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Abstract

The reaction of M(CO)s(solvent) with CO has been investigated in a range 

of alkane solvents, where M = Cr, Mo, or W The kinetic and activation parameters have 

been determined for Reaction 1

M(CO)5(S) + CO - >  M(CO)6 Reaction 1

For chromium hexacarbonyl the AH* is constant (22 ± 2 kJ mol'1), the rate

of Reaction 1 increases with the lengthening as the alkane chain, this is reflected in the

AS* term, which becomes less negative as the alkane chain length mcreases For the

larger metals the variation in the kinetic and activation parameters is less significant 

The kinetic and activation parameters indicate that solvent displacement by CO involves 

an interchange mechanism for the Cr(CO)6 system, while for the Mo(CO)6 and W(CO)e 

systems the mechanism is more associative in character

The photochemistry of (rj6-2,6-X2C5H3N)Cr(CO)3 was investigated both in 

low-temperature matrices (X = H, (CH3)3Si) and in room temperature solution ( X = H, 

CH3, or (CH3)3Si) Room temperature photolysis (k^c > 410 nm) of (t]6-pyndine)Cr(CO)3 

m CO saturated methanol yielded ('n1-pyndme)Cr(CO)5 which subsequently formed 

Cr(CO)6 in a secondary photochemical process The efficiency of this reaction is reduced 

in cyclohexane, or when X = CH3 rather than X = H Photolysis in low temperature 

matrices resulted in an i f  to r\l haptotropic rearrangement of pyridine (Acxc -  460 nm, X = 

H) Visible irradiation in a CO-doped methane matrix produced (t|1-pyndine)Cr(CO)5  

while m N2 matrix/ac-(Vi>yndine)(N2)2Cr(CO)3 is formed Irradiation with A*« =
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308 nm produced both the nng-slip product and also the CO-loss product 

(rj6-pyndine)Cr(CO) 2  Time resolved infrared spectroscopy in cyclohexane revealed only 

the CO-loss product = 308 nm, X = H) The apparent difference in room- 

temperature and low-temperature photochemistry is explamed by the rapid regeneration of 

the parent species from the r| ̂ intermediate This explanation is supported by the laser 

flash photolysis experiments = 355 nm) in CO-saturated cyclohexane (S), where the 

recovery of the (r|6-pyndine)Cr(CO) 3  absorption follows a biphasic time profile, whereby 

the faster process was assigned to the r|l to r f  rearrangement and the slower to the 

reaction of (r|6-pyndine)Cr(CO)2(S) with CO When the matrix photochemistry was 

investigated in a CO-doped matrix, where X = (CH3)3Si, no pentacarbonyl or 

hexacarbonyl species were obtained Both the nng-slip and the CO-loss product were 

formed following irradiation with = 308 nm, and both were sensitive to photoreversal 

with white light, which may explain the lack of photoproducts following long wavelength 

photolysis

Crystals of (ti6-2,6-X2C5H3N)Cr(CO)3 (X -  H, CH3, or (CH3)3Si) were 

characterised by X-Ray diffraction When X = H or CH3 an eclipsed conformation is 

adopted, where the carbonyl ligands eclipse the carbon atoms When X = (CH3)3Si the 

more common conformation where the carbonyl groups are in a staggered conformation 

and eclipse the ring bond centres is adopted In all the compounds the chromium atom is 

located directly below the arene ring, which is essentially planar
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This introduction attempts to provide an overview of the relevant 

chemistry and techniques which are explored m this thesis It is not an extensive review of 

the relevant literature, this is provided at the beginning of the each chapter

(i) A brief history o f organometallic chemistry

The history of organometallic chemistry can be described as one of 

unexpected discoveries The oldest compound in the history of organometallic chemistry 

was prepared and characterised by Zeise in 1827 1 The compound was called Zeise’s salt 

and was formulated as PtChiCyH*) KC1H2O When it was first reported by Zeise his 

assignment was attacked by contemporary chemists and the compound was condemned as 

a fantasy2

In 1848 Bunsen correctly identified, the mixture of Me2As-As Me2 and 

(Me2As)20, that had been prepared many years previously The following year Frankland 

synthesised the first alkylzmc compound These compounds were used extensively as 

alkylating agents, before bemg replaced by Gngnard reagents (1900), which were easier to 

prepare and to handle

The period between 1870 and 1950 was dominated by the investigation of 

a-bonded organometallic derivatives of non-transition metals These investigations 

concentrated on synthesis and the applications of these compounds as reagents in organic 

preparations During this penod the chemistry of the metal carbonyls were also 

investigated Nickel and iron carbonyls were first to be discovered by Mond in 1890,3
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who readily identified the industrial importance of metal carbonyl compounds Further 

investigations were earned out by Hieber after 1930

The turning point in organometalhc chemistry, that led to the near 

exponential growth m the last 46 years can be attributed to the discovery of ferrocene in 

1951 by, Kealy and Pauson,4 Miller, Tebboth and Tremaine5 Wilkinson and Fischer6 

proposed and confirmed the now familiar structure of ferrocene, depicted in Figure 1 

The discovery and recognition of this new type of bond between the metal and organic 

unsaturated molecules prompted the enormous interest in these compounds

(Sandwich structure o f ferrocene)

With the discovery of ferrocene, the classical penod of organometalhc 

chemistry drew to a close, and the modern era began This was facilitated by the
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introduction of physical methods of investigation which afforded detailed information 

about the structure and bonding in organometalhc compounds and made possible the 

understanding of their behaviour The development of the organometalhc chemistry of the 

non-transition elements contmued as well, but the modem period is dominated by the 

interest m transition metal derivatives

Only two years after the discovery of ferrocene, a revolutionary new 

process for converting ethylene into polyethylene by a catalyst composed of T1CI4 and 

AlEt3 was mvented by Ziegler and his group at the Max-Planck Institute for Coal

n
Research This process was then passed on to Natta’s group m Italy where its utility was 

quickly expanded to polymerise a variety of other monomers This is a good example of 

how basic research on organometalhc compounds, which were regarded as curiosities at 

the time, suddenly produced a world-wide industrial process, thus justifying the interest 

that these compounds provoked

(u) Definition o f an organometalhc comvound

Organometalhc compounds are organic compounds that contain at least 

one direct metal - carbon bond Accordingly, organometalhc compounds can be classified 

as denvatives of main group elements (involving only s- and p-orbitals and electrons in 

bonding) and transition metal denvatives (involving d- and possibly /»orbitals) The most 

common type of bond for the main group elements is a a-covalent bond, however the 

alkali and alkaline earths form mainly ionic compounds Electron deficient structures are

4



formed by elements like Li, Be, Mg, B and A1 The transition metals generally form k- 

complexes involving dative bonds, but they can just as equally form normal o-metal- 

carbon bonds

fin) Organometalhc bonds encountered in this study

Bonds between transition metal atoms and unsaturated organic molecules 

are formed by electron donation in two opposite directions, from the ligand to the metal 

(direct donation) and from the metal to the ligand (backbonding) In order to participate 

m this type of bonding, the metal should have a partially filled ¿/-shell and should have a 

low oxidation state, preferably O i l  The unsaturated organic molecule must possess 

vacant orbitals of suitable symmetry to interact with the filled ¿/-orbitals on the metal

(a) Carbon monoxide as a ligand

Compounds containing the carbonyl ligand (CO) are amongst the most 

widely and intensively investigated species in organometalhc photochemistry Figure 2 

depicts the bonding interactions of CO with transition metals Empty anti-bonding orbitals 

on the CO have suitable symmetry for bonding with transition metals The ligand has a 

lone pair of electrons that are located on the carbon atom and can be donated to the metal, 

forming a a-bond interaction of the donor-acceptor nature The metal can then donate 

electron density from the occupied ¿/-orbital to the vacant anti-bonding orbitals thus 

forming a 7i-bond Therefore the bond between the metal and ligand is actually a double
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bond, resulting from the superposition of the o interaction (ligand to metal) and the 71-  

bond (metal to ligand) This back donation reduces the electron density at the metal 

centre and strengthens the metal to carbon bond The strengthening of this bond affects 

the carbon to oxygen bond, as the carbon monoxide has accepted electrons into its anti- 

bonding orbital Therefore this decrease in the bond order results in a decrease m bond 

strength This decrease in the bond order is reflected in the decrease in the frequency of 

the C-0 absorption bands in the infrared spectrum Metal complexes exhibit shifts of 

hundreds of wavenumbers to lower energy for their v(CO) bands compared to free CO, 

consistent with the weakening of the CO bond, (Cr(CO)e = -2000 cm'1, CO = 2149 cm“1) 

The number of CO ligands that are bonded to a metal is generally dictated 

by the 18 electron rule This rule requires that the metals achieve an “effective atomic 

number” equal to that of the following noble gas Metals that possess an odd atomic 

order dimenze through metal to metal bond formation m order to satisfy this rule, or 

alternatively form compounds with other single electron donor ligands Relating this 

theory to a simple metal carbonyl compound demonstrates the rule clearly Chromium = 

[Ar] 4s23d44p° (/ e six valence electrons), therefore six CO ligands all donating two 

electrons are necessary to satisfy the rule

Cr = 6  electrons

6CO = 12 electrons

Cr(CO)6 = 18 electrons
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When one of these CO ligands is removed, employing UV photolysis for instance, the 

resulting moiety is a 16 electron intermediate, which is exceptionally reactive

(Bonding interactions o f CO with transition metals)

(b) Arene ligands

Arene ligands are extensively employed in organometailic chemistry and 

will form a significant part of this thesis, the normal type of bondmg for this type of ligand 

is where the planar ligand lies above the metal, forming a perpendicular bond between the 

metal and the arene ring Taking benzene as an example of an arene ligand (benzene’s %
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orbitals are depicted in Figure 3), the following can describe the interaction between the 

metal and the arene ring If the z  direction is assigned to the axis from the metal to the 

centre of the arene ligand, the dz2 orbital should have the correct symmetry to interact with 

the a2u orbital However this interaction results in very little overlap as the dz2 orbital 

points at the hole in the benzene ring The next two degenerate orbitals eiga and e ^  on 

the ligand donate electrons via a % interaction to the dxz and dyz and in this instance the

(Benzene n-molecular orbitals, the + and - signs designate the signs o f the molecular

orbitals above the plane o f the paper )
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spatial overlap is large The e2u orbital set on the ligand does not have the correct 

symmetry to interact with any of the metal orbitals, except for a weak interaction with the 

dxy and dx2-y2 orbitals Figure 4 depicts an interaction diagram for the construction of the

orbitals of M(CO) 3  and M iC ^ )  from the metal orbitals that are presented in the centre of 

the diagram 8

(An orbital interaction diagram fo r the formation ofM(CO)3 and M(if-benzene))

Thus, benzene and other ligands are good electron donors but poor 

electron acceptors The electronic properties can be altered by varying the nature of the 

arene substituents, or indeed as will be outlined m this thesis by varying the nature of the 

arene
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(iv) Excited states encountered in this study

The photochemistry of organometallic compounds has been an area of

Q
intense interest over the past few decades This is as a result of the discovery that the 

irradiation of organometallic compounds can lead to catalytically and synthetically useful 

transformations

Organometallic complexes can have a variety of low lying excited states, 

meaning states that can be populated by optical irradiation m the near-infrared, visible or 

ultraviolet region (/ e 200-1100 nm) M(CO)6 complexes (where M = Cr, Mo, or W) 

have ligand field (LF) transitions at -333 nm This transition corresponds to electronic 

transitions between the ‘W-like” orbitals on the metal Such transitions are also known as 

“d-d” transitions, or “metal centred” transitions However, as organometallic compounds 

are highly covalent they actually have considerable ligand character, which can result in 

the relaxation of the selection rules for the transition, resulting m the high extinction 

coefficients observed for these transitions The transition is from a filled t2g orbital of % 

symmetry, that is n bonding with respect to the M-CO bond, to the empty eg orbital that is 

of a  symmetry and strongly o anti-bondmg with respect to the M-CO bond This 

transition results in substantial labilisation of the M-CO bond, which is as a result of both 

the depopulation of the n bonding levels and population of the a  anti-bonding orbital, the 

latter appearing to be the most consequential

The M(CO)ô complexes also have metal to ligand charge transfer (MLCT) 

transitions, observed at -286 nm This transition originates in a metal-centred orbital and
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terminates in a ligand localised orbital In its most extreme case it can be viewed as 

oxidation of the metal and reduction of the ligand Therefore an easily oxidised metal 

centre and a ligand that has low lying acceptor orbitals should exhibit easily accessible 

MLCT transitions Organometalhc compounds generally satisfy these requirements, and 

thus MLCT transitions are commonplace These transitions may make the M-L bond 

more photochermcally inert, as a result of the population of a ligand localised orbital, that 

does not substantially influence the metal to ligand bond Such transitions may be valuable 

as the introduction of a similar ligand with a lower lying acceptor orbital, to a complex, 

will interfere with a LF transition, creating an inert complex with respect to 

photosubstitution or vice-versa, thus enabling the photochemical behaviour to be ‘"tuned” 

for particular applications

(v) USES OF ORGANOMETALLIC COMPOUNDS

Transition metal complexes have been extensively used in industrial and 

laboratory processes to catalyse a variety of chemical reactions A catalyst acts by 

producing an alternative low energy pathway, which speeds up the reaction without losing 

its chemical identity Inhibitors, catalysts that reduce the rate of reaction are also of great 

practical importance (e g inhibitors of oxidation, anti-corrosion or anti-knocking 

additives) The catalyst must have carefully balanced bonding properties such that it has 

the ability to discriminate between the desired hgand and an alternative but nonreactive 

hgand Homogenous transition metal catalysts, consisting of discrete molecules m
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solution, have the advantage that a great number of spectroscopic methods may be used in

their investigation and thus detailed information about the nature of the catalytically active

transition metal complexes may be obtained

A vacant coordination site is perhaps the single most important property of

an homogeneous catalyst10 Organometalhc compounds generally have high quantum

yields for the ejection of a ligand (eg  0 67 for the photochemical ejection of a CO ligand

from Cr(CO)e in cyclohexane11), resulting m a coordmately unsaturated species,

possessmg the required vacant coordination site Vacant coordination sites are not only

necessary to activate a substrate by bringing it into the coordination sphere, but

coordinatively unsaturated complexes are especially active m oxidative addition and

reductive elimination reactions The action of CO, phosphmes and sulphur compounds as

“poisons” in catalytic systems can be attributed to the tenacity with which these ligands

bind to the vacant coordination sites on the metal Induction penods and the requirement

of thermal or photochemical stimulation are usually indications that the active catalyst is

formed by the expulsion of a ligand

Hydrogenation of 1,3 dienes has been known for a number of years to be

catalysed by Cr(CO)6 This reaction is photoassisted, and photoexpulsion of a CO ligand

12is essential High yields and selectivities are obtained from this process It was also 

found that the chromium hexacarbonyl catalysed watergas shift reaction, was accelerated 

by UV irradiation 13 Organometalhc compounds can also act as thermal catalysts, e g r|6- 

(arene)Cr(CO) 3  thermally catalyses 1,3, dienes very selectively and in high yields,14 

however this catalyst requires both elevated temperatures and high H2 pressure As most
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of the catalysis involving (rj6-arene)Cr(CO)3 and Cr(CO)6 involves ligand loss, thus 

forming a sixteen electron intermediate, the structure and reactivity of such intermediates 

are of great interest

(vi) The nature o f the interaction between solvents and metal centres

In Chapter 1 the interaction between M(CO)s species (where M -  Cr, Mo 

or W) and the solvent environment will be discussed Saillard and Hoffmann15 

investigated the activation of the C-H bond upon coordination of the methane and 

hydrogen to a sixteen electron intermediate There are two possible orientations that the 

C-H could assume with respect to the metal Firstly it could bond in a perpendicular 

fashion where the C-H is collinear with the metal (1), and the second is where the C-H 

approaches the metal m such a manner that the metal to carbon, and metal to hydrogen 

distances are the same (2), as depicted in Figure 4 Mode 2 was found to be more 

energetically favourable for a H-H interaction with a metal centre The interaction with 

methane was investigated, but the results could also be applied to long chain alkanes It 

was found that mode 1 was the more favourable type of interaction for methane, as mode 

2 resulted in an overlap between the filled metal dM and the occupied C-H a  orbital This 

repulsive effect dominated, causing the dxz orbital to be raised m energy, thus diminishing 

the stabilisation that was observed for H-H interaction
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H
M— C -H M-----1

C
(1) (2)

Figure 4

(Possible modes o f bonding fo r M-C-H interaction)

(vu) Techniques employed for studying orzanometalhc transient species

In studying organometalhc systems it is important to understand the 

structures of the intermediates formed during any reaction This information can lead to a 

greater understanding of the reactivities of certain systems and generates a clearer picture 

of pathways involved Conventional X-Ray diffraction techniques are not suitable for 

characterising transient species, therefore a variety of techniques are employed to 

elucidate the structures of these short lived intermediates

(a) Low temperature techniques

Matrix isolation is a useful tool for determining the structures of 

intermediates that would not be observed at room temperature The technique is based on 

the trapping of a parent species in a large excess of an inert solid (the matrix) and then 

irradiating it to generate unstable fragments These are then trapped in the cold matrix
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and can then be studied at leisure The matrix is generally a solid gas or frozen 

hydrocarbons (e g noble gases or CH4 at 10-30 K) A more recent advance in this area is 

to use cast polymer films, this technique and isolation m a frozen hydrocarbon have the 

advantage of a greater temperature range There are a great number of spectroscopic 

techniques that can then be employed to study the trapped intermediate, of these UV/vis 

and IR are the most common Matrix isolation with IR detection has been extremely 

successful m studying mononuclear metal carbonyl compounds mainly because of the very 

narrow IR absorptions with many structure-specific features that are characteristic of these 

compounds However this technique does have limitations, it is not easy to use with 

charged species, very little kinetic information is available as a result of the restricted 

temperature range and limited diffusion Also the matrix cage may prevent some reaction 

pathways by preventing the reactant species escaping, thus promotmg recombination 

processes The intermediates are studied m a low temperature rigid environment Direct 

comparison with the solution phase therefore is not possible However the results can be 

used to assist the interpretation of the solution behaviour

Low temperature solutions have also been employed to study metal 

carbonyl fragments The studies in liquefied noble gases have a particular advantage over 

other techniques because of the total lack of IR absorptions of these solvents, which when 

combined with Fourier transform infrared (FTIR) allows the weak bands of the 

coordinated ligands to be observed, as well as the more intense carbonyl bands The 

species is also being studied m a liquid environment, which makes it possible to obtain
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kinetic data by varying the temperature This information can not be obtained from matrix 

experiments

(b) Flash photolysis of metal carbonyls

(1) UV/visible detection

Flash photolysis is a method for the initiation and study of the primary 

photochemical processes Light absorption occurs very rapidly (10'14s) but the decay 

processes subsequent to this absorption cover a much wider range of times from 

picoseconds to seconds Conventional flash photolysis was developed by Nomsh and 

Porter in the 1950’s for which they received the Nobel prize in 1967 16

When a sudden flash of high-intensity light is absorbed by a reactant, a 

relatively high concentration of excited molecules or photoproducts are formed and can be 

observed by UV/vis absorption spectroscopy A complete absorption spectrum over the 

complete wavelength range can be recorded at one time Alternatively, a single selected 

wavelength can be monitored over time and thus the kinetics information can be obtained 

Time resolution of flash photolysis experiments is determined by the duration of the flash, 

which is usually a few microseconds in the case of plasma flash lamps but can be as short 

as picoseconds or even femtoseconds with pulsed lasers

Flash photolysis techniques involving UV/vis detection have several

advantages

• generally metal carbonyl intermediates are easy to detect in solution,
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• quantum yields for their formation are high and their UV/vis absorptions are intense,

• also the high sensitivity of this technique allows the study of very small concentrations 

of reactive intermediates,

r • identification of intermediates can be facilitated if their spectra are characteristic and 

well resolved from the absorption of the parent,

• it is possible to undertake investigations in the picosecond and even the femtosecond 

time domain,

• it is also very useful that most solvents do not absorb in the visible to near UV region

However the technique does have a number of disadvantages, namely

• the sample must be optically clear to the monitoring light, therefore the presence of 

scattering particles must be avoided,

• if the reactive intermediates possess low molecular extinction coefficients, they may not 

be detected,

• analysis of complicated spectra may be difficult if the absorption bands overlap each 

other,

• it is also impossible to obtain any structural information from this technique,

• reaction rates can be fast, therefore good time resolution is also essential

This technique is effective in establishing the broad outlines of the

17photochemistry of a particular system Nasielski et al pioneered flash photolysis

coupled with UV/vis detection on metal carbonyl systems with their work on the

photochemistry of Cr(CO)ô A number of factors, such as moderate solubility in non-polar
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solvents, large UV/vis extinction coefficients and high quantum yields for photochemical 

reactions (vide supra) contribute to the suitability of metal carbonyl complexes for flash 

photolysis with UV/vis detection

(2) Time Resolved IR Spectroscopy

It has long been recognised that vibrational spectra offer more structural

information than the spectra in the UV-vis regions Unfortunately, largely because of

detector response problems, fast time resolved infrared (TRIR) is in practise much more

18difficult technologically than the corresponding UV/vis experiments With the 

development of solid-state detectors, and the fact that the v(CO) bands of metal carbonyls 

are extremely intense, it has been possible to obtain TRIR data at room temperature for 

the M(CO)5 species in cyclohexane 19 A conventional flashlamp was used as the 

photolysis source A globar, monochromator and fast IR detector were employed as a 

detection system Later systems employed lasers as the photolysis source and an IR laser 

as detector probe Detection in this technique is based on a “point by point” approach 

For each UV flash, kinetic measurements are made at one IR wavelength The monitoring 

wavelength is then changed and the photolysis source is triggered again Thus, using a 

number of flashes, data can be accumulated for wavelengths across the spectral region of 

interest These data can then be used to construct “point by point” spectra corresponding 

to any particular time delay after the flash Therefore the essential requirements for such 

measurements are a monochromatic IR beam, a pulsed UV light source and an IR 

detector Most spectrometers that are arranged to monitor organometallic compounds
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only measure changes m IR absorptions Therefore the parent bands, that are being 

destroyed, appear as negative peaks, and the bands assigned to the photoproducts appear 

as positive absorptions Static IR bands, (e g solvent bands) do not appear m the spectra 

because their IR absorptions do not vary

The photochemistry of [CpFe(CO)2 ]2  (Cp = r|5-C5H5) provides an

illustration of the use of TRIR techniques Flash photolysis with UV/vis detection had

20indicated that the compound dissociated via two pathways, depicted m Reactions

[CpFe(CO)2 ]2  —> Cp2Fe2(CO)3  (long lived) + CO Reaction 1

[CpFe(CO) 2] 2  —> 2CpFe(CO)2 (short lived) Reaction 2

21 221 and 2 However, matrix isolation studies found Cp2Fe2(CO) 3  to be the sole product 

Employing 13CO isotopes, Rest et a l21 showed that this compound had the unusual

structure CpFe(|i-CO)3FeCp, with three bridging carbonyl groups arranged symmetrically 

around the Fe-Fe bond This intermediate was unexpectedly stable Undoubtedly UV 

photolysis also generated the species observed in Reaction 2, but in the enclosed matrix 

“cage”, this species readily recombined so as not to appear in the IR spectra, thus 

illustrating one limitation of the matrix technique Room temperature flash photolysis

coupled with IR detection clearly showed that both of the species were present following

23UV photolysis CpFe(CO)2 was the first coordinatively unsaturated species to be 

identified by TRIR without previous matrix isolation data being available

19



Thus TRIR allows structural information to be obtained without the loss of 

kinetic data Even though it may not always provide a complete solution to every 

problem, when it is combined with other techniques it becomes a very powerful tool for 

elucidating the structures of organometalhc intermediates

(c) Gas phase

Studies earned out in the gas phase have a number of advantages over the 

solution phase work Firstly it is possible to study truly “naked” coordinatively 

unsaturated species, as there is no environment with which to mteract, unlike the 

interactions present between the solvent and the “naked” species in solution phase work 

In kinetic studies, reactions m solution will, in general, be displacement reactions rather 

than addition reactions Thus, these reactions may not probe the rate of reaction of the 

“naked” species Coordination of the solvent can also affect the structure of the species 

being observed since the coordinated solvent molecule can distort the structure of the 

“naked” coordinatively unsaturated species The insidious feature of this effect is that it is 

not clear how large an effect solvent coordination will have on the structure and it is 

difficult to be sure that any solvent is totally uncoordinating

Gas phase work may also result in a greater number of photolysis products 

from the absorption of a single photon As observed in the photolysis of Cr(CO)6, where 

Cr(CO)5 and Cr(CO)4 were produced 24 Therefore more than one CO ligand may be 

ejected with one photon However, almost universally in the solution phase only one
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ligand is ejected This difference is attributed to the relaxation of the internal vibration- 

rotation energy by collision with the solvent environment, dissipating the excess energy of 

the photon, preventing the ejection of a second ligand in solution Such a relaxation is not 

efficient m the gas phase, therefore the excess energy is available to eject a further ligand 

The kinetic parameters m the gas phase are usually one or two orders of magnitude faster 

than the corresponding diffusion controlled reactions m solution Consequently such 

studies require fast detection systems

(d\ Time resolved photoacoustic calorimetry (PAC)

Pulsed, time-resolved photoacoustic calorimetry is a technique which has 

been used to determine the reaction enthalpy for photoinitiated reactions generating either 

stable products or transient intermediates Because PAC measures thermal relaxation 

processes, reaction pathways involving intermediates without easily-monitored 

chromophores can be detected In PAC the amplitude of an acoustic wave after 

photolysis is dependent on the amount of heat liberated from chemical and physical 

processes It was found that all “fast” processes (<1 ns) gave the same signal on the 

transducer, and all “slow” processes (>1 ms) were ignored In between the fast and 

slow domains, there exists an intermediate regime in which the transducer response tracks 

the profile of heat deposition
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To state any reaction enthalpy with certainty, it is necessary to know

26precisely the quantum yields for the formation of the product The quantum yield is only 

necessary to obtain thermodynamic information, the reaction kinetics, once initiated, are 

independent of the quantum yield for photoinitiation
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1.1 LITERATURE SURVEY

The photochemistry of group six hexacarbonyls has been of great interest 

over the past thirty years They are of considerable interest because of the role they play 

as catalysts, as already discussed in the introduction They are ideal systems to study both 

in the UV and the IR, because of their characteristic spectra

111 Early low temperature studies o f the photochemistry ofM fCOh

Most of the initial work in this field was involved in identifying the species

n
that was formed upon photolysis of M(CO)6 (where M = Cr, Mo or W) Initial

1 2 
suggestions, that a pentacarbonyl was the species formed, was confirmed by Stolz e ta l

Photolysis of W(CO)6 in a 1 4 methylcyclohexane isopentane glass at 77K, produced a 

photoproduct Infrared peaks characteristic of a square pyramid of five carbonyl groups 

around a metal centre were observed, after melting the glass The possibility of a charged 

species being produced was discounted because of its solubility m non-polar solvents 

Also extensive electron spin resonance studies were earned out, indicating no evidence for 

the existence of unpaired electrons Stolz e ta l3 further investigated the metal 

hexacarbonyls in glasses Because of improvements m technology, momtonng at 77 K 

was possible and spectroscopy confirmed the C4v structure previously assigned However 

when the temperature was raised for the molybdenum system, the band pattern of three Vco
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bands changed to two bands of equal intensity, which they assigned to the metal 

pentacarbonyl with D3h symmetry However Braterman e ta l4 , disagreed with this 

assignment and proposed that the spectral changes were as a result of polymer formation 

This was later confirmed by Turner e ta l5 who observed peaks that were assigned to this 

polymeric species upon photolysis of the M(CO)6 (M = Cr, Mo or W) m an argon matrix, 

but much weaker than the dominant M(CO)s (C*v) and M(CO)4 bands It was also 

observed that the peaks were dilution dependent, thus suggesting that the peaks could 

have been a result of the combination of the M(CO)fi and the M(CO)s fragments

Previous matrix isolation work6 had shown a variation of the position of 

the visible band of the Cr(CO)5 species, depending on the nature of the matrix Turner et 

a l5 examined the difference m the spectroscopic behaviour of Cr(CO)6 in a methane 

matrix, compared with the previously reported argon matrix 6 The UV/visible spectra of

Cr(CO)6 in both matrices were practically identical, however there was a shift in the visible 

band assigned to Cr(CO)5, produced upon photolysis of the parent compound To explain 

these shifts it was suggested that there was an interaction between the C4v Cr(CO)s and 

the environment that surrounded it, via the “hole” in the C4v structure

1 1 2  Room temperature studies o f the photochemistry ofM(CO)*

Contemporary investigations in room temperature solutions were earned

*7
out at this time Kelly et al studied the photochemistry of Cr(CO)6 in (extensively 

punfied) cyclohexane and observed a species immediately following the flash This
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species had a broad band situated at 503 nm ± 5 nm and a lifetime of greater than 200 ms 

This species decayed away to form other species that were assigned as the interaction of 

the Cr(CO)5 with impurities The possibility that this second band being assigned to a 

dinuclear species formed by the interaction of the pentacarboyl with the parent compound 

was disregarded, because a change in the concentration of Cr(CO)6 had no effect on the 

concentration of this second species The impurities were found to affect the lifetime of 

the pentacarbonyl with CO It was therefore suggested that a highly reactive species was 

formed within 50 ns of the excitation of Cr(CO)6, which was assigned to the Cr(CO)5 

species

Koemer von Gustorf e ta l examined the rates of reaction of the Cr(CO)5 

moiety with a vanety of solvents Again it was noted that the preparation of the sample 

solution was extremely important, as any trace amount of impunty was liable to be 

complexed to the photoproduct Incorporating the results obtained by Turner et al ,5 

which indicated there was an interaction between the Cr(CO)5 moiety and a hydrocarbon 

matrix, it was proposed that the Cr(CO)5 species was not completely free, but was “readily 

available”, as it could be expected to weakly interact with the cyclohexane solvent With 

addition of other solvents to cyclohexane, such as acetone, acetomtnle or benzene, the 

photogenerated Cr(CO)5 reacted to form the Cr(CO)5L species (L = solvent) Again a 

dependence of the visible bands on L was observed, the relevant Cr(CO)5L band was seen 

to grow in at the same rate as the Cr(CO)5 decayed, confirming first order kinetics
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1 1 3 An in depth study o f the photochemistry in the matrix

However useful in obtaining kinetic data, UV/vis monitored flash 

photolysis is unable to provide structural data The ideal tool for obtaining structural
t

information mvolves infrared detection Turner e ta l9 earned out an m depth study of the 

group six metal hexacarbonyls m a vanety of matnces, employing both UVWisible and 

infrared detection When Cr(CO)6 was photolysed in a methane matrix, a new IR 

spectrum was produced, that was indicative of a Cr(CO)s species with C4v symmetry as 

already mdicated (vide ante) A visible band was also observed that grew in at the same 

rate, clearly this band was also due to the C4v Cr(CO)s With all the hexacarbonyls m a 

vanety of matnces it was possible to regenerate the parent by longer wavelength 

photolysis into the visible band This visible band was found to be extremely sensitive to 

the matnx, varying from 624 nm m Ne to 489 nm in methane, this extreme sensitivity to 

the matnx environment was not observed with IR detection, where vanations in the vTO 

bands were not as pronounced It was then necessary to determine if this vanation was a 

the result of stereospecific interaction between the Cr(CO)5 and the matnx or alternatively 

a general solvent effect To clanfy this mixed matnces were employed These 

expenments were based on the pnnciple that if the effect was a general solvent one, there 

should be one visible peak with a Xm« at a wavelength within the extremes of the 

individual matnces However this was not observed, when the expenment was earned out 

m a Ne/2%Xe matrix two peaks were observed, which corresponded closely to those 

reported for the pure matnces Further evidence for a stereospecific interaction was



obtained by using the ‘tail photolysis” method Irradiation of Cr(CO)s m its visible band 

in pure matrices was known to give Cr(CO)66̂ ,  therefore removal of each component of 

the mixed matrix spectrum in turn, by selective photolysis into one of the bands, should 

have been possible A reversible photosubstitution reaction was observed, where 

photolysis into one of the bands produced the other band as well as Cr(CO)6, and the 

reverse reaction could also be seen, which is depicted in Figure 1 1 This mterconversion 

could be repeated several times, until the intensities of both photoproducts had decreased 

because of the production of Cr(CO)6

(Tail photolysis in a mixed matrix9)

Infrared detection was also employed to observe the Cr(CO)5 fragment in 

the matrix Comparison of spectral behaviour in a variety of matrices demonstrated that 

the positions of the v,» bands were sensitive to the matnx environment, however both the 

metal hexacarbonyls and the metal pentacarbonyls were similarly affected The constancy 

of these separations indicated that most of the perturbing effect of the matrix was a
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general solvent one Calculations earned out demonstrated that the change in intensity of 

the high frequency Ai band from Cr(CO)s-Ar to Cr(CO)5-Xe was caused by a decrease in 

the axial-radial bond angle of about 4° Any change in this angle has a dramatic affect on 

the energies of the molecular orbitals, particularly the one with ai symmetry (Figure 1 2) 

As the angle 0 increases, the energy of the e orbital nses slightly, while the energy of the 

ai orbital falls dramatically10 Therefore a small increase of the axial-radial bond angle can 

generate a significant drop in the e -> ai transition energy Also possible is an interaction 

between the matrix and the ai orbital of the Cr(CO)s moiety It was concluded that the 

sensitivity of the visible band position is a combination of these two effects

(Relationship between the axial-radial bond angle and the energies o f the molecular

orbitals)
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The ability to mterconvert Cr(CO)s - Ne and Cr(CO)s - Xe in the matrix 

mdicated that there was some mobility of the Cr(CO)s fragment m the matrix Conclusive 

evidence for this came from matrix experiments, usmg plane polarised light11 The 

principle of this method is that if a molecule, held ngid by the matrix, is photolysed with 

plane polarised light only those molecules that are orientated m a specific manner will 

absorb the light, resulting in dichroic photodepletion The products of this photochemistry 

will have also a specific orientation, dichroic photoproduction However if dichroic 

photodepletion is observed without dichroic photoproduction, this would indicate that 

some intermediate species is mobile during the photochemical act, thus resulting m some 

random orientation of the product A mixture of Mo(CO)5-Ar and Mo(CO)5-N2 was 

generated by unpolansed photolysis, m a mixed Ar/N2 matrix This led to the production 

of two randomly orientated species However, upon polarised photolysis into the 

Mo(CO)5-N2 band (367 nm), this band became specifically orientated, which was expected 

because of the theory of dichroic photodepletion The band assigned to Mo(CO)5-Ar was 

seen to increase m intensity, but it remained randomly orientated, therefore not displaying 

dichroic photoproduction, demonstrating that there must have been some motion during 

the reaction, in order to randomize the orientation of the photoproduct

Another phenomenon that is possible with plane polarised light, is called 

photoreonentation This occurs when the starting material rotates following absorption 

but does not react This phenomenon was observed when Cr(CO)6 was photolysed m a 

pure matrix of N2, Ar or methane It was found that linear dichroism developed upon 

polarised photolysis, photolysis with polarised light produced an increase in the intensity
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of the molecules orientated in the opposite direction was observed This orientation was 

reversible upon rotating the polarization of the irradiating beam by 90°, indicating that in

theory it could have been possible to mterconvert the orientations This indicated that the 

molecules were being orientated to positions of lower probability of absorbing the incident 

radiation, resultmg in a bleaching of the particular orientation

Previous studies had been earned out employing the Cr(CO)s-CS species

12which mirrored the reactions of Cr(CO)6 The elegance of this system was the fact that 

the CS group could act as a “labelled” CO group, making it possible to follow otherwise 

unobservable processes Burdett et a l*1 earned out further experiments involving the

Cr(CO)5-CS species, to determine if the reonentation observed was a simple rotation or a 

specific intramolecular rearrangement The visible absorption band of the Cr(CO)4CS-Ar 

species depended on the relative position of the CS group and Ar This species was 

generated by UV photolysis and showed wavelength dependent isomensation The 

isomensation was explained by a reonentation of the Cr(CO)4CS species via a tngonal 

bipyramidal intermediate, in a manner analogous to the reonentation of the Cr(CO)5 

species Incorporating all the above information the authors then proposed a complete 

account of the photochemical behaviour of the M(CO)6 molecule m the matnx, their 

conclusions are depicted in Figure 1 3

From Figure 1 3 when the parent hexacarbonyl is isolated in a mixed matnx 

of X and Y, UV irradiation results in the loss of one CO, to form a C4v Cr(CO)5 (spy) 

molecule This initially generated excited state is not stable in this geometry and therefore
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distorts to a trigonal bipyramid (tbp) intermediate The tbp can then relax to three 

different ground state spy species, with equal probability Each of these three ground state

(Photochemical behaviour o f M(CO) 5 in a mixed matrix X, Y)

spy molecules has a vacant site in a different onentation There is an equal chance of the 

pentacarbonyl fragment interacting with X, Y or recombining with the ejected CO This 

mechanism for CO loss from a hexacarbonyl, explains how the CO molecule manages to 

escape the vacant site Hay13 confirmed that the visible absorption in these complexes
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could be assigned to the e -> ai transition and found that the ground state M(CO)5 (spy) 

species was at lower energy than the tbp species

Therefore by employing matrices and a variety of different physical, 

photochemical and chemical methods, it was possible to elucidate the photochemical 

behaviour of M(CO)6, including a characterisation of the intermediates, which could not 

have been possible in solution at that time

1 1 4  Solution phase photochemistry in weakly coordinating: solvents

Kelly et a l14 used perfluorocarbon solvents, to investigate the 

photochemistry of chromium hexacarbonyl They observed that the Xmax of the visible 

absorption of the Cr(CO)5 in this solvent was -620 nm This is very close to the Xmax of 

Cr(CO)5-Ne in a Ne matnx (624 nm) Therefore it was concluded that the perfluoro 

solvent interacted only very weakly, if at all, with the pentacarbonyl fragment This 

intermediate reacted with N2, CO and cyclohexane at about the diffusion controlled limit 

for this solvent (6  6 xlO9 dm3 mol"1 s“1) 8 The diffusion controlled limit is where there is

no barrier to activation for the reaction The only parameter that is controlling the rate, is 

the diffusion of the two molecules so that they are close enough to interact This study 

confirmed that the Cr(CO)5 species was formed within 50 ns of the excitation of the 

hexacarbonyl, and demonstrated that the species was formed in cyclohexane, within the 5 

ns excitation pulse
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Further work with W(CO)6 or Mo(CO)6 was conducted in perfluoro 

solvents 15 The production of a Cr(CO)5-Cr(CO)6 species was also reported and the 

reaction of this species with CO was investigated It was found that this compound 

decayed with a biphasic profile The first fast decay was assigned to the recombination of 

the species with CO and the longer decay time was assigned to the reaction with 

impurities This species however was formed by the reaction of the Cr(CO)s fragment 

with the parent Cr(CO)6 complex and was only observed with a relatively high 

concentration of Cr(CO)6, therefore it was thought that it should not play an important 

role in reactions in dilute solutions

1 1 5  The photochemistry ofM(CO)* in liquefied noble gases

In a low temperature solvent it is likely that moderately stable species will 

be stabilised sufficiently to permit study with conventional techniques Perhaps the most 

revealing spectroscopic technique for transient organometalhc species has been infrared 

The most appropriate solvents would therefore be inert and transparent to IR radiation, of 

which liquid noble gases are a perfect example This method thus permits the study of 

novel photogenerated species, and as the species are being studied in a liquid environment 

it is possible to monitor kinetics, and by measuring kinetic change with temperature, to 

extract thermodynamic information

A series of studies were undertaken investigating the photochemistry of 

M(CO)6 m liquefied noble gases A long lived species was observed upon UV photolysis
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of Cr(CO)6 in liquefied xenon or krypton in the presence of di-nitrogen, that was identified 

as Cr(CO)sN2 16 The identification of Cr(CO)5-Xe, formed following photolysis of

Cr(CO)6 in Xe, or Kr doped with Xe, indicated the extreme reactivity of the Cr(CO)s 

17fragment Noble gases have no absorptions in the IR, therefore allowing the observation 

of 1R bands associated with rj2-H2 , rj2-HD, or t]2-D2, which would normally be very 

difficult to observe It was possible to characterise M(CO)5(H2) (M = Cr, Mo and W) and

cw-Cr(CO)4(H2 )2  Also m-Cr(CO)4(N2) 2  was exclusively formed upon exchange of cis-

18Cr(CO)4(H2 )2  with N2 Therefore hquefied noble gases provided a general route to 

characterise whole groups of unstable organometallic compounds and investigate their 

thermal stability

1 1 6  Investigation o f the dynamics o f solvation employing picosecond and 

femtosecond flash photolysis

The, by now, well established interaction between the photolytically 

produced Cr(CO)5  and solvent environment, which previously was considered inert, 

prompted a number of workers to investigate picosecond and femtosecond time-resolved

spectroscopy of Cr(CO)6, to investigate the initial solvent co-ordination with the ground

19state C4v Cr(CO)5 fragment Simon eta l investigated Cr(CO)6 m cyclohexane 

containing THF, employing picosecond absorption spectroscopy Both Cr(CO)5- 

cyclohexane and Cr(CO)5-THF were formed following the excitation of Cr(CO)6 In a 

relatively high concentration of THF (5M) nearly all of the Cr(CO)5-cyclohexane
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converted to the THF coordinated species within 25 ps Again using mixed solvent

20systems, Simon eta l examined the dynamics of the formation of Cr(CO)-S, (S = 

cyclohexane or methanol) and found that the cyclohexane analogue was formed within the 

time resolution of the equipment ( 0 8  ps), however the nse time of the Cr(CO)s-methanol 

species was 2 5 ps This longer nse time was thought to reflect a greater bamer to solvent 

reorganisation leading to the co-ordination of the solvent molecule to the vacant site of the 

reactive Cr(CO)5 intermediate

21The dynamics of solvation were then examined m pentanol It was 

anticipated that it should be possible to observe the reorganisation of the solvent 

interaction from the less thermodynamically stable, M-alkyl group, to the more favourable 

M-OH group A difference m the visible absorption band was observed The Cr(CO)5- 

alkyl species had an absorption at 520 nm, whde the Cr(CO)5-hydroxyl species 

absorbed at 460 nm These results are as expected, in that the alkyl interaction is weaker 

than the M-OH interaction Immediately upon photolysis, both species were formed, but 

the alkane complexes were seen to rearrange, with time, to the more thermodynamically 

stable hydroxyl complexes This interchange could be followed by transient absorption 

spectroscopy, the band at 520 nm decayed away concurrently with the increased 

absorption of the 460 nm band There are three plausible mechanisms for this 

rearrangement Firstly the mechanism could have been dissociative Secondly, it could 

involve an associative substitution, or finally a ummolecular process, where reonentation 

of the solvent coordinated to the pentacarbonyl fragment takes place In order to clarify 

the exact mechanism for this rearrangement, photolysis of Cr(CO)6 was earned out m 1-
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propanol and 2-propanol On a macroscopic level the two solvents have similar 

properties, therefore the rate for the rearrangement m both solvents should be 

approximately the same However the initially formed alkane complex disappeared faster 

in 2-proponol solvent than the 1-proponol The rate of the rearrangement was 3 orders of 

magnitude faster than that expected for a dissociative mechanism This led to the 

conclusion that the mechanism was ummolecular for the 2-proponol solvent The 

solvation in ethanol was also assigned a ummolecular mechanism, as it portrayed similar 

kinetic behaviour

20Simon e ta l had already shown that the formation of Cr(CO)5(MeOH)

23occurred within the first 2 5 ps, Joly and Nelson employed femtosecond absorption 

spectroscopy to study this system and found that the "bare” Cr(CO)5 complex was formed 

within 500 fs They also noted that there was a 1 6 ps rise time for the formation of 

Cr(CO)5-methanol Similar results were obtained for both the tungsten and molybdenum 

analogues Simon e ta l24 earned out a senes of expenments involving the solvation of 

Cr(CO)5 with a senes of linear alcohols, and found that the initial co-ordination of the 

solvent molecule to the Cr(CO)5 fragment occurs in a random fashion

Usmg 266 nm excitation of Cr(CO)6 m cyclohexane, Wang e ta l25 claimed 

to have observed “naked” Cr(CO)s using picosecond IR transient absorption 

spectroscopy They also postulated that the excited Cr(CO)5 fragment decayed to both 

C4v and D3h and that the D3h species decayed 2 3 times faster than the C4v species They 

also examined the dynamics of the solvation of Cr(CO)5 in THF26 and confirmed that the 

initial co-ordination of the solvent to the Cr(CO)s occurred randomly, but then the

22
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Cr(CO)s(THF) species, bound to C-H group on the THF, rearranges to the Cr(C0)5(0- 

C4H8) species Like the cyclohexane work they identified two states that led to products, 

again they found that the D3h species reacted faster than the C4V species (D3h species reacts 

7 times faster than the C4V species for co-ordination at the O site)

Simon and Xie2 7  presented data that contradicted the above results The 

photochemistry of Cr(CO) 6  in THF was investigated, but picosecond absorption 

spectroscopy was used Under these conditions Cr(CO>6 underwent photodissociation 

and solvation within the time resolution of the experiment and the dynamics of the solvent 

rearrangement were similar to that reported for the solvation of Cr(CO)s with the linear 

alcohols The time scale for solvent migration was found to be at least an order of 

magnitude faster in these experiments than those reported from the transient IR study 

The fact that a 266 nm pump beam was employed in the IR experiments was a possible 

reason for the observation of both the C4v and the D3h states The high energy of the 266 

nm laser beam could have resulted in the formation of different initial species,

consequently, the dynamics studied may not have been those of the Cr(CO) 5  species Lee

28and Hams earned out picosecond pump-probe (295 nm) measurements m the visible 

region with 1 ps time resolution, m order to investigate the solvation dynamics A nse 

time for the Cr(CO)s(cyclohexane) species was measured (17 ps) that was between that of 

Wang et al (100 ps) and Simon et al (< 1 ps) The red tail of the absorption

spectrum of the Cr(CO)5 solvated species was monitored (622 nm in cyclohexane) This 

region m the spectrum corresponds to the vibrationally hot species, and it was found that 

this species decayed away with a lifetime of 21 ps, which is very close to the nse time
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observed at 500 ran Therefore the rise time for the Cr(CO)5(cyclohexane) species was 

postulated to be as a result of vibrational relaxation

Joly and Nelson29 conducted a femtosecond transient absorption study into 

the photodissociation of M(CO)6 (M = Cr, Mo, or W) m a variety of linear alcohols, m 

order to determine the role of the solvent on the initial CO dissociation event The CO 

dissociation appeared to be independent of the solvent, implying that the dissociating 

fragment felt no significant influence from the solvent neighbours The dissociation time 

did not vary with the substitution of tungsten for chromium, indicating that the triplet state 

plays no role in the reaction For all three metal hexacarbonyls, photoejection of the initial 

CO was found to occur within 500 fs, complexation of the solvent to the Cr(CO)5  

fragment was complete within the next several picoseconds The results also suggested 

that the solvent had no influence over which of the six CO’s dissociated, but the initial 

solvent configuration did determine which part of the solvent coordinated with the 

Cr(CO)5 species

1 1 7  The photochemistry ofM(CO)fi in the gas phase

Coordinately unsaturated metal carbonyls have also been studied m the gas 

phase This method of investigation has a number of advantages over the solution phase 

A comprehensive review of the subject has been published30 However considering the 

importance of solution phase chemistry, it may be argued that solution studies are more 

important, not withstanding the added complications of the solution phase Firstly, as
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already shown, these coordinately unsaturated species form interactions with the solvent 

environment within the picosecond time scale, therefore any kinetic measurements wdl 

actually be displacement reactions rather than addition reactions Therefore in solution 

these reactions may not probe the interaction of the ‘"naked” species with the incoming 

ligand Secondly, coordination of the solvent may influence the structure of the species 

being studied, thus making it difficult to unambiguously assign the structure of the 

“naked” fragment The gas phase is not affected by solvent co-ordination therefore it is a 

valuable tool to further investigate the photochemistry of these species

The gas phase differs from the solution phase in that multiple coordinately 

unsaturated species are formed following the absorption of one single UV photon, these 

species are only formed in condensed phases upon photolysis of initially produced 

coordinately unsaturated species This fragmentation of the parent species results from 

the sequential loss of CO coupled to a high degree of internal energy retention in the 

remaining metal carbonyl fragment In the gas phase a high degree of internal energy 

retention results in the eventual ejection of successive CO ligands in order to dissipate the 

excess energy This was demonstrated by Yardly e ta l31 who studied the Fe(CO)5 system 

and employed large excesses of PF3 as a trapping agent to coordinate to the “naked” 

species, formed following excitation of the parent Fe(CO)5 species It was also 

demonstrated that upon increasing the photolysis wavelength, a higher number of the CO 

ligands were ejected from the Fe(CO)5  molecule Multiple CO loss processes were also 

observed upon photolysis of Cr(CO)c 32 Only 107 kJ mol1 of energy is required to break 

one Cr-CO bond, photon excitation energy of 481 kJ mol'1 was employed in the gas phase
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experiments, therefore sufficient energy was available to potentially break four bonds 

This did not occur in condensed media, as rapid dissipation of excess energy to the 

surrounding environment was possible This explains the difference between the gas phase 

and condensed phase results

A pulsed laser pyrolysis technique was employed by Smith et a l33 to study 

the gas phase thermal decomposition of Fe(CO) 5  and M(CO)e (M = Cr, Mo, or W)

These results provided first bond dissociation energies for Fe(CO)5 = 171 8 kJ mol'1, 

Cr(CO)6 = 155 kJ mol \  Mo(CO)6 -  167 6 kJ mol’1, and W(CO)6 = 192 7 kJ mol1 

Cr(CO>6 decomposed via a different mechanism from the other hexacarbonyls, as the rate 

determining step was not the first bond scission, but a subsequent bond scission, which 

had a 167 6 kJ mol1 activation energy

Weitz etal 34 employed time-resolved infrared spectroscopy (TRIR) to 

study the gas phase photofragmentation of Cr(CO)6 These results confirmed that the 

“naked” Cr(CO)5  fragment had a square pyramidal structure, only Cr(CO)5 and Cr(CO)4 

were observed upon photolysis at 351 nm (343 6 kJ molJ), as there was only enough 

energy to eject two CO ligands Breckenndge and Stewart35 again employed transient 

absorption spectroscopy to study the photofragmentation of Cr(CO)e in the gas phase 

The hexacarbonyl was photolysed at 355 nm, again this was just sufficient energy to 

remove two CO ligands The uncomplexed Cr(CO)s was observed with a at 620 nm 

This is consistent with the values obtained from the solution work in perfluoro solvents15

or in rare gas matrices 9
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Weitz et a l36 varied the excitation wavelength (193 nm, 248 nm, 351 nm) 

and monitored the different fragments produced by TRIR The results indicated that the 

gas-phase structures of the Cr(CO)x (x = 5,4, 3, and 2) species were similar to those 

observed m condensed phase media 6̂ ’9 Variable wavelength excitation of W(CO)6, 

demonstrated that more energy was required to remove two CO ligands, than for Cr(CO)e

37analogue Using an Eximer laser 351 nm (XeF) and 308 nm (XeCl) excitation produced 

W(CO)5 However when more energy was employed 248 nm (KrF) W(CO)4 was the mam 

product The W(CO)5 fragment was assigned a C4v symmetry, again consistent with the 

matrix work

O *  - i

a i

/ -H- -H- 
/  ^  J

h r  -tt- 
/  4f-

o  — /

c r 3 c r3
H H

---- M — ---- M —

Figure 1.4

(Interaction diagram for the perpendicular approach o f a C-H bond to M(CO)5)
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Brown et a l38 studied the interaction of alkanes with W(CO)s in the gas 

phase, employing TRIR as the detection system The results demonstrated that the 

binding energy increased as the length of the alkane chain increased, no binding energy for 

the interaction of methane with the W(CO)s fragment was observed It was concluded 

that the binding energy was less than 21 kJ mol'1 Photoelectron spectroscopy 

demonstrated that the C-H a molecular orbital (MO) in alkanes rose m energy, with 

increasing alkane size The largest change in alkane MO could be observed between CH4 

and C2H6 and this correlated with the largest change in alkane binding energy (from <21 

kJ mol“1 to 31 kJ mol!) Therefore as the C-H a MO increased to match the energy of the 

ai orbital of the metal (Figure 1 4) the binding energy was found to mcrease accordingly, 

as was expected for a a metal bonding mechanism

1 1 8  Time resolved photoacoustic calorimetry experiments

Time resolved photoacoustic calorimetry (PAC) has been employed to 

measure the strength of bonds to coordinately unsaturated species This method uses the 

amplitude of an acoustic wave produced following photolysis Yang et a l39 measured the 

strength of the Cr(CO)5-L bonds in heptane, where L is a variety of ligands including CO 

Comparing these results to the Cr-CO bond dissociation energy in the gas phase, it was 

concluded that co-ordination of heptane leads to a 42 kJ mol"1 stabilisation of the Cr(CO)5 

fragment To examine stenc effects, the workers earned out a study where the incoming 

ligands contained a number of methyl groups, for instance pyndine, 2-picohne, 2,6-
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lutidme 40 It was found that the enthalpy for the dissociation of heptane from 

Cr(CO)5(heptane) was exothermic for all the ligands, but decreased in magnitude by about 

9 7 kJ mol'1 upon successive méthylation of the ligand This was not surprising due to the 

increasing stenc hindrance about the nitrogen with the extra methyl groups The metal-

heptane bond strength is approximately 42 kJ moll, and as the AH* for the two ligands

are 21 or 31 kJ mol'1 the transition state must be associative for the incoming ligand Also

as the AS* values for both systems are close to zero, it was suggested that the there is a

high degree of heptane-metal bond lengthening concurrent with the association of the 

incoming ligand, indicative of an interchange mechanism

Burkey e ta l41 used PAC to determine the enthalpies for CO dissociation 

from Cr(CO)6 in pentane, heptane, isooctane or cyclohexane and values of 116 8, 112 6, 

108 4 and 100 1 kJ mol1 respectively, were obtained These values obtained depended on 

the quantum yield (<X>) for CO dissociation from Cr(CO)e, it was assumed that was 

independent of the solvent, Wieland and van Eldik42 showed that this was not the case 

The solvated intermediate was trapped with a variety of ligands and it was found that the

O for the ligand substitution, did not depend on the entering ligand or its concentration, it
;

only depended on the solvent employed, indicating a dependency of the O on the solvent 

Burkey e ta l41 calculated the M(CO)s(heptane) bond strengths (M = Cr, 

Mo or W) by subtracting the M-CO bond energies33 from the enthalpies of CO 

dissociation in heptane {vide supra) The values obtained for AH^ were 

Cr(CO)s(heptane) = 37 1 kJ mol'1, Mo(CO)5(heptane) = 36 3 kJ mol'1 and

*N
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W(CO)s(heptane) = 55 9 kJ mol \  these bond energies were used to explain the 

differences in the gas phase and the solution phase activation enthalpies for Mo(CO)6 and 

W(CO)6 (33 5 kJ mol1 and 25 kJ mol'1 respectively) 33,44

Burkey and Nayak43 investigated the low quantum yield for CO loss from 

Cr(CO)6 observed m fluorocarbon solvents, employing PAC They concluded that a more 

efficient cage recombination of CO was occurred in one solvent and this was primarily 

responsible for the low <£> obtained O is independent of excitation wavelength, thus 

indicating that the low O was not as a result of more efficient vibrational relaxation It 

could therefore be concluded that the relative strong coordination of cyclohexane to the 

M(CO) 5  fragment inhibited the recombination of the CO m the solvent cage and led to its 

expulsion

1 1 9  Mechanistic information obtained from solution phase experiments

Infrared and ultraviolet detection have also been used to determine the 

reaction kinetics of the intermediate that was produced by laser pulse photolysis of 

M(CO)6 Graham and Angehci44 employed IR detection to measure the substitution 

reactions of M(CO)6, they proposed that the initial ejection of the CO ligand occurred via 

a dissociative mechanism, positive values for entropy of activation supported tbs 

proposition Addition of the ligand was then proposed to occur via an associative process

again supported by entropy values, in this case negative The enthalpy of activation of CO
}

dissociation was found to be nearly the same for Cr(CO)6 and W(CO)6, however the value
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was lower for the Mo(CO)6 analogue It was also noted that as the Mo and W metals 

were larger than the Cr, they had a greater tendency to undergo associative substitution 

reactions, on stenc grounds

Earlier work had shown that Cr(CO)5 was liable to coordinate to an 

impurity at room temperature even in rigorously purified cyclohexane 8,45 Church e ta l46

characterised the trace product formed following photolysis of Cr(CO)6 m cyclohexane, as 

the Cr(C0)5(H20) species and investigated the kinetic effect of water in these systems 

Activation parameters for the decay of this species allowed an estimate of 75 ± 15 kJ mol'1 

for the dissociation of the H20  ligand It was also found that Cr(CO)5(C6Hi2) reacted 13 

times faster with water than with CO, demonstrating the importance of impurities in the 

overall investigation of the photochemistry of Cr(CO)6 Lees and Adamson47 obtained a 

kinetic estimate of tungsten to methylcyclohexane bond energy to be <13 3 kJ mol \  

employing a UV detection system

A mechanistic study of the substitution reactions of M(CO)s(THF) by a 

variety of ligands was earned out using conventional and high pressure stopped flow

analysis 48 As M changed from Cr to Mo to W, the AV* values exhibited a trend towards

negative values and this was interpreted as a gradual change over from a dissociative 

pathway to a more associative mechanism The activation parameters for the displacement 

of cyclohexane or n-heptane from W(CO)5 by 1-hexene were estimated to be within 

expenmental error of each other (AH* = 34 2 and 35 kJ mol'1 respectively) 49 The 

observed entropies of activation were suggestive of some residual C-H-W bonding in the
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transition states leading to the W-alkane bond breaking, W(CO)s(n-heptane) AS* = 7 5 J 

K 1 mol1 and W(CO)5(cyclohexane) = AS* = -15 5 J K'1 mol'1 Mechanisms for the 

displacement of fluorobenzene, chlorobenzene and n-heptane from Cr(CO) 5  by 1-hexene 

and pipendine were mvestigated 50 The enthalpies of activation for these reactions were 

compared with the bond energies obtamed by the PAC studies, and it was found that the 

PAC results were some 21-29 kJ mol1 greater The more dissociative mechanisms 

appeared to correlate better with the PAC results, however for benzene, where an agostic 

interaction was inferred prior to bond dissociation, a difference of 23 4 kJ mol1 was 

observed between the two methods The PAC results depended on the quantum yield for 

CO dissociation and as already shown,41,51 the quantum yield varied with alkane solvent, 

therefore their values were viewed with caution

1 1 10 Photochemistry ofMfCO)* in the presence ofbidentate ligands

Photolysis of group 6 metal hexacarbonyls m the presence of a variety of 

potentially bidentate ligands, has also been investigated It was found that the ligand

initially photosubstituted one CO ligand, ultimately leading to the bidentate chelate 

complex The ligands employed were a variety of substituted dumine type ligands (1,4 

diazabutadienes, 2,2’-bipyndines and 1,10 phenanthrolines) Oishi et a l 52 observed that 

the bidentate M(CO)4(l,10-phenanthrohne) was formed faster when M = W and Mo than 

for Cr, this was attributed to the M to CO bond length, in chromium, bemg shorter than
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that of the other two metals, thus the electronic interaction between the adjacent nitrogen 

and the metal must be stronger for W and Mo Further work investigated the activation 

parameters for this process and found that the both the entropies and volumes of

activation for Mo and W were negative, supporting an interchange mechanism for the

53ejection of the second CO For chromium however the entropy of activation was

negative and the volume of activation was positive, this could mdicate a lengthening of the 

CO bond rather than the Cr-N bond shortening as the ngid chelating nng adjusts mto the 

transition state An unexpected precursor to the formation of the tetracarbonyl has also 

been observed, when the ligand, 4,4-Dimethyl-2,2’-bipyndine was employed with the aim 

of generating a monodentate Cr(CO)5L It was found that the ligand bound to two 

Cr(CO) 5 units, rather than one 5 4

The pressure dependence of the quantum yield for photosubstitution of CO 

in M(CO)* (1,10- phenanthrohne), where M = Cr, Mo and W has been mvestigated at 

different excitation wavelengths It was found that upon photolysis in the UV region, a 

positive value for the volumes of activation was observed, thus indicating that ligand field 

photolysis resulted m dissociative substitution mechanism If low lying MLCT states are 

populated at longer wavelengths, so that the energy of the gap to the lowest LF state 

increases and thermal back population becomes less important, the residual quantum yield 

could then be interpreted in terms of the MLCT states Therefore photolysis into the 

metal to ligand charge transfer state (MLCT) (546 nm) resulted in negative values for Mo 

and W, which was taken as strong evidence for an associative mechanism The Cr values
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for volume of activation were slightly positive and this was interpreted as a dissociative 

process from the MLCT state for the smaller Cr analogue 5 5 ,5 6
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1.2 RESULTS AND DISCUSSION

As already discussed coordinatively unsaturated metal complexes are 

sufficiently reactive to form complexes with alkane solvents A stereospecific interaction 

exists between the metal centre and the alkane solvents 6 3  This interaction may play a role 

m C-H insertion, p-ehmination, ligand exchange and hence catalytic reactions, therefore a 

thorough investigation into the solvent to metal interaction is essential

In order to investigate the reactivity of the metal to solvent bond, the 

desolvation process of the M(CO)5(Solvent) species (Reaction 1 1) was investigated, 

where M = Cr, Mo, and W The incoming ligand was CO and the solvents were a variety 

of straight chain and cyclic alkanes

S
M(CO)« M(CO)5(S) + CO Reaction 11

1 2 1  Possible mechanisms for solvent dissociation

There are three possible mechanisms for the dissociation of the solvent 

molecule from M(CO)5(Sol) These are represented m Figure 1 5 The first involves a 

dissociation of the solvent, with subsequent coordination of the CO to reform the M(CO) 6 

molecule The AH* for this possibility should equal to the bond dissociation energy for

the respective system, as dissociation of the ligand must occur prior to reaction with CO 

The second occurs when the CO enters the reaction sphere before the solvent is
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dissociated and forms a 20 electron transition state, before ejection of the solvent The 

final possibility is the interchange mechanism m which the CO is being coordinated as the 

solvent is dissociating in a concerted process

The activation enthalpy required for a dissociative reaction should be close 

to the M-solvent bond strength, because the bond is largely broken m going to the 

transition state The bond strengths have been obtained for the coordination of heptane

CO CO CO

COCO CO

CO CO CO

CO CO CO

CO CO CO

( 1 ) Dissociation (2) Association (3) Interchange

Figure 1.5

(Possible mechanisms fo r solvent displacement by CO)

with M(CO) 5 they were reported to be 42, 38 or 55 kJ mol' 1 for Cr, Mo or W 

respectively 4 1  Figure 1 6  depicts the enthalpies of activation that would be necessary for
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a dissociate type of mechanism for Cr(CO)5(S) and the enthalpies of activation obtained in 

this study

A dissociative process would result a near zero or positive entropy of 

activation, as expected as the transition state is less ordered An associative mechanism 

would have a negative value o f -  -100 J K"1 mol1 or less, resulting from the more ordered 

transition state As a result it can be seen that an interchange mechanism would have a 

AS* value in between the above possibilities

Enthalpy

Figure 1  6

(Scheme depicting the differences in AH* for solvent dissociation)

1 2 2 SPECTROSCOPIC INFORMATION

The M(CO) 6 complexes exhibit a number of intense (s > 1 0 2) transitions m 

the UV-visible region of the spectrum Figure 1 7 shows the ground state absorption
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spectra for M(CO) 6  (M = Cr, Mo or W) m cyclohexane The lowest energy absorption is 

found at -333 nm (30,000 cm'1) for all three metals and is assigned as the >lTig 

ligand field (LF) transition This band is a shoulder on the more mtense M-mt* CO 

charge transfer transition, found at -286 nm (-35,000 cm"1) A second LF band 

^ig-VT^g is observed at 266 nm (37,500 cm“1) and the most mtense transition at 233 nm 

(43,000 cm'1) is assigned as the second component of the M-mi* CO CT transition An 

extra band is observed for Mo and W, at an energy lower than the ^ig-VTjg ligand field 

(LF) transition, which has a higher e for W than Mo This band was assigned to the 

lowest LF spin forbidden singlet -> triplet transition, ^ ig-^T ig This transition was 

allowed because of spin-orbit coupling, which is applicable in the case of tungsten 

However the band is also observed for the Mo(CO) 6  and this metal is not large enough for 

spin orbit coupling to have an affect, this transition would therefore not be allowed, thus 

casting some doubt over this assignment The intensities of the LF bands are uncommonly 

large because of the high degree of covalence m these molecules, which means that the 

molecular orbitals have substantial contribution from both the metal and ligand atomic 

orbitals, thus tending to remove restrictions associated with the intensity of LF transitions 

The relevant spectroscopic data, obtained m cyclohexane, for the three 

compounds employed in this study, are presented in Table 1 1, the experimental details are 

presented m Appendix IA
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Figure 1.7

(UV-visible spectra o f (a) Cr(CO) 6 (b) Mo(CO) 6 (c) W(CO) 6 in cyclohexane)

56



Compound Oco (cm'1) Xmax (nm) 8  @ 354 nm 1

Cr(CO)6 1985 280 2  0  x 1 0 2

Mo(CO) 6 1985 298 2  6  x 1 0 2

W(CO) 6 1981 298 8  4 x 102

Table 1 . 1

(Spectroscopic data fo r M(C0)6in cyclohexane)

1 2  3 Measurement o f rate constants

The M(CO)5(solvent) species was formed by excitation, of the respective 

hexacarbonyl, at 355 nm The A**x for the M(CO)s(solvent) species were found to be, 

Cr(CO)5(S) = -500 nm, Mo(CO)5(S) = -420 nm and W(CO)5(S) = -450 nm Figure 1 8  

displays a typical two dimensional spectrum for the Cr(CO)s(Cyclohexane) species It can 

be seen that following excitation at 355 nm, the transient species is formed within 10 jis

(from the literature it is clear that the transient species has been formed well before

20 9 5
1 0  |is ), and it has nearly decayed back to baseline after 150 jis As the solvated

complex decays back to the baseline, as can be seen in Figure 1 9, it indicates that there is 

an efficient back reaction with CO to reform the parent M(CO) 6  species Any impurities 

(X) in the solvent would result m the production of a side product M(CO)5(X), hindering 

efficient back reaction with CO, thus resulting in the trace not returning completely to the 

baseline The Xmax for the species was observed at -500 nm, as this value does not vary 

greatly between the solvents the kinetics were measured at this wavelength for all the 

solvents
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WAVELENGTH (nm)

ABSORBANCE (AD)

tim e after flash 

~ *—  10 us 100 us 150 us

Figure 1.8

(UV/vis spectrum o f Cr(CO)5(Solvent) m Cyclohexane at different time intervals 

following excitation with Xaur 355 nm )

It has already been proven that the formation of the M(CO)5(S) species is a 

single photon process 51 This was done by varying the power of the laser and measuring

the absorbance of the product It was found that the absorbance of the product increased 

as the voltage of the laser was increased The relationship between the two was linear, 

thus indicating a single photon process

The observed rate constant (koba) for the reaction of M(CO)s(Sol) with CO 

was measured at 298 K Pseudo first order conditions were maintained for the three 

systems, as the concentration of CO was always much larger than the concentration of the 

M(CO)5(S) species The koi* was then obtained from the plots of IniA^-AoyiA»-At) vs 

time, an example of the decay observed is shown m Figure 1 9 The second order rate
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constant (k2) was then obtained by dividing kot* by the concentration of CO in the 

respective solvent

64
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correlation— 9988656 
decay us= 23 9218 
kobs= 41802 87 /s

Figure 1-9

(Decay o f Mo(CO)¡(Cyclohexane) monitored at 420 nm)

1 2  4 Activation parameters

The activation parameters the kot* were obtained by measuring over a 

temperate range o f279-310 K and Eynng and Arrhenius plots were then constructed 

This assumed a zero intercept in the plot of vs [CO] From these plots it was possible 

to obtain the activation parameters for the reaction of M(CO)s(S) with CO, all the 

experimental data are in Appendix IB Figure 1 10 shows an Arrhenius and Eynng plot 

for W(CO)6  m Cyclohexane

59



Arrhenius Plot

1/T(e-3)K-1

Eynng Plot

1/T(e-3)K-1

Figure 1.10

(Arrhenius and Eyrmg plots fo r Reaction 1 1  (M  = W), m Cyclohexane)

The second order rate constants and the activation parameters obtained m 

these studies are presented in Table 1 2
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Solvent i &k2 w CAH* dAS* eAG*

f

Cr(CO)3(S)

fCyclo 2 3 x 106 25 2 2 -46 35

gMecyclo 3 5 x 106 26 24 -40 ^ 35

Heptane 9 3 x 106 23 2 1 -42 33

Decane 1 2  x 1 0 7 26 23 -30 33

Dodecane 2 4 x 107 26 24 -24 31

Solvent k2 Ea* AH* AS* AG*

Mo(CO)5(S)

fCyclo 4 7 x 106 2 2 2 1 -48 35

gMecyclo 5 8  x 106 23 2 1 -45 34

Heptane 7 8  x 106 24 2 1 -41 34

Decane 8  8  x 1 0 6 23 2 1 -42 33

Dodecane 4 9 x 107 2 0 19 -35 29

Solvent k2 Ea* AH* AS* AG*

W(CO)5(S)

fCyclo 72 x 105 2 0 18 -73 40

gMecyclo 2  1 x 1 0 6 2 2 2 0 -58 37

Heptane 1 8  x 1 0 6 23 2 0 -58 37

Decane 1 1 x 1 0 6 23 2 1 -59 38

Dodecane 1 7 x 106 2 2 2 0 -60 38

a @ 298 ± 2 K, (dm3 mol' 1 s'1) ,b ±2 kJ mol' 1, 0 +2 kJ mol*1, d ±4 J K' 1 mol'1, e ±2 kJ mol 

fCyclo = Cyclohexane, 8Mecyclo = Methylcyclohexane

Table 1 2

(Second Order Rate constants and activation parameters fo r M(CO) s(S))
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There are a number of trends that can be observed from the data presented 

m Table 1 2  Investigating the Cr(CO) 6 results first it can be seen that there is an obvious 

increase m the k2 value in gomg from cyclohexane to dodecane This increase m the rate

of reaction is not reflected m the AH* values, which are found to be the same, withm 

experimental error (22 ± 2 kJ mol’1) As the reactions of the “naked” Cr(CO) 5 with 

alkanes are close to the diffusion controlled limit ( 6  6  x 1 0 9 dm3 mol’ 1 s'1, for cyclohexane 

with Cr(CO)5)8, the AH* term for the reaction of Cr(CO)5(sol) with CO should

approximate the bond energy of the metal to solvent bond The binding energy for 

Cyclohexane, 52 kJ mol'1, obtained from photoacoustic calorimetry (PAC) measurements, 

is nearly twice the value obtained in this study However similar studies earned out on the 

W(CO) 6 system, employing PAC, yielded higher values for the bindmg energies, than AH* 

values obtained from kinetic studies 4 8  A dissociative mechanism for the Reaction 1 2 

would require a AH* value approximating the interaction energy obtained in the PAC

12  6 Discussion

Cr(CO)5(S) + CO —> Cr(CO) 6 + S Reaction 1 2

measurements As the AH* values obtained m this study are half the interaction energy it 

would appear that a dissociative mechanism is precluded The AH* values required for a
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dissociative mechanism compared to values obtained in this study as depicted in Figure 

16

As there is no correlation between the AH* values and the rate of Reaction 

1 2, the variation in the rates must be reflected in the AS* term The AS* term becomes 

less negative as the solvent changes from cyclohexane to dodecane, varying from -46 J K' 1 

mol"1 to -24 J K"1 mol' 1 respectively The AS* values would be expected to be closer to

zero, if not positive, for a dissociative mechanism and an associative mechanism should 

result m more negative values than those obtained, i e there would be a significant 

decrease m the entropy of the reaction at the transition state Therefore the AS* values

appear to indicate that the mechanism for the displacement of the solvent from Cr(CO)s 

occurs via an interchange process An interchange mechanism has also been postulated 

for the displacement of cyclohexane and methylcyclohexane from W(CO)s by 4- 

Acetylpyndine6 5  and the displacement of solvent (S) from (r|6- arene)Cr(CO)2(S) by 

CO6 6  Yang et a l4 0  concluded that there was considerable lengthening of the Cr to 

heptane bond concurrent with the association of either pyridine and 2 -picoline as the 

incoming ligand It was reported that the AH* value was -21 kJ mol"1 for the replacement

of heptane by pyridine, which is lower than the reported Cr-heptane interaction energy, 

therefore indicating that this reaction also was not a dissociative mechanism, but m fact an 

interchange mechanism Pyndme as a nucleophile is very similar to CO, except that it 

possesses reduced 7i * accepting ability
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The AS* values reflect the differences m the k2 values, the reason for this

could be as a result of the motional freedom attained by the solvents upon desolvation 

When an alkane solvent forms an agostic bond with the Cr(CO)s moiety its motional 

freedom is restricted, this is more evident for the longer chain alkanes Therefore the rate 

of displacement would be faster for the longer chain alkanes as the removal of the 

restriction leads to a more favourable orientation for the Solvent

Investigating the effect of increasing the atomic mass of the metal, it can be 

seen from Table 1 2 that the change of solvent does not have as significant an effect as for 

the chromium system The rates for solvent displacement from W(CO) 5  for the straight 

chain alkanes show veiy little variation and this is reflected in the AS* values The AS*

values are smaller than those reported for the chromium system, this is a reflection of the 

size of the metal, as the larger metal leads to less stenc hindrance Seven coordinate 

chemistry is extensive for Mo and W, however it is not for the Cr system The fact that 

there is not the same stenc hindrance around the tungsten is also reflected m the slower 

rates of reaction, as the motional freedom of the solvent is not as restncted as for the 

chromium system The rate of displacement of cyclohexane from the W(CO)s moiety does 

appear to be slower than the other solvents, this difference in rate is reflected in the AS*

value which is slightly more negative, thus indicating that cyclohexane is not as restncted 

upon coordmation to tungsten

The AS* values again support an interchange mechanism for Mo(CO)6, as

the metal is larger than chromium, the stenc hindrance is not as pronounced, therefore it 

can be seen that there is no vanation between heptane and decane, within experimental
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error Dodecane does have a faster rate of reaction, this is reflected m the slightly more 

negative value for the AS*, indicating the restriction placed on the solvent upon 

coordination and the subsequent freedom of rotation achieved upon desolvation

1 2 7  Conclusions

In this study, any variation for the rate reaction from the M(CO)s(S) 

species is only reflected in the values for the entropy of activation The values for the 

enthalpy of activation remain constant This is also reflected m the similarity in the 

position of the M(CO)5(S) peaks in the UV/visible spectra for the various solvents The 

relationship between the AS* values and the k2 values can be explained in terms of the

liberation of motional freedom attained upon desolvation, which influences the kinetics of 

the reaction

The activation parameters obtained for the Reaction 1 3, (where M = Cr, 

Mo or W) can be interpreted as evidence for a gradual changeover from an interchange 

mechanism to a more associative type mechanism along the series Cr, Mo to W This 

trend along the series, towards a more associative mechanism has been observed

M(CO)5(S) + CO —> M(CO) 6 + S Reaction 13
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previously 4 7 ,6 7  The fact that the variation in rates is not as apparent for the Mo and W

systems could be as a result of the larger size of these metals compared to the chromium 

system The solvents will therefore not be as restricted upon coordination to the larger 

metals Therefore alkane chain length does not play as significant a role in the kinetics of 

the larger metals, as the impetus to attain motional freedom upon desolvation is not as 

pronounced
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2.1 LITERATURE SURVEY

2 1 1  Photochemistry o f  (rf-arene)M(CO) ? complexes

Early reports on the chemistry of (r|6-arene)M(CO) 3  complexes claimed

1 y
that both arene exchange (Reaction 2 1) and CO loss (Reaction 2 2) were general

photoreactions

h v

(T|6-arene)M(CO)3  — ^  (t]6-arene*)M(CO)3 + arene
arene*

Reaction 2 1

h v

0i6-arene)M(CO)3 — > (tié-arene)M(CO)2L + CO
L

Reaction 2 2

When M = Cr the quantum yield (O) for Reaction 2 2 is high and many 

(r|6-arene)Cr(CO)2L complexes can be synthesised by photochemical methods Reaction

2 2 was also observed for the Mo analogue3 however the W species was found to be 

photoinert This was a curiosity given the similarities in the photochemistry of the 

M(CO)ô system (M = Cr, Mo, or W) Wnghton et a l4 reported that the O for the 

formation of (r|6-arene)Cr(CO)2(pyndine) was 0 72, (where arene = benzene or 

mesitylene) following photolysis of (r|6-arene)Cr(CO) 3  in the presence of pyridine This
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was later confirmed by Gilbert et a l5 and the efficiency of the arene exchange was given 

as approximately a sixth of this value Reaction 2 1 was found to be suppressed by the 

addition of CO and this reaction was only a minor component m the overall 

photochemistiy These results were consistent with dissociative loss of CO as the primary 

excited state decay process of (t|6-arene)Cr(CO) 3  A relatively high O was reported for the 

displacement of CO from (rj6-mesitylene)Cr(CO)3 by N-dodecylmaleimide m benzene of 

0 9,6 no benzene - mesitylene exchange was observed m these experiments

Contmuous photolysis of (r|6-arene)Cr(CO) 3  complexes produces both the

7  8arene nng and Cr(CO)6 Bamford et al observed that upon addition of CCLj the rate of 

arene generation increased, while m the absence of CC14, CO suppresses the reaction as a 

result of recombmation with the (r|6-arene)Cr(CO)2 species

Oxidative addition of a tnsubstituted silane to (r|6-arene)Cr(CO)2 had been 

established to result from irradiation of the tncarbonyl species in solution, producing the 

coordinatively unsaturated (T]6-arene)Cr(CO)2 species As a result of the high efficiency of 

the CO loss from these compounds, even at low temperatures, these compounds were 

studied in order to elucidate the quantitative data regarding oxidative addition, as the CO 

dissociation could be induced faster than the thermal oxidative reaction 10 Tnsubstituted 

silanes underwent oxidative addition to a number of photochemically generated (r|6- 

arene)Cr(CO) 2  species The reactions of silanes with transition metal carbonyl complexes 

are of interest because hydrosilation is a reaction of considerable importance Beyond 

this, however, the reactions of silanes serve as readily studied analogues of C-H bond 

activation
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CO loss from (T}6-arene)M(CO)3 has also been observed in the gas phase, 

the ejection of one CO was the predominant process upon 355 nm excitation, while the 

production of (r|6-arene)M(CO) and (r|6-arene)M(CO) 2  in a ration of 5 2 was observed 

upon 266 nm excitation11 The extreme reactivities of these coordmatively unsaturated

species was again demonstrated by the observation of addition of N2 and H2 to (t}6-

12 13C6H6)Cr(CO) 2  in the gas phase Kubas eta l had observed and isolated products with

1 12an M-t] H2 non classical type of interaction Zheng e ta l concluded that the

dihydrogen complexes formed m the gas phase were “non-classical” molecular hydrogen 

complexes, as the CO frequencies did not shift to the higher wavenumbers as would be

expected for bonding m a classical dihydnde, because of the oxidation of the metal centre
)

2 1 2  Thermal chemistry o f (n6-arene)M(CO) ? complexes

Although CO loss from the excited state of (T]6-arene)M(CO)3 appears to 

be the most efficient process, arene exchange reactions dominate the ground state (/ e 

thermal) reactions Arene exchange between free arene and an (r|6~arene)M(CO)3 

complex generally requires elevated temperatures if the solvent is either an aromatic 

hydrocarbon or a non-coordmatmg solvent Arene exchange can occur by a number of 

mechanisms Firstly, it can proceed by an intramolecular dissociative process, which 

involves either complete arene dissociation or possibly a multistepped ligand dissociation 

[for (r|6-arene)ML3 species] prior to the new ligand coordinating Secondly, 

intramolecular arene associative processes are possible, which results from a 

rearrangement prior to the association of the new arene Finally an intermolecular process

75



is possible, where the high energy species are stabilised by interaction with the parent 

complex, either via a M-L-M (if L is an effective bridging molecule) or a M-arene-M type 

bond 14

Scheme 2.1

(Proposed mechanism for arene displacement indicating 

simultaneous exchange o f two complex molecules15)

Strohmeier ei a t15 reported that a major component of arene exchange 

reactions in heptane ( or heptane/THF mixtures) follows second order kinetics, the rate
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constant was independent of arene concentrations This led to the mechanism presented in 

Scheme 2 1

However this mechanism was not compatible with the observation of 

Jackson et a l16 that as- or trcms- complexes of 1- or 2-methyhndane failed to isomenze 

on heating in the absence of the free arene Catalysis of arene exchange by donor solvents

17was demonstrated by Mahafly and Pauson thus mdicatmg that the solvents initiated

1 o
partial arene displacement from the metal (Scheme 2 2) Moreover, Zimmerman et al 

also reported the presence of a, presumably solvent stabilised, Cr(CO)3  fragment 

Therefore stressing the more specific role that donors played m promoting the arene 

displacement reaction than previously assumed 15

(Solvent initiated arene displacement17)



Goldberg into the mechanisms for arene exchange m these systems It was reported that 

the CO ligand can act as a nucleophilic catalyst, 19̂ ĉ  resulting m CO redistribution 

between the two complexes As the CO ligand was known to be capable of actmg as a 

bridging ligand the possibility of a bridged complex was also considered The n system of 

the arene ring was then extended and the neighbouring group participation was 

investigated, these results confirmed the possibility that the coordination of the arene ring 

could be “unzipped” from t|6 to r|4 to t[2 Although no direct evidence for such a process 

was obtained

2 1 3  Haptotropic rearrangements

The term haptotropic rearrangements refers to cases where an ML„ unit 

changes its connectivity (hapto number) with some ligand possessing multicoordinate site

possibilities In the majority of cases the ligand is a polyene, as a result the coordination

20site changes from one coordination site to another in a bicyclic polyene Albright eta l

conducted theoretical investigation of the minimum energy pathways for shifting an MLn

21group from one ring to another in a bicyclic polyene Howell e ta l calculated the 

dynamics of ring slippage, employing extended Huckel molecular orbital calculations to 

investigate the energetics of the proposed haptotropic rearrangements A potential energy 

surface was created for the slippage of an MnCp group in benzene-MnCp This provides 

a good model for the Cr(CO)3 group m the analogous group 6 system Figure 2 1 depicts 

the potential energy surface for the slipping of the MnCp group in benzene-MnCp

A thorough investigation was conducted by Traylor, Stewart and

19
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(The distance scale on the lower left is plotted mO 2 A intervals, the energy contours are 
in kcals m ot1 The ground state is given by the large solid circle, a minimum by an open 

circle, and a transition state by a cross The energies o f these points 
relative to the ground state are explicitly given 21 )

It was found that the potential surface around the t | 6 ground state is nearly 

circular and quite steep until the MnCp group reaches the periphery of the benzene ring 

There was no evidence for the intervention of a discrete i\4 intermediate The potential 

was found to nse as the coordination moved towards an r\l intermediate until it reached a 

transition state, then continuing along the reaction path leading to an intermediate that 

could have been labelled as the ri1 species, however there was still substantial bonding 

from the neighbouring carbons The orbital interactions for (t]6 benzene)Cr(CO) 3 have 

been discussed m the introduction It can be seen that there is not a great deal of 

interaction lost between the dz2 and the a2u orbital upon slipping towards the rj1 

configuration, thus the energy of this orbital remains nearly constant The interaction
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between the eigt and the dyz is affected slightly more than the eiga to the d** interaction 

Given this nse m energy there is still a significant stabilisation of the benzene ring orbitals 

upon coordination to the Cr(CO)3  unit, this stabilisation persists in the r}1 configuration 

The filled orbitals on the metal, which could be viewed as three lone pairs that are directed 

between the CO ligands, are destabilised along the reaction path as a result of repulsion 

between them and the benzene a  orbitals This destabilisation results m mixing of the 

filled molecular orbital and the empty receptor orbitals on the metal, which causes the 

orbital to become stabilised and could explain the shallow minimum depicted in the 

potential energy surface presented m Figure 2 1

The haptotropic rearrangement was also examined for (rj6 -2,6- 

dimethylpyndine)Cr(CO)3, it was found that arene exchange reactions were faster for this 

compound, compared even to the naphthalene analogue The binding energy was found to 

be the very close for the two compounds, and this was estimated to be 183 kj mol' 1 for the 

(rj6 pyndine)Cr(CO)3  compound By comparison the addition of two methyl groups, at 

the 2 and 6  positions on the pyridine ring, raised the energy by 8-13 kJ mol' 1 Slippage of 

the ring to the C3 in the 2,6-dimethylpyndine was said to be more favourable than the 

analogous slippage in the benzene, as there is intermixing of the % and the n orbitals in the 

pyndine this leads to more electron density on the C3 and the C5, making this reaction path 

more favourable Replacement of the CH group in the benzene by the more 

electronegative N atom leads to splitting of the degenerate eigb and elga orbitals, with the 

eigb orbital being lowered in energy Therefore its stabilisation by the dxz orbital on the 

metal is decreased, as a result of which the rf-  rj1 reaction path is more favoured
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2 1 4  Molecular orbitals for n6 pyridine vs ri pyridine

The interaction of the benzene ring with a Cr(CO) 3  unit has been discussed 

in the introduction and is depicted in Figure 4 In this study the arene employed was 

pyridine and, as indicated, the substitution of a carbon m the benzene ring for a nitrogen 

does affect the energy levels of the molecular orbitals Figure 2  2 depicts the changes in 

the molecular orbitals from benzene to pyridine The intermixing of the n and the z  

orbitals m the pyridine redistributes the electron density From the perturbations m the 

molecular orbitals on the pyridine ring it can be seen that the interaction with the eigb and 

the dyz should not be greatly different from the benzene analogue However the lowering

of the energy of the eiga leads to the destabilisation of its interaction with the d« orbital on

22the metal Therefore pyridine should be a poorer 7c-donor ligand and a better rc-acceptor 

to a metal centre than benzene

When the nitrogen binds to the metal in an t ] 1 mode, the n -» ti* transitions 

of the pyndine nng are not affected because the bonding is directly through the 

lone pair The transition from the n -> ti* level on the nng is significantly altered and the 

n7t* state becomes obscured by often energetically similar energy levels
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(Molecular perturbations o f the HOMO and LUMO levels in benzene and pyridine)

The differences between o and n bonding have also been observed in

23chemisorbed pyridine on Ni(OOl) The 7t bonded species was observed at low coverages 

and when the temperature was raised to room temperature It was found that the n~>n* 

transitions were not observed for the n bonded species in the electron energy loss study 

A strong metal to ligand charge transfer was observed for the a  bonded species, which is 

consistent with a low lying n* acceptor orbital on the pyridine
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2 1 5  Pyridine as a n6 ligand

There have been very few reported n pyridine metal complexes m the 

literature until recently 2 4  The earliest type of complex was synthesised by Timms P L 2 5  

usmg the cocondensation reaction of “hot” chromium atoms with pyridine and 

tnfluorophosphine (PF3), to form (r]6-pyndine)Cr(PF3 ) 3 The yield was very low and the 

mam products of the reaction was the a  bonded complex (a-pyndine)Cr(PF3 )5  A number

k complexes were reported employing substituted pyridine nngs, where the nitrogen was

26stencally protected by methyl groups and were produced by direct complexation of

chromium hexacarbonyl in dioxan Employing the same strategy of stencally blocking the

6 27nitrogen, bis(r| -2,6-dimethylpyndine)chromium was also synthesised In order to

prevent bonding via the nitrogen Fischer et al used TV-methyldihydropyndine ligands,

resulting in the formation of (1-methyl-1,2,-dihydropyndine)Cr(CO)3, which is complexed

via an r^-alkenyl and an r|3- 4 electron vinylamine system

Formation of an r\6 pyndine complex Mo(PMePh2)30 l6 pyndine) from a a

29bonded pyndine in Mo(N2)2(NC5H5)(PMePh2 ) 3 was reported Pyndine has also been 

reported to act as an r f  ligand when bonded to ruthenium 3 0  The polymenc complex 

[Cp*RuCl]n (where Cp* = rj5-C5Me5), was employed as a precursor for the production of 

[Cp*Ru(r| 6 pyndine)]Cl29̂  The compound Ru(Cp)(CH3CN)2(2,methylpyndme) was 

reported29̂  to thermally rearrange to Ru(Cp)(2,methyIpyndme)+

When Elschenbroich e ta l 31 reported the synthesis of bis(r|6-pyndine)Cr in 

1988, mterest was renewed for the synthesis of other r|6-pyndine complexes The
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observed from the W species was therefore considered to be LF m character and the 

emission lifetimes were in the range expected for heavy-metal complexes exhibiting 

emission which has spin forbidden character

Luminescence assigned as originating m a low lying MLCT excited state 

has been reported from complexes of the general formulae M(CO)sL and M(CO)4L2, 

where M = W, Mo, and L = an electron donor ligand, m low temperature glasses3 5  or 

matrices 3 6  The failure of group 6  metal carbonyl complexes to luminesce in solution was 

attributed to the relatively high photoreactivities and efficient nonradiative decay of the 

excited states of these complexes However, Lees reported electronic absorption, 

emission and excitation spectra obtained from a series of Mo(CO)5L species (where L was 

a series of 4-substituted pyndine ligands) in room temperature solution In the electronic 

spectra of each of the complexes the position and the intensity of a shoulder (430 - 450 

nm), observed on the more intense LF transition, was found to be dependent on the nature 

of the solvent This band was assigned to an MLCT transition, and the strongly electron 

withdrawing substituents yielded substantially lower energy MLCT absorptions Broad, 

unstructured emission with quantum yields m the order of 1 O'4-103 was reported from 

these complexes, following excitation at 436 nm, in room temperature benzene This 

emission was assigned to be from the low lying MLCT excited state Importantly, for 

Mo(CO)5(pyndine) in which the lowest lying excited state is LF in character, 3 6  no 

emission at room temperature was observed Therefore investigating a wide variety of 

M(CO)sL complexes enables the formulation of a theoretical model which embodies the
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excited state characteristics of these species and provides the possibility of excited state 

tuning

Room temperature emission was also observed from M(CO)4L2 complexes

38(L = pyridine or a substituted pyndine) Again the emission was found to originate from 

the low energy MLCT excited state For complexes of the general formula M(CO)4L (M 

= Cr, Mo or W and L = dumine ligand) the variation in energy of the MLCT state is one

39of the largest known among inorganic or organometalhc species When L is 2,2- 

bipyndme or 1,10-phenanthrohne the low lying MLCT states are well separated from the 

higher energy LF states that they offer an opportunity to study the photophysical and 

photochemical properties of the MLCT excited state exclusively
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2.2 RESULTS AND DISCUSSION

Early photochemical studies on the (r|6-arene)Cr(CO)3  system found that 

the quantum yield for the CO loss reaction (Reaction 2  3) was 0 726 and the quantum

yield for the arene exchange reaction (Reaction 2  4) was approximately one sixth of this 

value

(r|6-arene)Cr(CO)3

h v

- »
L

(r|6-arene)Cr(CO)2L + CO Reaction 2 3

(tl6-arene)Cr(CO)3

h v

- >
arene*

(r[6-arene*)Cr(CO) 3 + arene Reaction 2 4

Consequently Reaction 2 3 was studied in some detail, and the possibility 

that the arene exchange reaction was photoassisted, was largely overlooked Some 

indirect evidence of a second photoproduct, possibly one involving a nng-slip process, 

was obtained m earlier UV/vis monitored flash photolysis experiments of (r|6- 

benzene)Cr(CO)3  4 0  Additional transient signals were observed following flash 

photolysis, which could not be assigned to the known photoproduct (r|6- 

benzene)Cr(CO)2(solvent), or any species formed by a subsequent reaction of this 

intermediate It was reasoned that if there was a functionality on the arene ring that could



‘"trap” the ring slippage, pnor to the loss of the arene, it would give conclusive evidence 

for the existence of this pathway and a handle with which to study this reaction path The 

obvious choice was therefore the pyridine ring, as the metal to ligand bond is very similar 

to the (i]6-benzene)Cr(CO)3  system, however pyridine also possesses the lone pair on the 

nitrogen, which is widely known to bond to the transition metals in an ri1 fashion It was 

the ease with which the nitrogen bonded to the metals in the tj1 fashion that precluded 

earlier studies of this system, as no synthetic method had been developed to prevent this 

mode of interaction Consequently the photochemistry of (r|6-pyndine)Cr(CO)3  and its 

2 ,6 -disubstituted derivatives was investigated, by matrix isolation and time resolved 

spectroscopic techniques, in the hope of detecting haptotropic changes at the heteroarene 

ligand

2 21  Spectroscopic information

In this investigation (ri6-pyndine)Cr(CO) 3 (1) was studied in most detail 

Comparison was made with systems containing bulky groups at the 2  and 6  positions on 

the pyridine ting, for example (Ti6-2,6-dimethylpyndine)Cr(CO) 3 [(r|6-2,6- 

lutidine)Cr(CO)3] (2 ) and (r|6-2 ,6 -bis(tnmethylsilyl)pyndine)Cr(CO)3  (3)

Table 2 1 summarises the spectroscopic information obtained for the three 

compounds and compares them to the literature values Three absorptions of almost equal 

intensities are observed in the IR spectrum of compound 1, which has C8 symmetry The 

UV spectrum contains a valley at 280 nm through which it is possible to observe transient 

species in the UV flash photolysis experiments While it is thought that the band with the
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n̂ax represents the chromium to pyridine charge transfer transition, by comparison with 

the UV/vis spectra of the other (ri6-arene)Cr(CO)3  compounds Complexes of the general

formula (r|6-arene)Cr(CO)3  exhibit a number of LF and MLCT transitions, which are

Compound 1 (if-pyridine)Cr(CO)$

Vco(cm~l) ’H N M R (ppm )b ^tnax (rim) I S Sit A>max

Aa(± 1cm!) Ref 33c A (400MHz) R ef 33 A (± 2nm) A®
1997 

1938 9 
1926 8

1985
1920

6  57 (m,2H) 
5 64 (m,lH) 
5 25 (m,2H)

6  56 (m,2H) 
5 65 (m,lH) 
5 26 (m,2H)

316 8  81 x 1 0 3

Compound 2  (i f -2,6-dimethylpyridine)Cr(CO) 3

y,» (cm'1) NMR (p p m ) X̂ nax (nm) 8 St Xmax

Aa(+ 1cm ' ) Ref 26(a)d Ab(400MHz) R ef 26(af A (±  2nm) A®
1987 
1926 

1916 8

1986 
1925 
1913 1

5 65 (t,lH) 
5 12 (d,2H) 

| 2 41 (s,6 H)

4 75 (t,lH) 
4 15 (d,2H) 
2 00 (s,6 H)

318 6  0 2  x 1 0 3

Compound 3 (rf-2 ,6-bis(tnmethylsilyl)pyridme)Cr(CO) 3

Vcoicm'1)8 *H NMR (p p m )b ^max (nm)a |  8 at Amax

A(± 1cm'1) Ref 33c A (400MHz) R ef 33 A (± 2nm)
I A*

1984
1919

1924*

1980
1905

5 48 (d,2H) 
5 28 (t,lH)

I 0  32 (s,18H)

5 48 (d,2H) 
5 29 (t,lH) 

0 33 (s,18H) 324

I 7 85 x 1 0 3

Table 2 1

(a in cyclohexane, h in CDCh, c in chloroform, d in n-hexane, e in CePe* *shoulder, 

Q ±  1% L m ot1 cm 1 A = data obtained in this study 

Data in fu ll presented in Appendix 2A )
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Wavelength (nm)

Wavenumber (cm *)

Figure 2.3

(Ground state absorption spectrum and IR spectrum o f compound 1 in cyclohexane)
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present in the ground state absorption spectrum of compound 1 Figure 2 3 contains both 

a ground state absorption spectrum and an IR spectrum of compound 1 in cyclohexane 

The *H NMR data mdicates the presence of two sets of equivalent hydrogens and one 

unique hydrogen, the peaks are all shifted upfield with respect to free pyridine The 13C 

NMR spectrum was also obtained (Appendix 2 A), it indicated the presence of four unique 

carbon atoms m the molecule

The lack of symmetry makes spectral interpretation easy, as the number of 

Vco absorption bands exhibited by a particular photofragment will equal the number of 

carbonyl ligands in the fragment A decrease m the v™ frequency of the CO bands is 

observed upon méthylation of the pyridine ring (compound 2 ) This is as a result of 

increased electron density at the metal, resulting m donation to the antibonding orbitals of 

the CO ligand, thus decreasing the C-0 bond order A further decrease is observed for 

compound 3, indicating the increased electron donating ability of the tnmethylsilyl 

substituents

The UV absorption spectra of the three compounds are similar to other 

(r|6-arene)Cr(CO) 3  complexes This is illustrated in Figure 2  4, where ground state 

absorption spectra are presented of (r|6-benzene)Cr(CO)3  and (rj6-2 ,6 - 

dimethylpyndine)Cr(CO)3  ( ~ 1  4 x lO^M) are presented The spectra are very similar, the 

shoulder on the 318 nm absorption is at a slightly lower energy for the (r|6-2 ,6 - 

dimethylpyndine)Cr(CO) 3 compound
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Figure 2.4

(Ground state absorption spectra fo r (rf-benzene)Cr(C0)3 

and 2 ( ~ 1  4 x  ¡0 4M) in cyclohexane)

2 2 2 Steady state photolysis o f  (n6-pvridine)Cr(CO) ?

The photochemistry of (T]6-pyndine)Cr(CO) 3 was investigated in either CO 

saturated C J)6, CD3CN, CD3OD, or DMSO-cU and was followed by NMR 

spectroscopy (Â xc >410 nm) All the samples were degassed by three “freeze pump 

thaw” cycles (see experimental section) before addition of CO, at 1 atm pressure The 

samples were protected from the light dunng this procedure

The initial spectra of the aromatic region for (r|6-pyndine)Cr(CO) 3 in C6D6 

and CD3CN are presented in Figure 2  5 and Figure 2  6  respectively Only the parent
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(a) Time zero

(b) Time 50 minutes

(ppm)

Figure 2.5

(Steady state photolysis of (1) m C<sD6, Xexc> 410 nm)
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Figure 2.6

(Steady state photolysis of (I) m CDjCN, Xexc > 410 nm)
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bands are present before photolysis m these solvents A reduction in intensity of these 

bands are observed upon excitation at X > 410 nm (275 watt, xenon arc lamp), with 

concomitant formation of bands assigned to (r\ 1-pyndme)Cr(CO) 5  and free pyridine 

These assignments were confirmed by comparison with authentic samples of the relevant 

compounds either prepared independently, or obtained from suppliers Table 2  2  contains 

all the band positions of (Ti6-pyndme)Cr(CO)3, (r| 1-pyndine)Cr(CO)5, and pyndine in the 

deuterated solvents employed in this study It is important to note that the band positions 

for pyndine and ('n1-pyndme)Cr(CO) 5 m CD3CN are very similar This explains why 

there appears to be only one product in Figure 2  6

|| Solvent (r|6-pyndine)Cr(CO) 3

(ppm)
(ti‘-pyndine)Cr(CO) 5

(ppm)
pyndine
(ppm)

CèDî 5 74,4 32,3 91 7 83, 6  42, 5 95 8  56,7 15,6 82

CDjCN 6  70,5 8 8 , 5 48 8  62, 7 81, 7 32 8  60,7 68,7 31

CDjOD 6  67, 5 91,5 50 8  6 6 , 7 84, 7 32 8  56,7 81,7 40

DMSO-ds 6  93,6 13, 5 74 8  6 6 , 7 91, 7 43 8  58, 7 72, 7 33

Table 2.2

(  }H  NMR band positions in various solvents at 400 MHz )

IR analysis of the final solution confirmed the presence of the pentacarbonyl species, as a 

band at -2070 cm-1 was observed Unfortunately, the other two bands for this species (at 

lower wavenumbers), were obscured by the parent absorption The charactenstic band of 

chromium hexacarbonyl was also observed at 1984 cm'1, infemng that the nng-slip 

process had occurred Therefore photolysis of (r|6-pyndme)Cr(CO)3 , at X > 410 nm for
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~50 minutes in CôDô or CD3CN results m the depletion of the parent with the production 

of the (r|1-pyndine)Cr(CO)5, which in turn is photolysed to produce free pyridine and 

Cr(CO) 6  The overall reaction sequence is outlined in Scheme 2  3

hv hv

(ri6-pyndine)Cr(CO)3  - >  (ri 1_pyndine)Cr(CO)5  —> Cr(CO) 6 + pyndine Scheme 2 3
_________________ 2CO____________________ CO______________________

In these experiments the initial spectra m CD3OD or DMSO-d* before 

photolysis, shows that the parent complex is not the only species present This 

demonstrates the efficiency of these solvents m “trapping” the intermediates Every care 

was taken to prevent any stray light photolysis pnor to the initial spectrum However, 

because of the lengthy degassing procedures employed it is impossible to ensure that the 

solution was kept in the dark at all times This is a possible explanation why the 

photoproducts are observed pnor to photolysis, as can be seen m Figure 2  7 for photolysis 

in CD3OD (however a thermal process cannot be excluded) In this solvent, both free 

pyndine and (Ti1-pyndme)Cr(CO) 5 possess a peak at ~7 84 ppm (vide supra), however 

there is sufficient resolution between the other two peaks to observe the subsequent 

photolysis of the (r) 1-pyridine)Cr(CO) 5 complex to form the free pyndine Following 15 

minutes of photolysis, at A,exc >410 nm, m CD3OD, a higher percentage of the parent 

species is depleted, than was observed following -50 minutes photolysis in either CôD6 or 

CD3CN Further photolysis of the CD3OD solution resulted in noisy spectra as a result of 

the production of a precipitate
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(a) Time zero

(b) Time 15 minutes

I ' ■■■■!-------- I---------I--------- I-------- ----------------- r>. . j . . .  | ...............
9 0  8 0  7 0  6 0  5 0  4 0  3 0  2 0  1 0  0 0

PPM

Figure 2.7

(Steady state photolysis of (1) in CD3OD, > 410 nm)
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Figure 2 8

(Steady state photolysis of (1) m DMSO-d6 > 410 nm)
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Figure 2 8  depicts the spectra for the photolysis of (Ti6-pyndme)Cr(CO) 3 in 

DMSO-de The initial spectrum contains practically the same amount of photoproduct as 

parent, demonstrating the capability of the DMSO-d* to act as a donating solvent, thus 

efficiently trapping” the nng slip process This efficiency may also be reflected in the 

absence of the pentacarbonyl species in the spectrum As with photolysis m CD3OD, 

nearly all of the parent is depleted after 15 minutes

The relative quantum efficiency for the disappearance of the parent 

depends on the solvent employed and on the substituents on the pyridine nng in the 2 ,6 - 

positions, as measured by UV/vis spectroscopy Absorbances were measured at the À™ax 

for the parent species, in CO-saturated solvent The samples were then photolysed at A*xC 

>410 nm, and the decrease in absorbance was measured over the same time penod

Compound Solvent O D  difference after 
1 0  s photolysis8

Relative quantum 
efficiency (CH3OH CiHn)

(ri6-pyndine)Cr(CO)3 CH3OH 0 0376 23 1

C6Hi2 I 0 01664

(rj6-2 ,6 -lutidine)Cr(CO) 3 CH3 0 H 0 03072 33 1

CsHu 0 00932

Table 2.3

(Relative quantum efficiencies for the photochemical depletion o f compounds 1 and 2 

a average o f first two absorbance differences)

Table 2 3 gives the relative quantum efficiencies in the two solvents It can 

be clearly seen that the process is more efficient m the methanol solvent, confirming what
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has been observed in the NMR experiments The effect of the substituents at the 2 and 6  

positions on the pyridine ring could also be obtained from these experiments Depletion of 

the parent in cyclohexane is approximately twice as efficient for (î]6-pyndine)Cr(CO) 3 

when compared with (r)6-2?6-lutidine)Cr(CO)3 Figure 2  9 shows the photochemical

depletion of (rj6-2,6-lutidine)Cr(CO)3 in cyclohexane, compared to methanol

(Photochemical depletion o f 2 (A^c > 410 nm) in CM  12 or CH3OH)
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In methanol the total photolysis time is only 330 seconds, however in cyclohexane the 

compound was photolysed for a total of 780 seconds The efficiency of photodepletion of 

the (r|6-2 ,6 -bis(tnmethylsilyl)pyndme)Cr(CO) 3  compound in cyclohexane is essentially 

zero

2 2 3 Matrix Isolation Experiments

(a) The photochemistry of (t]6-pyndine)Cr(CO)3

The photochemistry of (T]6-pyndme)Cr(CO) 3  was mvestigated in a number 

of different matrices The photochemistiy was investigated in a methane matrix at 12 K at 

two different excitation wavelengths At longer excitation wavelength (460 nm) depletion 

of the parent bands (1999, 1939, and 1924 cm‘l) was observed with concomitant 

formation of three bands (1957, 1841, and 1833 cm *) This is depicted as a difference 

spectrum (Figure 2 10(a)), where the depletion of the parent bands are shown as negative 

peaks and the product bands as positive peaks As discussed previously, the number of 

CO bands for this system is related to the number carbonyl groups present m the 

photofragment provided additional symmetry is not introduced Therefore as there are 

three bands present in the product upon excitation at 460 nm, CO-loss has not occurred 

from this species This photofragment was assigned to a heteroarene ring slip product 

(rlx-pyndine)Cr(CO) 3 (x < 6 ) Confirmation that CO-loss is insignificant under these 

conditions is obtained by the failure to observe free CO in the matrix
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(Difference Spectra obtained after irradiation o f a CH4 matrix at 12 K  

containing (rf-pyridine)Cr(CO) 3 (a) A^=  460 nm (b) Xa!S= 308 nm)

\
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At shorter wavelength excitation (308 nm), two bands are observed (the 

low-energy band is subject to matrix splitting) in addition to the bands of the ring slip 

product The two bands (1945 and 1888 cm"1) can be observed in Figure 2  10(b) and are 

assigned as the CO loss product, (r|6-pyndine)Cr(CO) 2  for a number of reasons Firstly 

free CO is observed in matrix, at 2137 cm-1 Secondly, the high energy band is shifted by 

56 cm"1 relative to the equivalent parent absorption This wavenumber shift is identical to 

that observed for the (n6-benzene)Cr(CO)3  system (1983 to 1927 cm' 1) 4 1  Averaging the 

two low energy absorptions of the parent (1931 cm"1) a shift of 44 cm"1 is observed which 

compares to the shift of 38 cm 1 observed in the (r]6-benzene)Cr(CO) 3 system, (1915 to 

1877 cm l)

These results had shown that a ring shp process did occur following long 

wavelength irradiation, but the extent of the haptotropic rearrangement could not be 

determined Therefore experiments were conducted in N2 or CO-doped matrices in order 

to obtain more information about the nng slip process

Irradiation in a N2 matrix ( ^ c = 460 nm) produced three bands (1967, 

1987, and 1884 cm-1) confirming the conservation of the Cr(CO) 3 moiety (Figure 2  11(a)) 

Two bands of similar intensity were also observed m the Vnn region (2221 and 2188cm"1), 

indicative of two c/s-coordinated N2 ligands The wavenumber difference between the 

vn-n antisymmetric and symmetric vibrational modes (33 cm l) is similar to the differences 

observed for (rj5-C5H5)Nb(CO)2(N2) 2 in liquid xenon (39 cm l),
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Figure 2 . 1 1

(Difference Spectra obtained after irradiation o f a N2 matrix containing 

(rf-pyridme)Cr(CO) 3 (a) 460 nm (b) À^c= 308 nm)
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and (ti5-C5H5)V(CO)2(N2 )2  in a N2 matrix (32 cm'1) 4 2  Therefore 460 nm irradiation of 

(Ti6-pyndine)Cr(CO) 3 in N2 matrix producesfac-(r\ 1-pyndine)(N2)2Cr(CO) 3

Irradiation of a N2 matrix containing (T|6-pyndine)Cr(CO) 3 with Kxc -  308 

nm, resulted in additional bands at 1957 cm 1 and 1910 cm*1 (Figure 2  1 1 (b)) This two 

band pattern is assigned as the CO loss product, as the absorption of free CO is observed 

following photolysis (Appendix 2B(i)) Therefore both the ring slip product and the CO 

loss product are formed simultaneously in the N2 matnx In this case however, the v N-n  

bands observed following 308 nm irradiation are of different relative intensities (cf insets 

in Figure 2  1 1 ) An explanation for this is that the (n6-pyndine)Cr(CO)2(N2) species, 

possesses a v N-n  band that overlaps with the low-energy V n n  band of the fac-(t]1- 

pyndine)(N2)2Cr(CO) 3 species

Photolysis of (ri6-pyndine)Cr(CO) 3 in a CFL* CO ( 1 0  1 ) matrix with a A*xc 

of 460 nm resulted in a three band pattern (marked *, 2070, 1937, and 1916 cm 1) 

characteristic of the (r|1-pyndine)Cr(CO) 5  species with local C4v symmetry (Figure 2  1 2 ) 

Also present is a band at 1983 cm' 1 which is assigned to Cr(CO)6, which is probably 

formed by subsequent photolysis of the pentacarbonyl photoproduct If the matnx is 

further photolysed with 250 nm, bands at 2030, 1909, and 1870 cm 1 are formed 

which have been assigned to a tetracarbonyl species that is produced by CO-loss from (rj1- 

pyndine)Cr(CO)s Also formed with Xexc= 250 nm is a peak at 1956 cm 1 (Figure 2  1 2 ), 

which has tentatively been assigned as one of the bands for the Cr(CO)5(CH4) species 

(2088, 1961, and 1932 cm * ) 4 3  The band at 1961 cm 1 was found to be relatively more 

intense than the other two bands, which may explain why they were not observed This
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(Spectra obtained after irradiation o f a CH4 CO (10 1)  matrix containing 

(rf-pyridine)Cr(CO) 3 (a) /lt;X£= 460 nm (b) subsequent A^c= 250 nm)
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pentacarbonyl species could be produced by either irradiation of Cr(CO)6 or (t]1- 

pyndme)Cr(CO)5

Subsequent long wavelength photolysis (X=« = 530 nm) of the tetracarbonyl 

species regenerated the (ri1-pyndine)Cr(CO)5  complex (Appendix 2 B(u)) When an 

excitation wavelength of 370 nm was employed, Cr(CO) 6 was formed and possibly the 

Cr(CO)s(CH4) species (Appendix 2B(ui)) The results obtained when the (r\6- 

pyndme)Cr(CO) 3  compound underwent long wavelength photolysis in a methane matrix 

indicated that a nng slip process occurred The extent of this haptotropic rearrangement 

was not determined until photolysis of the compound was earned out m a CO doped and a 

N2 matnx The results obtained from irradiation of (n6-pyndine)Cr(CO) 3 in both a N2 and 

a CO doped matnx are consistent with an rj6 to an rj1 haptotropic rearrangement following 

long wavelength photolysis

(b) The photochemistry of 0 i6-2,6-bis(trimethyIsiIyl)pyridine)Cr(CO)3

The matnx photochemistry of (r|6-2 ,6 -bis(tnmethylsilyl)pyndine)Cr(CO)3  

was investigated, in order to observe the effect of the bulky substituents on the resulting 

photochemistry When the compound was photolysed at 7^c = 460 nm, in an Ar matnx 

containing 10% CO, no photochemical change was observed When an excitation 

wavelength of 250 nm was employed depletion of the parent was observed with 

concomitant growth of two bands assigned to the dicarbonyl species (1942 and 1890cml) 

This can be observed in Figure 2  13(a), where the two bands can be seen to grow m 

following the 250 nm excitation Subsequent photolysis with A*xc = 313 nm results in an
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Figure 2.13

(Spectra obtained after irradiation o f an Ar CO (10 1) matrix containing (rf -2,6- 

(TMS)pyridine)Cr(CO) 3 (a) ^ c= 250 nm, 313 nm (b) ^ c= 313 nm, K^>530 nm)
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increase in the bands assigned to the dicarbonyl species, but new bands are also observed 

at 1954, 1854, and 1845 cm' 1 These new bands are assigned to the (rj1-2,6- 

bis(tnmethylsilyl)pyndme)Cr(CO) 3 species by comparison with the photochemistry of the 

(Tl6-pyndme)Cr(CO) 3 in a methane matrix

Figure 2 13(b) shows the photoreversibility of the rj1 and the dicarbonyl 

species Following photolysis at 313 nm, (producing both the photoproducts), if the 

matrix is irradiated with white light, a depletion of these bands is observed with 

concomitant regeneration of the parent bands

The photochemistry of (r|6-2 ,6 -bis(tnmethylsilyl)pyndine)Cr(CO) 3  was also

investigated m a N2 matrix (Figure 2  14) Photolysis at 460 nm results in the production 

of a Vn-n band at 2180 cm 1 and two v«, bands at 1947 and 1904 cm 1 which are assigned

(Spectra obtained after irradiation o f a N2 matrix containing 

(rf-2,6-(TMS)pyridine)Cr(CO) 3 /Uc= 460 nm, 280 nm)
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as the dicarbonyl species (Ti6-2 ,6 -bis(tnmethylsilyl)pyndine)Cr(CO)2(N2) Confirming this 

assignment is the presence of free CO in the matrix following photolysis This process is 

not very efficient, a small amount of the ring slip product can also be observed Following 

photolysis at 280 nm slightly more of the ring slip product can be observed, however the 

bands are still weak and it proved impossible to determine if the photoproduct interacts 

with the matnx environment

2 2 4 Time Resolved Infrared Spectroscopy Experiments

The photochemistry of (r|6-pyndine)Cr(CO) 3  was investigated in CO 

saturated cyclohexane solution and was monitored by TRIR spectroscopy The 

concentration of CO in the cyclohexane solution was 9 0  x 1 0 " 3 M 4 4  Figure 2  15 

represents the difference spectrum, obtained 1 \is after excitation with a laser pulse (A*xc = 

308 nm) The negative peaks observed at 1999, 1940, and 1930 cm"1 correspond to 

depletion of the parent compound The positive peaks at 1950 and 1890 cm"1 are assigned 

to the photoproduct (rj6-pyndine)Cr(CO)2(C6Hi2) because they are at wavelengths similar 

to the bands observed for the dicarbonyl species in a CH4 matnx (vide ultra)

Examination of the negative lower frequency bands of the parent, shows that the 1940 

cm 1 band is not of the same intensity as the 1930 cm 1 band The initial spectrum of the 

compound exhibits two bands of nearly equal intensity The could be a result of overlap 

with the 1950 cm 1 band of the photoproduct
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Figure 2.15

(The TRIR spectrum obtained m room temperature CO-saturated CJtin, 

1 jus after excitation (kcxc = 308 nm) o f (rf-pyridine)Cr(CO)3)

Following -16 us a very weak band at 2066 cm 1 can be observed, also at this time a band 

at -1916 cm"1 (overlapping with the parent depletion) is present, these bands are assigned 

as the pentacarbonyl species These results indicate, that unlike the matrix results, the CO 

loss process is more efficient in solution compared to the ring slip process

The photoproducts were observed to decay over -50 |is regenerating the 

parent, although not quantitatively, according to Reaction 2 5 The rate constant for this 

reaction was determined by subtracting the koi* in the absence of CO from that in the 

presence of 9 mM CO and dividing by 9 mM, and was found to be 1 4 x 107 dm3 N fV
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(Ti6-pyndme)Cr(CO)2(C6Hi2) + CO —> (rj6-pyndine)Cr(CO)3 + Cçtin Reaction 2 5
k2

2 2 5 Ultraviolet/visible Flash Photolysis Experiments

A series of UV/vis flash photolysis experiments were undertaken in 

a variety of solvents and under different gasses The effect of changing the solvent media 

was examined for the three complexes under investigation in this study

(a) The photochemistry of (T]6-pyndine)Cr(CO )3

(1) Cvclohexane

The photochemistry of (ri6-pyndine)Cr(CO)3  was investigated by UV/vis flash 

photolysis with X*xC= 355 nm in CO saturated cyclohexane Figure 2 16 depicts a 

difference spectrum obtained 5 p.s after the laser pulse The negative peak observed at 

-330 nm represents the depletion of the parent compound The photoproducts absorb m 

the valley of the parent absorption (290 nm) and a weaker absorption is present at -500 

nm Analysis of the kinetic parameters associated with the absorption at 290 nm indicates 

that this species reacts with CO with identical k2, within experimental error, to that 

obtained from TRIR experiments (1 4 x 107 dm3 M V 1)
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Wavelength (nm)

Figure 2.16

(UV/vis difference spectrum obtained in room temperature CO saturated CM  12»

5 fis after excitation (kcxc = 355 nm) o f (rf-pyridine)Cr(CO)3)

The k2 values were obtained from different CO concentrations When the experiment is 

repeated under an Ar atmosphere, no depletion of the photoproduct, that absorbs at 290 

nm, was observed This indicates that the decay of this species has a dependence on CO 

Therefore this absorption could be assigned to the CO loss product, or possibly to the 

formation of a dinuclear species formed in the absence of CO

Under a CO atmosphere the parent absorption that is monitored at 330 nm 

recovers by two temporally resolved processes The slower process, 1 e that occumng 

after the time indicated by the arrow in Figure 2 17, corresponds to the reformation of the
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Figure 2.17

(The transient signal obtainedfollowing photolysis ( k ^  = 355 nm) o f 

(rf -pyridme)Cr(CO) 3 in room temperature, CO saturated, CM  12, monitored at 330 nm)

(r]6-pyndine)Cr(CO)3  species via the reaction depicted in Reaction 2 5 The value for k2 

for this reaction is 1 1 x 107 dm3 NT's1 when the concentration of CO is 9 0 x 10'3 M, as 

presented in Table 2 4 This value is not identical to the value obtained at 280 nm 

although it is within experimental error, however the transients at 330 nm are noisier, 

possibly explaining the difference observed When the concentration is decreased by half, 

to 4 5 x 10‘3 M, the rate is similarly affected dropping to 6 3 x 106 dm3 NT’s 1 Therefore 

confirming the assignment of this process as the recombination of the dicarbonyl species 

with CO reforming the parent Examination of the transients indicate that the process is 

not fully reversible
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[CO] (M) 1 koUs'1)
9 0 x 10'3 1 1 1 x 107
4 5 x 10'3 I 6 3 x 106

Table 2 4

(kobsfor Reaction 2  5  at different concentrations o f CO)

The faster process, up to the time indicated by the arrow m Figure 2 17, is 

completed within the rise time of the current equipment (-40 ns) This process has been 

assigned to the recovery of (rj6-pyndine)Cr(CO)3 from the (Ti1-pyndine)Cr(CO)3 

intermediate

(2) Acetomtnle

The photochemistry of (rj6-pyndine)Cr(CO)3 was investigated by UV/vis flash 

photolysis with 355 nm in CO saturated acetomtnle Acetomtnle is a better 

coordinating solvent than cyclohexane, because of the lone pair on the nitrogen 

Formation of a band with at 500 nm was observed, which did not decay within the 

time scale of this expenment The fast process assigned as the reversal of the ring slip 

process could be observed at 310 nm (Figure 2 18) A photoproduct was found to absorb 

in the same region as the parent species, the formation of this photoproduct could be 

observed, again not decaying withm the timescale of the expenment This photoproduct 

could possibly have been the (r|6-pyndine)Cr(CO)2(CH3CN) species
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Figure 2.18

((The transient signal obtained following photolysis (KxC = 355 nm) o f 

(rf-pyridme)Cr(CO)s m room temperature, CO saturated, CH£N, monitored at 310 nm)

The ground state UV/vis spectrum, obtained during the flash photolysis 

experiment, reveals some information about the spectrum of this photoproduct 

Examination of the spectrum (Figure 2 19) reveals that a band is produced at -410 nm 

This band is assigned as a pentacarbonyl species, which could be the (r|1-pyndine)Cr(CO)5 

or the Cr(CO)5(CH3CN) compound The spectrum of the (ri1-pyndine)Cr(CO)5 

compound in acetomtnle is similar to the photoproduct formed following photolysis A 

band can also be observed growing m at -500 nm, this absorption is assigned to the 

relatively stable species (rj6-pyndine)Cr(CO)2(NCCH3 ) (vide ultra) The depletion of the 

parent band can also be observed at 330 nm
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Figure 2.19

(Ground state absorption spectrum o f (if-pyridine) Cr(CO) 3 following photolysis 

(kcxc = 355 nm) in room temperature, CO saturated, acetonitrile)

An infrared spectrum obtained of the solution after the experiment confirms 

the presence of a pentacarbonyl species and also indicates the presence of Cr(CO)6 The 

bands are broad as would be expected m acetonitrile The characteristic band of Cr(CO)6 

can be observed at 1984 cm'1 The two lower absorption bands of the pentacarbonyl 1 

compound are overlapping with the parent, but broadening of the parent bands are 

observed, indicating the presence of some other species The proof for the existence of 

this pentacarbonyl species in the solution comes from the presence of the distinctive ai 

band observed at 2071 cm 1 A spectrum was obtained of (rj1-pyndine)Cr(CO)5 m
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acetomtnle and the positions of the bands were identical with those found in this 

experiment

(b) The photochemistry of (T]6-2,6-Iutidme)Cr(CO)3

(1) Cvclohexane

The photochemistry of (t]6-2,6-lutidine)Cr(CO)3 was also investigated by UV/vis 

flash photolysis with X^c = 355 nm in CO saturated cyclohexane Photoproducts were 

observed at similar wavelengths to those seen for the (T]6-pyndme)Cr(CO)3 system 

Figure 2 20 depicts the transients observed at two different wavelengths The first 

transient observed at 280 nm corresponds to the formation of the dicarbonyl species and 

its subsequent recombination with CO The second represents the depletion of the parent 

absorption (330 nm), followed by its biphasic recovery, which corresponds to the fast 

reversal of the ring slip product and the slower recombination of the dicarbonyl species 

with CO Examination of the kinetic parameters of the recombination of the dicarbonyl 

species with CO, according to Reaction 2 6 (S = cyclohexane), yields a k2 value of 1 5 x 

107 dm3 NT’s 1 (a t 280 nm)

k2
(r)6-2,6-lutidine)Cr(CO)2(S) + CO —> (T)6-2,6-lutidme)Cr(CO)3 + S Reaction 2 6
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(a)
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Figure 2.20

(The transient signals obtained following photolysis, (kcxc=355 nm) o f 

(rf-2,6~lutidme)Cr(CO) 3 in CM  12 (CO), monitored at (a)280 nm, (b) 330 nm)
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In Figure 2 20 the kobs obtained for the recombination with CO are shown, the k2 values 

can then be found by, dividing this value by the concentration of CO (9 0 x 10“3 M)

The ground state absorption spectra obtained during the flash photolysis 

experiment exhibits a sharp isosbestic point at -298 nm The parent absorption decreases 

during the experiment, which agrees with the results of the flash photolysis experiments 

observed in Figure 2 20 The transient signals indicate that Reaction 2 6 in not totally 

reversible, and that the parent depletion does not fully recover on the fimte-scale of this 

experiment, which would explain the decrease in the parent absorption

When the experiment is repeated under an Ar atmosphere, depletion of the 

parent absorption is observed at 330 nm, but this time no recovery is observed The 

transient at 280 nm shows the formation of the dicaibonyl species, this species does not 

decay m the time scale of the experiment (100 |j,s) Ground state UV/vis absorption 

spectra obtained dunng the experiment are similar to those obtained under a CO 

atmosphere This indicates the isosbestic points, observed m both spectra, could be a 

result of the formation of the (r|6-2,6-lutidine)Cr(CO)2(C6Hi2) species However under 

the At atmosphere the presence of a dinuclear species cannot be discounted

(2) Acetomtnle

The photochemistry of (r|6-2,6-lutidine)Cr(CO)3 was investigated by UV/vis flash

photolysis with Âxc = 355 nm in CO saturated acetomtnle A transient signal was

observed at 280 nm assigned to the dicarbonyl species, (rj6-2,6-lutidine)Cr(CO)2(S),

where S is acetomtnle This species was not observed to react with CO No transient
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signal was observed at 500 nm in this experiment, unlike the (t]6-pyndine)Cr(CO)3  

experiments The ground state absorption spectra obtained during the flash photolysis 

experiment exhibits an isosbestic point at -300 nm A band can be observed growing at 

-500 nm, corresponding to the (t]6-276-lutidine)Cr(CO)2(S) species (Figure 2 21)

Another weak band can be observed at -400 nm, which could possibly be a pentacarbonyl 

species, either (rj1-2,6-lutidme)Cr(CO)5 or Cr(CO)s(CH3CN) This is confirmed by an IR

(Ground state absorption spectrum o f (rf-2,6-lutidine)Cr(CO) 3 (~I 3 x  10 4M) following 

photolysis (Kckq = 5-55 nm) m room temperature, CO saturated,\ acetomtrile)

spectrum obtained of the final solution, again exhibiting the distinctive 2074 cm'1 band of 

the pentacarbonyl species (Figure 2 22) Two bands are assigned to the dicarbonyl species 

(rj6-2,6-lutidme)Cr(CO)2(CH3CN), because of their similarity to the bands observed in the
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Figure 2.22

(1R spectrum o f the solution obtained following photolysis o f (i f- 2,6-lutidine)Cr(C0) 3 

(Kxc = 355 nm) in room temperature, CO saturated, acetomtrile)

methane matrix for the (r|6-pyndine)Cr(CO)2(CH4) species (1945 and 1888 cm'1) No 

Cr(CO)6 was observed in this experiment, the Cr(CO)6 is presumably formed by the 

photolysis of the pentacarbonyl species The photolysis time in this experiment was 

shorter than the corresponding experiment conducted with the (r|6-pyndme)Cr(CO)3 

compound This could possibly result in an insufficient amount of the pentacarbonyl 

species being formed, hence preventing the production of Cr(CO)6
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(c) The photochemistry of (r]6*2)6-bis(trimethylsilyl)pyndine)Cr(CO)3

(1) Cyclohexane

The photochemistry of (r]6-2,6-bis(tnmethylsilyl)pyndme)Cr(CO)3 was 

investigated by UV/vis flash photolysis, with X^c = 355 nm m CO saturated cyclohexane 

A transient absorption was observed at 280 nm, and this species reacted with CO with a k2 

value 1 6 x 108 dm3 M'1 s"1 according to Reaction 2 7, (where TMS = 2,6- 

bis(tnmethylsilyl) and S = cyclohexane) This k2 value was obtained by dividing the by 

the concentration of CO at 1 atm of CO

k2
(Tl6-(TMS)pyndine)Cr(CO)2(S) + CO (ri6-(TMS)pyndine)Cr(CO) 3  + S Reaction 2 7

The transient signal observed at 280 nm is shown in Figure 2 23(a) From this it can be 

seen that the species responsible for the absorption decays fully to regenerate the parent 

complex At 330 nm both the very fast reaction assigned to the reversal of the ring slip 

process and the recombination with CO is observed (not illustrated) No transient species 

is observed at 500 nm

The ground state absorption spectra obtained during the flash photolysis 

experiment shows no change, which is consistent with the reversibility observed for the 

transient species Consequently the IR spectrum of the final solution also shows no 

photoproducts

Figure 2 23(b) shows the transient signal observed at 280 nm under an Ar
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(b)
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Figure 2.23

(The transient signals obtained following photolysis, (kcxc = 355 nm) o f 

(r f -2,6-(TMS)pyridine)Cr(CO)3 in CM  12 monitored at 280 nm (a) CO (b) Ar)

atmosphere, in cyclohexane This could be the (r]6-2,6-(TMS)pyndine)Cr(CO)2(S) species 

or possibly a dinuclear species not involving the arene ring, as the substituents would 

probably hinder this interaction This transient signal did not decay on the timescale of the 

experiment

The ground state absorption spectrum monitored during the experiment in 

the absence of CO, exhibits depletion of the parent complex with concomitant growth of 

bands at -  260 nm and 280 nm and a weak broad band in the visible region (440 to 520 

nm) The IR spectrum of the final solution shows the production of bands at -1870 cm’1 

and a shoulder on the parent band —1934 cm 1 similar to the bands observed for the
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dicarbonyl species in an Ar CO matrix (1890 and 1942 cm'1), supporting the assignment of 

this species as the (t]6-2,6-(TMS)pyndine)Cr(CO)2(S) complex

(2) Acetomtnle

The photochemistry of (r|6-2,6-bis(tnmethylsilyl)pyndine)Cr(CO)3 was 

investigated by UV/vis flash photolysis with Xcxc = 355 nmin CO saturated acetomtnle 

The formation of the dicarbonyl species, (ri6-2,6-(TMS)pyndine)Cr(CO)2(S), is observed 

at 280 nm, which does not decay within the timescale of the experiment No transient 

signals were observed at 500 nm The ground state absorption spectrum depicted in 

Figure 2 24 shows the growth of two bands assigned to (t|6-2,6-(TMS)pyndine) 

Cr(CO)2(CH3CN) at -  260 and -  500 nm Unlike the (r|6-pyndme)Cr(CO)3 and

Figure 2 24

(Ground state absorption spectrum o f ( i f  -2,6-(TMS)pyridine)Cr(CO)3 following 

photolysis (kcxc = 355 nm) m room temperature, CO saturated acetomtnle)
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(il6-2,6-lutidine)Cr(CO)3 systems no band at -  400 nm is observed, indicating that no (tj1-

2,6-(TMS)pyndme)Cr(CO)5 or Cr(CO)5(CH3CN) is formed This is confirmed by the IR 

spectrum, the only photoproducts observed are assigned to the dicarbonyl species, (1945 

and 1870 cm’1) (ti6-2,6-(TMS)pyndme)Cr(CO)2(CH3CN)

2 2 6 Discussion

The formation of (<n1-pyndme)Cr(CO)5  and ultimately Cr(CO)6 as a result 

of the photolysis of (r|6-pyndine)Cr(CO)3 m the presence of CO, demonstrates that CO- 

loss is not the only photochemical route accessible to this complex If this were the case, 

then no photochemical change would be apparent under these conditions The efficiency 

of this photochemical process is dependent on the nature of the solvent and the 

substituents a-to the nitrogen on the pyridine ring From the steady state experiments 

(Section 2 2 2) it can be seen that photolysis m solvents with a Lewis base character (e g 

methanol or dimethylsulphoxide) results in a more efficient formation of the pentacarbonyl 

species and the free pyridine, than photolysis in cyclohexane, benzene, or acetomtnle 

This suggests that solvents play a role in stabilising the intermediate formed from the 

haptotropic rearrangement of the pyndine nng The UV/vis flash photolysis expenments 

(Section 2 2 5) of the three compounds, demonstrate the effect of the substituents a-to the 

nitrogen on the pyndine nng When hydrogen atoms are present at the 2 and 6 positions 

the pentacarbonyl species is formed However, bulky tnmethylsilyl groups appear to 

hinder the production of the pentacarbonyl species The matnx isolation expenments



prove to be valuable in determining the nature of the intermediate formed via the ring slip 

process

The photochemistry of (rj6-pyndme)Cr(CO)3 , isolated m a range of low 

temperature matrices exhibited a wavelength dependency Long wavelength irradiation 

(tac = 460 nm) results in an haptotropic change of the pyndine ring coordination This 

was observed in a methane matrix, where the photoproduct possessed a three band pattern 

in the Vco region which corresponds to the number of CO ligands present Therefore no 

CO loss occurred, further supported by the absence of a band associated with free CO in 

the matrix, and the only photochemistry mvolved an hapticity change of the pyndine 

coordination The photochemistry of (r]6-pyndine)Cr(CO) 3  was investigated in a nitrogen 

matnx to elucidate the extent of this hapticity change The results suggested that an rj6 to 

rj1 haptotropic rearrangement occurred producing the 14 electron, doubly coordmatively 

unsaturated, (ri1-pyndine)Cr(CO)3, which subsequently coordinates to two N2 molecules 

This species, i/i3rc-(t)1-pyndme)(N2)2Cr(CO)3 has two absorption bands in the Vn-n region 

Following long wavelength irradiation (^cxc==460 nm) in a CO nch matnx (r\l- 

pyndme)Cr(CO)5  is predominantly formed, the tetracarbonyl compound is only produced 

following subsequent photolysis of the pentacarbonyl species (KxC = 250 nm)

Regeneration of the pentacarbonyl species occurs following white light photolysis of the 

tetracarbonyl photoproduct Therefore the results from these two matnx environments 

suggests, that absorption of a visible photon, generates two vacant coordination sites on 

the metal, as a result of the y\6 to r)1 haptotropic rearrangement of the pyndine nng as 

depicted in Scheme 2 4
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Shorter wavelength irradiation (308 run) of (n6-pyndme)Cr(CO) 3  isolated 

m a CH4 matrix produced two photoproducts Again the (V-pyndine)Cr(CO)3 species 

was observed, and also further bands at 1945 and 1888 cm 1 In these expenments a band 

assigned to free CO was also observed These bands were assigned to the CO loss 

product, because of the presence of free CO in the matrix Confirmation of this 

assignment was attained by a comparison of the shifts m the band positions, between the 

parent to the photoproduct, relative to the shifts observed for the (ti6-benzene)Cr(CO)3 

system The high energy band of the photoproduct is shifted by 56 cm 1 compared to the 

parent compound in both the (r|6-benzene)Cr(CO) 3  and the (n6-pyndine)Cr(CO) 3  systems 

Averaging the lower energy absorptions, results in a shift of 44 cm 1 for the (r|6- 

pyndine)Cr(CO)3 system, this is similar to the shift observed for the (ri6-benzene)Cr(CO)3 

system (38 cm'1) Therefore the photochemistry of (n6-pyndine)Cr(CO)3 exhibited a 

wavelength dependence when isolated in a range of matrices Long wavelength photolysis 

resulted in an haptotropic rearrangement of the pyridine nng, without any CO-loss, (which 

is the most common photoproduct observed upon photolysis of (n6-arene)Cr(CO)3  

compounds), whereas shorter wavelength photolysis produced both (r\6- 

pyndme)Cr(CO)2(S) and also the ring slip product
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The matrix photochemistry of (r]6-276-bis(tnmethylsilyl)pyndine)Cr(CO)3 

was examined to investigate the effect of the bulky substituents on the photochemistry of 

this system In contrast to the photochemistry of the unsubstituted analogue described 

above, no evidence for the production of a pentacarbonyl or hexacarbonyl species was 

obtained, following photolysis of the TMS derivative In fact when the compound was 

photolysed with an excitation wavelength o f460 nm, no photoproducts were observed m 

the IR spectrum Irradiation with = 313 nm produced both the nng-slip and CO-loss 

species, although the absorption bands of the ring slip product were weak The

(The UV/vis spectrum o f (rf-pyridine)Cr(CO)3 in a CH4 matrix at I2K  (—), and the same 

matrix following irradiation 60 s with = 308 nm (— ) These spectra are not
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photoproducts underwent photoreversal upon white light photolysis, this may explain the 

lack of photoproducts observed following 460 nm irradiation, which may simply reflect an 

efficient photoreversal of the nng-shp product Figure 2 25 shows that the photoproducts 

formed following 308 nm irradiation of (r|6-pyndine)Cr(CO) 3  in a methane matrix, which 

exhibit a broad absorption m the visible region of the spectrum When the photochemistry 

of (rj6-2,6-bis(tnmethylsilyl)pyndme)Cr(CO)3 is investigated m a N2 matrix, the 

predominant photoproduct is the dicarbonyl species, even following long wavelength 

irradiation However the process is very inefficient Weak bands were observed which 

could be assigned as the nng-shp product, however these bands were so weak it proved 

impossible to detect any v N-n  bands associated with this species Therefore it is not 

possible to ascertain if the nng-shp product interacts with the N2 matnx UV/vis flash 

photolysis expenments of (rj6-2,6-bis(tnmethylsilyl)pyndme)Cr(CO)3 in acetomtnle 

provided no evidence for the presence of the pentacarbonyl species, unlike analogous 

expenments involving (ri6-pyndine)Cr(CO)3 and (r)6-lutidine)Cr(CO)3 Possibly indicating 

that, interaction of the environment with the two vacant coordination sites (produced by 

the nng slip process), is hindered by the two bulky substituents a-to the nitrogen on the 

pyndme nng

In order to investigate the effect of these substituents, when the pyndme 

nng is bound to the metal via the rj1 interaction, the X-ray data obtained (Chapter 3) for 

the (r|6-2,6-bis(tnmethylsilyl)pyndine)Cr(CO)3 compound was examined Using the 

‘TJNLOCK MODEL” facility in Schakal -9245 the chromium tncarbonyl unit was located 

2 0 A from the nitrogen atom This is approximately where it would be following an v f to
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V  haptotropic shift Analysis of the close contacts for this onentation indicated that there 

was sufficient freedom to permit coordination of the pyndine nitrogen atom to the 

chromium tncarbonyl unit, but not to higher order carbonyl units or additional solvent or 

matnx molecules This explains why the presence of the tnmethylsilyl groups a-to the 

coordinating nitrogen atom prevents the formation of the metal pentacarbonyl or metal 

tetracarbonyl species

The photochemistry of (r|6-pyndme)Cr(CO)3 was investigated in 

cyclohexane and monitored by TRIR The results indicated that the primary photoinduced 

process resulted in the production of the dicarbonyl species, only very weak bands 

associated with the pentacarbonyl species were subsequently observed Two plausible 

explanations are possible for this observation

Firstly, that the nng slip process is only observed as a result of secondary 

photolysis of the CO loss product If this were the case then the ring shp product would 

only be observed following steady state photolysis and not be observed following pulsed 

laser photolysis This explanation is discounted on two grounds, firstly the nng slip 

product is observed in the matnx expenments, following long wavelength photolysis, in 

the absence of any dicarbonyl species being present Secondly, photolysis of the 

dicarbonyl species results in regeneration of the parent species and not the nng-slip 

product

The second explanation for the difference between the matnx results and 

the TRIR results concur with the results obtained m the UV/vis flash photolysis 

expenments Momtonng the recovery of the depleted parent absorption at 330 nm

131



following pulse photolysis at 355 nm, demonstrated that the recovery followed a biphasic 

time profile The faster of these recoveries, measured to occur within 40 ns, was assigned 

to the reversal of the nng-slip process This process would then occur within the nse-time 

of the TRIR equipment, preventing any observation of this process As the TRIR 

experiments were earned out in cyclohexane which, according to the UV/vis results, does 

not act as an efficient “trap” for the ring slip product, only a small amount of the 

pentacarbonyl species would be formed This leads to the conclusion that although the 

ring slip process accounts for a significant proportion of the energy absorbed, it does not 

lead to discernible photoproducts in solution unless the t]1 species is trapped” by a donor 

solvent

The k2 values obtained from TRIR and UV/vis flash photolysis expenments

for Reaction 2 8 are the same within expenmental error The TRIR results were obtained

by subtracting the kob* in the absence of CO from that m the presence of 9 mm CO and

dividing by 9 mm The UV/vis results were obtained by dividing the k ^  by the

concentration of CO at different concentrations of CO

—

(ri6-pyndine)Cr(CO)2(C6Hi2) + CO —> (ri6-pyndine)Cr(CO) 3  + C<iHi2 Reaction 2 8

Table 2 5 contains a summary of the k2 values obtained from UV/vis flash photolysis 

expenments, for the reaction of the solvated complexes with CO It can be seen that the
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L k2 (dm3 N T 's1) I 
[cyclohexane (±1 0 %)] 1

pyndine 1 4 x 107

2 ,6 -lutidine 1 5 x 107

2 ,6 -bis(tnmethylsilyl)pyndme 1 6  x 1 0 ®

Table 2.5

(The second order rate constants (k^ fo r the reaction o f 

LCr(CO)2(S) with CO at 298 K)

rates for the reaction when the arene ligand is pyridine or 2 ,6 -lutidme do not differ greatly 

However the rate for the reaction, when the substituents are the bulky tnmethylsilyl 

groups, is one order of magnitude faster This increase m rate with increasing substitution 

on the arene ring has been observed previously 4 6 ,4 0  Results obtained by Poliakoff et a l4 5 

indicated that substitution of the cyclopentadienyl ring changes the rate of reaction of the 

(rj5-C5R5)Mn(CO)2(rt-heptane) intermediates with CO, where R = H, CH3, or C2H5 As 

the electronic factors for the ligands when R is CH3 or C2H5 are similar, it was suggested 

that the origin of the variation in rates was stenc rather than electronic As the 

tnmethylsilyl ligands do differ electronically from the H and CH3 ligands, both stenc and 

electronic factors may play a role m increasing the rate of the reaction of (rj6- 2 ,6 - 

bis(tnmethylsilyl)pyndine)Cr(CO)2(S)

Scheme 2  5 summanses the overall photochemistry and subsequent thermal 

reactions of the (r|6-pyndine)Cr(CO) 3 compound The photochemistry of the (r|6-2 ,6 - 

lutidine)Cr(CO) 3 is very similar to the reactions represented in Scheme 2  5 However the 

photochemistry of the (r|6-2,6-bis(tnmethylsilyl)pyndine)Cr(CO) 3 does differ from the
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134



above scheme The bulky substituents a-to the nitrogen on the pyridine ring play a role in 

hindering the ring slip process Therefore although this haptotropic rearrangement does 

occur, reactions ( iv ) ,  (vi), or (vn) m Scheme 2 5 do not proceed for this complex The 

photochemistry of this complex is dominated by the extreme photoreversibility of the two 

photochemical pathways, resulting in a very photostable system compared to the other 

two complexes 

2 2 7  Conclusions

Although the photochemistry of this system is relatively simple, a variety of 

techniques were required to elucidate the photochemical pathways of the (r|6- 

pyndine)Cr(CO)3  compound When the data collected from the different techniques were 

compared, a complete picture of the photochemistry of this system was possible If 

however, only the TRIR technique was employed, an overly simplistic interpretation of the 

photochemical routes available to these compounds, would have been obtained

This study has demonstrated the importance of the ring slip process m the 

photochemistry of the (r]6-arene)Cr(CO)3 complexes The lone pair on the nitrogen has 

acted as a very efficient trap for this process, even when it is stencally hindered by 

substituents a-to the nitrogen These results have also confirmed the importance of the 

solvent environment when investigating the photochemistry of organometallic compounds 

For instance when the photochemistry is earned out in a solvent with a strong Lewis base 

character, more of the products formed via the nng slip process can be observed 

However investigation in a solvent that is a weaker base, could result in this process being 

missed entirely, as a result of its high reversibility
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3.1 LITERATURE SURVEY

3 1 1  X-ray single crystal diffraction

The essential feature of a crystal is its internal regularity, not its external 

form Occasionally objects have gleaming feces, which are generally associated with 

crystals, and turn out to be amorphous Some crystals appear to lack any gleaming faces 

and actually prove to be crystalline Therefore the internal regularity is the determining 

factor in identifying a crystal A crystal consists of a repetition of three dimensional blocks 

which are called the unit cells Each of these unit cells may contain one or more 

molecules, and all the unit cells are identical The shape of the unit cell is characteristic of 

the material involved These shapes can be grouped into families, which are known as 

crystal systems

Diffraction methods for determining structural information are all based on 

the same theory The methods differ from each other mainly m the source of the beam 

that strikes the atoms The beam could consist of X-rays, neutrons or electrons and the 

each method has different advantages and restrictions When a beam of X-rays stakes 

two atoms, the scattered X-ray beams in a certain direction will be out of phase with each 

other to an extent that depends on the wavelength of the X-rays, the distance between the 

atoms, and their orientation This phase difference could either result in the beams 

cancelling each other out, resulting in a reduction of the diffracted beam, or constructive 

interference resulting in a stronger beam
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X-ray diffraction from single crystals is by far the most important of all the 

structural techniques, with about 10,000 structures being reported every year This 

technique allows the precise measurement of bond angles and bond lengths The X-rays 

are diffracted by the electrons m the atoms, this results m one of the limitations of this 

technique If the molecule contains “heavy” atoms, (i e those of high atomic number 

containing many electrons), these atoms will influence the scattering more than the lighter 

atoms, thus possibly obscuring the presence of these smaller atoms Hydrogen atoms are 

particularly affected by this, thus the errors in the hydrogen positions are greater than the 

larger atoms Therefore the positions of the hydrogen atoms are often assumed The 

neutron diffraction technique can be employed to locate the hydrogen atoms, as the 

neutrons are diffracted by the nuclei, however a source of neutrons is very expensive 

therefore this technique is not as widely employed as the X-ray diffraction method Even 

with the lack of information of the lighter atoms, this method has been employed to 

analyse the structure of complicated crystals, containing hundreds and thousands of atoms 

in the unit cell Since the location of an atom in the molecule, obtained from X-ray 

diffraction, is an average of all the positions it occupied during the determination, the 

resultant structure is often presented in terms of thermal ellipsoids These are probability 

indicators of where the atoms are most likely to be found

3 12  Crystal structures obtained o f related compounds

The three compounds examined in this study all contain a pyridine ring, or 

a substituted pyndine ring, bound in a r\6 fashion to a chromium atom The crystal
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structure of bis(r|6-2,6-dimethylpyndine)Cr has been reported 1 It was found that the 

crystals exhibited two different morphologies, one proved to be tnclimc (Form A) and the 

other form was orthorhombic (Form B) In the tnclimc form the chromium was found to 

be an inversion centre and the pyndme nngs were stnctly parallel The orthorhombic form 

contains a C2 axis that is parallel to the mtrogen and the para carbon, and contains 

chromium The methyl groups are staggered with respect to the groups on the opposite 

nng

The geometrical features of the two morphologies are similar, the crystal to 

nng atom distances are 2 136 A for both forms For comparison the mean Cr-C distance 

m bis(n6-benzene)Cr is 2 142 A,2 or 2 13 A,3 and in (ri6-benzene)Cr(CO)3  the distance has 

been reported as 2 243 A4 or 2 221 A 5 The pyndine nngs were found to be planar in the 

tnclimc form, but slightly boat shaped in the orthorhombic form, with the nitrogen and the 

para carbon being slightly distorted towards the Cr atom The methyl groups in the 

tnclimc form he out of the pyndine plane and away from the Cr, however no deviation 

from the pyndme plane is observed for the orthorhombic crystal

Elschenbroich e ta l6 substituted the pyndine nng at the 2 and 6 positions 

with the bulky tnmethylsilyl groups, which prevented the nitrogen being a  bound to the 

metal Therefore the pyndine nng could be complexed to chromium in an r f  fashion and 

then the bulky substituents could be removed to produce the bis(r|6-pyndine)Cr 

compound Crystals were grown of this compound, it was found that the average Cr to 

carbon (or mtrogen) in the nng was 2 133 A, which was very similar to the average 

distance observed in the bis(r|6-2,6-dimethylpyndine)Cr complex The carbon to mtrogen
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bond distance in “free” pyridine, obtained from microwave measurements, was reported to 

be 1.34 A,7 in this compound it was found to be 1.38 A. The carbon to carbon distances 

were the same, 1.40 A in both cases. The internal angles at the nitrogen and the two 

carbons meta to the nitrogen are practically the same 118°, the carbons at the 4 and 6 

positions have angles o f-121°, however the angle at the carbon at the 2 position is 123°, 

which is close to the value for free pyridine at this position, 124°.

Table 3.1 contains a summary of the bond lengths, and Table 3.2 contains 

the bond angles at the respective atoms, obtained for the pyridine ring in the three different 

compounds. The individual atoms are numbered as depicted in Figure 3.1.

(Numbering employed for the atoms in the pyridine ring in Table 3.1 and 3.2)

Bonds Free pyridine bis(rj6-2,6-dimethylpyridine)Cr 1 bis(ri6-pyridine)Cr

Form A Form B

n -c 2
,

1.34 (5) 
.................

1.405 (11) 1.382 (4) 1.38(4)

c2-c3 1.39(5) 1.386(13) 1.390 (6) 1.40 (4)

C3-C4 1.40 (5) 1.394(14) 1.394 (6) 1.39(4)

C4-C5 1.40 (5) 1.423 (13) 1.413 (6) 1.40 (4)

c5-c6 1.39 (5) 1.372(12) 1.395 (5) 1.41 (4)

c 6-n 1.34(5) 1.373 (11) 1 1.378(4) 1.38(4)
1---....... ..................... ....... :

Table 3.1
(Bond lengths (A) in the pyridine ring obtained from references 7, 1} and 6)
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Bond Angles 1 Free pyridine bis(r)6-2,6-dirnethylpyndine)Cr 11 bis(n6-pyndine)Cr J
Form A FormB

N 1167 116 8(7) 116 9(2) 118 0(3)

c2 124 121 0 (8) 122 3 (3)
-

123 4 (3)

c3 1186 122 3 (8) 120 5 (3) 117 3(3)

c4 118 1 115 8(9) 117 8(4) 121 5 (3)

c5 1186 121 1 (8) 119 4(4) 118 7(3)

C6
II---------------------

124
.....................

122 9 (7) 122 8 (3) 121 3(3)

Table 3.2

(Bond angles (°) at the relevant atom m the pyridine ring from  references 7, 1, and 6)

3.2 RESULTS AND DISCUSSION

The full lists of data are presented in Appendix 3, including the tables 

containing the crystal data, intensity measurements, and refinements for the three 

compounds

3 2 1  Data collection for (ri6-vvridme)Cr(CO) ?

The compound (r|6-pyndine)Cr(CO)3  was synthesised by the method 

described by Davies and Shipton and suitable crystals were grown from diethyl etherIn- 

hexane solution Collection of the crystallographic data was earned out with an Enraf- 

Nomus CAD-4 diffractometer, at Trinity College Dublin
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A yellow crystal of dimensions 0 9 x 0 8 x 0 6  mm was selected for the 

molecular structure determination Mo Ka radiation with A, of 0 71069 A was used in the 

analysis of the compound at 293 K The number of reflections measured was 1589, and 

the index range was h = -10 to 9, k = 0 to 7, and 1 = 0 to 10 The umt cell was found to 

be monocluuc with unit cell dimensions of a = 10 752 (5) A, b = 7 652 (5) A, and c =

11 110 (2) A and P = 111 8 (5)° The density was calculated to be 1 684 g cm-3 The 

space group P2i/c was established with Z = 4

Data reduction was earned out usmg NRCVAX DATRD29, programs that 

were employed to solve the structure NRCVAX SOLVER, and to refine the structure 

NRCVAX LSTSQ John N Low at the University of Dundee assisted in solving the 

structure of this compound Molecular graphics were obtained by ORTEPH 10 The 

hydrogen atoms were located on a difference map and then given normalised bond lengths 

of 1 08 A and allowed to nde on their parent atoms The final calculated R values were 

R = 0 044 and wR = 0 061

3 2 2 Molecular structure o f (n6-pyridine)Cr(CO) ?

Figure 3 2 contains a view of the molecule with atomic numbenng scheme 

The atoms are depicted as displacement ellipsoids drawn at the 30 % probability level

Table 3 3 contains the fractional atomic coordinates and equivalent isotropic displacement
/

parameters Table 3 4 contains selected geometnc parameters for ('n6-pyndine)Cr(CO)3 

Table 3 5 contains a selected bond angles for the compound
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Figure 3.2
(ORTEP diagram for the molecular structure o f (if-pyndine)Cr(CO) 3 

Hydrogen atoms omittedfor clarity )

Atom |L . » 1 y z J1 u «
Cri I 0 24257 (5) 0 02605 (9) 018428(5) 1 0 0427 (6)

C1 0 3175 (4) -0 0975 (7) 0 3383 (5) 0 070 (3)

0 1 0 3647 (3) -0 1745 (6) 0 4330 (3) 0111(3)
C2 0 1775 (4) -0 1758 (6) 0 1000 (4) 0 058 (3)

0 2 0 1344(3) -0 3074 (5) 0 0447 (3) 0 089 (3)

C3 0 0883 (5) 0 0442 (5) 0 2178 (4) 0 052 (3)
03 -0 0076(4) 0 0527 (5) 0 2408(3) 0 076 (2)

N il 0 3461 (4) 02752(5) 0 2494 (4) 0 072 (3)
C ll 0 2300 (5) 03047(6) 0 1449 (6) 0 074 (4)
C12 6 1985 (4) 0 2192 (6) 0 0255 (4) 0 064 (3)
C13 0 2871 (4) 0 1000(6) 0 0121 (4) 0 063 (3)
C14 0 4082 (5) 0 0677 (6) 0 1161(4) 0 061 (3)
C15 0 4319(4) [  0 1561 (6) 1 0 2304 (4) 1 0 066 (3)

Table 3 3
(Fractional atomic coordinates and equivalent isotropic displacement parameters (A2), 

e s d ’s in brackets, U«, = (1 /3)1^ a ,)
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1 Bond Length (A) | Bond 1 Length (A)
C rl-C l _. 1 857 (5) C l-O l J 1 146 (6)
Crl-C2 1 825 (5) I C 2-02 I 1 164 (6)
Crl-C3 1 835 (5) C3-03 1 153 (6)

C rl-N ll 2 190 (4) N l l - C l l  j 1371 (7 )
C rl-C l 1 2 171 (5) N11-C15 J 1 368(7)
Crl-C12 2 213 (4) C11-C12 |  1404 (8 )
Crl-C13 2 211(4) C12-C13 1 366 (7)
Crl-C14 2 202 (4) C13-C14 1 405 (6)
Crl-C15 2 1 4 9 (4 ) _ C14-C15 1 376(7)

Table 3.4

(Selected bond lengths fo r (vf-pyridine)Cr(CO) 3)

H Bond angle 1 (°)
|  C11-N11-C15 I| 115 3 (7 )

N11-C15-C14 124 3 (7)
C15-C14-C13 118 0 (7 )
C14-C13-C12 120 5 (8)
C13-C12-C11 117 9 (8 )

1 C12-C11-N11 124 0 (8)
Table 3.5

(Internal bond angles in the pyridine ring fo r (r\6-pyridme)Cr(CO) 3)

3 2 3 Data collection for (ti6-2% 6-dimethvlpyridme)Cr(C0) ?

The compound (r|6-2,6-dimethylpyndine)Cr(CO)3 was synthesised by the 

method described in Chapter 4 and suitable crystals were grown from diethyl ether/w- 

hexane solution Collection of the crystallographic data was earned out with an Enraf- 

Nornus CAD-4 automatic diffractometer, at Tnmty College Dublin

A yellow crystal of dimensions 0 5 x 0 5 x 0  25 mm was selected for the 

molecular structure determination Mo Ka radiation with X o f0 71069 A was used in the 

analysis of the compound at room temperature The number of reflections measured was
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1790, of which 940 were independent reflections The index range was h = 0 to 13, k = -7 

to 7, and 1 = 0 to 14 The unit cell was found to be orthorhombic, with unit cell 

dimensions of a = 13 0308 (13) A, b = 6 2875 (6) A, and c = 12 7099 (10) A The density 

was calculated to be 1 551 g cm’3 The space group Pna2x was established with Z ~ 4

The structures were solved using the Patterson strategy of Shebcs-8611 and

2 12refined by full matrix least squares on F usmg Shelxs-93 Manipulations of the 

molecular structures were made usmg Schakal-92 13 The final calculated R values were 

R = 0 024 and wR2 = 0 060

3 2 4 Molecular structure o f (rj6~2,6-dimethvlvvridme)Cr(CO) *

Figure 3 3 contains an Ortep diagram of the molecular structure of (n6-2,6- 

dimethylpyndine)Cr(CO)3 , with the atomic numbering scheme employed in the following 

tables Table 3 6 contains the fractional atomic coordinates and equivalent isotropic 

displacement parameters Table 3 7 contains selected geometric parameters for (t]6-2,6- 

dimethylpyndine)Cr(CO) 3  Table 3 8 contains a selected bond angles for the compound
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(ORTEP diagram for the molecular structure o f ( if-dimethylpyridine)Cr(CO) 3

Hydrogen atoms omitted fo r clarity )

I Atom 1 x y I * 1 u„, n
|  Crl j 0 7418(1) 0 1403 (1) 0 2839 (5) 0 028(1) |

NI 1 0 8652(3) -0 1031 (6) 0 2811 (16) 0 036(1)
01 0 5959(11) -0 0471 (23) 0 1269 (8) 0 066 (4)
02 0 6171 (4) 0 5429 (7) 0 2759 (22) 0 082 (2)
03 0 5951 (9) -0 0309 (21) 0 4419 (8) 0 054 (3)
C2 0 8723 (13) 0 0109 (28) 0 1924 (9) 0 039 (4)
C3 0 8808(18) 0 2265 (29) 0 1923 (12) 0 040 (4)
C4 0 8844 (4) I 0 3395 (9) 1 0 2787 (20) 0 042 (2) 1
C5 0 8830(15) 0 2287 (30) | 0 3769 (12) 'wooo

C6 0 8699(13) 0 0026 (20) 0 3723 (10) 0 035 (3)
C7 0 8654 (21) -0 1261 (32) 0 0963 (16) 0 075 (6)
C8 0 8733 (18) -0 1228 (24) 0 4689(13) 0 051 (4)
C9 0 6492 (13) 0 0308 (27) 0 1870(11) 0 038 (4)
CIO 0 6654 (4) 0 3877 (8) 0 2830 (22) 0 047 (2)
C ll 0 6551 (13) 0 0310(28) 0 3818(10) 0 037 (4)

Table 3 6

(Fractional atomic coordinates and equivalent isotropic displacement parameters (A2), 

e s d ’s m brackets, U«, = (1/3)Z,ZJ U a ,  a ,)
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Bond 1 Length (A) Bond Length (A)
Crl-C ll j 1 820(2) N1-C2 1 340 (2)
Crl-ClO 1 847 (5) 01-C9 1 140 (2)
Crl-C9 1 860 (2) 02-C10 1 165 (7)
Crl-C6 2 191(14) 03-C11 1 160 (2)
Crl-C2 2 210 (2) C2-C3 1 360 (3)
Crl-Nl 2 220 (4) C2-C7 1 500 (2)
Crl-C4 2 242 (5) C3-C4 1 310(3)
Crl-C5 2 260 (2) C4-C5 1 430 (3)
Crl-C3 2 220 (2) 1 C5-C6 1 430 (2)

I N1-C6 1340 (2) |  C6-C8 1 460 (2)
Table 3.7

(Selected bond lengths fo r (r \ -2 ,6  dimethylpyridine)Cr(CO) 3)

ft Bond angle 1 7°)
C6-N1-C2 117 4(5)
N1-C2-C3 122 7 (12)
C2-C3-C4 122 9 (12)
C3-C4-C5 117 9(5)
C4-C5-C6 1168(11)

I C5-C6-N1 1I 122 2 (10)
Table 3.8

(Internal bond angles in the pyridine rm gfor (r[-dimethylpyndine)Cr(CO)3)
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The compound (ri6-2,6-bis(trunethylsilyl)pyndine)Cr(CO)3 was synthesised

o
by the method described by Davies and Shipton and suitable crystals were grown from

diethyl ether/w-hexane solution Collection of the crystallographic data was earned out 

with an Enraf-Nomus CAD-4 automatic diffractometer, at Trinity College Dublin

A yellow crystal of dimensions 0 4 x 0 4 x 0 3  mm was selected for the 

molecular structure determination Mo Ka radiation with X o f0 71069 A was used in the 

analysis of the compound at room temperature The number of reflections measured was 

3326, of which 3096 were independent reflections The index range was h = 0 to 8, k = 0 

to 23, and 1 = -11 to 11 The unit cell was found to be monoclimc, with umt cell 

dimensions of a = 7 7088 (6) A, b = 23 0928 (9) A, and c = 10 4365 (8) A The density 

was calculated to be 1 296 g cm-3 The space group P2i/n was established with Z = 4

The structures were solved using the Patterson strategy of Shelxs-86U and

7 17refined by full matnx least squares on F using Shelxs-93 Manipulations of the

molecular structures were made using Schakal-92 13 The final calculated R values were R 

= 0 032 and wR2 = 0 078

3 2 5 Data collection for (n6-2.6-bis(tnmethvlsilvl)pvndme)Cr(CO)i
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3 2 6 Molecular structure o f (rf -2,6-bis(trimethvlsilvl)pvridine)Cr(CO)?

Figure 3 4 contains an Ortep diagram of the molecular structure of (t]6-2,6- 

bis(tnmethylsilyl)pyndme)Cr(CO)3, with the atomic numbering scheme employed m the 

following tables Table 3 9 contains the fractional atomic coordinates and equivalent 

isotropic displacement parameters Table 3 10 contains selected geometric parameters for 

(rj6-bis(trimethylsilyl)pyndine)Cr(CO)3  Table 3 11 contains a selected bond angles for the 

compound

(ORJEP diagram for the molecular structure o f (rf-bis((rimelhylsiiyl)pyridine)Cr(CO)3

Hydrogen atoms omittedfor clarity )
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Atom 1 \  B y 1 u N |
Crl 0 2487(1) 0 1253 (1) 0 0330 (1) 0 037 (1) I
Sil 0 1267 (1) 0 2731 (1) 0 1137 (1) 0 040 (1)
Si2 0 1739(1) 0 0601 (1) 0 3521 (1) 0 045 (1)
N1 0 1911(3) 0 1633 (1) 0 2140 (2) 0 035 (1)
01 0 1284 (4) 0 1859(1) -0 2156(2) 0 080 (1)
02 0 3895 (4) 0 0346 (1) -0 1308 (3) [ 0 095 (1)
03 -0 1025 (4) 0 0684 (1) -0 0135 (3) 1 0 095 (1)
C2 0 2651 (3) 0 2051(1) 0 1458 (2) |  0 035 (1)
C3 0 4298 (4) 0 1956(1) 0 1029 (3) 0 043 (1)
C4 0 5165(4) 0 1435(1) 0 1267 (3) 0 047 (1)
C5 I 0 4405 (4) 0 1012 (1) | 0 1987 (3) 0 045 (1)

|  C6 |  0 2796(4) 01113(1) 0 2437 (2) 0 037(1)
C9 0 1762 (4) 0 1631 (1) -0 1190(3) 0 051 (1)
CIO 0 3363 (5) 0 0691 (2) -0 0671 (3) 0 058(1) |
C ll | 0 0337(4) 0 0889 (2) | 0 0071 (3) 0 055(1) I
C12 0 2188 (6) 0 3162(2) -0 0122 (4) 0 083 (1)
C13 0 1375 (5) 0 3162(2) 0 2646 (3) 0 066(1)
C14 -0 1011 (4) 0 2496 (2) 0 0619 (4) 0 073 (1)
C15 0 2329 (6) 0 0874(2) | 0 5192(3) 0 075 (1)
C16 -0 0671 (5) 0 0623 (2) 0 3100(4) 0 072 (1)

1 C17 0 2617 (6) -0 0139 (2) 0 3339 (4) 0 083(1)
Table 3.9

(fractional atomic coordinates and equivalent isotropic displacement parameters (A2), 

e s d ’s in brackets, U«, = (l/3)2,Ij Uya/a/a, a,)

Bond Length (A) Bond II Length (A)
C rl-C ll 1 846 (3) N1-C2 1 367 (3)
Crl-ClO 1 846 (3) 01-C9 1 155 (4)
Crl-C9 1 835 (3) 02-C10 1 146 (4)
Crl -C6 2 205 (3) 03-C11 1 147 (4)
Crl-C2 2183(3) C2-C3 1 416(4)
Crl-Nl 2 180(2) C2-Sil I 1 904 (3)
Crl-C4 2 209 (3) C3-C4 1 382 (4)
Crl-C5 2 198 (3) C4-C5 1 405 (4)
Crl-C3 2 204 (3) C5-C6 1 400 (4)

| N1-C6 |1 1 397 (3) C6-Si2 1| 1 890 (3)
Table 3 10

(Selected bond lengths fo r  (r\-2,6 bis(trimethylsilyl)pyridine) ( 'r(CO) 3)
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| Bond angle o
C6-N1-C2 119 2(2)
N1-C2-C3 120 3 (3)
C2-C3-C4 120 7 (3)
C3-C4-C5 118 4(3)

I C4-C5-C6 120 8(3)

Table 3.11

(Internal bond angles in the pyridine ring for (vf-bis(trimethylsilyl)pyridme)Cr(CO)0

3 2 7 Discussion

In all three complexes the chromium atom is situated directly below the 

arene ring centroid, the arene nng is essentially planar, and the chronuumtncaibonyl umt is 

coordinated via the n system of the heteroarene nng The mean chromium to nng-atom 

distance for (rj6-pyndme)Cr(CO)3 (1), (Ti6-2,6-dimethylpyndine)Cr(CO)3 (2), and (ti6- 

bis(tnmethylsilyl)pyndme)Cr(CO)3 (3) is 2 189, 2 224, and 2 196 A respectively These 

distances are longer then the distances reported for the bis(r|6-pyndine)Cr and the bis(r^6-

2,6-dimethylpyndine)Cr compounds, 2 133 and 2 136 A, but shorter than the 

corresponding distances for the (r|6-benzene)Cr(CO)3 complex 2 242 A

The conformation of the tncarbonyl umt m compound 3 is staggered, 

which is the more common conformation observed for (r]6-arene)Cr(CO)3 complexes 14 

However, compounds 1 and 2 adopt an eclipsed conformation, where in compound 1 the 

carbonyl groups eclipse Cl 1, C13 and C15, and m compound 2 the carbonyl groups 

eclipse C2, C4, and C6 This results in the carbonyl group C l0-02 being trans to the 

nitrogen in complex 2, and the carbonyl group C2-02 is trans to the nitrogen in 

compound 1
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(Pyridine ring with atom numbering employed for Table 3 12)

Angles at the respective atoms m the arene nn S O  I
free pyndine7 Compound 1 Compound 2 Compound 3

N 1167 115 3(7) 117 4(5) 119 2(2)
C2 124 124 3 (7) 122 7 (12) 120 3 (3)
C3 1186 118 0(7) 122 9(12) 120 7(3)
C4 118 1 120 5 (8) 117 9(5) 118 4(3)
C5 1186 117 9(8) 1168(11) 120 8(3)
C6 124 124 0(8) 122 2 (10) 119 8 (2)

Table 3.12

(Bond angles in the pyndine ring fo r the three complexes m this study andfree pyridine)

It can be seen from Table 3 12 that upon substitution at the pyndine nng 

the angle at the nitrogen atom becomes more obtuse and the two angles at the C2 and C6 

become more acute The angles for the uncomplexed 2,6-dimethylpyndme and 2,6- 

bis(tnmethylsilyl)pyndine are not known therefore the effect of coordination of the 

chromiumtncarbonyl unit cannot be obtained However examination of the differences 

between the free and complexed pyndine show that a slight distortion of the pyndine nng 

occurs Companson of the bond angles in the bis(r|6-2,6-dimethylpyndine)Cr and
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compound 2 shows that the angles are very similar with only a slight distortion observed 

at C4 and C5

Bond lengths in the arene ring (Â)
free pyndine7 Compound 1 Compound 2 Compound 3

N-C2 1 340 (5) 1 371 (7) 1 340 (2) 1 367 (3)
C2-C3 1 390 (5) 1 404 (8) 1 360 (3) 1416(4)
C3-C4 1 400 (5) 1 366 (7) 1 310(3) 1 382 (4)
C4-C5 1 400 (5) 1 405 (6) 1 430 (3) 1 405 (4)
C5-C6 1 390 (5) 1 376 (7) 1 430 (2) 1 400 (4)
C6-N 1 340 (5) 1 368 (7) 1 340 (2) 11 1 397 (3)

Table 3.13

(Bond lengths in the pyridine ring fo r the three complexes 

in this study, and “free ” pyndine fo r comparison)

The bond lengths in compounds 1 and 3 appear to be very similar, however 

in compound 2 the first three bond lengths m Table 3 13 are significantly shorter than the 

other two compounds A slight distortion of the pyndine nng can be seen as a result of 

complexation with the chromiumtncarbonyl unit, compared with the free pyndine 

Companson of the bond lengths observed for the bis(r|6-2,6-dimethylpyndme)Cr 

compound (Table 3 1) to the (r|6-2,6-dimethyIpyndine)Cr(CO)3 complex shows a 

significant vanation m lengths of all the bonds
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The three complexes all possess planar arene rings, with the chromium 

atom situated directly below the arene nng The (rj6-bis(tnmethylsiIyl)pyndine)Cr(CO)3  

compound is the only one to exhibit the common staggered conformation, where the 

carbonyl groups eclipse the nng bond centres The conformation of the other two 

complexes is the more unusual eclipsed form A slight distortion of the pyndine nng can 

be observed upon complexation to the chromiumtncaibonyl umt

3 2 8 Conclusions
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4 EXPERIMENTAL

The following solvents were of spectroscopic grade and were used without 

further purification cyclohexane, decane, dodecane, heptane, methylcyclohexane 

(Aldrich) Argon and carbon monoxide was supphed by air products and IIG respectively 

Chromium hexacarbonyl, molybendum hexacarbonyl, and tungsten hexacarbonyl (Aldnch) 

were all used without further purification Tetrahydrofuran was dried over sodium and 

benzophenone, and stored under argon and sodium Diethyl ether, petroleum ether (40°- 

60°) and 2,6-lutidine were received from Aldnch and used without further punfication 

Diethyl ether was dned and stored over sodium for the synthesis of (r|6- 

bis(tnmethylsilyl)pyndine)Cr(CO)3 Aluminium oxide was activated neutral, standard 

grade ca 150 mesh (Aldnch) The following matenals were used without further 

punfication 2,6-dibromopyndine, butyllithium 2 5 M solution in hexanes, tnmethylsilyl 

chlonde, milli-Q water, and tetrabutylammomum fluonde (Aldnch) 1,4-Dioxan was dned 

over sodium and benzophenone and filtered through activated alumina pnor to use

4 2 Equipm ent

Infrared spectra were recorded on a Perkin Elmer 983-G, a Nicolet 205 

FTIR spectrometer, or a Perkm Elmer 2000 FTIR spectrometer using a 0 1 mm sodium 

chlonde solution cell UV/vis spectra were recorded on a Hewlett Packard 8452A

4 1 Materials
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photodiode array spectrometer usmg a quartz cell of 1 cm pathlength NMR 

measurements were performed on a Bruker model AC 400 MHz spectrometer

4 3 Synthesis o f (n-2.6-bis(trimethvlsilvl)pyndme)Cr(CO)i

This compound was synthesised according to the method described by 

Davies and Shipton 1 2,6-dibromopyndine (12 5 g, 52 5 mmol) was added as a solid to 

butylhthium (50 mL, 110 mmol) m dry diethyl ether (100 mL) under nitrogen at -78 °C, 

the mixture was stirred at this temperature for 1 5 hours Tnmethylsilyl chloride (12 mL,

110 mmol) in dry diethyl ether (10 mL) was added dropwise, the mixture was allowed to 

warm to room temperature, and the stirring was continued overnight The resulting light 

tan suspension was filtered through Celite and the solvent was evaporated to give a yellow 

oil Distillation of this oil (94 - 96 °C), under reduced pressure, produced a colourless oil 

The lH NMR data showed a peak at 0 33 ppm assigned to the 18 methyl hydrogens, and a 

multiplet at 7 44-7 36 ppm assigned to the three aromatic hydrogens These values are 

similar to the values reported in the literature

2,6-Bis(tnmethylsilyl)pyndme (1 g) was placed m a two necked round 

bottom flask and was degassed with argon Chromium hexacarbonyl (-1 8 g) and filtered 

1,4-dioxan (25 mL) was added This solution was further degassed prior to being heated 

to reflux The reaction was heated to its reflux temperature under argon for 24-30 

hours, until brown/green precipitate was produced The mixture was allowed to cool and 

the solution was decanted from the unreacted chromium hexacarbonyl It was then
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filtered through alumina and evaporated to produce a yellow oil This oil was then 

chromatographed on a flash sdica column (eluent, petroleum ether diethyl ether, 15 1, 

v/v), with positive argon pressure, resulting m a yellow oil, that under prolonged pumping 

produced an amber crystalline solid The spectroscopic information for this compound is 

presented m Table 2 1

4 4 Synthesis of (n6-vvndine)Cr(CO) ?

To (r|6-2,6-bis(tnmethylsilyl)pyndine)Cr(CO)3 (120 mg) in dry THF (20 

mL) at -78 °C, was added tetrabutylammonium fluoride (240 mg) and 3 drops of milli-Q 

water The mixture was stirred, protected from the light, warmed to room temperature 

and stirred for 1 5 hours Removal of the solvent gave a dark oil that was immediately 

flash chromatographed (eluent, diethyl ether) with positive argon pressure, to produce a 

yellow solution When the solvent was evaporated a yellow crystalline product was 

formed, spectroscopic information can be observed in Table 2 1

4 5 Synthesis o f (n-2.6-dimethvlavridme)Cr(CO) ?

This compound was synthesised in a similar way to described by Mahaffy et

al with minor alterations Chromium hexacarbonyl (0 6 g) was added as a solid to dry 

THF (10 mL) and 2,6-dimethylpyndine (50 mL) The reaction mixture was degassed for 

0 5 hour with argon, and was then heated to reflux temperature for-15 hours The 

reaction mixture was allowed to cool, the solution was decanted from the unreacted
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chromium hexacarbonyl and the solvent evaporated under reduced pressure The resulting 

yellow solid was purified by column chromatography on an alumina column (eluent, 

petroleum ether diethyl ether, 7 3, v/v) Spectroscopic information for this complex is 

presented m Table 2 1

4 6 Attempted synthesis o f molybendum and tungsten analogues

In order to investigate if photochemical haptotropic rearrangements could 

also be observed for the normally photochemically inert tungsten system, the synthesis of 

(r|6-2,6-dimethylpyndine)W(CO)3 and (rj6-2,6-bis(tnmethylsilyl)pyndine)W(CO)3 was 

attempted Direct complexation of Mo(CO)6 or W(CO)6 with 2,6-dimethylpyndine 

resulted m the production of two complexes However upon separation of these 

complexes it transpired that, one of these products was the pentacarbonyl, as was 

expected, however the second band was not a tncarbonyl species, it could possibly have 

been the tetracarbonyl species Further heating resulted in degradation of the products 

The complex (CH3CN)3W(CO)3 was formed to act as a precursor, it was refluxed in 2,6- 

dimethylpyndine (4 h), in a variation of the method described by King and Fronzaglia3 

However this still resulted in the 2,6-dimethylpyndine bonding to the metal in the ct- 

fashion It was decided that possibly 2,6-dimethylpyndine did not offer enough stenc 

hindrance, therefore the ligand 2,6-bis(tnmethylsilyl)pyndine was employed However, 

even with this increased stenc hindrance the preferred mode of bonding was via a a  

interaction, producing the pentacarbonyl species
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4 7 Laser flash photolysis

4 7.1 Sample preparation for laser flash photolysis with UV/vis detection.

Samples were prepared m a specially designed degassmg bulb that was 

attached to a fluorescence cell This cell was cleaned thoroughly by steeping m chromic 

acid for at least 24 hours prior to use All the samples were prepared such that the 

absorbance values were between 0 5 and 1 5 absorbance units at 355 nm (excitation 

wavelength) The concentration could then be calculated from previously calculated 

extinction coefficients All the absorbance readings were recorded on the UV/vis 

spectrometer, and any changes in the ground state absorption spectrum was also recorded 

dunng the experiment The samples were then degassed by three cycles of freeze-pump- 

thaw procedure to 10"3 Torr, followed by a substantial hquid pump phase in order to 

remove any impurities e g water Either argon, or a required pressure of carbon 

monoxide, was then added to the cell to check to reversibility of the processes being 

investigated The concentration of CO was calculated to be 9 0 x 10‘3 M in cyclohexane, 

8 5 x 10'3 M in w-decane, 6 8 x 10‘3 M in /i-dodecane, and 1 2 x 102 M in «-heptane, at 

one atmosphere of CO 4 The concentration m methylcyclohexane was taken as the same 

as cyclohexane, 9 0 x 103 M Dunng the preparation the samples were protected from 

light
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Figure 4.1

(A schematic diagram o f the laser system used m the laser flash 

photolysis experiments with UVMs detection)
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4.7.2 Laser flash photolysis with UV/vis detector apparatus

A schematic diagram of the flash photolysis instrumentation is presented in 

Figure 4 1 The excitation source in a Nd-YAG (neodymum yttrium aluminium garnet) 

laser which operates at 1064 nm, but can be frequency doubled, tripled, or quadrupled to 

generate a second, third, or fourth harmonic frequency at 532, 355, or 266 nm 

respectively The power of the laser can be varied by applying different voltages across 

the amplifier flash tube The pulse time is approximately 10 ns At 355 nm, which is the 

excitation wavelength employed in this study, the energy is typically 45 mJ per pulse The 

circular laser pulse is directed via two Pelhn-Broca prisms onto the sample cuvette 

When the pulse passes through the power meter situated after the first pnsm, but before 

the sample cuvette, the oscilloscope is triggered The monitoring light source is an air 

cooled 275 watt Xenon arc lamp arranged at right angles to the laser beam The 

monitoring beam passes through the sample and is directed to the entrance slit of an 

Applied Photophysics f73 monochromator via a circular lense UV/vis filters were 

employed (X > 410 nm or X > 345 nm) between the monitoring source and the sample to 

prevent excessive sample photodegradation A Hamatsu five stage photomultiplier 

operating at 850 V was placed at the exit slit of the monochromator The aborbance 

changes were measured by a transient digitiser (oscilloscope) via a variable load resistor 

The digitiser, a Hewlett Packard HP 54510A oscilloscope was interfaced to an Olivetti 

PCS 286 microcomputer via an IEEE bus All signals were stored on floppy discs

A typical transient signal was obtained by the following procedure An Io 

was recorded, which corresponds to the amount of light that passes through the solution
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before the laser flash It was measured by obtaining the difference m mV of the amount of 

light transmitted by the solution, when the shutter of the monitoring beam is opened and 

then closed Therefore a typical trace depicts the change in voltage with time, which 

corresponds to the time resolved absorbance The resultant transient signals were 

analysed using first order kinetics If all the data is collected with the same time bases and 

voltage settings, a two dimensional spectra can be obtained m a “point by point” manner, 

which produces a spectrum over the wavelength range at a fixed time interval

4.13  Laser flash photolysis with TRIR detection apparatus

The instrumentation for the laser flash photolysis experiments with TRIR detection 

has been described elsewhere5 The instrumentation employed m these studies consisted 

of a Lambda Physik EMG 200 excimer laser (X = 308 nm with XeCl, output attenuated to 

90 -100 mJ per pulse) as the excitation source A normal IR flow cell with CaF2 windows 

and d  = 1 mm was used A globar served as the monitoring light source, with a HgCdTe 

photodiode detector The system has a response time of 1-2 |is and a spectral resolution 

of 3-4 cm 1 The experiments were earned out at room temperature The routme 

procedure for prepanng the stock solution involved three freeze-pump-thaw procedures, 

followed by saturation with the desired gas atmosphere m the reservoir (1 atmosphere) 

Dunng the intervals between the laser shots the cell was emptied and refilled with fresh 

stock solution from the reservoir through a magnetic valve system TRIR difference 

spectra were built up by the “point by point” method
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4 8 Matrix isolation instrumentation

The instrumentation employed for the matrix isolation experiments have 

been described elsewhere 6 The set-up consists of an Air Products Model CS 202 Displex 

closed-cycle helium refrigerator, which cools a NaCl spectroscopic window to 10-12 K 

The window temperature is monitored separately by a thermocouple embedded in a cavity 

close to the window centre The flow of the matrix gases (>99 99 %, L’Air Liquide), 1 5- 

2 mmol h‘\  is controlled by a calibrated micrometer needle valve and a vacuummeter 

assembly The pressure m the gas inlet lme is continuously checked by a separate 

thermotron gauge Evaporation rates were controlled by first depositing onto a quartz 

crystal microbalance, mounted in good thermal contact to the side of the target window 

holder In general the guest host ratio was better then 1 1000 Infrared spectra were 

recorded on a Perkin-Elmer Model 1720 FTIR spectrometer

4 9 Steady state photolysis with NMR monitoring

The samples were prepared m a degassable quartz NMR tube in the 

deuterated solvent of choice The solution was then subjected to three freeze-pump-thaw 

procedures Great care was necessary as the quartz in the NMR tube was very thin and 

could crack very easily The samples were protected from the light with aluminium foil, 

however exposure to the light was necessary to verify that the solution had melted prior to 

further freezing The sample was liquid pumped and then saturated with 1 atm of carbon 

monoxide A NMR spectra was obtained of the starting compound, then the solution was
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placed in front of an air cooled 275 watt xenon arc lamp, with a UV/vis filter (X > 410 

nm), and turned manually for a prescribed time period

4 10 Determination o f extinction coefficients

The extinction coefficients were determined at 355 nm (excitation 

wavelength) for all the compounds To obtain the concentrations of the compounds, the 

Beer-Lambert law was employed The Beer-Lambert law is given by

presented m Appendix 2A The extinction coefficients for the M(CO)ô (where M = Cr, 

Mo, or W) are given in Appendix 1 A.

where A  = absorbance at the excitation wavelength (AU)

8 = molar extinction coefficient (dm3 mol1 cm l)

c = concentration (mol dm'3)

1 = pathlength of cell (1 cm)

The extinction coefficients for the (r|6-arene)Cr(CO) 3  compounds are
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4  11 Determination o f the concentration o f CO in an alkane solvent

The solubility of CO in hydrocarbon solvents was determined using the 

mole fraction data reported by Makranczy e ta l 4 The calculations for cyclohexane are 

given as an example,

• solubility of CO at 298 K (expressed as a mole fraction) = 9 94 x 10-4 moles“1,

• 1 litre of cyclohexane = 779 g,

• 1 mole of cyclohexane = 84 g

=> moles/htre = 1 / 84 x 779 => = 9  274 moles/litre

=> 9 94 x 10^ moles1 = #fCQ1
9 274 moles/htre

=> [CO] = 9 1 x 10‘3 M at 1 atmosphere

4 12 Determination o f the activation parameters

The activation parameters were obtained from Eynng and Arrhenius plots 

The activation energy can be obtained from the slope of the line in the Arrhenius plot 

The Arrhenius equation is given by

| In k2 = -EVRT + In A |

where k2  =  rate of decay (1 mol"1 s'1)
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APPENDIX 1



SECTION A

1 A 1 Extinction coefficients o f Cr(CO)n in alkane solvents

Cr(CO)6 in Cyclohexane

Concentration 
( x 10J M)

Absorbance @ 354 nm 
(A U )

0 0
1 0 0 212
1 5 0 296
2 0 0 399
2 5 0 505
3 0 0615

Absorbance Seer's Law Fit
(AU)

Concentration ( x e-3) M

Therefore the extinction coefficient for Cr(CO)6 
in cyclohexane at 354 nm is 2 0 x 102 dm3 mol"1 cm1
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Cr(C0)6 in Methylcyclohexane

Concentration 
(x  103M)

Absorbance @ 354 nm 
(A U )

0 0
1 0 0 232
1 5 0 341
2 0 0 469
2 5 0 575
3 0 0 693

Therefore the extinction coefficient for Cr(CO)e at 354 nm 
in methylcyclohexane is 2 31 x 102 dm3 mol'1 cm1
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Cr(CO)6 in Heptane

Concentration 
(x  10J M)

Absorbance @ 354 nm 
(A U )

0 0
1 0 0 235
1 5 0 352
2 0 0 468
2 5 0 580
3 0 0 682

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-3) M

Therefore the extinction coefficient for Cr(CO)6 
in heptane at 354 nm is 2 29 x 102 dm3 mol1 cm"1
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1 A 2 Extinction coefficient ofMo(CO)f.

Mo(CO)6 in Cyclohexane

Concentration 
(x  10J M)

Absorbance @ 354 nm 
(A U )

0 0
0 25 0 061
0 50 0 126
0 75 0 187
1 00 0 262
1 50 0 392

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-3) M

Therefore the extinction coefficient for Mo(CO)6 
in cyclohexane at 354 nm is 2 63 x 102 dm3 mol-1 cm“1
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1 A 3  Extinction coefficient ofWCCO)*

W(C0)6 in Cyclohexane

Concentration 
( x 10J M)

Absorbance @ 354 nm 
(A U )

0 0
0 25 0181
0 50 0 377
0 75 0 583
1 00 0 821
1 50 1 242

Absorbance Seer's Law Fit
( AU)

135 
1 15 
095 
075 
055 
035 
015 

-005
0 02  0 4  0 6  08  1 12 14

Concentration ( x e-3) M

Therefore the extinction coefficient for W(C0)6 
in cyclohexane at 354 nm is 8 36 x 102 dm3 mol"1 cm-1
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S E C T I O N S

The following data was employed to obtain the activation parameters for 

Reaction A, where M = Cr, Mo, or W

M(CO)5(S) + CO -> M(CO)6 Reaction A
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Cr(CO) 6 IN CYCLOHEXANE

Arrhenius Plot

1/T(e-3)K-1

Arrhenius data

1/T(e-3) ink2
31 15 64

3 15 15 5
319 15 42
3 24 15 29
33 15 08

3 36 14 89
3 41 14 7
3 46 146

Eyring data

1/Tfe3) toK zrr
31 9 86

3 15 9 74
3 19 9 67
3 24 9 56
33 9 37

3 36 919
3 41 9 02
3 46 8 93
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Cr(CO) 6 IN METHYLCYCLOHEXANE

Arrhenius Plot

1/T(e-3)K-1

Arrhenius data

1/T(e(3h f i t m z
318 156
3 24 15 48
3 28 15 41
3 32 152
3 39 14 97
3 44 14 84
3 47 14 73
3 52 14 58

Eyring data

SirnK m r
3 18 9 85
3 24 9 75
3 28 9 68
3 32 9 49
3 39 9 28
3 44 917
3 47 9 07
3 52 8 93
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Cr(CO) 6 IN HEPTANE

1 A - Arrhenius PlotIO
163< >
162 y = -2 8076X + 25 454
161 R2 = 09826

16 -
lnK2 159 -

158
157
156
155-
4C AlO

328 333 338 343 348 353
1/T(e~3)K-1

Arrhenius data

Wlnik2l0
3 28 16 28
3 31 16 11
3 36 16 05
34 159
3 48 15 65
3 53 15 57

Eyring data

i / T ( m IfnlK2/Vr
3 28 10 56
3 31 104
3 36 10 35
34 102

3 48 9 99
3 53 9 93
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Cr(CO) 6 m  DODECANE

1 7 A Arrhenius Plot
1 /  H  ~

173- y =  «3118x +  27 484
172 - R2 =  09687

171 -
lnK2 17 -

169-
168-
167
1  fs. FIT O  D f .«-> r .-j t i i J 1 j | i. 1 r-.«. rltiirrr^ r i.-r r, , |  ̂ .. . rjr .r.

328 3 3 332 3 34 3 36 3 38 3 4  342 344
1/T(e-3)K-1

t s & w m
3 28 11 53
3 31 11 46
3 36 11 31
3 41 11 17
3 44 11 08
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Mo(CO) 6 in  c y c l o h e x a n e

Arrhenius Plot

1/T(e-3)K-1

Arrhenius data

m i m i *
32 15 77
3 24 15 71
3 29 15 54
3 32 15 43
3 36 15 35
3 43 15 14
3 48 15 02
3 53 14 88

Eyring Plot

1/T(e-3)K-1

Eyring data

m m m '
32 10 03
3 24 9 97
3 29 9 82
3 32 9 73
3 36 9 65
3 43 9 46
3 48 9 36
3 53 9 23

188 Appendix IB



Mo(CO) 6 in  m e t h y l c y c l o h e x a n e

Arrhenius Plot

y = -28048x + 2503 
R2 * 09928

329 334 339 3 44
1/T(e-3)K-1

349 354

Arrhenius data

3 29 15 85
3 32 15 68
3 36 15 57
3 41 1544
3 46 15 39
35 15 23

3 54 15 08
3 58 14 98

Eynng Plot

329 334

-2507lx+ 18332 
R2« 09763

339 344
1/T(e-3)K-1

349 354

Eynng data

i r r m m
3 29 10 13
3 32 9 97
3 36 9 87
3 41 9 76
3 46 9 73
35 9 57

3 54 9 43
3 58 9 35
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Mo(CO) 6 in  h e p t a n e

Arrhenius data

m ie M J n k 2  - ^
3 22 16 29
3 27 1614
33 16 08

3 36 15 87
3 43 15 71
3 47 15 57

Eyring Plot

322 327 332 337
1/T(e-3)K-1

342 347

Eyring data

i/T(&3) f n m t
3 22 10 55
3 27 10 42
33 10 36
3 36 1017
3 43 10 03
3 47 99
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Mo(CO) 6 in  d e c a n e

Arrhenius Plot

1/T(e-3)K-1

Arrhenius data

& m ( e m M » M t9
32 16 45

3 26 16 25
3 31 16 08
3 36 15 99
3 43 15 77
3 47 15 69
3 51 15 56
3 55 1544

Eyrmg data

m rn x zm
32 107

3 26 10 53
3 31 10 37
336 10 29
3 43 101
3 47 10 02
3 51 9 91
3 55 98
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W(CO)6 IN METHYLCYCLOHEXANE

Arrhenius data

m r é m
3 29 14 71
3 31 14 64
3 36 14 56
3 41 14 39
3 45 14 31
3 48 142
3 52 14 09

Eynng Plot

1/T(e-3)K-1

Eynng data

rm m sn h m x2m s
3 29 8 996
3 31 8 93
3 36 8 85
3 41 8 71
3 45 8 64
3 48 8 54
3 52 8 44
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W(CO)6 IN HEPTANE

Arrhenius PLot

1/T(q-3)K-1

Arrhenius data

3 32 14 55
3 36 14 41
3 41 143
3 45 14 17
3 51 14 01
3 54 13 91
3 62 13 74

Eyring data

ï m m m
3 32 884
3 36 8 71
3 41 8 62
3 45 85
3 51 8 36
3 54 8 27
3 62 8 12
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SECTION A

2 A Extinction coefficients for the (n-arene)Cr(CO) ? compounds

(1) (ri6-pyridine)Cr(CO)3

Concentration 
( x ICC4 M)

Absorbance @ 354 nm 
(A U )

0 0
1 0 277
2 0 492
3 0 837
4 1 220
5 1 589

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-4) M

Therefore the extinction coefficient for (r|6-pyhdine)Cr(CO)3 
in cyclohexane at 354 nm is 3 2 x 103 dm3 mol1 cm"1
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Concentration 
(x  lO^M)

Absorbance @ 316 nm 
(A U )

0 0
1 1 042
2 1 851
3 2 883
4 3 486

Absorbance Beer’s Law Fit
(AU)

Concentration ( x e-4) M

Therefore the extinction coefficient for (îi6-pyrdine)Cr(CO)3 
in cyclohexane at 316 nm is 8 8 x 103 dm3 mol'1 cm'1
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(2) (ri6-2,6-dimethylpyridine)Cr(CO)3

Concentration 
( x 10"4 M)

Absorbance @ 354 nm 
(A U )

0 0
04 0 069
1 0 191

1 6 0 328
2 0 401
4 0 832

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-4) M

Therefore the extinction coefficient for (îi6-2,6-lutidine)Cr(CO)3 
in cyclohexane at 354 nm is 2 1 x 103 dm3 mol1 cm'1

2 0 1 Appendix 2A



Concentration 
(x  lO^M)

Absorbance @ 318 nm 
(A U )

0 0
0 4 0 205
1 0 558

1 6 0 961
2 1 165
4 2 390

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-4) M

Therefore the extinction coefficient for (iv^-lutidineJCriCOfe 
in cyclohexane at 318 nm is 6 1 x 103 dm3 mol'1 cm1
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(3) (r|<’-2,6-bis(trimethylsilyl)pyridine)Cr(CO);!

Concentration 
( x 10-4 M)

Absorbance @ 354 nm 
(A U )

0 0
0 5 0164
1 1 0 433
1 9 0 693
2 3 0 836
4 7 1 749

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-4) M

Therefore the extinction coefficient for (r|6-2,6-bis(trimethylsilyl)pyridine)Cr(CO)3 
in cyclohexane at 354 nm is 3 7 x 103 dm3 mol'1 cm'1
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Concentration 
(x  lO^M)

Absorbance @ 324 nm 
(A U )

0 0
0 5 0 384
1 1 1 008
1 9 1 609
2 3 1 949
4 7 3 686

Absorbance Beer's Law Fit
(AU)

Concentration ( x e-4) M

Therefore the extinction coefficient for (îi6“2)6-bis(trimethylsilyl)pyndine)Cr(CO)3 
in cyclohexane at 324 nm is 7 9 x 103 dm3 mol*1 cm'1

204 Appendix 2A



^
T

r
a

n
s

m
it

ta
n

c
e

S Infrared spectrum, at room temperature, of (t|6-pyndine)Cr(CO)3 in cyclohexane
01

20
5



X
T

ro
n

e
m

it
ta

n
c

e
0)xi
{¡J Infrared spectrum, at room temperature, of (r|6-2,6-lutidine)Cr(CO)3 in cyclohexane

O -------    1 — - s u bO  3 3  o c a n a ,  4 c m H  . G a i n  «  1

20
6



Infrared spectrum at room temperature of (rj6-2,6-(TMS)pyndine)Cr(CO)3 in cyclohexane
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I3C NMR spectrum of (r|6-pyndine)Cr(CO)3 in CDCI3

~|------- r
200 1 '------- T"

'BO 160 140 120
 r

100
PPM

80 60

209



210

r-O
<_n

o\IK>Si
OS

<Z5

'S
f rS3
eo
a
£
5
8
Q



CD



en cd CD en CD

*H 
NMR 

spectrum 
of 0i6-2,6-lutidine)Cr(CO

)3 m 
CD

CI3



SECTIONS

2 1 2 Appendix 2B



1.50-
1.4“

1.2”

1 o -

o.fl—

0.6“

0.4

0.2-

.00.

Cr (CO) 3 (eta-6-pyridine) in a nitrogen «atrix. —

15 sec 308 no 
60 sec 306 no 
2 min 308 no 
5 Din 306 no

13s 308 nm

60s 308 nm —>

2 mm 308 nm —►

5 mm 308 nm ->

2300.0
I2250 ~T~

2200
T2150 ~ r

2100 2050 2000.0

Ap
pe

nd
ix

 
2B

(i)



(ti6-pyndine)Cr(CO)3  in a CH4 CO matrix (10 1)

m 2 sp Iden tifika tion 40 Bin 250nmt 10K/-5 02mV Plotddtuio 16-DEC-93
013 SP Iden tifika tion BO tuin 250na Operator K lihB
1014 SP Iden tifika tion 30 Bin Xe + 530nn cut o f f  * Aufloesung i 00 CH-1

Scans 7
Versuchsdatus Q2-0EC-93
Scan flange 4000 0 -1000 0 CH-1
Plot Range 2150 0 -1700 0 CM-1

T Ord Limits 0 000 -  0 600
*----- r,------------------------------------------------------

Zeilenzahl c«'1
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Crystal data, intensity measurements, and 

refinements for the three compounds
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* / ^ V* * J. V  ̂
f m s  w  ^ ̂  &V ̂ \ V  \  ! r ^ r pynditie !2,6-dimethylpyndme 2;6-bisiTMS)pyndme
Formula C8H5N 03Cr CioH9N 03Cr Ci4H2 iN03CrSi2
Crystal system monochmc orthorhombic monoclimc
Space group P2i/c Pna2j P2i/n
a,A 10 752 (5) 13 0308 (13) 7 7088 (6)
b ,k 7 652 (5) 6 2875 (6) 23 0928 (9)
c, A 11 110(2) 12 7099 (10) 10 4365 (8)
3,° 111 80(5) 97 312(4)
Volume, A3 848 7 (7) 1041 3 (2) 1842 (2)
Z 4 4 4
Density, g cm'3 * 1 684 1 551 1296
Abs coeff, mm' 1 28 1 082 0 758
Crystal size, mm 0 90 x 0 80 x 0 60 0 50 x 0 50 x 0 25 0 40 x 0 40 x 0 30
0 range, ° 1 00-22 00 3 13-25 47 1 76-24 96
Index ranges h, k, 1 -10-*9,0->7,0->10 0^13,-7^7,0^14 0->8,(H23,-ll-*ll
Reflections collected 1589 1790 3326
Independent
reflections

791 (Rmt -  0 046) 940 (Rmt = 0 031) 3096 (Rmt = 0 0177)

Refinement method onF full matrix on F2 fiill matrix on F2
Data, restraints, 

parameters
791,0 , 118 940 ,1, 155 3096, 0,203

Goodness-of-fit on 
F2

0 907 1 082

Final R indices 
[I >2q(I)]

Ri = 0 024 , 
wR2 = 0 060

R, = 0 032 , 
wR2 = 0 078

R indices (all data) R - 0  044, 
wR = 0 061

Ri = 0 055 , 
wR2 = 0 076

Ri = 0 074 , 
wR2 = 0 092

Max diffpeak, 
hole, eA3

0 38 ,-0  28 0 302 , -0 253 0 308 , -0 229

(Crystal data, intensity measurements, and refinements for (rf-L)Cr(CO)s compounds
* = calculated value )
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Structural parameters for 

(r|6-2,6-dimethylpyridine)Cr(CO)3
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T a b l e  l a  A to m ic  c o o r d i n a t e s  ( x 1 04) a n d  e q u i v a l e n t  i s o t r o p i c  
d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 103) f o r  C10H9CrNO3 U(eq)  i s  
d e f i n e d  a s  o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i z e d  U13 
t e n s o r

X y z U(eq)

Cr {1 ) 7 4 1 8 (1 ) 1 4 03(1 ) 2 8 3 9 (5 ) 2 8 ( 1 )
N (1) 8 6 52(3 ) - 1 0 3 1 ( 6 ) 2 8 1 1 (1 6 ) 36(1)
0 (1 ) 5 9 5 9 (1 1 ) - 4 7 1  (23) 1 2 6 9 (8 ) 6 6 (4 )
0 (2 ) 6 1 7 1 (4 ) 5 4 2 9 (7 ) 2 7 5 9 (2 2 ) 8 2 (2 )
0 ( 3 ) 5 9 5 1 (9 ) - 3 0 9 ( 2 1 ) 4 4 1 9 (8 ) 5 4 (3 )
C(2) 8 7 2 3 (1 3 ) 1 0 9 (2 8 ) 1 9 2 4 (9 ) 39 (4 )
C{3) 8 8 0 8 (1 8 ) 2 2 6 5 (2 9 ) 1 9 2 3 (1 2 ) 40 (4 )
C ( 4 ) 8 8 4 4 (4 ) 3395 (9) 2787 (20) 4 2 ( 2 )
C(5> 8 8 3 0 (1 5 ) 2 2 8 7 (3 0 ) 3 7 6 9 ( 1 2 ) 40 (4 )
C {6 ) 8 6 99(13) 2 6 (2 0 ) 3 7 2 3 (1 0 ) 3 5 ( 3 )
C (7 ) 8 6 5 4 (2 1 ) - 1 2 6 1 ( 3 2 ) 9 6 3 (1 6 ) 75 (6 )
C ( 8 ) 8 7 3 3 (1 8 ) - 1 2 2 8 ( 2 4 ) 4 6 8 9 ( 1 3 ) 51 (4 )
C(9) 6 4 9 2 ( 1 3 ) 308 (27) 1 8 7 0 ( 1 1 ) 3 8 (4 )
c  (1 0 ) 6 6 54(4 ) 3 8 7 7 (8 ) 2 8 3 0 ( 2 2 ) 47 (2 )
C ( 1 1 ) 6 5 5 1 (1 3 ) 3 1 0 (2 8 ) 3 8 1 8 (1 0 ) 37 (4 )
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fr

ia b le  2a Bond l e n g t h s  [A] a n d  a n g l e s  [deg]  f o r  C10H9CrNO3

C r ( l ) - C ( l l ) 1 82 (2 )
C r ( 1 ) - C (10) 1 8 4 7 (5 )
C r ( 1 ) - C (9) 1 8 6 (2 )
C r ( 1 ) - C ( 6 ) 2 1 9 1 (1 4 )
C r ( 1 ) - C ( 2 ) 2 2 1 (2 )
C r ( l ) - N ( l ) 2 2 2 0 ( 4 )
Cr ( 1 ) - C ( 4 ) 2 242 (5)
C r ( 1 ) - C (5) 2 2 6 ( 2 )
C r ( 1 ) - C (3) 2 2 2 (2 )
N (1) -C {6 ) 1 3 4 (2 )
N (1) -C (2) 1 34 (2 )
0 ( 1 )  -C (9) 1 14(2)
0 (2 ) - C ( 1 0 ) 1 1 6 5 (7 )
0 ( 3 ) - C (11) 1 16 (2 )
C ( 2 ) - C ( 3 ) 1 3 6 (3 )
C ( 2 ) - C ( 7 ) 1 5 0 (2 )
C ( 3 ) - C (4) 1 3 1 (3 )
C ( 4 ) - C (5) 1 4 3 (3 )
C ( 5 ) - C (6 ) 1 4 3 (2 )
C ( 6 ) - C ( 8 ) 1 4 6 ( 2 )

C ( l l ) - C r ( 1 ) - C ( 1 0 ) 89 3(8 )
C ( 1 1 ) - C r ( 1 ) - C (9) 84 8 (2 )
C ( 1 0 ) - C r ( 1 ) - C (9) 87 6 ( 8 )
C ( 1 1 ) - C r ( 1 ) - C (6 ) 88 4 ( 7 )
C ( 1 0 ) - C r ( 1 ) —C (6 ) 138 3 ( 8 )
C ( 9 ) - C r ( l ) - C ( 6 ) 133 6 (6 )
C ( 1 1 ) - C r ( 1 ) - C (2) 134 3(7 )
C ( 1 0 ) - C r ( 1 ) - C (2) 136 1 (8 )
C ( 9 ) - C r ( 1 ) - C (2) 90 8 (7 )
C (6 ) - C r ( 1 ) “ C (2) 62 6 (2 )
C ( 1 1 ) - C r ( 1 ) - N (1) 101 6 (7 )
C ( 1 0 ) - C r  ( l ) - N ( l ) 166 1 (2 )
C ( 9 ) - C r  ( l ) - N ( l ) 101 8 ( 6 )
C (6 ) - C r ( 1 ) - N (1) 35 3(6 )
C ( 2 ) - C r ( 1 ) - N (1) 35 2 ( 6 )
C ( 1 1 ) - C r ( 1 ) - C (4) 138 3 ( 8 )
C ( 1 0 ) - C r ( 1 ) - C (4) 88 6 (2 )
C ( 9 ) - C r ( 1 ) “ C (4) 136 6 (8 )
C ( 6 ) - C r ( 1 ) - C (4) 66 7 ( 5 )
C ( 2 ) - C r ( 1 ) - C (4) 63 5 (6 )
N ( 1 ) - C r ( 1 ) - C (4) 77 5 (2 )
C ( 1 1 ) - C r ( 1 ) - C (5) 104 0(7 )
C ( 1 0 ) - C r ( 1 ) “ C (5) 103 6 (7 )
C ( 9 ) - C r { 1)“ C (5) 165 7(7 )
C (6 ) - C r ( 1 ) “ C (5) 37 5 (6 )
C ( 2 ) “ C r ( 1 ) - C (5) 74 9(5 )
N ( 1 ) - C r ( 1 ) - C (5) 65 6(5 )
C ( 4 ) - C r ( 1 ) - C (5) 37 1 (8 )
C ( 1 1 ) - C r ( 1 ) - C (3) 163 6(7 )
C ( 1 0 ) - C r ( 1 ) - C (3) 103 3(7 )
C ( 9 ) - C r ( 1 ) - C (3) 105 9(6 )
C (6 ) - C r  f1 ) - C (3) 75 2 (6 )
C ( 2 ) - C r ( 1 ) “ C (3) 35 7 (7 )
N ( 1 ) - C r ( 1 ) - C (3) 64 5(6 )
C ( 4 ) - C r ( 1 ) - C (3) 34 1 ( 8 )
C ( 5 ) - C r ( l ) - C ( 3 ) 63 2 (2 )
C ( 6 ) - N ( l ) - C ( 2 ) 117 4(5 )
C ( 6 ) - N ( 1 ) - C r (1) 71 1(7 )
C ( 2 ) - N ( 1 ) - C r (1) 72 2(7}
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C {3)~ C { 2)—N (1) 122 7(1 2 )
C ( 3 ) - C ( 2 ) - C ( 7 ) 125 3(1 3 )
N ( l ) - C ( 2 ) - C ( 7 ) 112 0(1 4 )
C ( 3 ) - C ( 2 ) - C r ( l ) 72 3 ( 1 0 )
N ( l ) - C ( 2 ) - C r ( l ) 72 6(7 )
C ( 7 ) - C ( 2 ) - C r (1) 126 4(1 4 )
C ( 4 ) ~ C ( 3 ) “ C ( 2 ) 122 9(1 2 )
C ( 4 ) - C ( 3 ) - C r ( l ) 73 9(9)
C ( 2 ) - C ( 3 ) - C r  (1) 71 9(10)
C ( 3 ) - C ( 4 ) - C (5) 117 9(5 )
C ( 3 ) - C { 4 ) - C r (1) 72 0 (1 0 )
C ( 5 ) ' C ( 4 ) - C r (1) 72 0(9 )
C ( 4 ) - C ( 5 ) - C ( 6 ) 116 8 (1 1 )
C ( 4 ) ' C { 5)- C r (1) 70 9(8 )
C ( 6 ) - C ( 5 ) - C r (1) 68 7(8 )
N ( l ) - C ( 6 ) - C ( 5 ) 122 2 ( 1 0 )
N ( 1 ) -C ( 6 ) -C (8 ) 117 5(1 0 )
C ( 5 ) - C ( 6 ) - C ( 8 ) 119 9(11)
N ( 1 ) - C (6 ) - C r (1) 73 5(7 )
C ( 5 ) - C ( 6 ) - C r ( l ) 73 7(8 )
C {8 ) - C ( 6 ) - C r (1) 132 0(14)
0 ( l ) - C ( 9 ) - C r ( X ) 176(2 )
0 ( 2 ) - C ( 1 0 ) - C r (1) 176(3 )
0 ( 3 ) - C ( l l ) - C r (1) 176(2 )

Symmetry  t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  a tom s
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T a b le  3 a  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 103) f o r  C10H9CrNO3 
The a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  fo rm  
- 2  p i 2 [ h 2 a *2 U l l  + + 2 h k a* b* U12 ]

U l l U22 U33 U23 U13 U12

Cr (1 ) 3 1 (1 ) 2 4 ( 1 ) 2 8 ( 1 ) 1 (2 ) 1 (2 ) 0 (1 )
N ( l ) 35 (2 ) 2 9 ( 2 ) 4 3 ( 3 ) - 1 5 ( 6 ) - 1 2 ( 9 ) 5 ( 2 )
0 ( 1 ) 7 8 (9 ) 7 6 (8 ) 44 (6 ) - 1 3 ( 6 ) - 2 7 ( 6 ) - 2 3 ( 7 )
0 {2 ) 62 (3 ) 3 8 ( 2 ) 1 4 6 (7 ) 5 (9 ) - 2 ( 1 0 ) 1 4 (2 )
0 ( 3 ) 49 (6 ) 6 8 ( 6 ) 4 5 ( 6 ) 2 (6 ) 5 ( 5 ) - 6 ( 5 )
C (2) 2 6 ( 6 ) 6 8 ( 9 ) 2 3 ( 7 ) 4 (6 ) 4 ( 6 ) 2 ( 7 )
C (3) 5 2 (1 1 ) 4 2 (9 ) 2 5 ( 8 ) 10 (7 ) 3 ( 8 ) 1 (9 )
C (4) 3 5 (3 ) 3 5 (3 ) 5 6 (5 ) 2 1 (8 ) 1 4 (8 ) - 4 ( 2 )
C (5) 2 9 ( 8 ) 4 0 ( 9 ) 5 0 ( 9 ) - 1 0 ( 8 ) - 1 4 ( 8 ) - 5 ( 8 )
C ( 6 ) 4 1 ( 7 ) 1 9 ( 5 ) 4 4 ( 8 ) 11 (5 ) - 1 ( 7 ) 8 (6 )
C (7) 6 6 ( 1 1 ) 9 4 ( 1 3 ) 6 5 ( 1 1 ) - 4 8 ( 8 ) 12 (9) 2 3 ( 9 )
C ( 8 ) 6 8 ( 1 0 ) 4 8 ( 8 ) 3 8 (7 ) 1 (5 ) 0 ( 7 ) 2 ( 7 )
C (9) 2 6 ( 8 ) 3 8 (9 ) 5 0 ( 8 ) 10 (7 ) 3 ( 6 ) 0 (6 )
C(10) 3 9 (3 ) 33 (3) 6 9 (4 ) 1 5 (1 0 ) - 3 ( 1 1 ) 0 (2 )
C ( l l ) 4 8 ( 1 0 ) 4 2 ( 9 ) 2 0 ( 6 ) 0 ( 6 ) 1 (7 ) - 2 ( 7 )
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T a b le  4 a  H y d r o g e n  c o o r d i n a t e s  { x 104) a n d  i s o t r o p i c  
d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 1 03) f o r  CioHgCrNC^

x y z U(eq)

H (3) 8 8 4 1 ( 4 7 ) 2 8 5 1 ( 1 1 3 ) 1 3 5 5 ( 6 2 ) 4 (1 4 )
H (4) 8 9 8 3 ( 8 1 ) 4 6 7 8 ( 1 9 5 ) 2 5 5 6 ( 1 4 7 ) 1 7 1 (6 3 )
H {5) 8 8 2 3 (9 9 ) 3 1 4 7 ( 1 9 1 ) 4 5 1 3 ( 1 0 6 ) 9 2 ( 5 5 )
H(7A) 9 1 3 2 ( 8 1 ) - 2 4 0 8 ( 1 5 0 ) 8 7 2 (1 1 3 ) 8 2 (2 3 )
H (7 B) 8 7 0 2 ( 1 0 2 ) - 3 0 6 ( 1 9 6 ) 3 7 6 ( 8 9 ) 8 2 (2 3 )
H(7C) 7 9 7 0 ( 4 5 ) - 1 8 2 1 ( 1 9 8 ) 1 0 0 5 ( 1 1 1 ) 8 2 (2 3 )
H ( 8A) 8 4 9 6 ( 1 0 2 ) - 2 6 3 0 ( 1 0 2 ) 4 5 1 6 ( 1 1 7 ) 8 2 (2 3 )
H {8B) 8 3 2 5 ( 9 0 ) - 6 6 2 ( 2 2 2 ) 5 2 5 2 ( 7 4 ) 8 2 (2 3 )
H ( 8C) 9 4 3 9 ( 3 2 ) - 1 2 9 5 ( 2 2 9 ) 4 9 0 5 ( 9 5 ) 8 2 ( 2 3 )
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Appendix 3

Observed and calculated structural factors for 

(rj6-2,6-dimethylpyridine)Cr(CO)3



T ab le 5a Observed and calculated structure factors
Page 1

Appendix 3

h k 1 lOFo 10Fa 1 0 s h k 1 lOFo lOFc 1 0 s h k 1 lOFo lOFc 1 0 s

2 0 0 881 923 3 12 0 1 168 166 3 4 1 2 243 236

4 0 0 1421 1543 4 0 1 1 943 990 22 5 1 2 338 337

6 0 0 586 604 4 1 1 1 1029 1081 20 6 1 2 276 284

8 0 0 1073 1109 7 2 1 1 679 664 7 7 1 2 168 169

10 0 0 317 313 3 3 1 1 87 97 2 8 1 2 32 44 31

12 0 0 0 53 1 4 1 1 372 366 5 9 1 2 0 32

1 1 0 164 166 1 5 1 1 116 126 1 10 1 2 0 32

2 1 0 73 65 2 6 1 1 415 426 5 11 1 2 113 108 5

3 1 0 339 338 3 7 1 1 415 415 3 12 1 2 167 163 2

4 1 0 467 453 4 8 1 1 381 378 2 13 1 2 120 114 4

5 1 0 151 142 2 9 1 1 367 370 2 0 2 2 41 41 3

6 1 0 351 321 2 10 1 1 199 193 2 1 2 2 707 714 6

7 1 0 476 463 3 11 1 1 193 188 2 2 2 2 45 48 11

8 1 0 120 109 2 12 1 1 149 147 4 3 2 2 548 554 2

9 1 0 22 16 22 13 1 1 49 45 21 4 2 2 232 224 1

10 1 0 0 26 1 1 2 1 282 269 2 5 2 2 580 591 5

11 1 0 87 91 4 2 2 1 605 587 11 6 2 2 230 225 2

12 1 0 248 248 2 3 2 1 341 323 2 7 2 2 498 506 4

13 1 0 202 197 2 4 2 1 110 109 1 8 2 2 0 34 1

0 2 0 713 702 3 5 2 1 0 27 1 9 2 2 307 304 2

1 2 0 229 237 1 6 2 1 234 239 1 10 2 2 47 39 17



10
11
12
13

1
2

3

4

5

6

7

8

9

10
11
12
13

0
1
2

3

226

C9H10CrN03

k 1 lOFo lOFc 1 0 s

1 3 194 189 2

1 3 212 207 2

1 3 179 178 3

1 3 49 54 13

2 3 198 190 2

2 3 278 265 2

2 3 108 99 1

2 3 90 87 2

2 3 113 112 2

2 3 0 34 1

2 3 173 169 1

2 3 93 94 3

2 3 300 301 2

2 3 0 26 1

2 3 144 148 2

2 3 0 44 1

2 3 72 71 5

3 3 411 418 2

3 3 557 555 7

3 3 225 229 1

3 3 313 312 2

k 1 lOFo lOFc 10 s

2 4 618 623 3

2 4 42 46 30

2 4 714 719 4

2 4 92 98 2

2 4 428 432 6

2 4 0 29 1

2 4 182 177 2

2 4 89 87 9

2 4 194 190 2

2 4 84 90 27

2 4 180 179 3

3 4 210 215 1

3 4 68 67 3

3 4 142 146 2

3 4 48 53 5

3 4 62 64 4

3 4 99 93 3

3 4 134 135 2

3 4 0 54 1

3 4 172 178 2

3 4 0 9 1

h

3

4

5

6

7

8

9

10

11

12

13

1
2

3

4

5

6

7

8

9

10



Appendix 3
h k 1 lOFo lOFc 1 0 s h k

2 2 0 154 152 2 7 2

3 2 0 1040 1030 3 8 2

4 2 0 677 634 8 9 2

5 2 0 783 784 4 10 2

6 2 0 101 105 2 11 2

7 2 0 321 332 2 12 2

8 2 0 45 25 17 13 2

9 2 0 279 278 2 0 3

10 2 0 5 5 5 1 3

11 2 0 256 259 2 2 3

12 2 0 7 5 7 3 3

13 2 0 173 168 2 4 3

1 3 0 145 140 1 5 3

2 3 0 325 314 4 6 3

3 3 0 0 54 1 7 3

4 3 0 276 281 1 8 3

5 3 0 94 90 2 9 3

6 3 0 111 91 2 10 3

7 3 0 122 122 5 11 3

8 3 0 122 121 6 12 3

9 3 0 253 254 2 13 3

10 3 0 140 133 6 1 4

LOFo lOFc 1 0 s b k 1 lOFo

12 17 11 11 2 2 195

0 51 1 12 2 2 66

252 246 2 13 2 2 152

45 35 17 1 3 2 242

266 267 3 2 3 2 166

84 82 4 3 3 2 137

101 104 4 4 3 2 120

61 45 13 5 3 2 126

312 324 6 6 3 2 40

390 389 2 7 3 2 127

604 617 6 8 3 2 0

558 539 3 9 3 2 265

558 549 3 10 3 2 27

31 41 31 11 3 2 126

339 338 2 12 3 2 82

0 36 1 13 3 2 25

220 218 2 0 4 2 408

201 205 2 1 4 2 85

148 148 2 2 4 2 449

194 194 4 3 4 2 277

133 133 3 4 4 2 435

44 52 8 5 4 2 175

i

1

l
l
l
l
l
l
l
l
l
l
l
l
l
i
l
l
l
l
l
i
i



LOFc 1 0 s b k 1 lOFo

195 2 4 3 3 161

64 5 5 3 3 431

152 3 6 3 3 257

234 1 7 3 3 392

164 1 8 3 3 133

142 1 9 3 3 186

115 2 10 3 3 56

125 2 11 3 3 189

35 10 12 3 3 122

124 2 13 3 3 153

21 1 1 4 3 121

272 1 2 4 3 99

38 27 3 4 3 0

130 4 4 4 3 77

75 4 5 4 3 156

48 25 6 4 3 134

418 2 7 4 3 40

88 2 8 4 3 93

442 3 9 4 3 30

282 1 10 4 3 0

422 6 11 4 3 35

178 2 12 4 3 106

227
LOs b k 1 lOFo lOFc 1 0 s

1 11 3 4 62 70 62

3 12 3 4 65 64 25

1 13 3 4 81 87 5

2 0 4 4 772 775 5

2 1 4 4 132 137 2

2 2 4 4 430 423 2

25 3 4 4 271 272 3

2 4 4 4 88 82 3

3 5 4 4 75 70 4

5 6 4 4 220 215 1

2 7 4 4 0 35 1

2 8 4 4 343 342 2

1 9 4 4 144 145 5

5 10 4 4 242 241 2

3 11 4 4 140 142 8

2 12 4 4 104 103 4

12 1 5 4 98 92 5

3 2 5 4 0 13 1

30 3 5 4 105 108 5

1 4 5 4 138 143 3

22 5 5 4 80 79 4

4 6 5 4 113 115 3

lOFc

167

441

252

387

124

187

61

190

121
141

122
96

28

87

157

145

37

91

10
39

47

103



Appendix 3

h k 1 lOFo lOFc 1 0 s h k

11 3 0 163 165 2 2 4

12 3 0 132 133 3 3 4

13 3 0 0 8 1 4 4

0 4 0 223 244 1 5 4

1 4 0 160 165 1 6 4

2 4 0 497 501 3 7 4

3 4 0 124 116 2 8 4

4 4 0 551 548 4 9 4

5 4 0 217 221 1 10 4

6 4 0 233 227 1 11 4

7 4 0 167 163 3 12 4

8 4 0 188 189 2 0 5

9 4 0 0 24 1 1 5

10 4 0 243 241 2 2 5

11 4 0 45 47 9 3 5

12 4 0 169 168 2 4 5

1 5 0 0 54 1 5 5

2 5 0 215 216 5 6 5

3 5 0 76 67 4 7 5

4 5 0 15 16 14 8 5

5 5 0 0 9 1 9 5

6 5 0 0 23 1 10 5

lOFo lOFc 1 0 s h k 1 lOFo

0 37 1 6 4 2 292

79 84 23 7 4 2 6

121 123 2 8 4 2 183

63 55 19 9 4 2 83

125 125 2 10 4 2 210

156 152 3 11 4 2 112

104 105 3 12 4 2 190

38 50 37 1 5 2 13

124 123 3 2 5 2 29

37 20 19 3 5 2 0

73 81 15 4 5 2 72

380 379 2 5 5 2 15

0 24 1 6 5 2 82

309 308 2 7 5 2 41

139 139 3 8 5 2 90

306 304 2 9 5 2 90

169 165 2 10 5 2 94

340 341 2 11 5 2 0

104 102 3 0 6 2 153

202 206 2 1 6 2 121

0 38 1 2 6 2 136

112 106 4 3 6 2 303

1

1

l
i

i
i
l
l
l
l
l
i

l
l
i
i

i

i

l
l
l
i

l



2
6
3

19

2
3

3

12
28

1
4

15

4

41

5

4

4

1
2
3

2
4

228

h k 1 lOFo lOFc 1 0 s h k 1 lOFo lOFc 1 0 s

0 5 3 447 444 3 7 5 4 127 122 3

1 5 3 148 147 3 8 5 4 0 2 1

2 5 3 363 359 2 9 5 4 0 26 1

3 5 3 33 46 33 10 5 4 0 49 1

4 5 3 197 199 2 0 6 4 84 85 21

5 5 3 83 87 10 1 6 4 192 191 2

6 5 3 201 199 2 2 6 4 115 113 3

7 5 3 136 134 7 3 6 4 233 234 2

8 5 3 284 281 2 4 6 4 167 166 2

9 5 3 77 68 25 5 6 4 186 183 4

10 5 3 186 186 2 6 6 4 164 168 2

1 6 3 68 74 17 7 6 4 147 146 3

2 6 3 23 27 23 8 6 4 85 82 62

3 6 3 0 21 1 1 7 4 22 34 22

4 6 3 27 33 26 2 7 4 118 116 3

5 6 3 107 114 3 3 7 4 61 50 24

6 6 3 47 45 34 2 0 5 69 90 3

7 6 3 61 59 7 4 0 5 0 18 1

8 6 3 0 37 1 6 0 5 78 86 4

0 7 3 25 34 24 8 0 5 313 318 3

1 7 3 183 180 2 10 0 5 200 203 3

2 7 3 43 43 42 12 0 5 38 26 17



Appendix 3
h k 1 lOFo lOFc 1 0 s

7 5 0 56 63 13

8 5 0 178 182 2

9 5 0 109 112 3

10 5 0 145 148 3

11 5 0 22 37 22

0 6 0 188 190 2

1 6 0 63 58 5

2 6 0 138 144 2

3 6 0 329 325 2

4 6 0 111 114 3

5 6 0 393 387 3

6 6 0 128 128 4

7 6 0 140 140 4

8 6 0 105 108 3

9 6 0 0 24 1

1 7 0 0 18 1

2 7 0 80 93 8

3 7 0 23 26 22

4 7 0 24 24 24

5 7 0 0 32 1

2 0 1 246 253 2

4 0 1 242 238 2

6 0 1 560 545 4

k 1 lOFo lOFc 1 0 s b k

5 1 36 25 13 4 6

6 1 37 34 9 5 6

6 1 0 2 1 6 6

6 1 19 16 19 7 6

6 1 0 19 1 8 6

6 1 23 24 23 1 7

6 1 62 55 5 2 7

6 1 89 83 10 3 7

6 1 53 49 11 4 7

7 1 0 14 1 2 0

7 1 221 222 2 4 0

7 1 0 14 1 6 0

7 1 211 209 2 8 0

7 1 22 43 21 10 0

7 1 165 163 2 12 0

0 2 1735 1657 13 0 1

0 2 966 987 4 1 1

0 2 199 185 2 2 1

0 2 379 386 3 3 1

0 2 665 655 5 4 1

0 2 359 366 3 5 1

0 2 135 137 3 6 1

1 2 308 297 3 7 1

h

11

1

2
3

4

5

6
7

8
0
1
2
3

4

5

0
2
4

6
8

10
12
1



1 lOFo lOFc 1 0 s h k 1 lOFo

2 128 130 3 3 7 3 218

2 282 277 1 4 7 3 25

2 142 141 3 0 0 4 489

2 138 135 3 2 0 4 808

2 113 113 4 4 0 4 768

2 53 38 10 6 0 4 374

2 42 56 42 8 0 4 359

2 57 54 17 10 0 4 306

2 0 19 1 12 0 4 193

3 34 49 8 1 1 4 428

3 468 454 4 2 1 4 324

3 206 185 2 3 1 4 286

3 0 10 1 4 1 4 117

3 211 208 2 5 1 4 232

3 184 182 3 6 1 4 0

3 957 965 10 7 1 4 159

3 232 220 3 8 1 4 117

3 580 586 6 9 1 4 167

3 1125 1118 24 10 1 4 143

3 351 351 2 11 1 4 137

3 581 562 3 12 1 4 113

3 412 421 2 13 1 4 0

3 13 32 13 0 2 4 272

229
LOs h k 1 lOFo lOFc 1 0 s

2 0 1 5 0 68 1

25 1 1 5 79 107 2

3 2 1 5 480 491 3

5 3 1 5 521 514 3

5 4 1 5 757 751 4

3 5 1 5 581 573 4

3 6 1 5 355 350 2

3 7 1 5 259 266 3

3 8 1 5 91 88 3

3 9 1 5 98 94 3

2 10 1 5 180 181 2

2 11 1 5 109 112 7

1 12 1 5 238 233 2

1 13 1 5 114 113 4

1 1 2 5 311 288 2

2 2 2 5 29 24 11

2 3 2 5 252 241 2

2 4 2 5 115 115 3

2 5 2 5 138 134 2

3 6 2 5 48 52 10

3 7 2 5 0 33 1

1 8 2 5 63 67 36

3 9 2 5 301 302 2

lOFc

215

23

491

824

801

381

353

302

193

425

312

283

117

235

26

164

114

167

139

134

111
27

275



Appendix 3
h  k  1 lOFo lOFc 10s  h  k  1 lOFo lOFc 10s  h  k

8 0 1 156 157 2 2 1 2 197 208 2 8 1

10 0 1 137 137 3 3 1 2 144 150 1 9 1



1 lOFo lOFc 10s b  k  1 lOFo lOFc 10s h  k  1 lOFo lOFc 10s

3 298 303 3 1 2 4 364 381 2 10 2 5 0 8 1

3 257 263 1 2 2 4 106 98 1 11 2 5 211 218 3

230



Appendix 3 231

T able 5a Observed and calculated structure factors for C9H10CrN03
Page 2

h k 1 10FO 10FC 1 0 8 h k 1 10FO lOFo 1 0 s h Jc 1 lOFo lOFc 1 0 s h k 1 l OFo 10FC 1 0 s h k 1 lOFo 10FC

12 2 5 64 66 15 10 3 6 47 30 11 4 5 7 105 107 3 7 1 9 81 86 4 8 4 10 102 109

13 2 5 0 33 1 11 3 6 80 82 5 5 5 7 0 13 1 8 1 9 240 238 2 1 5 10 0 17

0 3 5 72 80 3 12 3 6 89 91 5 6 5 7 232 229 2 9 1 9 246 249 2 2 5 10 0 19

1 3 5 616 612 4 0 4 6 680 675 4 7 5 7 1 20 127 3 10 1 9 120 120 3 3 5 10 3 36

2 3 5 217 214 1 1 4 6 187 186 2 8 5 7 217 219 2 11 1 5 147 149 3 4 5 10 57 48

3 3 5 317 325 2 2 4 6 407 406 2 1 6 7 28 30 27 12 1 9 88 85 28 5 5 10 39 26

4 3 5 345 341 2 3 4 6 112 109 3 2 6 7 18 14 18 1 2 9 79 87 30 2 0 11 178 179

5 3 5 153 158 3 4 4 6 30 21 30 3 6 7 0 35 1 2 2 9 14 32 13 4 0 11 133 138

6 3 5 215 213 1 5 4 6 82 84 5 4 6 7 32 25 25 3 2 9 100 91 3 6 0 11 257 260

7 3 5 273 265 2 6 4 6 130 129 8 5 6 7 0 3 2 1 4 2 9 63 65 63 8 0 11 33 19

8 3 5 0 54 1 7 4 6 60 61 5 0 0 8 566 567 5 5 2 9 43 26 11 10 0 11 41 64

9 3 5 361 361 2 8 4 6 393 389 5 2 0 8 490 484 5 6 2 9 0 14 1 0 1 11 297 301

10 3 5 23 47 22 9 4 6 78 75 4 4 0 8 360 362 3 1 2 9 79 77 6 1 1 11 350 346

11 3 5 201 208 2 10 4 6 2 4 0 240 3 6 0 8 301 295 3 8 2 9 78 91 4 2 1 11 221 218

12 3 5 107 105 28 11 4 6 108 108 4 8 0 8 266 261 2 9 2 9 132 139 3 3 1 11 83 87

1 4 5 78 73 3 1 5 6 144 147 2 10 0 8 236 240 3 10 2 9 0 16 1 4 1 11 164 158

2 4 5 238 246 1 2 5 6 110 114 3 12 0 8 170 171 4 11 2 9 109 109 4 5 1 11 21 18

3 4 5 98 103 3 3 5 6 112 116 3 1 1 8 0 21 1 0 3 9 210 209 2 6 1 11 198 202

4 4 5 156 155 2 4 5 6 79 85 4 2 1 8 29 28 13 1 3 9 243 239 3 7 1 11 186 181

5 4 5 11 30 10 5 5 6 137 136 2 3 1 8 16 28 15 2 3 9 154 153 2 8 1 11 172 164

6 4 5 336 337 2 6 5 6 45 53 8 4 1 8 108 103 2 3 3 9 244 242 1 9 1 11 238 237

7 4 5 0 16 1 7 5 6 98 98 3 5 1 8 0 43 1 4 3 9 121 122 2 10 1 11 82 81

8 4 5 0 28 1 8 5 6 0 34 1 6 1 8 131 130 2 5 3 9 328 328 2 1 2 11 89 98

1 0 s

7

1
1
3

8
16

3

3

2
33

41

5

2
3

3

2
21

5

3

4

3

5

3



Appendix 3
h k 1 l OFo 1 0 F c 10  a h k 1

9 4 5 0 24 1 9 5 6

10 4 5 86 93 18 0 6 6

1 * 4 5 0 30 1 1 6 6

0 5 5 5 09 511 3 2 6 6

- 5 5 262 261 1 3 6 6

2 5 5 304 300 2 4 6 6

3 5 5 60 66 5 5 6 6

4 5 5 103 102 3 6 6 6

5 5 5 74 77 6 2 0 7

6 5 5 2 25 225 3 4 0 7

7 5 5 182 178 4 6 0 7

8 5 5 276 277 2 8 0 7

9 5 5 161 173 3 10 0 7

10 5 5 130 134 3 12 0 7

i_ 6 5 0 21 1 0 1 7

2 6 5 12 35 11 1 1 7

3 6 5 0 63 1 2 1 7

4 6 5 0 12 1 3 1 7

5 6 5 45 59 17 4 1 7

6 6 5 9 35 9 5 1 7

7 6 5 0 12 1 6 1 7

0 7 5 0 40 1 7 1 7

- 7 5 176 171 2 8 1 7

2 7 5 0 40 1 9 1 7

lOFc 10s h k 1 lOFo 10FC 10s

44 1 7 1 8 76 85 4

89 4 8 1 8 19 59 19

201 2 9 1 8 9_ 92 3

95 3 10 1 8 0 53 1

156 2 11 1 8 85 83 4

145 2 12 1 8 82 91 19

179 2 0 2 8 0 33 1

157 2 1 2 8 38_ 387 2

387 3 2 2 8 76 68 3

46 7 3 2 8 383 384 2

28 21 4 2 8 93 87 3

252 2 5 2 8 355 347 2

130 4 6 2 8 84 83 18

56 16 7 2 8 292 299 2

312 4 8 2 8 68 68 4

203 1 9 2 8 224 227 2

416 10 10 2 8 20 17 19

294 7 11 2 8 142 142 5

436 3 12 2 8 0 24 1

4 60 3 1 3 8 37 66 36

245 1 2 3 8 33 17 10

247 1 3 3 8 64 64 5

167 4 4 3 8 92 91 3

44 1 5 3 8 17 32 17

l OFo

0
91

198

94

163

142

182

160

378

4 4

2_

248

126

43

310

187

4 lj.

2 9 .

4 4 _

464

245

246

173

0



6
7

8
9

10
1
2
3

4

5

6
7

8
9

0
1
2
3

4

5

6
1
0
2

232
k 1 l OFo lOFo 108 h k 1 lOFo lOFc 1 0 s

3 9 120 123 3 2 2 11 59 65 15

3 9 239 240 3 3 2 11 116 115 2

3 9 76 74 44 4 2 11 35 29 9

3 9 93 91 4 5 2 11 0 18 1

3 9 59 60 25 6 2 11 58 50 23

4 9 83 80 3 7 2 11 0 24 1

4 9 35 51 25 8 2 11 0 39 1

4 9 59 62 23 9 2 11 102 104 4

4 9 0 19 1 0 3 11 77 81 4

4 9 85 84 4 1 3 11 170 169 2

4 9 38 61 16 2 3 11 138 131 4

4 9 70 73 5 3 3 11 235 227 2

4 9 107 105 3 4 3 11 164 173 2

4 9 0 13 1 5 3 11 249 250 2

5 9 186 186 3 6 3 11 0 65 1

5 9 0 36 1 7 3 11 156 163 3

5 9 208 209 2 8 3 11 32 16 32

5 9 75 69 8 1 4 11 0 42 1

5 9 213 215 2 2 4 11 0 11 1

5 9 102 107 4 3 4 11 35 31 18

5 9 175 175 2 4 4 11 32 23 14

6 9 0 20 1 5 4 11 23 43 23

0 . 0 697 705 5 6 4 11 67 58 10

0 . 0 449 449 4 0 5 11 101 95 3



Appendix 3
h k 1 lOPo l OFc 1 0 s h k 1 10FO l OF c  :LOs h k 1 lOFo 10FC

0 0 6 957 940 5 10 1 7 187 188 2 6 3 8 4 - 58

2 0 6 4 63 479 4 11 1 7 137 132 5 7 3 8 87 87

4 0 6 342 358 3 12 1 7 151 153 3 8 3 8 0 12

6 0 6 612 614 5 13 1 7 126 121 3 9 3 8 145 148

8 0 6 319 317 3 1 2 7 0 23 1 10 3 8 0 26

10 0 6 126 133 4 2 2 7 154 163 1 11 3 8 84 77

12 0 6 231 228 3 3 2 7 77 70 3 0 4 8 345 334

- 1 6 144 129 1 4 2 7 122 119 2 1 4 8 112 114

2 1 6 264 243 3 5 2 7 30 40 30 2 4 8 284 283

3 1 6 74 79 2 6 2 7 91 93 24 3 4 8 128 131

4 1 6 153 154 3 7 2 7 74 72 4 4 4 8 214 214

5 1 6 171 161 4 8 2 7 50 58 10 5 4 8 92 96

6 1 6 30 20 9 9 2 7 196 197 4 6 4 8 21 _ 212

7 1 6 253 250 2 10 2 7 0 23 1 7 4 8 0 41

8 1 6 48 57 7 11 2 7 156 164 2 8 4 8 187 189

9 1 6 259 256 2 12 2 7 0 46 1 9 4 8 14 68

10 1 6 169 169 2 0 3 7 124 125 2 10 4 8 127 128

1 _ 1 6 14 21 14 1 3 7 362 360 2 1 5 8 0 21

12 1 6 108 111 3 2 3 7 224 220 2 2 5 8 0 20

13 1 6 0 9 1 3 3 7 380 378 2 3 5 8 29 38

0 2 6 35 36 5 4 3 7 224 224 4 4 5 8 52 49

j. 2 6 115 1 3 9 4 5 3 7 2_5 209 3 5 5 8 19 4

2 2 6 243 236 1 6 3 7 102 100 3 6 5 8 106 102

3 2 6 780 761 5 7 3 7 2 . 8 215 2 7 5 8 45 55

4 2 6 141 136 2 8 3 7 96 103 3 8 5 8 60 57

5 2 6 674 658 6 9 3 7 277 278 2 0 6 8 92 100

1 03

41

4

1
2
1
5

2
3

1
2
3

3

2
1
2

14

3

1
1

29

22
19

7

35

7

4



4

6
8

10
1
2
3

4

5

6
7

8
9

10
11
0
1
2
3

4

5

6
7

8
9

10

233
k 1 l OFo lOFc 1 0 s

0 . 0 43 52 12

0 . 0 81 87 6

0 . 0 419 417 4

0 . 0 288 283 3

1 - 0 156 163 4

1 _0 0 43 1

1 _0 20 52 19

1 . 0 82 88 25

1 . 0 207 213 2

oH 83 91 28

1 . 0 0 68 1

1 - 0 0 22 1

1 _0 28 33 27

1 _0 14 26 14

1 - 0 48 49 17

2 _0 44 49 44

2 . 0 294 288 2

2 _0 30 17 30

2 _0 291 287 2

2 _0 91 91 3

2 _0 313 317 3

2 . 0 191 191 2

2 - 0 235 240 2

2 . 0 19 10 18

2 _0 128 131 3

2 - 0 64 80 6

k 1 lOFo lOFc 1 03

5 11 0 12 1

5 11 158 161 4

5 11 84 80 5

0 12 601 602 6

0 12 264 261 2

0 12 0 45 1

0 12 219 214 3

0 12 307 313 3

1 12 0 26 1

1 12 27 25 27

1 12 18 23 17

1 12 74 82 4

1 12 0 27 1

1 12 89 93 12

1 12 90 98 9

1 12 32 4 31

1 12 55 42 24

2 12 34 4 3 34

2 12 193 189 2

2 12 33 41 18

2 12 270 268 2

2 12 97 106 3

2 12 240 239 4

2 12 43 51 42

2 12 147 143 3

2 12 30 33 18

h

1
2
3

0
2
4

6
8
1
2
3

4

5

6
7

8
9

0
1
2
3

4

5

6
7
8



Appendix 3
h k 1 lOFo lOFo 1 0 s  h k  1 lOFo l OFc  1 0 s  h k 1 lOFo l OFc  1 0 s

6 2 6 167 163 2 10 3 7

7 2 6 216 217 1 11 3 7

8 2 6 60 66 5 12 3 7

9 2 6 162 165 2 1 4 7

10 2 6 199 200 2 2 4 7

1_ 2 6 216 220 2 3 4 7

12 2 6 7 17 6 4 4 7

13 2 6 152 149 5 5 4 7

- 3 6 93 83 2 6 4 7

2 3 6 122 122 2 7 4 7

3 3 6 0 8 1 8 4 7

4 3 6 115 118 4 9 4 7

5 3 6 166 159 2 10 4 7

6 3 6 130 129 2 0 5 7

7 3 6 107 104 3 1 5 7

8 3 6 0 24 1 2 5 7

9 3 6 86 82 4 3 5 7

93 4 1 6 8 13_ 127 3

147 3 2 6 8 98 94 8

68 11 3 6 8 17 _ 173 4

94 3 4 6 8 114 103 3

118 2 2 0 9 113 113 3

69 20 4 0 9 224 226 2

138 3 6 0 9 23_ 223 2

34 36 8 0 9 33 30 18

2 00 2 10 0 9 0 33 1

40 41 12 0 9 157 150 4

14 1 0 1 9 4 67 466 3

52 11 1 1 9 246 245 2

8 1 2 1 9 305 305 2

434 3 3 1 9 330 331 2

135 3 4 1 9 160 156 4

239 2 5 1 9 117 114 3

21 22 6 1 9 234 236 1

93

146

67

105

115

64

134

37

196

42

0
52

0
430

136

238

23
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234
k 1 l OFo l OFc l O s h k 1 lOFo lOFc l O s

3 _0 30 38 29 1 3 12 0 19 1

3 . 0 216 222 1 2 3 12 50 66 10

3 _0 29 30 13 3 3 12 0 21 1

3 - 0 53 45 6 4 3 12 40 50 10

3 _0 0 25 1 5 3 12 19 45 19

3 - 0 84 86 32 6 3 12 0 9 1

3 _0 135 134 3 7 3 12 48 43 47

3 . 0 0 15 1 0 4 12 118 117 8

3 _0 134 139 7 1 4 12 73 70 5

4 _0 224 219 2 2 4 12 186 186 2

4 . 0 62 54 5 3 4 12 63 59 6

4 „0 213 209 2 4 4 12 211 212 2

4 - 0 125 124 3 5 4 12 77 74 5

4 . 0 230 226 2 2 0 13 0 59 1

4 . 0 78 83 5 4 0 13 13 16 12

4 10 203 198 4 6 0 13 86 93 6

4 . 0 43 58 43 8 0 13 81 89 7



Appendix 3 235

T a b le 5 a . Observed and calculated structure factors for C9H10CrN03
P ag e  3

h k 1 £oH

lOFc 1 0 s h Jc 1 2o

l OFc 10S h k 1 lOFo 10FC 1 0 s h k 1 lOFo lOFc 1 0 s h k 1 lOFo 10FC 1 0 s

0 1 13 215 215 3 1 2 13 0 13 - 1 3 13 l l *7 114 5 4 0 4 211 209 3 0 2 14 42 50 13

1 1 13 170 169 2 2 2 13 0 36 - 2 3 13 107 106 5 6 0 4 195 197 3 1 2 14 147 142 2

2 1 13 176 172 2 3 2 13 0 21 - 3 3 13 222 222 2 1 1 4 O 25 1 2 2 14 43 48 43

3 1 13 79 77 17 4 2 13 57 59 56 4 3 13 10*7 111 5 2 1 4 0 22 1 3 2 14 200 196 7

4 1 13 127 126 3 5 2 13 59 57 9 5 3 13 164 162 2 3 1 4 0 29 1 4 2 14 0 27 1

5 1 13 135 136 3 6 2 13 0 17 - 1 4 13 2 35 2 4 1 4 43 45 13 5 2 14 177 179 2

6 1 13 139 136 3 7 2 13 52 50 1 - 0 0 14 176 183 3 5 1 4 0 17 1 1 3 14 0 45 1

7 1 13 150 149 3 0 3 13 64 61 3_ 2 0 14 179 172 3 6 1 4 48 48 47 2 3 14 0 12 1
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T a b l e  l b  A to m ic  c o o r d i n a t e s  ( x 104) a n d  e q u i v a l e n t  i s o t r o p i c  
d i s p l a c e m e n t  p a r a m e t e r s  (A2 x  10 3) f o r  CuH21CrN03S i 2 U ( e q ) i s  d e f i n e d  a s  one  
t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i z e d  U i j  t e n s o r

X y z U (eq)

Cr ( 1) 2 4 8 7 ( 1 ) 1 2 5 3 (1 ) 3 3 0 ( 1 ) 3 7 ( 1 )
S i ( l ) 1 2 6 7 (1 ) 2 7 3 1 (1 ) 1 1 3 7 (1 ) 4 0 ( 1 )
S i ( 2 ) 1 7 3 9 (1 ) 6 0 1 (1 ) 3 5 2 1 (1 ) 4 5 ( 1 )
N ( 1) 1 9 1 1 (3 ) 1 6 3 3 (1 ) 2 1 4 0 ( 2 ) 3 5 ( 1 )
0 ( 1 ) 1 2 8 4 ( 4 ) 1 8 5 9 (1 ) - 2 1 5 6 ( 2 ) 8 0 ( 1 )
0 (2 ) 3 8 9 5 (4 ) 3 4 6 ( 1 ) - 1 3 0 8 ( 3 ) 9 5 (1 )
0 ( 3 ) - 1 0 2 5 ( 4 ) 6 8 4 (1 ) - 1 3 5 ( 3 ) 9 5 (1 )
C (2) 2 6 5 1 ( 3 ) 2 0 5 1 (1 ) 1 4 5 8 (2 ) 3 5 ( 1 )
C (3 ) 4 2 9 8 (4 ) 1 9 5 6 (1 ) 1 0 2 9 ( 3 ) 4 3 ( 1 )
C(4) 5 1 6 5 (4 ) 1 4 3 5 (1 ) 1 2 6 7 ( 3 ) 4 7 ( 1 )
C ( 5 ) 4 4 0 5 (4 ) 1 0 1 2 ( 1 ) 1 9 8 7 ( 3 ) 4 5 ( 1 )
C ( 6 ) 2 7 9 6 ( 4 ) 1 1 1 3 (1 ) 2 4 3 7 ( 2 ) 3 7 ( 1 )
C (9) 1 7 6 2 ( 4 ) 1 6 3 1 (1 ) - 1 1 9 0 ( 3 ) 5 1 ( 1 )
C(10) 3 3 6 3 (5 ) 6 9 1 (2 ) - 6 7 1 ( 3 ) 5 8 ( 1 )
C ( l l ) 3 3 7 ( 4 ) 8 8 9 (2 ) 7 1 ( 3 ) 5 5 ( 1 )
C ( 12 ) 2 1 8 8 ( 6 ) 3 1 6 2 ( 2 ) - 1 2 2 ( 4 ) 8 3 (1 )
C ( 13 ) 1 3 7 5 ( 5 ) 3 1 6 2 (2 ) 2 6 4 6 ( 3 ) 6 6 ( 1 )
C ( 14 ) - 1 0 1 1 ( 4 ) 2 4 9 6 ( 2 ) 6 1 9 ( 4 ) 7 3 ( 1 )
C ( 15 ) 2 3 2 9 (6 ) 8 7 4 (2 ) 5 1 9 2 (3 ) 7 5 ( 1 )
C (16) - 6 7 1 ( 5 ) 6 2 3 (2 ) 3 1 0 0 (4 ) 7 2 ( 1 )
C ( 17 ) 2 6 1 7 (6 ) - 1 3 9 ( 2 ) 3 3 3 9 (4 ) 8 3 ( 1 )
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T a b l e  2b  Bond l e n g t h s  [A] an d  a n g l e s  [ ° ]  f o r  C14H2iCrN03S i 2

C r ( 1 ) - C (9)
C r ( 1 ) - C (10)
C r ( 1 ) - C (11) 
C r ( l ) - N ( l )
C r ( 1 ) - C (2)
C r ( 1 ) - C (5)
Cr  (1) -C ( 6 )
C r ( 1 ) - C (3)
C r ( 1 ) - C (4) 
S l ( l ) - C ( 1 4 )
S i ( 1 ) - C (13)
S i ( 1 ) - C (12)
S i ( 1 ) -C (2)
S i  (2) -C (16)
S i ( 2 ) - C (17)
S i ( 2 ) - C (15)
S i  (2) -C ( 6 )
N (1) -C (2)
N ( 1 ) - C ( 6 )
0 ( 1 ) - C (9)
0 (2 ) - C ( 1 0 )
0 ( 3 )  -C (11)
C (2) - C (3) 
C ( 3 ) - C ( 4 )
C ( 4 ) - C (5)
C ( 5 ) - C ( 6 )

C ( 9 ) - C r  ( 1 ) - C ( 1 0 )
C ( 9 ) - C r ( 1 ) - C (11)
C ( 1 0 ) - C r ( 1 ) - C (11) 
C ( 9 ) - C r ( 1 ) - N (1)
C ( 1 0 ) - C r ( 1 ) - N (1)
C ( 1 1 ) - C r ( 1 ) - N (1)
C ( 9 ) - C r ( 1 ) - C (2)
C ( 1 0 ) - C r ( 1 ) - C (2)
C ( 1 1 ) —C r ( 1 ) —C (2 )
N ( 1 ) - C r ( 1 ) - C (2)
C ( 9 ) - C r ( 1 ) - C (5)
C ( 1 0 ) - C r ( 1 ) - C (5)
C ( 1 1 ) - C r ( 1 ) - C (5)
N ( 1 ) - C r ( 1 ) - C (5)
C ( 2 ) - C r ( 1 ) - C (5)
C ( 9 ) - C r ( 1 ) - C (6 )
C ( 1 0 ) - C r ( 1 ) - C ( 6 )
C (11) - C r  (1) -C ( 6 )
N (1) - C r  (1) -C (6 )
C (2) - C r  (1) -C ( 6 )
C ( 5 ) - C r ( 1 ) - C ( 6 )
C (9) - C r  (1) -C (3)
C ( 1 0 ) - C r ( 1 ) - C (3)
C ( 1 1 ) - C r ( 1 ) - C (3)
N ( 1 ) - C r ( 1 ) - C (3)
C ( 2 ) - C r ( 1 ) - C (3)
C ( 5 ) - C r ( 1 ) - C (3)
C (6 ) - C r ( 1 ) - C (3)
C ( 9 ) - C r ( 1 ) - C (4)
C ( 1 0 ) - C r ( 1 ) - C (4)
C ( 1 1 ) —C r ( 1 ) —C (4)
N ( 1 ) - C r ( 1 ) - C (4)

1 83 5 (3 )
1 84 6 (3 )
1 84 6 (3 )
2 18 0 (2 )
2 183(3 )
2 198(3 )
2 2 0 5 ( 3 )
2 2 0 4 ( 3 )
2 2 0 9 ( 3 )
1 8 5 1 (3 )
1 8 5 6 (3 )
1 8 5 9 (4 )
1 9 0 4 (3 )
1 8 5 4 (4 )
1 857(3 )
1 85 6 (3 )
1 890(3 )
1 3 6 7 (3 )
1 397(3 )
1 155(4 )
1 146(4 )
1 147(4 )
1 4 1 6 (4 )
1 3 8 2 (4 )
1 4 0 5 (4 )
1 4 0 0 (4 )

86 44 (14)
85 4 4 (1 4 )
89 1 (2 )

118 98(1 1)
154 5 6 (1 2 )

91 8 3(12)
93 1 4(1 2)

153 9 1(1 3)
116 9 0(1 3)

36 5 3 (8 )
154 2 4 ( 1 3 )

90 5 7 (1 3 )
120 12(1 3)

67 1 1 ( 1 0 )
78 5 8 (1 1 )

156 13(1 2)
117 41(1 3)

93 4 7 (1 2 )
37 16(9)
66 09(1 0)
37 09(1 0)
92 6 4 (1 3 )

116 2 6 (1 4 )
154 4 4 (1 3 )

66 8 5 (1 0 )
37 6 6 ( 1 0 )
65 88 ( 1 2 )
78 1 5(1 1)

117 1 5 (1 3 )
89 7 5 ( 1 4 )

157 2 5 ( 1 3 )
79 7 4 (1 0 )
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C ( 2 ) - C r ( l ) - C ( 4 ) 67 2 6 ( 1 1 )
C ( 5 ) - C r ( l ) - C ( 4 ) 37 1 7 ( 1 1 )
C (6 ) - C r ( 1 ) - C (4) 67 0 9 ( 1 1 )
C ( 3 ) - C r ( 1 ) - C (4) 36 5 1 ( 1 1 )
C ( 1 4 ) - S i 1 ) - C (13) 110 1 (2 )
C ( 1 4 ) - S i 1 ) - C ( 1 2 ) 112 6 (2 )
C ( 1 3 ) - S i 1 ) - C (1 2 ) 109 4 (2 )
C ( 1 4 ) - S i 1 ) - C (2 ) 107 4 3 (1 4 )
C ( 1 3 ) - S i 1 ) - C (2 ) 109 2 1 ( 1 4 )
C ( 1 2 ) - S i 1 ) - C ( 2 ) 108 1 (2 )
C ( 1 6 ) - S i 2 ) - C (17) 111 6 (2 )
C ( 1 6 ) - S i 2 ) - C (15) 109,>4(2)
C ( 1 7 ) - S i 2 ) - C (15) 111 1 (2 )
C ( 1 6 ) - S i 2 ) - C (6 ) 109 6 8 (1 4 )
C ( 1 7 ) - S i 2 ) - C (6 ) 108 9 ( 2 )
C ( 1 5 ) - S i 2 ) - C (6 ) 106 1 (2 )
C ( 2 ) - N ( l - C ( 6 ) 119 9(2 )
C ( 2 ) - N ( l “ C r (1) 71 88 (1 4 )
C (6 ) ~N (1 “ C r (1) 72 4 1 (1 4 )
N ( 1 ) -C (2 - C ( 3 ) 120 3 ( 3 )
N ( 1 ) -C (2 - S i ( l ) 114 4(2 )
C ( 3 ) -C (2 “ S i (1) 125 3 (2 )
N ( 1 ) - C (2 - C r (1) 71 5 9 ( 1 4 )
C ( 3 ) - C ( 2 - C r (1) 72 0 (2 )
S i ( l ) - C ( 2 ) - C r ( l ) 127 5 0 ( 1 3 )
C ( 4 ) - C ( 3 “ C (2) 120 7 ( 3 )
C ( 4 ) - C (3 “ C r (1) 71 9(2 )
C ( 2 ) - C (3 " C r (1) 70 4 (2 )
C ( 3 ) - C (4 -C (5) 118 4(3 )
C ( 3 ) - C (4 - C r (1) 71 5 ( 2 )
C (5) -C (4 “ C r (1) 71 0 (2 )
C ( 6 ) - C ( 5 “ C (4) 1 2 0 ,■ 8 ( 3 )
C ( 6 ) - C (5 “ C r (1) 71 7 ( 2 )
C ( 4 ) - C ( 5 “ C r (1) 71, . 8 (2 )
N ( 1 ) - C (6 “ C (5) 119 8 (2 )
N ( 1 ) ~ C (6 “ S i  (2) 115 8 (2 )
C ( 5 ) - C (6 “ S i (2) 124 4 ( 2 )
N ( 1 ) -C (6 - C r (1) 70 4 3 ( 1 4 )
C ( 5 ) - C (6 - C r (1) 71 2 (2 )
S i ( 2 ) - C (6 ) - C r (1) 133 4 9 ( 1 4 )
0 ( 1 )  -C (9) - C r  (1) 178 6(3 )
0 ( 2 ) - C ( 1 0 ) - C r (1) 179 0(3 )
0 ( 3 ) - C ( 1 1 ) - C r (1) 176 6 (3 )
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T a b l e  3b  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 103) f o r  Ci4H2iCrN0 3S i 2 
The a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  f o r m  
- 2  p i 2 [ h 2 a * 2 U l l  + + 2 h k a*  b* U12 ]

(

U l l U22 U33 U23 U13 U12

Cr (1) 3 8 ( 1 ) 3 6 ( 1 ) 37 (1 ) “ 2 ( 1 ) 9 ( 1 ) 1 ( 1 )
S i ( l ) 4 7 ( 1 ) 3 2 ( 1 ) 4 2 ( 1 ) 2 (1 ) 4 (1 ) 2 ( 1 )
S i ( 2 ) 63 (1 ) 3 3 ( 1 ) 4 0 (1 ) 4 (1 ) 1 1 ( 1 ) 0 ( 1 )
N{1) 39 (1 ) 3 3 ( 1 ) 3 3 ( 1 ) 1 ( 1 ) 7 ( 1 ) 1 ( 1 )
0 ( 1 ) 1 0 0 (2 ) 91 (2 ) 4 8 (1 ) 14 (1 ) 3 ( 1 ) 1 1 (2 )
0 (2 ) 1 1 3 (2 ) 85 (2 ) 90 (2 ) - 3 6 ( 2 ) 2 2 (2 ) 3 2 (2 )
0 ( 3 ) 71 (2 ) 1 2 9 (3 ) 81 (2 ) - 3 ( 2 ) - 4 ( 2 ) - 4 7 ( 2 )
C(2) 3 6 (2 ) 33 (2 ) 36 (1 ) - 2 ( 1 ) 3 (1 ) - 4 ( 1 )
C (3) 3 9 (2 ) 45 (2 ) 4 7 (2 ) 2 ( 1 ) 1 0 (1 ) - 9 ( 1 )
C (4) 3 1 ( 2 ) 5 4 ( 2 ) 5 8 ( 2 ) - 2 (2 ) 1 0 ( 1 ) 2 ( 1 )
C (5) 3 9 ( 2 ) 4 4 ( 2 ) 5 1 (2 ) 1 (1 ) - 1 ( 1 ) 1 1 (2 )
C ( 6 ) 4 1 ( 2 ) 3 3 ( 2 ) 3 7 (2 ) 1 (1 ) 4 ( 1 ) 2 ( 1 )
0 ( 9 ) 5 8 ( 2 ) 5 5 ( 2 ) 4 0 (2 ) - 1 (2 ) 1 0 (2 ) - 2 (2 )
C(10) 6 5 (2 ) 5 5 ( 2 ) 5 5 ( 2 ) - 1 0 (2 ) 9 ( 2 ) 9 ( 2 )
C ( l l ) 56 (2 ) 65 (2 ) 4 4 ( 2 ) - 3 ( 2 ) 4 ( 2 ) “ 1 4 (2 )
C (12) 1 16(3 ) 6 2 (2 ) 7 7 (3 ) 3 0 (2 ) 3 2 (2 ) 1 1 (2 )
C(13) 7 6 (3 ) 5 7 (2 ) 63 (2 ) - 1 4 ( 2 ) 1 (2 ) 1 4 (2 )
C (14) 49 (2 ) 5 8 (2 ) 1 0 6 (3 ) - 1 5 ( 2 ) - 1 3 ( 2 ) 8 (2 )
C (15) 110(3 ) 7 2 (3 ) 45 (2 ) 0 (2 ) 1 1 (2 ) - 2 1 (2 )
C (16) 6 8 (2 ) 8 2 (3 ) 70 (2 ) 1 0 (2 ) 2 1 (2 ) - 1 6 ( 2 )
0 ( 1 7 ) 126(4 ) 4 3 ( 2 ) 8 8 ( 3 ) 1 1 (2 ) 3 7 ( 3 ) 15 (2 )
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T a b l e  4b H y d r o g e n  c o o r d i n a t e s  ( x 10 4) a n d  i s o t r o p i c  
d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 1 03) f o r  C14H2iCrN0 3S i 2

X y z U(eq)

H (3) 4 7 0 2 ( 3 7 ) 2 2 1 8 ( 1 2 ) 5 5 7 ( 2 6 ) 4 1 ( 8 )
H (4) 6 2 2 8 (4 1 ) 1 3 6 7 (1 3 ) 8 7 5 ( 2 8 ) 5 1 ( 8 )
H (5) 4 9 1 9 (3 5 ) 6 8 8 ( 1 2 ) 2 1 5 7 ( 2 4 ) 3 3 ( 7 )
H ( 12A) 3 3 6 6 ( 6 ) 3 2 7 3 (2 ) 1 9 0 ( 4 ) 1 1 7 ( 4 )
H ( 12B) 1 4 8 9 ( 6 ) 3 5 0 2 ( 2 ) - 3 1 7 ( 4 ) 1 1 7 (4 )
H(12C) 2 1 8 4 ( 6 ) 2 9 3 3 (2 ) - 8 9 0 ( 4 ) 1 1 7 ( 4 )
H (13A) 2 5 6 0 (5 ) 3282 (2 ) 2 9 0 7 ( 3 ) 1 1 7 ( 4 )
H {13B) 9 8 0 ( 5 ) 2 9 3 0 (2 ) 3 3 1 5 (3 ) 1 1 7 ( 4 )
H ( 13C) 6 4 1 ( 5 ) 3 4 9 8 (2 ) 2 4 9 7 ( 3 ) 1 1 7 ( 4 )
H (14A)1 - 1 0 5 3 ( 4 ) 2 2 7 4 (2 ) - 1 6 2 ( 4 ) 1 1 7 (4 )
H ( 14B) - 1 7 4 9 ( 4 ) 2 8 3 1 (2 ) 4 6 6 ( 4 ) 1 1 7 (4 )
H(14C) - 1 4 1 1 ( 4 ) 2 2 6 3 (2 ) 1 2 8 3 ( 4 ) 1 1 7 ( 4 )
H ( 15A) 3 5 7 7 ( 6 ) 864 (2) 5 4 1 1 (3 ) 1 1 7 (4 )
H ( 15B) 1 7 9 2 (6 ) 6 3 5 (2 ) 5 7 8 3 (3 ) 1 1 7 (4 )
H (15C) 1 9 2 4 ( 6 ) 1 2 6 6 (2 ) 5 2 4 7 ( 3 ) 1 1 7 ( 4 )
H (16A) - 1 0 8 2 ( 5 ) 1 0 1 0 (2 ) 3 2 0 5 ( 4 ) 1 1 7 (4 )
H ( 16B) - 1 2 0 4 ( 5 ) 3 6 6 (2 ) 3 6 6 0 (4 ) 1 1 7 (4 )
H {16C) - 9 7 4 ( 5 ) 5 0 3 ( 2 ) 2 2 2 0 ( 4 ) 1 1 7 (4 )
H ( 17A) 3 8 6 4 (6 ) - 1 3 5 ( 2 ) 3 5 6 3 (4 ) 1 1 7 ( 4 )
H ( 17B) 2 3 3 5 ( 6 ) - 2 6 4 ( 2 ) 2 4 6 0 ( 4 ) 1 1 7 ( 4 )
H ( 17C) 2 1 0 6 (6 ) - 4 0 1 ( 2 ) 3 9 0 0 (4 ) 1 1 7 (4 )
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Observed and calculated structural factors for 

(ri6-2,6-bis(trimethylsilyl)pyridine)Cr(CO)3



T ab le 5b 
P age 1

O b s e r v e d  and c a l c u l a t e d  s t r u c t u r e

h k 1 lOFo l OFc 1 0 s h k 1

2 0 0 1612 14 45 16 2 11 0
4 0 0 0 66 1 3 11 0
6 0 0 283 287 3 4 i l 0
8 0 0 208 _94 4 5 11 0
1 1 0 117 , 1 8 1 6 11 0
2 1 0 581 570 4 7 11 0
3 1 0 272 282 2 8 11 0
4 1 0 465 453 4 0 12 0
5 1 0 104 - 0 1 4 1 12 0
6 1 0 130 - 3 5 4 2 12 0
1 1 0 28 10 28 3 12 0
8 1 0 116 _15 7 4 12 J 0
0 2 0 238 238 1 5 12 0
1 2 0 1882 1850 12 6 12 0
2 2 0 8 10 8 7 12 0
3 2 0 935 945 5 8 12 0
4 2 0 220 223 2 1 13 0
5 2 0 442 436 4 2 13 0
6 2 0 49 66 14 3 13 0
n 2 0 49 79 48 4 13 0
8 2 0 132 - 3 2 6 5 13 0
1 3 0 441 454 3 6 13 0
2 3 0 577 565 4 7 13 0
3 3 0 213 203 1 0 14 0
4 3 0 216 216 2 1 14 0
5 3 0 25 41 24 2 14 0
6 3 0 244 241 3 3 14 0
7 3 0 0 1 1 4 14 0
8 3 0 0 33 1 5 14 0
0 4 0 834 865 3 6 14 0
1 4 0 512 509 4 7 14 0
2 4 0 691 680 4 1 15 0
3 4 0 76 65 4 2 15 0
4 4 0 896 928 6 3 15 0
5 4 0 236 240 2 4 15 0
6 4 0 206 200 3 5 15 0
"7 4 0 81 92 9 6 15 0
8 4 0 18 67 18 7 15 0
1 5 0 547 527 4 0 16 0
2 5 0 610 572 5 1 16 0
3 5 0 202 - 9 4 2 2 16 0
4 5 0 198 - 9 5 2 3 16 0
5 5 0 120 - 1 8 4 4 16 0
6 5 0 26 70 26 5 16 0
n 5 0 0 33 1 6 16 0
8 5 0 63 50 13 7 16 0
0 6 0 470 470 4 1 17 0
1 6 0 832 850 4 2 17 0
2 6 0 323 321 3 3 17 0

lOFo 1 0 s h k 1 lOFo l OFc 1 0 s

206 2 - 3 0 1 727 683 5
27 39 - 1 0 1 1 370 1294 12

256 2 1 0 1 936 961 3
117 5 3 0 1 318 316 3
185 4 5 0 1 303 296 2
143 6 7 0 1 84 84 8

27 1 - 8 1 1 205 201 4
359 3 - 7 1 1 296 296 3

10 1 - 6 1 1 271 280 2
416 4 - 5 1 1 378 383 3
508 5 - 4 1 1 54 27 7
385 4 - 3 1 1 37 48 9
129 5 - 2 1 1 26 48 25
290 3 - 1 1 1 1141 1054 8
134 6 0 1 1 1061 922 7
173 5 1 1 1 1413 1230 13

54 1 2 1 1 112 99 2
110 4 3 1 1 759 755 5

17 1 4 1 1 513 518 4
58 1 5 1 1 163 158 3

101 6 6 1 1 24 0 239 3
62 11 7 1 1 0 78 1

156 6 8 1 1 82 73 9
112 3 - 8 2 1 103 88 7
747 6 - 7 2 1 51 5 14

26 1 - 6 2 1 14 0 142 4
317 3 - 5 2 1 0 44 1

14 1 - 4 2 1 354 345 3
106 5 - 3 2 1 350 335 3

84 9 - 2 2 1 298 304 2
229 4 “ 1 2 1 530 539 3
196 1 0 2 1 7 60 767 4

47 9 1 2 1 384 382 2
176 3 2 2 1 550 552 4
176 3 3 2 1 882 877 5
167 4 4 2 1 517 509 4

32 35 5 2 1 0 51 1
42 1 6 2 1 0 15 1

512 5 7 2 1 186 193 4
15 1 8 2 1 23 23 23

444 4 - 8 3 1 0 81 1
87 6 - 7 3 1 0 73 1

229 3 - 6 3 1 75 56 8
42 12 - 5 3 1 311 316 3

162 5 - 4 3 1 565 585 4
89 8 - 3 3 1 149 161 2

105 5 - 2 3 1 1126 1173 4
1 87 3 - 1 3 1 56 33 3

59 9 0 3 1 1098 938 6

lO F o

216
40

253
112
189
139

0
360

0
409
521
379
119
290
135
171

0
110

0
0

112
68

138
112
721

0
315

0
123

84
239

0
56

177
176
162

36
0

516
0

455
94

235
58

167
102

97
183

63



f a c t o r s  f o r  Ct,4H21CrN03S i 2

h k 1 lOFo 10FC 1 0 s h k 1 10FO lOFc

8 5 1 129 137 6 - 4 11 1 508 503
- 8 6 1 128 128 6 - 3 11 1 440 450
- 7 6 1 82 69 8 - 2 11 1 259 271
- 6 6 1 0 51 1 11 1 913 935
- 5 6 1 382 385 3 0 11 1 180 195
- 4 6 1 0 8 1 _ 11 1 437 439
- 3 6 1 404 397 4 2 11 1 624 62 9
- 2 6 1 777 775 5 3 11 1 0 47
- 1 6 1 402 412 3 4 11 1 518 514

0 6 1 668 659 3 5 11 1 115 1 30
1 6 1 316 313 3 6 11 1 298 301
2 6 1 595 57 4 5 1 11 1 65 79
3 6 1 36 61 35 8 11 1 65 67
4 6 1 126 124 3 - 8 12 1 0 2
5 6 1 154 154 4 - 7 12 1 0 55
6 6 1 92 103 7 - 6 12 1 0 11
7 6 1 34 33 34 - 5 12 1 82 86
8 6 1 109 109 7 - 4 12 1 122 128

- 8 7 1 95 114 9 - 3 12 1 79 80
- 7 7 1 184 184 4 - 2 12 1 211 228
- 6 7 1 118 113 5 12 1 101 95
- 5 7 1 346 346 3 0 12 1 232 239
- 4 7 1 468 483 4 12 1 420 419
- 3 7 1 404 392 3 2 12 1 395 404
- 2 7 1 417 438 4 3 12 1 151 157
- 1 7 1 201 206 2 4 12 1 124 122

0 7 1 674 665 3 5 12 1 0 55
1 7 1 134 112 2 6 12 1 255 2 66
2 7 1 834 856 5 7 12 1 72 93
3 7 1 190 199 2 8 12 1 53 44
4 7 1 0 19 1 - 8 13 1 126 126
5 7 1 14 39 14 - 1 13 1 218 220
6 7 1 0 8 1 - 6 13 1 361 364
7 7 1 0 37 1 - 5 13 1 209 216
8 7 1 160 168 5 - 4 13 1 167 163

- 8 8 1 32 41 31 - 3 13 1 125 124
- 7 8 1 129 132 6 _ 2 13 1 352 347
- 6 8 1 226 219 3 — j. 13 1 66 68
- 5 8 1 164 158 3 0 13 1 518 514
- 4 8 1 55 49 9 1 13 1 363 365
- 3 8 1 296 294 2 2 13 1 261 281
- 2 8 1 2 3 6 242 2 3 13 1 405 406
- 1 8 1 347 342 3 4 13 1 0 32

0 8 1 222 201 1 5 13 1 203 197
1 8 1 81 78 3 6 13 1 68 75
2 8 1 408 383 4 7 13 1 218 215
3 8 1 220 225 2 - 7 14 1 53 42
4 8 1 222 235 2 - 6 14 1 122 1 21
5 8 1 133 148 4 - 5 14 1 247 248

10s

4
4
2
5
1
4
4
1
5
5
3

13
14
1
1
1
7
4
6
2
3
2
3
4
3
4
1
3

11
52

7
4
4
3
3
4
3
6
5
4
2
4
1
3

11
4

17
6
3



h k 1 10FO l OF c 1 0 s

3 6 0 5 1 0 5 38 4
4 6 0 244 2 4 6 2
5 6 0 407 421 4
6 6 0 0 58 1
n 6 0 3 3 0 3 31 3
8 6 0 42 32 26
1 7 0 1 82 1 8 6 1
2 7 0 3 3 2 3 1 9 3
3 7 0 1 83 1 8 1 2
4 7 0 3 2 5 3 2 0 3
5 7 0 98 1 09 6
6 7 0 43 81 43
*7 7 0 0 1 1
8 7 0 0 6 1
0 8 0 4 1 9 3 9 0 3
1 8 0 0 60 1
2 8 0 344 36 7 3
3 8 0 2 92 2 7 5 3
4 8 0 6 1 9 6 22 5
5 8 0 4 3 5 4 3 9 4
6 8 0 367 3 5 9 4
-i 8 0 88 57 8
8 8 0 2 7 3 2 6 8 4
1 9 0 6 9 9 6 6 6 5
2 9 0 90 79 4
3 9 0 6 0 9 591 4
4 9 0 70 81 7
5 9 0 0 13 1
6 9 0 45 51 *8
n 9 0 50 2 5 - 6
8 9 0 24 14 23
0 10 0 127 1 2 9 2
1 1 0 0 1 0 0 1 0 8 3
2 1 0 0 1 0 0 7 9 3
3 10 0 5 4 5 5 5 2 4
4 10 0 2 1 2 224 2
5 10 0 5 5 3 5 4 9 6
6 10 0 1 9 5 191 4
n 10 0 2 6 8 2 7 1 3
8 10 0 0 30 1
1 11 0 2 7 3 257 2

h k 1 lOFo l OFc 1 0 s

4 17 0 45 4 6 45
5 17 0 67 66 11
6 17 0 73 88 11
7 17 0 65 42 14
0 18 0 258 2 5 9 2
1 18 0 1 4 3 1 3 2 4
2 18 0 1 80 1 8 9 3
3 18 0 324 3 22 3
4 18 0 134 1 23 5
5 18 0 128 1 22 6
6 18 0 105 1 09 8
1 19 0 99 121 6
2 19 0 303 3 15 3
3 19 0 186 19 2 4
4 19 0 97 97 7
5 19 0 0 35 1
6 19 0 33 68 33
0 20 0 318 3 2 3 3
1 20 0 254 2 5 3 3
2 20 0 2 86 31 2 3
3 20 0 10_ 104 6
4 20 0 0 37 1
5 20 0 1 30 1 2 9 6
6 20 0 114 94 7
1 21 0 97 98 6
2 21 0 0 1 1 8 1
3 21 0 0 20 1
4 21 0 1 33 1 3 8 6
5 21 0 0 1 1
0 22 0 0 10 1
1 22 0 172 171 4
2 22 0 0 131 1
3 22 0 224 2 1 9 3
4 22 0 92 88 8
5 22 0 1 8 3 18 0 5
1 23 0 0 5 1
2 23 0 2 1 9 2 3 5 4
3 23 0 62 93 14
4 23 0 56 59 15
7 0 1 0 22 1
5 0 1 145 1 48 3

h k 1 lOFo

1 3 1 79
2 3 1 2 2 3
3 3 1 4 6 0
4 3 1 464
5 3 1 5 0 6
6 3 1 27 4
7 3 1 1 1 9
8 3 1 0

>8 4 1 26
■7 4 1 80
■6 4 1 97
-5 4 1 3 0 6
■4 4 1 6 0 3
-3 4 1 0
-2 4 1 4 6 9
-1 4 1 16 4
0 4 1 6 8 9
1 4 1 3 68
2 4 1 2 9 9
3 4 1 2 1 6
4 4 1 82
5 4 1 0
6 4 1 1 1 3
7 4 1 43
8 4 1 27

■8 5 1 2 1 6
■7 5 1 39
-6 5 1 3 2 _
'5 5 1 2 1 5
-4 5 1 1 49
■3 5 1 884
•2 5 1 96
‘1 5 1 1 6 9 3
0 5 1 7 2 9
1 5 1 65
2 5 1 7 4 9
3 5 1 2 1 9
4 5 1 3 1 .
5 5 1 2 9 _
6 5 1 22
7 5 1 1 8 3



3
2
4
4
A
2
6
1

:5
9
6
2
4
1
3
1
5
3
3
2
5
1
5
!0
\1
4

:4
3
3
3
5
3
.6
9
4
5
2
3
2
Ï1
4

h k 1 lOPo I-» O ♦fl 0 10s

6 8 1 47 49 16
7 8 1 97 107 8
8 8 1 46 39 22

- 8 9 1 20 54 20
- 7 9 1 124 129 6
- 6 9 1 223 209 3
- 5 9 1 204 206 3
-4 9 1 742 757 7
“ 3 9 1 362 369 3
- 2 9 1 888 892 5
- 1 9 1 28_ 300 2

0 9 1 196 207 3
1 9 1 629 658 5
2 9 1 42 27 9
3 9 1 518 510 4
4 9 1 266 272 2
5 9 1 0 33 1
6 9 1 114 106 6
7 9 1 233 235 3
8 9 1 0 33 1

- 8 10 1 0 56 1
- 7 10 1 39 17 39
- 6 10 1 183 181 4
- 5 10 1 394 408 3
- 4 10 1 320 312 3
- 3 10 1 108 108 4
- 2 10 1 58 57 6
- 1 10 1 145 132 2

0 10 1 1 5 - 138 1
1 10 1 83 64 4
2 10 1 189 201 2
3 10 1 130 1 36 3
4 10 1 1 2 9 121 4
5 10 1 93 87 6
6 10 1 0 23 1
7 10 1 134 138 6
8 10 1 0 27 1

- 8 11 1 110 108 7
- 7 11 1 280 286 3
- 6 11 1 137 142 5
- 5 11 1 375 378 3

h k 1 l OPo l OF c 1 0 s

-4 14 1 39 30 39
- 3 14 1 58 65 9
- 2 14 1 224 229 2
- 1 14 1 84 97 5

0 14 1 478 482 5
1 14 1 135 135 3
2 14 1 239 238 2
3 14 1 34 20 34
4 14 1 0 44 1
5 14 1 0 10 1
6 14 1 167 169 5
7 14 1 60 51 15

-7 15 1 0 1 10 1
- 6 15 1 259 259 3
- 5 15 1 207 209 3
- 4 15 1 15 52 15
- 3 15 1 356 356 3
- 2 15 1 68 64 7
- 1 15 1 146 134 3

0 15 1 382 383 3
1 15 1 148 157 3
2 15 1 39_ 391 3
3 15 1 2 94 292 2
4 15 1 196 198 3
5 15 1 280 277 3
6 15 1 172 164 4
7 15 1 8_ 74 10

-7 16 1 50 33 19
- 6 16 1 0 26 1
- 5 16 1 0 52 1
-4 16 1 145 144 4
- 3 16 1 0 12 1
- 2 16 1 32 48 31
- 1 16 1 0 6 1

0 16 1 20 21 20
1 16 1 224 226 2
2 16 1 175 186 3
3 16 1 298 294 2
4 16 1 47 39 47
5 16 1 32 52 32
6 16 1 26 52 26



T a b l e  5b O b s e r v e d  and c a l c u l a t e d  s t r u c t u r <
Page 2

h k I  lOFo lOFC 1 0 s h k 1

n 16 1 80 86 11 2 0 2
_  n 17 1 34 27 34 4 0 2
- 6 17 1 104 93 7 6 0 2
- 5 17 1 206 201 4 8 0 2
-4 17 1 131 _22 5 - 8 1 2
- 3 17 1 380 380 3 -7 1 2
- 2 17 1 255 254 2 - 6 1 2
-1 17 1 206 212 3 - 5 1 2

0 17 1 101 97 3 -4 1 2
1 17 1 32 75 31 - 3 1 2
2 17 1 185 _ 68 3 - 2 1 2
3 17 i  276 274 3 - 1 1 2
4 17 1 319 312 3 0 1 2
5 17 1 255 248 3 i 1 2
6 17 I 199 200 4 2 1 2

- 6 18 1 0 31 1 3 1 2
- 5 18 1 160 _62 5 4 1 2
-4 18 1 0 13 1 5 1 2
- 3 18 i 0 20 1 6 1 2
- 2 18 1 108 _16 5 7 1 2
- 1 18 1 358 363 3 8 1 2

0 18 i 107 _09 3 - 8 2 2
1 18 1 219 223 3 -7 2 2
2 18 1 170 . 7 6 4 - 6 2 2
3 18 1 45 32 44 - 5 2 2
4 18 1 111 - 1 6 6 -4 2 2
5 18 1 38 46 33 - 3 2 2
6 18 1 47 42 46 - 2 2 2

- 6 19 1 47 9 47 - 1 2 2
- 5 19 1 0 37 1 0 2 2
-4 19 1 194 _92 4 1 2 2
- 3 19 1 0 14 1 2 2 2
- 2 19 1 272 270 3 3 2 2
-1 19 1 43 78 42 4 2 2

0 19 1 181 . 8 4 2 5 2 2
1 19 i 452 452 4 6 2 2
2 19 1 30 34 29 7 2 2
3 19 1 285 288 3 8 2 2
4 19 1 0 35 1 - 8 3 2
5 19 1 82 78 9 -7 3 2
6 19 1 116 . 1 2 7 - 6 3 2

- 6 20 1 40 51 39 - 5 3 2
- 5 20 1 45 54 45 -4 3 2
-4 20 1 31 90 30 - 3 3 2
- 3 20 1 87 74 7 - 2 3 2
- 2 20 1 84 95 7 - 1 3 2
-1 20 1 170 _72 4 0 3 2

0 20 1 280 278 3 1 3 2

l OFc 10S h k 1 lOFo 10Fa

518 3 - 7 6 2 227 227
234 2 - 6 6 2 85 92
119 5 - 5 6 2 281 290
178 4 - 4 6 2 98 105
188 4 - 3 6 2 138 156
203 4 - 2 6 2 33 47
347 3 - 1 6 2 477 479
361 3 0 6 2 763 730

89 4 1 6 2 855 8 67
56 4 2 6 2 214 209

444 3 3 6 2 777 785
197 2 4 6 2 216 216
920 2 5 6 2 206 2 01
568 4 6 6 2 149 148
410 3 7 6 2 200 198
319 3 8 6 2 0 42
139 3 - 8 7 2 75 73
387 3 - 7 7 2 42 20

83 8 - 6 7 2 93 100
87 7 - 5 7 2 260 260

139 6 - 4 7 2 127 123
61 18 - 3 7 2 165 170

194 4 - 2 7 2 586 577
154 4 - 1 7 2 252 294
482 4 0 7 2 964 957
147 2 1 7 2 367 386
617 5 2 7 2 263 238
134 2 3 7 2 60 49

1048 3 4 7 2 264 270
20 5 5 7 2 297 297

269 2 6 7 2 60 68
129 2 7 7 2 58 54
419 4 8 7 2 79 65
256 2 - 8 8 2 203 196
329 3 - 7 8 2 81 66

66 9 - 6 8 2 182 174
192 4 - 5 8 2 220 232

79 9 - 4 8 2 0 37
53 14 - 3 8 2 248 243
54 43 - 2 8 2 38 63

278 2 - 1 8 2 350 345
246 2 0 8 2 657 677
423 4 1 8 2 232 225
245 2 2 8 2 782 777
190 1 3 8 2 159 153
619 4 4 8 2 390 392
936 2 5 8 2 187 190
719 4 6 8 2 173 171

lOFo

500
227
114
184
190
197
343
368

89
77

452
209
921
574
427
319
139
390

77
103
130

49
192
142
4 80
159
601
137
997

33
275
142
400
267
310

67
187

83
58
43

275
24 9
399
249
188
619
931
723



b f a c t o r s f o r Ci4H2iC r N 0 3S i 2

10s h X 1 lOFo lOFc
3 - 2 11 2 664 652
7 - 1 11 2 37 9 378
2 0 11 2 613 595
4 1 11 2 87 92
2 2 11 2 98 113

33 3 11 2 359 352
3 4 11 2 46 29
5 5 11 2 213 200
4 6 11 2 0 28
2 7 11 2 0 20
6 - 8 12 2 93 102
2 - 7 12 2 133 138
3 - 6 12 2 262 256
4 - 5 12 2 118 114
4 - 4 12 2 370 372
1 - 3 12 2 351 360

11 - 2 12 2 370 359
41 - 1 12 2 345 335

7 0 12 2 298 293
2 1 12 2 308 303
3 2 12 2 463 459
2 3 12 2 218 222
5 4 12 2 212 206
2 5 12 2 90 76
4 6 12 2 0 88
4 7 12 2 132 117
2 - 8 13 2 153 155
7 - 7 13 2 52 83
2 - 6 13 2 61 50
3 - 5 13 2 88 74

12 -4 13 2 136 134
14 - 3 13 2 118 125
10 - 2 13 2 0 21

4 - 1 13 2 443 442
9 0 13 2 38 41
3 1 13 2 403 416
3 2 13 2 17 8
1 3 13 2 96 90
2 4 13 2 102 100

10 5 13 2 58 66
3 6 13 2 170 157
3 7 13 2 0 28
2 - 7 14 2 224 227
5 - 6 14 2 35 45
3 - 5 14 2 322 321
3 - 4 14 2 42 47
3 - 3 14 2 254 257
4 “ 2 14 2 71 59

h k 1 10FO lOFc 10s
- 4 17 2 268 270 3
- 3 17 2 46 40 15
- 2 17 2 95 86 6
- 1 17 2 301 304 2

0 17 2 37 24 13
1 17 2 123 130 4
2 17 2 203 192 3
3 17 2 87 92 7
4 17 2 149 139 5
5 17 2 172 167 4
6 17 2 49 42 19

- 6 18 2 62 73 14
- 5 18 2 164 151 4
- 4 18 2 51 50 14
- 3 18 2 362 362 3
- 2 ± 8 2 146 145 4
- 1 18 2 389 384 4

0 18 2 229 229 2
1 18 2 206 2 0 0 3
2 18 2 16 14 15
3 18 2 106 122 6
4 J.8 2 171 163 4
5 18 2 215 217 4
6 18 2 0 81 1

- 6 19 2 63 54 13
- 5 19 2 45 32 19
- 4 19 2 49 75 48
- 3 19 2 164 155 4
- 2 19 2 0 33 1
- 1 19 2 0 57 1

0 19 2 0 13 1
1 _l9 2 69 69 8
2 19 2 93 107 7
3 19 2 73 79 9
4 19 2 0 2 1
5 19 2 0 3 1
6 19 2 79 88 11

- 6 20 2 211 203 4
- 5 20 2 0 27 1
- 4 20 2 158 157 5
- 3 20 2 96 92 6
>2 20 2 0 20 1
- 1 20 2 70 57 8

0 2 0 2 309 311 2
1 20 2 151 146 4
2 20 2 515 496 5
3 20 2 161 160 4
4 20 2 186 182 4

10s
6
3
4
4
4
3

14
3
1
1
9
6
3
5
3
3
3
3
3
2
5
2
3
"7
1
6
6

52
12

7
4
4
1
4

3"»
4

l'7
5
6

13
4
1
4

34
3

42
2n



1 *

h k 1 10Fo l OFc 1 0 s Jl k

1 20 1 0 60 1 2 3
2 20 1 145 145 5 3 3
3 20 1 71 83 10 4 3
4 20 1 31 28 30 5 3
5 20 1 0 14 1 6 3
6 20 1 0 3 1 7 3

- 5 21 1 33 86 32 8 3
-4 21 1 85 81 8 - 8 4
- 3 21 1 0 54 1 -7 4
- 2 21 1 170 170 4 - 6 4
- 1 21 1 255 250 3 - 5 4

0 21 1 201 195 4 -4 4
1 21 1 339 340 3 - 3 4
2 21 1 328 331 3 - 2 4
3 21 1 0 9 1 - 1 4
4 21 1 86 91 8 0 4
5 21 1 74 56 10 1 4

- 5 22 1 103 89 7 2 4
-4 22 1 113 110 6 3 4
- 3 22 1 49 44 16 4 4
- 2 22 1 130 139 5 5 4
-1 22 1 0 42 1 6 4

0 22 1 102 114 16 7 4
1 22 1 126 140 6 8 4
2 22 1 0 16 1 - 8 5
3 22 1 218 226 4 - 7 5
4 22 1 33 13 33 - 6 5
5 22 1 0 60 1 - 5 5

-4 23 1 200 192 4 -4 5
- 3 23 1 315 313 3 - 3 5
- 2 23 1 180 180 4 - 2 5
-1 23 1 170 170 4 - 1 5

0 23 1 134 135 5 0 5
1 23 1 82 78 8 1 5
2 23 1 47 102 47 2 5
3 23 1 81 74 9 3 5
4 23 1 68 46 11 4 5

- 8 0 2 249 245 3 5 5
- 6 0 2 564 562 5 6 5
-4 0 2 646 670 6 7 5
- 2 0 2 418 432 3 8 5

0 0 2 640 629 2 - 8 6

lOFo lOFc 1 0 s h k 1 10FO

15_ 138 2 7 8 2 66
442 434 4 8 8 2 94
717 727 6 - 8 9 2 77
200 187 3 “ 7 9 2 10

0 5 1 - 6 9 2 170
0 54 1 - 5 9 2 315
0 21 1 - 4 9 2 127

177 183 5 - 3 9 2 500
0 10 1 - 2 9 2 349

103 95 6 - 1 9 2 518
208 216 3 0 9 2 414
546 554 4 1 9 2 172
236 230 2 2 9 2 0
966 1004 4 3 9 2 127
167 140 1 4 9 2 40
533 537 3 5 9 2 63
655 640 4 6 9 2 63
392 385 4 7 9 2 154
178 177 2 8 9 2 102
45_ 468 4 - 8 10 2 0
118 113 4 - 7 10 2 105
345 348 3 - 6 10 2 28

74 66 10 - 5 10 2 173
177 179 5 - 4 10 2 169

0 33 1 - 3 10 2 444
222 220 3 - 2 10 2 8_

80 72 7 - 1 10 2 638
6_ 61 9 0 10 2 64

289 294 2 1 10 2 540
58 29 6 2 10 2 39

133 143 2 3 10 2 399
804 821 4 4 10 2 310
526 514 3 5 10 2 3 0 -

95 81 3 6 10 2 135
0 46 1 7 10 2 228

135 119 3 8 10 2 0
2 2 7 228 2 - 8 11 2 26

5^ 61 10 - 7 11 2 78
3_ 33 31 - 6 11 2 109
48 42 18 - 5 11 2 203
89 83 9 - 4 11 2 283

0 28 1 - 3 11 2 425

1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2



11
9

11
9
4
2
4
4
3
4
3
2
1
3

16
10
11

5
8
1
7

27
3
3
4
4
5

16
4

12
3
3
2
5
4
1

25
9
6
3
3
4

h k 1 lO F o lO F c 1 0 s h k 1 lO F o 10FC 1 0 s

- 1 14 2 29_ 293 3 5 20 2 75 83 11
0 14 2 227 217 2 - 5 21 2 0 47 1
1 14 2 290 305 3 - 4 21 2 7_ 73 10
2 14 2 140 131 4 - 3 21 2 58 65 13
3 14 2 226 223 3 - 2 21 2 170 166 4
4 14 2 165 163 4 - 1 21 2 0 5 1
5 14 2 64 39 11 0 21 2 249 245 2
6 14 2 47 36 47 1 21 2 0 72 1
7 14 2 0 62 1 2 21 2 63 64 12

- 7 15 2 1 8 ï 179 4 3 21 2 60 71 13
- 6 15 2 168 170 5 4 21 2 1 1 - 118 7
- 5 15 2 49 63 48 5 21 2 39 63 38
- 4 15 2 173 175 3 - 5 22 2 82 95 10
- 3 15 2 0 59 1 -4 22 2 69 68 11
- 2 15 2 84 95 6 - 3 22 2 103 101 7
- 1 15 2 108 107 4 - 2 22 2 84 93 8

0 15 2 266 267 2 - 1 22 2 96 95 7
1 15 2 232 237 2 0 22 2 106 103 4
2 15 2 96 102 5 1 22 2 352 358 3
3 15 2 73 75 8 2 22 2 268 262 3
4 15 2 0 52 1 3 22 2 219 216 4
5 15 2 97 100 7 4 22 2 122 121 6
6 15 2 0 44 1 5 22 2 167 166 5
7 15 2 172 173 5 - 4 23 2 140 144 6

- 7 16 2 0 51 1 - 3 23 2 124 132 6
- 6 16 2 145 144 5 “ 2 23 2 120 1 10 6
- 5 16 2 115 117 6 - 1 23 2 154 147 4
- 4 16 2 364 362 3 0 23 2 35 17 34
- 3 16 2 130 121 4 1 23 2 70 83 10
- 2 16 2 674 679 5 2 23 2 139 152 5
- 1 16 2 142 149 3 3 23 2 86 88 9

0 16 2 298 278 2 4 23 2 0 93 1
1 16 2 267 264 2 - 7 0 3 342 345 3
2 16 2 15 18 14 “ 5 0 3 238 228 2
3 16 2 190 194 3 - 3 0 3 95 82 3
4 16 2 152 151 4 - 1 0 3 858 880 4
5 16 2 36 4 35 1 0 3 722 678 4
6 16 2 264 263 4 3 0 3 157 153 2
7 16 2 68 75 14 5 0 3 65 66 9

- 7 17 2 50 46 20 7 0 3 117 107 6
- 6 17 2 140 140 6 - 8 1 3 78 82 10
- 5 17 2 155 155 5 - 7 1 3 110 107 6



A. A A

T ab le 5b 
Pagre 3

h k I lOFo 10FC 10s
- 6 1 3 0 80 1
- 5 1 3 455 450 4
- 4 1 3 171 _7 2 2
- 3 1 3 336 342 3
- 2 1 3 72 64 4
- 1 1 3 185 . 8 2 1

0 1 3 665 656 3
1 1 3 41 47 8
2 1 3 743 736 5
3 1 3 702 692 6
4 1 3 133 . 2 7 3
5 1 3 35 29 24
6 1 3 112 - 0 4 6
*7 1 3 0 59 1
8 1 3 0 52 1

- 8 2 3 124 - 24 6_ I 2 3 163 - 7 2 4
- 6 2 3 206 210 3
- 5 2 3 0 33 1
-4 2 3 276 285 2
- 3 2 3 525 529 4
- 2 2 3 17 45 16
-1 2 3 433 413 3

0 2 3 173 _78 1
1 2 3 739 730 4
2 2 3 159 - 7 0 2
3 2 3 138 - 2 6 3
4 2 3 264 265 2
5 2 3 93 - 0 4 6
6 2 3 84 87 8
7 2 3 0 15 1
8 2 3 120 - 2 6 7

- 8 3 3 163 - 7 0 5
_ “7 3 3 40 52 40
- 6 3 3 236 231 3
- 5 3 3 212 211 2
-4 3 3 193 201 2
- 3 3 3 425 427 4
- 2 3 3 174 - 7 7 2
- 1 3 3 601 602 4

0 3 3 713 688 9
1 3 3 425 422 3
2 3 3 166 , 5 3 2
3 3 3 333 325 3
4 3 3 0 78 1
5 3 3 218 221 3
6 3 3 180 _73 4
*7 3 3 156 _52 5

O b s e r v e d  and c a l c u l a t e d

h k 1 O 0 10FC 10s h k 1
-1 6 3 629 627 5 6 11 3

0 6 3 261 295 2 7 11 3
1 6 3 209 211 2 - 8 12 3
2 6 3 329 339 3 - 7 12 3
3 6 3 165 167 3 - 6 12 3
4 6 3 280 272 3 - 5 12 3
5 6 3 188 189 3 - 4 12 3
6 6 3 0 63 1 - 3 12 3
7 6 3 0 93 1 - 2 12 3
8 6 3 115 124 8 - 1 12 3

- 8 7 3 95 104 8 0 12 3
-7 7 3 65 65 12 1 12 3
- 6 7 3 464 461 4 2 12 3
- 5 7 3 267 271 2 3 12 3
-4 7 3 703 705 7 4 12 3
- 3 7 3 36 75 35 5 12 3
- 2 7 3 560 560 4 6 12 3
-1 7 3 49 29 6 7 12 3

0 7 3 190 176 2 - 7 13 3
1 7 3 569 567 4 - 6 13 3
2 7 3 455 442 4 - 5 13 3
3 7 3 353 360 3 - 4 13 3
4 7 3 307 307 3 - 3 13 3
5 7 3 227 229 3 - 2 13 3
6 7 3 213 215 3 - 1 13 3
7 7 3 146 144 5 0 13 3
8 7 3 113 110 8 1 13 3

- 8 8 3 118 114 7 2 13 3
-7 8 3 118 103 6 3 13 3
- 6 8 3 75 71 9 4 13 3
- 5 8 3 0 50 1 5 13 3
- 4 8 3 83 78 6 6 13 3
- 3 8 3 130 143 3 7 13 3
- 2 8 3 248 240 2 - 7 14 3
- 1 8 3 71 53 4 - 6 14 3

0 8 3 200 205 2 - 5 14 3
1 8 3 527 510 4 - 4 14 3
2 8 3 129 118 3 - 3 14 3
3 8 3 561 574 5 - 2 14 3
4 8 3 143 137 4 - 1 14 3
5 8 3 0 49 1 0 14 3
6 3 3 0 65 1 1 14 3
7 8 3 103 112 8 2 14 3
8 8 3 48 61 48 3 14 3

- 8 9 3 136 130 6 4 14 3
-7 9 3 114 114 6 5 14 3
- 6 9 3 55 48 13 6 14 3
- 5 9 3 444 441 4 7 14 3



s t r u c t u r e  f a c t o r s  f o r  Ci 4H2i CrN03S i 2 .

.OFo lOFc 10s h k 1 10FO lOFo 10s h k 1 10FO 10FC

267 262 3 - 6 18 3 93 76 8 6 1 4 0 21
140 149 6 - 5 18 3 0 52 1 7 1 4 105 107

44 66 44 - 4 18 3 257 257 3 8 1 4 77 73
134 132 6 - 3 18 3 112 113 5 “ 8 2 4 0 105
117 124 6 - 2 18 3 206 204 3 - 7 2 4 141 145
235 231 3 - 1 18 3 0 3 1 - 6 2 4 34 44
519 530 4 0 18 3 165 170 2 - 5 2 4 354 347
383 372 3 1 18 3 116 123 5 -4 2 4 115 117
174 188 3 2 18 3 161 155 4 - 3 2 4 366 365
520 519 4 3 18 3 141 141 5 - 2 2 4 332 327
263 268 1 4 18 3 39 30 39 - 1 2 4 74 81
419 431 4 5 18 3 130 132 6 0 2 4 113 94
154 160 3 6 18 3 20 74 19 1 2 4 523 513

0 49 1 - 6 19 3 157 149 5 2 2 4 69 76
0 4 1 - 5 19 3 0 73 1 3 2 4 4 03 412
0 8 1 - 4 19 3 103 100 7 4 2 4 0 27

79 85 10 - 3 19 3 89 85 7 5 2 4 353 355
36 34 35 - 2 19 3 96 102 6 6 2 4 160 162
60 47 13 - 1 19 3 0 75 1 7 2 4 139 137

142 147 5 0 19 3 122 128 4 8 2 4 99 78
22 61 22 1 19 3 311 310 2 - 8 3 4 56 47

239 239 3 2 19 3 112 121 6 - 7 3 4 107 108
85 90 6 3 19 3 275 276 3 - 6 3 4 22 47
63 51 7 4 19 3 176 170 4 - 5 3 4 268 274

546 569 5 5 19 3 86 84 9 - 4 3 4 228 226
168 163 2 - 6 20 3 59 35 15 - 3 3 4 84 95
430 433 4 - 5 20 3 73 80 11 - 2 3 4 423 423
487 482 4 - 4 20 3 94 89 7 - 1 3 4 242 256
437 438 4 - 3 20 3 0 10 1 0 3 4 152 159
410 408 3 - 2 20 3 0 25 1 1 3 4 74 62
110 110 6 - 1 20 3 0 54 1 2 3 4 520 508

40 13 40 0 20 3 99 109 10 3 3 4 96 108
39 53 38 1 20 3 323 325 3 4 3 4 4 53 462

0 45 1 2 20 3 41 58 21 5 3 4 144 137
189 184 4 3 20 3 77 69 9 6 3 4 191 193

46 57 16 4 20 3 138 137 5 7 3 4 119 134
216 220 3 5 20 3 43 38 43 8 3 4 73 74

0 26 1 - 5 21 3 333 331 3 - 8 4 4 163 155
352 347 3 - 4 21 3 97 88 7 - 7 4 4 0 4
252 256 2 - 3 21 3 158 146 4 - 6 4 4 236 235
710 7 07 10 - 2 21 3 75 79 9 - 5 4 4 213 216
201 201 3 - 1 21 3 17 15 17 - 4 4 4 251 251
303 298 2 0 21 3 181 180 4 - 3 4 4 157 141

78 76 7 1 21 3 110 119 6 - 2 4 4 626 597
231 227 3 2 21 3 78 80 9 - 1 4 4 475 487

17 73 17 3 21 3 181 177 4 0 4 4 118 3 11 76
0 6 1 4 21 3 38 60 37 1 4 4 157 156

81 50 10 5 21 3 144 150 6 2 4 4 632 632

10s

1
7

11
1
5

34
3
4
4
3
4
2
4
5
3
1
3
4
6
8

14
6

21
2
2
4
4
2
1
4
4
4
4
4
4
7

12
5
1
3
3
2
2
5
4
3
2
4



4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6
6

lO F o

43
142

64
47

362
98

4 9_
445
478
522
297
233

52
0
0

104
25_

0
473
100
369
292

99
123

45
37

132
0
0
0
0

17
0

282
385
519
213
270
143
132
1 4 -
127

1 lO F o 10F C 1 0 s h JC

3 119 120 7 -4 9
3 90 91 9 - 3 9
3 102 104 7 - 2 9
3 43 23 _6 -1 9
3 227 233 2 0 9
3 291 287 2 1 9
3 150 168 2 2 9
3 500 489 3 3 9
3 175 196 1 4 9
3 659 620 3 5 9
3 296 265 3 6 9
3 105 104 3 7 9
3 397 406 4 - 8 10
3 257 254 2 -7 10
3 244 245 3 - 6 10
3 214 210 3 - 5 10
3 174 172 4 -4 10
3 90 73 9 - 3 10
3 41 49 41 - 2 10
3 228 226 3 -1 10
3 85 67 7 0 10
3 417 419 4 1 10
3 205 206 2 2 10
3 447 443 4 3 10
3 109 121 3 4 10
3 1009 1018 4 5 10
3 858 852 4 6 10
3 117 103 2 7 10
3 665 660 5 - 8 11
3 362 341 3 -7 11
3 199 191 3 - 6 11
3 300 307 3 - 5 11
3 181 169 4 -4 11
3 340 348 3 - 3 11
3 0 89 1 - 2 11
3 206 214 4 -1 11
3 25 23 25 0 11
3 172 169 4 1 11
3 112 104 5 2 11
3 1 09 119 4 3 11
3 139 140 3 4 11
3 131 123 2 5 11

1 lO F o lO F c 1 0 s h k

3 148 145 3 - 7 15
3 198 205 2 - 6 15
3 63_ 653 4 - 5 15
3 172 176 2 -4 15
3 2 8 - 297 4 “ 3 15
3 347 347 3 - 2 15
3 0 47 1 - 1 15
3 300 304 2 0 15
3 206 207 3 1 15
3 119 109 5 2 15
3 2 9_ 286 3 3 15
3 162 170 5 4 15
3 87 76 9 5 15
3 43 42 43 6 15
3 0 26 1 -7 16
3 0 8 1 - 6 16
3 462 467 4 - 5 16
3 223 222 2 -4 16
3 643 635 4 - 3 16
3 78 75 4 - 2 16
3 16 29 16 - 1 16
3 16_ 153 2 0 16
3 0 26 1 1 16
3 40 17 39 2 16
3 398 394 4 3 16
3 0 1 1 4 16
3 188 188 4 5 16
3 0 49 1 6 16
3 0 56 1 - 7 17
3 125 125 6 - 6 17
3 0 43 1 - 5 17
3 104 107 6 - 4 17
3 58 74 10 - 3 17
3 94 102 5 - 2 17
3 717 738 6 - 1 17
3 0 11 1 0 17
3 682 691 4 1 17
3 68 58 6 2 17
3 229 223 2 3 17
3 135 131 4 4 17
3 39 32 38 5 17
3 218 219 3 6 17



lOFc 1 0 s h k 1 l OFo

56 43 - 5 22 3 0
129 5 -4 22 3 4 _

69 11 - 3 22 3 138
61 14 - 2 22 3 16

364 3 - 1 22 3 75
91 5 0 22 3 22

508 4 1 22 3 182
443 3 2 22 3 163
476 4 3 22 3 0
523 4 4 22 3 185
298 3 - 4 23 3 168
240 3 - 3 23 3 103
106 52 - 2 23 3 81

15 1 - 1 23 3 87
20 1 0 23 3 64

100 7 1 23 3 0
251 3 2 23 3 35

32 1 3 23 3 46
466 5 4 23 3 0

99 5 - 8 0 4 133
369 3 - 6 0 4 394
283 2 -4 0 4 416
100 5 - 2 0 4 152
124 5 0 0 4 209

45 17 2 0 4 650
26 36 4 0 4 574

124 6 6 0 4 231
30 1 8 0 4 20
41 1 - 8 1 4 185
15 1 - 7 1 4 123
30 1 - 6 1 4 336
10 17 - 5 1 4 42
82 1 -4 1 4 6-

283 3 - 3 1 4 199
385 4 - 2 1 4 15
521 3 - 1 1 4 808
207 3 0 1 4 629
268 3 1 1 4 128
141 4 2 1 4 30^
128 5 3 1 4 502
140 5 4 1 4 54
129 6 5 1 4 243

1 0 s h k 1 l OFo 10FC 1 0 s

1 3 4 4 422 415 3
26 4 4 4 0 12 1

5 5 4 4 328 335 3
16 6 4 4 239 241 3

9 7 4 4 18 27 18
22 8 4 4 149 150 6

4 - 8 5 4 134 136 6
4 “ 7 5 4 113 106 6
1 - 6 5 4 86 88 7
4 - 5 5 4 174 176 3
5 - 4 5 4 4 7 - 485 4
7 - 3 5 4 173 170 2
8 - 2 5 4 688 696 5
8 - 1 5 4 79 83 4
7 0 5 4 63 41 3
1 1 5 4 464 445 4

34 2 5 4 192 189 2
46 3 5 4 57 0 567 5

1 4 5 4 105 111 5
6 5 5 4 49 26 14
3 6 5 4 25^ 245 3
4 7 5 4 136 134 6
2 8 5 4 98 80 9
1 - 8 6 4 38 15 37
6 - 7 6 4 62 53 12
5 - 6 6 4 0 11 1
3 “ 5 6 4 488 502 4

19 - 4 6 4 82 75 6
4 - 3 6 4 5 9 . 583 4
5 - 2 6 4 440 421 4
3 - 1 6 4 802 783 5

15 0 6 4 44 33 25
7 1 6 4 763 750 5
2 2 6 4 0 39 1

14 3 6 4 243 237 2
5 4 6 4 37 6 383 3

15 5 6 4 242 241 3
2 6 6 4 145 149 5
2 7 6 4 76 66 10
5 “ 8 7 4 74 65 11

10 - 7 7 4 166 167 4
3 - 6 7 4 237 238 3

lOFc

22
50

134
16
75
12

179
164

43
180
170
111

82
72
47
40
31
88
41

122
402
436
159
188
638
584
226

7
183
129
326

37
50

204
9

809
636
137
314
507

39
239



T ab le  5b 
P a g e  4

O b s e r v e d  and c a l c u l a t e d

h k 1 LOFo 10FC 1 0 s h

- 5 7 4 500 493 4 6
-4 7 4 314 316 3 7
- 3 7 4 180 _85 2 - 7
- 2 7 4 64 86 6 - 6
- 1 7 4 49 54 7 - 5

0 7 4 259 258 1 -4
1 7 4 381 386 3 - 3
2 7 4 697 685 6 - 2
3 7 4 239 229 2 - 1
4 1 4 187 . 8 5 3 0
5 1 4 0 30 1 1
6 7 4 0 42 1 2
7 7 4 128 . 3 1 6 3

- 8 8 4 0 26 1 4
-7 8 4 0 28 1 5
- 6 8 4 71 78 10 6
- 5 8 4 203 208 3 7
-4 8 4 539 538 5 -7
- 3 8 4 227 218 2 - 6
- 2 8 4 695 699 6 - 5
-1 8 4 286 295 2 -4

0 8 4 260 259 2 - 3
1 8 4 372 363 3 - 2
2 8 4 279 273 2 - 1
3 8 4 152 _54 3 0
4 8 4 193 200 3 1
5 8 4 16 28 15 2
6 8 4 155 . 6 1 5 3
n 8 4 70 74 11 4

- 8 9 4 129 _18 6 5
_  n 9 4 0 38 1 6
- 6 9 4 87 83 7 - 7
- 5 9 4 244 249 3 - 6
-4 9 4 230 234 2 - 5
- 3 9 4 686 705 5 -4
-2 9 4 121 . 2 8 3 - 3
-1 9 4 399 404 4 - 2

0 9 4 210 214 1 -1
1 9 4 0 7 1 0
2 9 4 315 307 3 1
3 9 4 47 19 12 2
4 9 4 90 89 6 3
5 9 4 151 - 4  6 5 4
6 9 4 171 -.69 4 5
1 9 4 162 . 5 9 5 6

- 8 10 4 53 22 17 -7
10 4 104 95 7 - 6

- 6 10 4 177 . 7 9 4 - 5

1 10FO 10FC 1 0 s h k 1

4 104 108 8 0 19 4
4 68 57 13 1 19 4
4 159 153 5 2 19 4
4 98 93 7 3 19 4
4 69 73 9 4 19 4
4 0 4 9 1 5 19 4
4 0 8 1 - 5 20 4
4 54 62 10 - 4 20 4
4 192 188 3 - 3 20 4
4 390 394 2 - 2 20 4
4 427 427 4 - 1 20 4
4 497 4 95 4 0 20 4
4 182 177 3 1 20 4
4 212 205 3 2 20 4
4 0 9 1 3 20 4
4 51 31 18 4 20 4
4 0 7 1 5 20 4
4 132 118 6 - 5 21 4
4 105 104 7 -4 21 4
4 97 8'"’ 6 - 3 21 4
4 119 117 5 - 2 21 4
4 138 129 4 - 1 21 4
4 233 239 2 0 21 4
4 201 206 3 1 21 4
4 373 367 2 2 21 4
4 37 35 36 3 21 4
4 43 58 16 4 21 4
4 470 475 4 - 4 22 4
4 73 67 9 - 3 22 4
4 230 226 3 - 2 22 4
4 0 17 1 - 1 22 4
4 127 130 6 0 22 4
4 52 14 15 1 22 4
4 89 104 8 2 22 4
4 0 24 1 3 22 4
4 86 84 6 4 22 4
4 330 328 3 - 4 23 4
4 202 213 3 - 3 23 4
4 382 386 2 - 2 23 4
4 443 429 4 - 1 23 4
4 99 108 6 0 23 4
4 262 272 3 1 23 4
4 116 112 6 2 23 4
4 0 54 1 3 23 4
4 163 167 5 -7 0 5
4 28 58 27 - 5 0 5
4 170 166 5 - 3 0 5
4 0 29 1 - 1 0 5

k

12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
14
14
14
14
14
14
14
14
14
14
14
14
14
14
15
15
15
15
15
15
15
15
15
15
15
15
15
15
16
16
16



s t r u c t u r e  f a c t o r s  f o r  Ci4H2iCrN03S i 2 .

10FO 10F C 1 0 s h k 1 lO F o M O * Q 1 0 s h k 1 lO F o 10 F C 1 0 s

121 123 3 - 2 3 5 129 126 3 - 8 9 5 136 129 6
36 40 35 - 1 3 5 405 418 3 - 7 9 5 66 74 12

370 369 3 0 3 5 418 402 2 - 6 9 5 143 148 5
41 38 23 1 3 5 137 136 3 - 5 9 5 22 98 21

130 122 6 2 3 5 343 346 3 - 4 9 5 15 66 14
148 143 5 3 3 5 234 241 2 - 3 9 5 2 70 267 2

22 43 22 4 3 5 90 95 6 - 2 9 5 2 06 207 2
254 251 3 5 3 5 31 62 31 - 1 9 5 114 116 4

0 29 1 6 3 5 80 71 9 0 9 5 375 375 2
120 128 6 7 3 5 0 27 1 1 9 5 1 7 9 1 80 3
150 152 4 - 8 4 5 47 44 20 2 9 5 275 281 2
130 126 3 - 7 4 5 118 105 6 3 9 5 165 170 3

0 32 1 - 6 4 5 276 276 3 4 9 5 74 70 8
213 211 4 - 5 4 5 297 297 2 5 9 5 124 120 5

69 62 11 - 4 4 5 174 164 3 6 9 5 0 5 1
192 197 4 - 3 4 5 557 548 4 7 9 5 62 56 14

53 40 18 - 2 4 5 4 96 4 95 4 - 8 10 5 168 167 5
27 61 27 - 1 4 5 937 942 5 - 7 10 5 26 53 25

205 201 4 0 4 5 264 260 1 - 6 10 5 0 14 1
120 117 6 1 4 5 565 563 4 - 5 10 5 204 200 3
163 162 4 2 4 5 115 118 4 - 4 10 5 121 120 4

14 12 14 3 4 5 251 251 2 - 3 10 5 26 25 25
147 150 4 4 4 5 88 90 6 - 2 10 5 601 629 5
103 95 6 5 4 5 254 259 3 - 1 10 5 75 80 6
116 102 6 6 4 5 39 39 38 0 10 5 800 809 4

34 33 33 7 4 5 238 234 4 1 10 5 0 12 1
38 43 38 - 8 5 5 22 12 22 2 10 5 303 303 3

121 108 6 - 7 5 5 177 182 4 3 10 5 0 47 1
195 181 4 - 6 5 5 245 251 3 4 10 5 58 57 12

21 17 20 - 5 5 5 74 88 8 5 10 5 65 64 11
253 249 3 - 4 5 5 484 489 4 6 10 5 2 4 0 235 4

0 3 1 - 3 5 5 187 184 2 7 10 5 0 9 1
128 129 5 - 2 5 5 74 88 5 - 7 11 5 0 67 1
100 98 7 - 1 5 5 178 179 2 - 6 11 5 195 196 4

26 40 25 0 5 5 187 189 1 - 5 11 5 0 45 1
0 43 1 1 5 5 772 769 6 -4 11 5 0 63 1

141 139 6 2 5 5 0 43 1 - 3 11 5 138 148 4
145 149 5 3 5 5 248 248 2 - 2 11 5 348 329 3
182 178 4 4 5 5 146 146 4 - 1 11 5 122 136 4
127 126 6 5 5 5 32 90 31 0 11 5 226 228 1

0 11 1 6 5 5 75 67 10 1 11 5 114 103 4
15 22 15 7 5 5 73 52 11 2 11 5 269 273 3

119 110 6 - 8 6 5 104 97 8 3 11 5 173 167 3
33 8 33 - 7 6 5 41 48 25 4 11 5 60 46 11

254 248 3 - 6 6 5 251 251 3 5 11 5 70 71 11
600 596 5 “ 5 6 5 242 248 3 6 11 5 0 10 1
257 253 2 - 4 6 5 463 451 4 - 7 12 5 202 2 05 4
222 234 2 - 3 6 5 37 66 36 - 6 12 5 61 52 12



lOPo

52
327
232

55
15
57

106
214
217
447
259
148
255

73
94

163
43

262
0
0

157
0

310
0

426
35

648
10_
182
198
235
333
310
168
259
21-
88

140
0

255
157
1 4 -

1 l OPo l OFc 1 0 s h fc 1 lOFo l OFc 1 0 s h

4 0 22 1 -4 16 4 149 146 4 1
4 0 62 1 - 3 16 4 0 10 1 3
4 275 288 2 -2 16 4 104 105 5 5
4 0 34 1 - 1 16 4 123 120 4 7
4 845 876 6 0 16 4 269 278 2 - 8
4 409 390 3 1 16 4 9_ 94 6 - 7
4 531 542 4 2 16 4 215 207 3 **6
4 119 126 4 3 16 4 120 109 5 - 5
4 0 44 1 4 16 4 172 181 4 - 4
4 135 125 4 5 16 4 3 . 40 31 “ 3
4 41 35 21 6 16 4 145 146 6 - 2
A 99 106 8 - 6 17 4 7 _ 64 11 - 1
4 168 162 5 - 5 17 4 64 73 12 0
4 47 50 23 -4 17 4 1 1 - 108 6 1
4 0 31 1 - 3 17 4 86 103 7 2
4 45 44 _ 8 -2 17 4 262 259 3 3
A 0 8 1 -1 17 4 90 87 6 4
A 182 177 3 0 17 4 208 211 3 5
A 282 287 3 1 17 4 278 278 2 6
4 472 479 4 2 17 4 62 63 11 7
4 346 354 3 3 17 4 2 1 . 209 3 - 8
4 100 97 3 4 17 4 102 95 7 - 7
4 56 59 8 5 17 4 2 1 - 207 4 - 6
4 0 73 1 6 17 4 148 133 6 - 5
4 131 135 4 - 6 18 4 8- 86 10 - 4
4 0 64 1 - 5 18 4 106 94 6 - 3
4 234 232 3 -4 18 4 137 146 5 - 2
4 56 54 -l5 - 3 18 4 49 48 14 - 1
4 80 90 - 0 -2 18 4 164 167 4 0
4 94 110 8 -1 18 4 154 159 4 1
4 0 84 1 0 18 4 19_ 185 3 2
4 0 87 1 1 18 4 196 192 3 3
4 153 146 4 2 18 4 29 0 28 4
4 224 219 2 3 18 4 167 184 4 5
4 197 203 3 4 18 4 140 142 5 6
4 0 4 1 5 18 4 142 140 6 7
4 75 71 4 - 6 19 4 116 103 7 - 8
4 0 55 1 - 5 19 4 168 173 4 - 7
4 296 300 2 -4 19 4 0 27 1 - 6
4 114 116 5 - 3 19 4 234 234 3 - 5
4 279 269 3 - 2 19 4 166 170 4 - 4
4 4 6 23 _7 - 1 19 4 253 251 3 - 3



7
3
3
6

.4
3
6
3
2
5
2
2
1
5
4
3
2
3
1
1
5
1
3
1
4
3
6
3
2
2
2
3
2
4
3
4
9
5
1
2
3
3

h k 1 10FO 10FC XOs

■2 6 5 2 9 5 2 98 2
■1 6 5 5 3 9 5 2 9 4
0 6 5 6 92 6 96 4
1 6 5 63 65 6
2 6 5 988 991 6
3 6 5 1 48 1 37 4
4 6 5 2 3 9 2 3 9 3
5 6 5 1 0 . 91 7
6 6 5 84 88 9
7 6 5 86 63 9

-8 7 5 0 21 1
-7 7 5 0 39 1
■6 7 5 1 0 - 104 6
■5 7 5 2 7 6 2 72 2
-4 7 5 12_ 1 2 9 4
>3 7 5 42 6 41
■2 7 5 2 5 6 2 5 9 2
-1 7 5 7 _ 74 5
0 7 5 13 8 134 2
1 7 5 1 0 . 1 1 0 4
2 7 5 25 8 26 8 2
3 -ï 5 0 19 1
4 7 5 4 1 6 4 0 9 4
5 7 5 1 4 6 1 5 2 5
6 7 5 1 38 1 3 8 6
7 7 5 0 5 1

•8 8 5 2 5 9 24
•7 8 5 47 49 47
-6 8 5 147 1 4 5 4
■5 8 5 2 7 3 274 2
-4 8 5 64 52 8
•3 8 5 37 6 3 8 1 3
■2 8 5 0 8 1
•1 8 5 424 4 3 9 4
0 8 5 47 56 6
1 8 5 85 8 8 41 6
2 8 5 2 7 5 2 7 6 2
3 8 5 6 0 9 6 1 9 5
4 8 5 0 22 1
5 8 5 46 90 46
6 8 5 40 49 28
7 8 5 49 61 19

h k 1 lOFo lOFc 1 0 s

- 5 12 5 1 9 2 1 9 6 4
- 4 12 5 44 21 43
- 3 12 5 1 9 3 194 3
- 2 12 5 0 30 1
- 1 12 5 2 6 2 2 6 8 2

0 12 5 2 4 0 2 2 8 3
1 12 5 2 77 2 8 2 2
2 12 5 237 2 3 0 3
3 12 5 2 2 6 2 1 8 3
4 12 5 1 1 6 1 2 0 6
5 12 5 2 1 5 2 1 6 4
6 12 5 1 0 2 96 8

- 7 13 5 0 18 1
- 6 13 5 44 28 43
- 5 13 5 73 75 9
- 4 13 5 2 5 8 2 4 6 3
- 3 13 5 357 3 5 3 3
- 2 13 5 35 7 3 4 3 3
- 1 13 5 15 7 1 5 8 3

0 13 5 59 54 9
1 13 5 114 1 1 6 5
2 13 5 69 59 8
3 13 5 0 6 1
4 13 5 1 6 9 167 4
5 13 5 50 47 17
6 13 5 38 8 0 38

- 7 14 5 0 18 1
- 6 14 5 31 8 32 2 3
- 5 14 5 1 2 5 1 2 2 5
- 4 14 5 2 6 6 2 6 5 3
- 3 14 5 1 3 0 1 3 9 4
- 2 14 5 0 48 1
- 1 14 5 2 6_ 2 6 8 2

0 14 5 45 49 17
1 14 5 2 4 0 2 4 9 3
2 14 5 2 2 3 2 1 5 3
3 14 5 0 38 1
4 14 5 2 9 3 2 8 5 3
5 14 5 0 27 1
6 14 5 27 117 27

- 7 15 5 1 2 9 1 2 1 7
- 6 15 5 0 35 1



T ab le 5b 
Pagre 5

O b s e r v e d  and c a l c u l a t e d

h k 1 l O F o H O *4 O 1 0 s h

- 5 15 5 107 _05 6 1
-4 15 5 230 224 3 2
- 3 15 5 123 _18 5 - 8
- 2 15 5 284 278 2 - 6
- 1 15 5 294 290 3 -4

0 15 5 109 . 0 1 6 - 2
1 15 5 193 _ 97 3 0
2 15 5 71 60 9 2
3 15 5 0 25 1 4
4 15 5 35 50 34 6
5 15 5 119 _08 6 - 8
6 15 5 63 57 15 - 7

- 6 16 5 71 46 11 - 6
- 5 16 5 209 201 4 - 5
-4 16 5 52 54 13 -4
- 3 16 5 311 315 2 - 3
-2 16 5 93 90 7 - 2
-1 16 5 156 , 5 4 4 - 1

0 16 5 140 _40 3 0
1 16 5 0 16 1 1
2 16 5 0 31 1 2
3 16 5 74 68 9 3
4 16 5 25 8 25 4
5 16 5 232 238 4 5

- 6 17 5 91 95 9 6
- 5 17 5 66 49 11 7
-4 17 5 120 . 1 8 6 - 8
-3 17 5 23 60 23 - 7
- 2 17 5 196 202 3 - 6
-1 17 5 109 - 0 1 5 - 5

0 17 5 238 236 2 -4
1 17 5 228 227 3 - 3
2 17 5 23 19 23 - 2
3 17 5 57 70 14 - 1
4 17 5 126 . 1 2 6 0
5 17 5 68 60 12 1

- 6 18 5 171 . 5 8 5 2
- 5 18 5 184 _77 4 3
-4 18 5 268 269 3 4
- 3 18 5 31 44 31 5
-2 18 5 336 335 3 6
-1 18 5 245 241 3 7

0 18 5 139 _42 3 - 8
1 18 5 124 _24 5 - 7
2 18 5 0 75 1 - 6
3 18 5 18 93 17 - 5
4 18 5 237 223 4 -4
5 18 5 28 32 28 - 3

1 l O F o 1 0 F C 1 0 s h k 1

5 149 150 5 - 8 6 6
5 60 70 14 - 7 6 6
6 0 2 1 - 6 6 6
6 157 154 4 - 5 6 6
6 Û 36 1 - 4 6 6
6 363 363 3 - 3 6 6
6 335 353 2 - 2 6 6
6 68 64 7 - 1 6 6
6 419 429 4 0 6 6
6 211 214 4 1 6 6
6 12 21 11 2 6 6
6 0 64 1 3 6 6
6 237 230 3 4 6 6
6 266 257 2 5 6 6
6 444 4 4 6 4 6 6 6
6 371 376 3 7 6 6
6 363 360 3 - 8 7 6
6 977 997 6 - 7 7 6
6 80 91 3 - 6 7 6
6 397 405 3 - 5 7 6
6 422 426 4 - 4 7 6
6 42 11 15 - 3 7 6
6 317 320 2 - 2 7 6
6 95 96 7 - 1 7 6
6 27 7 27 0 7 6
6 52 37 19 1 7 6
6 0 22 1 2 7 6
6 70 64 10 3 7 6
6 104 109 6 4 7 6
6 164 167 4 5 7 6
6 231 237 2 6 7 6
6 106 102 4 7 7 6
6 352 358 3 - 8 8 6
6 37 54 36 - 7 8 6
6 474 471 3 - 6 8 6
6 251 253 2 - 5 8 6
6 255 263 2 - 4 8 6
6 281 292 2 - 3 8 6
6 126 127 5 - 2 8 6
6 185 194 4 - 1 8 6
6 140 135 6 0 8 6
6 0 16 1 1 8 6
6 85 87 9 2 8 6
6 85 74 9 3 8 6
6 183 187 4 4 8 6
6 83 79 7 5 8 6
6 365 373 3 6 8 6
6 293 302 2 - 7 9 6

k

23
23
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3



22
18
11

3
8
2
5
1
2
4
5
4

33
4
1

29
8
7
3
3
3
2
3
4
1
4
4
5
3
4
5
1
1

18
7
3
3

11
2
1
2
4
3

15
10

9
1
4

f a c t o r s  f o r  Ci4H2i CrN03S i 2 .

h k 1 lOFo lOFc H O V k 1 lOFo lOFc

12 6 34 13 33 - 1 19 6 125 125
- 5 12 6 68 63 10 0 19 6 133 130
- 4 12 6 87 100 7 1 19 6 79 77
- 3 12 6 181 174 3 2 19 6 187 182
- 2 12 6 227 232 3 3 19 6 114 124
- 1 12 6 0 15 1 4 19 6 94 96

0 12 6 103 102 5 - 4 20 6 126 117
1 12 6 426 427 4 - 3 20 6 126 135
2 12 6 39 43 20 - 2 20 6 131 129
3 12 6 243 244 3 - 1 20 6 0 43
4 12 6 47 43 19 0 20 6 48 39
5 12 6 0 40 1 1 20 6 0 7
6 12 6 19 24 19 2 20 6 37 54

- 7 13 6 160 147 5 3 20 6 117 120
- 6 13 6 63 59 12 - 4 21 6 136 128
- 5 13 6 248 254 3 - 3 21 6 143 136
- 4 13 6 271 274 3 - 2 21 6 60 55
- 3 13 6 210 212 3 - 1 21 6 136 135
- 2 13 6 321 319 3 0 21 6 0 41
- 1 13 6 91 100 6 1 21 6 137 133

0 13 6 0 25 1 2 21 6 196 188
1 13 6 70 59 8 3 21 6 0 79
2 13 6 157 155 4 - 3 22 6 74 80
3 13 6 281 277 3 - 2 22 6 170 178
4 13 6 0 21 1 - 1 22 6 0 36
5 13 6 145 130 5 0 22 6 0 8
6 13 6 26 45 26 1 22 6 42 7

- 7 14 6 0 30 1 2 22 6 155 155
- 6 14 6 0 11 1 - 2 23 6 104 99
- 5 14 6 0 47 1 - 1 23 6 0 43
- 4 14 6 0 10 1 0 23 6 209 213
- 3 14 6 248 254 3 1 23 6 130 112
- 2 14 6 35 42 34 - 7 0 7 98 98
- 1 14 6 231 233 3 - 5 0 7 182 176

0 14 6 150 146 2 - 3 0 7 247 245
1 14 6 67 75 9 - 1 0 7 240 238
2 14 6 171 169 4 1 0 7 227 219
3 14 6 117 109 6 3 0 7 522 524
4 14 6 46 11 19 5 0 7 328 332
5 14 6 0 28 1 - 8 1 7 39 64

- 6 15 6 114 103 6 - 7 1 7 0 15
- 5 15 6 161 160 4 - 6 1 7 135 132
-4 15 6 200 198 4 - 5 1 7 39 61
- 3 15 6 331 327 3 - 4 1 7 45 41
- 2 15 6 241 236 3 - 3 1 7 196 191
- 1 15 6 104 101 5 - 2 1 7 355 3 5 0

0 15 6 265 257 5 - 1 1 7 0 29
1 15 6 16 41 15 0 1 7 225 226

10s

5
3
9
4
7
9
6
6
5
1

18
1

37
7
6
5

12
5
1
5
4
1

11
5
1
1

42
5
7
1
3
6
7
3
2
2
2
5
3

39
1
5

38
13

3
3
1
1



• * r r ' ~
h k 1 10FO lO F c 103 h k

- 5 19 5 149 154 5 - 2 3
-4 19 5 0 39 1 -1 3
- 3 19 5 246 243 3 0 3
- 2 19 5 0 10 1 1 3
-1 19 5 155 155 4 2 3
0 19 5 69 72 11 3 3
1 19 5 0 76 1 4 3
2 19 5 84 99 9 5 3
3 19 5 97 91 7 6 3
4 19 5 0 26 1 7 3

- 5 20 5 181 186 5 - 8 4
-4 20 5 103 123 7 -7 4
- 3 20 5 174 180 4 - 6 4
- 2 20 5 65 75 11 - 5 4
-1 20 5 163 159 4 -4 4
0 20 5 74 74 6 - 3 4
1 20 5 269 262 3 - 2 4
2 20 5 0 19 1 - 1 4
3 20 5 208 207 4 0 4
4 20 5 33 9 33 1 4

- 5 21 5 48 17 48 2 4
-4 21 5 85 85 9 3 4
- 3 21 5 79 72 9 4 4
-2 21 5 31 33 31 5 4
-1 21 5 46 29 17 6 4

0 21 5 48 55 17 7 4
1 21 5 63 32 11 - 8 5
2 21 5 107 108 7 -7 5
3 21 5 147 155 5 - 6 5
4 21 5 28 83 27 - 5 5

-4 22 5 93 81 8 -4 5
- 3 22 5 113 105 6 - 3 5
- 2 22 5 156 161 5 - 2 5
- 1 22 5 49 44 16 -1 5
0 22 5 2 63 264 2 0 5
1 22 5 88 78 8 1 5
2 22 5 137 136 6 2 5
3 22 5 107 112 8 3 5

- 3 23 5 93 109 9 4 5_ O 23 5 33 23 32 5 5
-1 23 5 46 24 45 6 5
0 23 5 77 95 19 7 5

lO F o ÍO FC 10s h k 1 lO F o
637 652 4 - 6 9 6 176
393 412 3 - 5 9 6 120
85- 839 7 - 4 9 6 112
358 357 3 - 3 9 6 43
2 5 - 255 2 - 2 9 6 286
308 306 3 - 1 9 6 122
123 126 5 0 9 6 380
155 153 4 1 9 6 204

0 64 1 2 9 6 3 0 -
59 53 16 3 9 6 8 .
27 48 27 4 9 6 93
5_ 66 17 5 9 6 126

193 195 4 6 9 6 188
74 87 8 - 7 10 6 160
97 101 5 - 6 10 6 0
16 25 16 - 5 10 6 204

322 317 2 -4 10 6 2 5 -
315 305 3 - 3 10 6 0
187 189 1 - 2 10 6 130
13_ 127 3 - 1 10 6 92
215 224 2 O 10 6 47

14 50 14 1 10 6 193
8_ 85 8 2 10 6 147

0 64 1 3 10 6 4 _
6 . 42 13 4 10 6 46

11_ 113 8 5 10 6 108
162 158 5 6 10 6 19
146 154 5 - 7 11 6 132
170 161 4 - 6 11 6 209
5 2 - 536 5 - 5 11 6 72

0 34 1 - 4 11 6 97
386 392 4 - 3 11 6 150
299 289 3 - 2 11 6 38
402 399 3 - 1 11 6 410
318 317 2 0 11 6 4 _
274 256 3 1 11 6 328
41- 409 4 2 11 6 73
160 154 4 3 11 6 95
219 226 3 4 11 6 232
170 166 4 5 11 6 0
160 154 5 6 11 6 126

0 39 1 - 7 12 6 106

1
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6



4
5
5
2
2
4
2
3
3
7
7
6
4
5
1
3
3
1
4
5
8
3
4
.8
.7
7
.8
6
4
9
6
4
18
4
9
3
8
7
3
1
7
7

h k 1 10FO 10FC 1 0 s

2 15 6 0 8 0 1
3 15 6 1 5 0 1 5 2 5
4 15 6 0 8 1
5 15 6 1 04 1 0 6 8

- 6 16 6 0 34 1
- 5 16 6 0 6 6 1
- 4 16 6 35 47 35
- 3 16 6 2 7 7 277 3
- 2 16 6 0 12 1
- 1 16 6 0 19 1

0 16 6 1 5 3 1 5 5 3
1 16 6 0 31 1
2 16 6 2 7 - 2 6 8 3
3 16 6 3_ 19 3 0
4 16 6 0 8 1
5 16 6 0 99 1

- 6 17 6 72 95 1 2
- 5 17 6 1 0 9 10 2 6
- 4 17 6 7 3 68 1 0
- 3 17 6 29 7 2 9 1 3
- 2 17 6 2 4 2 2 4 0 3
- 1 17 6 3 8_ 3 7 5 3

0 17 6 77 78 5
1 17 6 2 2 - 2 2 3 3
2 17 6 54 48 14
3 17 6 5 17 4
4 17 6 0 56 1
5 17 6 39 14 39

- 5 18 6 27 3 26
- 4 18 6 1 5 3 164 5
- 3 18 6 45 51 18
- 2 18 6 74 81 9
- 1 18 6 34 24 34

0 1 8 6 4 2 0 42
1 18 6 49 87 48
2 18 6 0 9 1
3 1 8 6 7a 79 11
4 18 6 45 36 22

- 5 19 6 5 - 52 18
- 4 1 9 6 3 2 9 3 2 9 3
- 3 19 6 86 89 8
- 2 19 6 1 9 9 1 8 8 4

h k 1 10FO l OF c 1 0 s

1 1 7 1 04 90 5
2 1 7 11 2 1 0 8 5
3 1 7 5 i 66 13
4 1 7 1 3 9 1 4 3 5
5 1 7 1 4 0 1 4 3 5
6 1 7 46 7 0 22

- 8 2 7 93 99 9
- 7 2 7 107 1 1 1 7
— 6 2 7 2 2 2 2 2 0 3
- 5 2 7 1 1 . 1 0 8 5
- 4 2 7 25 16 25
- 3 2 7 3 1 9 3 2 3 2
- 2 2 7 137 1 3 2 3
- 1 2 7 2 3 j. 2 2 9 2

0 2 7 4 6 0 4 6 5 3
1 2 7 1 8 3 1 8 8 3
2 2 7 4 8 9 4 9 8 4
3 2 7 87 7 9 7
4 2 7 2 7 3 27 9 3
5 2 7 55 57 15
6 2 7 53 7 5 53

- 8 3 7 3_ 1 30
- 7 3 7 93 1 0 1 8
- 6 3 7 0 8 1
- 5 3 7 97 83 6
- 4 3 7 122 1 1 5 4
- 3 3 7 1 6 6 1 7 3 3
- 2 3 7 1 6 2 16 7 3
- 1 3 7 47 0 4 7 9 4

0 3 7 86 81 4
1 3 7 1 8 0 1 8 2 3
2 3 7 2 2 8 2 3 1 3
3 3 7 167 1 6 1 4
4 3 7 1 4 3 1 4 3 5
5 3 7 85 82 9
6 3 7 48 38 20

- 8 4 7 28 48 27
- 7 4 7 2 1 5 2 1 2 4
- 6 4 7 38 31 28
- 5 4 7 15-l 1 5 1 4
-  4 4 7 33 34 33
- 3 4 7 14 2 1 4 2 4



T ab le  5b . Observed and calculated structure 
Pagre 6

h k L lOFo lOFc 1 0 s h k 1 lOFo 10FC 1 0 s h k 1 lOFo lOFc 1 0 s

2 4 7 2 1 6 2 0 8 2 4 10 7 0 11 1 1 18 7 65 41 11
1 4 7 4 6 5 474 4 5 10 7 44 46 24 2 18 7 2 14 2 21 4
0 4 7 117 _2 1 6 6 10 7 1 13 1 1 0 8 3 18 7 86 78 9
1 4 7 3 6 3 3 6 8 3 - 7 11 7 83 77 9 - 4 19 7 38 54 38
2 4 7 1 4 0 - 4 0 4 - 6 11 7 163 17 1 5 - 3 19 7 0 0 1
3 4 7 91 - 0 1 7 - 5 11 7 43 54 2 0 - 2 19 7 0 1 1
4 4 T 1 05 96 6 - 4 11 7 30 27 30 - 1 19 7 45 19 44
5 4 ~l 142 - 3 5 5 - 3 11 7 1 13 1 2 3 5 0 19 7 31 46 31
6 4 7 12 9 11 - 2 11 7 96 99 6 1 19 7 1 4 9 1 5 0 5
7 5 7 26 5 26 - 1 11 7 3 26 3 3 9 3 2 19 7 17 46 16
6 5 7 0 58 1 0 11 7 92 93 4 3 19 7 12 11 12
5 5 7 48 26 14 1 11 7 1 90 191 3 - 4 20 7 39 57 39
4 5 7 1 2 0 - 1 9 5 2 11 7 138 13 7 5 - 3 2 0 7 2 7 6 2 6 5 3
3 5 7 25 29 25 3 11 7 64 58 10 - 2 20 7 1 0 3 95 7
2 5 T 86 - 0 0 6 4 11 7 83 75 9 - 1 2 0 7 1 47 1 4 5 5
1 5 7 14 23 13 5 11 7 47 42 21 0 2 0 7 0 24 1
0 5 7 78 78 4 - 7 12 7 162 1 6 5 5 1 2 0 7 68 55 11
1 5 7 2 4 2 2 4 1 2 - 6 12 7 0 1 1 2 2 0 7 0 17 1
2 5 1 2 38 241 3 - 5 12 7 201 1 9 9 4 - 3 21 7 72 82 12
3 5 1 1 5 6 _ 4 6 4 - 4 12 7 1 20 1 1 5 5 - 2 21 7 38 30 38
4 5 7 23 5 2 3 - 3 12 7 267 277 3 - 1 21 7 2 3 2 2 2 5 4
5 5 7 60 73 14 - 2 12 7 31 39 31 0 21 7 35 9 35
6 5 n 0 43 1 -1 12 7 181 184 3 1 21 7 0 15 1

6 7 45 43 22 0 12 7 194 1 8 3 2 2 21 7 28 0 27
6 6 7 2 73 2 7 9 3 1 12 7 267 2 62 3 - 2 22 7 1 71 1 6 9 5
5 6 7 0 6 1 2 12 7 180 177 4 - 1 22 7 0 27 1
4 6 7 44 3 451 4 3 12 7 233 2 2 3 3 0 22 7 154 1 5 6 4
3 6 7 93 98 6 4 12 7 40 48 40 1 22 7 98 98 8
2 6 7 5 9 0 5 92 5 5 12 7 167 1 5 8 5 - 6 0 8 89 78 8
1 6 7 14 38 13 - 6 13 7 128 1 2 3 6 - 4 0 8 1 4 6 147 4
0 6 7 1 3 0 _ 3 3 2 - 5 13 7 0 81 1 - 2 0 8 1 7 2 17 2 3
1 6 7 287 294 3 - 4 13 7 0 10 1 0 0 8 4 1 0 4 1 0 2
2 6 7 0 34 1 - 3 13 7 0 63 1 2 0 8 18 12 17
3 6 7 31 43 31 - 2 13 7 217 2 24 3 4 0 8 2 2 3 2 2 1 4
4 6 7 2 39 2 31 3 - 1 13 7 125 1 1 6 5 6 0 8 42 33 29
5 6 7 36 52 35 0 13 7 23 74 23 - 7 1 8 17 7 17 7 4
6 6 7 1 5 0 _ 5 3 6 1 13 7 22 35 22 - 6 1 8 12 1 1 1 6 6

7 -I 82 72 9 2 13 7 0 4 1 - 5 1 8 2 6 3 2 6 8 3
6 7 7 2 2 0 22 2 4 3 13 7 46 39 46 - 4 1 8 30 1 30 1 2
5 7 7 1 1 0 _1 7 6 4 13 7 46 1 19 - 3 1 8 25 1 2 4 8 2
4 7 T 117 98 5 5 13 7 93 86 9 - 2 1 8 47 1 47 9 4
3 7 7 0 12 1 - 6 14 7 1 30 124 6 - 1 1 8 1 3 9 1 41 4
'yc. 7 7 2 73 2 9 6 2 - 5 14 7 0 67 1 0 1 8 1 1 1 1 0 5 3
1 7 7 1 83 _ 7 3 3 -4 14 7 327 3 3 0 3 1 1 8 69 78 8
0 7 7 19 5 2 0 8 2 - J 14 7 44 1 0 5 43 2 1 8 0 10 1
1 7 7 0 16 1 - 2 14 7 217 2 1 5 3 3 1 8 124 1 0 5 5
2 7 7 109 _ 1 6 5 - 1 14 7 0 28 1 4 1 8 2 0 9 2 1 2 4
3 7 1 0 82 1 0 14 7 117 114 3 5 1 8 1 2 6 127 6



f a c t o r s  f o r  Ci 4H2i CrN03S i 2.

h k 1 lO F o l O F c 1 0 s h k 1 1 0 F O l O F c

6 4 8 28 37 27 - 6 12 8 34 15
- 7 5 8 59 63 14 - 5 12 8 127 119
- 6 5 8 110 96 6 - 4 12 8 0 42
- 5 5 8 163 157 4 - 3 12 8 135 133
-4 5 8 0 13 1 - 2 12 8 23 12
- 3 5 8 316 316 3 - 1 12 8 0 6
- 2 5 8 115 112 5 0 12 8 0 15
- 1 5 8 339 342 2 1 12 8 126 132

0 5 8 432 423 3 2 12 8 0 14
1 5 8 69 64 8 3 12 8 28 14
2 5 8 322 322 3 4 12 8 51 25
3 5 8 103 87 6 - 6 13 8 153 145
4 5 3 15 44 15 - 5 13 8 32 67
5 5 8 177 179 5 - 4 13 8 269 271

- 7 6 8 41 9 27 - 3 13 8 230 225
- 6 6 8 37 72 36 - 2 13 8 151 157
- 5 6 8 229 233 3 - 1 13 8 133 143
- 4 6 8 0 22 1 0 13 8 0 13
- 3 6 8 109 106 5 1 13 8 114 115
- 2 6 8 190 185 3 2 13 8 0 86
- 1 6 8 49 47 11 3 13 8 219 227

0 6 8 39 34 11 4 13 8 136 115
1 6 8 43 25 42 - 5 14 8 44 33
2 6 8 87 68 7 - 4 14 8 41 36
3 6 8 0 16 1 - 3 14 8 35 2
4 6 8 47 48 46 - 2 14 8 79 73
5 6 8 0 2 1 - 1 14 8 105 104

- 7 7 8 0 44 1 0 14 8 45 45
- 6 7 8 37 36 36 1 14 8 19 7
- 5 7 8 0 15 1 2 14 8 132 144
-4 7 8 93 95 6 3 14 8 127 125
- 3 7 8 202 204 3 4 14 8 57 56
- 2 7 8 330 327 3 - 5 15 8 153 155
- 1 7 8 153 145 4 - 4 15 8 83 74

0 7 8 223 217 2 - 3 15 8 344 353
1 7 8 145 150 4 - 2 15 8 20 30
2 7 8 140 133 5 - 1 15 8 131 125
3 7 8 94 91 7 0 15 8 46 55
4 7 3 260 268 3 1 15 8 64 55
5 7 8 159 152 5 2 15 8 84 97

- 7 8 8 0 42 1 3 15 8 23 51
- 6 8 8 120 126 6 4 15 8 0 17
- 5 8 8 104 111 7 - 5 16 8 22 25
-4 8 3 218 218 3 - 4 16 8 102 97
“ 3 8 8 74 66 8 - 3 16 8 0 20
- 2 8 3 91 82 6 - 2 16 8 0 19
- 1 8 8 180 184 3 - 1 16 8 90 82

0 8 8 80 79 30 0 16 8 74 87

103
33
6
1
5

23
1
1
5
1

28
16

5
32

3
3
4
5
1
6
1
4
6

21
23
35

8
6

17
19
6
6

16
5
9
3

20
5

22
11

9
23

1
22

7
1
1
7

24



lOFo

160
78
40
95
87

179
10
29

12 -

56
0
0

43
0
0

165
333
86

195
196
108
275
124
412
176
2 3 -
139

80
0
0

57
43

153
129

93
274

53
52
16

173
87
49

1 V* o ** 0 l OFc 1 0  s h k 1 lOFo l OFc 1 0 a h k

7 57 51 _3 1 14 7 29 1 29 6 1
7 0 7 1 2 14 7 350 351 3 - 7 2
7 0 9 1 3 14 7 18 49 17 - 6 2

139 150 6 4 14 7 269 260 3 - 5 2
62 52 _2 5 14 7 94 104 9 -4 2

417 420 4 - 6 15 7 42 50 27 - 3 2
79 83 8 - 5 15 7 57 54 13 - 2 2

485 489 4 -4 15 7 135 130 5 - 1 2
0 35 1 - 3 15 7 8 - 71 8 0 2

341 346 3 - 2 15 7 80 71 8 1 2
61 56 45 >1 15 7 125 126 5 2 2

222 232 3 0 15 7 28 9 28 3 2
145 149 4 1 15 7 0 4 1 4 2

97 81 6 2 15 7 17 72 17 5 2
20 57 _ 9 3 15 7 86 97 9 6 2

149 145 5 4 15 7 0 26 1 - 7 3
39 56 38 - 5 16 7 42 82 42 - 6 3

0 43 1 -4 16 97 98 7 - 5 3
43 53 22 - 3 16 7 159 156 4 -4 3

154 152 4 - 2 16 7 98 102 7 - 3 3
84 79 7 -1 16 7 152 163 5 - 2 3
77 74 7 0 16 7 160 160 3 - 1 3

162 161 3 1 16 7 300 291 3 0 3
186 190 3 2 16 7 44 30 43 1 3
194 190 2 3 16 7 225 221 4 2 3
111 109 5 4 16 7 8_ 69 10 3 3
258 260 3 - 5 17 7 142 145 5 4 3

0 55 1 -4 17 7 0 50 1 5 3
20 10 20 - 3 17 7 76 82 9 6 3
32 14 31 - 2 17 7 230 230 3 - 7 4

117 118 7 - 1 17 7 9_ 77 7 - 6 4
0 9 1 0 17 7 243 241 4 - 5 4

7 258 256 3 1 17 7 96 95 7 ” 4 4
7 75 7 4 9 2 17 7 0 52 1 - 3 4
7 209 208 3 3 17 7 0 47 1 - 2 4
7 0 34 1 4 17 7 0 53 1 - 1 4
7 350 339 3 - 5 18 7 42 33 24 0 4
7 0 57 1 -4 18 7 87 100 9 1 4
7 371 383 2 - 3 18 7 37 40 36 2 4
7 247 243 3 - 2 18 7 122 117 6 3 4
7 155 151 4 -1 18 7 44 41 43 4 4
7 85 94 8 0 18 7 247 243 2 5 4



6
10
40

7
7
3

10
28

3
10
1
1

42
1
1
5
3
7
3
3
5
2
3
4
3
3
5

10
1
1

13
19

4
4
6
2

12
11
15

4
8

49

h k 1 lOFo lOFc 1 0 s

1 8 8 38 20 38
2 8 8 48 48 15
3 8 8 159 175 5
4 8 8 119 122 6
5 8 8 112 100 7

- 1 9 8 129 101 6
- 6 9 8 112 111 7
- 5 9 8 0 26 1
- 4 9 8 163 160 4
- 3 9 8 38 42 21
- 2 9 8 1 2 5 117 5
- 1 9 8 329 329 3

0 9 8 147 143 3
1 9 8 439 446 4
2 9 8 134 132 5
3 9 8 322 325 3
4 9 8 142 140 5
5 9 8 46 10 20

- 6 10 8 0 17 1
- 5 10 8 0 1 1
-4 10 8 17 27 17
- 3 10 8 74 81 8
- 2 10 8 148 145 4
- 1 10 8 142 145 4

0 10 8 15 12 15
1 10 8 0 11 1
2 10 8 184 191 4
3 10 8 195 197 4
4 10 8 70 78 11
5 10 8 0 35 1

- 6 11 8 0 12 1
- 5 11 8 200 202 4
-4 11 8 58 60 12
- 3 11 8 116 115 5
- 2 11 8 158 155 4
- 1 11 8 0 10 1

0 11 8 326 336 10
1 11 8 274 272 3
2 11 8 376 37 3 3
3 11 8 75 77 10
4 11 8 148 154 5
5 11 8 68 62 13

h k 1 l OFo l OF c 1 0 s

1 16 8 0 24 1
2 16 8 42 21 41
3 16 8 9 50 9

- 4 17 8 100 101 7
- 3 17 8 33 25 32
- 2 17 8 127 119 6
- 1 17 8 36 7 36

0 17 8 236 228 2
1 17 8 45 34 20
2 17 8 192 186 4
3 17 8 27 19 26

-4 18 8 0 30 1
- 3 18 8 33 7 33
- 2 18 8 216 213 4
- 1 18 8 0 51 1

0 18 8 84 76 6
1 18 8 6 6 78 12
2 18 8 57 54 15

- 3 19 8 25 51 24
- 2 19 8 170 161 5
- 1 19 8 177 173 4

0 19 8 0 14 1
1 19 8 2 4 8 247 4
2 19 8 78 66 10

- 2 20 8 57 24 15
- 1 20 8 154 145 5

0 20 8 0 62 1
1 20 8 0 3 1

-7 0 9 69 78 13
- 5 0 9 144 151 5
- 3 0 9 548 538 5
- 1 0 9 625 625 6

1 0 9 226 228 3
3 0 9 39 10 39
5 0 9 67 65 13

- 7 1 9 8 8 7
- 6 1 9 96 92 7
- 5 1 9 58 63 12
- 4 1 9 54 23 12
- 3 1 9 182 184 4
- 2 1 9 198 199 3
- 1 1 9 124 127 5



O b s e r v e d  and c a l c u l a t e d  s t r u c t u r eT ab le 5b 
Pagre 7

h k 1 lOPo l OFc 1 0 s

0 1 9 146 - 4 9 3
1 1 9 184 * 91 4
2 1 9 46 58 46
3 1 9 132 . 3 5 6
4 1 9 0 65 1
5 1 9 135 _33 6
n 2 9 0 46 1
6 2 9 140 _42 5
5 2 9 44 4 43
4 2 9 384 365 3
3 2 9 86 . 0 1 7
2 2 9 425 425 4
1 2 9 0 7 1
0 2 9 304 301 2
1 2 9 84 87 7
2 2 9 222 222 3
3 2 9 0 76 1
4 2 9 118 - 2 3 7
5 2 9 0 51 1

3 9 114 . 0 2 7
6 3 9 76 72 10
5 3 9 74 43 9
4 3 9 59 52 11
3 3 9 43 4 42
2 3 9 0 7 1
1 3 9 163 - 6 3 4
0 3 9 0 7 1
1 3 9 103 - 0 1 6
2 3 9 144 _38 5
3 3 9 0 91 1
4 3 9 0 97 1
5 3 9 0 57 1
6 4 9 146 - 5 2 5
5 4 9 227 226 3
4 4 9 82 87 8
3 4 9 216 221 3
2 4 9 122 - 2 8 5
1 4 9 171 - 8 1 4
0 4 9 51 67 23
1 4 9 246 245 3
2 4 9 34 26 33
3 4 9 229 230 4
4 4 9 54 43 16
5 4 9 82 79 10
6 5 9 54 56 15
5 5 9 108 _16 7
4 5 9 43 47 18
3 5 9 182 _76 4

h k 1 lOFo 10FC 1 0 s

- 5 8 9 142 146 5
-4 8 9 62 64 12
- 3 8 9 161 160 4
- 2 8 9 118 120 5
-1 8 9 70 63 9

0 8 9 0 21 1
1 8 9 166 164 4
2 8 9 207 221 4
3 8 9 265 260 3
4 8 9 33 69 32

- 6 9 9 44 47 23
- 5 9 9 100 89 7
-4 9 9 167 159 4
- 3 9 9 0 67 1
- 2 9 9 40 3 19
- 1 9 9 37 37 36

0 9 9 284 287 2
1 9 9 68 58 11
2 9 9 166 164 5
3 9 9 0 2 1
4 9 9 51 29 50

- 6 10 9 260 254 4
- 5 10 9 42 2 42
-4 10 9 175 174 4
- 3 10 9 102 90 6
- 2 10 9 35 17 34
-1 10 9 94 84 7

0 10 9 191 190 3
1 10 9 17 16 17
2 10 9 369 374 3
3 10 9 122 137 6
4 10 9 225 226 4

- 5 11 9 0 69 1
-4 11 9 0 16 1
- 3 11 9 0 54 1
- 2 11 9 0 53 1
-1 11 9 163 158 4

0 11 9 201 198 3
1 11 9 90 73 8
2 11 9 46 28 47
3 11 9 125 133 6
4 11 9 111 119 8

- 5 12 9 150 142 5
-4 12 9 26 24 26
- 3 12 9 259 256 3
- 2 12 9 0 37 1
- 1 12 9 226 228 3

0 12 9 92 79 20

h k 1 lOFo 10FC 1 0 s

0 16 9 66 56 66
1 16 9 295 291 3
2 16 9 0 42 1

- 3 17 9 41 59 26
- 2 17 9 23 12 23
- 1 17 9 125 119 6

0 17 9 45 53 45
1 17 9 142 139 6

- 2 18 9 136 134 6
- 1 18 9 180 185 5

O 18 9 j.80 174 3
1 18 9 0 30 1

- 6 0 10 0 18 1
- 4 0 10 113 107 6
- 2 0 10 313 314 3

0 0 10 55 69 34
2 0 10 190 192 4
4 0 10 143 151 6

- 6 1 10 74 72 11
- 5 1 10 114 121 6
- 4 1 10 188 186 4
- 3 1 10 149 136 4
- 2 1 10 199 201 4
- 1 1 10 171 171 4

0 1 10 221 221 3
1 1 10 173 168 4
2 1 10 0 54 1
3 1 10 179 175 4
4 1 10 31 46 31

- 6 2 10 0 39 1
- 5 2 10 35 39 35
-4 2 10 134 125 5
- 3 2 10 130 142 5
“ 2 2 10 24 27 24
- 1 2 10 156 152 4

0 2 10 172 163 3
1 2 10 231 225 3
2 2 10 95 101 8
3 2 10 155 158 5
4 2 10 63 69 14

- 6 3 10 140 120 6
- 5 3 10 227 222 3
- 4 3 10 160 153 4
- 3 3 10 257 262 3
- 2 3 10 30 22 29
- 1 3 10 135 133 5

0 3 10 116 119 4
1 3 10 110 110 6



f a c t o r s f o r Ci4H 2i C r N 0 3S i 2 •

h k 1 10FO l OFc 1 0 s

2 6 10 0 21 1
3 6 10 0 25 1
4 6 10 0 25 1

- 5 7 10 90 88 8
- 4 7 10 87 73 8
- 3 7 10 221 221 4
- 2 7 10 230 233 3
- 1 7 10 211 214 4

0 7 10 255 253 2
1 7 10 0 75 1
2 7 10 45 61 45
3 7 10 33 33 32

- 5 8 10 0 1 1
- 4 8 10 181 171 4
- 3 8 10 58 53 13
- 2 8 10 146 133 5
- 1 8 10 47 39 46

0 8 10 0 26 1
1 8 10 126 115 6
2 8 10 0 67 1
3 8 10 105 108 7

- 5 9 10 254 253 4
- 4 9 10 19 69 18
- 3 9 10 192 192 4
- 2 9 10 162 159 4
- 1 9 10 22 46 21

0 9 10 134 127 6
1 9 10 114 121 7
2 9 10 0 30 1
3 9 10 116 108 7

- 5 10 10 96 94 8
- 4 10 10 0 67 1
- 3 10 10 0 48 1
- 2 10 10 34 18 34
- 1 10 10 85 89 8

0 10 10 79 80 35
1 10 10 144 153 5
2 10 10 0 78 1
3 10 10 48 46 47

- 4 11 10 168 160 5
- 3 11 10 0 27 1
- 2 11 10 159 154 5
- 1 11 10 47 43 17

0 11 10 75 82 11
1 11 10 74 78 10
2 11 10 60 61 14

- 4 12 10 120 123 7
- 3 12 10 178 187 4

h k 1 10FO l OFc 1 0 s

0 1 11 56 69 55
1 1 11 96 97 8
2 1 11 144 142 5
3 1 11 0 73 1

- 5 2 11 63 64 13
- 4 2 11 167 168 5
- 3 2 11 1 00 105 7
- 2 2 11 0 36 1
- 1 2 11 48 48 48

0 2 11 0 64 1
1 2 11 130 134 6
2 2 11 41 29 27
3 2 11 ¿2 2 52

- 5 3 11 80 76 10
- 4 3 11 156 147 5
- 3 3 11 37 40 37
- 2 3 11 130 127 6
- 1 3 11 71 61 10

0 3 11 178 178 3
1 3 11 121 112 6
2 3 11 145 146 5
3 3 11 133 141 7

- 5 4 11 153 154 5
-4 4 11 0 1 1
- 3 4 11 117 117 6
- 2 4 11 77 77 9
- 1 4 11 90 83 7

0 4 11 0 14 1
1 4 11 46 54 20
2 4 11 145 143 5

-4 5 11 47 45 18
- 3 5 11 135 140 6
- 2 5 11 94 91 7
- 1 5 11 126 125 5

0 5 11 47 13 32
1 5 11 168 165 5
2 5 11 0 4 1

- 4 6 11 0 7 1
- 3 6 11 0 33 1
- 2 6 11 80 98 9
- 1 6 11 55 66 15

0 6 11 241 2 39 2
1 6 11 0 19 1
2 6 11 135 128 6

- 4 7 11 98 105 8
- 3 7 11 187 189 4
- 2 7 11 238 237 4
- 1 7 11 146 148 5



l OFo

251
64

182
158
130

50
0

42
182
102

0
l-'S

0
14

161
33

318
25

169
229

0
151

41
81
44

115
0

183
174

43
32
48

)c L l OFo l OFc 1 0 s h k 1 lOFo lOFc 1 0 s h

5 9 139 144 4 1 12 9 288 285 3 2
5 9 0 5 1 2 12 9 0 54 1 3
5 9 0 15 1 3 12 9 207 210 4 4
5 9 132 129 5 - 5 13 9 1 2 - 123 6 - 6
5 9 19 18 18 -4 13 9 150 149 5 - 5
5 9 0 38 1 - 3 13 9 162 158 5 -4
5 9 19 44 18 - 2 13 9 102 96 7 - 3
5 9 51 52 20 - 1 13 9 32 44 31 - 2
6 9 169 159 5 0 13 9 63 54 11 - 1
6 9 142 121 5 1 13 9 36 37 36 0
6 9 117 110 6 2 13 9 0 28 1 1
6 9 23 14 23 3 13 9 69 77 12 2
6 9 170 177 4 - 5 14 9 56 52 16 3
6 9 224 230 3 -4 14 9 185 185 4 4
6 9 186 182 2 - 3 14 9 42 41 41 - 6
6 9 0 11 1 - 2 14 9 406 409 4 - 5
6 9 0 64 1 -1 14 9 150 144 5 - 4
6 9 0 6 1 0 14 9 329 327 2 - 3
6 9 198 202 4 1 14 9 0 30 1 - 2
6 9 0 5 1 2 14 9 166 168 5 - 1

9 33 26 33 3 14 9 87 71 9 0
9 0 28 1 -4 15 9 180 181 5 1
9 54 32 13 - 3 15 9 32 21 32 2
9 24 17 23 - 2 15 9 150 147 5 3
9 152 153 4 -1 15 9 0 47 1 4
9 86 82 7 0 15 9 0 36 1 - 5
9 62 59 7 1 15 9 0 22 1 -4
9 102 102 6 2 15 9 0 15 1 - 3
9 92 82 8 -4 16 9 0 12 1 - 2
9 162 147 5 - 3 16 9 128 134 6 - 1
9 50 83 49 - 2 16 9 0 5 1 0

8 9 0 28 1 - 1 16 9 242 236 3 1



10s

4
13

5
5
6

16
1

42
4
4
1
4
1

14
5

32
3

25
4
3
1
5

25
9

43
6
1
4
4

42
32
17

h k 1 lOFo lOFc 10s

-2 12 10 176 174 4
-1 12 10 19 52 18
0 12 10 164 169 3
1 12 10 202 201 4
2 12 10 90 102 9

- 4 13 10 0 10 1
- 3 13 10 132 131 6
-2 13 10 48 21 17
-1 13 10 151 151 5
0 13 10 157 155 5
1 13 10 95 108 8
2 13 10 113 124 7

- 3 14 10 181 176 4
-2 14 10 38 43 38
-1 14 10 194 194 4
0 14 10 30 37 29
1 14 10 120 123 7

-2 15 10 0 25 1
-1 15 10 123 129 6
0 15 10 27 11 26
1 15 10 124 118 7

-1 16 10 0 42 1
- 5 0 11 129 143 6
- 3 0 11 0 18 1
-1 0 11 109 109 6
1 0 11 0 39 1
3 0 11 0 46 1

- 5 1 11 52 35 16
- 4 1 11 0 66 1
- 3 1 11 152 161 5
-2 1 11 0 13 1
-1 1 11 102 101 7

h k 1 lOFo lOPc 10s

0 7 11 155 154 3
1 7 11 44 16 22
2 7 11 54 69 18

- 4 8 11 57 34 14
- 3 8 11 60 38 13
-2 8 11 0 49 1
-1 8 11 186 189 4
0 8 11 104 98 5
1 8 11 184 189 5
2 8 11 20 70 19

- 3 9 11 83 93 10
-2 9 11 108 109 7
-1 9 11 134 136 6
0 9 11 72 75 26
1 9 11 0 27 1

- 3 10 11 93 89 8
-2 10 11 137 131 5
-1 10 11 38 59 38
0 10 11 70 32 7
1 10 11 44 0 43

- 3 11 11 165 163 5
-2 11 11 0 96 1
-1 11 11 144 145 5
0 11 11 56 42 10
1 11 11 91 84 9

-2 12 11 48 67 48
-1 12 11 81 89 10
0 12 11 100 98 9



/

Structural parameters for 

(rj6-pyridine)Cr(CO)3
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T a b l e  l a  A t o m i c  c o o r d i n a t e s  ( x  104) a n d  e q u i v a l e n t  i s o t r o p i c
d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 10 3) f o r  CeH5CrN03 U(eq)  i s  
d e f i n e d  a s  o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i z e d  U i j  
t e n s o r

X y z U (eq)

C r ( l ) 2 4 2 6 ( 1 1 ) 2 6 0 ( 1 6 ) 1 8 4 2 (1 1 ) 4 6 ( 8 )
C ( l ) 3 1 9 5 (8 ) - 9 9 6 ( 1 3 ) 3 3 9 2 (9 ) 7 2 ( 7 )
0 ( 1 ) 3 6 6 3 ( 7 ) - 1 7 4 8 ( 1 0 ) 4 3 3 2 ( 6 ) 1 0 8 ( 6 )
C (2) 1 7 6 2 ( 8 ) - 1 8 0 1 ( 1 3 ) 998 (9) 6 5 (6 )
0 (2 ) 1342 (7) - 3 1 0 2 ( 9 ) 4 5 5 ( 7 ) 8 8 ( 5 )
C (3) 8 7 0 ( 8 ) 4 4 8 ( 1 0 ) 2 1 8 8 (7 ) 5 3 ( 5 )
0 ( 3 ) - 8 1 ( 6 ) 5 2 3 ( 8 ) 2 4 0 6 (6 ) 7 8 ( 4 )
N ( l l ) 3484 ( 8 ) 2 7 7 4 ( 1 0 ) 2 5 0 8 ( 7 ) 7 4 ( 5 )
C ( l l ) 2 3 0 9 ( 1 0 ) 3 0 5 9 ( 1 1 ) 1 4 5 6 (1 1 ) 7 4 ( 8 )
C (12) 1 9 7 5 (8 ) 2 2 0 1 ( 1 2 ) 2 5 7 ( 9 ) 7 0 (6 )
C (13) 2 8 9 0 ( 9 ) 1 0 1 3 ( 1 2 ) 1 2 0 (8 ) 6 5 ( 6 )
C (14) 4084 ( 8 ) 6 6 2 (1 1 ) 1 1 5 5 (8 ) 5 7 ( 6 )
C (15) 4 3 3 7 (8 ) 1 5 6 5 ( 1 3 ) 2 3 1 5 ( 8 ) 6 9 ( 6 )
H ( 1 4 ) 4890 - 1 7 1140 70
H ( 1 2 ) 1060 255 - 5 3 0 80
H ( 1 5 ) 5170 1300 3210 79
H { 13) 2660 190 - 7 3 0 81
H (11) 1570 3790 1680 93
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T a b l e  2 a  Bond l e n g t h s  [A] a n d  a n g l e s  [deg]  f o r  C8H5CrN03

C r ( l ) - C ( l ) 1 8 7 5 ( 1 0 )
C r ( l ) - C ( 2 ) 1 8 3 8 ( 1 1 )
C r ( 1 ) - C (3) 1 8 5 7 (8 )
C r ( l ) - N ( l l ) 2 2 1 7 ( 7 )
C r ( 1 ) - C (11) 2 1 7 8 ( 8 )
C r ( 1 ) - C (12) 2 2 1 5 ( 8 )
C r ( 1 ) - C (13) 2 2 2 4 ( 7 )
C r ( l ) - C ( 1 4 ) 2 2 0 5 ( 7 )
C r ( 1 ) - C (15) 2 1 6 5 ( 8 )
C ( l ) - 0 ( 1 ) 1 1 3 3 (1 2 )
C (2 ) - 0 (2 ) 1 1 6 5 ( 1 3 )
C ( 3 ) - 0 (3) 1 1 3 7 ( 1 0 )
N (1 1 ) - C ( 1 1 ) 1 3 8 3 (1 4 )
N ( 1 1 ) - C (15) 1 3 7 4 (1 3 )
C ( 1 1 ) - C (1 2 ) 1 4 0 6 ( 1 5 )
C ( 1 2 ) - C (13) 1 3 8 9 (1 4 )
C ( 1 3 ) - C (14) 1 3 9 6 ( 1 2 )
C ( 1 4 ) - C (15) 1 3 9 7 ( 1 3 )

C ( 1 ) - C r ( 1 ) - C (2) 89 1 ( 4 )
C ( l ) - C r ( l ) - C ( 3 ) 88  5 ( 3 )
C ( 1 ) - C r ( 1 ) - N (11) 98 2 ( 4 )
C ( l ) - C r ( l ) - C ( l l ) 131 2 ( 4 )
C ( 1 ) - C r ( 1 ) - C (12) 164 9 ( 4 )
C ( l ) - C r ( 1 ) - C ( 1 3 ) 139 5 ( 3 )
C ( 1 ) - C r ( 1 ) ~C (14) 104 6 ( 3 )
C ( 1 ) - C r ( 1 ) —C (15) 87 6 ( 3 )
C ( 2 ) - C r ( 1 ) - C (3) 87 8 (3 )
C ( 2 ) - C r ( 1 ) —N (11) 165 6 ( 3 )
C ( 2 ) - C r ( l ) - C ( l l ) 139 4 ( 4 )
C ( 2 ) - C r ( 1 ) - C (12) 103 9 ( 4 )
C ( 2 ) - C r ( 1 ) - C (13) 87 3 ( 3 )
C ( 2 ) - C r ( 1 ) - C (14) 98 9 ( 3 )
C ( 2 ) - C r ( 1 ) - C (15) 132 3 ( 4 )
C ( 3 ) - C r ( 1 ) - N (11) 1 0 4 . 7 ( 3 )
C ( 3 ) - C r ( 1 ) - C (11) 88 5 ( 3 )
C ( 3 ) - C r ( 1 ) - C (12) 99 4 ( 3 )
C ( 3 ) - C r ( 1 ) - C (13) 131 7 ( 3 )
C ( 3 ) - C r ( 1 ) - C (14) 165 3 ( 3 )
C ( 3 ) - C r ( 1 ) - C (15) 139 5 ( 4 )
N ( 1 1 ) - C r ( 1 ) - C (11) 36 7 ( 4 )
N ( 1 1 ) - C r ( 1 ) - C (12) 67 5 ( 3 )
N ( 1 1 ) - C r ( 1 ) - C (13) 79 1 (3 )
N ( 1 1 ) - C r ( 1 ) - C (14) 67 3 ( 3 )
N ( 1 1 ) - C r ( 1 ) - C (15) 36 5 ( 4 )
C ( 1 1 ) - C r ( 1 ) - C (12) 37 3 ( 4 )
C ( 1 1 ) - C r ( 1 ) - C (13) 65 9 (3 )
C ( l l ) - C r ( l ) - C ( 1 4 ) 77 9 (3 )
C ( 1 1 ) - C r ( 1 ) - C (15) 64 9 (4 )
C ( 1 2 ) - C r ( 1 ) - C ( 1 3 ) 36 5 ( 4 )
C ( 1 2 ) - C r ( 1 ) - C (14) 66  3 ( 3 )
C ( 1 2 ) - C r ( 1 ) - C (15) 78 0 (3 )
C ( 1 3 ) - C r ( 1 ) - C (14) 36 7 ( 3 )
C ( 1 3 ) - C r ( 1 ) - C (15) 66  1 ( 3 )
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C ( 1 4 ) - C r ( 1 ) - C ( 1 5 ) 37 3 (3 )
C r ( 1 ) - C ( 1 ) - 0 ( 1 ) 179 6 (9 )
C r ( 1 ) - C ( 2 ) - 0 ( 2 ) 179 6(7 )
C r ( 1 ) - C ( 3 ) - 0 ( 3 ) 178 4 ( 7 )
C r ( 1 ) - N ( 1 1 ) - C (11) 70 1 ( 4 )
C r ( 1 ) - N ( 1 1 ) - C (15) 69 7 (5 )
C ( 1 1 ) - N ( 1 1 ) - C (15) 115 3 ( 7 )
C r ( 1 ) - C ( 1 1 ) - N (11) 73 2 ( 5 )
C r ( 1 ) - C ( 1 1 ) - C (12) 72 7 ( 5 )
N ( 1 1 ) - C (1 1 ) - C ( 1 2 ) 124 0(5 )
C r ( 1 ) - C ( 1 2 ) - C (11) 69 9 ( 5 )
C r ( 1 ) - C ( 1 2 ) - C r (13) 72 1 (4 )
C ( 1 1 ) - C ( 1 2 ) - C r (13) 117 9 (8 )
C r ( 1 ) - C ( 1 3 ) - C (12) 71 4 ( 4 )
C r ( 1 ) - C ( 1 3 ) - C ( 1 4 ) 70 9 ( 4 )
C ( 1 2 ) - C ( 1 3 ) - C (14) 120 5 ( 8 )
C r ( 1 ) - C ( 1 4 ) - C {13) 72 4 ( 4 )
C r ( 1 ) - C ( 1 4 ) - C (15) 69 8 ( 4 )
C ( 1 3 ) - C ( 1 4 ) - C (15) 118 0(7 )
C r ( 1 ) - C ( 1 5 ) - N (11) 73 8 ( 4 )
C r ( 1 ) - C ( 1 5 ) - C (14) 72 9 ( 5 )
N (11) —C (15) —C (14) 124 3 ( 7 )

Symmetry  t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  a to m s
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T a b l e  3 a  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 1 03) f o r  C8H5CrN0 3 
The a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  f o r m  
- 2  p i 2 [ h 2 a * 2 U l l  + + 2 h k a*  b* U12 )

U l l U22 U33 U12 U13 U23

Cr (1) 46 (1 ) 5 4 ( 1 ) 4 5 (1 ) 4 6 ( 2 ) 2 4 ( 2 ) 84 (1 )
C (1) 4 8 ( 2 ) 9 9 (2 ) 7 8 ( 3 ) 1 0 (6 ) 34(9} 1 2 (2 )
0 ( 1 ) 94(9) 157 (8 ) 7 5 (6 ) 3 0 ( 6 ) 3 4 (6 ) 7 2 (7 )
C (2) 64 (3 ) 7 1 ( 2 ) 7 9 ( 7 ) 1 1 (9 ) 4 9 (1 0 ) 2 0 (2 )
0 (2 ) 1 0 3 (6 ) 5 9 ( 6 ) 1 1 6 ( 6 ) - 1 0 ( 6 ) 5 9 (5 ) - 1 6 ( 5 )
C (3) 54 (6 ) 6 0 (9 ) 4 1 (7 ) 0 ( 6 ) 13 (6 ) 4“  (7)
0 ( 3 ) 5 5 ( 1 1 ) 1 0 8 ( 9 ) 84 (8 ) - 3 ( 7 ) 4 2 (8 ) - 1 4 ( 9 )
N (11) 72 (3 ) 7 7 (3 ) 7 9 ( 5 ) - 1 5 ( 8 ) 3 4 (8 ) - 1 2 (2 )
C ( l l ) 89 (8 ) 4 5 (9 ) 1 1 6 ( 9 ) 7 ( 8 ) 7 1 (8 ) 1 1 (8 )
C (12) 6 5 ( 7 ) 7 3 ( 5 ) 7 1 ( 8 ) 7 ( 5 ) 2 3 ( 7 ) 38 (6 )
C (13) 7 7 ( 1 1 ) 8 1 (1 3 ) 5 4 (1 1 ) - 1 2 ( 8 ) 46 (9 ) 10 (9 )
C (14) 5 3 (1 0 ) 7 1 ( 8 ) 5 6 (7 ) - 2 ( 5 ) 3 1 ( 7 ) 8 ( 7 )
C (15) 44 (8 ) 9 1 (9 ) 7 2 (8 ) - 8 ( 7 ) 2 1 (6 ) 1 6 (6 )
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Appendix 3

c

Observed and calculated structural factors for 

(il6-pyridine)Cr(CO)3



CR COMPLEX
Columns are lOFo lOFc lOOOOSig, * for Insignificant

1 kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig
•10, 0, 1 9 57 60 720 2 81 83 583

2 191 186 1475 -8, 2, 1 3 196 189 905
4 22 28 1996 1 75 70 552 4 99 85 706
6 74 71 868 2 271 272 905 5 48 52 673
10, 1/ 1 3 71 75 552 6 75 75 567

2 15 17 2479 4 133 129 798 7 146 146 926
3 149 154 905 5 29 36 905 8 57 56 675
4 87 94 598 6 6 5 1477* "7, 4 , 1
5 260 270 1027 7 10 21 1746* 1 22 24 1958
“9, 0, 1 8 107 113 765 2 64 62 644

2 90 104 911 “8, 3 , 1 3 171 162 982
4 196 199 1345 1 25 25 1282 4 140 131 895
6 150 165 1432 2 15 21 2330 5 148 143 895
8 81 80 868 3 105 104 734 6 163 163 1027
”9, 1/ 1 4 51 43 659 7 99 90 704

1 96 80 673 5 210 202 966 "7, 5, 1
2 150 156 1012 6 119 112 822 1 168 158 1074
3 151 145 997 7 106 107 751 2 160 149 938
4 6 13 1597* -8, 4 , 1 3 89 81 636
5 8 6 4375* 1 139 139 905 4 72 76 628
6 52 65 675 2 229 221 1012 5 22 29 1346
7 148 149 938 3 183 183 1027 “ 6, 0, 1
8 10 9 5527* 4 60 54 659 2 380 391 998
-9, 2, 1 5 41 43 827 4 95 109 955

1 33 34 963 6 64 62 659 6 526 555 1128
2 46 47 736 “7, 0, 1 8 354 352 1258
3 28 34 1086 2 264 268 1128 10 259 247 1475
4 182 187 997 4 711 662 4295 “ 6, 1 , 1
5 52 69 704 6 284 292 1215 1 198 198 767
6 151 157 957 8 94 91 955 2 150 151 767
7 37 36 920 “7, 1, 1 3 666 621 2792
-9, 3, 1 1 314 325 813 4 54 62 506

1 206 204 1058 2 182 192 828 5 406 435 767
2 20 25 1518 3 288 300 798 6 96 83 659
3 127 125 905 4 275 278 813 7 191 200 890
4 49 43 736 5 9 9 999 8 51 56 659
5 32 35 980 6 10 9 1955* 9 24 21 1668
6 62 58 690 7 181 174 920 10 32 37 1050
”8, 0, 1 8 86 74 628 “ 6, 2, 1

2 226 225 1258 9 282 m n 1 i n  a 1  *“7 O •-» n o



P a g e  1

1 kFo Fc Sig
4 294 295 828
5 331 333 859
6 107 101 778
7 66 61 583
8 121 125 890
9 45
-6,

51 
4, 1

843
1 165 164 935
2 193 193 905
3 66 61 552
4 58 70 598
5 199 207 935
6 125 112 859
7 192 194 1012
8 242
-6,

234 
5, 1

1043
1 45 38 751
2 93 92 628
3 132 127 843
4 179 166 997
5 117 109 827
6 98
-5,

89 
0, 1

690
2 379 379 911
4 810 767 3644
6 96 92 998
8 78 82 781
10 180

-5,
182 
1, 1

1475
1 598 565 2546
2 53 42 399
3 566 527 2577
4 200 222 706
5 165 166 767
6 40 42 598
7 325 337 828
8 152 147 935
9 240 250 951
10 5 8 2960'

Ap
pe

nd
ix
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4 252 251 1258 -7,
6 21 25 1692 1 173
8 271 286 1388 2 246
“8, 1, 1 3 56

1 54 61 614 4 347
2 13 17 2201* 5 154
3 210 212 890 6 312
4 10 4 2144* 7 161
5 264 264 890 8 176
6 83 101 598 9 118
7 161 168 997 -7,
8 57 62 675 1 326

2 265 285 767
890 3 6 12 3400*
843 4 15 1 1768
550 5 145 146 859
828 6 114 115 767
905 7 5 14 3001*
890 8 263 261 951
966 9 126 136 890
1012 -6, 3 / 1
798 1 66 62 522

2 44 55 611
890 3 199 205 828

, 1176
263
54
354
156
310
166
185
127
, 1330



1 138
2 180
3 15
4 364
5 204
6 236
7 7
8 24
9 57
10 148

-5, 3
1 288

767
706
1347
736
767
798

4014*
1084
675
920
767

141
2 0 0
7

381
212
249
13
19
68
154
, 1296

26
4 

Ap
pe

nd
ix

 
3



:r complex
Columns are lOFo lOFc

1 kFo Fc Sig 1 kFo
“5, 3, 1 3 121

2 224 222 767 4 353
3 64 63 460 5 87
4 116 115 706 6 188
5 260 273 828 7 34
6 189 192 874 8 301
7 275 276 890 9 45
8 8 4 4336* 10 135
9 280 274 1012 -4,
“5, 4, 1 1 57

1 51 46 583 2 164
2 176 171 859 3 684
3 243 257 859 4 347
4 220 227 874 5 395
5 221 215 890 6 80
6 184 183 951 7 123
7 22 16 1394 8 41
8 19 14 1625 9 62
“5, 5, 1 “4,

1 231 231 920 1 238
2 164 174 951 2 170
3 33 25 852 3 215
4 66 66 583 4 141
5 50 59 720 5 208
6 183 180 1027 6 158
7 155 153 1000 7 186
-5, 6, 1 8 250

1 5 16 3391* -4,
2 45 43 796 1 25
3 143 141 874 2 199
4 131 126 905 3 102
5 118 103 813 4 285
-4, 0, 1 5 108

2 1246 1256 3124 6 172
4 42 48 607 7 96
6 639 600 3948 -4,
8 254 244 1215 1 184
10 175 174 1475 2 155_ A o n n

lOOOOSig, * for Insignificant
Fc Sig 1 kFo Fc Sig
132 706 5 292 308 675
356 675 6 226 226 736
84 598 7 456 472 767
186 798 8 142 142 905
31 765 9 276 277 951
309 890 10 6 19 1698*
55 767 ”3, 2, 1
132 920 1 148 160 598
, 1 2 55 30 399
46 444 3 49 65 383
156 736 4 618 587 2485
651 2730 5 174 180 736
357 736 6 259 276 767
415 767 7 78 77 536
74 567 8 18 24 1396
115 767 9 34 28 935
53 778 10 171 177 1074
64 644 ”3 , 3 / 1
, 1 1 403 436 644
251 798 2 72 75 522
182 827 3 211 223 706
226 813 4 67 70 475
139 874 5 129 132 813
215 874 6 161 168 859
147 951 7 293 296 874
191 966 8 67 61 583
250 1012 9 204 202 1012
/ 1 -3, 4 / 1
30 1072 1 264 276 751
192 905 2 382 397 736
100 706 3 247 258 767
283 905 4 341 352 798
98 751 5 419 429 828
172 1012 6 247 249 890
100 690 7 66 65 598
, 1 8 28 24 1089
183 997 -3, 5, 1
151 1027 1 202 202 859
n n C. C\f\ ^ O 1 o c n



P a g e  2

1 kFo Fc Sig
1 87 86 598
2 78 79 614
-2, 0, 1

2 487 456 2386
4 504 465 3080
6 414 426 998
8 396 394 1215
10 195 192 1475

-2, 1, 1
1 459 428 1718
2 437 405 1810
3 26 7 491
4 299 319 583
5 539 509 2485
6 208 202 736
7 31 10 763
8 19 12 1266
9 94 98 644
10 26 26 1212

-2, 2 / 1
1 575 547 2025
2 53 46 383
3 220 228 583
4 243 248 644
5 61 67 430
6 380 401 736
7 195 190 828
8 324 331 890
9 81 86 567
10 121 117 828

-2, 3 / 1
1 13 9 1018
2 108 108 690
3 626 607 2531
4 90 93 659
5 187 192 767
6 84 89 581
7 179 184 890
o f- ^  r- n  n



1
2
3
4
5
6
7
8
9

10

1
2

251 271 598 4 46 45 765 3 24
93 88 604 5 8 2 4513* 4 22

357 390 614 -3, 0, 1 5 53
112 110 690 2 935 921 2733 6 91
570 528 2623 4 813 788 3211 7 124
210 208 767 6 429 454 998 -3/
42 45 628 8 71 65 738 1 14
60 60 567 10 154 169 1475 2 103
142 149 982 -3, 1, 1 3 146
19 22 1526 1 454 432 1994 4 128
4 , 2, 1 2 737 702 2025 5 119
105 124 636 3 467 426 2148 6 4
322 347 644 4 211 216 614 -3,



9 143
“2,

143 
4, 1

890
1 129 142 767
2 259 266 736
3 126 132 798
4 6 1 3538*
5 165 178 859
6 117 117 798
7 46 38 720
8 153
-2,

159 
5, 1

1043
1 6 3 3499*
2 147 138 859

gcs



R COMPLEX
Columns are lOFo lOFc

1 kFo Fc Sig 1 kFo
-2, 5, 1 8 55

3 150 146 890 9 98
4 160 147 920 -1/5 183 186 935 1 4
6 122 119 859 2 273
7 21 29 1359 3 196
-2, 6, 1 4 228

1 165 162 951 5 150
2 163 166 951 6 188
3 38 30 828 7 36
4 134 132 859 8 60
5 26 27 1161 ”1 r6 79 84 614 1 126
-2, 7, 1 2 178

1 35 38 935 3 74
2 49 52 765 4 46
3 169 160 1104 5 106
-1/ 0, 1 6 21

2 984 992 2126 7 94
4 317 340 781 -1/6 348 354 998 1 7
8 33 34 1215 2 181
10 56 53 998 3 60

-1/ 1/ 1 4 189
1 946 1011 1473 5 94
2 64 61 444 6 42
3 254 266 522 — 1 /
4 567 536 2240 1 111
5 87 103 614 2 168
6 180 186 736 3 28
7 274 280 798 0,
8 68 73 552 2 719
9 205 205 982 4 324
10 4 6 2689* 6 140

"1, 2, 1 8 179
1 415 393 1917 o,
2 258 255 522 1 521
3 58 61 399 2 463
4 309 336 644 3 708

lOOOOSig, * for Insignificant
Fc Sig 1 kFo Fc Sig
52 675 6 334 350 634
98 673 7 63 58 396

4, 1 8 217 203 673
8 2426* 9 13 17 4907

287 706 o, 3, 1
203 767 1 478 474 1627
232 798 2 357 381 501
157 890 3 5,38 520 1801
194 890 4 274 299 576
36 859 5 284 285 626
68 659 6 177 183 607

5, 1 7 115 124 567
122 859 8 8 28 1297
180 859 9 153 154 618
71 536 o, 4, 1
38 659 0 377 399 706
102 778 1 585 562 2179
29 1318 2 277 296 601
97 675 3 120 132 552

6, 1 4 15 12 1465
7 1693* 5 62 61 391

182 935 6 105 96 517
58 628 7 8 3 1693
189 982 8 125 129 651
90 642 0, 5, 1
38 857 1 6 0 2585

7, 1 2 255 259 676
106 778 3 231 236 701
167 1074 4 195 196 735
25 1223 5 142 149 653

0, 1 6 89 94 434
701 1565 7 6 5 1516'
319 583 o, 6, 1
135 767 0 146 159 951
173 935 1 207 211 651
1/ 1 2 62 62 423
513 1177 3 88 85 444
424 1403 4 51 50 504
681 1653 5 23 20 974



1
2
3
4
5
6
7
8
9
O
1
2
3
4
5
6
7
8
9
O
1
2
3
4
5
6
7
8
O
1
2
3
4
5
6
7

P a g e  3 g

kFo Fe Sig
637 617 1902
40 47 407
63 50 444
320 347 706
85 93 567
374 380 859
62 71 644
145 143 890

2, 1
164 172 506
594 577 1994
834 829 2148
29 30 581
807 770 2608
368 389 736
291 304 828
15 12 1698
35 38 950
23 21 1473
1/ 3, 1
234 258 614
577 558 2362
46 56 444
177 200 706
39 41 644
316 319 798
150 144 920
233 240 951
138 139 905
1/ 4, 1153 160 736
248 245 736
286 297 736
664 615 2945
318 330 828
156 152 920
122 124 828
42 42 828
1/ 5, 1



6 67 68 488 5 573
7 110 112 767 6 122
8 15 22 1686 7 130
9 39 29 857 8 24
-1/ 3, 1 9 34

1 540 514 2316 o,
2 21 8 709 0 351
3 263 278 659 1 290
4 21 19 843 2 785
5 91 92 655 3 326
6 19 14 1167 4 66
7 235 231 890 5 141

1828 1 23 23 960
569 2 90 97 438
629 3 96 88 475
808 1/ 0, 1
656 0 30 12 304

2 930 953 2516
1841 4 722 721 3384
401 6 277 279 1085
1678 8 47 62 1041
476 1/ 1/ 1325 0 389 366 1442
542 1 994 1033 1626

530
115
123

19
45

2 , 1
335
318
789
336

70
140



1 108 117 751
2 102 98 717
3 26 28 1027
4 6 8 3290
5 52 50 675
6 150

1,
152 

6, 1
938

0 43 37 736
1 179 181 951
2 120 117 828
3 182 188 997
4 95 95 675

00VOCN



COMPLEX
Columns are lOFo lOFc lOOOOSig, * for Insignificant

1 kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig
1, 6, 1 0 45 49 614 1 89 77 644

5 208 203 1058 1 156 156 859 2 117 124 791
1, 7, 1 2 191 182 890 3 117 112 767

0 132 138 890 3 231 232 905 4 223 218 905
1 71 66 644 4 158 157 966 5 4 11 1961*
2 188 180 1074 5 80 83 567 6 17 10 1957

2, 0, 1 6 81 86 614 3, 5, 1
0 1054 1118 2256 2, 6, 1 0 175 155 890
2 539 510 2907 0 135 144 813 1 96 102 673
4 58 59 564 1 70 64 567 2 89 83 614
6 641 591 4382 2 25 26 1134 3 25 32 1130
8 207 219 1388 3 75 67 583 4 41 41 813

2, 1, 1 4 22 20 1950 5 68 66 644
0 250 252 460 2 / 7 / 1 3, 6, 1
1 200 218 506 0 12 13 6335* 0 138 127 828
2 24 25 581 1 35 31 980 1 26 22 1126
3 544 529 2377 3, 0, 1 2 146 143 938
4 51 55 475 0 118 125 781 3 108 102 778
5 320 339 767 2 94 98 781 4 t 0, 1
6 28 31 976 4 170 180 1085 0 351 364 824
7 21 15 1349 6 82 75 781 2 62 86 607
8 147 150 859 8 149 152 1258 4 29 23 1128

2, 2, 1 3, 1/ 1 6 266 259 1302
0 135 152 552 0 256 271 552 4, 1, 1
1 36 30 430 1 251 278 583 0 112 111 659
2 474 450 2347 2 17 16 843 1 383 413 644
3 55 67 399 3 9 9 5061* 2 100 97 644
4 335 355 736 4 112 127 675 3 271 293 736
5 109 114 736 5 189 201 828 4 45 53 598
6 335 334 859 6 78 84 536 5 274 266 874
7 142 147 907 7 275 274 951 6 9 5 5458*
8 229 225 1027 8 32 40 1103 7 62 63 675

2, 3, 1 3, 2, 1 4, 2, 1
0 115 110 675 0 212 211 614 0 789 760 2516
1 307 322 644 1 4 7 2852* 1 256 272 706
2 270 286 675 2 331 339 675 2 292 305 736
3 405 407 736 3 22 18 896 3 90 111 644
4 270 285 782 4 311 310 767 4 21 22 1167
5 328 333 828 5 156 165 874 5 19 23 1381



1
2
3
4
5
O
1
2
3
4
O
1
2
O
2
4
6

O
1
2
3
4
5
6

O
1
2
3
4
5
6
O
1
2
o

P a g e  4 x

kFo Fe Sig
107 114 747
43 35 706
35 25 857
33 33 966
4 / 5, 1
26 31 1025
174 175 935
41 30 767
121 121 874
58 58 690
4, 6, 1
102 100 734
120 110 840
83 79 598
5, o, 1
305 314 955
469 483 1041
307 322 1215
181 172 1475
5, 1, 1349 364 675
323 349 706
130 133 828
7 13 4284*
11 4 6084*

100 84 675
56 43 704
5, 2/ 1
15 23 1313
79 72 536
345 357 798
189 192 874
230 224 920
58 50 659
98 91 659
5, 3, 1225 236 798
275 272 798
168

/• A

174
r  r»

890
/- -1 A



7 22 26 1363 7
8 53

2,
49 

4, 1
796

0
0 330 334 720 1
1 293 298 736 2
2 185 191 798 3
3 63 68 522 4
4 66 66 522 5
5 83 86 583 6
6 149 155 1012 7
7 182 

2 /
184 

5, 1
1074

0

93 
, 1

675 7 82
4,

75 
3, 1

65 413 0 55 53
446 690 1 10 5
155 767 2 169 168
97 720 3 300 293
100 675 4 88 71
182 920 5 101 94
75 567 6 77 71
134 905 4, 4 / 1
, 1 0 251 263
73 475 1 215 205

97
3,58
432
142
102
96
192
76
128
3,
68



614 4
5

475
1418 0
828 1
828 2
624 3
717 4
583

0
798 1
828 2

30 976
122 840
4, 1103 706
237 890
154 951
39 751
150 945
5, 1100 791
88 567
44 813

32
120
5 ,94
232
156
45
154
5 ,
108
83
43

or-.CN

Ap
pe

nd
ix
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R COMPLEX
Columns are lOFo 10FC lOOOOSig, * for Insignificant

1 kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig
5, 5, 1 6, 3, 1 2 11 17 1994*

3 117 117 852 0 96 96 673 3 20 19 1407
5, 6, 1 1 200 203 890 4 11 15 5594*

0 60 52 675 2 145 143 895 7 / 2, 1
1 41 39 888 3 277 276 951 0 18 13 1962

6, 0, 1 4 13 3 7577* 1 5 21 3261*
0 269 273 1085 6, 4, 1 2 252 251 951
2 141 155 1258 0 178 180 951 3 59 59 675
4 133 137 1171 1 119 112 778 4 150 138 905

6, 1, 1 2 47 50 767 7, 3, 1
0 72 67 522 3 40 40 902 0 219 221 935
1 243 249 798 6, 5, 1 1 200 199 982
2 85 82 611 0 83 77 598 2 133 131 890
3 262 265 890 1 71 58 614 3 46 38 843
4 51 50 690 2 103 97 717 7, 4 / 1
5 170 156 1043 7 f 0, 1 0 149 146 938

6, 2, 1 0 59 53 781 1 102 103 704
0 416 430 798 2 270 267 1302 2 156 141 980
1 225 239 843 4 214 219 1475 7 / 5, 1
2 85 77 614 7 / 1/ 1 0 160 147 969
3 28 35 1055 0 97 93 675 8, 0, 1
4 70 65 614 1 288 287 890 0 238 232 1302
5 11 6 6291*



1 kFo Fc S ig
2 100  107  998

8 , 1 , 1
0 63  67  583
1 153  156  1012
2 57 55  675
3 240  234  1043

8 , 2 , 1
0 229  228  951
1 90 90  659
2 87  79  611

8 , 3 , 1
0 40  42  920
1 241  231  1027

8 f 4 , 1
0 175  167  1089

9 , 0 , 1
0 163  163  1475

9, 1, 1
0 25 24  1195
1 81  67  598

9 , 2 , 1
0 66 71 644

P a g e  5


