(2) 2.188(4) P(1)-C(12) 1.800(6) 

P(1)-C(13) 1.811(6) P(1)-C(14) 1.808(6) N(1)-C(4) 1.452(5) 

N(2)-C(8) 1.450(6) C(1)-C(2) 1.431(7) C(2)-C(3) 1.517(8) 

C( 4)-C(5) 1.537(7) C(4)-C(6) 1.517(9) C( 4)-C(7) 1.517(7) 

C(8)-C(9) 1.482(8) C(8)-C(10) 1.482(9) C(8)-C(11) 1.482(8) 

Table A.46: Bond lengths (A) for 2 [Mo(NBu"t)2(PMe3)(CH2=CHCH3)]. 
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I A-B-C I LA-B-C II A-B-C I LA-B-C II A-B-C I LA-B-C I 
P(1)-Mo(1)-N(1) 101.9(1) P(1 )-Mo(1 )-N(2) 99.4(1) N(1)-Mo(1)-N(2) 123.0(2) 

P( 1 )-Mo( 1 )-C(1) 81.0(1) N(1)-Mo(1)-C(1) 115.9(2) N(2)-Mo(1)-C(1) 119.3(2) 

P(1)-Mo(1)-C(2) 118.5( 1) N(1)-Mo(1)-C(2) 108.1(2) N(2)-Mo(1)-C(2) 106.5(2) 

C(1)-Mo(1)-C(2) 37.7(2) Mo(1 )-P(1 )-C(12) 116.3(3) Mo(1 )-P( 1 )-C( 13) 114.7(2) 

C(12)-P(1 )-C(13) 101.8(3) Mo( 1 )-P( 1 )-C( 14) 116.0(2) C(12)-P( 1 )-C(14) 104.1(3) 

C(13)-P(1 )-C(14) 102.0(3) Mo(1 )-N( 1 )-C( 4) 162.9(3) Mo(1)-N(2)-C(8) 168.2(3) 

Mo(1)-C(1)-C(2) 69.3(2) Mo( 1 )-C(2)-C(1) 73.0(3) Mo(1)-C(2)-C(3) 115.9(3) 

C(1)-C(2)-C(3) 119.0(4) N(1)-C(4)-C(5) 109.8( 4) N(1)-C(4)-C(6) 108. 7( 4) 

C(5)-C(4)-C(6) 109.6(4) N ( 1 )-C( 4 )-C(7) 109.2(4) C(5)-C( 4)-C(7) 110.6( 4) 

C(6)-C( 4)-C(7) 108.8(4) N(2)-C(8)-C(9) 110.6(4) N(2)-C(8)-C(10) 109.1(4) 

C(9)-C(8)-C(10) 109.1(5) N(2)-C(8)-C(11) 109.7(4) C(9)-C(8)-C( 11) 109.2(5) 

C(10)-C(8)-C(11) 109.1(5) 

Table A.47: Bond angles (0 ) for 2 [Mo(NBu1)2(PMe3 )(CH2=CHCH3 )]. 

I Atom II Uu I Uaal U2al 

Mo(1) 0.0434(2) 0.0422(2) 0.0403(2) 0.0001(1) -0.0028(1) -0.0084(1) 

P(1) 0.0587(6) 0.0576(6) 0.0494(5) -0.0128(5) 0.0007(4) -0.0132(4) 

N(l) 0.056(2) 0.054(2) 0.050(2) -0.008(1) -0.012(1) -0.003(1) 

N(2) 0.057(2) 0.056(2) 0.058(2) -0.001(1) -0.001(2) -0.019(2) 

C(1) 0.055(2) 0.057(2) 0.079(3) 0.008(2) -0.007(2) -0.012(2) 

C(2) 0.046(2) 0.063(2) 0.059(2) 0.003(2) -0.003(2) -0.008(2) 

C(3) 0.060(3) 0.110(4) 0.066(3) 0.001(3) -0.020(2) -0.016(3) 

C(4) 0.061(2) 0.052(2) 0.050(2) 0.000(2) -0.011(2) -0.002(2) 

C(5) 0.102(4) 0.061(3) 0.081(4) 0.014(3) -0.017(3) -0.009(3) 

C(6) 0.093(4) 0.084(3) 0.082(4) -0.012(3) -0.041(3) -0.005(3) 

C(7) 0.092(4) 0.090(4) 0.065(3) -0.003(3) 0.002(3) 0.008(3) 

C(8) 0.076(3) 0.063(3) 0.058(2) 0.009(2) 0.004(2) -0.021(2) 

C(12) 0.127(6) 0.090(4) 0.071(3) -0.050(4) -0.001(3) 0.009(3) 

C(13) 0.059(3) 0.106(4) 0.111(5) -0.020(3) -0.001(3) -0.032(4) 

C(14) 0.085(4) 0.081(3) 0.073(3) -0.018(3) -0.001(3) -0.036(3) 

Table A.48: Anisotropic atomic displacement parameters (A 2) of the non-hydrogen atoms 

of 2 [Mo(NBu1)2(PMea)(CH2=CHCHa)]. 
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I Atom II z II Atom II 
H(1A) -0.0363 0.5519 -0.2930 H(1B) -0.0031 0.5043 -0.1452 

H(2A) -0.1021 0.2830 -0.1451 H(3A) -0.2562 0.3448 -0.3403 

H(3B) -0.1081 0.3809 -0.4048 H(3C) -0.1333 0.2261 -0.3409 

H(5A) 0.3557 0.0077 -0.0250 H(5B) 0.3151 -0.0739 0.1051 

H(5C) 0.2044 -0.0544 -0.0005 H(6A) 0.4088 0.2133 0.0631 

H(6B) 0.2919 0.2839 0.1397 H(6C) . 0.3675 0.1371 0.1948 

H(7A) 0.0205 . 0.0514 0.1294 H(7B) 0.1303 0.0380 0.2349 

H(7C) 0.0547 0.1848 0.1798 H(9A) 0.4109 0.3192 -0.4746 

H(9B) 0.3913 0.2131 -0.5611 H(9C) 0.2681 0.3277 -0.5471 

H(10A) 0.1330 0.0206 -0.3881 H(10B) 0.0998 0.1470 -0.4958 

H(10C) 0.2230 0.0324 -0.5098 H(llA) 0.4617 0.1219 -0.3098 

H(llB) 0.3528 0.0041 -0.2753 H(llC) 0.4417 0.0176 -0.3977 

H(12A) 0.3345 0.7117 -0.3389 H(12B) 0.2999 0.5952 -0.4109 

H(12C) 0.1745 0.6773 -0.3522 H(13A) 0.5270 0.5454 -0.2014 

H(13H) 0.4956 0.4001 -0.1198 H(13C) 0.5037 0.4163 -0.2618 

H(14A) 0.3186 0.6851 -0.0989 H(14B) 0.1569 0.6484 -0.0866 

H(14C) 0.2738 0.5511 -0.0074 

Table A.49: Atomic coordinates for the hydrogen atoms of 2 

[Mo(NBut)2(PMe3)(CH2=CHCH3)). 
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I Atom II 
Mo 0.13076(5) 0.60111(5) 0.13369(1) 0.0225(2) 

C(1) 0.0965(6) 0.4926(6) 0.0875(3) 0.022(3) 

C(2) 0.1763(6) 0.5218(6) 0.0670(3) 0.026(3) 

C(101) 0.0271(6) 0.4233(5) 0.0818(3) 0.019(3) 

C(102) -0.0306(6) 0.3961(6) 0.1249(3) 0.026(3) 

C(103) -0.0942(7) 0.3289(6) 0.1197(3) 0.029(3) 

C(104) -0.1035(6) 0.2856(6) 0.0719(4) 0.031(3) 

C(105) -0.0501(6) 0.3109(6) 0.0277(4) 0.031(3) 

C(106) 0.0136(6) 0.3781(5) 0.0324(3) 0.025(3) 

C(201) 0.2443(6) 0.4988(6) 0.0243(3) 0.021(3) 

C(202) 0.3320(6) 0.4578(6) 0.0358(4) 0.029(3) 

C(203) 0.3965(6) 0.4384(6) -0.0051(4) 0.028(3) 

C(204) 0.3745(7) 0.4559(6) -0.0583(3) 0.030(3) 

C(205) 0.2870(6) 0.4946(7) -0.0700(3) 0.034(3) 

C(206) 0.2216(7) 0.5146(7) -0.0303(3) 0.034(3) 

N(1) 0.0378(5) 0.6773(5) 0.1256(3) 0.025(2) 

C(3) -0.0416(7) 0.7355(6) 0.1361(4) 0.032(3) 

C(4) -0.1294(7) 0.6995(10) 0.1091( 4) 0.073(5) 

C(5) -0.0598(8) 0.7411(7) 0.1969(4) 0.048(4) 

C(6) -0.0182(10) 0.8252(8) 0.1143(6) 0.092(7) 

N(2) 0.1579(5) 0.5669(5) 0.1992(3) 0.032(3) 

C(7) 0.1702(8) 0.5482(7) 0.2557(3) 0.038(4) 

C(8) 0.0871(10) 0.4919(8) 0.2728(4) 0.087(6) 

C(9) 0.1697(8) 0.6326(7) 0.2872(4) 0.051(4) 

C(10) 0.2657(10) 0.5033(10) 0.2636(5) 0.094(7) 

p 0.2711(2) 0.6929(2) 0.1138(1) 0.0280(8) 

C(ll) 0.2760(7) 0.7904(7) 0.1542(4) 0.043(4) 

C(12) 0.2769(7) 0.7354(7) 0.0457(3) 0.040(4) 

C(13) 0.3865(6) 0.6443(7) 0.1242(4) 0.047(4) 

Table A.50: Atomic coordinates and Ueq (A2
) for the non-hydrogen atoms of 3 

(Mo(NBut)2(PMe3 )(PhC:::CPh)]. 
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I A-B dAB II A-B dAB II A-B 

Mo-C(1) 2.081(8) Mo-C(2) 2.158(9) Mo-N(1) 1.759(7) 

Mo-N(2) 1.761(7) Mo-P 2.465(3) C(1)-C(2) 1.306(12) 

C(1)-C(101) 1.446(12) C(2)-C(201) 1.473(11) C( 101 )-C(102) 1.411(11) 

C(101)-C(106) 1.428(11) C(102)-C(103) 1.367(13) C(103)-C(104) 1.373(13) 

C(104)-C(105) 1.388(13) C(105)-C(106) 1.367(12) C(201)-C(202) 1.408(12) 

· .. C(201)-C(206) 1.421(11) C( 202 )-C( 203) 1.395(13) C(203)-C(204) 1.392(12) 

C(204)-C(205) 1.390(13) C(205)-C(206) 1.384(12) N(1)-C(3) 1.448(12) 

C(3)-C( 4) 1.506(14) C(3)-C(5) 1.543(13) C(3)-C(6) 1.514(15) 

N(2)-C(7) 1.450(11). C(7)-C(8) 1.509(17) C(7)-C(9) 1.515( 14) 

C(7)-C(10) 1.515(18) P-C(11) 1.806( 11) P-C(12) 1.824(9) 

P-C(13) 1.795(10) 

Table A.51: Bond lengths (A) for 3 [Mo(NBut)2(PMe3)(PhC:=CPh)]. 

I A-B-C I LA-B-C II A-B-C I LA-B-C II A-B-C LA-B-C I 
C(1)-Mo-C(2) 35.8(3) C(1)-Mo-N(1) 107.3(3) C(2)-Mo-N(1) 120.3(3) 

C(1)-Mo-N(2) 109.1(3) C(2)-Mo-N(2) 119.1(3) N(1)-Mo-N(2) 117.6(3) 

C(1)-Mo-P 121.8(2) C(2)-Mo-P 86.0(2) N(1)-Mo-P 100.7(2) 

N(2)-Mo-P 100. 7(3) Mo-C(1)-C(2) 75.3(6) Mo-C(1 )-C(101) 142.8(6) 

C(2)-C(1 )-C(101) 141.8(8) Mo-C(2)-C(1) 68.9(5) Mo-C(2)-C(201) 152.3(7) 

C(1 )-C(2)-C(201) 138.8(9) C(1 )-C(101 )-C(102) 121.7(7) C(1 )-C(101 )-C(106) 122.0(7) 

C(102)-C(101 )-C(106) 116.2(7) C(101 )-C(102)-C(103) 121.5(7) C(102 )-C( 103 )-C( 104) 120.6(8) 

C(1Q3 )-C(104 )-C(105) 120.4(8) C ( 104 )-C ( 105 )-C ( 1 06) 119.6(8) C(101 )-C(106)-C(105) 121.7(8) 

C(2)-C(201 )-C(202) 121.4(7) C(2)-C(201 )-C(206) 120.7(8) C(202)-C(201 )-C(206) 117.8(8) 

C(201 )-C(202)-C(203) 120.6(8) C(202)-C(203)-C(204) 121.1(8) C(203)-C(204)-C(205) 118.5(8) 

C(204)-C(205)-C(206) 121.8(8) C(201 )-C(206)-C(205) 120.2(8) Mo-N(1)-C(3) 162.8(6) 

N(1)-C(3)-C(4) 108.6(8) N(1)-C(3)-C(5) 109.7(8) C(4)-C(3)-C(5) 109.1(8) 

N(1)-C(3)-C(6) 109.2(8) C(4)-C(3)-C(6) 110.4(9) C( 5 )-C(3)-C(6) 109.8(9) 

Mo-N(2)-C(7) 171.6(7) N(2)-C(7)-C(8) 107.4(8) N(2)-C(7)-C(9) 109.7(8) 

C(8)-C(7)-C(9) 109.7(9) N(2)-C(7)-C(10) 108.7(8) C(8)-C(7)-C(10) 112.4(10) 

C(9)-C(7)"C(10) 108.9(9) Mo-P-C(11) 112.9(3) Mo-P-C(12) 115.3(3) 

C(11)-P-C(12) 103.0(5) Mo-P-C(13) 116.7(4) C(ll)-P-C(13) 103.2(5) 

C(12)-P-C(13) 104.1(5) 

Table A.52: Bond angles n for 3 [Mo(NButh(PMe3)(PhC:=CPh)]. 
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I Atom II Un I U22 I Ut2 I Ut3 I U23 I 
Mo 0.0200(3) 0.0311(4) 0.0163(3) -0.0029( 4) 0.0025(4) -0.0016(4) 

C(1) 0.024(5) 0.029(5) 0.013(4) 0.009(4) -0 .001(3) 0.005(4) 

C(2) 0.021(5) 0.033(6) 0.023(4) -0.001( 4) 0.000(4) -0.010( 4) 

C(101) 0.014( 4) 0.020(5) 0.022(4) 0.010(4) 0.001(3) 0.005(4) 

C(102) 0.024(4) 0.035(5) 0.018(4) -0.004(5) -0.002(3) 0.012(5) 

C(103) 0.034(5) 0.029(6) 0.025(5) -0.007(5) -0.001( 4) 0.004(4) 

C(104) . 0.021(5) 0.020(5) 0.053(6) -0.007(4) -0.003( 4) 0.003(5) 

C(105) 0.015(4) 0.042(7) 0.037(5) 0.006(5) -0.001(4) -0.004(5) 

C(106) 0.018(4) 0.028(6) 0.030(5) 0.012(4) -0.002(4) -0.003( 4) 

C(201) 0.018(4) 0.027(5) 0.018(4) 0.001(4) 0.005(4) 0.006(4) 

C(202) 0.021(5) 0.031(6) 0.035(5) 0.012(4) 0.006( 4) 0.000(5) 

C(203) 0.021(5) 0.024(5) 0.040(5) 0.008(4) 0.000(4) -0.002(5)· 

C(204) 6.025(5) 0.039(6) 0.027(5) 0.002(5) 0.014(4) -0.006(4) 

C(205) 0.025(5) 0.060(7) 0.017(4) 0.007(5) 0.000(4) -0.002(5) 

C(206) 0.032(6) 0.048(7) 0.020(5) 0.001(5) 0.002(4) -0.004(5) 

N(1) 0.029(4) 0.027(4) 0.020(4) -0.006(4) 0.006(3) -0.006(4) 

C(3) 0.037(5) 0.028(5) 0.031(4) 0.006(5) 0.009(5) -0.016(5) 

C(4) 0.033(6) 0.133(12) 0.054(7) 0.030(9) -0.012(6) -0.041(8) 

C(5) 0.049(7) 0.061(8) 0.034(6) 0.002(6) 0.011(5) -0.002(6) 

C(6) 0.116(13) 0.068(10) 0.093(11) 0.045(9) 0.063(10) 0.022(9) 

N(2) 0.035(5) 0.042(5) 0.020(4) -0.021(4) -0.001(3) -0.002(4) 

C(7) 0.060(7) 0.034(7) 0.018(5) 0.006(6) -0.011(5) 0.006(4) 

C(8) 0.144(14) 0.096(11) 0.020(5) -0.069(11) -0.018(7) 0.029(7) 

C(9) 0.072(8) 0.057(8) 0.022(5) -0.002(6) -0.013(5) -0.006(5) 

C(10) 0.105(12) 0.140(15) 0.037(7) 0.056( 12) -0.034(7) -0.011(8) 

p 0.021(1) 0.037(2) 0.026(1) -0.007(1) 0.000(1) -0.002(1) 

C(11) 0.048(6) 0.047(7) 0.034(5) -0.021(6) 0.005(5) -0.008(5) 

C(12) 0.039(6) 0.054(8) 0.028(5) -0.021(6) -0.004(5) 0.005(5) 

C(13) 0.021(5) 0.049(6) 0.072(8) -0.001(5) -0.002(5) 0.009(6) 

Table A.53: Anisotropic atomic displacement parameters (A 2 ) for the non-hydrogen atoms 

of 3 (Mo(NBut)2(PMe3 )(PhC::CPh)]. 
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I Atom II z II Atom II 
H(102) -0.0251 0.4263 0.1585 H(103) -0.1322 0.3119 0.1499 

H(104) -0.1479 0.2380 0.0692 H(105) -0.0577 0.2811 -0.0058 

H(106) 0.0509 0.3957 0.0020 H(202) 0.3467 0.4429 0.0722 

H(203) 0.4565 0.4113 0.0036 H(204) 0.4187 0.4413 -0.0863 

H(205) 0.2718 0.5088 -0.1064 H(206) 0.1613 0.5411 -0.0390 

H(4A) -0.1184 0.6962 0.0712 H(4B) -0.1427 0.6422 0.1227 

H(4C) . -0.1829 0.7370 0.1160 H(5A) -0.0038 0.7641 0.2141 

H(5B) -0.1133 0.7787 0.2038 H(5C) -0.0731 0.6839 0.2106 

H(6A) -0.0071 0.8229 0.0765 H(6B) -0.0701 0.8643 0.1217 

H(6C) 0.0385 0.8455 0.1321 H(8A) 0.0271 0.5216 0.2691 

H(8B) 0.0880 0.4417 0.2498 H(8C) 0.0952 0.4736 0.3093 

H(9A) 0.2226 0.6674 0.2754 H(9B) 0.1109 0.6625 0.2797 

H(9C) 0.1748 0.6227 0.3251 H(10A) 0.3183 0.5405 0.2541 

H(10B) 0.2724 0.4850 0.3001 H(10C) 0.2652 0.4531 0.2407 

H(11A) 0.3314 0.8241 0.1450 H(llB) 0.2194 0.8245 0.1482 

H(llC) 0.2793 0.7741 0.1913 H(12A) 0.3332 0.7706 0.0416 

H(12B) 0.2793 0:6873 0.0211 H(12C) 0.2212 0.7701 0.0385 

H(13A) 0.4355 0.6857 0.1154 H(13B) 0.3933 0.6269 0.1610 

H(13C) 0.3923 0.5941 0.1015 

Table A.54: Atomic coordinates for the hydrogen atoms of 3 

[Mo(NBu t )2 (PMe3 )(PhC:=CPh )]. 
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I Atom II x/ 
Mo(1) 0.5000 0.30455(7) 0.2500 0.0516(8) 

P(11) 0.4333(2) 0.3664(2) 0.1901(3) 0.067(2) 

C(11) 0.4536(6) 0.4051(6) 0.1292(7) 0.093(8) 

C(12) 0.3699(6) 0.3372(7) 0.1387(9) 0.117(9) 

C(13) 0.4072(7) 0.4156(6) 0.2334(8) 0.104(9) 

N(11) 0.4808(4) 0.2793(4) 0.3188(6) 0.052(4) 

C(111) 0.4707(5) 0.2528(5) 0.3716(7) 0.052(3) 

C(112) 0.4995(5) 0.2061(5) 0.3946(6) 0.053(3) 

C(113) 0.4885(6) 0.1803(6) 0.4460(7) 0.082(4) 

C(114) 0.4493(6) 0.1988(6) 0.4719(7) 0.080( 4) 

C(115) 0.4221(5) 0.2438(5) 0.4515(7) 0.072(4) 

C(116) 0.4330(5) 0.2726(5) 0.4006(7) 0.060(4) 

C(117) 0.4025( 4) 0.3214(5) 0.3745(7) 0.074(3) 

C(118) 0.3483(6) 0.3106(7) 0.3247(7) 0.150(4) 

C(119) 0.3944(7) 0.3564(7) 0.4271(7) 0.150(4) 

C(120) 0.5407(5) 0.1850(4) 0.3666(7) 0.074(3) 

C(121) 0.5302(7) 0.1300(5) 0.3432(9) 0.150( 4) 

C(122) 0.5968(6) 0.1886(6) 0.4149(8) 0.150(4) 

Mo(2) 0.0000 0.32173(6) 0.2500 0.0492(7) 

P(21) 0.0366(2) 0.2602(2) 0.1901(2) 0.067(2) 

C(21) -0.0145(6) 0.2233(6) 0.1285(8) 0.101(8) 

C(22) 0.0742(7) 0.2907(6) 0.1399(9) 0.120(11) 

C(23) 0.0841(7) 0.2096(5) 0.2327(8) 0.103(8) 

N(21) 0.0539(4) 0.3473(4) 0.3182(6) 0.053(5) 

C(211) 0.0909(5) 0.3729(4) 0.3715(6) 0.047(3) 

C(212) 0.1432(5) 0.3518(5) 0.3982(7) 0.056(3) 

C(213) 0.1806(6) 0.3795(5) 0.4500(7) 0.073( 4) 

C(214) 0.1652(6) 0.4246(5) 0.4725(7) 0.079(4) 

C(215) 0.1132(6) 0.4438(6) 0.4467(7) 0.081(4) 

C(216) 0.0746(5) 0.4186(5) 0.3949(7) 0.055(3) 

C(217) 0.0191(5) 0.4401(4) 0.3680(7) 0.070(3) 

C(218) 0.0182(8) 0.4939(6) 0.3408(9) 0.160(4) 

C(219) -0.0118(7) 0.4398(7) 0.4175(8) 0.160(4) 

C(220) 0.1599(5) 0.3038(5) 0.3727(7) 0.070(3) 

C(221) 0.1937(7) 0.2674(7) 0.4239(7) 0.160( 4) 

C(222) 0.1890(7) 0.3150(7) 0.3230(7) 0.160(4) 

Table A.55: Atomic coordinates and Ueq (A2) for the non-hydrogen atoms of 4 (Mo(N-

2,6-iPr2C6H3)2(PMe3)2]. 
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I Atom II 
Mo(3) 0.25851(4) 0.56216(6) 0.24931(5) 0.0491(6) 

P(31) 0.1816(2) 0.6132(2) 0.1900(2) 0.066(2) 

C(31) 0.1989(7) 0.6630(6) 0.1393(8) 0.112(9) 

C(32) 0.1298(6) 0.5774(6) 0.1289(7) 0.096(7) 

C(33) 0.1416(6) 0.6503(6) 0.2323(7) 0.104(8) 

P(32) 0 .2122(2) 0.5103(2) 0.3091(2) 0.064(2) 

C(34) 0.2555(7) 0.4609(6) 0.3600(8) 0.108(9) 

C(35) 0.1905(6) 0.5457(6) 0.3703(8) 0.098(8) 

C(36) 0.1509(6) 0.4739(6) 0.2673(8) 0.104(9) 

N(31) 0.2669(4) 0.5247(4) 0.1816(6) 0.054(5) 

C(311) 0.2798(5) 0.5028( 4) 0.1288(6) 0.047(3) 

C(312) 0.2530(5) 0.4566(5) 0.0998(7) 0.062( 4) 

C(313) 0.2675(5) 0.4339(6) 0.0472(7) 0.075(4) 

C(314) 0.3084(6) 0.4559(5) 0.0267(7) 0.079(4) 

C(315) 0.3323(6) 0.5010(6) 0.0530(7) 0.078(4) 

C(316) 0.3205(5) 0.5246(5) 0.1049(7) 0.058(4) 

C(317) 0.3485(5) 0.5739(5) 0.1338(7) 0.078(2) 

C(318) 0.3330(6) 0.6184(6) 0.0863(8) 0.151(3) 

C(319) 0.4093(5) 0.5688(7) 0.1571(8) 0.151(3) 

C(330) 0.2100(5) 0.4331(4) 0.1239(7) 0.078(2) 

C(331) 0.2331(7) 0.3915(6) 0.1738(7) 0.151(3) 

C(332) 0.1617(6) 0.4118(7) 0.0714(7) 0.151(3) 

N(32) 0.3012(4) 0.5986( 4) 0.3171(6) 0.050(4) 

C(321) 0.3401(5) 0.6223(4) 0.3709(7) 0.050(3) 

C(322) 0.3273(5) 0.6685(5) 0.3992(7) 0.060( 4) 

C(323) 0.3667(6) 0.6922(5) 0.4507(7) 0.072(4) 

C(324) 0.4171(6) 0.6708(6) . 0.4714(8) 0.083(4) 

C(325) 0.4300(6) 0.6246(5) 0.4478(7) 0.080(4) 

C(326) 0.3928(5) 0.6002(5) 0.3955(7) 0.062(4) 

C(327) 0.4070(5) 0.5507(5) 0.3674(7) 0.078(2) 

C(328) 0.4202(7) 0.5097(6) 0.4198(8) 0.151(3) 

C(329) 0.4542(6) 0.5566(7) 0.3406(8) 0.151(3) 

C(340) 0.2718(6) 0.6915(4) 0.3706(7) 0.078(2) 

C(341) 0.2493(8) 0.7125(7) 0.4~28(7) 0.151(3) 

C(342) 0.2696(8) 0.7332(6) 0.3207(7) 0.151(3) 

Table A.56: Atomic coordinates and Ueq (A2) (cont'd) for the non-hydrogen atoms of 4 

(Mo(N-2,6-;Pr2C6H3)2(PMe3)2]. 
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dAB II A-B dAB II A-B 

Mo(1)-P(ll) 2.411(4) Mo(1)-N(ll) 1.809(13) Mo(1)-P(11A) 2.411(4) 

Mo(1)-N(11A) 1.809(13) P(ll)-C(ll) 1.839(18) P(ll)-C(12) 1.833( 16) 

P(ll)-C(13) 1.817(18) N(ll)-C(111) 1.410(19) C(111)-C(112) 1.423(16) 

C(111)-C(116) 1.399(21) C(112)-C(113) 1.384(22) C(112)-C(120) 1.477(20) 

C(113)-C(114) 1.378(24) C(114)-C(115) 1.362( 19) C(115)-C(116) 1.415(21) 

C(116)-C(117) 1.501(17) C(117)-C(118) 1.504(17) C(117)-C(119) 1.504(22) 

C(120)-C(121) 1.504(18) C(120)-C(122) 1.504(16) Mo(2)-P(21) 2.406(5) 

Mo(2)-N(21) 1.807(10) Mo(2)-P(21A) 2.406(5) Mo(2)-N(21A) 1.807(10) 

P(21)-C(21) 1.825(15) P(21 )-C(22) 1.830(21) P(21 )-C(23) 1.835( 15) 

N (21 )-C(211) 1.407(15) C(211 )-C(212) 1.407( 16) C(211)-C(216) 1.397(18) 

C(212)-C(213) 1.421(17) C(212)-C(220) 1.470(19) C(213)-C(214) 1.364(21) 

C(214)-C(215) 1.382( 19) C(215)-C(216) 1.401(17) C(216)-C(217) 1.482(17) 

C(217)-C(218) 1.504(19) C(217)-C(219) 1.504(26) C(220)-C(221) 1.504(20) 

C(220)-C(222) 1.504(24) Mo(3)-P(31) 2.400( 4) Mo(3)-P(32) 2.405(5) 

Mo(3)-N(31) 1.805(13) Mo(3)-N(32) 1. 797(10) P(31 )-C(31) 1.821(18) 

P(31 )-C(32) 1.813(14) P(31 )-C(33) 1.838(18) P(32)-C(34) 1.823(15) 

P(32)-C(35) 1.817(18) P(32)-C(36) 1.825(15) N(31)-C(311) 1.390(19) 

C(311 )-C(312) 1.422(17) C(311)-C(316) 1.418(20) C(312)-C(313) 1.412(22) 

C(312)-C(330) 1.490(21) C(313)-C(314) 1.385(22) C(314)-C(315) 1.356(19) 

C(315)-C(316) 1.378(22) C(316)-C(317) 1.502(17) C(317)-C(318) 1.504(20) 

C(317)-C(319) 1.504(17) C(330)-C(331) 1.504(19) C(330)-C(332) 1.504(17) 

N(32)-C(321) 1.414(15) C(321 )-C(322) 1.423(19) C(321)-C(326) 1.421(17) 

C(322)-C(323) 1.390(17) C(322)-C(340) 1.501(18) C(323)-C(324) 1.360(20) 

C(324)-C(325) 1.376(22) C(325 )-C(326) 1.384(18) C(326)-C(327) 1.504(19) 

C(327)-C(328) 1.504(21) C(327)-C(329) 1.504(24) C(340)-C(341) 1.504(25) 

C(340)-C(342) 1.504(21) 
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I A-B-C L A-B-C II A-B-C L A-B-C II A-B-C L A-B-C I 
P(11)-Mo(1)-N(11) 109.9(3) P(ll )-Mo(1 )-P(11.~) 97.0(2) N(ll)-Mo(1)-P(11A) 97.9{3) 

P(11)-Mo(1)-N(11A) 97.9(3) N(11 )-Mo(1 )-N(llA) 137.6(6) P(11A)-Mo(1 )-N(11A) 109.9{3) 

Mo(1)-P(11)-C(11) 115.0(5) Mo(1 )-P(11 )-C(12) 114.2(6) C(ll)-P(11 )-C(12) 101.3(8) 

Mo(1 )-P(11 )-C(13) 120.7(5) C(11 )-P(11 )-C(13) 101.9(8) C(12)-P(ll)-C(13) 100.9(8) 

Mo(1 )-N(11 )-C(111) 171.1(9) N(11 )-C(111 )-C(112) 118.9(12) N(11 )-C(111 )-C(116) 119.8(11) 

C(112)-C(111 )-C(116) 121.3(13) C(111 )-C(112)-C(113) 118.0(13) C(111 )-C(112)-C(120) 122.7(12) 

C{113)-C(112)-C(120) 119.3{11) C(112 )-C(113 )-C{114) 120.3{13) C(113)-C(114)-C(115) 122.6{15) 

C(114)-C(115)-C(116) 119.4{15) C(111 )-C(116)-C(115) 118.3(12) C(111 )-C(116)-C(117) 120.2{13) 

C{115)-C(116)-C(117) 121.4(13) C(116)-C(117)-C(118) 112.2(11) C(116)-C(117)-C(119) 113.9{12) 

C(118)-C(117)-C(119) 109.1{12) C(112)-C(120)-C{121) 113.9{12) C{112 )-C( 120 )-C( 122) 111.3{12) 

C(121 )-C(120)-C(122) 109.1{11) P(21 )-Mo(2)-N(21) 109.7(4) P(21 )-Mo(2)-P(21A) 97.3(2) 

N(21 )-Mo(2)-P(21A) 98.4{4) P(21 )-Mo(2)-N(21A) 98.4( 4) N(21)-Mo(2)-N(21A) 137.1(7) 

P(21A)-Mo(2)-N(21A) 109.7(4) Mo(2)-P(21 )-C(21) 114.4(6) Mo(2)-P(21)-C(22) 113.0(6) 

C(21 )-P(21 )-C{22) 101.5(8) Mo(2)-P(21)-C(23) 121.4(6) C(21)-P(21 )-C(23) 102.2(7) 

C(22)-P(21)-C(23) 101.7{8) Mo(2)-N(21 )-C(211) 172.0(9) N(21 )-C(211 )-C(212) 118.5(11) 

N(21 )-C(211 )-C(216) 118.9(10) C(212)-C(211 )-C(216) 122.6(10) C(211 )-C(212)-C(213) 117.5{12) 

C{211 )-C(212)-C(220) 122.0{10) C(213)-C(212)-C(220) 120.4(11) C(212)-C(213)-C(214) 120.2(12) 

C(213)-C(214)-C(215) 121.2(13) C(214)-C(215)-C(216) 121.3(14) C(211 )-C(216)-C(215) 117.1(11) 

C(211 )-C(216)-C(217) 122. 7(10) C(215)-C(216)-C(217) 120.2{12) C(216)-C(217)-C(218) 113.4(13). 

C(216)-C(217)-C(219) 112.6{12) C{218)-C(217)-C(219) 109.1(13) C(212)-C(220)-C(221) 115.4(12) 

C(212 )-C( 220 )-C( 222) 111.4(12) C(221 )-C{220)-C(222) 109.1(12) P(31)-Mo(3)-P(32) 96.9(2) 

P(31)-Mo(3)-N(31) 98.9(3) P(32)-Mo(3)-N(31) 109.0(4) P(31)-Mo(3)-N(32) 110.1(3) 

P{32)-Mo(3)-N(32) 98.5{4) N(31 )-Mo(3)-N(32) 137.1(5) Mo(3)-P(31)-C(31) 112.8(5) 

Mo(3)-P(31)-C(32) 114.3(5) C(31 )-P(31 )-C(32) 101.3(7) Mo(3)-P(31)-C(33) 121.8(5) 

C{31 )-P(31 )-C(33) 101.4(8) C(32)-P(31 )-C(33) 102.5(7) Mo(3)-P(32)-C(34) 113.1(6) 

Mo(3)-P(32)-C(35) 114.4{6) C(34)-P(32)-C(35) 101.1(8) Mo(3)-P(32)-C(36) 121.8(6) 

C(34)-P{32)-C(36) 102.3(7) C(35)-P(32)-C(36) 101.5(8) Mo(3)-N(31)-C(311) 169.8(9) 

N(31 )-C(311 )-C(312) 119.4(12) N(31 )-C(311 )-C(316) 121.1(10) C{312)-C(311 )-C(316) 119.5(13) 

C(311 )-C(312)-C(313) 118.9{13) C(311 )-C(312)-C(330) 120.5(13) C(313)-C(312)-C(330) 120.6{11) 

C(312)-C(313)-C(314) 119.5(13) C(313)-C(314)-C(315) 121.1{15) C(314)-C(315)-C(316) 122.0(15) 

C(311 )-C(316)-C(315) 118.8(12) C(311)-C(316)-C(317) 120.6{13) C(315 )-C(316)-C(317) 120.6(13) 

C{316)-C(317)-C{318) 112.1(11) C(316)-C{317)-C(319) 112.8(11) C(318)-C(317)-C(319) 109.0{12) 

C(312)-C(330)-C(331) 111.1(11) C(312 )-C(330)-C(332) 115.5(12) C(331 )-C(330)-C(332) 109.1(11) 

Mo(3)-N(32)-C(321) 172.3(9) N(32)-C(321 )-C(322) 120.5{10) N(32)-C(321 )-C(326) 119.4{11) 

C{322)-C{321 )-C(326) 120.1(11) C(321 )-C(322)-C(323) 119.7{12) C(321 )-C(322)-C(340) 118.5(10) 

C{323)-C(322)-C(340) 121.7(12) C(322)-C{323)-C(324) 118.5(13) C(323)-C(324)-C(325) 123.2(13) 

C(324)-C(325 )-C(326) 120.4(13) C(321)-C(326)-C(325) 117.8{13) C(321 )-C(326)-C(327) 121.2(10) 

C(325)-C(326)-C(327) 121.0(12) C(326)-C(327)-C(328) 109.3(13) C{326)-C(327)-C(329) 113.0(12) 

C(328)-C{327)-C(329) 109.1{12) C(322)-C{340)-C(341) 112.2{12) C{322)-C(340)-C(342) 113.4{14) 

C{341 )-C(340)-C(342) 109.1(12) 
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I Atom u11 I U22 I Ut3 I U23 I 
Mo(1) 0.052(1) 0.0398(9) 0.067(1) 0.000 0.024(1) 0.000 

P(11) 0.067(3) 0.056(2) 0.077(4) 0.010(2) 0.021(3) 0.004(2) 

C(11) 0.098(12) 0.094(11) 0.086(13) 0.010( 10) 0.026(10) 0.025(10) 

C(12) 0.082(12) 0.119(14) 0.129(17) 0.009(11) 0.002(11) 0.006(12) 

C(13) 0.117(13) 0.084(11) 0.115(15) 0.051(10) 0.040(12) 0.004(10) 

N(11) 0.047(6) 0.039(6) 0.063(8) -0.008(5) 0.007(6) -0.009(6) 

Mo(2) 0.0399(9) 0.040(1) 0.063(1) 0.000 0.0090(9) 0.0000 

P(21) 0.068(3) 0.060(2) 0.071(3) 0.006(2) 0.017(2) -0.005(2) 

C(21) 0.111(13) 0.091(11) 0.080(12) -0.005(10) -0.003(10) -0.021(9) 

C(22) 0.158(17) 0.098(13) 0.138(18) -0.028(12) 0.097(15) -0.021(12) 

C(23) 0.122(13) 0.087(11) 0.092(13) 0.057(11) 0.022(11) 0.002(9) 

N(21) 0.050(6) 0.051(7) 0.060(9) 0.007(6) 0.021(6) -0.002(6) 

Mo(3) 0.0430(6) 0.0458(7) 0.062(1) -0.0010(6) 0.0209(7) -0.0067(6) 

P(31) 0.060(2) 0.069(3) 0.069(3) 0.010(2) 0.018(2) 0.001(2) 

C(31) 0.105(14) 0.100(13) 0.122(16) -0.009(11) 0.022(12) 0.038(12) 

C(32) 0.082(10) 0.115(13) 0.066(11) 0.020(10) -0.012(8) -0.003(9) 

C(33) 0.093(11) 0.134(15) 0.080(12) 0.057(11) 0.021(10) 0.009(11) 

P(32) 0.061(2) 0.065(3) 0.072(3) -0.011(2) 0.027(2) -0.003(2) 

C(34) 0.130(15) 0.104(12) 0.104(15) . 0.019(11) 0.058(12) 0.038(11) 

C(35) 0.105(12) 0.107(13) 0.088(13) 0.002(10) 0.038(10) -0.005(10) 

C(36) 0.094(12) 0.123(14) 0.113(15) -0.030(11) 0.056(11) 0.004(11) 

N(31) 0.055(7) 0.051(6) 0.063(8) -0.006(6) 0.027(6) -0.002(6) 

N(32) 0.045(6) 0.050(6) 0.051(8) -0.006(5) 0.010(6) -0.002(6) 

Table A.59: Anisotropic atomic displacement parameters (A 2) for the non-hydrogen atoms 

of 4 [Mo(N-2,6-;Pr2C6H3)2(PMe3)2]. 
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I Atom II z II Atom II 
H(11A) 0.4251 0.4286 0.1074 H(11B) 0.4858 0.4243 0.1514 

H(11C) 0.4611 0.3824 0.0974 H(12A) 0.3451 0.3637 0.1162 

H(12B) 0.3778 0.3147 0.1071 H(12C) 0.3539 0.3177 0.1663 

H(13A) 0.3812 0.4364 0.2017 H(13B) 0.3901 0.3996 0.2625 

H(13C) 0.4366 0.4370 0.2583 H(ll3) 0.5076 0.1488 0.4621 

H(ll4) 0.4417 0.1802 0.5071 H(ll5) 0.3954 0.2567 0.4705 

H(117) 0.4230 0.3399 0.3512. H(1A) 0.3288 0.3417 0.3075 

H(2A) 0.3537 0.2906 0.2893 H(3A) 0.3278 0.2908 0.3470 

H(4A) 0.3753 0.3869 0.4070 H(5A) 0.3735 0.3385 0.4506 

H(6A) 0.4290 0.3660 0.4571 H(120) 0.5397 0.2049 0.3283 

H(7A) 0.5573 0.1179 0.3242 H(8A) 0.5321 0.1101 0.3818 

H(9A) 0.4948 0.1262 0.3117 H(10A) 0.6225 0.1754 0.3946 

H(10B) 0.6057 0.2238 0.4284 H(10C) 0.5979 0.1680 0.4527 

H(21A) 0.0028 0.1996 0.1066 H(21B) -0.0370 0.2044 0.1490 

H(21C) -0.0365 0.2471 0.0970 H(22A) 0.0874 0.2641 0.1174 

H(22B) 0.0508 0.3136 0.1082 H(22C) 0.1043 0.3100 0.1676 

H(23A) 0.0938 0.1890 0.2005 H(23B) 0.1161 0.2255 0.2614 

H(23C) 0.0677 0.1879 0.2579 H(213) 0.2167 0.3660 0.4681 

H(214) 0.1911 0.4425 0.5079 H(215) 0.1029 0.4751 0.4639 

H(217) 0.0006 0.4190 0.3310 

Table A.60: Atomic coordinates for the hydrogen atoms of 4 (Mo(N.-2,6-

ipr2C6H3)2(PMe3)2]. 
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I Atom II z II Atom II 
H(1B) -0.0181 0.5067 0.3217 H(2B) 0.0369 0.5152 0.3776 

H(3B) 0.0371 0.4948 0.3084 H(4B) -0.0476 0.4531 0.3967 

H(5B) -0.0142 0.4052 0.4324 H(6B) 0.0064 0.4613 0.4543 

H(220) 0.1274 0.2854 0.3495 H(7B) 0.1750 0.2587 0.4550 

H(8B) 0.2011 0.2365 0.4033 H(9B) 0.2273 0.2845 0.4461 

H(20A) 0.1999 0.2838 0.3061 H(20B) 0.1655 0.3346 0.2874 

H(20C) 0.2206 0.3352 0.3445 H(31A) 0.1667 0.6820 0.1168 

H(31B) 0.2254 0.6862 0.1664 H(31C) 0.2133 0.6469 0.1077 

H(32A) 0.1005 0.6002 0.1072 H(32B) 0.1457 0.5636 0.0973 

H(32C) 0.1161 0.5496 0.1492 H(33A) 0.1129 0.6681 0.2002 

H(33B) 0.1264 0.6273 0.2573 H(33C) 0.1646 0.6751 0.2613 

H(34A) 0.2350 0.4416 0.3826 H(34B) 0.2681 0.4380 0.3322 

H(34C) 0.2861 0.4767 0.3915 H(35A) 0.1725 0.5227 0.3921 

H(35B) 0.2218 0.5604 0.4019 H(35C) 0.1661 0.5729 0.3492 

H(36A) 0.1388 0.4560 0.2997 H(36B) 0.1228 0.4967 0.2425 

H(36C) 0.1592 0.4492 0.2381 H(313) 0.2497 0.4026 0.0280 

H(314) 0.3178 0.4399 -0.0090 H(315) 0.3594 0.5163 0.0365 

H(317) 0.3369 0.5825 0.1712 

Table A.61: Atomic coordinates for the hydrogen atoms (cont'd) of 4 (Mo(N-2,6-

ipr2C6H3)2(PMe3)2]. 
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I Atom II z II Atom 

H(1C) 0.3513 0.6489 0.1076 H(2C) 0.3447 0.6106 0.0487 

H(3C) 0.2945 0.6242 0.0722 H(4C) 0.4260 0.6009 0.1752 

H(5C) 0.4193 0.5424 0.1901 H(6C) 0.4215 0.5592 0.1204 

H(330) 0.1969 0.4594 0.1470 H(7C) 0.2633 0.4054 0.2080 

H(8C) 0.2068 0.3778 0.1929 H(9C) 0.2456 0.3644 0.1512 

H(50C) 0.1356 0.3976 0.0903 H(51C) 0.1452 0.4393 0.0417 

H(52C) 0.1741 0.3853 0.0479 H(323) 0.3578 0.7237 0.4689 

H(324) 0.4439 0.6876 0.5069 H(325) 0.4656 0.6098 0.4651 

H(327) 0.3767 0.5411 0.3304 H(53C) 0.4277 0.4786 0.3994 

H(54C) 0.4516 0.5191 0.4555 H(55C) 0.3900 0.5039 0.4363 

H(56C) 0.4616 0.5248 0.3218 H(57C) 0.4487 0.5838 0.3086 

H(58C) 0.4845 0.5652 0.3782 H(340) 0.2472 0.6650 0.3479 

H(60C) 0.2139 0.7272 0.4040 H(61C) 0.2474 o.6S49 0.4521 

H(62C) 0.2739 0.7386 0.4466 H(63C) 0.2340 0.7479 0.3036 

H(64C) 0.2948 0.7596 0.3422 H(65C) 0.2806 0.7188 0.2851 

Table A.62: Atomic coordinates ( cont'd) for the hydrogen atoms of 4 [Mo(N-2,6-

ipr2C6H3)2(PMe3)2]. 
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I Atom II z I U(eq) I 
Nb(1) 0.09236(3) 0.15355(7) 0.57755(4) 0.0312(3) 

0(1) 0.1149(2) -0.0176(6) 0.5462(4) 0.041(2) 

0(2) 0.0715(3) 0.2338(6) 0.4722(3) 0.045(2) 

N(1) 0.1489(3) 0.2368(7) 0.6202(4) 0.037(2) 

C(1) 0.0308(6) 0.2606(9) 0.6588(10) 0.044(1) 

C(2) -0.0007 0.1920 0.5967 0.044(1) 

C(3) 0.0071 0.0558 0.6104 0.044(1) 

C(4) 0.0435 0.0403 0.6809 0.044(1) 

C(5) 0.0581 0.1669 0.7108 0.044(1) 

C(1A) 0.0095(7) 0.2329(13) 0.6225(11) 0.044(1) 

C(2A) -0.0013 0.1024 0.5961 0.044(1) 

C(3A) 0.0296 0.0170 0.6494 0.044(1) 

C(4A) 0.0595 0.0948 0.7088 0.044(1) 

C(5A) 0.0471 0.2282 0.6921 0.044(1) 

C(6) 0.1881(4) 0.3062(11) 0.6730(7) 0.056(4) 

C(7) 0.2071(7) 0.2211(19) 0.7436(9) 0.137(8) 

C(8) 0.1624(5) 0.4242(16) 0.7117(12) 0.138(9) 

C(9) 0.2308(5) 0.3504(15) 0.6262(9) 0.098(6) 

C(lO) 0.1577(3) -0.0989(7) 0.5379(5) 0.058(3) 

Table A.63: Atomic coordinates and Ueq (A2 ) for the non-hydrogen atoms of 5 

[NbCp(NBut)(OCMe2CFa)2]. 
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/Atom II z I U(eq) / 

C(11) 0.1557(5). -0.1387(11) 0.4468(5) 0.086(3) 

C(12) 0.2096(5) -0.0289(14) 0.5638(8) 0.086(3) 

C(13) 0.1542(4) -0.2229(10) 0.5907(6) 0.086(3) 

C(12A) 0.2118(8) -0.0563(32) 0.5167(25) 0.086(3) 

C(13A) ~o.1418(9) -0.2263(15) 0.4915(14) 0.086(3) 

F(1) 0.1573(5) -0.1801(11) 0.6662(6) 0.095(2) 

F(2) 0.1090(4) -0.2783(12) 0.5714(8) 0.095(2) 

F(3) 0.1916(5) -0.3062(12) 0.5821(8) 0.095(2) 

F(1A) 0.0996(9) -0.2801(27) 0.5137(18) 0.095(2) 

F(2A) 0.1195(11) -0.1919(27) 0.4194(15) 0.095(2) 

F(3A) 0.1812(9) -0.3070(26) 0.4974(17) 0.095(2) 

C(14) 0.0850(3) 0.3244(8) 0.4142(5) 0.055(3) 

C(15) 0.0949(7) 0.4551(14) 0.4603(11) 0.081(3) 

C(16) 0.1346(5) 0.2838(21) 0.3761(10) 0.081(3) 

C(17) 0.0403(5) 0.3426(15) 0.3452(8) 0.081(3) 

F(4) . 0.0408(7) 0.2276(16) 0.3102(11) 0.118(2) 

F(5) 0.0510(8) 0.4359(18) 0.2949(11) 0.118(2) 

F(6) -0.0002(7) 0.3774(26) 0.3815(16) 0.118(2) 

Table A.64: Atomic co~rdinates and Ueq (A2 ) (cont'd) for the non-hydrogen atoms of 5 

[NbCp(NBut)(OCMe2CF3)2]. 
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dAB II A-B dAB II A-B 

Nb(1)-0(1) 1.930(6) Nb(1)-0(2) 1.936(6) Nb(1)-N(1) 1.773(7) 

Nb(1)-C(1) 2.440(15) Nb(1)-C(2) 2.495(15) Nb(1)-C(3) 2.532(15) 

Nb(1)-C(4) 2.501(15) Nb(1)-C(5) 2.443(16) Nb(1)-C(1A) 2.477(18) 

Nb(1)-C(2A) 2.531(18) Nb(1)-C(3A) 2.525(17) Nb(1)-C(4A) 2.467(19) 

Nb(1)-C(5A) 2.436(18) 0(1)-C(10) 1.401(10) 0(2)-C(14) 1.398(10) 

N(1)-C(6) 1.447(12) C(1)-C(2) 1.420 C(1)-C(5) 1.420 

C(2)-C(3) 1.420 C(3)-C(4) 1.420 C(4)-C(5) 1.420 

C(1A)-C(2A) 1.420 C(1A)-C(5A) 1.420 C(2A)-C(3A) 1.420 

C(3A)-C(4A) 1.420 C( 4A )-C( 5A) 1.420 C(6)-C(7) 1.489( 19) 

C(6)-C(8) 1.544(20) C(6)-C(9) 1.480(18) C(10)-C(ll) 1.542(12) 

C(10)-C(12) 1.542(15) C(10)-C(13) 1.542(13) C(10)-C(12A) 1.542(27) 

C(10)-C(13A) 1.541(19) C(13)-F(1) 1.307(14) C(13)-F(2) 1.307( 15) 

C(13)-F(3) 1.308(16) C(13A)-F(1A) 1.307(34) C(13A)-F(2A) 1.307(33) 

C(13A)-F(3A) 1.307(32) C(14)-C(15) 1.542(17) C(14)-C(15A) 1.542(16) 

C(14)-C(16) 1.541(17) C(14)-C(16A) 1.542(18) C( 14)-C( 17) 1.541(15) 

C(14)-C(17A) 1.542(16) C(17)-F(4) 1.308(22) C(17)-F(5) 1.308(24) 

C(17)~F(6) 1.308(26) C(17A)-F(4A) 1.308(23) C(17 A)-F(5A) 1.308(24) 

C(17 A)-F(6A) 1.308(25) 

Table A.65: Bond lengths (A) for 5 [NbCp(NBut)(OCMe2CF3)2). 



APPENDIX A. TABLES OF RESULTS FROM ALL REFINEMENTS. 286 

I A-B-C I LA-B-C II A-B-C I LA-B-C II A-B-C I LA-B-C I 
0(1)-Nb(1)-0(2) 102.1(3) 0(1)-Nb(1)-N(1) 106.1(3) 0(2)-Nb(1)-N(1) 106.9(3) 

0(1 )-Nb(1 )-C(1) 141.7(3) 0(2)-Nb(1)-C(1) 99.2(4) N(1)-Nb(1)-C(1) 97.5(4) 

0(1)-Nb(1)-C(2) 120.0(3) 0(2)-Nb(1)-C(2) 82.1(4) N(1)-Nb(1)-C(2) 130.2(4) 

C(1)-Nb(1)-C(2) 33.4(2) 0(1 )-l\lb(1 )-C(3) 89.7(3) 0(2)-Nb(1)-C(3) 100.8( 4) 

N(1)-Nb(1)-C(3) 144.0( 4) C(1 )-Nb(1 )-C(3) 55.0(3) C(2)-Nb(1)-C(3) 32.8(2) 

0(1)-Nb(1)-C(4) 87.1(3) 0(2)-Nb(1)-C(4) 133.3( 4) N(1 )-Nb(1 )-C( 4) 114.3(4) 

C(1 )-Nb(1 )-C( 4) 55.4(4) C(2)-Nb(1)-C(4) 54.8(3) C(3)-Nb(1)-C(4) 32.8(2) 

0(1)-Nb(1)-C(5) 115.9(3) 0(2)-Nb(1)-C(5) 132.8(4) N(1)-Nb(1)-C(5) 89.1(4) 

C(1 )-Nb(1 )-C( 5) 33.8(2) C(2)-Nb(1)-C(5) 55.4(3) C(3)-Nb(1 )-C( 5) 55.0(3) 

C(4)-Nb(1)-C(5) 33.4(2) 0(1)-Nb(1)-C(1A) 132.2( 4) 0(2)-Nb(1)-C(1A) 87.5(4) 

N(1)-Nb(1)-C(1A) 115.6(4) 0(1 )-Nb(1 )-C(2A) 99.5(4) 0(2)-Nb(1)-C(2A) 90.7(4) 

N(1)-Nb(1)-C(2A) 144.6(5) C(1A)-Nb(1)-C(2A) 32.9(2) 0(1 )-Nb(1 )-C(3A) 81.5( 4) 

0(2)-Nb(1)-C(3A) 121.1(4) N(1 )-Nb(1 )-C(3A) 128.9(5) C(1A)-Nb(1)-C(3A) 54.7(4) 

C(2A)-Nb(1)-C(3A) 32.6(2) 0(1 )-Nb(1 )-C( 4A) 98.8(4) 0(2)-Nb(1)-C(4A) 142.2(4) 

N(1)-Nb(1)-C(4A) 96.9(4) C(1A)-Nb(1)-C(4A) 55.4(4) C(2A)-Nb(1 )-C( 4A) 54.7(4) 

C(3A)-Nb(1 )-C( 4A) 33.0(2) 0(1)-Nb(1)-C(5A) 132.2(4) 0(2)-Nb(1 )-C( 5A) 116.2( 4) 

N(1)-Nb(1)-C(5A) . 89.5(4) C(1A)~Nb(1)-C(5A) 33.6(2) C(2A)-Nb(1)-C(5A) 55.1(4) 

C(3A)-Nb(1)-C(5A) 55.1(4) C(4A)-Nb(1)-C(5A) 33.7(3) Nb(1 )-0(1 )-C(10) 145.7(5) 
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I A-B-C LA-B-C II A-B-C LA-B-C II A-B-C LA-B-C I 
Nb(1)-0(2)-C(14) 145.1(5) Nb(1)-N(1)-C(6) 165.6(7) Nb(1)-C(1)-C(2) 75.4(3) 

Nb(1 )-C(1 )-C( 5) 73.2(3) C(2)-C(1)-C(5) 108.0 Nb(1 )-C(2)-C(1) 71.1(3) 

Nb(1)-C(2)-C(3) 75.0(2) C(1)-C(2)-C(3) 108.0 Nb(1)-C(3)-C(2) 72.2(2) 

Nb(1)-C(3)-C(4) 72.4(3) C(2)-C(3)-C(4) 108.0 Nb(1)-C(4)-C(3) 74.8(3) 

Nb(1)-C(4)-C(5) 71.1(3) C(3)-C(4)-C(5) 108.0 Nb(1)-C(5)-C(1) 73.0(3) 

Nb(1)-C(5)-C(4) 75.5(2) C(1)-C(5)-C(4) 108.0 Nb(1)-C(1A)-C(2A) 75.6(3) 

Nb(1)-C{1A)-C(5A) 71.6( 4) C(2A)-C(1A)-C(5A) 108.0 Nb(1 )-C(2A)-C(1A) 71.5{3) 

Nb(1)-C(2A)-C(3A) 73.4(4) C(1A)-C(2A)-C(3A) 108.0 Nb(1 )-C(3A)-C(2A) 73.9{4) 

Nb(1)-C(3A)-C(4A) 71.2{4) C(2A)-C(3A)-C(4A) 108.0 Nb(1)-C(4A)-C(3A) 75. 7(4) 

Nb(1)-C(4A)-C(5A) 72.0(3) C(3A)-C(4A)-C(5A) 108.0 Nb(1)-C(5A)-C(1A) 74.8(4) 

Nb(1)-C(5A)-C( 4A) 74.3(3) C(1A)-C(5A)-C(4A) 108.0 N(1)-C(6)-C(7) 109.4(11) 

N(1)-C(6)-C(8) 108.9(9) C(7)-C(6)-C(8) 104.9(12) N(1)-C(6)-C(9) 110.8(9) 

C(7)-C(6)-C(9) 112.0(11) C(8)-C(6)-C(9) 110.5(11) 0(1)-C(10)-C(ll) 107.6(7) 

0(1 )-C(10)-C(12) 111.9(7) C(ll)-C(10)-C(12) 109.1(8) 0(1 )-C(10)-C(13) 109.8(7) 

C(11 )-C(10)-C(13) 109.1(7) C(12)-C(10)-C(13) 109.2(8) 0(1 )-C(10)-C(12A) . 126.9(13) 

0(1)-C(10)-C(13A) 112.0(10) C(12A)-C(10)-C(13A) 109.2(17) C(10)-C(13)-F(1) 104.7(9) 

C(10)-C(13)-F(2) 108.9(9) F(1)-C(13)-F(2) 109.8(11) C(10)-C(13)-F(3) 112.7(9) 

F(1)-C(13)-F(3) 110.3(10) F(2)-C(13)-F(3) 110.3(10) C(10)-C(13A)-F(1A) 113.9(20) 

C( 10)-C(13A )-F(2A) 106.8(16) F(1A)-C(13A)-F(2A) 93.5(22) C(10)-C(13A)-F(3A) 109.3(18) 

F(1A)-C(13A)-F(3A) 112.5(20) F(2A)-C(13A)-F(3A) 120.3(25) 0(2)-C(14)-C(15) 106.3(9) 

0(2)-C(14)-C(15A) 115.0(9) 0(2)-C(14)-C(16) 112.1(9) C(15)-C(14)-C(16) 109.2(11) 

0(2)-C(14)-C(16A) 104.5(9) C(15A)-C(14)-C(16A) . 109.1(11) 0(2)-C(14)-C(17) ll0.8(8) 

C(15)-C(14)-C(17) 109.2(10) C(16)-C(14)-C(17) 109.2(9) 0(2)-C(14)-C(17 A) 109.7(8) 

C(15A)-C(14)-C(17 A) 109.2(9) C(16A)-C(14)-C(17 A) 109.1(10) C(14)-C(17)-F( 4) 99.9(12) 

C(14)-C(17)-F(5) 110.9(12) F( 4)-C(17)-F(5) 111.5(15) C(14)-C(17)-F(6) 106.0(14) 

F(4)-C(17)-F(6) 119.3(17) F(5)-C(17)-F(6) 108.6(18) C(14)-C(17 A)-F(5A) 111.3(13) 

F( 4A)-C(17 A)-F(5A) 109.9(15) C(14)-C(17 A)-F(6A) 103.3(13) F(4A)-C(17 A)-F(6A) 120.6{18) 

F(5A)-C(17 A)-F(6A) 108.4(17) 

Table A.67: Bond Angles (0
) for 5 [NbCp(NBut)(OCMe2CF3 )2]. 
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I Atom II Uu I . u22l U13 I 
Nb(1) 0.0322(4) 0.0357(5) 0.0266(4) 0.0002(4) 0.0076(3) 0.0008(4) 

0(1) 0.043(3) 0.035(3) 0.047(3) 0.006(3) 0.006(3) 0 .001(3) 

0(2) 0.063(4) 0.041(4) 0.030(3) 0.007(3) 0.000(3) 0.004(3) 

N(l) 0.038(4) 0.041(4) 0.035(4) -0.004(3) 0.011(3) -0.002(3) 

C(6) 0.050(6) 0.065(7) 0.053(6) -0.016(5) 0.005(5) -0.010(5) 

C(7) 0.170(18) 0.141(15) 0.081(10) -0.064(14) -0.076(11) 0.027(10) 

C(8) 0.071(9) 0.151(16) 0.192(18) -0.028(10) 0.013(11) -0.129( 15) 

C(9) 0.053(7) 0.131(13) 0.115(12) -0.034(8) 0.025(8) -0.054(10) 

Table A.68: Anisotropic atomic displacement parameters (A 2 ) for 5 
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J Atom II ul 
H(1A) 0.0332 0.3540 0.6645 0.053(2) 

H(2A) -0.0234 0.2309 0.5532 0.053(2) 

H(3A) -0.0093 -0.0136 0.5777 0.053(2) 

H(4A) 0.0560 -0.0415 0.7042 0.053(2) 

H(5A) 0.0823 0.1857 0.7578 0.053(2) 

H(1AA) -0.0059 0.3106 0.5976 0.053(2) 

H(2AA) -0.0253 0.0764 0.5503 0.053(2) 

H(3AA) 0.0302 -0.0768 0.6460 0.053(2) 

H(4AA) 0.0839 0.0628 0.7524 0.053(2) 

H(5AA) 0.0616 0.3022 0.7225 0.053(2) 

H(7A) 0.2237 0.1449 0.7240 0.080 

H(7B) 0.2316 0.2690 0.7803 0.080 

H(7C) 0.1783 0.1947 0.7722 0.080 

H(8A) 0.1490 0.4837 0.6694 0.080 

H(8B) 0.1347 0.3938 0.7413 0.080 

H(8C) 0.1879 0.4683 0.7488 0.080 

H(9A) 0.2166 0.4075 0.5830 0.080 

H(9B) 0.2565 0.3967 0.6616 0.080 

H(9C) 0.2465 0.2760 0.6030 0.080 

H(11A) 0.1236 -0.1798 0.4262 0.103(3) 

H(11B) 0.1600 -0.0595 0.4167 0.103(3) 

H(11C) 0.1840 -0.1970 0.4403 0.103(3) 

H(12A) 0.2103 -0.0176 0.5057 0.103(3) 

H(12B) 0.2113 0.0552 0.5901 0.103(3) 

H(12C) 0.2387 -0.0810 0.5853 0.103(3) 

H(12D) 0.2140 -0.0330 0.5738 0.103(3) 

H(12E) 0.2391 -0.1165 0.5080 0.103(3) 

H(12F) 0.2152 0.0211 0.4844 0.103(3) 

H(15A) 0.0799 0.4492 0.5113 0.097(4) 

H(15B) 0.1316 0.4695 0.4712 0.097(4) 

H(15C) 0.0794 0.5266 0.4286 0.097(4) 

H(16A) 0.1646 0.3007 0.4142 0.097(4) 

H(16B) 0.1297 0.1909 0.3702 0.097(4) 

H(16C) 0.1395 0.3213 0.3238 0.097(4) 

Table A.69: Atomic coordinates for the hydrogen atoms of 5 [NbCp(NBu1)(0CMe2CF3h). 
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I Atom II 
Mo(1) 0.22877(3) 0.44931(5) 0.08873(3) 0.0366(2) 

0(1) 0.2380(3) 0.5433(5) 0.1885(2) 0.065(2) 

0(2) 0.1311(2) 0.5414(5) -0.0055(2) 0.058(2) 

N(1) 0.2184(4) 0.2331(6) 0.0898(3) 0.074(3) 

N(2) 0.3205(3) 0.5099(7) 0.0819(3) 0.065(2) 

C(1) 0.2716(4) 0.5162(8) 0.2782(3) 0.058(3) 

C(2) 0.2473(6) 0.6654(11) 0.3115(5) 0.140(7) 

C(3) 0.3663(5) 0.5063(14) 0.3221(5) 0.150(6) 

C(4) 0.2348(5) 0.3607(10) 0.2941(4) 0.100(5) 

C(6) 0.0189(5) 0.6701(10) -0.1266(5) 0.116(4) 

C(7) 0.1184(5) 0.4713(11) -0.1401(4) 0.098(4) 

C(5) 0.0710(3) 0.5080(7) -0.0937(3) 0.055(3) 

C(8) 0.0147( 4) 0.3596(10) -0.0998(4) 0.090(4) 

C(9) 0.2244(4) 0.0470(7) 0.0905(4) 0.063(3) 

C(10) 0.2208(5) -0.0116(8) 0.0079(5) 0.086(4) 

C(11) 0.1477(5) -0.0213(8) 0.0965(5) 0.085(4) 

C(12) 0.3079(5) -0.0097(8) 0.1688(4) 0.086(4) 

C(13) 0.3995(4) 0.4871(9) 0.0807(4) 0.069(3) 

C(14) 0.3848(9) 0.3958(21) 0.0047(9) 0.115(5) 

C(15) 0.4629(8) 0.3956(19) 0.1671(8) 0.105( 4) 

C(16) 0.4361(9) 0.6652(17) 0.0811(9) 0.104(4) 

C(14A) 0.3702(12) 0.5372(27) -0:0175(11) 0.096(6) 

C(15A) 0.4229(14) 0.3041(26) 0.0780(15) 0.113(7) 

C(16A) 0.4621(16) 0.5870(34) 0.1403(16) 0.145(10) 

Table A.70: Atomic coordinates and Ueq (A2 ) for non-hydrogen atoms of 6 

[Mo(NBut)2(0But)2]. 
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dAB II A-B dAB II A-B 

Mo(1)-0(1) 1.862( 4) Mo(1)-0(2) 1.877(3) Mo(1)-N(1) 1.716(5) 

Mo(1)-N(2) 1. 777( 6) 0(1)-C(1) 1.423(7) 0(2)-C(5) 1.427(6) 

N(1)-C(9) 1.471(7) N(2)-C(13) 1.442(10) C(1)-C(2) 1.4 78(12) 

C(1)-C(3) 1.483( 10) C(1)-C(4) 1.485(11) C(6)-C(5) 1.520(9) 

C(7)-C(5) 1.482(12) C(5)-C(8) 1.515(10) C(9)-C(10) 1.519(12) 

C(9)-C(11) 1.532(12) C(9)-C(12) 1.528(8) C(13)-C(14) 1.443(18) 

C(13)-C(15) 1.570(13) C(13)-C(16) 1.549(16) C(13)-C(14A) 1.614(21) 

C(13)-C(15A) 1.511(23) C(13)-C(16A) 1.355(23) 

Table A.71: Bond lengths (A) for 6 (Mo(NBut)2(0But)2]. 

I A-8-C LA-8-C II A-8-C LA-8-C II A-8-C LA-8-C I 
0(1 )-Mo(1 )-0(2) 107.9(2) 0(1)-Mo(1)-N(1) 110.1(3) 0(2)-Mo(1)-N(1) 109.6(2) 

0(1)-Mo(1)-N(2) 108.2(2) 0(2)-Mo(1)-N(2) 108.8(2) N(1)-Mo(1)-N(2) 112.2(3) 

Mo(1 )-0(1 )-C(1) 143.9(4) Mo(1)-0(2)-C(5) 141.4(4) Mo(1 )-N(1 )-C(9) 169.5(6) 

Mo(1 )-N(2)-C(13) 157.1(5) 0(1)-C(1)-C(2) 106.8(5) 0(1)-C(1)-C(3) 109.9(7) 

C(2)-C(1)-C(3) 108.6(6) 0(1 )-C(1 )-C( 4) 111.0(5) C(2)-C(1 )-C( 4) 109.4(8) 

C(3)-C(1)-C(4) 111.0(6) 0(2)-C(5)-C(6) 104.8(5) 0(2)-C(5)-C(7) 108.9(5) 

C(6)-C(5)-C(7) 111.3(6) 0(2)-C(5)-C(8) 109.6(5) C(6)-C(5)-C(8) 111.1(5) 

C(7)-C(5)-C(8) 110.9(6) N(1)-C(9)-C(10) 109.1(6) N(1)-C(9)-C(11) 106.7(6) 

C(10)-C(9)-C(ll) 110.8(5) N(1)-C(9)-C(12) 109.5(4) C(10)-C(9)-C(12) 110.6(6) 

C(ll )-C(9)-C(12) 110.0(6) N(2)-C(13)-C(14) 110.7(8) N(2)-C(13)-C(15) 106.5(8) 

C(14)-C(13)-C(15) 113.8(9) N(2)-C(13)-C(16) 107.8(8) C(14)-C(13)-C(16) 109.6(11) 

C(15)-C(13)-C(16) 108.2(7) N(2)-C(13)-C(14A) 101.1(9) N(2)-C(13)-C(15A) 114.2(12) 

C(14A)-C(13)-C(15A) 98.3(13) N(2)-C(13)-C(16A) 110.9(15) C(14A)-C(13)-C(16A) 114.2(16) 

C(15A)-C(13)-C(16A) 116.4(14) 

Table A. 72: Bond angles (0
) for 6 (Mo(NBu1)2(0But)2]. 
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I Atom II Uu I u331 U13 I 
Mo(1) 0.0413(2) 0.0264(2) 0.0379(2) 0.0010(2) 0.0165(2) 0.0008(2) 

0(1) 0.082(3) 0.061(3) 0.048(2) 0.002(2) 0.028(2) 0.007(2) 

0(2) 0.053(2) 0.053(2) 0.052(2) 0.001(2) 0.014(2) 0.002(2) 

N(1) 0.105(4) 0.025(2) 0.074(3) -0.003(3) 0.031(3) 0.002(3) 

N(2) 0.042(3) 0.095(4) 0.0.~4(3) 0.013(3) 0.020(2) -0.001(3) 

C(1) 0.069(4) 0.065(4) 0.040(3) -0.001(3) 0.026(3) 0.001(3) 

C(2) 0.241(12) 0.117(8) 0.080(6) 0.042(8) 0.093(7) 0.015(6) 

C(3) 0.079(6) 0.274(15) 0.076(5) -0.019(8) 0.023(4) 0.012(7 

C(4) 0.128(7) 0.103(6) 0.069(4) -0.032(6) 0.047(5) 0.008( 4) 

C(6) 0.076(5) . 0.106(7) 0.102(6) 0.013(5) -0.006(4) 0.019(5) 

C(7) 0.105(6) 0.123(7) 0.067(4) -0.021(5) 0.041( 4) -0.007(5) 

C(5) 0.046(3) 0.055(4) 0.047(3) 0.000(3) 0.011(3) 0.002(3) 

C(8) 0.059(4) 0.094(6) 0.092(5) -0.020(4) 0.018( 4) -0.008(5) 

C(9) 0.087(4) 0.022(3) 0.076(4) 0.006(3) 0.038(3) 0.002(3) 

C(10) · 0.125(6) 0.041(4) 0.102(5) 0.002(4) 0.064(5) -0.001(4) 

C(11) 0.096(5) 0.051(4) 0.108(6) 0.005(4) 0.052(5) 0.007(4) 

C(12) 0.095(5) 0.039(4) 0.103(5) 0.006(4) 0.033(4) 0.011(4) 

C(13) 0.045(3) 0.080(5) 0.077(4) -0.006(3) 0.027(3) -0.011( 4) 

Table A.73: Anisotropic atomic displacement parameters (A2
) for 6 [Mo(NBu1h(OBu1)2]. 
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I Atom II z II Atom II 
H(2A) 0.2688 . 0.7657 0.2982 H(2B) 0.1859 0.6706 0.2833 

H(2C) 0.2702 0.6580 0.3726 H(3A) 0.3893 0.6089 0.3127 

H(3B) 0.3899 0.4887 0.3828 H(3C) 0.3811 0.4122 0.2979 

H(4A) 0.1737 0.3718 0.2667 H(4B) 0.2490 0.2661 0.2697 

H(4C) 0.2578 0.3426 0.3546 H(6A) 0.0560 0.7613 -0.1228 

H(6B) -0.0254 0.6562 -0.1853 H(6C) -0.0065 0.6958 -0.0916 

H(7A) 0.1499 0.3677 -0.1183 H(7B) 0.0798 0.4603 -0.2008 

H(7C) 0.1575 0.5628 -0.1300 H(8A) 0.0489 0.2587 -0.0795 

H(8B) -0.0107 0.3829 -0.0647 H(8C) -0.0296 0.3433 -0.1584 

H(10A) 0.1675 0.0231 -0.0405 H(lOB) 0.2674 0.0394 0.0041 

H(10C) 0.2257 -0.1329 0.0078 H(llA) 0.0955 0.0132 0.046.6 

H(llB) 0.1500 -0.1429 0.0999 H(llC) 0.1496 0.0242 0.1472 

H(12A) 0.3551 0.0329 0.1635 H(12B) 0.3105 0.0359 0.2199 

H(12C) 0.3109 -0.1312 0.1726 H(14A) 0.3985 0.2790 0.0210 

H(14B) 0.3259 0.4047 -0.0393 H(14C) 0.4207 0.4382 -0.0169 

H(15A) 0.4534 0.4338 0.2126 H(15B) 0.4524 0.2758 0.1589 

H(15C) 0.5210 0.4186 0.1818 H(16A) 0.4650 0.7073 0.1390 

H(16B) 0.4756 0.6603 0.0597 H(16C) 0.3896 0.7396 0.0454 

H(14D) 0.3256 0.6207 -0.0415 H(14E) 0.4176 0.5741 -0.0241 

H(14F) 0.3489 0.4313 -0.0470 H(15D) 0.4443 0.2570 0.1345 

H(15E) 0.3723 0.2437 0.0379 H(15F) 0.4657 0.2941 0.0610 

H(16D) 0.4761 0.5600 0.1981 H(16E) 0.5132 0.5844 0.1358 

H(16F) 0.4372 0.6982 0.1257 

Table A.74: Atomic coordinates of the hydrogen atoms of 6 [Mo(NBut)2(0But)2]. 




