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Abstract

This thesis describes the application of magnetic resonance methods to
some problems in organometallic chemistry. The reactions of nitroso compounds
with the (cyclohexadienyl)Fe(CO), cation have been investigated by using ESR
spectroscopy and yield nitroxides of the type (OC),Fe(CgH-)(ArN-Os, and also the
corresponding CgHg(Ar)N-Oe radical.  With bulky nitrosoarenes, such as
CgMegNO, isomers are observed in which the aryl ring rotation is slow on the ESR
time-scale. The analogous reactions with the cyclohexadienyl cation derived from
the B ring of (ergosteryl acetate)Fe(CO), lead to attack at the central carbon, i.e,
at C-7. Subsequent hydrogen migration leads to the (5,7-diene)Fe(CO), complex
bearing the aryl nitroxide at the 7-position. In contrast, the reaction of
[(ns-cyclohexadienyi)Fe(CO)3]+BF4' with  2-methyl-2-nitrosopropane yields the
bis(t-butyl)nitroxide radical and the most interesting observation is that the intensity
of the ESR signal varies in an oscillatory manner with time. This is the first
oscillating reaction that can be followed by ESR spectroscopy. The experimental
results and a mechanistic rationale are described.

In the second part of the thesis, a 1- and 2-dimensional '*C NMR study on
the carbonyl migration processes in trimetal clusters is discussed. The variable-

temperature *3C NMR spectra of the clusters (CgH Mes, )MCo,(CO)gCCO,-i-Pr,



where n = 5, 4, and 0 and M = Mo and W, reveal the existence of two
interconverting rotamers whereby the CpM(CO), vertex is oriented either proximal
cr distal to the capping carbonyi group. Simulation of the carbonyl exchange
process reveals that the migration of CO iigands between Co and Mo has the
same activation energy barrier as the interconversion of proximal and distal
cyclopentadieny! rings; it is proposed that these fluxional processes are correlated.
Use of a capping fragment derived from a natural product such as menthol or
podocarpic acid renders the cluster chiral and allows the detection of slowed
carbonyl exchange between the diastereotopic cobalt centers.

The 125.7 MHz “C NMR spectrum of CH,CCo,(CO),P(cyclo-C.H,,), at

-90°C exhibits a 1:2:1:2:2 carbonyl pattern consistent with the triply-bridged

structure found in the solid state, showing that carbonyl exchange can be slowed
on the NMR time scale. The coalescence behavior of the *CO resonances can
be simulated by invoking a mechanism in which a completely bridge-opened
structure is required; local rotation of each Co(CO), vertex is shown to.be rapid.
2D-EXCHANGE spectroscopy is used as an independent probe for the fluxional
processes and shows that, in accord with the bridge-opened model, all carbonyl
sites do not exchange at the same rate. It is also demonstrated that rotation about

the cobalt—phosphorus and P—C,,., bonds is slowed on the NMR time-scale.
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CHAPTER ONE

INTRODUCTION

This thesis deals with the structures and molecular dynamics of several
different-types of organometallic molecules. Initially, we shall discuss the synthesis
and charact2rization of a series of nitroxide radicals whose behavior is best studied
by electron spin resonance spectroscopy. Thereiore, we provide an introduction
to E.S.R. spectroscopy as a necessary guide to understanding these systems.
Recent work by Baird' and his colleagues has emphasized the importance of
organometallic radicals and réle of ESR spectroscopy in characterizing them.

Subsequently, the fluxional behavior of some diamagnetic organo-transition
metal clusters was investigated. These systems are most conveniently studied by
nuclear magnetic resonance spectroscopy, and a summary of the impoirtant
features of this technique is presented. NMR is a very versatile method which can
be applied to molecular rearrangements having low (1 - 5 kcal/mol), medium (5 -
20 keal/mol) or high {>20 kcal/mol) activation energy. The most widely used
method for intermediate activation energies involves the measurement of the
spectrum over a wide temperature range and subsequently simulating the line-
broadened spectra so as to obtain rate constants. We have used this approach

1



to monitor the rate of vertex rotations in mixed metal clusters.

A NMR recently developed method takes advantage of 2-dimensional NMR
techniques, and these have been used to elucidate the mechanisins of carbonyl
exchange in cobalt clusters. Some recent examples, in which the fluxional
behavior of organometallic ciusters has been examined, are described in this

introductory section.

1.1  Basic Theory of Electron Paramagnetic Resonance Spectroscopy

1.1.1 Introduction

The first topic covered in this thesis describes the chemistry of some
nitroxide radicals and the spectroscopic technique relied upon most heavily for the
characterization of .such species is electron paramagnetic resonance (EPR)
spectroscopy. Itis commonly referred to as Electron Spin Resonance (ESR) when
organic radicals are studied. The theory of this technique will be developed only
to the extent required to interpret the experiments completed in these projects.®*

There is some confusion in the literature about the units which should be
used when discussing ESR spectroscopy. Magnetic fields are commonly referred
to in Gauss (G), rather than Tesla (T) or mT of Sl units. The conversion is 1G =

10* T=0.1 mT.



. 3
in this thesis, H represents external magnetic field and H represents the

Hamiltonian.

1.1.2 The Zeeman Hamiltonian

Electron Spin Resonance Spectroscopy is a magnetic resonance technique
which involves the interaction of the magnetic moment of an unpaired electron, p,,

with a magnetic field, H. The energy (E) of this interaction can be represented by,

The magnetic moment y, of the electron is given by

i, = -gpS . (1.2)

Here S is the spin angular momentum vector of the electron. gis a dimensiontess
constant called the g factor or g value and B is the electron Bohr magneton, equal
to ew2mc, where -@ and m are the charge and mass of the electron.

The interaction between the electron magnetic moment and an applied field

H is represented by the Hamiltonian
H=-p, H .. (1.3)

If the magnetic field is defined to be in the z direction this simplifies to



H = gBHS, .. (1.4)

The energies of the two spin states, o (m, = + 1/2) and B {m, = - 1/2) are +1/2gBH
and -1/2gBH respectively. Application of an oscillating field of a suitable frequency

(v), perpendicular to Hinduces transitions between these Zeeman levels. (Fig. 1.1)

mg=+ 12

E AE =gBH

m .z -2

H

Figure 1.1 Zeeman levels of o and P states.

AE = hv = gBHAm, = gBH . (1.5)

It is important to note that the nuclei of a paramagnetic molecule also interact with
the magnetic field. This perturbs the Zeeman energy levels slightly and the

Hamiltonian must be modified to

Fl = gBHSz - gNBNHIZ + ASZIZ e (1 .6)



R ndT

where [ is the allowed component of nuclear spin in the z direction, g, is the g
factor for the nucleus and B is the nuclear magneton. Since the magnitude of g,
is much larger than the g,8, term, the nuclear term is a very small perturbation.
The selection rules for the transition are Am, = +1 and Am, = 0.

Although any appropriate combination of frequency and field can be used
to achieve resonance, an ESR spectrometer operates at a fixed microwave
frequency. The spectrum is scanned by varying the magnetic field. An X-band
spectrometer operates at a frequency of approximately 9500 MHz, while a Q-band
spectrometer operating at about 35,000 MHz requires a stronger magnet. As with
NMR, the higher frequency increases sensitivity and resolution, but the higher field
technique is not commonly employed for ESR since the problem with dielectric loss
is much greater. In addition, a Q-band spectrometer has a very small cavity which
has some practical experimental difficulties and is commonly employed for studies
at very low temperature.,

For the free electron g = 2.002322 and most organic radicals have g
factors very close to this value. The g value in ESR spectroscopy is analogous
to the chemicai shift in NMR, but the transitions in NMR spectroscopy are of much
lower energy than those in ESR. This is a direct result of the much lower value
of g\By ( guBy = W) compared to g.8. NMR uses radio frequency rather than

microwave radiation, and NMR requires much stronger magnetic fields. In ESR
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the g value in AE = gH is changed to indicate transitions of different energies, but
in NMR spectroscopy the g, value remains constant and a shielding constant (o)

is introduced to modify the field to an "effective" field.

AE = -g)\By(1-0)HAm, . (1.7)

1.1.3 Hyperfine Coupling

The magnetic moment of an electron and nuclei are coupled via the so-
called contact interaction which was first introduced by Fermi. Therefore, in
addition to the g value, another useful spectral parameter in ESR spectroscopy is
the hyperfine coupling constant (A), analogous to the spin-spin coupling constant

(J) in NMR. The spin Hamiltonian must include a new term
H = ASel ..{1.8)

It the magnetic field is applied along the z direction, this term simplifies, for the first

order perturbation, to
H= AS:IZ ..{1.9)

When the energy ~f the resonance is large compared to the hyperfine interaction,

the high field approximation is satisfactory, and the expression



AE = gBH + gBmA . (1.9)

is valid. Therefore, the resonaice for the free electron is split by the nuclei.
Most free radicals contain several magnetic nuclei; in some molecules these
may be grouped into magnetically equivalent sets. Sometimes the nuclei may be
equivaient by virme of the symmeliry of the molecule; in other cases the
equivalence may be accidental. For n equivalent nuclei in a paramagnetic

molecule, there will be 2ni+1 lines in the ESR spectrum, where 1 is the nuclear

spin. For example, when there is only one nucleus with spin of one, then the
number of lines will be three, all with equal intensity; if there are three equivalent

nuclei each with spin one half, the total number of lines will be four. Forl=1/2,

the relative intensities are proportional to the coefficients of the binomial expansion
of {1+x)". For non-equivalent nuclei, the number of lines in the ESR spectrum will

be
IL 2n], + 1) .. (1.10)

Where, I indicates a product over all value of /.

For example, the biphenylene anion, 1, has two sets of four equivalent
protons. Interaction of the electron with the four protons give rise to a quintet
(1:4:6:4:1). However, each of these lines is split further into a smaller quintet to

give a spectrum with 25 lines. (Figure 1.2)



et
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Figure 1.2 ESR spectrum of biphenylene anion.

Analysis of a hyperfine splitting pattern is often not this straightforward.
Some of these lines may overlap and low intensity lines may be hidden in the
baseline. More often a successful analysis requires some experience. The

positions of lines in a spectrum are expected to be symmetric about a centre point.
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Asymmetry may be caused by superposition of two spectra, attributable to
differences in their g values. Analysis of the outer wings of the splitting pattern is
the usual starting point when faced with a complicated ESR spectrum. The
separation of the two outermost lines is always the smallest hyperfine splitting.
The sum of the hypetfine splitting constants (absolute value) for ail nuclei can be
calculated by the separation in Gauss between the outermost lines, which may be

very weak and may therefore be missed. For I = 1/2, the sum of the hyperfine
splitting constants is equal to the separation, while for [ = 1, there is a factor of

two. In cases where resolution is poor or lines are too numerous, it may be
advantageous to carry out a computer simulation of the spectrum based on
assumead hyperfine splitting and linewidth. When several hyperfine splittings are
present or more than one radical is present, it is imperative to carry out a
computer simulation as a test of the analysis.

In addition to the splitting pattern, the magnitude of the coupling constant
provides information about the paramagnetic molecule. The magnitude of the
hyperfine coupling constant is related to the unpaired electron density at the
nucleus of an atom, p(r,). p(ry) is simply the difference of the probability of finding

the average number of electrans at the nucleus with o spin or with B spin.
A = (4n/3)gByhp(ry) .. (1.11)

If the nucleus is in an environment where an excess of electrons has B spin, p(Ry)
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is negative. This results in a negative spin density. Hypetfine coupling resuits
from the direct occupation of atomic s-orbital of the coupled nucleus (A, = 508 G
for the H atom). If the unpaired electron is located in a p- or d-orbital, it might be
expected that the coupling constant would be zera. However, occupation of p- and
d-orbitals or occupation of orbitals on adjacent atoms can induce a spin-density at
the nucleus by spin polarization. Therefore, in & radical such as NH,*, where the
unpaired electron is in a p orbital, the magnitude of the coupling constant resulting

from polarization can be calculated from
AN = pNON en (1.12)

where p, is occupation of the p orbital on nitrogen, and Q, is a constant
representing the total effect of polarization from spin on nitrogen. Q values are

specific to any nucleus.

1.1.4 Line Shapes and Intensities

Lorentzian shapes are usually observed for ESR lines of systems in solution
if the concentration of paramagnetic centres is low. The resonance has a sharp
peak and the width between the points where the absorption has half its maximum
height is 2/T,, where T, is spin-spin relaxation time, as shown in Figure 1.3(a).

Lines will approach the Gaussian shape if the peak is a superposition of many
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components and this situation often occurs with NMR in crystalline solids [Figure

1.3(b)l. The main difierence between the two types of line shape is that a

Lorentzian drops off very much more slowly in the outer wings of the line.

Half Maximum
[ height
2 l-.—
&
] ! 1 I -1 1 I 1
{a) (b)
—]
T3

(c)

Figure 1.3 Line Shapes (a) Lorentzian line; (b) Gaussian line;

(c) derivative of the Lorentzian line.
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An NMR spectrometer usually records the absorption directly, but in ESR

the instrument is designed to record the first derivative of the absorption line
shape. The ESR spectrum of a radical in solution with 2 Lorentzian line then has
the characteristic form shown in Figure 1.3(c). The two peaks of the derivative
curve correspond to points of maximum slope in the absorption, and the separation
between them is 2/T,V¥3, or 2/T, for a Gaussian line. The derivative of the
absorption signal may be increasing or decreasing on the left hand side,
depending on the phase adjustment of the phase detector or the polarity of the
recorder connection. The phase of the recorded signal is tctally irrelevant to its
interpretation. One is the mirror image of the other. Recorded spectra of either

phase are found in the literature.

1.2  Spin Trapping Techniques and the Reactions of Nitroso Compounds

with Diamagnetic Species.

1.2.1 Introduction

The direct detection and identification of shert-lived free radicals by ESR is
possible only if the radicals are produced in relatively high concentrations in the
ESR spectroscopy cavity by intense in situ irradiation or by rapid-mixing flow

systems. Sometimes ESR equipment has been substantially modified to increase
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sensitivity and resolution.

Two indirect techniques for the detection and identification of low
concentrations of free radicals in reacting systems have been developed: CIDNP®
and spin trapping. The former depends on the strong polarization of ceitain
nuclear spins by the unpaired electron during the molecule’s existence as a free
radical. The latter involves trapping of a reactive free radical by an addition
reaction to produce a more stable radical.

There are several confusing concepts which are spin trapping, spin labelling
and spin probes since some similarities exist among them. Janzen and Blackburn®
named the technique of detecting and identifying short-lived free radicals by
addition to an unsaturated function to produce an ESR detectable radical "spin
trapping”. In contrast, when a nitroxide bearing molecule’ is covalently attached
to another molecule or macromolecule of interest, then the molecule or
macromolecule is considered to be spin labelled. The intent, of course, is that the
presence of the nitroxide grouping will not significantly perturb the behavior of the
spin labelled molecule in the system under study. The term spin probe, then,
refers to a nitroxide-containing molecule, or other stable radical, which is not
covalently attached to molecules of the system under study. The distinction
between the latter two terms is not always clear-cut, since spin-labelled molecules

themselves often become spin probes when used to study complex systems.®
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1.2.2 Nitroxide Radical Structure

The real name for nitroxides should be nitroxyl radicals, since nitroxides
does not reflect the radical nature of these species and is at variance with the
ofticial nomenclature rules for organic compounds. The name nitroxides have
been used in the literature and this project.

Nitroxide radicais are compounds containing the RR’N-Os group, which has

one unpaired electron. The structure of this fragment can be conceived as a

superposition of two resonance structures:

\N+5_ N . )
B <> N -
/ /

The contribution of the first or second structure to the ground state may be
different, depending on the effects of conjugation and on the polarity of the

medium. Stable nitroxyl radicals are polar and deeply colored solids or liquids.®

1.2.3 Spin trapping techniques

The use of radical addition reactions to detect short-lived radicals was first

proposed by Janzen in 1965." Since then this technique has been extensively
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developed.® Now it has become a powerful method widely used for the detection

of short-lived paramagnetic intermediates in thermally, photochemically, and
radiation-induced reactions as described in several review articles.'*'®

The chemistry involved can be simplified as follows:
Re + spin trap = spin adduct

Normally, Reis an unstable radical, and the spin adduct is a more stable nitroxide

radical. The ESR spectrum of the spin adduct may be examined at leisure and the

structure of the short-lived radical Re deduced from the analysis. This technique

has been extensively applied to the identification of free radicals generated by the
photolysis of organometallic compounds.”’

There are two major groups of complexes which can be used as spin traps.
They are nitroso compounds and nitrones.™ Although both of them react rapidly
with reactive free radicals, the latter method suffers from the disadvantage that the
hyperfine splittings of the radical are too smail to be observed, excepted for a,,
and so important information is lost. For example, phenyl tert-butyl nitrone, 2, has
been employed in a number of reactions by Janzen et al. >'**' (Scheme 1.1)

The nitrone 2 seems to have a greater thermal and photochemical stability
than 2-nitroso-2-methyipropane (+-BuNO), but it has the very considerable
disadvantage that the spectrum of the derived nitroxide 3 normally exhibits only a

nitrogen triplet and a proton doublet. The identity of the trapped radical may be
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0~ a
CH == NC(CH)5 R ——CH — NC(CHq)5
+
-+ 0 — ¢
2 3

Scheme 1.1 The reaction of phenyl tert-butyl nitrone with a radical.

inferred only from precise measurements of a, and a,. Furthermore, the changes

in these splitting constants as a function of Re are comparable in magnitude with

varnations brought about by changes in solvent.

However, the nitrone scavenger has been used in the solid state for
trapping gas phase radicals produced in a stream of an unreactive carrier gas.
These elegant experiments apparently are impossible to perform with the use of
tert-nitrosoaikanes, since these scavengers are present as ESR inactive dimers
in the solid state.”’

The reactions of nitroso compounds with radicals can be described in a

general form:

Re + R'N=0 ---> RR'N-Oe«
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Along with the main triplet splitting caused by the "N nucleus of the
nitroxide group, the ESR spectra of nitroxides will show secondary splittings which
originated from magnetic nuclei in the part of the nitroxide radical derived from the

trapped radical Re. From these splittings it was in many cases possible to

determine the structure of the trapped radicals. The magnitude of the main "N
splittings was also of value for the identification of the trapped radical. Thus the
ay value of the unsymmetrical nitroxide formed by trapping of alky! radicals was in

the range between 11 and 16 G, whereas trapped alkoxy radicals, RO+ gave rise

{o nitroxides with a, between 27 and 29G. Trapping of acyl radicals, RC'=0, gave

nitroxides with a, values between 6 and 8 G."%%

1.2.3 Alternative Spin Traps

Although nitrosobenzene, 4, is a useful spin trap whose spin adducts show
characteristic finger-print spectra, the assignment of ESR spectra of the spin
adducts is very tedious because of their complexity.

Among alternative spin traps, nitrosodurene, 5, and nitroso-
pentamethylbenzene, 6, have proved to be particularly interesting compounds
because of the following advantages.

(1) The nitroxides formed have simple ESR spectra: In general, no

resolvable splitting due to the aromatic ring of the spin adducts of nitrosodurene
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N=—0 N=—O0 N—2O0
Me Me Me Me
Me Me Me Me
Me
4 S 6

and nitrosopentamethylibenzene is observed.

(2) Nitrosodurene does not undergo photolysis to produce detectable
paramagnetic species. A benzene solution of nitroscdurene irradiated with light
from a 1 kW high-pressure mercury lamp did not show any ESR signal.®

Accordingly, nitrosodurene can be used as a spin trap in photochemistry.

1.2.4 Reactions of Nitroso Compounds with Diamagnetic Materials.

Using a nitroso compound as a spin trap to react with an unstable radical
is not the only way to form a nitroxide radical. Sullivan reported the observation
of a series of extremely stable alkenylarylnitroxides in 1966.2° These radicals were

prepared by a novel condensation reaction between phenylnitrcso compound and



19

an olefin. The initial stage appears to be an "ene" addition with rearrangement of
the double bond to give a hydroxylamine 7. Then, the hydroxylamine formed is

oxidised by the nitroso compound to give the nitroxide observed? (Scheme 1.2).

——— N__ OH —_— N0

- t or [0] I
Ar/N =0 Ar Ar

—
% >—14 ArNO S'_f

Scheme 1.2 The reactions of nitrosoarenes with olefins.

1.3  Oscillating Reactinns
1.3.1 Introduction

Oscillations are familiar phenomena in mechanical systems and in electrical
circuits. Direction of motion of an object or an electric current may repeatedly
reverse itself with or without damping of the amplitude of osciliation, and repetitive

standing or travelling waves may be generated in a continuous medium.
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Oscillations in chemical system are not common.*

There are some similarities and differences among the mechanical,
eiectrical and chemical systems.
(1). Mechanical system

In a frictionless (conservative) oscillating mechanical system, the sum of
potential and kinetic energies remains constant while they are repeatedly
interconverted. Both & coordinate and a momentum have to be used
simultaneousiy to define the instantaneous state. If any friction is present, inertia
repeatedly carries the system through the position of minimum potential energy to
which it will eventually decay.
(2). Electrical system

In an electrical oscillator the voltage and the current behave very much like
potential and kinetic energies, respectively, and both must be stated to define the
instantaneous state. The overshoot arises because induction associated with the
current behaves very much like mechanical inertia. The oscillations repeatedly
carry the voltage through the value to which the system eventually decays, if there
is no external source of power.
(3). Chemical system

In a closed chemical system at constant temperature and pressure, the

Gibbs free energy is somewhat analogous to a potential energy in a mechanical
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system or a voltage in an electrical system. However, the instantaneous state and

its rate of change are uniquely defined by specifying the activities of all chemical
species and the dynamic laws of the system. There is no dynamic property like
a momentum or current that can be specified independently of the free energy of
a chemical system and that can be c_oupled to it conservatively and reversibly.
Therefore, chemical change in a closed system leads irreversibly to entropy
increase and/or heat evolution.

Thus, many chemists assumed that chemical oscillators are impossible. [t
was not widely recognized until the 1960’s that oscillations are possible for some
chemical systems provi !ad they are far enough from equilibrium.*' Oscillating
reactions have been observed in homogeneous systems®* and in homogeneous
gas reactions®. In far-from-equilibrium chemical systems it is the intermediate or
catalyst species that oscillate around pseudo-steady-state values as the free
energy of the system monotonically decreases. However, even for these species,
the final approach to equilibrium is monotonic.

An acidic bromate solution can oxidize various organic compounds, and the
reaction is catalyzed by species like cerous and manganous ions that can generate
1-equivalent oxidants with quite positive reduction potentials. Belousov™ first

observed oscillations in such a system, and Zhabotinsky made extensive studies

[8 I*7 oscillations.

of both temporal™ and spatia
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1.3.2 Descriptive Aspects of Oscillatory Kinetics

When one thinks of oscillation, chemical or otherwise, one usually pictures
simple, periodic behaviour in which each cycle is exactly the same as its
predecessor. However, periodic oscillation need not be simple, and chemical
oscillation is not always periodic.*®

In view of the relationship to mechanism, it is important to distinguish and
characterize some particular types of oscillatory or non-oscillatory kinetic response
and to define carefully various descriptive features. The basic types are listed
below.*

Nonpericdic Forms
Pure Monotonic— as illustrated in Figure 1.4(a). The kinetics are described

by a rising or decaying curve, and can generaily he represented in the form
y(t) = C = D{t) ..(1.3.1)

where C is a constant, D(t) is a monotonically decaying function such that D(w) =

0. The kinetics are nonoscillatory.
Overshoot-Undershoot — as illustrated in Figure 1.4(b). In this case the
kinetics appear to exhibit an oscillatory response. However, the response is not

periodic. Such kinetics can be represented in the form

y{t) = C + T (£}D,(t) (1.3.2)
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where Di(t) is a distinct monotonically decaying function such that D,(«) = 0. In

general, such curves can exhibit only a finite number ( at most n - 1) of overshoots
and undershoots relative to the final value. In addition they are not periodic — i.e.,
the time between maxima is not constant.
Periodic Forms

Damped Oscillatory — as illustrated in Figure 1.4(c). In this case the

kinetics can usually be represented as

y{t) = C + D{t)P(t,) ..(1.3.3)

where P(t,®) is some periodic function with fundamental frequency o and

normalized to unit amplitude. It may be noted that the kinetics exhibit an infinite
number of maxima and minima, although the amplitude gradually decreases to

zero as t — o, In practice, it is often difficult to distinguish this case from the

overshoot-undershoot case. Thus, if D{t) becomes very sriaii, further oscillations
may not be observerable and the kinetics may appear to be of the previous form
(Equation 1.3.2).

Sustained Oscillatory — as illustrated in Figure 1.4(d). In this case the

kinetics can be represented as
y(t) = C + A P(t,0) .(1.3.4)

where A is a constant and the periodic oscillations represented by P(t,w) persist

ast > oo,



a
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Figure 1.4  Sketches of typical types of kinetics. (a). Monotonic; {b). Overshoot-
undershoot; {c). Damped oscillatory; (d). Sustained oscillations (limit

cycie). C and T represent concentration and time, respectively.
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General Oscillatory — In this general case the kinetics can usually be

represented as

y(t) = y'{t) + A)P(t,0) ..{1.3.5)

where y'(t) is the short time average (i.e., the apparent mean value); A(t) is the
amplitude modulating function which is slowly varying compared to the periodic
cornponent; and P(t,w) is the periodic function with normalized amplitude. The
function A(t) may be increasing or decreasing, and may approach a constant.

More complicated forms of kinetic response exist and may require a sum
of several periodic functions for their description.

Overall, they alil possess the following features:

(1) Unlike mechanical and electrical oscillations, chemical systems oscillate
around an unstable steady state and they never pass though the peint at which all
species have equilibrium or steady state values simultaneously.

(2) When oscillations occur it is the concentrations of intermediate or
catalyst species which change. In order to describe the trajectory of any
homogeneous chemical oscillator, two phase-determining intermediates (at least)
are needed.

(3) Oscillations are driven by the overall decrease in free energy as
reactants are converted into products in a far-from-equitibrium system.

(4) The minimum kinatic requiremen. for chemical oscillation is that the



26

steady state solution to the dynamic equations is unstable to small fluctuations—-
it evolves to another state which is sometimes oscillatory in nature.

(5) ltis necessary to have some feedback interaction to destabilize a steady
state. An oscillating system also exhibits a delayed feedback at positions far from
the steady state. The necessity for delayed feedback requires there to be at least

3 net dynamic processes each involving at least one of those species.

1.4  Filuxionality of Organometallic Compounds

1.4.1 Synthesis of Cobalt Clusters

Tetrahedral carbynyl-tricobalt clusters have been known since the late
1950’s. The first reported molecule of this kind was discovered when the dicobalt
cluster Co,(CO)g(C,H,) was heated in methanot solution in the presence of
aqueous sulfuric acid to give Co4(CO)qC-CH,, 8.40

it was not long before an improved synthesis of the tricobalt clusters was
reported. Reaction of atrichlorinated  janic compound with dicobalt octacarbonyl
was found to lead to the replacement of the three chlorine atoms by Co(CO),

41,4243 a5 shown in Scheme 1.3.

moieties
This technique has been widely utilized since then to synthesize tricobalt
clusters with a variety of groups bound to the carbynyl carbon. A selection of

these groups is presented in Table 1.1.
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Scheme 1.3 The trichloroalkane reaction in cluster preparation.,
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Table 1.1: Groups Incorporated into the Co,(CO),C-R Cluster Using the R-CCl,

Reaction.*

Type of Group R Yield (%)
Halogen Cl 46
Aliphatic CH, 43
Aromatic CH; ' 29
Silyl Si(CH,), 41
esters C(=0)OCH,CH, 53
alcohols CH,OH 0.8
alkenes CH=CH, 45

Though the synthesis of the clusters must be carried out in an anhydrous,
oxygen-free environment because of the air-sensitivity of the Co,(CO), starting
lmaterial. the finished products are mostly air-stable, with melting points generally
above 373K. The complexes are strongly coloured — commonly deep purples,

greens, and browns — which aids in the purification process.
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1.4.2 Introduction to Fluxionality

Chemists have always been fascinated with molecules that possess more
than one thermally accessible structure and which, under certain conditions
(especially temperatures) of interest, may pass from one to another of these
structures fairly rapidly. This phenomenon is known as fluxionality. it has also
been termed stereochemical non-rigidity when the rearrangements can be detected
by some chemical or physical means. Molecules whose different configurations
are chemically equivalent are considered to be fluxional. These should not
confused with molecules that possess configurations which are chemically non-
equivalent. The process by which this class of molecules interconverts
configurations is called isomerization or tautomerization, e.g., between keto and
enol forms of acetone.

When looking at molecules, one has a teidency to think of static structures,
especially in clusters. This is evidenced by the increasing importance of X-ray
diffraction as an analytical techniguie in cluster chemistry. The diffraction methods
by which molecular structure is determined are termed instantaneous because the
interaction between the molecule and the diffraction wave (1078 to 1020 sec.) is
shorter than the time required for molecular motions (1 o4 sec.) but are still faster
than molecular interconversions. A spectrum employing one of these techniques

usually is an indication of all molecular configurations present.
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1.4.3 NMR Techniques to Study Fluxionality

Although a large number of physical techniques has been used to
investigate dynamic processes in organometallic chemistry, the most versatile
technique is NMR spectroscopy since the time scaie of interaction (10 to 10" sec)
is comparable with the lifetimes of the configurations present.*

The use of variable-temperature NMR allows for some degree of controi in
the rearrangements occurring in a particular molecule. Ideally one would like to
freeze a molecule in a particular conformation and then allow it to undergo
fluxional behaviour. In most cases this is impossible. Instead one has to settle
for slowing down the rearrangements, observing signals for each configuration at
low temperature and making them rapid enough at high temperature so an
average signal from all the configurations is observed. The rearrangements
between configurations have activation energies associated with them. The

temperature range of study for NMR spectrometers ranges from -150°C to +150°C

allowing for activation energies between 6 to 25 kcal/mole to be measured.
In addition to determining activation barriers for these rearrangements, NMR
is useful in distinguishing whether the process is inter- or intramolecular. In

intermolecular processes spin-spin coupling is lost.
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1.8.3.1 Line Shape Analysis

For many complexes, line shape analysis has proven to be a reliable and
powerful method of obtaining activation energy data.*®* The method involves
obtaining NMR spectra for a number of different temperatures. For a simple two-
site uncoupled system, the appearance of the NMR spectrum is fairly simple. At
"fast" exchange rates [ k., >> (v - Vg)], @ single peak centred at the population
average is observed. At slow exchange rates [ k,,, << (v, - vg)] two sharp signals
are observed, separated by (v, - vg). At intermediate rates of exchange,
broadened or coalesced spectra are observed. Multisite exchange spectra are
more complicated but the changes in appearance to the NMR spectrum are
basically the same: sharp peaks broaden and coalesce, with the emergence of
sharp yeaks centred at population-averaged pasitions. It is possible to determine
the activation parameters from such raw data through either (a)} Coalescence
Temperature Approximations or (b) Band Shape Curve Fitting. Each of these
approaches will be briefly discussed.

(a) Coalescence Temperature Approximations

One can obtain an estimate of the rate constant at the "coalescence

temperature"”, for an exchange process between two equally populated sites which

exhibit no spin-spin coupling and have a chemical shift difference of Av when no

exchange is occurring. The "coalescence"” temperature corresponds to the
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temperature at which the two lines merge into a single broad line. The rate of

interconversion can be calculated from equation (1.4.1.)
Keoa = TAV/1.414 . (1.4.1)

From this single rate constant, an estimate of the free energy of activation at the
coalescence temperature, AG* may be obtained by use of Eyring equation

(Eq.1.4.2)
k, (rate) = (RT/Nh)exp(-AG /RT) .. (1.4.2)

where AG/ = free energy of activation (kcal/mol)
R = gas constant = 1.987 X 10 kcél/deg mol
N = Avogadro constant = 6.022 X 10 molecules/mol
h = Planck constant = 1.584 X 10¥ kcal s

Combination of Eg.1.4.1 and 1.4.2, and rearrangement, gives:
AG/ = RT_ {(Inv2R/aNh + InT/v) .. (1.4.3)

T, is the coalescence temperature. The first term of the equation is a
constant, 22.96. Thus, the chemical shift separation of two peaks and the
temperature of coalescence can be used to give a value for the energy barrier
between the two isomers represented by the peaks. It must be noted that (1.4.1)

is valid only when there are equal populations in the two states at equilibrium. For
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this reason, the energy calculation using (1.4.3) can only be performed when there

is an equal distribution of the molecules between the possible isomers.
(b) Computer Band Shape Simulations

This method involves visually comparing theoretical computer generated
NMR spectra with experimentally obtained variable temperature curves. The rate
of interconversion between exchanging sites is altered until a visual match to the
experimental lineshape is found. By calculating the rate constants for a number
of temperatures, a rate constant versus temperature data table is compiled. This

data may be analyzed by constructing an Arrhenius plot where In k is plotted

against 1/T (Eq.1.4.4).
Ink =-E,/RT +In A . (1.4.4)

The energy of activation is then extracted from the slope.
In this thesis, the computer program EXCHANGE which was generousiy
provided by Professor R. E. D. McClung (University of Alberta) is used for the

band shape simulations.

1.4.3.2 Spir-Saturation Transier Specirescepy

Since the discovery of the fluxionality of Fe(n'-CgHs)(n>-C,H,)(CO), there

has been considerable interest in the dynamic behavior of polyenes and polyenyls
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attached to metals.”” in parn, interest was raised from the realization that the
mechanism could be determined from the observation of differential line
broadening during the onset of fluxionality. By the early seventies it appeared that
the dynamic behavior of polyene and polyenyl metal complexes could be
interpreted in terms of the least motion model with the metal undergoing [1,2]-shifts
coupled with carbony! scrambling.”® Subsequently, a number of observations were
made which were very difficult to explain using this approach. Thus, (n*-CzHy)-
Fe(CO),, 9, is highly fluxional with AG* = 6.8 kcal/mol while [(n*-CgHg)M(n>-CsHs)-
(CO)J', 10, (M = Fe, Mn), and [(n>-CgHg)Fe(n’>-CHg)]*, 11, have AG* > 20
Kcal/mol.***% Mingos developed a theoretical model® for the dynamic behavior of
these systems based on the Woodward-Hoffmann rules™ of organic chemistry.
This theory permitted the explanation of concomitant carbonyl scrambling and
metal migration in 9 and the increase in activation energy found in 10 and 11. A
review of the fluxional organometallic system examined the application of these
rules.®®

For many complexes, line-shape analysis has proven to be a reliable and
powerful method of obtaining activation energy data. However, there are several
difficulties associated with using line shape analyses:

(a). It is frequently restricted to values of the Gibbs activation energy which
fall in the range of AG* = 5 - 16 Kcal/mol, i.e., corresponding to a rate constant,
k, of 1% - 10° 5" because of instrumental limitations and thermal stabiiity of the

compound.®®
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(b). Line-shape analysis frequently requires a pure compound, but quite
often an organometallic compound exists as a mixture of different isomers.5"®

(c). Some of the organometallic compounds are thermally unstable which
prohibits hgating of the sample so as to probe directly an exchange process by
standard .NMR line-shape analysis.”

(d). There may be more than one fluxional process which occurs on the
NMR time scale and 'ine shape analysis cannot differentiate between them.%*

(e). Overall, line shape analysis simply provides information on the rate at
which a nucleus leaves each site. It provides no information on the fate of each
type of nucleus. As a consequence, the mzchanism must be deduced from
incomplete information.%’

It was impossible to study the fluxionality of some organometallic
compounds which have high activation energies unti! B.E. Mann applied the
magnetization transfer method to ine complexes. The importance o. this is that
the rate range that is accessible by this miethod, down to 10% s™, is much slower
than that which can be measured by exchange broadening. The magnetization
transfer approach to fluxionality is superior tc line shape analysis since it permits
attachment of the label of non-equilibrium Boltzmann population to ¢ach site, and
the movement of each nucleus can therefore be monitored. This provides

unambiguous information on the fiuxional pathway and mechanism.*®
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(A). Magnetization Transfer Measurements

In this experiment, one of the exchange sites is "labelled" with a non-
equilibrium Boitzmann population. Chemical exchange transfers this "label" to
other exchanging sites in the molecule, where it can be detected in the form of a
decrease in the intensity of the signals from these sites.®® Consider the energy

level diagram, Figure 1.5%

Kx
— \ —
R1 X Ryy
s Kx A4
\ .
- =~
X Ky Y

Figure 1.5 Energy level diagram for exchanging spins.

For a representative spin in two species, X and Y, which are slowly interconverting
with first order rate constants ks and ky. The equilibrium constant is k,/ky, and at

equilibrium each species will have a Boltzmann distribution in its spin states.
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Exchange between X and Y takes place without change of spin state, so the

energy level diagram shows separate equilibria for both upper and lower energy
levels. Now, selective saturation of the X resonance increases the population of
its upper level at the expense of the lower level. Therefore, there is increased
transfer of spins to the upper level of Y and decreased transfer to its lower level.
The population distribution of Y will approach that of X. However, spin-lattice
relaxation of Y, at a rate R,y, will always tend to return the population distribution
of Y to normal.

There is, therefore, a competition between saturation transfer at a rate, ky,
and a relaxation at a rate, R,y. If relaxation is much more rapid than exchange,
then the population distribution at Y will remain unchanged; in contrast, if exchange
is much faster than relaxation, Y will be completely saturated. When the rates are
comparable, and significant but incompiete population changes are induced at Y,
then the rate ky can be measured. The importance of this method is that
processes that occurring with rate constants of roughly 102 to 10° s may be
probed.*®

The power of this method is apparent in multisite exchange processes. For
a system consisting of n magnetically non-equivalent sites, when one site is
saturated then equation (1.4.5) applies for the i site:%%°

n n
dM/dt=-3 KM + T KM + (M) - MYT,  ..(1.4.5)
=104) =10
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where T, is the spin-lattice relaxation time for site i, k; is the first order rate
constant for exchange from site i to site j, M, is the magnetization at site i at time
t, and M=) is its equilibrium magnetization.

The easiest method to use, especially if the exchange is between *w sites,
is to decouple at one site. Most NMR spectrometers are equipped to découple 'H
but not other nuclei.® Both the alternative methods are essentially the same. One

uses a low-power transmitter to apply a selective nt pulse to one side, and in the

other this selective pulse is generated using the DANTE pulse sequence.®
(1). Magnetization Transter using Decoupling:

This experiment was first proposed by Forsen and Hoffman.®*%” It is easily

performed by using the pulse sequence

'H (observed) (D, - D, - n/2 - acquire ),

'H (decouple) ( on off A ..{1.4.6)

where D, is a relaxation delay, typically 5T,, and D, is a vatiable time to give the
exchange rate, with values ranging from 0 to 5T,.
This method has been appiied to (n°-C;H,)Cr(CO),, 12, to demonstrate that

the mechanism of exchange is predominantly [1,3] shifts, with a small contribution
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from [1,2] shifts.®® Previous work using line shape analysis had failed to

distinguish between [1,3] and random shifts.®®

(2). Magnetization Transfer using Selective Pulses: The DANTE Pulse

Sequence:™

In this technique the longitudinal magnetization of a resonance is measured
as a function of time after the perturbation of another resonance with which it is

exchanging. This perturbation may be a 180° pulse, e.g., the selective inversion

which may easily be achieved using a DANTE (Delays Alternating with Nutations

for Tailored Excitation) pulse sequence with cumulative flip angle 180° on

resonance.

(a-D), ..{1.4.7)

This DANTE pulse sequence consists of a regular train of identical, short, strong

radiofrequency pulses, each with flip angle a « n radian, spaced D seconds apart.
Only those resonances that are offset from the transmitter by Av = n/C Hz, where

n is an integer, are excited to a significant extent. Fourier analysis of the pulse
sequence is approximately equivalent to the superposition of a number of
continuous radiofrequency signals with frequencies spaced 1/D Hz apart, which

can be regarded as "sidebands” symmetrically disposed with respect to the
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transmitter frequency at v, v, £ 1/D, v, + 2/D, etc.. For the magnetization close to
one of these sideband conditions, the pulse sequence acts just like a weak
selective pulse. A suitable choice of transmitter frequency v, and repetition rate
1/D will ensure that only one side band (normally the first sideband at v; +1/D falls
with the spectrum of interest). |

For magnetization transfer measurements, the DANTE pulse sequence is

modified to give the sequence
{D, - {a-Dy)y-a-D,-n/2 - acquire }, ...{1.4.8)

In this case a selective nt pulse is applied through the m + 1 small o pulses.
During the period D,, chemical exchange transfers ihe magnetization from the
selectively excited signal and the degree of transfer is measured by applying the
n/2 general pulse. D, is an experimental variable and normally the experiment is
repeated ca. 10 times with value of D, varying from 1 us to 5T,.%

Two major problems can lead to erroneous results from these
measurements. These problems are associated with the use of an abundant
nucleus, e.g., 'H, '°F, or 3'P. The experiment involves perturbing the Boltzrnann
population of one nucleus and examining how that perturbation is transferred to
6

the other sites. This perturbation can be transferred by the NOE mechanism.’

NOE only occurs significantly intramolecularly in compounds containing more than
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one 'H environment, and it builds up at a rate determined by T,. Hence this
problem can be avoided by using low abundance nuclei, e.g., '*C, where *C-'*C
NOEs are negligible, by examining intramolecular exchange, or by setting the
conditions, e.g., temperature, so that the exchange is fast comparsg witn Ryy.
Decoupling can remove intramolecular coupling, preventing the use of peak
heights for the rate measurements and necessitating integration of the spectra.
This problem is easily avoided by using the decoupler to perturb the system and
then turning it off before observing the effect of the perturbation.

Hails, Mann and Spencet’"" provided the first direct experimental evidence
which differentiates between the Woodward-Hoffmann rules and the least motion
coupled with carbonyl scrambling. They prepared [Fe(n'-CgHg)(CO),L], L. = MeNC,
PrNC, Bu'NC, PhNC, 2,6-Me,CH,NC, 2,4,6-Me,C,H,NC, and P(OMe),. The
detailed mechanistic investigation was performed with L = CNPr, 13, using '°C
magnetization transfer since at low temperature isomers | and Il are present in
approximately equal concentration. The mechanism using the Woodward-
Hoffmann ruies makes predictions as to the interconversion of isomers and the
movement of specific carbon atoms in the cyclo-octatetraene ring (Scheme 1.4).

The *C NMR spectrum is shown in Figure 1.6. The specific 180° pulse was

applied to the signal b’ or b" at § 55.5 ppm. At -118°C the subsequent transfer of

magnetization was monitored as a function of time. Magnetization transfer

occurred first to the signals at 8 86.6, a, and & 128.2 ppm, ¢’ or ¢, and was a
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maximum after ca. 10ms, see Figure 1.6(c) where it is displayed as the difference

between this spectrum and that after 1 us to emphasize the changes.

This cbservation is completely consistent with Scheme 1.4 where the
inverted magnetization at carbon b’ is first transferred to sites ¢’ and a. The
mechanism involving least motion would transfer magnetization to a’ and ¢’ first
while carbonyl scrambling would transfer it to b and b". This is inconsistent with
experimental observations and both the least motion and carbony! scrambling
mechanisms can be rejected as being the predominant mechanism for this
compound. This example clearly showed that the magnetization transfer
measurements can provide a powerful check of mechanism and prove the validity

of the Woodward-Hoffmann mechanism.

ete:

@

s
Scheme 1.4 The mechanism of interconversion of different isomers in 13.



2

&
.
:

) UL\\F/‘JJ
clor e’
(13

lﬂ' b’
Ull’g\“
L
{a) a b X
"'c 9: ! h]
ct j o b
JUU
120 100 80 80 20

§¢)ippm.

43

Figure 1.6(a). A partial
spectrum of 13 in CD,Cl,-
CHFCI,, at -118°C.

(b). 1 us after applying a
180° pulse at 55.5ppm.

(c). A difference spectrum
obtained by subtracting (b)
from that obtained at 10

ms.
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This method has also béén used to study the mechanism of fluxionality of
[Ru(n®-CHa)(n*-C,H,)1, 14, and [Ru(n*-CgHg)(m*-C,He)L] [L = PEt, or P(OMe),], 15.
(C;H, = bicyclo[2.2.1]hepta-2,5-diene).” The previcus line shape analysis of 14
has shown that all the signals broaden by the same amount at the onset of
fluxionality, and coalesce to give a singlet at high temperatures, which allows one
to deduce that the mechanism is either a [1,3]-shift or a random shift.”* However,
the magnetization transfer measurements indicate that the dominant mechanism
of 14 and 15 is not a random shift, or a {1,3]-shift, but a [1,5]-shift, with the [1,3]-
shift occurring at a slower rate. Takats and McClung studied (n®-C,H,)-
Os(CO),(SnPh,) which exists as a mixture of two noninterconverting geometrical
isomers. Both isomers exchange by [1,5]-shifts.” In addition, this method has
been quantitatively applied to the osmium complex, [Os(n®CzHg)(n*CgH,,)], (CeH, '
= cyclo-octa-1,5-diene). The results showed four separate fluxional processes at
different temperatures and 16-electron intermediates are involved.™

The fluxional behavior of a large number of compounds with a c-polyenyl

ligand can be expected to follow the same rules as found for organic migration
reactions involving polyenyl groups. However, Heinekey and Graham” reported
that o-cycloheptatriene derivative of rhenium, (CO);Re(7-6-C;H,}, 16, was fluxional
by a [1,7]-shift while only the [1,5) pathway was observed for (6-C,H,)SnPh,,
17.%7% A further investigation by Graham indicated that the ruthenium derivative
(n*-C¢Hs)Ru(CO),{7-6-C,H,), 18, displayed two concurrent fluxional pathways, a
[1.5] and a [1,7] shift.®
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Another major application of the magnetization transfer method is to study
the mechanism of carbonyl fluxionality in clusters. An important mechanism of
carbonyl scrambling on clusters was proposed by Cotton in 1966.,%' it 1s called the
merry-go-round. It involves concerted bridge opening and closing of the carbbnyl
ligands to move them around the cluster. Most studies of carbonyl scrambling on
clusters have relied on line shape analysis. This method yields little information
on the mechanism. The Forsen-Hoffmann method permits the labelling of one
carbonyl with a non-equilibrium magnetization, and this magnetization can be
followed as it moves through the molecule. Unfortunately, only a few experiments
have been reported. One of the examples of the application cf this technique was
to Ir,(CO),,PEt,;, 19. There are two isomers | and [l which exist in the soclution.
The ratio is 6:1.

There are seven different carbonyl sites for each isomer.®#® Selective n
DANTE puises were applied to five carbonyls, separately. The results indicate that
the fully bridge-opened species is not involved in the process. R. Ros obtained
similar results in the study of Ir,(CO){l,-CO),(1,-SO,), 20.% Récentty. the
quantitative analysis has been completed and a computer program to fit the data
is now available.®¥ % This procedure has been used to study the fluxional
process in [Re,(CO),,HJJ%, 21. Four separate rate processes were obtained:*
The lowest energy process being the local scrambling of the carbonyls of the

doubly hydride bridged H,Re(CO), unit; the next process can be viewed as "olefin”
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ReH(CO),, rotation about the "acetylene” [(OC),Re(u-H),Re(CO),JF, followed by the

signal hydride moving to the unbridged edge and finally local carbonyl scrambling

on the ReH(CO),.

21



47
These results clearly demonstrate the inherent dangers in using line shape

analysis to determine the mechanism of multisite exchange problems.
Magnetization transfer studies, however, can be quite demanding and time-
consuming as each line has to be periurbed in turn while observing the response

of all other lines. For clozely spaced resonances a sufficiently selective

perturbation of a single line may even be impossible.®

(B). Two Dimensional Techniques — 2-D Exchange Spectroscopy (NOESY,
EXSY)

2D chemical exchange spectroscopy (EXSY or NOESY) developed by
Ernst,** is an almost ideal alternative to magnetization transfer studies in the
sense that all exchange pathways can be elucidated simultaneously by a simple

and uncritical technique. The pulse sequence is:

D,-2-D,-w2-D,-w2-D, ..(1.4.8)

There are three 90° pulses and four independent time period: preparation,

evolution, mixing and detection. In each time period a different type of information
on the spin system is acquired. During the preparation interval, transverse

magnetization vectors are created (i.e., signals are generated). The first 30° pulse
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generates transverse magnetization in a non-selective fashion so that, during the
evolution period D,, all the various magnetizations evolve according to their
specific chiemical shift anisotropies—"frequency labelled”. A second 90° pulse
returns the modulated magnetization back to the Z-axis. These two puises create
an effect similar to the one created by the selective 180° pulse in the spin
saturation transfer experiment.‘ In the next time interval, mixing or exchange
occurs and thus magnetization is transferred to the other exchange sites. At the
end of the mixing period, the final 90° pulse convens the Z-components back into
the observable transverse magnetization which is sampled as a functiun D,, the
acquisition time. This experiment is repeated, during which the evolution time, D,
is incrementally increased. This yields a data matrix S (D,, D,) which, after two-
dimensional Fourer transformatidn yields a two dimensional spectrum S (f,, f,).
The {, frequency axis represents the normal 1D-NMR spectrum, as it precesses
during the evolution time before the exchange take place. The f, frequency axis
represents the 1D-NMR spectrum after the exchange period has taken piace. In
the absence of any exchange, peaks are observed only along the diagonal in the
2D-exchange spectrum. The presence of off-diagonal signals {cross-peaks)
indicates that an exchange process has occurred during the mixing time invoiving
the spins witn chemical shifts connected by the cross peaks. The intensity of the
cross peak is proportional to the mixing time and the rate of interconversion. In

a quaiitative 2D EXSY experiment, thi: =~ e of the length of the mixing period
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is very important. If it is too short, the probability that the transfer occurs is too
small. If it is too long, other transfers other than one-step pathways proceed.
Certainly, NOE and J-coupling will also contribute to the cross-peaks.®* From the
literature overview of the dynamic stereochamical systems studied up to now by
the 2D EXSY experiment, it seems to provide most useful information in uncoupled
spin systems or in those that somehow can be treated as such. Thus scalar
couplings complicate the interpretation of 2D EXSY spectra much more than they
do in 1D NMR and make it almost impossible in strongly coupled systems.

An example of the 2D method applied to N,N- dimethylaceiamide, 22, is
shown in Figure 1.7. From an examination of Figure 1.7 it is clear that "off-
diagonal” peaks are created and observed in the "slow exchange” region of the
dynamic process. If the rate is too slow, then only diagonal elements will be
observed. Whiie if the rate is too fast, a coalesced or fast exchange spectrum will

be observed which will contain little useful information.

1.4.4 Applications of 2D EXSY Techniques

2D EXSY spectroscopy provides a very valuable method for determining the
exchange pathways of nuclei. The first application of this technique to study a
chemical exchange process in an organometallic complex was reported in 1982

by Benn.”? Since than, only a few 2D NMR studies have been reported for
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Figure 1.7 2D EXSY diagrams for N,N-dimethylacetamide, showing the

exchange of the two methyl groups for five different temperatures.
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transition organometallic complexes. They can be divided into two groups. One

is using this technique to study the intramolecular exchange of different isomers.
Butler has used this experiment to map out the exchange pathway in
Cr{CO),(CS)}{P(OMe)},, 25.2° All the three possible isomers are present in

solution, fac, mer-trans and mer-cis. (see Scheme 1.5).

P(OMe)3 P(CJMc):5 P(OMe) 4
(Me0)3P\ _- o (Me0) 3P ‘ _~CS (OMEJ:;P\ P(OMe)4
Cr ~ Cr ~ Cr
oc cs oc =~ co sc~ | Sco
P(OMe) 5 P(OMe)< co
mer—trans mer—cis

foc

Scheme 1.5 Three Possible isomers of 25.

The NOESY experniment in Figure 1.8 clearly demonstrates exchange
between isomers. Thus the two equivalent *'P nuclei at 3 191.4 from the mer-cis
isomer ciearly exchange with both types of phosphorus in the mer-trans isomer,
at & 188.6 and & 181.2. The exchange of the mer-trans and mer-cis isomer
provides convincing proof of a dynamic rearrangement via a trigonal twist

mechanism rather than a bicapped tetrahedron (See Scheme 1.6). The bicapped
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tetrahedron mechanism wouid preserve the coupling pattern for each phosphorus
nucleus in the two isomers while, for the trigonal prismatic twist, the triplet would
become a doublet and the doublet of the trans phosphorus atom would be
transformed into a triplet. No exchange was definitively detected involving the fac
isomer.

The second major application is to study fluxional molecules. Benn's group
first published the 2D EXSY °C data for the fluxional cycloheptatriene complex,
(n*-C;Hg)CoCp, 27.%* From the 2D contour map, there is clear evidence of
chemical exchange of C-1 with C-6, C-2 with C-5, and C-3 with C-4, One possible
mechanism for these exchanges (not involving C-7 of the methylene group)
involves a series of two consecutive 1,2-shifts. It should be remembered,
however, that 1,3-shifts or a dissociative mechanism could not be ruled out on the
basis of the available evidence.

The first 2D EXSY experiment applied in organometallic clusters was
published in 1985 by Hawkes and coworkers.*® They determined both the
relaxation {R, = 0.21 s™') and the rate of intramolecular CO exchange (k = 1.21 s™)
between the equatorial and axial CO groups in the basal plane of the molecuie on
the terminal osmium atoms of Os,H,(CO),,, 28; this was done on a heavily *C
enriched sample, that, in an interesting combined COSY-EXSY experiment, aiso
allowed the deterrnination of *C-"*C coupling constants. It was concluded that for

this relatively simple system the one-dimensional method (selective inversion of
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Figure 1.8 2-D ¥P contour map for Cr{CO),(CS)[(MeO),P], in

deuteriotoluene at 61°C on a Varian XL-300 spectrometer. All three isomers

exhibit an AB, coupling pattern.

v, mer-cis; », mer-trans; X, fac.
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Scheme 1.6 Possible mechanisms for the interconversion of the mer-I and mer-ll isomers.
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one of the exchanging resonances) was more economical in spectrometer time
than the 2D EXSY experiment. However, it was anticipated that in the application
of these methods to more complex multisite exchange problems, the two
dimensional approach may prove mere valuable. A subsequent similar study was
performed on Ru,{u-H){(CO)(CH,C-CH-CCH;), 29.5 The results indicated that
there was no exchange between the CO's on Ru? and the CC's on Ru' and Ru".

The rates of these local rotations were determined the same value of 3.83 s™.

co ? /co co CH
%, Me . Me
o5 ~e / X ¢
2 ~ 3
Rtl.lz
. / |
co ' e H "1y o 4 1 ~ *
i Os ’Os \Ru,l Ru.l'\
ey / !
co / \H/ Cco 5 | ~ " / ] 5
] 6.
co co
28 29

In 1988, Strawczynski et al. reported a successful qualitative application of
the 2D EXSY spectroscopy and variable-temiperature '>°C-NMR to study the CO-
site exchange in [Ir,(CO),,Br]", 30 *. The structure of 30 is shown in Scheme 1.7.
The three bridging CO's define the basal plane containing three Ir-atoms of the
tetrahedral metal core. Terminal CC's are either apical if located on the fourth Ir-

atom, radial when located more or less in the basal plane, or axial if approximately
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perpendicular to this basal plane. The Br-atom is located on a basal Ir-atom and
is axial according to the X-ray crystal structure. From the line-shape analysis, they
were able to decide that the lowest energy process was the a-b-d-f site exchange
which consistent with the merry-go-round process of the basal CO's. The 2D BC
NMR spectra is shown in Figure 1.9. The a-b-d-f site exchange is clearly visible.
The second fluxional process is also apparent, when a mixing time of 50 ms is
used. This process corresponds to a site exchange d-c-e, while a, b, and f do not
exchange with c or e. Since two apical CO’s (e) now participate in the exchange,
this second exchange process must involve CO ligands bridging to alternative
faces of the Ir, tetrahedron.

Scheme 1.7 shows the possible mechanism, starts with synchronous edge-
bridging of 2 CO’s on ane of the two triangular faces of configuration | which share
the Ir-Ir, edge. This leads to the radial isomer Il from which a second
synchronous bridging of 2 CO's brings about the observed d-c-e exchange
{configuration ill) and leaves the unique apical CO (g) in its pseudo-trans-position
relative to the Brligand. This rules out the possibility of an unbridged intermediate
{configuration IV) which has been proposed for the axial isomer of Ir,(CO),,{PEt,),
since if configuration IV is considered, a site exchange of a and 1 (configuration V)
becomes inevitable, and is not consistent with the experimental resuits.

They also investigated two complexes [Ir,(CO), (diarsine)], 31, and

Iry(CO),{n-CO),(1,5-cyclooctadiene), 32, bear a bidentate ligand chelating one
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Figure 1.9 2D '*C NMR spectrum of [Ir,(CO),,Br]" at 175K (mixing time: 50 ms;

s = solvent; * = reflected signals).
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metal atom of the basal face of the Ir, tetrahedron.*® The CO-site exchange with

lowest activation energy proceeds via a concerted edge-bridging of CO's to an
alternative face of the metal core in 31, where as that in 32 occurs via an

unbridged intermediate.

co
e = CO
3

\ -
As . -
e
As
@| N7
co co
3 32

In 1988, Ewing et al. studied the fluxional behavior of the tetrahedro-
triosmium-platinum clusters.'%% '3C EXSY NMR studies on [Os4Pt(u-H),{CO) 4
(PCys)ol, 33, (Cy = c-C4H,4), show high-energy CO exchange between Ptand Os
and suggest a novel "flipping" of the butterfly framework through a planar transition
state. In 1989, Farrugia reported similar complexes of OsyPt{u-H),(CO)g-
(PCy,)(CNCy), 34, and Os,Pt{(-H),{p-CH,)(CO)4(PCy;)(CNCy), 35.%" 1D and 2D
EXSY °C NMR spectra reveal two CO exchange processes, a lower energy

tripodal rotation in the two equivalent Os(CO), groups(AG"”z00 = 12.4 Kcal/mol) and
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a higher energy process, commensurate with the hydride mobility, which
compietely scrambles all CO ligands (AG*,,; = 14.4 Kcal/mol). The 2D EXSY
expeniment of 35 shows three CO exchange processes; separate tripodal rotations
of two of the Os(CO), groups (AG*,s = 19.2 and 21.1 Kcal/mol) and the

racemization of the cluster by hydride migration (AG*,,; = 20.2 Kcal/mol).
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Lindsell and his co-workers also reported the 2D EXSY NMR studies on
[RhRu,(p-H),(1-CO)(CO)4(n-C;H,)], 36.' Itinvoives a pairwise exchange oi eight
CO groups resulting from a "rocking motion" of CO ligands around a single Rh-
Ru{2)-Ru(3) triangular face. (We note that it is actually a "merry-go-round” of the
CO'’s around the triangular face. See Scheme 1.8).

Benn in 1988 reported the first solid-state 2D Exchange "*C CP/MAS NMR

spectra of organometaliic compounds.'® '3C CP/MAS spectra of various
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Scheme 1.8 The lowest energy exchange process of 36.
microcrystalline bent metallocenes of the type (n>-"Cp),ML, have been obtained
(M = Zr, Hf; R = alkyl; L = Cl; 37, L, = alkyl-substituted n*-C,H,, 38,). '°C 2D
exchange spectrum of 37 in 333 K re' ~ ais that in the solid state there is slow
rotation of the "Cp rings around the central metal coordination axis. This process
leads to pairwise coalescence of the methine carbons. Line-shape analysis yields
AG = 16.9 Kcal/mol as barrier for the "Cp rotation. The barrier increases
significantly when more bulky substitutes (R = Et, {-Bu} are introduced. In contrast,
in the solution spectra of 37 between 180 and 300 K there are only two signals for

the methine caibons,'™ indicating that under these conditions the barrier for *Cp
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rotation is less than 5 Kcal/mol. 2D CP/MAS exchange spectra of 38 can be
explained by diene topomerization (See Scheme 1.8). The results indicate that
many fluxional processes known to occur in solution can occur in the solid state.
Furthermore, these processes can be easily monitored by 2D CP/MAS particularly

if variable-temperature facilities are available.
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Scheme 1.9 Two intramolecular fluxional processes occurring in 37 and 38
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CHAPTER TWO

THE REACTIONS OF NITROSOARENES WITH CATIONIC CYCLOHEXADIENYL

COMPLEXES OF IRON TRICARBONYL: AN ESR STUDY
2.1 Introduction

There are several reports in which the reaction of nitroso compounds with
diamagnstic organometallic complexes yields nitroxide radicals. Cais et al.'%>1%
studied the reactions of nitrosobenzene with cationic iron compiexes with
substituted cyclopentadienyl, cycloheptadienyl and other dienyl ligands. In the first
type of compound the ferrocene 39a had a CHR® substituent and it was sujgested
that reaction might occur via a structure 39b containing Fe** and CHR moieties.
Spin trapping of the latter fragment seemed a very reasonable experiment to try.
Nitroxide radicals corresponding to addition at the CHR- group were indeed
detected but the observation that the precursor CH,OH compounds gave the same
products with equal ease cast doubts on the radical mechanism. An alternative
mechanism invoiving nucleophilic attack by the nitrosobenzene was suggested.

Subsequent X-ray crystallographic studies of both iron and osmium analogues of

64
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39 reveal that the exocyclic methylene is bent towards the metal by 20° and so
the best representation of the ferrocenyimethyl cation may well be that shown in
39¢."'® Returning to the reactions of nitroso compounds with organometallic
molecules, we note that Belousov and Kolosova have recently réponed the
reactions of 2-methyl-2-nitroso-propane with a number of iron carbonyls. A variety
of radicals, including some nitroxides, were observed by ESR and the mechanisms

of the reactions were discussed in some detail.'®®

H H
Gt @ <"
——c ' —C
Fe

/

Fe™ . rh
b b |
39a 39b 39 ¢

In the present project, we describe initially the reactions of several nitroso
compounds “with the [(n’-cyclohexadienyl)tricarbonyliron(l)]* cation, 40. This
complex, which is particutarly notable for the stabilization of the organic cation
brought about by complexation, should provide a site for facile nucleophilic attack

by the nitroso compound. This complex is also a model for cationic derivatives of
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steroids, and spin labelling of the steroidal system''® has considerable potential for
structural and stereochemical studies. Thus, having established the reactivity
pattern for the model system 40, we then describe the behavior of several
nitroso-arenes with the novel cation 42 in which the metal-stabilized

cyclohexadienyl system is located in the steroidal B ring.'"

2.2 Results

[(n°-Cyclohexadieny!)tricarbonylirori({l)j"tetrafluoroborate, 40, was ailowed to
react with nitrosobenzene, nitroso-2,3,5,8-tetramethylbenzene (nitrosodurene) and
also with nitroso-pentamethylbenzene. In each case nitroxide radicals were
detected by ESR spectroscopy and we describe each separately since their

reactions are not identical.

2.2.1 Reaction of Cation 40 with C.H.NO

Upon mixing a well-degassed solution of 40 in acetonitrile with
nitrosobenzene at ambient temperature, an ESR spectrum appears within about
20-30 minutes. This spectrum {see Figure 2.1a) comprises a triplet of quintets.
The triplet structure is ascribed to N hyperfine splitting (a, = 11.2G) and the

pseudo-quintet to 'H coupling where four protons exhibit almost equivalent
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hyperfine codpling (a4 = 3.0G). The radical has a g value of 2.0067 and the

spectrum remains unchanged after several days in a sealed ESR tube. The
spectrum disappears if the tube is irradiated with a high pressure mercury lamp
and in this case no other ESR signal is observed. The spectrum illustrated in
Figure 2.1a is attributed to the nitroxide radical 41a formed by addition of C4H,NO

to the cationic carbon atom of the iron complex 40.

Ar o
d A = ¥
— *Nm0 o
..l prm—
- ArNel) 1 ArNeD I/ .
I —_— | ——n 'l_ + Ar-N=D

/S ‘ / ‘ “ /i

41 -
a A CBHE
b M = ColieH

£ M os Cylng

if the above reaction is carried out in dichloromethane rather than in
acetonitrile, the same ESR spectrum is initially observed. However, this radical is
not stable in CH,Cl, and, after one day, a complex spectrum develops which
eventually simplifies to that shown in Figure 2.1¢. This latter radical is very stable
and has been identified as diphenyinitroxide. A simulated spectrum, using

112

literature hyperfine coupling constants’'* is presented as Figure 2.1d.
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Figure 2.1  ESR spectra from the reaction of 2 with C;H,NO. (a) in CH,CN; (b}

simulation of {a) using the data in Table 2.1; (c) in CH,Cl, after 6 days; (d)

simulation of (C4Hs),N-Oe using data from ref. 116.
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Although (C¢Hs),NC-is clearly the major product of the reaction, there are also

some additional lines from a second radical. During this reaction the colour of the
solution changes from yellowish-green to dark yellow and the formation of some
brown precipitate is observed. The ESR parameters obtained from the above

spectra are collected in Table 2.1. |

2.2.2 Reaction of Cation 40 with C.HMe NO

Nitrosodurene has some advantage over nitrosobenzene as a spin trap in
that the resulting ESR spectra are generally simpler and hence easier to analyse.
In the solid, and also in solution, nitrosodurene exists as a colourless dimer.'"”
When such a solution is warmed a light green colour appears and this has been
attributed to dissociation of the dZimer to reactive monomer. It was found that,
even at room temperature when the concentration of monomer is very small,
nitrosodurene reacts with 40 and the product gives an ESR spectrum. The mixture
of the cationic iron complex, 40, and C;HMe,NO is not soluble in either pure
acetonitrile or pure chloroform; there is, however, sufficient solubility in a 1:1
mixture of these solvents to obtain ESR spectra. The initial spectrum (Figure 2.2a)
is a triplet of doublets (ay = 13.75G, a, = 3.6G, g = 2.0069) as anticipated.
However, over a period of several days, new and more complex spectra appear

as shown in Figure 2.2b.



Table 2.1

ESR parameters for phenylnitroxide radicals.

Substances

Solvent

Temp

a value(G)

Ref.

(CO),FeC,H,N—Ph

d.

CH,Cl,

293K

2.006,

N:11.2
H(o,p): 3.0
H(CH): 3.0

This
work

CH,CN

293K

2.006,

N:11.2
H(CH): 3.0
H(o,p): 3.0

This
work

(CO),FeC,H;N—Ph

.

CH,CI,

293K

N:11.1
H(CH): 2.95
H(o,p): 3.0

106

CcH.FeC,H,
[}
CH(Ph)—N—Ph

.

CH,Cl,

R.T.

2.006,

N:10.8
H(CH). 2.95
H{o):
2.73,2.95
H(p):2.95
H({m):1.0

105

S—N—Ph?

CH,CN

293K

2.006,

N: 11.0
H(B-H):
2.95
H(y-H): 0.98
H(o,p): 2.75
H(m): 0.98

This
work

CeH,—N—Ph

LW L]

CSH 2

360K

N: 105
H(o,p): 3.0
H(CH): 3.0

132

Ph—N—Ph

d.

CH,Cl,
DMSO

298K

N: 10.1
H(o,p): 1.9
H(m): 0.9

116

® 8 = steroidal group, see text.
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The final spectrum (Figure 2.2c) corresponds to a veiy stable radical and
no subseqguent changes were observed over a further period of four days. Very
similar spectra were obtained in CH,CN/CH,C!, (1:1) mixtures. However, if the
reaction is run in a 1:1 mixture of dimethylsulfoxide and benzene there is evidence
for a second less abundant radical and the spectrum (Figure 2.3a) can be
simulated (Figure 2.3b) as a superposition of two six-line spectra with an intensity
ratio of 4:1. The parameters extracted from this analysis were a, = 13.4G, a, =
3.3G, and g = 2.0068 :u/ the more intense species and a, = 13.95G, a, = 12.3G,
g = 2.0060 for the minor component. it may be noted that the parameters for the
more intense species are very similar to those obtained in CH,CMN/CHCI, mixtures.
These spectra also changed with time to give initially a complex spectrum (Figure
2.3c) but finally reverted to a six-line spectrum (Figure 2.3d) very similar to the
initial more intense spectrum. Further spectra were obtained in other mixed
solvent systems containing chloroform or methylene chloride in addition to benzene
and DMSO. The radicals obtained were essentially the same as those of Figure
2.3 suggesting that acetonitrile is necessary to obtain thé spectrum shown in
Figure 2.2c. Hyperfine coupling constants and g values obtained from the

nitrosodurene spectra are collected in Table 2.2.

2.2.3 Reaction of Cation 40 with C.Me.NO

The reaction was examined in mixtures of DMSO and benzene (1:1) and

in benzene alone. The results in the two solvent systems were very similar.
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Figure 22 ESR spectre from the reactior, of 2 with C;Me,HNO in 1:i

CH,CN/CHCI, (a) after 30 min; (b) after 20 h; (c) after 4 days.
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Figure 23 ESR spectra from the reaction of 2 with CMeHNO in 1:1
benzene/dimethylsulfoxide. (a) after 30 min; (b) simulation of (a) using the data

in Table 2.2; (c) after 18 h; (d) after 5 days.
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in both cases, the initial spectra consisted principally of two six-line patterns which
in this case were of roughly equal intensity. There are two additional lines in {j1e
wings of the spectrum which we are unable to assign. The hyperfine parameters
obtained from the two six-line spectra are very similar to those obtained frorn the
corresponding nitrosodurene reaction. On standing, more. complex, but not
analysable, spectra appear. Eventually most of the additional lines disappear and
a six-line spectrum corresponding to one of the original spectra is left as was the
case for nitrosodurene in the DMSQ/benzene solvent mixture. The data for this

set of spectra are given in Table 2.2,

2.2.4 Reaction of 42 with C.H.NO

The steroidal cation 42 reacts with nitrosobenzene in acetonitrile solution
almost immediately and causes a colour change from yeilowish-green to yeilow
and, after a day, it becomes red. The spectrum shown in Figure 2.4a is that
observed after 3 hours and exhibits the expected triplet pattern for the nitrogen
coupling as well as the hyperfine interactions with the phenyl protons. However,
there is an extra and unanticipated relatively large doublet splitting (2.55G) which,
over the course of 24 hours, gradually disappears. The final spactrum (Figure
2.4b) still exhibits hyperfine coupling to the C;H;N moiety but the 2.95G doublet

splitting has disappeared. The data are collected in Table 2.1.



75

Figure 2.4 ESR spectra from the reaction of 42 with C;H,NO in CH,CN. (a)

after 3 h; (b) after 27 h; (c) simulation of (b) using the data in Table 2.1,
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2.2.5 Reaction of 42 with C.Me. NG

The ESR spectrum initially »roduced when 42 reacts with
nitrosopentamethylbenzene reveals a triplet of doublets overlapping a simple triplet
(Figure 2.5a); over a period of 10 hours the latter feature (i.e. the triplet gradually
‘ncreases at the expense of the former. The final spectrum (after 21 hours) is

shown as Figure 2.5d and exhibits a hyperfine interaction only with nitrogen.

2.2.6 Reaction of 42 with C.HMe ,NO

Nitrosodurene and 42 give ESR spectra almost identical to those produced

in the analogous nitrosopentamethylbenzene reaction.

2.3 Discussion

[(Cyclohexadienyl)Fe(CO),]" systems such as 40 are thermally- and
air-stable cations which react readily with nucleophiles'* and so are valuable
synthetic intermédiates. Steroidal analogues of 40 are also known in which the
delocalized system is sited in the A ring. Itis only very recently that B ring cationic
systems have become available. Attempts to remove the 9 hydrogen from the iron

tricarbonyl complex of ergosteryl acetate are thwarted by the bulk of the
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Figure 25 ESR spectra from the reaction of 42 with C;Me,;NO in CH,CN. (a)
after 3 h; (b) after 6 h; (c) after 9 h; (d) after 21 h.
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Table 22 ESR parameters for durene- and pentamethylbenzene nitroxide
radicals.
Substances solvent | Temp. | g value | a value(G) Ref.
CeH,—N—AF CeHg 300K | 2.006, N: 13.57 134
H: 6.93
Ph—CHMe—N—Ar CeHs 300K | 2.006, N: 13.8 134
b H: 3.77
CH,Cl, |293K | 2.006, N:13.7 This
CH,CN H: 4.2 work
CH,CI 293K | 2.006, N: 13.75 This
CH,CN H: 3.6 work
(CO),FeCgH,—N—Ar [ DMSO | 293K | g(1)= N{1): 13.4 This
CeHe 2.006, | H{1):3.3 work
* g(2)= N(2): 13.85
2.006, H(2). 12.3
DMSO/ [ 293K | g{1)= N(1): 13.6 This
CeHs 2.006; | H(1):3.4 work
CH,Cl, 0(2)= N(2): 14.1
CH,CI 2.006, H(2): 12.5
(CCl,)
Me,C(C Hg)—N—Ar CD,CN | 298K eq): 13.87 | 133
CH,Cl, eq): 4.62

N(
H(
N(ax): 14.37
H(ax): 10.75




Table 2.2 Continued
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Substances solvent | Temp. | g value | a value(G) Ref.
S-—N—Ar CH,CN | 293K | 2.006, N(t): 13.4 This
i) N(t,d): 13.9 work
. H:7.9
CHCI, 293K | 2.005; N(t): 13.5 This
N(t,d): 14.5 work
H: 9.2
(CO),FeC,H,—N-—Ar | DMSO | 293K g(1)= N(1): 13.7 This
J) CeHs 2.006, H(1): 4.0 work
. g(2)= N{2): 13.9
2.006, H(2): 12.7
CeHq 293K | g(1)= N(1): 13.5 This
2.006, H(1): 3.3 work
9(2)= N(2): 13.8
2.006, H(2): 12.3
C¢H,—N—Ar CeHs 300K | 2.005, N: 14,0 135
H(CH): 7.6
S—N—Ar CH,CN | 293K | 2.005, N(t): 13.5 This
5 N(t,d): 13.6 work
. H: 7.7

® Ar =durenyl; S = steroidal group; Ar' = pentamethylpheny!.



80

organometallic fragment which hinders the approach of the trityl cation which is
normally used as the hydride abstracting agent. Instead, a multi-step route has
bean developed which involves initial oxidation of ergosterol to
9,11-dehydroergosterol; complexation of the Fe(CO), moiety to the 5,6,7,8-diene
unit and subsequent protonation at C-11 yields the required cation 42, as shown
in Scheme 2.1.

Nucleophilic attack on metal-complexed polyenyls generally occurs at one
of the termini of the delocalized system;''S indeed, nucleophilic attack by the
nitrosoarene on the [(pentadienyi)Fe(CO),]" cation 43 is an entirely reasonable
mechanism to account for the observations of Cais et al.'%%1% They reported that
the initially formed radical 44 can be reduced to the corresponding amine 45 and
the latter molecule, which is diamagnetic, was readily characterized by NMR

spectroscopy.

2.3.1 Assignments of the ESR Spectra

The ESR data we have obtained are collected in Tables 2.1 and 2.2. These
Tables also contain some reievant literature data. The initial task is to assign the
various spectra. By analogy with the results of Cais et al., the radical which would
be expected is that shown as 41, that is, the cyclohexadiene iron tricarbonyl

system substituted at the formerly cationic carbon by the group NOAr, where Ar
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varies according to the identity of the nitrosoarene used. In Table 2.1 the

hyperfine coupling constants obtained from the spectra resulting from the reaction
of 40 with nitrosobenzene are compared with those reported by Cais and with
several organic nitroxide radicails with mixed phenyl and aliphatic substituents.
The hyperfine coupling constants of the initial radical fram the reactions of 40 in
both CH,Cl, and CH,CN agree closely with those of molecules from the literature
possessing analogous structural features and there seems little doubt that the
structure of the radical is 41a, where Ar = phenyl. As noted above, the final
spectrum of the reaction in dichloromethane has been identified as the
diphenylnitroxide radical.

The six-line spectrum initialiy obtained from the reaction of 40 with
nitrosodurene is entirely consistent with a radical of structure 41b, with Ar =
C¢Me,H. The single proton splitting arises from the hYydrogen at the point of
attachment to the cyclohexadiene ring. As described above, in DMSO/benzene
two six-line spectra are observed. They differ substantially in the hydrogen
coupling constant — 3.3G compared with 12.3G. It is suggested that these two
spectra arise from different rotamers of the same radical depending on the
orientation of the NOAr group. There is ample precedent for siowed rotation in
nitroxides containing such bulky substituents as durene or pentamethylbenzene.''®
Simulation of the spectra indicate that the two isomers are present in a ratio of

approximately 4:1. The angular dependence of the B-hydrogen coupling constants
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of nitroxide radicals has been discussed by Chapelet-Letourneux et al..'"® These
workers examined the spectra of a variety of radicals with both alkyls and
saturated ring substitutents and suggested a relationship of the form a,, = Bcos®0
between the hyperfine coupling constant and the angle made between the C—H
bond and the axis of the p orbital containing the unpaired electron. By calculating

an average value of B from the literature data'® we can see that a hyperfine
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coupling constant of 12.3G gives an angle of 46° while a coupling constant of 3.3G
yields a value of 69°,

There are data in the literature which support this assignment of the
isomers. Thus Suehiro et al.'™ have trapped substituted 1,4-cyclohexadienyl
radicals (the present results refer to the 1,3-isomer) and report a, values of 6-8G
for the proton on the adjacent carbon atom. Kanimori et al.'"’ report additional
radicals of this type and discuss the hydrogen coupling constants in terms of the
angle between the C — H bond and the p orbital on the nitrogen. it may be noted
that the reported hyperfine coupling constants in these cases are close to the
average of the values we find for the two isomers [1/2(3.3+12.3) = 7.8G]. A further
papir by Konaka et al.'"® reports the observation of line width alternations for
nitro:fide spectra obtained with nitrosodurene. This observation is attributed to
restricted rotation because of the bulkiness of the duryl group. The present
observation is therefore consistent with more extreme steric restrictions. It may
be taken as exceilent proof that the iron tricarbony! group remains attached to the
nitroxide radical.

By analogy with the results with nitrosobenzene, it would have been
expected that the more complex spectra which were obtained from the
decomposition of the above radicals would correspond to the nitroxide radical with
a phenyl group and a duryi group as substituents. However, the spectrum cannot

be fitted to the hyperfine coupling constants expected for this radical. It appears
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more complex and we suspect that it may be a mixture of isomeric radicals
differing in the relative orientations of the phenyl and duryl radicals. Again, this
implies that the iron tricarbonyl group remains attached to the radical.

The analysis of the spectra obtained from the reaction of 40 with
nitrosopentamethylbenzene is identical to that for nitrosodurene. The angles
derived from the proton coupling constants are aiso very similar. We have been
unable to analyse the more complex spectra and similar reasons based on
mixtures of isomeric radicals are suggested.

In a similar manner, the ESR spectra derived from the reactions of the
steroidal cation 42 with the various nitrpsoarenes can be assigned in a relatively
straightforward manner. The initial spectrum in each case shows hyperfine
couplings appropriate for the presence of the ArN fragment and also a single
hydrogen on the steroidal carbon adjacent to the nitrogen. However, in each of
the final spectra it is clear that the hydrogen atom is no longer bonded to the
aforementioned carbon. In the nitrosopentamethylbenzene case, for example,

ultimately we see meiely the triplet splitting from the nitrogen.

2.3.2 Mechanistic Considerations

The initial stages of these reactions are directly analogous to those studied

by Cais which involved the attack of nitroso compounds on pentadienyl- or
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cycloheptadienyl Fe(CO), cations. One of the suggested mechanisms involved

nucieophilic attack at the cationic carbon to give an oxo-ammonium ion which
suffers one-electron reduction to give the nitroxide radical. There are some
variations possible on this theme — reduction may occur before addition of the
nitroso moiety or the reactive species may be a triplet ferricinium complex — but
the end result is the same. It is assumed that a second molecule of nitroso
compound acts as the one-electron reducing agent.

The subsequent reactions are rather more speculative but a reasonable
scheme can be devised based on reactions which have literature precedents. We
note first that the homolytic decomposition of nitroso compounds according to
Equation (2.1) has been shown by Chatgilialoglu and Ingold™ to be
thermodynamically improbable as a thermal reaction, although it proceeds readily
photochemically. However, Bilkis and Shein'®® have demonstrated that the
analogous reaction involving the radical anion occurs readily, as in Equation (2.2).

R-N=O --=> Re +  oN=O (2.1)
[R-N=O] --> Re +  [NOJ {2.2)

More relevant, perhaps, is the report'' that dialkylnitroxides react with SbCl, giving
N,N-dialkyi-N-oxoammonium salts; these in turn yield NO*, as in Equations (2.3)
and (2.4).
(t-Bu),N-Oe + SbCl; ----> [(t-Bu),N=OJ" SbCl, (+ SbCl,) ~(2.3)
[(t-Bu),N=OJ" SbCl," ---> NO* SbCl; + Me,C=CH, + HCI (2.4)
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Thus, a not unreasonable initial postulate is that fragmentation of the radical cation
arising from the one-electron reduction of the initially formed adduct of
nitrosobenzene and 40 yields NO* and the phenyi radical; this in turn can be
trapped by nitrosobenzene to form diphenylnitroxide. One should note, however,
that analogous reactions witih C,Me;NO and C,HMe,NO would then be expected
to give rise to the corresponding diarylnitroxides, i.e. (CsMes),NO» and
(CgHMe,),NOs, but these are not observed in reactions with 40. In fact, there is
another possible route to Ph,NOe which invoives dehydrogenation of the
cyclohexadienyl(phenyl)-nitroxide 41a. [We mention parenthetically that the
reaction of t-BuNO with cation 40 yields not only the expected nitroxide but also
CgHs-(t-Bu)NOe which must arise via dehydrogenation of a cyclohexadienyl
intermediate.] In this context, we next recall information on the self-reactions of
nitroxides.  These have been extensively studied by Ingold and his
collaborators'*'?*'?* and also by Golubev et al.."*® Several different products can
be formed depending on the nitroxide substituents but the typical reaction involves
dimerization followed by hydrogen atom transfer to give a reduced product, often
a hydroxylamine, and anoxidized product, frequently a nitrone, as in Equation (2.5).

Furthermore, the mechanism of the "ene" réaction of nitrose compounds
with olefins involves initial formation of a C-N bond followed by hydrogen atom
transfer to give a hydroxylamine; subsequently there occurs oxidation of the
hydroxylamine to a nitroxide by a second molecule of nitroso compound, as in

Equation (2.6),'2%"%8
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...Equation (2.6}

One could follow these literature precedents and postulate a disproport-
ionation of radical 41a with a second nitroxide radical to give the hydroxylamine
46 and a neutral product 47; subsequent hydrogen absiraction by another
molecule of 41a and loss of the Fe(CO), fragment would then yield Ph,NO». The
formation of the aromatic ring would provide the thermodynamic driving force for

such a reaction. Of course, the Fe(CO), moiety binds strongly to diene units but
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is generally less firmly attached to arene rings; consequently, the radicals detected
at the end of the reaction sequence are those of the non-complexed diarylnitroxide

and the metal is left as a residue at the bottom of the tube.

Ar
|
N — OH
| _i_ H LRt
19 + 410 | . ] "
Fe Fe
1> /1
46 47 I
0.
|
N—Ar
«— -
O —Fe(CO)5 | N/
Fe \Ar

To summarize, therefore, the reaction of 41 with nitrosobenzene in
acetonitrile yields the radical 41a, Ar = CH;; in contrast, in dichloromethane the
disproportionation reaction becomes significant. This leads to the corresponding
hydroxylamine and nitrone; the latter can then suffer hydrogen atom abstraction
by another molecule of 41a so that eventually there is complete conversion to

diphenylnitroxide.
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With nitrosodurene (and also with C,Me,NO) the initial reaction in

CH,CN/CH,Cl, follows the pattern established for nitrosobenzene.
Disproportionation occurs but the steric bulk of the polymethylated arene is
sufficient to prevent free rctation and so a mixture of Ph(Ar)NO isomers is
detectable on the ESR time-scale. In the DMSQ/benzene mixtures two isomers
are observed for the initial cyclohexadienyl radica! 41b (41c). We speculate that
these too can disproportionate but that in this solvent mixture the equilibrium favors
the nitroxide radicals rather than the hydroxylamines. The existence of this
equilibrium is, however, sufficient eventually to convert all of the cyclohexadienyl

nitroxide to the more favored isomer.

2.3.3 Reactions of ArNO with the Steroidal Cation, 42

By analogy with the reactivity pattern established for the unsubstituted
[(cyclohexadienyl)Fe(CO),])* cation, 40, one would anticipate initial nucleophilic
attack by the nitrosoarene at a terminus of the delocalized system, that is at C-5
or C-8. Furthermore, in accord with the known chemistry of such iron
complexes'™ the incoming nucleophile will approach from the distal side relative

to the metal carbonyl unit. That is, attack will occur on the B face of the steroid.

In principle, the two sites of attack are readily differentiable since binding to the
C-5 position, as in 48, should produce a radical showing weak coupling to the

olefinic hydrogen at C-6 (and possibly even to the 4c and 4 protons). In contrast,
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if the ArNO were to attack at C-9, és in 49, one should see essentially a simple
triplet since there is no alkene hydrogen at C-8. The resuit of the experiment
revealed that attack had occurred at neither C-5 nor C-9. The initial ESR spectrum
from the reaction of C;MeNO (Figure 2.5a) shows the expected 1:1:1 triplet with
ay = 13.5G and also a doublet splitting (7.7G) clearly indicating the presence of a
single hydrogen oniy two bonds away from the nitrogen. Apparently, the steric
problems engendered by the placement of an aryl nitroso moiety at positions C-5
or C-8 render the C-7, as in 50, site a more attractive target (see Scheme 2.2).
In seeking a precedent for bond formation at the 7-position, we note that the
pyrolysis of ergosteryl benzoate iron tricarbony!, 51, is reporied to yield the dimeric

product 52 in which radical coupling has occurred at the 7-position.'?®

H
oty Sy

e 4+ e

NS

Fa(CO)y

n 52

In Figures 2.6a, 2.6b and 2.6¢c we present energy-minimized conformers
which were calculated by using the program MACROMODEL.™ It is readily
apparent that incorporation of the attacking nucleophile can place a bulky aryl
group in rather unfavorable positions with respect to the steroidal methyl

substituents at C-10 and at C-13. When the nitrosoarene attacks on the p face at
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Scheme 2.2 Possible sites of reaction of nitrosoarenes with the steroidal cation

42,
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C-5 the A/B rings are forced into a cis-fusion and the methyl must bend so as to
avoid the new functional group. Similarly, attack at C-9 leads to steric problems
but, as shown in Figure 2.6¢c, attachment at C-7 is relatively unencumbered. It is
interesting to note that the energy-minimized structure of the initial adduct at C-7,
i.e., 50, there is a dihedral angle of 33° between the arene ring plane and the C-H
bond; this transiates as a 57° angle made by the p orbital on nitrogen and the C-H
bond. Gratifyingly, the experimental hyperfine interaction to the H-7 nucleus is

7.9G which corresponds to an angle or 56°.

This initial product 50 leaves the Fe(CO), fragment attached to a
1,4-cyclohexadiene system and, as is commonly the case with such
non-conjugated diene complexes,'®' a subsequent 1,3-hydrogen transfer occurs
to generate the favored isomer 53 in which double bond conjugation is achieved.
In this latter isomer the extra hyperfine coupling from the nearby hydrogen is lost.
The net result of the whole process is to introduce a functional group at the
7-position of the steroid. Future work will focus on the reduction of the nitroxide
radical to the more synthetically versatile amino function.

In contrast to the behaviour described above for nitrosoarenes, the
corresponding reactions with t-BuNO exhibit a rather novel effect. The final
product of the reaction with either 40 or 42 is (t-Bu),NOe~ but the ESR spectrum
of this radical exhibits fascinating behaviour in that its intensity varies in an

oscillatory manner with time. We will discuss these in the following chapter.
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Figure 26 (a) Space-filling
model of 48 in which
attachment of the ArNO
fragment at C-5 causes
unfavorable interaction with the
methyl group at C-10. {The view

is from the B face. For clarity,
the a-Fe(CO), group and the D

ring of the steroid are not
shown.) (b) Space-filing model
of 50 in which attachment of the
ArNO fragment at C-7 causes
no problematic steric
interactions with the methyl
groups. (c) Space-filling model
of 49 in which attachment of the
ArNO fragment at C-9 causes
unfavorable interactions with the
methyl groups at C-10 and at
C-13.
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24 Future work

The reactions of [(n*-C¢H,)Fe(CO),]* with bulky nitroso compounds, stich
as nitrosodurene and nitrosopentamethylbenzene, result in two rotamers which

showed different orientation of the ArNOe group on the ESR time scale. The

angle between the C—H, bond and the axis of the p orbital containing the
unpaired electron has been calculated from the hyperfine coupling constants using
the equation &, = B cos®0. It is impossible to get crystals of the radical
(°-C¢H,)Fe(CO),(Ar)N-O- to obtain the evidence of the structure, therefore, one
could grow crystals of a clcsely anaiogous molecule, such as
(n°-C¢H;)Fe(CO),(Ar)C=0, with a view to obtaining X-ray data that could clarify this
point.

The analogous reactions with the steroidal cation, 42, lead to initial attack
not at one of the termini of the delocalized system but rather at the central carbon,
i.e., at C-7. Subsequent hydrogen migration leads to the (5,7-diene)Fe(CO),
complex bearing the arylnitroxide at the 7-position. Future work could focus on the
reduction of the nitroxide radical to the more synthetically versatile amino function

which could then be analyzed by NMR spectroscopy.



CHAPTER THREE

THE REACTION OF [(n*-cyclohexadienyl)Fe(CO),]* BF,” WITH 2-METHYL-2-
NITROSOPROPANE: AN UNEXPECTED OSCILLATING REACTION

3.1 Introduction

Oscillating chemical reactions'® (especially those which involve dramatic
colour changes) have attracted considerable attention in recent years not only
because of their intrinsic beauty and visual fascination but also because they pose
challenging problems to kineticists. As exemplars of non-linear processes they are
also relevant to biological problems related to the formation of dissipative
structures, to morphogenesis and to the growth of organisms.'” The actual
oscillatory reactions occurring in biological systems are, however, in general poorly
understood and not closely related to the systems studies by inorganic chemists.
Many of the commonly demonstrated reactions are derived from the now classic
observations of Belousov, Zhabotinski and their colleagues such as the reaction
of bromates with malonates in the presence of a ferrous/ferric redox system.'®®
Since that time, a number of variations on this theme have been developed and
designed oscillatory chemical systems are now possible.'®® However, our

96
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involvement in this field was entirely serendipitous. In continuation of our ESR

studies'40

of organometallic nitroxide radicals derived from the interaction of metal
carbony! stabilized cations such as 40 with nitrosoarenes (which give
organometallic nitroxides 41 and diarylnitroxides 54), we treated the cation
[(n>-cyclohexadienyl)Fe(CO),]*, 40, with tert-BUNO with the expectation of
observing the simple radical 41.° However, the ESR spectrum exhibited as its
major feature a simple triplet signal readily attributable to the well-known
bis(tert-butyl)nitroxide radical, (ter-Bu),N-Oe. Even more surprising was the
observation that the intensity of this triplet resonance showed oscillatory behaviour
with time, sometimes appearing and disappearing up to eight times. We here
describe a set of experiments in which we attempt to delineate the tactors

controlling the formation of the various radical products. We also note the very

different rates of oscillation when the concentrations of the reactants are changed.

3.2 Results and Discussion

d'%0 that the reactions of nitroso-arenes with the

We have recently reporte
[(ns-cyclohexadienyI)Fe(CO)3]* cation, 40, initially produce ihe organometallic
nitroxides, 41, and uitimately yield the diarylInitroxides, 54, as shown in Scheme
3.1. In some instances, the initial unconjugated nitroxide can undergo hydrogen

migration to yield a more stable second radical in which the carbon-carbon double
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bonds are now conjugated. Thus, the Fe(CO),-stabilized steroidal cation 42 gives

the nitroxide radicals 50 and 53 successively, as in Scheme 3.2. These
observations are in accord with the earlier reports by Cais concerning the reactions

of nitroso-arenes with ferrocenyl and related cations. 195108

Ar o
| 1
N-0° N Ar
ArN=0 _I_
—_ — ———e—Y-
l —F'e(CO)S
Fe
40 41 54

Ar = CEHS' Csue‘H. Csues

Scheme 3.1 The reaction of 40 with nitrosoarenes.

In continuation of this work, we treated the cation 40 with
2-methyl-2-nitrosopropane in the expectation of observing formation of the
organometallic radical 55 in which the aryl substituent in 41 had merely been
replaced by a tent-butyl group. However, this anticipated radical is only a minor,
short-lived product and in many cases is not detectable at all. The major products
56, 57 and 58 were characterized by their ESR spectra. Scheme 3.3 depicts the
experimental and simulated ESR spectra of tert-butyl(phenyl)nitroxide, 56, (g =
2.005g) which exhibits the usual triplet (ay = 13.1 G) as well as smaller hyperfine

couplings to the ortho (1.7 G), meta (0.85 G) and para (1.7 G) hydrogens of the
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phenyl ring. The simulation and comparison with the literature data™*""** confirm

the assignment of the structure of 56. Likewise, the bis(tert-butyl)nitroxide radical
57 has been prepared by many synthetic procedures and its ESR parameters are
well known.""*® The structure of 58 is less trivial to establish. The radical is
clearly a nitroxide (g = 2.0064 ay, = 15.3 G) which also shows hyperfine
interactions to two ortho (1.44 G) and two meta (0.72 G) protons. This leads one
to assign 58 as a {cyclohexadienyl)-nitroxide but, in order to maintain its overall
radical character, the cyclohexadienyl moiety must have an even -electron count:
these criteria ar= all satisfied by structure 58 in which the cyclohexadienyl cation
is stabilized by complexation to an Fe(CQ), fragment. In fact, as shown in
Scheme 3.4, the formation of 58 can be rationalized in a straightforward manner
merely by invoking hydrogen migration in the initially formed radical 55.
Nevertheless, the most striking feature of the experiments is the oscillatory
behaviour of 57. Typically, as shown in Figure 3.1, when 3.0 x 102 mmol of the
cation 40 and a 24-fold excess of 2-methyl-2-nitrosopropane were allowed to react
in dichloromethane, the (tert-Bu),N-O-radical, 57, apoears for the first time 10
minutes after mixing the reactants and then disappears within 4 minutes. After a
silent period of 17 minutes, 57 reappears and disappears over approximately 5
minutes. The time-scale of the waxing and waning of the peak intensity of 57 is
clearly shown in Figure 3.1. Thus, at a scan rate of 1 gauss per second, the |
components of the triplet (which should of course have equal intensity) are

manifestly changing.
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In contrast, Figure 3.2 shows the result of mixing 40 (1.6 x 10 mmol) with

a 15-fold excess of tert-BUNO in acetonitrile which exhibits slowly oscillating
behaviour for 57, while 58 appears only after 6 hrs. In this particular case,
(tert-Bu),N-Qe appears and disappears within the first 30 minutes; this radical
subsequently reappears, disappears again after 6 hours and finally reappears after
20 hrs.

Another example appears as Figure 3.3 which shows the spectra resulting
when 2.0 x 10% mmol of 40 and a 3-fold excess of the nitroso compound are
mixed in CH,Cl,. Within 2 minutes one sees both 56 and 57. After 8 minutes, the
(tert-Bu),N-Oe has disappeared leaving only tert-butyl(phenyl)nitroxide, 56. After
75 minutes only a very weak (tert-Bu),N-Os signal is detectable but the next day
the triplet attributable to 57 is once again very strong.

To sumimarize a farge number of experiments, we note that oscillations are
observed in acetonitrile or dichloromethane solvent but not in toluene. The radical
products observed depend to some extent on the relative concentrations of the
reactants. When the 2-methyl-2-nitrosopropane is present in greater than 20-fold
excess, the reaction at room temperature in dichloromethane as solvent gives only
the (tert-Bu},N-O» radical. If the concentration of tert-BuNO is only in the range
of 3 - 15 times that of the organometallic cation 40 then the radicals 56 and 58 can
also be observed. The delay time before the onset of the (tert-Bu),N-Oe» signal

varies from zero to 40 minutes; oscillations are not observed below -20°C. The
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time from appearance to disappearance of 57 ranges from 4 minutes to 10 hours,
while the ESR silent period between oscillations ranges from 15 minutes to one
hour. Finally, it appears that high concentrations of reactants and a large excess
of tert-BuNO lead to more rapid oscillations. In all cases, the pericd of the
oscillations lengthens with time and the final persistent spectrum is that of
bis(tert-butyl)nitroxide radical 57. We have been unable to observe oscillatory
behaviour using spectroscopic techniques other than ESR, e.g., uv-visible
spectroscopy nor in the NMR regime (no evidence of CIDNP). This is perhaps not
surprising since the concentrations of radical species are likely to be small
compared to those of diamagnetic species. Visually during the course of the
reaction there is a steady change of colour from bluish-green to yellowish-green.
It was observed *hat during the course of the ESR experiment there was some
evolution of gas and the possibility was considered that the oscillatory behaviour
could be an artifact brought about by removal of solution from the ERS cavity by
the gas bubbles produced; however, this was shown not to be the case. The
reaction was also run on a vacuum line to allow collection of the gas evolved. The
major component proved to be carbon monoxide with smaller amounts of carbon
dioxide (which appeared quite intense due to the higher extinction coefficient) and
also methylene chloride (the solvent used). The rotational structure observed in
the gas phase IR spectra allowed unambiguous identification of these species.

There are several conditions necessary for the observation of chemical oscillations.
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There has to be some positive feedback mechanism such that production of the

oscillating species becomes more rapid as the reaction proceeds. There also has
to be some reaction removing the oscillating species, which is therefore usually an
intermediate rather than a final product. The following scheme fulfills these
conditions.

Scheme 3.4 depicts a possible (speculative) mechanism to account for the
observed radical products. In particular, we emphasize that the (tert-Bu),N-Os
radical is produced and destroyed in separate steps, as required for an oscillatory
mechanism. It is proposed that initial nucleophilic attack by a molecule of
tert-BUNQ on the cation 40 leads to an oxo-ammonium cation 59. (We note that
an analogous cation has been observed in the reaction of (tert-Bu),N-Oe with
SbCl;;'*° upon warming, the oxo-ammonium cation [(tert-Bu),N=0]* decomposes
to yield isobutene, NO* [SbCI]" and HCL) We then suggest that 59 can suffer
one-electron reduction by tert-BuNO thus forming the nitroxide radical 55 and the
[tert-BuNQ]" radical cation, 60, which can fragment to give the nitrosonium ion and
a tert-butyl radical. This latter radical is well known to combine with tert-BuNO to
produce the stable (tert-Bu),N-Os radical, 57."" It has been pointed out
previously'' that in the presence of excess tert-butyl radicals 57 reacts to produce
tri-tert-butylhydroxylamine, 61 (t-Bu),NO-Bu-t; such an ESR-silent product is
obviously a possibility here. Since one of the products is

tert-butyl{phenyi)nitroxide, 56, clearly it is necessary to dehydrogenate the
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cyclohexadienyl ring in 55; such a process can be brought about by successive
hydrogen abstractions by 56 to give the corresponding hydroxylamine, i.e.,
(tert-Bu),N-OH. We noted previously that the oscillating species is normally an
intermediate rather than (as in this case) a final product. However, the reactions
described here all use excess nitroso compound so the (tert-Bu),N-Oe radical, 57,
remains after the other reagent has been completely consumed. Under these
conditions, the criteria for an oscillatory system can still be satisfied.

We further propose that the radical cation 58 might arise via the
1,3-hydrogen shift process depicted in Scheme 3.4. Such 1,3-shifts are formally
symmetry-forbidden but in this case there exists the possibility of the migration
occurring via a metal hydride intermediate; we cannot rule out the possible
intervention of catalytic traces of acid. Moreover, we have previously reported that
nitroso-arenes can attack the central carbon of a complexed cyclohexadienyl

cation'*

thus rendering unnecessary the hydrogen migration process; that is, 58
could arise directiy from 40.

The serendipitous observation of this novel oscillating system sent us
searching for literature precedents. While we found much elegant experimental
and theoretical work on a variety of reaction types, we were unable to find any
close analogues to this particular chemical oscillator. However, we did discover

that some years ago Turcsanyi'*? had proposed that a nitroxide / hydroxylamine

system could in principle give rise to oscillatory behaviour under appropriate
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conditions. We have repeated Turcsanyi's calculations using a kinetics pregram
written for this purpose153 and have confirmed his results. A crucial component
of any proposal to account for oscillatory behaviour is the existence of a feed-back
mechanism by which a previous intermediate product can be regenerated. In this
case, the important factor would appear to be the recycling of (tert-Bu),N-Os by
oxidation of the (tert-Bu),N-CH, entirely analogous to the regeneration of the
nitroxide intermediate in Turcsanyi's mechanistic scheme. The hydroxylamine
(tert-Bu),N-OH, like many such species, is very readily converted to the
corresponding nitroxide radical. A suitable candidate to effect this oxidation is the
cationic starting material 40.

A referee has raised the interesting point that these observations may not
be of the conventional oscillatory type but instead may best be characterized as
"oligo-oscillatory” or "undershoot-overshoot kinetics”.3%'%* In oligo-oscillation,
different component processes are responsible for each extremum, while in true
oscillation (no matter how strongly damped) the chemistry is the same in each
cycle.

In closing, it is of interest to note that the central feature of Turcsanyi's
reaction scheme is that a molecule exists in three oxidation states, separated by
one-glectron transfers. It is the concentration of the middle cxidation state which

oscillates, with the feedback mechanism being provided by oxidation or reduction

reactions of the outer oxidation states. In the present case the middle oxidation
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state is represented by a nitroxide radical and the outer oxidation states by nitroso
compounds and hydroxylamines. It is unlikely that this particutar combination has

great biological significance but carbon analogues can be readily visualized.

3.3 Future work

The mechanisms of oscillating reactions are usually very complicated.
Typically, the mechanisms of the Belousov-Zhabotinski reaction complex system
involve literally dozens of elementary or pseudo-elementary processes. It has
taken more than 30 years and hundreds of publications to study the experimental
details and the mechanisms of such systems since the first report of the oscillating
reaction, and it is still not compietely understood. Our system is the first chemical
oscillating reaction which involves organometallic complexes. The mechanism we
discussed is only preliminary. Future work would certainly involve using a
computer to simulate this fascinating system and to construct a suitable model.
The model finally selected for a tractable study must be a simplification of the
complete mechanism but must still retain enough detail to generate all qualitative
observations of experimental significance. Therefore, further studies on both

theories and experiments are needed.



CHAPTER FOUR

HIGH-FIELD NMR STUDY OF VERTEX ROTATION IN {C,H_Me,_)MCo,(CO),CR

CLUSTERS (M = Mo, W)

41 Introduction

Over the past few years, logical synthetic routes to mixed metal clusters
have been developed."”'” In particular, tetrahedral systems comprising three
transition metal vertices and a capping carbynyl moiety have been intensively
studied and it is now possible to focus on the structural and spectroscopic
parameters and also the molecular dynamics of a series of such molecules. Two
general synthetic approaches are widely applicable. The first involves the
production of a cluster type such as RCCo,{(CO), which is readily available in

multi-gram quantities'*®**°

and which undergoes facile substitution of a
tricarbonylcobalt vertex by an isolobal’® fragment such as CpMo(CO),,'s' CpNi'®
or Ru(CO),,'® as in Scheme 4.1. The second general route proceeds via the
reaction of a metal-carbyne complex with a molecule containing (or capable of

generating) a metal-metal triple bond.'**'*

113
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In small clusters the fluxionality of ligands (and even of vertices'®*'%) is well

established."  Typically, RCCo,{CO),L complexes are known in which the
carbonyl ligands are found only in terminal positions, as in 62, or in both terminal
and bridging environments, as in 63. In these latter cases the solution infrarad
spectra exhibit more v, stretching vibrations than can be assigned to a single
structure.’®® However, on the NMR time scale, these exchange processes are
so fast as to yield only an averaged *CO resonance in most cases. With the
advent of very high field spectrometers, it is occasionally possible to slow such
exchange processes on the NMR time scale and so establish the molecular
structure. To take a particularly fine example, we note that the C5 symmetry of
H,0s,(C0),CCO in solution was first demonstrated by '“C NMR spectroscopy
which revealed a 2:1:2:2:2 pattern for the CO's at low temperature;'™
subsequently, X-ray crystallography was used to show that the molecule adopted

the same structure in the solid state.'”

Mo Me
L :
\ co \ co
Co / co Co/
0C i oy | > PPay (co),ch | N P(CeHy )3
/ | \ c co \\ Y /CO
co / | co CO —

62 63
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Scheme 4.1 Synthetic routes to mixed-metal clusters

The molecules (C;H;)MoCo,(CO),C-CH,, 64, and (C,H,)W-
C0,(CO),C-C,H,CH,, 65, have been characterized X-ray crystallographically;'’>'"
the structures are almost identical and show that (@) all carbonyls are terminal (b)
the cyclopentadienyl ring is positioned below the trimetallic plane (i.e., distalto the
capping group) and (c) the plane of the aryl ring is parallel to the cobalt-cobait
vector. However, as was pointed out by both sets of authors, the solution infrared
data exhibited too many carbonyl stretching vibrations to be assigned solely to the
structure of the crystalline form. Furthermore, the observation of an infrared band
at ~1875 cm™ was interpreted as implying the presence of an isomer with

semi-bridging carbonyl ligands. The comment was also made'” that rotational
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isomerism attributable to different orientations of the CpM(CO), fragment relative

to the Co,C triangular face should be considered (see Scheme 4.2).
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64 M = Mo; Ar = C6H5

65 M

Il

W, Ar = C6H4Me

To clarify the conformational behavior of these molecules, we undertook a
125 MHz *C NMR study of a series of R-CCo,(CO);M(CO),Cp clusters, where M
= Mo or W, in which the bulk of the substituents in the cyclopentadieny! ring could
be modified. As the apical substituent we chose the isopropyl ester functionality
since its potentially diastereotopic methYl groups could be used as a probe for

chiral systems such as conformation B in Scheme 4.2."7*
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Scheme 4.2 Rotation of a CpMo(CO), vertex relative to a triangular face.

4.2 Results and Discussion

4.2.1 *C NMR and Infrared Spectroscopy

In connection with our earlier studies on chiral mixed metal clusters,'
Karen Sutin had prepared (C;H:)}MoCo,(CO),C-CO,CHMe,, 66, and recorded its
C NMR spectrum over the temperature range +30°C to -90°C. The metal
carbonyl resonances appear as a single peak at reom temperature on an 80 MHz

spectrometer, but at -50°C on a 250 MHz instrument the peak broadens and splits

into a 2:6 pattern with shifts characteristic of carbonyls bonded to molybdenum and
cobalt, respectively. The -90°C *C spectrum recorded at 11.7 Tesla (500 MHz for
'H, 125 MHz for '*C) is shown as trace (a) in Figure 4.1. Clearly, two isomers are

present in solution. The major component has a cobalt carbonyl peak at 203 ppm
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and a molybdenum carbonyl resonaﬁce at 221 ppm; the integrated intensity ratio
is 3:1, corresponding to Co,(CO), and Mo(CO), fragments. The minor component
likewise exhibits a 6:2 ratio of cobalt to molybdenum carbonyis but now the latter
resonance is found at 230 ppm — a region more typical of bridging or semi-
bridging bonded carbon monoxide ligands on molybdenum.'”® As shown in trace
(b) of Figure 4.1, similar behavior is exhibited by the monomethylcyclopentadienyl
analogue, ©7, but the pattern is completely reversed for the
pentamethylcyclopentadienyl compiex, 68. Figure 4.1 also shows the 125 MHz °C
NMR spectra of the corresponding tungsten clusters, and again the

{CsHs)WC0,(CO),CR, 69, and (™ H,Me)WCo,(CO;,CR, 70, molecules favor the
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structure with high field tungsten carbonyls (at 208 ppm) while in the

(CsMe;)WCo,(CO),CR system, 71, the low field (high frequency) tungsten carbonyl
peak predominates. In these latter molecules, the carbonyl resonances assigned
to the W(CQ), fragment are unambiguously distinguished from those of the
Co(CO), groups not only by their characteristic chemical shifts but also by the
observation of satellite peaks attributable to coupling to the "W nuclei (I =1/2;
14% abundant).

It is a commonly observed phenomenon that carbonyl ligands which find
themseives in bridging environments exhibit a marked high frequency shift relative
to situations in which they are terminally bonded to the same metal. Typically,
Fe('*CO), moieties in clusters resonate at approximately 215 ppm but a carbony!
which bridges two e atoms can be deshielded by more than 30 ppm; analogous
data exist for bridging carbonyls bonded to a variety of other metals.-‘"""' The
evidence thus suggests that, in the clusters 66 through 71, the predominant
conformation adopted by those molecules containing unsubstituted or
mono-substituted cyclopentadienyl groups is one in which the carbonyl ligands
bonded to molybdenum or tungsten possess only terminal carbonyls; in contrast,
with the much more bulky pentamethylcyclopentadienyi group, the CO's attached
to the Group 6 metal apparently adopt a bridging or semi-bridging position in the

predominant isomer.
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The low-temperature *C NMR spectrum of Ph-CCo,(CO);Mo{CO),(C.H,),

64, is in accord with the pattern observed for all the other complexes bearing
unsubstituted cyclopentadienyl rings. That is, the predominant isomer exhibits a
Mo-carbonyl resonance at 223 ppm while in the minor isomer the corresponding
peak is found at 232.5 ppm. Again, the major constituent has terminal carbonyls
on molybdenum in accord with the structure found X-ray crystallographically in the
solid state. These arguments are buttressed by infrared data on Ph-
CCo,{CO);Mo(CO),(C;H;). As previously reported by Vahrenkamp and shown
again in Figure 4.2, the infrared spectrum in CH,Ct, exhibits many v, bands,
including a weak absorbance at ~1875 cm™ which suggests the existence of a
semi-bridging carbonyl. This feature is entirely absent when the infrared spectrura
of 64 is recorded as a KBr pellet. In an entirely analogous fashion, the solution
and solid state infrared spectra of (C;H,Me)WCo,(CO),C-CO,-Pr, 70, demonstrate
(see Figure 4.2) the existence of a smali fraction of the semi-bridged isomer in
solution but a single all-terminal structure in the solid state. The situation is quite
different for the pentamethylcyclopentadienyl complexes 68 and 71 for which the
semi-bridging situation is favored both in solution and in the solid phase.

Before postulating viable structures for the two isomers detectable on the
NMR time scale, we must examine the evidence provided by the other NMR
probes that have been built into the molecules. We note initially that the *C ring

carbon resonances are split at low temperature into the same intensity ratios as
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Figure 4.2  Sections of the infrared spectra of the clusters 64, 70, and 68 in
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are the carbonyils. We can thus associate a given set of cyclopentadienyl peaks
with a particular isomer. Itis also particularly significant that, although we see two
sets of resonances in either the 'H or °C spectra for the methyl groups of the
isopropyl ester substituent, these signals are never split into diastereotopic pairs,'™
that is, the molecules adopt achiral conformations. We can, therefore, eliminate
rotamers of the CpM(CQ), vertex (for example, conformer B in Scheme 4.2) which
place the cyclopentadienyl group in a gauche position with respect to the Co,C
triangle. {This assumption is only valid if there is no very low energy process that
equilibrates enantiomeric gauche conformers. it is noteworthy that a gauche
orientation for a CpM(CO), unit has been crystallographically characterized in
(CsHs)W(CO),Fe,(CO)(u-CO)C-C;H,Me; in that case the *CO region shows only
a single resonance but no low temperature data were reported.'®] Moreover, we
can also see that structures invoiving three bridging carbonyls, such as 72, are not
viable candidates since the observed ratio of cobailt carbonyls to molybdenum or
tungsten carbonyls is inconsistent with such a formulation. The most reasonable
structures for the isomers observable by NMR are those which place the
cyclopentadienyl rings either below (distal to the carbynyl cap) or above the
trimetallic plane (proximal to the cap), as in 73 or 74, respectively, and which

preserve the mirror symmetry of the molecule.
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4.2.2 Vertex rotation and CO exchange
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Karen Sutin grew crystals of (CsMeg)MoCo,(C0),C-CO,-iPr, 68, and solved

the structure shown in Figure 4.3. The crucial differences relate to the orientation

of the Cp*Mo(CO), moiety which is now positioned such that the C;Me, ring is
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proximal with respect to the carbynyl capping unit. Moreover, the molybdenum
carbonyls, which are clearly terminal and linear in 64 and 65, are semi-bridging in
68.

It is interesting to speculate on the reasons for the preferred orientation of
the bulky pentamethylcyclopentadienyl ring in a site proximalto the carbynyi cap.
One might suggest that the enhanced electron-donating capability of the
pentamethylated ring causes a build-up of charge on the molybdenum or tungsten
atom; this in turn can best be alleviated by siphoning off the_excess electron
density to the tricarbonylcobalt centers via semi-bridging carbonyls. In this vein,
we note that in (C;H;)W(CO),Rh,(acac),(n-CO)C-C,H,Me, 76, the cyclopentadienyl
group is proximal and the semi-bridging tungsten carbonyls appear to be trying to

compensate for the electron deficiency at the rhodium centers.'™
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Cp / \ . co”
\ {N /th(qcac) \ ) T ~co
/ w T~ - co JI
Co

(acac) | \ Fe ' €O
Cco acac Co
co/ | ™o
c
O

76 77



126

Figure 4.3 View nf {C;Me;)MoCo,(CO),CCO,--Pr (68), showing the atom

numbering scheme.
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Therefore, we know that in solution the predominant conformers of
(CsHs)MCo,(CO),C-R, ie., 64, 65, 66, 69, and of (C;H,Me)MCo,(CO),C-R, i.e., 67,
70, are of type 73 whereby the cyclopentadienyl group is oriented below the plane
of the three metals and all the carbonyls are clearly terminal, as in the solid
state.” In contrast, conformation 74 is found in both phases for the analogous
C:Me; clusters 68 and 71. Nevertheless, since the rgom temperature NMR
spectrum shows only an averaged '*CO environment, it is obviously incumbent
upon the molecule to spend at least part of its time in a conformation which
facilitates the transfer of carbony! ligands from one metal vertex to another. This
criterion may best be satisfied by a conformation such as 75 which could be
attained from 74 with only minor adjustments. Fluxionality of axial ligands has
been invoked in RCCo,(CO),(diphos) and related molecules'®'® in which the
diphos ligand occupies two equatorial sites and so blocks the conventional merry-
go-round.'®” Moreover, Farrugia has shown that in Fe,M(u-H){u,-COCH,)(CO),(n-
CgH;), 77, where M = Co or Rh, the single carbonyl bound to cobalt or rhodium is
axially positioned and can undergo exchange with the carbonyls on the iron
atoms.”®™®  (In some ways this process resembles the intermetallic carbonyl
migration in (C4H,),Rh,(CO), reported some years ago by Shapley.'®®) McGlinchey
and his coworkers have already reported' that the barriers to intermetallic
carbonyi scrambling in tetrahedral CpMCo,(CO),CR systems are of the order of

9-10 keal mol* and such values fit in well with the barriers to rotation of the
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(CsHs.,Me, )Mo vertices in (RCECR)CD2M2(00)4 clusters,;1_86'188 it is interesting

to speculate whether these two fluxional processes are interdependent. Since the
CO ligands can only be transferred from metal to metal when they can adopt a
bridging or semi-bridging bonding mode, it seems not unreasonable to postulate
that the ability of the carbony! ligands to migrate over the triangle of metals is
controlled by the ease of rotation of the CpM(CQ), vertex.

To investigate tiie viability of the hypothesis that the intermetallic migration
of carbonyls is controlled by the barrier to CpM(CO), vertex rotation, we recorded
the variable temperature 13C spectra of (C5H,Me)MoCo,(CO)CCO,CHMe,, 67,
and Figure 4.4 shows the behavior of the metal carbonyl resonances over the
range 203-293K. It is clear that rotation of the CpMo(CO), vertex must
interconvert the Mo-CO peaks at 8 204.1 and 200.9. Moreover if the migration of
the carbonyl ligands batween molybdenum and cobalt centers can only occur when
the molybdenum vertex adopts a particular conformation (for example, a gauche
rotamer), then the rate constant for intermetallic carbonyl exchange cannot exceed
the rate of vertex rotation. Thus, the simulated spectra shown in Figure 4.4 were
obtained by using the same rate constant for proximal-distal interconversion as for
intermetallic carbonyl migration at any given temperature; gratifyingly, the
agreernent is excellent. An Arrhenius plot of these data yield an activation energy
barrier of 8.8 + 0.3 kcal mol'!. We are therefore drawn to the conclusion that

these two fluxional processes are indeed correlated.
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4.2.3 Chiral Clusters

The fluxional processes discussed ahove involve either rotation of a
CpM(CO), vertex or the intermetallic migration of carbonyls between mo[ybdenu.m
(or tungsten) and cobalt vertices. However, the mirror symmetry of clusters of the
type 73 and 74 precludes the detection of slowed carbonyl exchange between
Co(CO), moieties;"™ that is, such a fluxional process is hidden because the cobalt
environments are equivalent. To break this symmetry it is necessary to
incorporate a chiral substituent and thus render diastereotopic the two Co(CO),
sites. McGlinchey et al. have previously reported'*'* the syntheses of a series
of such clusters in which the capping carbynyl group bears a chiral substituent
derived from a natural product such as a steroid or a terpene. Scheme 4.3 shows
the synthetic routes to the clusters (C;H;)MoCo,(CO),C-R*, 78 and 79, in which
the chiral units are derived from menthol and from podocarpic acid {a naturally
occurring diterpene, readily available from the New Zealand rimu tree'®),
respectively. These clusters are now not only inherently chiral but also bear
relatively bulky ester substituents.

The establishment of the rotameric structures of these clusters allows one
to assign unambiguously a given Co(CO), resonance to a molecule in which the
cyclopentadienyl ring is positioned either distal or proximal to the cap. Figure 4.5
shows the variable-temperature *C NMR spectra of 78 in the cobalt carbony!

region.



131

%(00)%ondo (A1) B(00)%00 (i) pioe adieaopad (1) O%(003)/ 1M (1)

‘61 pUB g2 S191SN|D (BIIYD 8y} 0] S8IN0J OBYJUAS £y swayog
8l
0]
L) ”_.\o ”
oy i
\/Va\u...upv
(LlaTU] i e R
/\ (AL} ©m
? (1 u_d
D\UId 3 O\/a
u}.@/ }@/ﬁ}i
HOH
6.
3 0 : D
0 J 0 [¢] 3.0 1)
G, _\u 0y _u S o, _u
S S D i
\ —" "™ 3 1} \ —"7 T3 (§3] \\ =g
_§_~_8_cxﬂ \ sazs.e.ﬂ \ _538_2” \

} _
+ na_ 2157702
0

H
c\ .//c
IS
W02



132

MeH
&
0\? /0
C

/ }Ho(tmzloﬁal

230 220 210 200 §

Figure 4.5 Variable-temperature 125.7-MHz *C NMR spectra in the metal

carbonyl region fur 78.
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Itis readily apparent that at the lowest accessible temperature the Co(CO);4
resonances of the minor isomer only are split into two equally intense peaks.
The Gutowsky-Holm approximation yields a AG, 4, value of = 8.6 £ 0.5 kcal mol ™.
The podocarpate complex 79 behaves similarly in that the minor Co(CO), peaks
broadens out but does not yield a fully resolved limiting spectrum; apparently AG*
is somewhat lower than for 78. These observations must mean that carbonyl
exchange between the two cobalt centers has been slowed on the NMR time scale
and the diastereotopic nature of these vertices is now evident. Since we know that
in this rotamer the cyclopentadieny! unit is oriented proximally to the carbynyl cap
one might conclude that the bulky menthol (or slightly less bulky podocarpate)
fragment is constrained to lie over the cobalt-cobalt bond, as depicted in the
CHEMX model'®® shown in Figure 4.6. In the predominant isomer of 78 or 79,
where the cyclopentadieny! ring is distal and the chiral capping unit is free to
rotate, the cobalt vertices are, of course, still diastereotopic but their chemical shift
differences may be smaller than they are in the minor rotamer where the chiral
group is held closer to these metals.

In summary, therefore, it has been shown that the fluxional behavior of
clusters of the CpMCo,(CO)gC-R type, where M = Mo or W and Cp bears zero,
one or five methyl substituents, can be rationalized in terms of restricted rotation
of the CpM(CO), vertex such as to give isomers in which the cyclopentadienyl ring

lies either proximal or distal with respect to the carbvnyl capping group. In either
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case, the Cp ring is bisected by a molecular mirror plane thus rendering the

Co(CO);, vertices equivalent unless the capping group is made chiral in which case

slowed exchange of CO's between cobalts is observable.

Figure 4.6 CHEMX model of the cluster 78 in which the C;H, ligand is proximal
to the capping group and the bulky menthol substituent lies over the

cobalt-cobalt vector.



CHAPTER FIVE

VARIABLE-TEMPERATURE 1- AND 2-DIMENSIONAL'*C NMR STUDIES ON

CH,CCo,(CO),P(cyclo-C¢H,,); : THE MECHANISM OF CARBONYL MIGRATION

51 Introduction

The fluxional behavior of carbonyl ligands on metal cluster surfaces has
attracted much attention for a considerable number of years. Some very fine
experimental data have emerged; especially notable are the ingenious and elegant
experiments carried out to elucidate the carbonyl scrambling mechanisms in heavy
metal clusters.** Moreover, the thought-provoking ideas of Johnson and Benfield
may give us cause to re-evaluate our models of fluxionality in metal clusters.'’
Nevertheless, the situation is much less clear for carbynyl-capped tricobalt systems
in which not only local rotation of Co{CO), vertices but also intermetallic carbonyl
migrations have such low barriers that the *CO NMR spectrum in solution is
almost invariably a single line even at very low temperatures. Very recently, the
nine-fold degeneracy of the carbony! ligands in [Co,(CO),C-C=0J’, 80, and in

Co,(C0),C-CH(CH,C1),, 81, has been split to give in each case a 6:3 pattern at

135
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low temperature.'®>'™® Although these results yield valuable structural information,

they do not provide unequivocal answers to mechanistic questions.

cF
c
(CO)-Co — — (s - Co(CO)5
= N/ s T\
\

Co(CO) 3

oO———O I

Co{CO} 3

80 81

To our knowledge, the only other carbynyl-tricobalt cluster showing well-
defined fluxional behavior is CH,CCo,4(CO);P(cyclo-C.H,,); which has the triple-
bridged structure 63 in the solid state.*® '*C NMR measurements on 63 at 25
MHz suggested®' that the low temperature limiting spectrum would yield a
1:2:1:2:2 pattern for the carbonyl resonances, consistent with the solid state
structure. These data prompted us to initiate a study using high field
instrumentation which might allow a more complete analysis of the molecular
dynamics of this system. We now report the variable-temperature one- and two-
dimensional *C NMR spectra of 63 obtained at 11.7 tesla (500 MHz for protons,

125.7 MHz for carbon-13 nuclei).
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63

5.2 Results and Discussion

It has been established that the factors which affect the equilibrium between
the bridged and non-bridged isomers 82 and 83 are rather subtle.?®® Nevertheless,
it is generally true that bulky electron-donating phosphines favor the triple-bridged
structure 82 which has been characterized crystallographicalily for the case where
L = P(cyclo-CeH,,)., 63.2° Matheson and Robinson attermipted to quantify the
equilibrium ratios of 82:83 by using variable-temperature infrared spectroscopy and
they concluded that for CH,-CCo,{CO)4P(cyclo-C¢H,,)s, 63, this ratio was 88:12 at
195 K*' We now report the ™C NMR spectra of 63 as shown in Figure 5.1.

These measurements confirm the preliminary report that the fluxionality of this
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complex can be slowed on the NMR time-scale at low temperature. However, we

found no NMR evidence which indicated the presence of any other isomer (such
as 83). The relative intensities make assignment of the carbonyl peaks trivial

except for the resonances at & 200.4 and 5 198.8; these are clearly the terminal

ligands (D and E) on the cobalts which do not bear the phosphine ligand.
Aithough one cannot unequivacally assign a given resonance to the D site or the

E environment, it turns out that this distinction is not crucial to the mechanistic

argument.

/\\C°""C\ /l

82 83
Before attempting to simulate the set of variable-temperature experimental

spectra shown in Figure 5.2 one must, of course, select a chemically reasonable
scenario which ultimately equilibrates all the sites. The simple merry-go-round
process,®® shown in Scheme 5.1, will eventually equilibrate the A, B, C and D

environments.
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283 X k=120000 s!

Figure 5.2 Experimental and simulated variable-temperature *C NMR spectra

of CH,CCo,(CO),P(cyclo-CH,,},, 63, in the metal carbonyl region.
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Moreover, at the bridge-opened stage, rapid local rotation allows the axial ligands,
viz. E and E’, to enter the sequence and so scramble all carbonyl sites.
In their early work, Matheson and Robinson proposed an alternative

pathway which invoived concerted conrotatory movement by =100° of each cobalt

vertex so as to interconvert the bridged and non-bridged configurations.® This
proposal would require the tricyclohexylphosphine ligand to oscillate between axial
and equatorial positions. Such a process, in conjunction with local rotation of each
cobalt vertex would allow each carbonyl access to all the other sites. However,
we are less enthusiastic about moving the extremely bulky tricyclohexyl-phosphine
ligand from its axial position and instead prefer the simple merry-go-round process.

However, we wish to make the following points: (i) if the merry-go-round
could operate rapidly without the intermediacy of a completely non-bridged isomer
we should see rapid exchange among the A, B, C and D environments and a
subsequent slower collapse of peak E; (ii) in contrast, if the rate-determining step
is the formation of the all-terminal isomer 83 {and local rotation of each Co(CO),
vertex has a very low barrier) then the rate for D < E exchange will be twice as
fast as the interconversions A=< D, A E,Bo2D,BoE Ao BorBeC.
That is, each time the bridges open, half of the nuclei in the B environment
exchange with C while the other 50% equilibrate with A, D and E; concomitantly,
the single A nucleus also scrambles with B, D and E. But, and this is the crucial

point, the entire populations of D and E are immediately rendered equivalent. Note
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that the C nucleus {which is attached to the same cobalt as the phosphine) cannot

move directly onto the other cobalts without passing through one of the B sites.
Hence, A & C exchange must have the smallest rate constant. In light of these
considerations, the experimental spectra in Figure 5.2 were simulated by usirig the
exchange matrix shown in Table 5.1 for which the rate constant for D < E
interconversion was twice that for the others. Gratifyingly, there is an excellent
correspondence between the experimental and calculatedlspectra and the resulting
Arrhenius piot yields a value of 11.6 + 0.3 kcal mol™ for the activation energy. In
the preliminary study®' already referred to, the activation energy for carbonyl
scrambling was estimated from a single coalescence temperatura tut such an

approach is not valid for a multi-site exchange process with unequal populations.

Table 5.1. Exchange Matrix for Carbonyi Fluxionality in 63.

A B C D E
A — Kk 0 k k
B Kk —_ k k k
C 0 k — 0 0
D k K 0 — 2k
E k k 0 2k —
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Although the line-shape simulations discussed above were in excellent

agreement with the experimental spectra and any deviation from the exchange
matrix in Table 5.1 {e.g., D & E = 3k) led to a significantly worse fit, we decided
to seek independent evidence which might-' shed light on our mechanistic
proposals. We therefore chose to look for direct evidence of the propesed
mechanistic pathway and selected the 2D-EXCHANGE pulse sequence
(NOESY)™* for this purpose. The NOESY sequence, viz.,
2 —ty —n — 1, — W2 —1,

differs from the standaru COSY experiment by the addition of a mixing time (t,,)
which provides an opportunity for a nucleus undergoing chemical exchange to
migrate to another site. The experimental problem is to find an appropriate
combination of mixing times and temperatures to detect different stages ot the
fluxional process. |f the rate constant, &, is much less than 1/T,, then the
frequency-labelled z magnetization will disappear before the nucleus has a chance
to migrate;** in this particular instance, the presence of the quadrupolar cobalt
nuclei reduces the carbonyl T,'s to less than 100ms. On the other hand, we
cannot raise the temperature to such a value that the rate constant causes us to
lose the chemical shift difference between the exchanging sites. Figure 5.3a
shows the result of an experiment carried out at 183 K but using a rather short

mixing time of seven milliseconds. The only detectable process under these

conditions is the D < E exchange. Use of a slightly longer mixing time (t,, = 10



145

ms) reveals a network of exchanging spins but not of A & C, as shown by the
cross-peaks indicated in Figure 5.3b. These experiments provide clear qualitative
evidence that the exchange between the D and E sites is the fastest process while
the A < C interchange is the slowest one. in principle, one could attempt to
quantify the 2D-EXCHANGE data as has been elegantly described vy Orrell et
al.*® The experimental problem in this particular case is that, even at high field,
the temperature range over which the chemical shifts remain distinct is only about

20° and so it is difficult to obtain good variable-temperature data.

It is also of interest to view the low frequency (high-field) region of the '*C
spectra of 63 which depict the resonances of the tricyclohexylphosphine ligand; as
the temperature is lowered, these peaks exhibit clear decoalescence behavior. As
shown in Figures 5.4 and 5.5, the C(1) and C(4) peaks are split 2:1, while the C(2)
and C(3) resonances each yield 2:2:2 patterns. This is readily explicable in terms
of the crystal structure of 63 which reveals effective Cs symmetry. At low
temperature the local three-fold symmetry of the phosphine ligand is broken as
rotation about the phosphorus-—cobalt bond becomes slow on the NMR time-scale.
We see from Figure 5.6 {which depicts the conformation of 63 as established by
X-ray crystallography®®) that, as expecied, the three cyclohexyl rings adopt chair
conformations in which the phosphorus is positioned equatorially. Two of these
cyclohexyl groups are related by the molecular mirror plane while the third ring

straddles this plane. The former two rings are oriented such that one half of each
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cyclohexyl fragment is proximal with respect to the tricobalt plane while the other

edge of each ring is distal. Moreover, as shown in Figure 5.6, the axia! proton at
C(1) in the unique ring points inward toward the pseudo three-fold Co—P axis
while the corresponding axial H(1) atoms are directed outwards in the other two

cyclohexy! rings. Thus, simple rotation through 120° about the cobait-phosphorus

axis does not suffice to interconvert all the C(2) and C(3) sites; rotation about the
C(1)-P bonds is also required. Of course, these rings cannot {lip to the other chair
since the conformations are locked in place by the enormous P(CH,,), groups in
the equatorial positions.

Figure 5.5 shows the simulations of the variable-temperature spectra and
yields a barrier of 10.8 + 0.4 kcal mol”. One is tempted to propose that the rather
similar values of AG* for carbony! migration and for phosphine rotation are not
mere coincidence. Undoubtedly the wvery large cone angle of

tricyclohexylphosphine (=180° + 10°) causes steric problems and may severely

restrict rotation not only of the phosphine but also of the cyclohexyl rings in the
triply-bridged isomer 63. Molecular modelling studies on tricyclohexyl-phosphine
itself suggest that rotation of a single ring is difficult and that correlated rotations
of the rings are favored.? It is indeed possible that bridge opening to an isomer
such as 83 provides release of steric strain and so facilitates phosphine rotation.
Thus, the two fluxional processes, viz., carbonyl migration and phosphine rotation

may be correlated but such a scenario is certainly not mandatory.
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Views of the X-ray crystal structure of 63; (a) shows the chair
conformations of the cyclohexyl rings while (b) is a view along the
phosphorus—cobalt bond showing the relative orientations of the

tings. [The atom coordinates are taken from Ref. 200.]
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To conclude, we have shown that the exchange mechanism in 63 occurs

viaa completely bridge-opened structure in which local rotation of Co(CO), vertices
is rapid; thus these two carbonyl migration processes can be simulated by a single
set of rate constants at a given temperature. To put these results in perspéctive.
we note that in Fe(CQ),Co,(CO),S the local rotation of the Fe{CO), vertex can be
slowed on the NMR time-scale but rotation of the cobalt fragments can not.?*® This
has been rationalized with the aid of molecular orbital calculations at the extenced
Hickel level.?® Interestingly, in CpMo(CQ),Co,{CO),CR clusters (which have all-
terminal ground state structures) the rate of carbonyl migration between
molybdenum and cobait centers is controlled by the rate of CpMo(CO), vertex

rotation?'%@,

5.3  Future work

The results obtained for the two research projects discussed in the
preceding chapters allowed us to successfully draw some specific conclusions
regarding the fluxional behavior of trimetallic organotransition metal clusters.
Future work could focus on other trimetallic clusters, such as Ru,(CO),,(dppm), in
which the bidentate ligand, bis(diphenylphosphino)methane, bridges two ruthenium
atoms in the equatorial plane. The X-ray crystal structure showed that all the

carbonyls are terminal. Thus, the ®C NMR spectrum yields a 4:2:2:2 splitting
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1.2190) They studied the variable-

pattern as previously reported by Cotton et a
temperature '2C NMR spectra of Ruy(CO),,(dppm) and all the peaks coalesced
at 111°C. They proposed two carbonyl exchange mechanisms. The first
exchanges A and B, while the second (higher energy) exchanges C or D with A
or B and involves the concerted formation of three bridges on one face of the
triangle of ruthenium atoms, as shown in the Scheme above. We wish to raise two
pnints here. (1). The line shape analysis at temperature as high as 111°C may be

somewhat unreliable since the compound is known to decompose above this

temperature. (2). The mechanism they proposed to exchange C, D with A, B has
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been shown by EHMO caicuiations to have a very high barrier. Actually, it is

rather trivial to understand this by calculating the distances between the CO's. in

this intermediate, the three CO's are only 1.4 A away from each other, which

causes the very high energy barrier.
An experiment to verify this could be 2D-EXCHANGE which would allow us
to avoid raising the temperature and thus provide direct evidence for the exchange

mechanism.

To follow up this work, one could carry out EHMO investigations on these

and other related migration mechanisms.



- CHAPTER SIX

EXPERIMENTAL

All reactions were carried out under an atmosphere of dry nitrogen
employing conventional benchtop and glovebag techniques. All solvents were
dried according to standard procedures betore use.*"

ESR spectra were recorded on a Bruker ER-100D instrument operating at
X-band frequency with 100KHz modulation. Spectral simulations were carried
using the ESR program on the Bruker ASPECT 2000 computer. The g values
were caiculated from a knowledge of the microwave frequency and the magnetic
field, the latter having been calibrated by use of DPPH. The ESR samples were
prepared on a vacuum line. Trne two reactants were degassed three times
separately before mixing in an ESR tube which was then sealed. The reaction
mixture was kept in liquid nitrogen prior to the recording of the ESR spectra. The
concentrations of the reagenis used were in the range 0.005-0.02M.

"®C NMR spectra were recorded on "*CO enriched samples at 125.7 MHz
by using a Bruker AM 500 spectrometer equipped with a 5 mm dual frequency
'H/"°C probe. 'H NMR spectra were recorded using Bruker AM 500, AC 200 and
Varian EM330 spectrometers. 'H and "*C chemical shifts are reported relative to

155
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tetramethylsilane. Where necessary, peaks attributable to the minor isomer are

marked with an asterisk (*). Carbon-13 2D spectra were obtained at -90°C by
using the standard NOESY pulse sequence, D1 - 90 - DO - D9 - 90 - FID. Spectra
were acquired by using 16 scans for each of 256 FID's that contained 1024 points
in the F2 dimension covering a spectral width of 6024 Hz., Delay D1 was 0.15 s,

delay DO was 3 ps, delay D9 was 10 ms and the 90° pulse width was 5.7 pus. The

F1 dimension was zero filled to 512 points and a Gaussian window function was
applied in both dimensions during Fourier transformation using a line broadening
factor (LB) of 5G and a Gaussian broadening factor (GB) of zero. NMR
simulations were carried out by using the multisite EXCHANGE program
generously provided by Professor R. E. D. McClung (University of Alberta at
Edmonton).

Molecular modeiling studies were conducted by using the CHEMX modelling
package.?® Infrared data were obtained on a Nicolet 7199 FTIR spectrometer
using either NaCl solution cells or KBr pellets. Mass spectra were obtained with
a double-focusing VG ZAB-E mass spectrometer under positive ion fast atom
bombardment (FAB+) and negative ion fast atom bombardment (FAB-) conditions.
Anaiytical data are from Guelph Chemical Laboratories, Guelph, Ont.

Cyclohexa-1,3-diene, nitrosobenzene, and 2-methyl-2-nitropropane were
purchased from Aldrich and were used without further purification.

Acetoxymercuridurene was synthesized following published procedures.?"”
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10g of durene was dissolved in 50ml of methanol, and 23.73g of mercuric acetate
was introduced. Enough acetic acid (9ml) was added and the solution was refluxed
for a week. Acetoxymercuridurene was soluble in the hot reactipn mixture; the
solution was filtered from the insoluble diacetoxymercuridurene and cooled. The
~ crude product was crystailized from methanol.

Acetoxymercuripentamethylbenzene was synthesized in a similar method
of acetoxymercuridurene.®® 10g of pentamethylbenzene was dissolved in 50 mi
of metiranol, and 21.4 g of mercuric acetate and 8 ml of acetic acid were added.
The solution was refluxed for 7 days. f.cetoxymercuripentamethylbenzene was
filtered from the hot reaction mixture and crystallized from chioroform.

Nitrosodurene, 5, was synthesized using the method of Smith and
Taylor.”'* The acetoxymercuridurene (5.04 g) was dissolved in chloroform (25 mi};
the solution was cooled in an ice-bath and stirred. A mixture of hydrochloric acid
(3.75 ml, concd.) and acetic acid (5 ml) was added. NOCI gas was then
introduced to the solution for 30 min. and the reaction mixture was stirred for
another 30 min. The chloroform solution extracted with water, warmed to dissoive
all the product, extracted three more times, treated with 2.5 mi of methanol,
filtered, concentrated by distillation, and cooled. The crystaliized product was
obtained as white needles.

Nitrosopentamethylbenzene, 6, was synthesized in a similar method to

nitrosodurene. 10 g of acetoxymercuripentamethylbenzene was dissolved in 50
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ml of chlo‘foform; the solution was cooled in an ice-bath and stirred. A mixture of
hydrochiloric acid (5 ml, concd.) and acetic acid {10 mi) was added. NOCI gas was
then introduced to the solution for 30 min. and the reaction mixture was stirred for
another 20 min. The reaction mixture was washed with water {mercury sait
recovered) and filtered. The solid was recrystallized from chléroform. The green
filtratel. evaporated and cooled, deposited more nitrosocompound. The substance
was recrystallize from chloroform twice. The crystallized product was obtained as

white needles.

(Benzylideneacetone)iron tricarbonyl was synthesized following the literature

procedure.?’®

C¢H,Fe(CO),'BF, (40) was prepared by heating cyclohexa-1,3-diene with
an Fe(CO), precursor, namely, (benzylideneacetone)iron tricarbonyl under reflux
for 24h in toluene. The reaction mixture was cooled, filtered through celite and the
solvent removed by rotary evaporation. Subsequ. .* shromatographic separation
on a silica column and elution with a 1:1 mixture of hexane and toluene afforded
the appropriate complex ( 60% yield) as previously reported by Birch.?'® The
compiex was then treated with Ph,C* BF, in CH,CI, and the cationic complex 40
was obtained as a yellow precipitate upon addition of ether.

The steroidal cation 42 was synthesized in a similar fashion from its
' Fe(CO), complex. The experimental details and NMR spectroscopic data refer to

ref. 217.
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C0,{C0),C-CO,-i-Pr was prepared according to the literature method,'”® and
¥CO enrichment was carried out as previously described.'”
(C;H;)M0Co,(CO),C-CO,-+Pr (66) was prepared according to the method
of Mlekuz et al**® "®C NMR & 247.0 (apical C), 207.9 (all CO’s), 177.7 (ester CO),
92.3 (C,H; ring), 69.3 (CHMe,), 22.1 (CHMe,); at 193 K, § 230.5*, 221.2 (Mo-
CQ's), 202.8, 200.2" (Co-CO's), 94.0%, 90.1 (C;H; rings).
(C;H,Me)MoCo,(CO),C-CO,-Pr (67). A solution of Co,(CO),C-CO,-i-Pr
(0.30 g, 0.56 mmol) and [(C,H,Me)Mo(CO)4], (0.15 g, 0.29 mmol) were heated
under reflux in 20 mL THF during 8 h. Progress of the reaction was followed by
TLC on Kieselgel (eluent ether/petroleum ether 15/85); the desired product 67
gave a green spot at R, = 0.47. Chromatography on silica gel (10u/200 mesh)
yielded dark green crystals of 67 (0.080 g, 0.13 mmol; 23%): mp 82°C; IR
((CH,CL,) voo 2087(m), 2076(m), 2050(s), 2028(s), 20086(s}, 1961(w), 1938(m),
1666 (ester) cm™; IR (KBr) voo 2074(m), 2018(s), 2001(s), 1974(m), 1952(m),
1920(m}, 1661 (ester) cm™. "*C NMR § 247.2 (apical C), 208.3 (all CO's), 184.5
(ester CQ), 106.5 (Cp ring C-Me), 91.3, 89.5 (Cp ring CH's), 63.4 (CHMe,), 22.1
(CHMe,), 14.1 Cp Me; at 183 K, 8 231.8", 222.2 (Mo-CO's), 203.1, 200.6* (Co-
CO's), 106.5, 91.4, 89.5, 106.5%, $5.1*, 92.5*, (C,H,Me rings). Anal. Calcd for
C,oH1,C0M00,,: C, 37.04; H, 2.29. Found: C, 37.07; H, 2.04.
(C;Me;)MoCo,(CO),C-CO,-~Pr (68) was prepared according to the method

of Sutin et a.'™ '*C NMR & 248.8 (apical C), 209.9 (all CO's), 178.5 (ester CO),
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108.1 (C,Me; ring), 63.0 (CHMe,), 22.1 (CHMe,), 10.2 (C,Me, ring); at 193 K, &

235.0, 223.5" (Mo-CO's), 204.1%, 200.9 (Co-CO's), 105.3, 104.8* (C,;Me, rings),
12.0, 10.2 (C;Me; rings).

(CsH;)WCo0,(CO),C-CO,-~Pr (69). Analogously to the preparation of 67,
C0,4(CO),C-CO,-i-Pr (1.64 g, 3.04 mmol) and [{C,Hs)W(CO),], (2.10 g, 3.04 mmol)
were heated under reflux in 100 mL THF during 43 h. to give brown crystals of 69
(0.055 g, 0.08 mmol; 3%): mp 99°C; IR ((CH,C4,) v.o 2087(m), 2077(m), 2040(s),
1 2025(s), 2006(s), 1956(w), 1933(w), 1879(w), 1668 (ester) cm™; IR (KBr) veo
2076(m), 2019(s), 1998(s), 1970(rn), 1947(m), 1921i(w), 1661 (ester) cm™. °C
NMR & 202.6 (all CO's), 90.5 (C;H, ring), 69.3 (CHMe,), 22.1 (CHMe,); at 193 K,
3 216.3", 206.0 [J("®W-"°C) = 165 Hz] (W-CO's), 201.0, 198.6" (Co-CO's). Anal.
Calcd for C,gH,,C0,W0,,: C, 31.33; H, 1.75. Found: C, 31.42; H, 1.93.

(C;H,Me)WCo,(CO),C-CO,-~Pr (70). Analogously to the preparation of 69,
Co,(CO),C-CO,-i-Pr (1.00 g, 1.85 mmol) and [{C,H,Me)W(CO),], (1.30 g, 1.87
mmol) were heated under reflux in 150 mL THF during 24 h. to give brown crystals
of 70 (0.101 g, 0.14 mmol; 8%): IR ((CH,Ct,)} v, 2086(m), 2076(m), 2048(s),
2024(s), 2005(s), 1953(w), 1931(m), 1875(w), 1662 (ester) cm™; IR (KBr) veo
2076(m), 2031(s), 1997(s), 1970(m), 1841(m), 1661 (ester)cm™. *C NMR § 202.9
{all CO’s), 185.0 (ester CO), 106.5 (Cp ring C-Me), 91.6, 90.9 (Cp ring CH's), £8.2
(CHMe,), 22.1 (CHMe,), 13.8 Cp Me,; at 193 K, 5 218.1%, 207.3 [J('"®*W-"°C) = 164

Hz] (W-CO’s), 201.2, 198.7" (Co-CO's), 105.8, 90.7, 89.3, 105.8", 94.5%, 92.5°,
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(CsH,Me rings). Anal. Caled for C,;H,,Co,WC,,: C, 32.41; H, 2.00. Found: C,

32.36; H, 2.23.

(C;Me,)WC0,(CO),C-CO,-Pr (71). Analogously to the preparation of 69,
Co4(CO)¢C-CO,-i-Pr (1.17 g, 2.17 mmol) and [(C;Me)W(CO),), (0.83 g, 1.10 mmol)
were heated under reflux in 35 mL THF during 24 h. to give dark green crystals
of 71 (0.055 g, 0.07 mmol; 3%): mp 173°C; IR ((CH,CU,) v 2081(s), 2044(s),
2023(s}, 1915(m), 1856(w), 1656 (ester) cm™; IR (KBr) v.o 2080(s), 2042(s),
2009(s), 1905(m), 1858(m), 1665 {ester) cm”. C NMR & 239.7 (apical C), 205.4
(all CO’s), 182.2 (ester CO), 104.1 (C;Me, ring), 69.0 (CHMe,), 22.0 (CHMe,), 10.1
(CsMe; ring); at 193 K, & 222.3, 209.3"* [J("™W-'°C) = 165 Hz] (W-CO's), 202.7*,
199.2 (Co-CO’s), 105.3, 104.8" (C,Me, rings), 12.0, 10.2 (C ,Me; rings).. Anal.
Caled for C,,H,,Co,WO,,: C, 36.34; H, 2.92. Found: C, 36.10; H, 3.02.

(C;H;)MoCo,(CO),C-Ph (64) was prepared analogously to the method used
for 66 to yield the compound previously synthesized by Beurich and
Vahrenkamp.® C NMR § 251.0 (apical C), 208 (all CO's), 160.7 (ipso-C in
phenyl ring), 128.2, 127.6 (ortho and meta CH's), 126.5 (para CH), 92.5 (C;H;

ring); at 192 K, § 232.2*, 222.7 (Mo-CQ's), 203.2, 201.0* (Co-CO’s), 94.0*, 90.1
(C,Hg rings). ™C solid state NMR § 224 (broad, CO’s undergoing exchange), 159

(ipso-C, 128 (CH's in phenyl ring), 90.1 (C,Hs ring).
(CsH)MoCo,(C0O),C-CO,-menthyl (78) was prepared according to the

method of Blumhofer and Vahrenkamp.?'® °C NMR at 194 K, § 230.8%, 221.3 (Mo-
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CO’s), 202.8, 200.2" (Co-CO's); at 170 K, & 202.8, 201.0%, 197.6* (Co-CO's).

(CsH:;)MoCo,(CO),C-CO,-podocarpate (79). The isopropyl ester 66 (0.545
g, 0.91 mmol) was stirred with 8.6 mL propionic anhydride in a two-necked 100 mL
flask. To this flask was added 0.21 mL of a 65% aqueous solution of HPF,. After
five minutes, the resulting black crystals were filtered under nitrogen and rinsed
twice with 2.5 mL aliquots of CH,Cg, to yield [{CsH;)MoCo0,(CO),C=C=0]" [PF
(0.436 g, 0.619 mmol; 68%) as described previously.?® This salt was placed in
a flask with podocarpic acid (0.197 g, 0.72 mmol) in 10 mL methylene chloride.
This slurry was then solubilized by the addition of 3 mL ether. Immediately the
contents of the flask dissolved and turned green. The product 79 was separated
by chromatography on silica gel but traces of the podocarpic acid remained. The
3C NMR spectrum at ambient temperature exhibited a single carbonyl peak at
208.6 ppm; at 188 K, § 229.5*, 220.1 (Mo CQO's), 201.8, 199.5* (Co CO's); at 170

K, the ¢ 199.5 resonance broadens to give two poorly resolved peaks of equal

intensity.

CH,CCo,(CO),P(cyclo-CH,,),, 63, was prepared following the method of
Matheson et al.*® and was enriched by stirring a methylene chloride solution of
63 under an atmosphere of ®CO for one week. At -80°C, the ®C NMR spectrum
of 63 shows: § 233.24 [1], 230.95 [2], 204.68 [1], 200.44 [2], 198.76 [2], (Co-
carbonyls), 39.95 (CH,), 33.82 [2], 29.41 [1] (C-1), 29.77 [2], 28.57 [2], 25.89 [2]
(C-2), 27.73 [4], 25.29 [2] (C-3), 25.89 {2], 24.72 [1] (C-4). At-10°C, §211.46 (Co-
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carbonyls), 40.95 (CH,), 34.38 d (C-1), 29.33 (C-2), 27.73 d (C-3), 26.28 (C-4).

The C assignments for the tricyciohexylphosphine ligand follow those given by
Ruegger for a series of platinum complexes for which *'P-coupled doublets are

visible for C-1 and C-3.2%'
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