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ABSTRACT

The objectives of this work were (i) to prepare
a number of mono- and bi-cyeclic cryptands in which one
of the bridges is either a ferrocene or ruthenocene
unit and (ii) to investigate the properties of these
compounds by a variety of techniques with a view to
assessing their ion-binding selectivity and electronic
interactions which might occur between the metallocene

moiety and the bound metal ion.

The macro bi-cycles were prepared from the parent
metallocenes by a number of synthetic routes. The
1,1'-disubstituted ferrocene and ruthenocene were
investigated; these materialé were then converted by
established pathways t; the target molecules. Inter-
mediates and the final produects of these preparations
were fully characieri§ed by a wide variety of spectroscopic
and other techniques. Particular attention was paid
to the temperature dependence of the n.m.r. spectra
of the cryptands themselves, which showed remarkable
flexibility. The energetics of these processes were

investigated.

The final cyclic reactions leading to the cryptands
also afforded in each case quantities of dimeric material
which were also isolated and characterized. Some initial
investigations were also carried out on the ion-binding

properties of these materials.



These cryptands offer the possibility of
significant . electroniec interaction between the metallocene
unit and the included metal ion, in such a manner that
the degree and nature of the ion-binding may be externally
detected. The efficiency of this process relies on
the electronic properties of the metallocene itself
and these have therefore been investigated by a number
of techniques including cyclic voltammetry and photo

electron spectroscopy.



ACKNOWLEDGEMENTS

My sincere thanks are due to Dr. M.C. Grossel for his
encouragement and direction in the supervision of this
work.

To my co-workers Dr. P.J. Hammond and Dr. C.D. Hall
(King's College, London) I offer thanks for their arduous
efforts and for the publication of our first joint paper‘.w3

I am indebted to Mr. D. Parkinson for the detailed

~

variable temperature n.m.r. studies and to Dr. E.A. Seddon,
2e i 17 Saeee!

and Miss.S. Tompkins (University of Sussex) for their cyeclic
voltammetric and photoelectron spectroScopic studies.

I am grateful to Prof. G.H. Williams for the
opportunity of working in this-department.

To mycolleagues and to all members of the technical,
administrative and academic staffs at Bedford and Royal
Holloway Colleges I offer my thanks for-their help and
friendship during my stay.

To Mrs. S. Greenwood I offer my thanks for her
patience and typing skills in producing this thesis.

Finally I would like to thank Debra for her support

and love while I have been completing this work.



CHAPTER 1:

INTRODUCTION

10



11

CHAPTER 1

INTRODUCTION, CROWN ETHERS AND CRYPTANDS

11, INTRODUCTION

In 1967, Pedersen1, reported the syntﬂesis
of a group of macrocyclic polyethers, now termed,
crown polyethers. Pedersen discovered these compounds
while in?estigating new vanadium containing catalysts
for the polymerization of olefins. 1In attempting |
to synthesize the phenolic derivative (1), in the
reaction scheme below, he obtained as a by-product
a 0.4% yield of (2) dibenzo [18] crown-6, which was

a white crysta’line fibrous solid [Reaction 1.71.].

Reaction 1.1

o W
OR | NaOHrBuOH @OH H°©+ @I: ° 0@
oy i H ‘
OH oA /" NN

+(CLCHCH,) 0 |

1 2

The formation of dibenzo [18] .crown-6, arose from

the reaction of residual unprotected catechol with

the chloroether. It was found to be insoluble in
hydroxylic scolvents, but, in the presence of added

alkali or salt, the compound readily dissolved. Pedersen
termed these compounds crown ethers because of their
resemblance, in models, to royal crowns and because

of their ability to 'crown' alkali metal cations (3).
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It was soon recognized that these neutral synthetic
compounds were capable of forming selective stable
complexes with salts of the alkali metals and this
has now opened up a new area of chemistry2’3.
[J/b/?j <ﬂr_b—> Eg/N/z:l
%\9»ﬂ gb%ikj _%\ﬁuﬁ
Crown Ether Cryptate Mixed crown
The nomenclature adopted is as follows; for
(2)dibenzo- [18] crown-6, dibenzo- describes the non-
ethyleneoxy content, 18, the total number of atoms
in the crown ring and 6, the number of heteroatoms
in the ring. The crown combounds which display selective
ion-binding properties are normally, mono-, bi-, or
multicyclic structures consisting of a basic.—CHchzx—
repeat unit, where x the heteroatom is often, oxygen,

4,13,

nitrogen or sulphur Monocyclic structures are

known as crown ethers whereas polycyelic structures

are known as cryptands.

1.2. SYNTHESIS

There are only two general methods by which
a macrocycle may be prepared: 1i. the intramolecular
nucleophilic displacement of tosyl or halide groups
by anions; and ii. the condensation of acid carbonyls

with amines;

There are many factors which influence the

yield from each mgthod. These include the nature

of the bonds being formed and the conformational effects
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of molecular geometry and template action. Metal-
ion coordination plays a major role in orpgzanising
starting materials or intermediates so as to direct
the course of the reaction in favour of cyclisation.
This is called the "Template effect"5_8. For example
the K ion has been shown to act as a template in

reaction [1.2] but, not before one tosyl group has

Reaction 1.2.

ngE -0/\7 %A:g;W ‘[/40/\
0 o] o] 0
L. ]ﬁQBlD[()@O/, ————>[ 1 3%
L "y () od
(18]Crown-6.
been eliminated i.e. the KV only acts by following
the linear chain into the correct orientation to cyclise.
When the macrocycle contains heteroatoms other thah
oxygen e.g. sulphur and nitrogen, transition metalé
have been found to be more useful as templates. The

2+ and Cu2+ are particularly effective for

cations Ni
generating machocycles containing four donor nitrogen
atoms arranged in a plane6. The template effect is
Just one of the factors influencing the internal entropy
change on cyclisation. The 80% yield of the macrocycle
obtained in reaction [1.3], which shows no template
effect has been explained in terms of the internal
difference between the half-reacted species and the

9

macrocycle’. The restricted rotation about the groups

Reaction 1.3

IS
&5 D

Nis Ts o—k VN, /\E/\/
13 . NGT ——eTsi N ——-Ts N ‘
N& . Ts oj &/N\*/* { N \/

Ts s
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marked ¥ caused by the size of the tosyl groups ensures
that the internal entropy of the half-reacted molecule
is low. Consequently the decrease in entropy for
cyclisation is small. The other main factor to be
taken into account is the rigidity of the components

of the macrocycle's precursors. Any sterig compression
which reduces the number of coanrmational degrees

of freedom of a molecule must decrease the entropy
difference between the reactants and the products.

If the effects are such that conformations favourable
to cyclisation in the pre—cyclisatioh intermediate

are promoted, the macrocyclic formation may be facileu.
This 1is térmed, "The rigid group principle"1o and

is illustrated by scheme [1.1].

Scheme 1.1

2+

Mg
__Efi]t{ + Diamhe —————
+ Damine RO __
0.HC CHO No Template

Observed12

Aza crowns are prepared by a different method
from those already mentioned and it is with these
that the second part of this project will be mainly

concerned.



Macrocyclic diamides éan be prepared from diacid
chlorides and diamines. The diamide is then reduced
to form the aza crown [Reaction 1.”]2’M’13’1u’15.
Such compounds may also contain sulphur and/or oxygen

heteroatoms in the ring. Further details of the

precursors are given in Chapter 4, Section 4.3.

Reaction 1.4

0 Q

‘:oes\Cl 7 /\o’j _ ‘/o‘)HHJ /\o\l LiAlH, [Zfﬂ /7)]
0'\/“ %N\)m \glfﬁ\> 3 NN \j

0 0 H

An élternative route to these compounds proceeds by
reaction of the glycolditosylate e.g. triethylene
glyéol ditosylate with the sodium salt of the glycol-.
diamineditosyiate e.g. tetraethyleneglycoldiamine
ditosylate [Reaction 1.5]. The ecyclic ditosylate

is then reduced to form the aza crown. Further details

. Reaction 1.5

Ts

| H
EO 0/3 NaOgt, _0 0-"> UA[H[‘_ [o 0,\/

+ 0, ——— =
O‘\/OST TsH N\/?J O\’Pﬁ\/?\> 0\/3\/'
Ts

of the precursors and the preferred route are described

in Chapter 4, Section 4.3.

15



1.3. STRUCTURE AND SELECTIVE ION-BINDING

The structures of many macrocyclic compounds
have already been investigated by x-ray crystallography
In general alkali and alkaline earth metal cations
prefer to reside in a symmetrical coordination sphere
which reflects their surface charge distribution.

For example, in the potassium cation dibenzo[30]crown-
10 complex the flexible crown ring encapsulates the
cation with all ten oxygen atoms coordinating to the
metal ion. Where the ligand does not provide sufficien
donor atoms or is inflexible, additional coordination
from another crown ether is observed. For example

with small crown ethers e.g. dibenzol[15]crown-5, the
potassium cation forms a 1:1 complex with one molecule
of water coordinated to the potassium. While sodium
forms a 1:2 complex, the cation being sandwiched betwee
two rings [Diagram 1.1]. No evidence has yet been

obtained for the 3:2 complex in the solid state.

Diagram 1.1

1:1 2:1 : 3:2
Doughnut shaped Sandwich Club sandwich

Other crystalline crown ether complexes;

1 6 1 8 -~
e i
[0(\0 /'?J O Na‘j; 10 {AOL:%V
N.ha ;-J '_0 ~o" Dt
155 b s 7S

1:2 Complex QR:S

2:1 Complex

2

t

n

16

y3
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X-ray crystallography of cryptands e.g. Rb'[2.2.2]

cryptate, show the cation to be completely embedded
in the cavity of the ligand [Diagram 1.2]. Further
evidence from N.M.R., deprotonation and kinetics of

20,21

dissociation in cryptand(II) reveals that there

is no interaction between complexed cation and solvent.

Diagram 1.2

{ d 19
/\EB" "

\‘/*:‘O"‘ o
. .

N

. =
~/

-/
This suggests that the cryptate shields the cation

from the environment by the ligand skin. The heteroatoms
in macrocyclic complexes are capable of replacing

most, if not all of the ion's solvation sphere. The
degree of complex formation is quantified in terms

of the equilibrium constant for the equation [1.1].

Equation 1.1

n+ +
M n

Cation M + L

(ML)I’H-

L Ligand

The equilibrium constant K is the stability constant

Ks’ or the association constant Ka.

It is easily seen that crown ether cation complexes
have larger association constants than their open
chain analogues because of the greater degree of

22,21 [Table 1.1].

encapsulation, "The macrocyclic effect"
A three-dimensional encapsulation would give rise to

an even greater association constant and this can



be seen with cryptands e.g. the K+[2.2.2]cryptate

is more stable than the K'-complexes of its corresponding
monocyclic coronand by a factor of 105 and even 104

times more stable than the K* complex of valinomycin

(a natural ionophor). This is known as "The cryptate

effect"21.

Table 1.1

~ LOG K ~ LOG K,
(\ofﬁ O
[0 o— Nat 1.5 ~ . n?
I 08
Lo ) kv 2.2 S K* 4.8
/—\
7/ 0
E{“o :%] Na* 4.3 ﬁ:ﬁ —3
) \,40 Q
0 + - . Q_OLQ + .
CLIO\) K 6.1 S K*¥ 9.7
22 : 21

The macrocyele effect The ecryptate effect

Ka in lm_'1 in methanol @'ZSOC.

It has been suggested that the unfavourable
entropy décrease whieh the open chain compounds must
suffer in order to mateh the conformations of their
cyclic analogues is responsible for the difference
in complex stabilities. However, it has been shown
that for cryptates there is a large favourable enthalpy
increase and that the internal entroby éctually decreases
due to increased structuring of the solvent upon complex
formation. The selectivity of the macrocycle will
depend upon, the charge and size of the heteroatoms,
and the ligand structure and complexation. The degree

of complex formation between a cation and a macrocycle

18



19

reflects the compatibility of the ligand cavity size
with the size of the ion, i.e. the cation which fits

best into the cavity is the most strongly bound [Table 1.2].

Table 1.2. Stability constants for crown alkali cation

complexesz’13
Complex Inside diameter of 10g10 K in CH,OH 25°¢
2
cavity crown 2 T
Na*t k* Coce t
: s
[12]crown-4 1.2-1.5 2.2 1.3 -
[15]ecrown-5 1.7-2.2 3.7 3.6 2.8
[18] crown-6 2.6-3.2 y_3 6.1 4.6
[21]er wn-T 3:4-4.3 2.4 4.3 L2
Diameter of ion & 1.94 2.66 ©3.34
j

Thus [18Jcrown-6 which has a cavity diameter of 2.6-3.2 R
prefers to complex with K+26. The limited flexibility

of smaller ligands ensures that only cations within

a narrow size range can be accommodated in the cavity
whereas larger more flexible macrocycles while shoﬁing

a preference for large cations have much less
discriminative powers. For maximum stability the
ion-size to crown-size ratio for univalent cations

is zbout 0.9. For divalent ions, the stability constant
is larger than that for univalent ions because of

the greater polarizing power of the cation. Thec optimum

ratio for the divalent ions is about 0.8 rather than



0.9 or 1.0 which reflects the larger enthalpy changes
for the ligation of divalent ions than for monovalent

ions [Graph 1:1].

Graph 1.1
L B
[18]crown-63113,23
3. s
o
INZ . K+ +
% Rb
g" 1 +
- -] + Cs
CaZ+ Na
0 _ : .
05 1-0 15

lon/Ligand (Dia)

It is important to note that when discussing
the binding properties of crown éthers reference 1is
made to the solvent in which the experiments are being
run. If similar experiments are run in aquéous énd
methanolie solutions, it is found that the erown ether
is less cation selective in aqueous solutions. The
reason is that solvaﬁion enthalpies (AH) for the ions
are much larger in water than in methanol. Therefore,
the crowns compete much better wiﬁh_methanol than
with water for the cations. Methanol has another
effect on the crown ether complexes, because the crown
ligands are large lipophiiic molecules and their metal
ion complexes are appreciably soluble in organic solvents
e.g. toluene. However, if a small amount of methanol
is present the solubility increases greatly. This
could result from methanol molecules binding to the
ion thus resulting in a more spherically symmetrical

distribution of ligands and therefore increased solubility

in organic media (4).



Me OH
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The complexation of cryptands with alkali and alkaline

earth cations is even more selective than that for

crown ethers and their complexes show enhanced

stabilities with respect to the crown ethers [Table

21

1.3]. The K complex of [2.2.2.] cryptand is a factor
Table 1.3
Stability constants log KHOO for various cryptatesg

Cryptates Stgbiliz; constants Log K% 0

it wat| x| rot | ot | Me?t et | 51?7 pa?t
Ligand ‘ 8 radius . ‘
Ligand Size 0.86] 1.12] 1.44f 1.58| 1.84] 1.18] 1.32| 1.49
[2.1.1.0¥| 0.80 | 4.5 | 2.8 [<2.0 [<2.0 |<2.0 2.8 [<2.0 [<2.0 |
[2.2.1.]1¥| 1.15 2.5 { 5.4 [ 40| 26| 2.0[<2.0{7.0 | 7.4 ; 6.3
[2.2.2.]%| 1.40 [<2.0 [ 3.9 | 5.4 | 4.4 |<.0 [<2.0|4.4 [ 8.0]9.5
[3.2.2.]¥| 1.80 |<2.0 |<2.0 | 2.2 | 2.1 | 2.2 [<2.0]2.0 | 3.4 | 6.0

¥Size with Nitrogens endo-endo.

of 105

complex and by a factor of 4 when compared with the

valinomycin complex (an ionophorous antibiotic).

The cryptands also exhibit a peak selectivity for

metal cations which agrees with the ion-cavity size

concept i.e.

cavity will be most tightly bound.

the cation that fits best into the ligand

more stable than the corresponding diazal[18]lcrown-6



In the bicyclic oligo ethers the two nitrogen
atoms serve as bridgeheads. Each of these may be
oriented either inward or outward with respect to
the central cavity, leading to three possible stereo-

isometric forms: in-in, in-out, out~out.24

0—0\ (O‘_'O\ (’ 0’)
N
Lo—oJ v—of fe—on

CRYPTANDS: in-in in-out out-out

The most favourable isomer for complex formation is
the in-in form as"the result of electronic lone pairs
in the nitrogen atoms pointing towards the metai ion.
This has been found by X-ray crystallographic methods
in the cation complexes of cryptands and also for

the uncomplexed [2.2.2.] eryptand.25

Apart from the cavity geometry the nature of
the donor heteroatoms of the ligand has a large effect
on the cation—selectivity.” When oxygen is replaced

by sulphur (soft), the ligands show an increased

preference for metals with more covalent bond character

(soft transition metal ions e.g. Ag+) and a, weakening
of binding to alkali and alkaline earth (hard) metal

cations.27’28

Nitrogen as a heterocatom plays the
role of a mediator by promoting the complexation of
transition metal ions, Ag+ without discriminating

against alkali metals as well.2! [Table 1.47.

22
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Table 1.4. A comparison of various log KS values.2

Ligand [b J [z j [ ] Eo oj
JisS OS

K+CH3OH 6.10 1.15 3.90 2.04

Ag+H20 1.60 4.34 3.30 | 7.80

Further possibilities for new binding site-
controlled cation selectivities may be found by the
incorporation of phosphorous or arsnic donor atoms
into the ligand rings of which, only‘a few cases have

been reported.29’3o

1.4 THE EFFECT OF THE LIGAND ON THE PROPERTIES

OF THE CATION

The effects of neutral macrocyciic ligands
on the properties of the cation, other than solubility
in organic media (i.e. acting as a super-heavy alkalf
cation which stablizes unusually anionic species

(Section 1.1.)) has not received much attention.

Busch31 has investigated square planar tetraaza-
macrocyclic complexes of neutral, mono and dianionic
ligands with transition metals.. These complexes show
a relationship between the macrocyclic ligand field
strengths and the difference between the normal or
preferred metal-donor distance (acyclic systems) and

the metal-donor distance imposed by the ring size.
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When the metal ion is a perfect fit in the ligand
cavity, the complex is stable and relatively inert

to reactions involving a change in ring size, but
when the cation and ligand cavity sizes do not mateh,
reactions leading to a more favourable ionic size,
(i.e. oxidation-reduction, chaﬁge in spin state or.
movement of the cation out of the plane of the ligand),
are promoted by relief of the strain. It is this
last observation that can be exploited to great
advantage in electrochemistry by changing chemical
potentials (Section 4.1, Diag. 1) and thus permitting

unusual reactions.

IT II1

The potentials of Ni~ 7 /Ni couples of various

tetraazamacrocyclic complexes were shown to vary over

a wide range: 1.8 v. Similar behaviour has been reported

II III

for Fe 7 /Fe and CoI/CoII systems.

Peter & Gr'oss32 have reported reduction potentials

for Na+; K"

and Rb™ cryptates in polycarbonate solution.
The complexes were all more difficult to reduce than

the free ion, e.g. the reduction potential for the

Kkt cryptate of (E) was 0.9 V more negative than fof

K" (aq) . |

LR,

P’

[
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OF CROWN ETHERS AND CRYPTANDS

25



CHAPTER 2

A REVIEW OF THE LITERATURE ON THE USES OF

CROWN ETHERS AND CRYPTANDS

2:1: CHEMICAL

The interest in these compounds arises from
their potential usefulness in a variety of fields,

physical, chemical and biochemical.

Crown ethers and cryptates represent a new approach
to the study of ionic solvation, siﬁce they'provide
cations isolated in coordination shells whosé binding
sites and geometry may be modified at will. The alkali
metal ("Li, 23na, 133cs)75,80,81,82,83 y y . signails
of the crown ethers complexes and cryptétes are markedly
shifted from those of the free solvated cation. The
23Na nuclear quadrupole coupling.constants x of several
cryptates obey a linear relationship between82 x and
the 23Na shift 6(x = 60.05 + 1.65 MHz). Thus, measuring
23Na shifts and relaxation times allows a detailed
study of Na¥ solvation in various media. This method

should be extendable to other quadrupolar nuclei and

enhance the study of field gradients and cation mobility.

Crown ethers and cryptates open a route to a
reliable scale of single-ion free energies of transfer'84
and have electrochemical uses.85 Electrochemical

reduction of crown-ether and cryptate complexes occurs

26
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at appreciably more negative potentials than those

of the free cations.86 Macrocyclic compounds can

also be used in ion-selective electrodes. These can

be divided into three classes; solid ion exchangers,
liquid ion exchangers and neutral sequestering agents.
The solid ion exchangers, include glass electrodes

and solid-state crystal electrodes. The glass electrodes
are made from mixtures of silicon oxides with other
metal oxides. The selectivity of the electrode results
from the type of defect in the glass and is modified

by varying the glass composition. Macrocyclic additives

will not commonly affect these electrodes.87

Liquid ion exchange electrodes are based on
a liquid membrane containing a mobile'carriér. Examples
of mobile carriers include phosphate esters, fatty
acids and amines. The first commercial ligquid membrane
electrode was calcium selective and used didecylphosphate.
The selectivity of these electrodes is based on the
specific reaction between the carrier and the solute
being studied. The mobile carriers in this case are
charged. Macrocyclic molecules may be effectively

used as mobile carriers in these electrodes.88

Neutral sequestering electrodes also use membranes
containing a mobile carrier, but this carrier is uncharged.
Their selectivity depends totally on the specificity
of the reaction between the carrier and the solute
being studied. Macrocyclic additives which act as

mobile carriers are most useful for this type of electrode.
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There are two problems with ion exchange and
neutral carrier type, liquid membrane ion-selective
electrodes: mechanical stability and‘reasonable response
times: The stability problem is easily overcome by
use of an inert support for the liquid e.g. a porous
glass frit [Diag. 2.1]. The support is thin enough
to allow for rapid establishment of the potential

across the membrane.

Diagram 2.1. Liquid membrane electr'ode.s9

Electrode body

Mobile carrier dissolved in solvent

Internal reference Internal agueous electrolyte
electrode. Ag/AgCl. —J//) (usually KC1).

Inert support membrane

Synthetic macrocycles and natural antibiotics
have been used in these electrodes. Most of the work
with natural antibiotics, "ionophorous antibiotics",
has centred on cation-selective electrodes for the
alkali and alkaline earth ions. The earliest electrode
was based on valinomycin which showed a selectivity
for potassium over sodium 10-100 times greater than

90

the commercial glass electrode. Other neutral

antibioties nonactin, actin, enniatins, gramicidin
. . .. 91
and tetralactones show potassium selectivity. Nonactln9

was found to have a selectivity of 750 for potassium

over sodium with a glass frit support membrane. Charged
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antibiotics behave in a similar manner, nigericin
is selective for sodium and monensin is selective

92

for potassium. Sincé synthetic macrocycles complex

ions selectively, they can be substituted for antibioties.
Again the selectivity of the resulting electrode depends
on two main factors; the relative equilibrium constant

for formation of the ion-macrocyclic compiex and the
membrane solvent. Only crown ethers have been studied
extensively. Nitrobenzene solutions of dicyclohexyl[18]

693

crown- were found to have equilibrium constants
for complexation, with potassium, which agreed with
the selectivity for the electrode. However the
selectivity of potassium over sodium was found to
be much less than that of the analogous antibiotic

94

valinomycin electrode. Mascini and Pallozi repeated
the same experiment using a different support, polyvinyi
chloride, and they found the same result when they
compared dibenzoll8]lecrown-6 with valinomycin. Since

then Simon95

has developed a calcium-selective electrode
that can be used in the presence of sodium, potassium
and magnesiﬁm [Table 2.1]. The carrier here is not
cyclic or a polyether but is very similar to them.

The selectivity of the carrier (l) for Ca2+, compared

to those for Mg2+ and Zn2+, is very striking and

important for the differentiation of blood sera.96
Particularly favourable is the fact that the membrane
electrode does not interact with Na’ and K* under

physiological conditions. For similar reasons carriers

which are selective for Na* (6) in the presence of
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protons are interesting, (6) permits the intracellular
determination of Na™ in blood serum.98 Many macrocyclic
ligands have not been used but their potential is
greater than the natural antibiotics because they

can be synthesized with properties specific to the

ion to be measured.

Table 2.1. Selectivity constants of carrier molecules

97

in P.V.C. matrices in acidiec solution.

Ph~N-Ph
SO - )

s G, 1 CL 8 C
[D\/\N/\ '@ /\/h[,:,\/ Ph—?\lp—Ph

2+

Mgts>Cat>Bastsollat™c  Mgetse>Cat<<Bat<lats  Mgtt>Ca®t>>>Bac <<
K+<<NH4+ Ktw NH4+<Zn2+ Nat= Kt~ NHM"'
Nat selective Ca2+ selective Ba2+ selective

The complexing properties of macrocyclic compounds
can be utilized as photometric reagents and for other
electrochemical determinations; potentiometry,

conductometry, polarography.

A1l picrate extractions by cyclic polyethers
and cryptands offer the possibility of direct photometric
determination of the extracted salts. Another route
involves the introduction of a chromophoric substituent
into the macrocycle. U4'-Picrylaminobenzo[l5]crown-5
forms with K¥ a reddish-yellow ion pair which is only
moderately soluble in water but can be dissolved in

organic solvents. In order to separate K* or Rb"



from Na+, the aqueous solution is extracted by chloroform
containing 0.002 M U'—picrylamino-benzo[1l5]crown-5

99 From the difference between

and 1. M triethylamine.
the absorption of the chloroform solution before and
after extraction the content of K* or Rb" is determined.

The determination of 10-400 ppm K* is possible in

the presence of 2000 ppm Na™t.

+

Nat and X* can be titrated with aqueous solutions

of cryptand[2.2.1.] and cryptand[2.2.2.] using an

100 The titration is in alkaline

ion selective electrode.
solution, the pH of which is adjusted to 9-10 by
triethanolamine. Good results are achieved with alkali

Y mol/1. For Lit

salt concentrations of 1073 - 10~
the cryptand[2.2.1.] is used. However, the potential
drop is small. The [2.2.1.]cryptand will be more
suitable for the determination of Ag+ because the
pK of the complex is 10.6 but this still requires

further investigation.101

Caesium chloride (0.001 mol/1l) can be determined
by conductiometric titration in methanol/chloroform
(90/60 v/v) with [18]crown-6 or polyvinyl[18]crown-6.
The decrease of conductivity at the end point of the
titration with polyvinyl[18lcrown-6 is particularly
high since the mobility of the cst complex with the
linear polyether is less than with the monomeric

102,103 o+

polyether. can be titrated with dicyclo-

hexanol[18]crown-6. However, there is no sharp end

point.w4 The conductivities of the single-protonated

cryptands{2.1.1.], [2.2.1.] and [2.2.2.] in water

are almost equal.105
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The stability constants of the complexes of
dicyclohexano[18]crown-6 with sodium or potassium
salts can be determined polarographically. A stability

constant of 1.4 x 103 is found in acetonitrile for

107

the complex of [18]crown-6 and HgO. Cations complexed

by the crown compounds or cryptands are strongly adsorbed

85

on the dropping mercury electrode. The polarographic

behaviour of the complex cryptand[2.2.2.] with Ti%

and KV in propylene has also been investigated.106

Crown ethers and cryptand complexation now provide
a useful method by which cations can be extracted for
use industrially, medicinal, chemically and analytically.
Because of pollution and increases in the prices of
raw materials, the purification and recovery of metals
from wastes becomes more important. Cryptands and
crown-ethers may be of use in specific cases, if they
are fixed on polymer supports for easy recovery.76
Cryptand[2.2.2.] has already provided a simple extraction

127CS+

method for purifying radioactive . Isotope .

separation was envisaged and good results were obtained

22Na 2L‘Na with cryptand[2.2.1.] in methanol.'>

uOCa MMCa 116

for /

Other cases, such as 6Li/7Li and / are
now under investigation with cryptands. Crown ethers
have also been studied in detail for calcium isotope
enrichment. For example the separation of calcium-48

from calcium-44 is outlined below;77 [Reaction 2.1].

Reaction 2.1.

40.. 2+ 48. .2+ U8, 2+ bo. .2+
Ca(aq) + CaL(Or‘g) Ca(aq) + CaL(Or'g)

L = macrocyclic polyether.

32
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This reaction tends to go preferentially to the right

as written, and therefore, calcium-40 is preferentially
enriched in the organic phase. For dicyclohexyl[18]crown-6,
the equilibrium separation factor is: 1.0080 + 0.0016.
Almost any commercially available counter current
extractor can be used to obtain multiple-stage separation
with such a separation factor. For example, six columns
60' long and 1.5-6" in diameter can enrich approximately
1000 g of calcium per year from natural abundance.

Closed reflux of these columns can be accomplished

by removing the calcium from the calcium polyether
complex at one end of the column and reforming the
complex at the other end of the column. In a system
containing an aqueous solution of calcium chloride

and a chloroform solution of dicyclohexyl[18]crown-6
calecium complex. The organic phase is more dense

and the bottom reaction is C5L2+org + HéO “’Lorg + C32+aq'
This occurs because the calcium ions prefer the dilute
aqueous environment to the polyether complex in the
organic solution. The equilibrium ratio of [Ca]2+aq

to [Ca2+L]org was found to be: 20-130. ‘The calcium-
polyether complex is formed in the separation column

by using high calcium concentrations 5 M in the aqueous
phase compared to 0.2 M in the organic phase. The
reaction at the top of the column is;

Ca2+aq + L.or,g———->CaL2+org + Ca2+aq. Before recycling

the aqueous calcium chloride some reconcentration is

required before complexation with the polyether.

[Table 2.2]
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Table 2.2,

Calculated calcium isotope enrichments from a six-column

production cascade using dicyclohexyl[18]crown-6.

Isotope Natural abundance % Product
concentration %

Calcium-48 0.185 10.0
Calcium-46 0.0033 0.1
Calcium-44 2.06 4o.o
Calcium-43 0.145 1.8
Calcium-42 - 0.64 2.0
Calcium-40 96.97 - L6.0

This theoretical cascade system has many advantages
over other caicium isotope separation methods. It
is easier ﬁo operate than the mercury amalgam approaeh78’79
and avoids the toxiecity problems. It is also superior
to an ion exchange method in that it. is simpler and
the single-stage separation factor is considerably

larger.79

Besides isotope separation, liquid-liquid
extractions have possible applications for expensive
chemical separations, e.g. Lanathanides, aminocacids

and optically active isomers.

The development of neoselective crown-ethers
and cryptates is important in the treatment of heavy
metal poisoning and for decontamination from radioactive
metals. The cryptand[2.2.2.] binds with Sr2*, Ba°",

Pb2+/Ca2+ and has been tested on rats to remove

Strontium-85 and radium-224; it is also effective
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for the removal of 1lead. Cryptand(g) displays a very

6 2+

high selectivity 10°-107 for Cd°* with respect to

Zn2+ and Ca2+, with even higher ratios for lead and

mercury. This striking feature is due to the operation
of a double-parameter discrimination (cavity size

and binding sites) for whilst the nitrogen sites favour

2+ 2+ 2+

both Cd and Zn over Ca”™", its cavity is too large

)

<

N
o NMeo
g;eé) °

a

)
<\/\_J\\

for any strong complexation of Zn2+. At present there

. seems to be no other ligand displaying such high
selectivities for the heavy metal cations.
"Cryptatotherapy"21 may become important for the medical
treatment of heavy metal poisoning and pollution control

from smelters.

The cryptand[2.2.1.] is able to dissolve sodium
urate and therefore may have a bright future in the

treatment of gout!

There are many other examples of extractions
using macrocyclic and polymeric macrocyclic systems.
Alkali salts with organic anions e.g. picrates, are
easily complexed and extracted by careful choice of
the crown-ether any particular cation can be extracted

[Table 2.31,
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Table 2.3. Extraction coefficients follow the order v

in the benzene/water system

Metal T picrates109’11o

[15]crown-5 Ag>Na " >TI S>> >Ro ™>Cs™>Li*

[18]erown-6 T1T>K SRo >Ag >CstoNa > L1t

Dibenzo[24Jerown-8  T1*>Cs*>Ag™>Rb*>Na*>>Li* and BaZt>>Pb2t>Srot>cast
Metal IT picr‘ates111

[15]crown-5 Pb2*>Srot>Bat>Ca®t

[18]crown—6 Pbot>>Ba®t =Sre oHg >Cast

Dibenzo[18]crown-6 Pb2+>Hg2+>Sr~2+>Ca2+

The separation of Sr2+ from Ca2+, Mg2+ and Cs2+ in

an acetate-buffered solution (pH 4-7) is achieved
by using dicyclohexano[18]crown-6 in chloroform.
Coextracted Ca2+ is removed by using a picrate solution

2+

buffered with 0.015 mol/l,NHuCl and the Sr~ 1is finally

re-extracted into an aqueous solution containing

2 mol/l HCl and 2 mol/l NHuCl.108

Alkali salts with hard anions are only slightly
soluble in most organic solvents. 1In order to increase
the extraction of these salts by crown ethers, hydrogen-
bonding compounds e.g. alcohols and phenols, are added

to the organic solvent.112

An impressive example
of high Sr2+ selectivity is shown when the diester
of binaphthyl[18]crown-6 is hydrolyzed by a ten fold
excess of barium hydroxide. The selectivity of the
crown is so high that only the 0.8% of sr2* present

in the barium hydroxide is extr‘acted.113 The separation



2+

of Sr and Ca2+ from milk is performed with dicyeclo-

hexano[18]crown-6 in chloroform and this method is
now used for the determination of Sr2+ in milk.11u
For potassium salts and dicyclohexano[18]crown-6,

the extraction coefficients decrease in the order;112

- - ——— e o
F >CH3CO2 >NO3 >I >Br >Cl.>SOu

Extractions with linear polymeric crown compounds
show extraction coefficients up to 250 times higher
than those of the corresponding monomer‘s.115
Polyvinyl[15]crown-5 and polyvinyl[18]crown-6 are
easily soluble in most organic media. 1In the water/
dichloromethane system the extraction coefficients
with polyvinyl[1l5]crown-5 are 5 times higher and with
poiyvinyl[lS]crown—6 are 256 times higher than the

corresponding monomers. The selectivities are listed

in Table [2.4.].

Table 2.4. The selectivity of picrates extraction

for polymeric polyethers

Polyvinyl[15]crown-5 K+>Rb+>Cs+>NH4+>Na+>Li+

Polyvinyl[18]crown-6 Cs+>K+>Rb+>NH4+>Na+>Li+

Many of the liquid,liquid extraction systems
may be applied to chromatogfaphic separations; Column
chromatography; Extraction; Elution; Exchangers; thin-
layer chromatography and thin-layer electrophoresis.
The macrocycle may be in the stationary phase or in

the mobile phase. Silica gel is employed as a solid

37



support for dibenzol[l8]crown-6 in the separation of
radioactive ions. The elution is accomplished with
0.01 mol/l NH,SCN in water at 40°C and pH 7. The
alkali ions appear in the eluate in the order Li+,

+, Cs+.117 Even the separation of isotopes

116

Na*, Rb*, K

uoCa2+/uU'Ca2+ as mentioned earlier is possible.

Optically active primary amino ester salts are
adsorbed on silica gel from an aqueous solution and
are separated by elution with chloroform solutions
of different derivatives of di/binaphthyll[18]crown-6.
The enantiomers are completely separated in this
pr'ocess.118 A similar method has been used with
a-phenylethylamine and again the pure enantiomers
were obtained. The chirospecific properties of some
bicyclic and tricyclic cryptands in which the naphthyl
group is bound via the bridging oxygen’atoms can be.

analytioally'exploited.119

The ligands are deformed

by the cations of the different alkali elements to
varying degrees so that the complex stabilities differ
from each other. The stability constants of their
alkali complexes are higher than those of the complexes

120

with all the other polyethers. (15]crown-5,

[18]crown-6, and the cryptands[2.1.2.]1, [2.2.1.],[2.2.2.]

are suitable for the separation of cis- and trans-

dimethylsemidion.121

Numerous cross-linked polymeric
cyclic polyether exchangers are available which are
able to bind particular inorganic salts or organic

compounds. These polymeric exchangers can be prepared
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by a number of reactions [Table 2.5]. Some of the

more notable properties of these exchangers when

Table 2.5. Synthesis of exchangers containing cyeclic

polyethers as anchoring

groups.2

Type of synthesis

Matrix

Starting materials

Condensation

Polymerization
Substitution

Methylene bridges

Methylene bridges-
cross-linking agent

Polystyrene
Polystyrene
Polystyrene

Amino bridges
Ether bridges

Silica gel,
methoxy bridges

Alkane bridges

Anchor groups |Cross-linking
agents

Dibenzo-crown, |Formaldehyde
and cryptands

Monobenzo-crown| Formaldehyde
and cryptands |Toluene,(xylene,
phenol,
resorcinol)

Chloro-
methylated
polystyrene

Silica gel

compared with those of commercially available exchangers

are: high resistance to chemicals,

temperature and

radiolysis. They have neutral ligands as anchoring

groups which can simultaneously take up cations and

anions to maintain electroneutrality. They can strip

off the solvent shell of the cation and anion and

the binding of the ions is achieved in solvents which

are less polar than water.

The stability of the

polyether complexes depends on cation, anion, solvent,
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the size of the polyether ring and on the number,

type and position of the heterocatoms. They are also
able to activate the anions. Elution by pure solvents
and under changing pH conditions causes no pollution
of the eluate, except when oxygen and nitrogen are

the heterocatoms of the crowns and cryptands. These
are pH dependent and at pH < 3 there is leakage into

the solvent.

Cyclic polyether-containing exchangers have
many applications in inorganic and organic chemistry,
e.g. the separation of cations, anions, non-salt-like
organic compounds; trace enrichment of radionuclides;
the determination of water in inorganic and organic

compounds and various column chromatography techniques.

Cyclic polyethers bound to silica gel or polystyrene
are useful in ion-chromatography. In contrast to
stationary phases used until now, these permit separation
of the cations and anions over the whole pH range
in pure solvents e.g. water. A suppressor column
is unnecessary and therefore condﬁctivity detectors

can be applied without any problems.

The exchangers can also be applied as adsorbents
in thin-layer chromatography and electrophoresis.

122 are coated with

Polyethylene terephthalate sheets
suspensions of powdered exchangers in polyvinyl alcohol
solutions. The exchanger layers are non-abrasive

and resistant to fracture and most organic solvents

can be used except - dichloromethane, chloroform,
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and dioxane. An example of the results obtained by
thin-layer electrophoresis on exchange layers compared
with those obtained by paper electrophoresis for neutral

amino acids can be seen in Table [2.6].

Table 2.6. Electrophoresis of neutral amino acids2
Solid support | Paper Paper D.B[18]C-6
electrolyte Pyridine | 0.75 mol/1 formic acid 1.09 mol/1 formic acid
buffer acetate {1.0 mol/1 acetic acid(l:1) | 2.6 mol/1l acetic acid
pH 3.6 2.25 1.6
Voltage 100 V/cm 55 V/cm 4o v/em
Time duration | 180 min 150 min 60 min
RB VALUES D.B = Dibenzo
Gly. 133 143 97
aABS 107 , - 135
Ser. 68 102 156
Val. 100 100 100
Ileu. - 97 33
Pro. 51 81 135
Phe. 79 79 20
Tyr. 79 70 135
Trif. 88 59 3

It is possible to separate certain amino acids eg,
isoleucine, valine, serine and e-aminobutyric acid,
which show non-resolved zones on paper, even when

applying a higher voltage or longer separation times.

Cryptates and crown ethers complexed with cations
have been discussed as separate entities, however,
as a single entity, a counter-ion, they do have some
interesting properties. To the environment, the anions

and the solvent, the complex appears as a spheroidal
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cationic species of very large size 10 R diameter
agd of low surface charge density which reacts with
anions and solvent molecules much more weakly than
the largest alkali cation cs™. They therefore behave

21 eg. K -cryptand[2.2.2].

as a, "super-heavy" alkali cations,
This may result in strong anion activation since
stabilizatién of anions by ion pairing or by solvation

is greatly reduced, especially in solvents of low
polarity in which cryptate formation causes the increased
solubility of insoluble salts. Whereas the cation

in crown compiexes is still accessible from "top" and
"bottom" of the complex, this is much more difficult

with the‘well—encased cations of the cryptates. As

a result cation-anion separation is more complete and
dissociation oonétants in éolvents of low polarity

are much larger. This différence in exposure to the
environment, between a. partial and complete "organic
skin" should affect the properties of the accompanying
anion{' In ideal conditions cohplete ion-pair separation
in non-polar media should enable the study of gas-phase

type chemistry in solution.

Both macrocyclic polyethers and cryptands like

[2.2.2.] solubilize alkali metals but, only the latter

yields solvated electrons in large concentr'ations.21’72

The ability of cryptate counterions to stabilize unusual
species is seen in the first salt containing an alkali
metal anion [Naeryptand[2.2.2.]Na”], as gold-coloured

72

crystals. The 23Na N.M.R. spectrum contains a narrow



upfield Na~ resonance.73 The electride (Na+cryptand
[2.2.2.]e”) and (KTeryptand[2.2.2.]K”) have also been
obser'ved.21 Cryptate counterions are useful in the

determination of the crystal structure of polyatomic

anionic clusters of the heavy post-transition metals,7u

2- y

Sb 3-, Pb5 , Sn7 “. Complexation of Na™® by cryptate

7
[2.2.2.] prevents reversion to the starting Na/metal

alloy phase.

Strong basic systems123

can be obtained by the
addition of cryptate[2.2.2.] to a solution of tert-
amylate in benzene or butyllithium in hexane. The

pKa of tert-amylate anion with the potassium cation

complexed by cryptand (19) is approximately 37.12u

2 b C
CoHoq/ GiaHp3/Cy g Hog
T
10 N/\/V/)/N

' Lo‘\ o

The highly hindered ester, methyl mesitoate, is
hydrolyzed at room temperature by cryptand[2.2.2.]
with powdered potassium hydroxide suspended in dry
benzene or much more rapidly by concentrated solutions
of potassium hydroxide in dimethyl sulphoxide in the

presence of cr'yptand[2.2.2.].123

Macrocycles are useful in phase-transfer catalysis,125

assisting transfer from solid to liquid or from liquid
to liquid. Catalytic amounts of the macrocycle can

bring about numerous reactions from solid saltsz6’123

43
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under unusual solvent conditions thus preventing side
reactions. Cryptands or derivatives immobilized on

a polymer support were found to be efficient for salt
solubilization and for liquid to liquid phase transfer
éatalysis for a variety of simple substitution reactions

[Table 2.7].

Table 2.7.

Substrate Product Catalyst + Reaction medium |Yield %

. (¢]
1. n—C8H17Br n-C8H17I KI CR.Ic 60°C 0.2 hr 100
2. n—C8H17Cl n—C8H17CN KCN CR.Tc. 93
3. n—08H17BP n—C8H17SPh PhSNa ,CR.IC. 100

CR - Cryptand; CE - Crown Ether; L - ligquid; S - solid

Crown -ethers have found more specific use in phase
transfer catalysis and are especially useful for
synthetic organiec reactions; oxidations, reduetions,

displacements, alkylations, and eliminations [Table 2.8].

Oxidizing anionic species, transferred into an
organic medium by a crown ether normally show much
higher reactivity than under classical conditions.

For example oxidations with potassium permanganate
where the anion MnOu_ is transferred into a non-polar
organic medium like benzene (to give "purple benzene")
by complexed macrocyclic polyethers occur both in
liquid, liquid and solid, liquid phase transfer systems.

This procedure eliminates the self-catalyzed decomposition



of MnOu' which occurs with the evolution of oxygen.
Olefins, alcohols, alkylated arenes etc. are thus
oxidized to carboxylic acids, ketones, aldehydes or
glycols. The reactions are generally exothermic.
However, the oxidation is extremely sensitive to the

pH of the aqueous phase.

Table 2.8. Reactions using crown ethers as a phase

transfer catalysis.2

Substrate Product Catalyst and reaction medium |Yield %
(j] HO,C(CH,) ,COH | C.E. Kin0y S.L 100
| _@‘H?» @'f%"’ C.E. KMnO, S.L 78-100
: Ox ‘ ‘ v
c CH3 C.E. KMnO, S.L 90
CHY
¢
Rx ReN CT2L02H 1 ep on CR NaoN L.L 85-98
Rx RHalogen | CE Halogen L.L 77-100
CH,(COEE)  RCH(COFt), | CE K,C03 RHalogen S.L 9l
R-CH,CH_Halogen | RCH=CH, CE Ba*0K S.L 73-97
RCH=CH,, | | CE NaOH CHC1Br, L.L 4h-62
NH,NH, CH,N,, CE NaOH CHCl; L.L 48

-Dibenzo[18]crown-6 has been used to solubilize silver
nitrate in alcohols so that the synthesis of glycosides
from ae-bromo sugars is possible under homogeneous
conditions. The silver ion of silver nitrate is bound

strongly enough to form a stable soluble crown ether
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Reaction 2.2

AcO o ) Aco o .
Ac : : B = Ac /5 e

Br Me OH /NO 5 H

AcO 0 Ac AcO ¢ A

complex [Reaction 2.2]. However, the binding energy

is not as strong as the AgBr/ClHiCl energy. (If it

were, the driving force for the reaction would be lost.)
Crown ethers will dissolve sodium and potassium hydroxide
in benzene and if traces of methanol are present
concentrations up to 1 M may be achieved. These
solutions are powerful reagents for the saponification

of highly hindered water-insocluble esters eg. mesitoic

acid [Reaction 2.3].

Reaction 2.3

COLH; CO,K
CH;- CH3 K.Crown OH _ CHB CH3
~ benzene 1% CH3OH
CHy CHy

Crown ethers and cryptands can be used for the
reduction of ca;bonyl compounds to alcohols with
NaBH4 in a two-phase aqueous-organic system. However,
the reaction will proceed slowly because in the
homogeneous organic phase, complexation of LiAlHu or
NaBHu by specific cryptands ([2.1.1.] for Li and
[2.2.1.] for Na) inhibits the reduction of ketones,
due to the absence of the electrophilic activation
by the inorganic cation. There are many other examples
of the uses of phase transfer catalysts and crown ethers

and cryptands which may be found in the reviews.
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2.2. BIOCHEMICAL USES OF CROWN ETHERS AND CRYPTANDS

The close similarity of crown ethers and cryptands
to ilonophorous or lon-carrying antibiotics offersa
great potential in biochemical reactions. The essential
metals of the human body (~70 Kg) may be divided into
two categories; "Bulk" metals - sodium, potassium
(~170 g), magnesium and calcium, which constitute about
1% of the human body weight and "Trace" metals - iron
(~5 g), manganese, copper, iron, cobalt, zinc, vanadium,
chromium, and molybdenum, which constitute less than
0.01% of the human body. However, it is the trace
metals that have been studied most during recent
investigations of metal ions in biological processes.
This is because, the bulk metals have very few spectroscopic
properties. They have no unpaired electrons and cannot
be studied by magnetic measurements or electron spin
resonance spectroscopy. However some complexes of

2344 ang 44ca75,80,81,82,83

can be studied by nuclear
magnetic resonance spectroscopy. The alkali metal
cations are concerned in vivo with the maintenance

of normal water balance and distribution, the conduction
of nerve impulses, and neuromuscular activity.

Potassium helps the heart to relax between beats.

These roles are related to the ionic character and
mobility of the cations. Sodium and potassium are

also required to activate certain enzymes by mechanisms
which are as yet undefined. Sodium and potassium have

a great difference in their location and this is

easily seen in mammalian blood cells. Na¥ is principally
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extra-cellular (143 mM Kg"lNa+ compared with 5 mM Kg_1K+

for blood plasma) and K* is intra-cellular (105 mM

T+ compared with 10 mM Kg—1 Na¥ for red blood cells).

Kg™
There is, therefore, a discriminatory mechanism which
controls the selective uptake of K* across the membrane
into the cell from the plasma. To reach the inside

of the cell any alkali metal must cross the lipid bylayer
which is a layer of low dielectric constant. This

is unfavourable because of the high electrostatic

energy required to transfer an ion from high dielectric
aqueous solution into the low dielectric hydrocarbon.

To overcome this two main mechanisms have been proposed;
the cations can cross the membrane in association with
organic molecules or by pores in the membrane. It

is the first mechanism that is of great importance

since if a macrocycle can be"fdund which can achieve

five simple requirements - selective cation binding;
crossing of cell membranes; water solubility; an

indicator change when bound to a cation; and non-toxicity -
it will be possible to investigate the internal mechanism
of the cell and measure accurately the internal free-

126

unbound concentration of various cations. One

immediate use would be in detecting tumour cells since
tumour cells have much larger concentrations of Ca2+

than normal cells.

Table 2.9. Thenactins - ionophorous antibiotics3
Me . Ry o R1:R2:R3:RU{:CH3 Nonactin
I o on L _ .
0=%>—I:;:]\\,/Lﬂ,fL\T/I:;:L—\>_R R1_R2_R3_CH3 RH'C2H5 Monactin
o . Me o b R1:R3:CH3 R2=R4=C2H5 Dinactin

_ Me _ b o.p _ . .
Ry \/\G’fo Ry=CHy R,=R3=Ry=C,Hc Trlnactln.
" . Me R1=R2=R3:R4:C2H5 Tetranactin

3
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The antibiotics nigencens, lasaloeids and nactins
[Table 2.9] were the first naturally occurring ionophores
to be isolated in 1951 from streptomyces cultures.127
These cpmpounds were subsequently investigated and
it was found that they had outstanding properties as
selective cation carriers and were neutral at physiological
pH. They could increase the permeability of black-
lipid films and were found to increase the selective
movement of K into rat liver mitochondria. All of
these antibiotics either possess or can fold up to
form a large ring of fourteen or more members resulting

in a symmetrical arrangement of -CO-, -NH-, or -0O-

groups which act as ligands towards the central cation.

Table 2.10. Polyether antibiotics. The nigencins127’3
Me
Y Ion selectivity

\dMe

QUICHOH
OH

Monensin Na™>>X™>Ro*>Lit>cst

Nigencin K'>Rb*™>Na*>Cs™>Li*

Me
&—ii:;f%OH

OH
Dianemycin Nat=K">Rb rCs™>LLT

Lasaloeid A Ba2t>>CstSRb =K ™>NatwCa® '
24 o+
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The ion-selectivities of the polyether antibioties
given in Table [2.10] are lower than those of the nactins,
(see ion-selective electrodes) but are still large.

The ionophorous antibiotics have a limited human use
because they are highly toxic to mammalian cells,
although monensin and others are used in poultry

foOds;3’126

The main function here is to cause potassium
ion leakage which results in the eventual death of

the cell. For this reason of leakage they have been
studied as a system by which ioﬁ gradients could be

a;tered to control biological functions via ion transport
through membranes. The discovery of a calcium transporting
antibiotic, lasaloeid A, started numerous studies into

its physiological properties. It was found to release

Ca2+

down a concentration gradient from loaded vesicles
prepared from muscle sarcoplasmic reticulum. An immediate
application af this property was as a cardiovascular
reagent. .Tests on guinea pig and rabbit heart
preparations resulted in an increase in the contractile
force and apontaneous beat frequency. Studies on dogs
produced a three-fold increase of the contractility

index, after an intravenous dose of 2.0 mg/Kg. Similar
effects were also seen with monovalent ionophores,
monensin. At low concentrations 50 pug/Kg (2.25 ug/Kg
totally specific response) monensin produces a relaxation
of smooth muscle of the coronary arteries which results

in increased coronary blood flow. At higher concentrations

0.2 mg/Kg monensin produces an initial dilatation of

the systemic arteries and an increase in cardiac



contractility (blood pressure and heart rate). These
clinical applications are hampered by the toxicity

of the ionophore. However, due to the possible commercial
applications, extensive research is still being continued

with these natural polyether antibiotics.126

Other natural products that have specific binding
properties can be seen in enzymes, carbohydrates and
proteins all of which are found in metabolic processes
which are essential for life. The enzymes protease128
and transacylase are imitated by certain types of crown

compounds (11) and (12) which are able to bind ammonium

salts and introduce sulphur nucleophiles at the proper
R 0N
7 A

11 \I 12 HS *B
B %{bj RO I

0

\N—rvy

R=CH,SH or CH

2 3

position to attack an activated carbonyl group in the
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ammonium substrate eg. ammonium salts of activated

amino acid esters (13). The major contributing factor

2 ,
13 Rggc0<<jj:>woz+ RSH qmungzﬁ—°“0<£jj;%“b* —
NH3 N3

to enzyme catalysis is the polarization of the carbonyl
group by an electrophile, in metabolic processes.

This occurs by an imidazole group or a zinc ion in

a peptide chain.3 Synthetic dihydr‘opyr‘idines130’131
with complexed magnesium ions are the best synthetic

electrophilic catalysts and are now being incorporated

into crown ethers (14)(15).
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R =
li s . 15
N
ol 0
/ﬁ—\/—«\o H 0 )
0 [ H j
N~ 0 Ow\$9 0
NH rJ
Me \Me
Me

R=CONHMeéMe

The resultant compounds are found to have some
hydrogenase activity and are therefore of great biochemical
interest since a transhydrogenase enzyme is essential
for the interconversion of NADH and NAD(P)H'32 (16)

[Reaction 2.2].

Reaction 2.2

16
T (+)
NADPH . NADP + NADH
. b H N
Rﬂj&ij . R R Ri[”ijﬂl
+ 7 , +
. N N N N
R - R R R

Other exciting possibilities of enzymic activity can

be seen with binuclear complexes like (11), which 1is
capable of complexing two copper ions. The cavity
between the two copper ions in (113)133,134 should

be large enough to accept a substrate and thereby provide

a model for oxygenase activity.

T =N
N ~s—~N ( \J”\f’\/‘)
\
0 0
L P S I g ( AN j
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Crown ether and cryptate analogues can also be seen

in carbohydrates, polysaccharides and proteins. Amylose,
a polysaccharide compound which forms 20% of starch

can form cyclohexa-amylose136 (18), which has a diameter
cavity of 4.5 R. This is large enough for a benzene

ring and it can serve as a host molecule in aqueous

solutions for organic guest molecules.

The cyclohexa-amylose complexes have a high association

4 1.mol™ "' due to hydrophobic bonding

" constant 10°-10
and have been shown to exhibit covalent catalysis,

(the hydrolysis of m-t-butylphenylacetate is accelerated
260 times) and non-covalent catalysis, (the p-chlorination
of anisole with hypochlorous acid is accelerated 5.3.

times with high regioselectivity, para:ortho: 96:4).

Other examples of new chiral crown-ether carbohydrates

are, the D.D. tetra-O-isopropylidenedi-D-mannito[18]crown-6
derivative 3 (19) prepared from D. diethyleneglycol
bistosylate in 24% yield together with the [9]crown-3

and [27]crown-9 homologues. Other similar carbohydrates
with pyridine and nitrogen substituents in the crown

ether ring have also been prepar'ed.135



CH,OH
(N (i)
HO—1—H
MeCO.Me
HO—f—H OH
H——0H H
H—f—o0H @)ZnCL, (iv) NaH
CHoOH MeSOMe
Me N~
X = 0,/§ "/ .

This brief introduction has reviewed some of
the applications and potentials of crown .ether and
cryptand type compounds. it is clear that they are
becoming an essential part of modern chemistry and

that they will soon be invaluable in industry and medicine.

54




CHAPTER 3:

DISCUSSION

S5



56

CHAPTER 3

DISCUSSION

3.1. AIMS OF THE PROJECT

The aim of this work is to find a system capable
of both complexing a metal ion in organic and aqueous
solutions and also effecting or facilitating electron

transfer to or from the complexéd cation.

Such a process may occur spontaneously, thermally
or be initiated photochemically. One way this has
been envisaged 1s by using a macrocyclic system already
containing an oxidisable metal ion locked in a n/o-
bond framework of a metallocene. In order to complex
the second metal ion (the cation) it waé decided to
use a monodentate and bidentate macrocyclic ligands

of a crown-ether type.

The molecules being prepared in this work will consist
of a metallocene bridged by a macrocyclic ligand and
because of good documentation, air insensitivity and
relative ease of preparation of their derivatives
ferrocene and ruthenocene were chosen as the metallocene

unit.

Ferrocene and ruthenocene display two important
features essential for this work: i) a metal atom
capable of releasing an electron and ii) two cyclo-

pentadienyl rings which can be readily functionalised



S

(Chapter U4). Ruthenocene is of particular interest

since it has two n.m.r‘.138’139 99Ru

and 1O1Ru, with a relative natural abundance of 13

active isotopes,

and l7%nﬁhich may facilitate the investigation of the
metallocene/bound metal ion (cation) interaction.

The iron in ferrocene also has one n.m.r. active
isotope 5Tpe (2.2% abundance) and the signal for
fer‘r‘ocene137 has been found. However, due to its low
abundance and sensitivity it would be a poor n.m.r.

probe.
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3.2.1. STRUCTURE AND PHYSICAL PROPERTIES OF FERROCENE

AND RUTHENOCENE

In the solid state monoclinic crystals of ferrocene1u0

have the planar antiprismatic (staggered) configuratiog,
whereas orthorombic crystals of ruthenoceneu6 has the
planar prismatic (eclipsed) configuration. This
suggests that the inter-ring repulsive forces in
ruthenocene are less than in ferrocene which agrees

with their larger inter-ring distance (x-ray diffraction).

Ferrocene Ruthenocene

Fe-C of ring 2.05 & - @ Ru-C of ring 2.218%

C-C of ring 1.40 & C-C of ring 1.438

ep-cp 3.32 % - @ cp-cp 3.68%

Electronvdiffraction of ferrocene140’1u1’1u2 in

the gas phase has found that it has an eclipsed prismatic
configuration and a barrier to rotation of only

3.8 + 1.3 kJ mol—1. Hence the rings are almost free

to rotate and the configuration adopted in the crystal
is susceptible to packing forces. Electron diffraction

of ruthenocene25’41

gave consistent data for the
prismatic structure but, were insufficiently accurate
to permit calculation of the internal rotation barrier
of the cyclopentadienyl rings. However, calorimetric
and x-ray diffraction measurements between 77° and

300° K indicate the absence of any phase transition,

in contrast to fer-rocene.45 Three independent studiles

X 5 9 do Mo bl it
CEE el Py // VIS e Ve ;,(f,wln’ S
2 4 .
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of ruthenocene in the solid state by 1H n.m.r. have
yielded three different values for the activation
enthalphy for ring rotation: 7.53; 9.62; and 18.87 kJ mol™ .
These results indicate that the rotential barrier is
due to a combination of bonding forces within the molecule
and crystal packing forces and the non-bonding interactions
between the rings are small. However, monosubstituted
and 1,1'-disubstituted derivatives of ruthenocene all
have significantly higher activation energies towards
ring rotation. Calorimetric studies on ferrocene have
shown that there is a A point transition at 163.9°K
(A range 125-200°K). N.m;r.‘studies on solid ferrocene
over the range 50-425°K show that the line width varies
on cooling, as would be expected during a transition
from a 'liquid' situation to a 'rigid' solid. The.
data suggests that there is a considerable reorientation
of the molecule between 60-80°K. However, in the range
115-225°K (also A range) there is an anomalous liﬁe-
width broadening with increasing temperature. These
observations are due to reorientations of the molecule
in the lattice and transitions between eclipsed

143 Low-

and staggered configurations of ferrocenes.
temperature crystallographic studies show no large
changes of unit-cell constants in the A region but

there are torsional vibrations in the crystals.



Cell constants

Ferrocene1uo 2 Ruthenoceneu6 R
a 10.561 a 7.13
b 7.567 b 8.99
c 5.952 c 12.81
2 molecules per unit cell 4 molecules per unit cell

Ruthenocene and ferrocene have been studied

H47-50 and electronic spectroscopyui

extensively by ir, raman
under a variety of experimental conditions and physical
states. The infrared spectra and enthalphy of formation
indicates the ring-metal bond strength : ruthenocene >
ferrocene. It is of interest to note that both'ferrocene
and ruthenocene are iqert in hydrocarbon solvents but
not in chlorinated solvents. Irradiation of ferrocene
in carbontétrachloride produces a free radical breakdown

of the solution in which the ferricenium ion can be

detected and isolated [Dig. 3.1]. Similar irradiation

DIG. 3.1.
hv

Fe.cp, + CCl, Fe.cp2+ + Cl™ + cc1

3

of ruthenocene in chlorinated hydrocarbons again produces
photo-oxidation reportedly to the ruthenocenium ion

and prolonged photolysis in 1,2-dichloroethane is claimed
to produce a (Ru cp2)(Ru CClu) complex. However, due

to the lack of evidence of the ruthenocenium ion

electrochemically and the absence of any assignable
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i.r. v(RuCl) peak, magnetic and e.s.r. measurements
the identity must be regarded as suspect. It should
be noted that the electronic spectrum of ruthenocene
in carbontetrachloride is more complicated and this
is probably due to the formation of a 1:1 charge-transfer

complex.

3.2.ii. ELECTROCHEMISTRY

If the two cyclopentadienyl rings of ferrocene
or ruthenocene were bridged by a macrocyclic crown-
ether, a cryptand is obtained one bridge of which consists
of the metallocene unit. When this binds a metal cation,
the latter may be brought into close proximity with
the metal ion of the metallocene allowing possible
electron exchange between the two metal ions to occur.
This leads to reduction of the bound metal ion and
oxidation of the metallocene. If the metallocene ring
is also attached to an external electron source eg.
an electrode or photo-electrode the metallocene ring
merely plays the role of an electron transfer agent
which is part of an ion-selective cathode (the cryptand)

[Diagram 3.2].

Diagram 3.2.

C+

\ /
&tpi@aﬁ]
A

+ .
= cation

C
M=Ru®* op Fel+
B = bridging group
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There are many natural examples of this type of reduction.
Nitrogen fixing ferrodoxins as found in the root hairs

of plants, have Fe2+

ions which are believed to give
electrons which reduce nitrogen bound to molybdenum.

If the process were endorganic i.e. the chemical
potential of the system would rise this general process
would be particularly significant. Whether or not

a metal ion complexed in a ferrocenyl or ruthenocenyl
macrocycle would accept an electron must depend on

the nature of that cation in the unusual environment

of a crown-ether, in which there may be considerable

changes in its properties i.e. Redox potential.

Electron exchange studies via n.m.r. line broadening

have shown that the electron transfer reaction:

—

Fe cp, Fe cp2+, is very rapid and does not vary

markedly with the dielectric properties of the solvent

or if the ring is substituted. The oxidation of
substituted ferrocenes have been studied by quarter-

wave potentials determined by chronopotentiometry.

From the results it can be seen that ferrocenes which
contain electron-donating groups are more easily oxidized
than ferrocenes which contain electron-withdrawing

groups which were more resistant to oxidation than
ferrocene itself. This result is not surprising since
amino-ferrocene and hydroxyferrocene are slowly oxidized

on exposure to air.

Oxidation of ferrocene to give ferricenium salts

may be effected electrolytically by the action of various



oxidants e.g. picric acid, and also photochemically.
Neutral and basic solutions of this cation are unstable
resulting in the formation of iron hydroxide and
ferrocene. The ferricenium cation is easily reduced
back by a number of reagents, e.g. sodium thiosulphate,

ascorbic acid.

The electrochemistry of ruthenocene is not analogous
to the simple one electron reversible ferrocene couple

141 (vs. SHE). The

Fe cp,/Fe cp2+ E, = 0.56 V
electrochemical oxidation of ruthenocene at a mercury
anode was repcorted to yield the ruthenocenium ion.
However, the product has since been characterised69
as [(cp)2Ru ... Hg ... Ru(cp)2]2+ where the redox

potential observed corresponds to the electrochemical

oxidation of mercury Hgo to Hg2+ and not the ruthenocene.

£t a platinum electrode,69’7o’71

it is suggested
from chromopotentiometric measurements that ruthenocene
undergoes a two-electron, one step irreversible
oxidation at an zE% of 0.934 V (vs. SHE) in ethanenitrile.
There have also been reports of polargraphic oxidation
at platinum with E% of 1.02 V and 1.05 V (vs. SHE)

in ethanenitrile. No electrolytic oxidation products
of ruthenocene at a platinum electrode have yet been
isolated. It is important to note that there is no
electrochemical evidence for the ruthenocenium ion

and all attempts to oxidise ruthenocene have produced

ruthenocenium IV complexes. It has however been

suggested that the two electron oxidation proceeds

63
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with tilting of the cyclopentadienyl rings. This
process would become more difficult in the bridged
macrocyclic structure and abnormal electrochemical
properties might be expected for the ruthenocene

cryptates.
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3.3. THE DESIGN OF FERROCENE AND RUTHENOCENE MACROCYCLES

CONTAINING ION-BINDING LIGANDS

In attempting to design a useful synthetic target
the following criteria were initially applied:
i) The ion-binding complex should be a neutral crown
ether, (monocyeclic or bicyeclic) or polyarbmatic macro-

cyclic ligand.

ii) The size of the binding cavity, the number and
nature of the heteroatoms and hence the specificity
towards different cations could be easily varied during
the preparation of the macrocycle without major changes

in the synthetic approach.

iii) Ferrocene or ruthenocene should form one edge
of the macrocycle which is therefore joined via functional
groups on each cyclopentadienyl ring to the bonding

ligand.

Any complexed metal ion would be expected to
reside in the cavity in the plane of the ligand and
benefit from any interaction due to its position
adjacent to the central atom, Fe, Ru. It is known
that ferrocene is protonated at the metal atom in
strongly acidic media. It has been suggested that
the cyclopentadienyl rings can splay without any
significant loss in metal-cyclopentadienyl bond energy
and that this alteration in geometry causes hybridisation
of the non-bonding metal orbitals 3dz, 3dxy, 3dx2—y2

to give orthogonal orbitals orientated towards the
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direction of the ring opening.33 The proton can now
make use of the ¢o orbital where adverse repulsions

are a minimum [Diagram 3.3].

Diagram 3.3

ﬁ Vi

It is not expected that a simple ferrocenyl, ruthenocenyl

macrocycle would>necessarily exhibit complex formation.
Ligands of the type (CH2CH2x)n X = heteroatom where
complexation is by lone-pair interaction only show
high'affinity for specific cations when arranged in

a symmetrical structure, but any disruption or increase
in the aliphatic portion of the molecule, would cause

a decrease in ion-binding ability.

The aim therefore is to couple as much lon-binding
capacity to the metallocene as possible. The synthetic
schemes which emerge from these considerations are

[Scheme 3.1].

Scheme 3.1 . F = functional group, B = Bridge head atoms, C * = Cation

Por omers. Dimers.
<o "x ”>j <o T
Lo LG LG, 0>
<o oAy @B@m<>
M . x)];[ S g)
1% ('/pfﬁs @—/K\/}
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The simplest form of this type of molecule would
be the monocycle where the cyclopentadienyl rings are
linked via a bridgehead atom B to a ligand chain
(CH2CH2x)rl ( x = heteroatom). The detailed manipulation
of this reaction scheme will be dependent on the
chemistry of the 1,1'-disubstituted metallocene and

the type of bridgehead compound used.



CHAPTER U4:

THE SYNTHESIS OF FERROCENE AND RUTHENOCENE

DERIVATIVES AND CRYPTANDS

68



69

CHAPTER 4

THE SYNTHESIS OF FERROCENE AND RUTHENOCENE DERIVATIVES

AND CRYPTANDS

4. 1. REACTIONS OF FERROCENE AND 1,1'-DISUBSTITUTED

DERIVATIVES

There are only two efficient methods available
for the preparation of symmetrical 1,1'-disubstituted
ferrodenes:1u1’1u8 i) Friedel-crafts acylation and

ii) lithiation. Both of these approaches have been

investigated in the course of this project.

i) Friedel-crafts acylation and subsequent reactions

Ferrocene may be acylated by a number of Friedel-
crafts reagents to give mono or 1,1'-disubstituted
products.1u1’1u8 The yields of which are dependent
on the reaction conditions and are generally in the
region of 50%. A maximum yield of 72% may be obtained
for the preparation of 1,1'-diacetyl ferrocene when
excess acetyl chloride is used with a Leﬁis acid (aluminium
chloride). The 1,1'-diacetyl ferrocene may be reduced
by lithium aluminium hydride to give 1,1'-bis(1-hydroxy

ethyl) ferrocene in 90% yields. This ferrocenediol

Scheme 4.1 20
OH
<o~ oo N
Al Ay LiAtH MeCOH
Fe A= F
L O > vetodl @(0 Me HMe

72% 92% OIH 0°/o Me
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serves as a suitable starting point for the synthesis
of a small ferrocene macrocycle [Scheme 4.1]. This
general idea also follows for ferrocene-bisaldehyde

[Scheme 4.2].

Scheme 4.2 21
HO CHp0H CH
(F?}( LiAlH, @ TsCl , @ >o
HO LO S @CHz
90% 50%

This technique allows ferrocenophanes with bridges
containing a single heterocatom to be prepared. However,
these bridges are too small to allow a metal cation

into the cavity. The preparation of larger ferrocene
macrocycles may be carried out by esterification or
anion displacement using the ferrocené alcohols (gg)

or (21).

Reaction 4.1

Anion displacement

Me Cl Me

@CHOH 3 @c’Ho’s Or dimer
Fe + 0+ NapH —Digh - 0
L0 X

dilution Fe
. HOH j @(HOJ Or polymer

Me Cl Me

An anion displacement method [Reaction 4.1] was
attempted following the general Pederson method.
1,1'-bis(1-hydroxyethyl) ferrocene was reacted with

2-chloroethyl ether under high dilution conditions.



The product from this preparation was a red/brown powder
which was apparently insoluble in organic solvents.
This material gave no satisfactory mass spectra as

it seems to have a very high molecular weight. There

was no clear melting point and only chaining was observed.

From this it is believed that a polymer was formed.
Howevef, due to its insolubility in liquid media it
proved difficult to characterize. This particular
reaction could be improved in two wéys: i) a better
leaving group could be employed e.g. tosylate or bromine
on the polyether chain; ii) the large methyl groups

may impede the reaction and if this is replaced by

a proton, the steric hindrance would be reduced.

Esterification

HNO
3

oo v~ 0" “oH HO,CCHo0”  OCHLOoH
‘ A ‘ B

Reaction 4.2

HoOH
o " <O tH000CH0
Fe * B - Fe
high dilution
L0 Souor 4:::::>{Hgm0£Hzo

Reaction 4.3

7

0

~

0,H
2 .

o

= high dilution Fe
o L%

2

2
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Or dimer

Or polymer

0] Or dimer
0~ Or polymer



Reactions [4.2] and [4.3] which are esterifications
have not been attempted. They may offer viable methods
for synthesizing a monocyclic metallocene-crown which

. avoids the problems of anion leaving group in the anion
displacement method. However, such an approach does
have its own problems and limitations. 1,1'-ferrocene
dicarboxylic acid (gg) insoluble in most organic media
except acetic acid and would therefore be unsuitable
for the high dilution preparation which are used in

the preparation of crown like compounds. This method
is also limited to the preparation of monocyclic
systems and cannot easily be generalized into bicyclic

systems.
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ii) Lithiation and subsequent reactions

Lithiation of ferrocene with excess n-butyllithium
complexed with tetramethylethylene diamine in a 1:1
ratio proceeds to give 1,1'-dilithioferrocene (23)
precipitates as a fine orange suspension and was used
without any further purification due to its high reactivity
[Reaction 4.4]. The high reactivity of 1,1'-dilithio-
ferrocene could be exploited to great advantage in
potential preparaﬁive routes to ferrocenyl macrocycles.
But, the only reaction which has so far been attempted
.[Reaction U4.5] was not successful, ferrocene being

recovered together with the bis chloro ether.

Reaction 4.4

d

n-C4H9U @LI
Fe

fe : —=
TMEDA. @Li

23

’

- Reaction 4.5

<<:::::>i high \\

. . . 0

@ . j dilution @_/
L X in benzene

X=Cl,Br orTs,

-
M
+
Q
M
m

A number of other leaving groups could be used in an
attempt to overcome this problem e.g. bromide and
tosylate but as yet these reactions have not been

attempted.
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However, the reactions of 1,1'-dilithioferrocene
with carbon dioxide and N,N-dimethylformanide have
provided the key steps in the synthesis of ferrocene-

cryptates.

1,1'-dilithioferrocene reacts with dimethylformanide
to give, after hydrolysis, 1,1'-ferrocenedicarboxaldehyde
(25). This bisaldehyde was expected to be a suitable
starting material for condensations with diamines to
give macrocycles since the imine (24) is readily

150

prepared and other examples of bisaldehyde

a,w-diaminecondensations are known.
- >E::j

T 2 e Oy

)

10% Yield Overall

Bell and Hall34 have developed a viable route
[Scheme 4.3] to macrocyclic compounds but yields are
low (~10%). These preparations were limited by the
difficulty in preparing large quantities of the bis
aldehyde due to its tendency to polymerise in organic
solutions giving a red oil, while in the solid state

it is sensitive to oxygen and light. On further
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investigation of the Bell and Hall method of preparing
1,1'-ferrocene dicarboxaldehyde, it was found that

if the addition of 1,1'-dilithioferrocene is carried

out at lower temperatures (-55° - -60°C) a significantly
higher yield of 1,1'-ferrocenedicarboxaldehyde is
obtained. The above route could‘now be a viable method

of preparing ferrocene macrocycles.

Scheme 4.4
Preparations of 1,1'-ferrocenedicarboxaldehyde

Mn 07 <O tHo 150

Fe Fe 34% Osyerby and Pauson.

CH,OH P

CH,OH

0

1 n-CyHg LlTMEEA 56% Bell and Hall.S"
2_ HCONIMe),, ~20
3 Nl 3 <§:::::::;7
Fe 1 n-C; Holi TMEDA 4(::i:::>
z_Hcdhmaz -60°C. CHO

3 NHflag 6T 77% This work.

@ ’

’

The carbonation of 1,1'-dilithioferrocene is achieved
by injection of its ether/tetrahydrofupan suspension
into a carbon dioxide ether slush to give lithium
1,1"-ferrocene dicarboxylate. This is easily converted
into 1,1'-ferrocene dicarboxylic acid by acidification
with dilute acid. This could be used to prepare
ferrocene macrocycles (Chapter 3.3.i); however, as
stated earlier it is insoluble in most organic media
and therefore of limited use. Though it can be readily
dehydrated to form the anhydride, which has no cation

binding properties. Lithium 1,1'-ferrocene dicarboxylate



Scheme 4.5.

<<:::::71 }§U/ HGa <::::::7{02'1m1na
@

o oo
0 @cozu @COZH @

(coc, \ / coc,
@cou

26 Fe

@cm

is readily converted into 1,1'-ferrocene dicarbonyl

AN

chloride 2] (26), by treatment with oxalyl chloride.
This is a stable, easily purified, crystalline solid,
which is soluble in benzene and more polar solvents
[Scheme 4.5]. This has been found to react rapidly
with amines to give amides and relatively slowly with

alcohols and water. As the resultant amide is stable

Scheme 4.6

benzen /ﬂ:::j
0%, ME3. @CO-NH o=

Fe * 0 —— = _Fe 0
L0 0 wn g 28 L0 om0
H 5N
2 - \
A
n=012. @
N

| P :
Bell and Hall

(via aldehyde route 10%) Overall 60-70%"

and the reaction is rapid, it is clear that a high

dilution reaction technique is required to prevent

(=2
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polymer formation. The ferrocene bis acid chloride

is therefore the ideal precursor for reactions with
a,w-diamines which may be primary [Scheme 4.6], e.g.
diaminotetragol or secondary e.g. diaza crown ethers,
and it is with this type of reaction that the synthesis

of macrocyclic metallocenes has been achieved.



Whilst ferrocene is readily available commercially

it was necessary to prepare ruthenocene prior to use.

4.2.i. Preparation of ruthenocene

The first reported preparation of ruthenocene42

was in 1952 a year after the discovery of f‘er*r-ocene;)1l3
it was isolated from the reaction of ruthenium acetyl

acetonate with a five-fold excess of cyclopentadienyl

magnesium bromide in 20% yields. Substantially higher
yields (43-52%) have been obtained by the reaction

of ruthenium trichloride with cyciopentadienyl sodium

in either tetrahydrofuran or ethyleneglycoldimethyl

ether. Recent preparations have increased this method

78

to (56-69%) however, the treatment of ruthenium trichloride

in ethanol with cyclopentadiene in the presence of

zine dust results with a 75% yield. These latter

Scheme 4.7

Preparation of ruthenocene

1952 Ru(acac)3 + cpMgBr (cp)zRu 20% _yieldu2
1959 RuCl3 + cpNa — (cp)gRu 43-52% yield36
1961 Ru+RuCl3.H20 + cpNa 8ohr . (cp)ZRu 56-69% yield35
1979 RuCly.H,0 + Znsep 12— (cp) ,Ru 75% yield3's3?

two methods seem to be the most favourable [Scheme 4.7],
however, in each case there is a particular disadvantage.
Obtaining the required activity for the zinc dust is
always a problem and the direct sublimination from

a pyrophoric residue can be hazardous.
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An interesting alternative is the treatment of
ruthenium trichloride with ferrocene which undergoes

a ligand exchange reaction in a Carius tube at 250°.

This idea of a ligand exchange reaction has been 103
used to prepare carrier-free radicactive ruthenocenes (105&ch)2).
The first preparations were from a nuclear fission reaction

in which a powder-mixture of uranium oxide and ferrocene

were heated together. The process is considered to be

Scheme 4.8
poere s e o o 103
235U 17 and 2 105Ru
—* n fission
' 103 103
5 1OSRu + Fe(cp)2 —_— 105Ru(cp)2
103
Overall: 235U + Fe(cp)2 _— 1OSRu(cp)2

a two step reaction where the key step of the mechanism
is 'chemical'. The surprising feature of this reaction
is that up to 50% of all the isotopes of the fission

elements are found in the pr‘oductm‘l [Scheme 4.8].

More recently, the chemical exchange reaction
has been developed to yield convenient starting

materials (1O3Ru.Cl3). These reactions [4.7] occur

Reaction 4.7

:
¢

1857 -
Fe *103p0y — = R (R H,CO-NH2,COZCH3,CO.CH3)
F@R s s R@R (R=CO.CH.)
e W03y T T R
L0 > O R
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with 5-70% yields, depending upon R. A detailed study
of this reaction revealed that disproportionation

occurs in these reactions. However, the major product

Reaction 4.8

<o <G~ <OF
Fo + 3Rull3 —= Ry + - Ru -+ Ru_ +Fell3
Lo> o7 <OR

(R=C0.Ar,CO.CH,,CO,CH CO.NHZ,SO NH CH:CHCO.CH3)

3103 ooy

is still the mono-substituted ruthenocene and the others

are minor by—productsuu [Reaction 4.8].

Ruthenocene is readily purified by sublimation

35

in vacuum at 12OOC, or by column chromatography with
activated alumina. Ruthenocene may be recrystallized
from a variety of organic solvents and forms pale yellow

orthorombic crystals.

As with ferrocene, ruthenocene ring derivatives
are easily prepared by two main routes [Table 4.1].
Friedel-Craft's reactions with a Lewis acid or a lithiation
reaction with n-butyl lithium. Depending upon the
reaction conditions, concentrations and strength of
reactants, a variety of substituted products may be
formed in both cases (mono-, di-, and trisubstituted
ruthenocenes).38 These reactions rarely proceed clearly
to give 100% of a single product, instead there is
usually obtained a mixture of products of which one
Wwill predominate. Further reactions to change the

functional groups of the substituted derivatives are



possible and this leads to a large variety of compounds

[Table 4.2].

The monosubstituted ruthenocenes havé been
extensively studied and characterised (54 known
compounds). However this is not the case with the
disubstituted ruthenocenes of which few are known.

The disubstituted ruthenocenes may be subdivided into
three groups [Table 4.3] and it is with the first class

of compound that this research has been concerned.
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Table M.1”u
Mono derivatives Disubstituted derivatives
36 36 Li COH
1026 O 7 gl n-CHoLi <o cole @ 2
Ru —_—— + — = Ru
H*/ Co TMEDA .
51
COM
ME'OC@ MeCO.CU/ MeCOLCU/ @ y
Ru —_— + o Ru
NC R R
<:::::::;7 FeUBIHCN <<::::::;7c RCOCUAK[3<<::::::;7 Repeat <:::::::;7
Ru Ru Ru

NCly PRCO.CUALC 3

P
c
+
V
Z

0.Ph

g

52,53
PhNCO/ALC! 3

HCL

PhHN.OC

o
=
)
+

Gl

Trisubstituted derivatives

n- CAHgLi
Et0 Li

—
~

o
o

@?@
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i H

CHO
<o POCL 3/ <o~ CHACOH), @3@;0)20
il s S B

Ru VYT

RU . R
@ PhNHMeCH.0 @ i PtOy/Hy @Hog Q Y

MeCOLL
Al[l3

C0.Me H.OH.Me

oNeBH, <<::::::7C AQ L Ag03 <<::::::7c

H=CH,

| @?@

Table y 34"
136,40 236 , 340
@R 7 @ R R=20r3.
Ru Ru Ru
<oor <OTF <o~
13 Compounds 8 Compounds 20 Compounds

1. R=CH,, C.H., CH=CH,, CH(OH)CH,, CO,H, CO.CH,, CO.Ph, Li, Br, I, C1,

3, 2 57 . 27 37 2 ? 3’
CN, Tl(NEt2)3
2. R=CH,, CH,, CH,, CH,, CH CH,OH, CO.H

37 73 3T T3 TR Cis,

| - -
R'=COH, COCH,, CO.H, CO.NPh, CH=N(OH), ON, CO,CHz, PO,CHg.

3. ReCHy; CHy, CHy, CHg, CHy, CHy, CHy, CHy, CHy, CHy, Cg
R'=2-CH, 3-CHy, 2-CO,H, 3-COH, 2-CO,CHy, 3-C0,CHz, 2-CO.H, CO.NPh,,
CH=N(OH), 2-CN.

R = 3, CH OH, CO.H, CO.Ph, CH N(CH )2, CH2N(CH3)2, CH2N(CH3)2,
CH N(CH3)2, CH N(CH3)2.

R'=3-CN, 2~ C020H3, 2-C0C 3, 2-C0.Ph, D, 2—CH:CH(CO.CH3), 2-CH=CH(CO.Pb),

2-CH=CHPh, 2—C02Et .
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4_.2.ii) The preparation of ruthenocene-1,1'-dicarboxylate

and 1,1'-ruthenocene bis acid chloride

The lithiation and subsequent carbonation of ruthenocene
was found to give predominantly a disubstituted product;
however the subsequent hydrolysis and purification of
the acid was difficult as the acid is only sdluble in
the acid

glacial acetic acid. To overcome this problem,

was left as the lithium salt and filtered, unreacted

ruthenocene was removed by washing the solid with dry
ether. The purity of the solid was determined.by preparing
the methyl esters via diﬁethylsulphate (a high yield

method) [Scheme 4.9].

It has been reported that the metalatioh of ruthenocene

is dependent upon: solvent conditions, temperature and

the ratio of reactants [Table 4.4]. It was found that

the use of a mixture of diethyl ether/tetrahydrofuransu’36

Table u.4°%,36,38

Ratio of Time |Temp. Solvent % Yield

n-C H9L1 Ru(C )2 hr ¢ System Mono.| Di. |[Tri.

ﬂEﬁA

3:1 24 25 EtZO 24 24 - |Determined

6:1 18 |-50 to 25 Et20/THF 1 86 - l|as the

1.3:1 17 -50 to 25 Et2O/THF 10 10 - lacids

2:1:2 17 22 + 3 Etzo/Hex.. 11.8| 56.8 | 35 |Determined

b:1:4 17 22 + 3 Et O/Hex - 72.4 | 8.4as the

bet:y 17 22+ 3 Et O - 74.3 | 8.2 |iodo derivatives

6:1 17 |-50 to 25 |Et,O/THF | 4* 2| 40¥ 50 - |Acid determined

2.5:1:2.5 24 |-50 to 25 |Hexane - 71 - |Determined
1.5/1 as the

6:1:6 24 |[-50 to 25 Et20/THF - 80 - |methyl esters

*The butyl lithium was found to be impure




as a solvent system for the metalation produces greatly
enhanced yields of lithiated derivatives. A similar
effect is seen when an equimolar amount of N,N,N' ,/N'-
tetramethylethylenediamine/n-butyl lithium38 is added

to the ruthenocene. In view of the earlier observations
concerning the lithiation of ferrocene it was logical

to assume that the optimum conditions for dilithiation

Sh (tetrahydrofuran/ether)

would be found if a solvent mixture
and a n-butyllithium/T.M.E.D.A. adduct was used at low
temperatures -500—250). There seems to be no marked
increase in the yield of disubstituted ruthenocene (80%).
However, it should also be noted that no mono- or
trisubst%tuted derivatives were isolated using this

method and consequently this procedure was used for all

further preparations of bis-ruthenocene compounds.

Scheme 4.9

<O Loz
vgso, | SO _ode

coli

in-C HgLi/ NS

TMEDA 50, Ry ool
< : 707

(conv),

e
<5

@co.u
R@cou

L

28

The bis methyl ester was prepared from the crude

lithium salt of ruthenocene biscarboxylic acid by reaction
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with dimethylsulphate in methanol. The product was
purified on an alumina column and only one band was seen.
The subsequent analysis and n.m.r. data confirmed the
structure (27). The n.m.r. and i.r. data for dimethyl
ruthenocene-1,1'-dicarboxylate was analogous to that

for the ferrocene derivative [Table 4.5].

The 1H n.m.r. spectrum contains two sets of non-
equivalent protons (the metallocene) and a singlet for
the methyl groups in the correct ratio of 4:U4:6. The
13C n.m.r. spectrum shows five different carbon signals,
three ruthenocenyl, one methyl a?d one carbonyl. Since
theré are fourteen carbon atoms in the structure (27)
there must be equivalence due to the free rotation of
the carbonyl groups. This is confirmed from the 1H n;m.r.
spectrum since H-2' is equivalent to H-5' and H—é' to
H-4', thus eliminating the possibility of the carbonyl
groups having a fixed configuration coplanar with the
adjacent ruthenocene ring. There is an alternative
éxplanation to the n.m.r. spectra: the carbonyl groups
could have a perpendicular configufation. However, this
is unfavourable since there are no available orbitals
for bonding to occur between the ruthenium atom and
the carbonyl group, thus keeping the perpendicular
structure [Diag. 4.1] and conjugation with the cyclo-
pentadienyl rings is minor. The carbonyl signals were
weak in the 13C n.m.r., however they were confirmed as

they were easily seen in the i.r. spectrum.
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Diagram 4.1

OMe 0
5’ <o <o ¢
~OMe /0 “OMe

RU'--n..iO Ru "V../OM?
: : ; \OME : *OMe : \\0
Proposed free rotation Perpendicular type structures.

structure.

The crude lithium salt of ruthenocene bis carboxylic
acid was converted into the acid chloride by reaction
with oxalyl chloride following the general Prakt method.
Ruthenocene bis acid chloride has been prepared before
by Otloffer and SchlogeluO but, they did not isolate
the compound and only used it as an intermediate in a
reaction sequence. Ruthenocene bis acid chloride (28)
was best purified by a double recrystallization from

hexane or benzene. The n.m.r. spectra were again similar

to the ferrocene analogue [Table 4.6].

The 1H n.m.r. spectrum contains two sets of non-
equivalent protons (the metallocene). Again H-2' is
equivalent to H-5' and H-3' to H-U', thus eliminating
the coplanar structure and giving evidence to the free
rotation of the carbonyl groups. The 13C n.m.r. spectrum
shows four different carbon signals, three ruthenocenyl
and one carbonyl. Since there are twelve carbon atoms
in the structure there must be equivalence again due

to the free rotation of the carbonyl groups.



Table 4.5

1. Dimethyl ruthenocene-1,1'-dicarboxylate

1

CO. v = 1730 em™

1(b) Dimethyl ferrocene-1,1'-dicarboxylate

1

Cc=0 ; = 1710 cm_

3¢ h.m.r. data in CDCl. @ 22.6 MHz ambient

3
Assignment 1. ppm 1.(b) ppm 27
2I 1’
C=0 200.10 200.88 3’ C0-Me
N :: ALY
c 0 .27 80.88 TRy
N | | N
02—5 74.01 73.57
CBZM_ 73.29 71.02
CH3 51.70 27.63

"M n.m.r. data in CDCl. @ 90 MHz ambient

3
Assignment 1.ppm inter 1.(b) ppm | inter |
H2',5° 5.7t # - 0.02] 4 | 5.05t # 0.02 | 4 |t
H3', 4t 4,73t 4 0.02| U 4.61t Hz 0.02 y
CH3 3.T4s 6 3.62s

triplet

singlet
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Hn.m.r. of dimethyl ruthenocene-1,1'-dicarboxylate @ 90 MHz (CDCL

CUZME
COzME

32
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Table 4.6
Table 7.0

2. Ruthenocene bis acid chloride 28
C=0 5 = 1775 cm™ 28

2.(b)Ferrocene bis acid chloride 26 @CO'U
-~ ocl

3¢ n.m.r. data in CDCl3 @ 22.6 MHz ambient

[ Assignment 2.ppm 2(b). ppm

co 166.15 168.37

C, 77.32 T7.45

C2’l5 73.22 76.10

C3,4 72.18 T4 14

M n.m.r. data in CDCl3 @ 90 MHz ambient

Assignment 2 ppm inter 2b. ppm inter

H2,5 5.16t # 0.02 4 5.05t 4 0.02 | 4

H3,4 4. 80t # . 0.02 y b5t 4 0.02 4

90
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1H n.m.r. of 1,1'-ruthenocene bis acid chloride € 90 MHz (CDC13)_
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4.3 PREPARATION OF BINDING LIGANDS

Having successfully prepared ruthenocene and ferrocene
pis acid chloride it was decided to convert these into
the desired crown ethers and cryptands by reaction with
the appropriate primary and secondary diamines. Since
few of these ligands are commercially available it was

necessary to prepare them prior to use.

4.3.i) Aliphatic e,w-diamines and diaza crown ethers

The aliphatic diamines; diaminodiethylene glycol,
diaminotriethylene glycol and diaminotetraethylene glycol
are readily prepared from the corresponding alcohols
following the Lehn method.61_NGreat care must be taken
with the storage of the diaminoethylene glycols as they
are very hydroscopic and must therefore be distilled
from potassium hydroxide immediately prior to use. The
solvents used in any subsequent reaction must be 'super
dry' as any traces of water will cause hydrate formation

and thus impede condensation reactions with bis-metallocene

and chlorides to give macrocyclic products.

There are only two general routes by which diaza
crown ethers may currently be prepared: i. the intra-
molecular nucleophilic displacement of tosyl or halide
groups by an anion; and ii. the condensation of acid
derivatives with diamines [Scheme 4.10}. The cyclisation
stage for both routes gives approximately 20-30% yields.
However, only route [1] was followed as this had the

higher overall efficiency. This arises from the better
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yields obtained from tosylation reactions against those
found for the oxidation of ethylene glycols to ethylene

dicarboxylic acid, route [2].

The overall yield for the preparation of diazal[24]
crown-8 (3.3) was 7% and for diazal21]crown-7 ( 3.2) was
10%. This three percent difference was thought to be
due to a modification in the reaction procedure for the
cyclisation step. It should be noted that both of these
macrocycles have a large pore diameter; diazal[24]crown-8
(3.3) 4.5-5.2.8 and diaza[21]crown-7 (3.2) 3.4-4.3 8,

therefore a large cation should be used in the cyclisation

Diagram 4.2

Ts@ Tsl

H\/N/\;
& ®d
&ﬂ\\»i\f 7

stage, which would act as a template about which the
glycol chain can coordinate themselves and thereby direct

the reaction towards cyclisation. "The template effect".

Table 4.7. Percentage yields of ditosyl-diaza crown

ether preparations using sodium and potassium

cations as templates

Crown CATION Na* 1.36 8 | K" 2.66 &
Ditosyldiaza[2U4]crown-8 (3.3) 28% Predict
Pore diameter 4.5-5.2 increase
Ditosy}diaza[21]crown—§ (3.2) 54% 88%
Pore diameter 3.4-4.3
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Overall yield for route 1 < §n
0\
Diaza[24]crown-8 7% n=2 n'=2 (W)

Diazal[21])ecrown-7 10% n=2 n'=1
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For the preparation of ditosyldiazal21]lcrown-7 (3.2)

two cations were used sodium and potassium. The increase
in yield from 54% to 88% reflects the better correlation
of pore diameter to cation diameter i.e. the maximum
template effect for cyclisation can only be obtained
when there is a good correlation of pore diameter to
cation diameter. This therefore exﬁlains the poor yield
of ditosyldiazal24]crown-8 (3.3) when sodium was used

as the cation was too small. One would predict a better
yield if potassium or rubidium was used as the cation.
However, for ditosyldiaza[21]crown—7 (3.2) the potassium
cation seems to be the'optimum size as there is a very
good yield 88% and any further increase in cation size
would most probably décrease_the template effect as the
glycol chains would not pomfortably envelope the larger

cation.

The literature routes to diaza[12]crown~47(1.1)
are outlined in [Scheme 4.10]. A new four stage synthesis
of diazal12]crown-4 (1.1) (29) analogous to the preparation
of mono aza[12]crown—u1u5 [Scheme 4.11] was attempted.
Diethanolamine can be selectively tosylated (mono- or
tPi-)1u6 by p-toluenesulphonyl chloride by protecting
the alcohol groups in aqueous solution with sodium ions.
It is therefore the ideal precursoe for the preparation

of diazal12]crown-4 (1.1).

N-p-toluenesulphonyl diethanolamine has been used
Successfully for the synthesis of monocaza crowns via

reactions with glycol ditosylates. This particular reaction
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Scheme 4.11
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is of interest in itself as reasonable yields are obtained
without using a high-dilution procedure. A similar

synthesis was envisaged for the reaction of N-p-tolyl-
sulphonyldiethanolamine with tri-tolylsulphonyldiethanolamine
in tetrahydrofuran using sodium hydride to synthesise

the anion from N-p-tolylsulphonyldiethanolamine and act

as the cation for the template [Diagram 4.3]. Unfortunately

Diagram 4.3

after three attempts no cyclic product was isdlated.

This was probably due to the cation being too large and
thus preventing cyclisation via the template method
[Diagram 4.3]. This experiment should Be repeated using
lithium as the cation as there is a better correlation

of pore diameter to cation diameter and therefore has

a better chance of success.

A number of diaza crowns were required to complete
the series of compounds sought. Accordingly this labour
was shared with collaboratérs at King's College.
Diazal24]crown-8 (3.3) and diazal21]crown-7 (3.2) were
prepared in the course of this work. Samples of

diazal[18Jcrown-6 (3.1), diazal18]crown[6] (2.2) and
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diazal15]crown-5 were prepared at King's College and
subsequently the latter two compounds were obtained

commercially.

4.3.ii) Other amines

These amines are either commercially available or
are readily synthesised from known procedures, [Table
4.8]. It was decided to prepare a series of amines
for condensation reactions with ferrocene and ruthenocene
bis and chloride to find the aG* values for rotation
about the CO:@N’bond for comparison with the macrocyclic

metallocenes.

There waé also the possibility of cation binding
e.g. Ag+-with the arbmatic amides metallocenes through
the ﬁ clouds of the benzene rings. It was soon recognised
that there may not be enough room for ion binding to
take place between the aromatic groups except for HY.
However, with larger molecules this potential problem
should notvarise (29). This particular compound may
be of interest since the aromatic rings will be at right
angles to the cyclopentadienyl rings and thus may allow
some interaction between the cation and the metal in

the metallocene.



Table 4.8
Table *.9

HN(CH3)2

HN(CHZCH

H2NCH2CH

372

3
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CHAPTER 5: THE CONDENSATION OF METALLOCENE BIS ACID CHLORIDES
WITH 'AMINES'
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CHAPTER 5

THE CONDENSATION OF METALLOCENE BIS ACID CHLORIDES WITH 'AMINES'

5.1 PREPARATION

5.1.1i) Introduction

The condensation of acid chlorides with amines has
been extensively studied and the mechanism is well
understood. In these reactions the amine serves as a
nucleophilic reagent, attacking the carbonyl and displacing

chloride ion [Diagram 5.1]. In the process nitrogen

Diagram 5.1

bo 0
N R H
Cl

loses a proton to a second molecule of amine or another
base in the reaction. In a similar way secondary amines
can be used to prepare other substituted amides. Tertiary
amines, although basic, fail to yield amides, presumably
because they cannot lose a proton (to stabilize the

product) after attaching themselves to the carbonyl group.

In this work aliphatic o,w-diamines and diaza crown
ethers were used in the presence of a tertiary amine
(triethylamine). The tertiary amine acted as the base
removing the proton in the complex and formed an insoluble

hydrochloride salt (organic solvents). The tertiary
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amine thus saved on the amount of a,w-diamines or diaza

crown ether required for any particular condensation.

5.1.ii) Simple 'amides'

The following amines [Table 5.1] were condensed
with ferrocene and ruthenocene bis acid chloride, under

anhydrous conditions in benzene. In all cases the

Table 5.1

HN(Me)y , HNED, , HN , HN , HN 0,
/
HoNET H2N® , HZNCHZQ .

reaction proceed quickly (5 minutes) and the yields were
high (80-100%). The subsequent purification of the amides
was easily achieved. The hydrochloride complex was filtered
off and the amide was passed slowly down an alumina column,

evaporation of the solvent yielded the amide.

5.1.iii) Macrocyclic amides

Ferrocene crown ether systems

As seen earlier amines and acid chlorides react
rapidly to form amides;in order to prevent polymer formation
a high dilution technique is required similar to that

14,15

of B. Dietrich et al. which would promote monomer

and dimer formation. This involves the slow simultaneous
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addition of dilute solutions of both a,w-diamine and

bis acid chloride over a period of hours to a bulk solvent,

which is being stirred vigorously under dry conditions

[Diagram 5.2].34

Three model ferrocene crown ethers were sought for

this study but only two compounds have been properly

characterised [Scheme 5.1].

1,1'-ferrocenedicarbonyl

chloride (26 ) reacted readily with 1,11-diamino-3,

Scheme 5.1
34 —
HN 0 0 O @CO.NH 0/\/ .
- Fe o 3
N(Et) 3 @CO.NH p\/ ThisWork.
26 = N\ \ "\ 32 ,\/\\
@co.a HoN 0 0 NHp CO- H ¢

= Fe j 34
@c O.U Belt+Hall.

‘l& '/_—\.‘,
HN 0 NH,
CLOCCH0  OCH,CO.CL
N(Et)3

0 Urknown . |

6,9,-trioxaunadecane (34) to give in 53% yield, a highly

crystalline monocyclic amide 1,11-(1,1'-ferrocene diam&do)-

3,6,9-trioxaunadecane (31).

Bell and Hall have shown

that 1,8-(1,1'-ferrocene diamido)-3,6-dioxaoctane (32)

is formed in poorer yield.

This was probably due to

micro-traces of water being present in the system causing

hydrate formation and thus stopping cyclisation. Lehn

61



nas reported the use of two mole-equivalents of bis amine
(éé) per acid chloride group in the condensation with
triglycolyl chloride (40) instead of the more usual
technique, one mole-equivalent of amine and excess
tertiary base. This could be because the excess diamine
effectively scavenged residual water in the system

((§§) is a weaker base than triethylamine). 'The third
compound (ii) is now under investigation and it will

be interesting to see if there is a further reduction

in yield. If this is the case, the problem may not have
been hydrate formation but a phenomenon of optimum
cyclisation size. This however, is unlikely since
a-keto-1,1"'-trimethylene ferrocene (37) can be readily
prepared from ferrocenylpropionic acid (36) in 69%

152 where the linking bridge only contains three

yields
atoms [Reaction 5.1]. It is interesting to note that
no dimer was detected in either of the reactions in

[Scheme 5.1].

Reaction 5.1

B (CF300),0 . O 7
CO,H O

36 37
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Mettalocene cryptands

Bell and Hall3u have shown that the condensation
of diazal[18]crown-6 (2.2) with 1,1'-ferrocene dicarbonyl
chloridg under high dilution conditions results with
the formation of two main products, a monomer (38) (40%)
and dimer (39) (26%) [Reaction 5.2]. More recently it

has been found that the relative proportions of these

Reaction 5.2

T, STl B e
@tou th/\y} @m@} @U%O ﬁoc@

26 38 39

two products are somewhat temperature dependent.153

The formation of the monomer being favoured at low
temperatures and the dimer at higﬁer temperatures. The
monomer (38) was also reported by F. Vogtle (1979) but
no detailed spectroscopic data were described and the
dimer (39) was apparently not observed. Using a similar
procedure the monomers and dimers have been obtained

by reaction of ferrocene bis acid chloride with,
diazal[12]crown-4 (1.1), diazal15]crown-5 (2.1),

diazal21]erown-7 (3.2) and diazal24]crown-8 (3.3).
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Diagram 5.2
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A series of ruthenocene macrocycles have been
prepared by the general high dilution technique. The
reaction of ruthenocene bis acid chloride with diaza[18]
crown-6 (2.2) was also found to give two main products,

a monomer (41) (38%) and a dimer (42) (26%) [Reaction 5.3]

Reaction 5.3

in proportions similar to those already found for the
ferrocene analogues. The two compounds were readily
separéted by repeated column chromatography to give
samples which were satisfactorily characterized by mass
spectroscopy, micro-analysis and standard spectroscopic
techniques. (The n.m.r. spectra of these compounds and
others in this section will be discussed in detail in

- Section 5.2).
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Diazal Jecrown- % monomer |% dimer | Temp °C |Scale,g.| Solvent
Diaza[18]crown-6 (2.2) | 38 (41)|26 (42) | ambient | 1.0 Benzene
Diazal21]crown-7 (3.2) 21 (76)|56 (77) 21° 1.0 Benzene
Diazal 18]crown-6 (3.1) 27 (78)|48 (79) | ambient 0.16 Benzene
Diazal[15]erown-5 (2.1) 15 (82)|53 (83) 60° 0.50 | Toluene
Diazal[15]crown-5 (2.1) 5 (82){40 (83) 1° 0.50 | Toluene

The effect of variation of the temperature of
preparation of ruthenocene bis acid chloride with
diazal[15]crown-5 (2.1) was investigated. Both reactions

were carried out in toluene so that there could be a

large temperature difference'while all the other conditions

were identical. Therefore, the ratio of products would
bevdirectly related to the temperature. It was found
that ﬁoluene was a poof choice of solvent as reactants
and products were not very soluble. It was found that
the yield of the dimers decreased as the temperature

was lowered which agrees with the results of Hall and
co-workers. A sharp decrease in the yield of monomer
however, resulted when the temperature was lowered.

This was most probably due to a poor work up as the
product was left on an alumina column overnight with
dichloromethane where decomposition may have taken place.
Further evidence for this has come from other metallocene
eryptands in chloronated solvents as decomposition is

observed over a period of time.
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.m.r.

1H and 13C n.m.r. study has been carried

A detailed
out on ferrocene and ruthenocene amides and cryptands.
It was found that the spectra of these systems are

temperature dependent and therefore dynamic phenomenoa

were also investigated.

5.2.1.1) Ferrocene and ruthenocene amides

The condensation of 1,1'-ferrocene dicarbonyl chloride
with aniline in the presence of triethylamine under dry
conditions resulted with the formation of one product
in 50% yield. Elemental analysis and mass spectra of
this material were consistent with the molecular formulae
(C,,H,~N OZFe). The 13C and 1H n.m.r. data also supported

2472072
the proposed general structure [Diagram 5.3] (43).

Diagram 5.3

<O
N
e e

The 13C n.m.r. spectrum of this compound shows seven
different signals; two ferrocenyl, one carbonyl, and
four aromatic resonances at room temperature. There

is free rotation in the structure which contains twenty-



four carbon atoms: the signals must therefore represent
groups of two, four or eight carbon atoms [Table 5.3].
There are two possible configurations for the planar
amide group [Diagram 5.4]. Each configuration has its
own particular characteristics which can be seen in the
n.m.r. In order to determine a preferred configuration
the following criteria must be considered: steric forces;
dipolar repulsions between = systems; and, in substituted

cases, hydrogen bonding may play an important role.

Diagram 5.4

Free rotating state of (43)

o o
4&‘\

‘ ~ /¢
4%;é?//ﬂ <~ o<t
0 N -@—N\ 0

H6 /f//X‘ \.””,H
R X
Z-form 44 ' E-form u5
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H
H6|

C

C

_0/ \ﬁ/H 6 +N// \O-
) V2N
6 H

AN X
(<

(Trans-form) 46 (Cis-form) y7
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Table 5.3

1,1'-bis(N,phenylamido)-ferrocene (43)

1

Hn.m.r. (CDCl3) ambient
(43) (250 MHz) Aniline
Assignment ppm Inter Assignment ppm
NH 8.69 2H NH2 3.32
H3 7.80d # 0.03 LH H3 6.44
Hy 7.39t 4 0.03 LH H), 6.99
| H, 7.15t . 0.03 | 2H He 6.52
H2,5 4. 67t 4 0.01 4H
H3,M 4. L9t #. 0.01 4H

t - triplet; d - doublet; ¢ - complex; b - broad;

g - quartet;

s - sharp

ambient (Ei).ZZﬁMHL

3¢ n.m.r. (cpeiy)
Assignment ppm
Carbonyl C1 169.0
Ipso benzene C2 138.5
o/m benzene C3,4 129.1
m/o benzene C4,3 124 .2
p benzene C5 120.0
C1 Th.2
C

255 71.4
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Hn.m.r. of 1,1'-bis(N-phenylamido)ferrocene @ 250 MHz (CDCL3
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The hydrogen bonding interaction is typical of
substituted anilides with a suitable hydrogen bond
acceptor x [Z and E-form Diagram 5.4] and would cause
a large deshielding effect on the amide proton which
would be seen as a downfield shift. There would also
be the favourable formation of a five or six membered
ring. In (43) there is no hydrogen bond acceptor and
repulsion occurs. However, a distinct downfield shift
of the H6 protons can be seen in the 1H n.m.r. and must
be explained. As the groups R and R' are large (cyclo-
pentadienyl and benzene) the preferred configuration
for steric reasons will be the z(trans)-forms (44) (46)
as in the E(cis)-forms (45) (47), there is repulsion
and hindrance between the protons in the two aromatic
systems. There is also further repulsion due to the
two 1 clouds in the two aromatic systems R and R'.
Consequently, the proton H6 will be in a deshielding
region of the carbonyl group which can account for the
observed shift. The chemical shift for the H6(ortho)
proton has been reported for a large number of substituted
anilides and is in the range 8.0-9.5 ppm. It is of
interest to note that thioanilides have even larger
H6(ortho) shifts since thiocarbonyl groups have a greater
magnetic anisotropy compared to the anilide carbonyl
groups. As with most anilides, the steric effects
determine the isOﬁer populations E and Z. However, with
acylanilides, a combination of steric and electronic
factors must be considered. Acetanilide (48) exists

almost completely in Z-form (48) where steric forces
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©\N/ H <]\N/Me
|

C
V4
0] \ME Me/ \0
Z-form 48 E-form 49

a minimum and = dipolar interactions are a maximum, while
N-methyl acetanilide (49), is completely in the E-form

(ﬂg) where the » dipolar interactions are at a minimum.

“For 1,1' bis(N-phenylamido)-ferrocene (43) the =
interaction will be a maximum in the sterically favoured
Z-form (44) and a minimum in the sterically hindered
E-form (45). This shows that steric forces dominate
in controlling the configuration in (E;). Further evidence
for the favoured configuration of the amide group comes

1H n.m.r. of the

from the shift of the protons in the
cyclopentadienyl rings. The shift and splitting of these
protons is partly due to the interaction with the
deshielding zone of the carbonyl group and electron
withdrawal from the n clouds of the cyclopentadienyl

ring resulting with two pseudo-first order triplets
[Table 5.3]. A similar deshielding phenomenon has been
seen from benzene studies (acetophenone) (59) where the

carbonyl group greatly deshields the ring protons adjacent

to it; the o-deshielding effect [Diagram 5.5].
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Acetophenone (50) Cyclopentadienyl system

L o= N

P P

shielding

+
1

deshielding

The preferred configuration of 1,1' bis(N-phenylamido)-
ferrocene at room temperature in the n;m.r. time scale
is neither the Z nor E-form [Diagram 5.4] but a time
average, since there is rotation about the ipso

cyclopentadienyl carbonyl bond [Diagram 5.6]. Consequently.

Diégram 5.6

Ha = Ha' £ HB = HB,.which is seen as two pseudo-first
1

order triplets in the H n.m.r. As the sample temperature
is lowered one would expect all the signals to become

non-equivalent Ha # Hos # H, £ H and this has been

B B!
seen in other ferrocene (38) and ruthenocene (41) amides.
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1,1' bis(N-benzylamido)ferrocene (51) and 1,1'bis

(N-benzylamido)ruthenocene (52)

The condensation of 1,1'-ferrocene dicarbonyl
chloride or 1,1'=ruthenocene dicarbonyl chloride with
benzylamine under dry conditions results with the formation
of one product in 80% yield. This was purified by
chromatography on alumina eluting with dichloromethane.
Subsequent elemental analysis and mass spectra were
consistent with the molecular formulae (C26H2402N2M).

1

The 13C and H n.m.r. data also supports the proposed

structure [Diagram 5.71.

-Diagram 5.7

M = Fe 51, Ru 52

2 ¢ f
3 LS
YO 7 i
K M 5 Ln2
V/,

Lo
NHCH < > y

The 13C n.m.r. spectrum for each compound shows
nine different signals; three cyclopentadienyl, one
carbonyl, one methylene and four aromatics. There is
therefore a degree of symmetry within the molecule as
total asymmetry would lead to twenty six different carbon
signals. 1In this case it appears that rotation about
the carbonyl nitrogen bond and the ipso cyclopentadienyl

carbonyl bond as well as rotation of the cyclopentadienyl
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rings are all fast on the n.m.r. time scale at room
temperature. Consequently H2, is equivalent to H5,
and H3, is equivalent to HM' and these signals are seen

as two pseudo first order triplets [Table 5.4].

Similar conformational arguments as for 1,1'bis(N-
phenylamido)ferrocene apply here and the favoured configuration

should be the Z-form at low temperatures on the n.m.r.

Diagram 5.9

Z-Form } . E-Form

C ) ,
H A
0/ N ' W Y0
o | |
H"/C
H [ “

u,,I

HH’C{\Q ©/C \H

C C
- \+ H i Ny
O/ \N/ N\ N/ \0_



Table 5.4
Table O.7

1,1'-bis(N-benzylamido)ferrocene (51) 1,1"-bis(N-

benzylamido) ruthenocene (52)

1H n.m.r. CDCl3 ambient

(51) (250 MHz) (52) (90 MHz) | Benzylamine
Assignment ppm inter | ppm inter ppm inter
Aromatic 7.2%¢ 10 {7.32 10 7.29 5
NH 7.01t # 0.02 2 16.79 2 |1.52 2
CH, 4.57d. #. 0.03 2 |5.09 b 3.85 2

2

Hy 5 | 4.U8t 42 0.02 4 |4.68p 4
Hg’u 4.34t 4 0.02 b4 46b |- 4

3¢ nomr. (CDC1,) ambient

(51) (22.63 MHz) (52)
Assignment ppm ppm
C=0 | 170.2 | 168.8
ipso benzene C3 138.8 138.8
o/m benzene CM,S 128.6 128.7
m/o benzene CS,M 128.0 127.9
p benzene Ce 127.4 127.5
Cai 78.3 73.1
02’5 71.1 72.2
C3,Ll 70.7 72.1
N-CH, 43.7 43.4

S
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1H n.m.r. of 1,1'-bis(N-benzylamido)ferrocene @ 250 MHz (CDC13)
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13C n.m.r. of 1,1'-bis(N-benzylamido)ferrocene @ 22.63 MHz (CDC1
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time scale. The deshielding region about the carbonyl
function and = withdrawal [Diagram 5.9] no longer effects
the HM ortho protons to any great degree as there is

no noticeable shift of the signals when compared with
benzylamine (7.21 ppm Fe; 7.32 ppm Ru; 7.29 ppm benzylamine).
However, there is a large shift of the methylene protons
when compared with benzylamine (4.58, 4.55 ppm Fe;

5.0% Ru; 3.85 ppm benzylamine). This downfield shift

may be due to the methylene protons residing near the
deshielding region of the carbonyl function. It is

of interest to note that the prochiral methylene protons
are clearly split in the ferrocene derivative and are

diastereotopic.

1,1'-bis(N-ethylamido)ferrocene (53) and 1,1'-bis(N-

ethylamido)ruthenocene (54)

The condensation of 1,1'-ferrocene dicarbonyl chloride
or 1,1'-ruthenocene dicarbonyl chloride with ethylamine
under dry conditions results in the formation of one
product in 70% yield. This was purified by passing the
compound down an alumina column with dichloromethane
and 1% methanol. Subsequent analysis was consistent
with the molecular formula (C16H2002N2M). The 'SC and
1

Hn.m.r. data also supports the proposed structure

[Diagram 5.10].
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Diagram 5.10

M = Fe 53 or Ru 2&

The 13C n.m.r. spectrum for each compound shows
six different signals; three cyclopentadienyl, one carbonyl,
one methylene énd one methyl. As there is free rotation
‘about the ipso cyclopentadienyl carbonyl bond which is
fast on the n.m.r. time scale C2 is equivalent to C6
and C3 is equivalent to C”. This is supported from the
1

Hn.m.r. as two pseudo first order triplets are seen,

H2 equivalent to H. and H3 equivalent to Hu (J. 0.02 ppm Fe;

5
J 0.02 ppm Ru) [Table 5.5]. Due to the poor solubility
of (53) in chloroform a little methanol was added to

the n.m.r. sample. This must be taken into account

Diagram 5.11

. -~ _—
H H
c L Y
-0_/ \\\"T/H 0/ \T/H Me)\g./ \\.0 Me/‘ \E/ \)-
H:,., Huu
e e
Z-form E-form

since the solvent can effect the conformation of an amide

at low temperatures on the n.m.r. time scale.
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1,1'-bis(N-ethylamido)ferrocene (53) 1,1'-bis(N-
ethylamido)ruthenocene (54)
"H n.m.r. 90 MHz ambient,CDCl3.
T (53) (+CD,0D) (54) Ethylamine
Assignment ppm inter ppm inter ppin
NH T.2b 2 7.2b 2 4.58s
H2,5 4 55t 42 -0.02 Yy 4.96t » 0.02) 4
H3’)4 4.35t 4 0.02 Y 4,60t # 0.02| 4
CH, 2.80b 4 3.25q 4 O0.14] 4 2.68q
CH3 1.25t 4, 0.08 6 1.12t # 0.12] 6 1.14¢

13C n.m.r. CDC1

- ambient 22-6MHz,

3

(53) (+CD;0D) | (54)
Aséignment ‘ ppm ppm
C=0 170.3 176.7.
o 79.1 80.2
02’5 71.2 72.§
03’4 70.6 70.8
CH, 50.5 37.8
CH3 15.0 19.9
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1H n.m.r. of 1,1'-bis(N-ethylamido)ferrocene @ 90 MHz (CDCl3, CD,OD)
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3¢ n.m.r. of 1,1'-bis(N-ethylamido)ferrocene @ 22.6 MHz (CDC1.,CD.OD)
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5.2.1.11). Other ferrocene and ruthenocene amides

The n.m.r. of all these 'simple' metallocene amides

1

[Tables 5.6, 5.7] give the expected 'H and 3¢ spectra

at ambient temperature and can be seen in [Tables 5.8,5.9].

Table 5.6. Monosubstituted ferrocene amides

(o]

@—co.x X= NMe), 55 ; NEtH, 56 ; N ) _57
Fe

Table 5.7 1,1'-Disubstituted metallocene amides

co.X Fe. X= NMelp 58 ; NIEt), 60 ; N/\:\/Q 6—2 ;
A‘Iﬁhlhk_. Ru. X v ; ; '
C0.X '

Fe X= N >§£; N 66 .
M=Feor Ru. .
. 55 9 61 .

Ru X=



Table 5.8
Tabl€ >5.9
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3¢ n.m.r. CDC1l, of monosubstituted ferrocene amides ambient

@ 22.6 MHz

Assignment | C=0 C1 02’5 Ring 2 C3,H C1, 014 C2/ 5
Derivative

(22) 170.7 {78.4 | 70.5| 69.7 (69.2| 37.3

(§§) 170.2 1 79.6 | 70.3| 69.8 {69.2 41{7

(§Z) 170.0 [ 77.1] 70.2| 69.8 |69.2|67.9/66.9

1

Hn.m.r. CDCl, of monosubstituted ferrocene amides ambient

Assignment | H, 5| Hy , |Ring 2 | H Hy | H, H'2
Derivative

(55) 4.62t 4.29t | 4.22s 3.10s

(56) 4. 64t |4.32b | 4.22s 3.é4q 1.22t
(57) 4,70t [4.45t | 4.39D J 3.?65 |

€ 90 Miz
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TABLE 5.9
13C n.m.r. CDCl3 of disubstituted metallocene amides ambient
@ 22.6 Miz
Assignment| C=0 C1 C2’5 C2 5 C3 M C3 u C1, C.» cz, 027
Derivative
(58) 170.1 |1 80.6 |  72.3 71.3 37.7
(ég) 168.5 | 83.6 74.3 73{2 37[
(ég) 169.1 { 81.3 7%.8 71[4 41[ 13.9
I
(Ql) 159.3 | 81.3 7n.9 70!1 34{6 4.5
l
(ég) 169.1 | 80.9 72.2 71{3 45[7 67.1
|
(§§) 167.5 (78.9)74.0 |73.2]72.5 71.6 H5{7 66.9
| |
(64) 108.5 | 81.4 71.9 7121 46.1 26.3 | -CH,- 24.8
(§§) ir 84.2[7T4.0 [73.1|72.6|T1.4|46.3 |U45.9 26{3 'CHZ' 24.7
(§§) i67.9 | 79.5 71.6 71.2 7.4 25{3
: I
(QZ) 1166.7 | 82.0|73.7 |73.1}72.4|71.9 47.99| 47.40; 26.9
1H n.m.r. CDC1l, of disubstituted metallocene amides ambient
€ 90 MHz
Assignment H2’5 H3,4 H1/ H14 H2/ Hzay
Derivative
(EED 4,19t | 3.95¢t 2.77
(59 5.00t | 4.70t 3}.02 v
(60) L.6Lt | 4.36t| 3.45q 1120t 2 4 —C
- 3 ON 17 -7
(61) 5.00t | 4.72t| 3.55q 1! 20t A:@Sc N
(62) 4_60t | 4.40t 3.66 h{:—1:
- 0.
(63) .96t | 4.76t 371 (0 > ¢
]
'CHZCHZCHZ'
(64) 4.58t| 4.38t| 3.65 1.62
’CHZCHchz'
(65) 4.85b| 4.62b|  3.58 1.60
(66) y.76t .36t 3ls9 1199
(67) 4.96t| 4.58t 3ls2 1182
L I l
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5.2.2. Ferrocene crown-ethers (31), (32)

It is clear from the n.m.r. data that the macro-
cyclic amides (31) and (32) permit some flexibility of the
bridging crown and this is not found in the ferrocene
(2.2]lcryptand (monomer) (38) or the ruthenocenel2.2]lcryptand
Table 5.10

3¢ n.m.r. CDCl3 22.6 MHz ambient ppm.

1

Hn.m.r. CDC1,250 MHz ppm ambient,

Assignment (31 (32)
C=0 169.9 169.8
- 1
C.y 77.5 77.4 . 2 1 2
1 3@( O.Nl—{\\o{
Cors1 72.0 71.3 P56 g
) . ‘/
Cay 0.4 70.3 @CONH\J
OCH,, 70.0b  |Cg 69.9 31
C2 69.8
| e, 39.7 €, 393

(-50°-70%C)
Assignment (31) (32)
NH 7.04t 2H 6.54t 2H . ]
Lt T 2
H2;5, 4,66t UH 4 .53t UH 3<;:<) :7EQNH 0]
¥ Fe 5
H 4 4ot LM 4 46t LH
311“ . 0
’ < : >C0.
0CH, 3.71b 12H A,
3.71b 12H 22
| Nok, 3.63b UH =
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1% n.m.r. of (31) € 22.6 Miz (CDC1,)
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"W n.m.r. of (31) @ 250 MHz (coel,)
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(monomer) (41). This is evident since, on contrast to
(§§) and (ﬂl) only two sets of non-equivalent protons
are seen in the cyclopentadienyl rings. The fact that
H2' is equivalent to H5, and H3, to HM' eliminates the
possibility of each carbonyl group having a fixed
configuration coplanar with the adjacent cyclopentadienyl
ring. A perpendicular configuration of the carbonyl
groups cannot be ruled out since the size of the bridging
group will allow such a configuration. However, this
static form is unlikely since there is no r conjugation
between the carbonyl and the cyclopentdienyl ring and
thérefore, a favoured static form would be with the
carbonyl and cyclopentadienyl ring coplanar where =
éonjugation could take place.. It appears that in the
metallocene[2.2]cryptands (monomer) (38)(41) the crown
bridge locks the carbonyl. groups and in the dimers
(39)(42) the carbonyl groups are able to rotate with
respect to the cyclopentadienyl rings. A variable
temperature "Hn.m.r. study of (31) at -70°C shows that
there.is no change in the cyclopentadienyl ring protons

and therefore there must be rotation about the ipso

cyclopentadienyl carbonyl band.
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5.2.3 Metallocene cryptands monomers

5.2.3.1) Ruthenocenel2.2]cryptand (monomer) (41) and

ferrocenel2.2]cryptand (monomer) (38)

The 13C and 1

Hn.m.r. of the ruthenocene(2.2]cryptand
(El) is very similar to the analogous ferrocene[2.2]
cryptand (;ﬁ). [Tables 5.11, 5.12]. Since the ferrocene

[2.2]lcryptand (38) has been fully characterised by Hall

and Hammond it has been possible to carry out a similar -

analysis for (41).

Table 5.11

3¢ n.m.r. and Ty (6-values) of (38) and (41) in CDCl3

@ 62.5 MHz ambient

Ferrocenel 2.2]cryptand(38) Ruthenocene{ 2.2]cryptand (41)

3 | 6'H shifts of - 6'H shifts of

6 °C ppm | Assignment | attached protons ||6 “C ppm Assignment | attached protons

170.7 | c=0 169.4 | C=0

8.5 | Cqy 83.8 Cq |

73.3 C2‘ 4.80 T4.9 Co 5.17

72.9 C3,C4, 4 47/4.48 T4.8 C5' 4.88

2.9 | CyCq 3.70 73.6 | Cy: 479

71.5 Cu,,c3, Y 47/4.u8 71.6 C3, 4. 68

71.0 Co. 4.57 71.5 Cy/Cq 3.56,3.68

70.5 C5,Cy, 3.70 70.7 Cy/Cq 3.68

70.1 C5 3.81,4.06 70.5 C, 3.52,3.92

69.4 C, 3.51,4.12 70.0 Cg 3.72,3.79

51.5 Ce 3.25,4.15 51.4 Cq 3.50,4.17

50. 1 o 2.92,4.27 48.8 o 2.95,4.26
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3¢ n.m.r. of ruthenocene[2.2]cryptand (monomer) @ 62.5 Miz (CDCl3l
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3¢ n.m.r. expansion of ruthenocene[2.2]eryptand (ménomer) @ 62.5 Miz (CDC1,)
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13C n.m.r. of ferrocene[2.2]cryptand (monomer) € 62.5 Miz (CDC13)_
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Diagram 5.12

M = Fe §§ or Ru &l

The 13C n.m.r. spectra of (38) and (41) each show
twelve different signals; five cyclopentadienyl, one
carbonyl, four different carbons attached to oxygen and
two different carbons attached to nitrogen. As there
are twenty-four carbon atoms in the structure each signal
must feprésent two equivalent cérbon atoms. From this
it can be seen that there is some rigidity in the
structure since free rotation about the two carbonyl
groups,>as observed in amidoferrocenes [Section 5.2.1.]
would mean equivalence of signals and therefore fewer
than twelve non-equivalent carbons. There must be an
element of symmetry with the molecules since total
assymetry would lead to twenty-four non-equivalent
carbons. There are two possible configurations of (38)
and (41) which are consistent with the n.m.r. data

[Diagram 5.13].

137
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Diagram 5.13

M = Fe or Ru

Both have carbonyl groups coplanar with the cyclo-
pentadienyl rings since this conformation allows maximum
conjugation. However, in (68) the carbonyls are cis

and in (69) they are trans. In (68) the two bridges

of the diaza-crown ether unit each contain the same six,
non-equivalent carbons and, as shown in (70), the Coy
symmetry and hence the carbon and proton equivalences
are retained whatever'fhe angle of twist between the

two rings. 1In (69) the 3¢ and !

Hn.m.r. are only
satisfied when the cyclopentadienyl rings and the amide
groups are eclipsed and the two bridges of the diaza-
crown ether unit contain six different pairs of equivalent

carbons.

Diagram 5.14

(8= Twist angle)

70 7



139

The eclipsed configurations (ég) is energetically
unfavourable due to the parallel dipoles of the carbonyl
groupé. This interaction can be decreased by twisting
the cyclopentadienyl rings but, the plane of symmetry

in the molecule is lost. Therefore 1 is not equivalent
to 1' and 6 to 6'. The cérbon éguivalences are lost

and would therefore give a more complex spectra than

is observed for (41) and (38)%¥ This does not preclude
(41) and (38) from having cis carbonyl groups specifically
in an eclipsed conformation, but the configuration of
(El) and (§§) with trans carbonyls and an indeterminate
angle of twist offers a better description. Further
support for this conclusion comes from theoretical

15)'l'zmd other studies 2?

calculations of'acylferrocenes
which have shown that the trans configuration of the

carbonyl groups is preferred.

The L

H n.m.r. spectrum of (41) and (38) has been
‘recorded at 90 and 250 MHz. The assignments of the protons
could not be made by chemical shifts alone, so they were

1H heteronuclear and

established By using 13C and
homonuclear decoupling techniques [Table 5.12]. Further
evidence for the trans configuration of the carbonyl
group comes from the fact that the eight cyclopentadienyl
protons, eight protons o to nitrogen and eight protons

B to nitrogen are each found as four pairs of equivalent

protons.

*However, of course, rapid oscillation between two staggered
forms through the eclipsed form would lead to a "time-
averaged" spectrum of the eclipsed form.
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1H n.m.r. of ruthenocene[2.2]cryptand (monomer) @ 250 MHz (CDC1.)
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1H n.m.r. of ferrocene[2.2]cryptand (monomer) @ 250 MHz (CDC13)

— T




Selective heteronuclear decoupling experiments were
performed on the methylene protons adjacent to nitrogen
to see which were geminal, e.g. (41). Heteronuclear
decoupling at either 2.95 ppm or 4.26 ppm causes collapse
of the 13C n.m.r. spectrum at 48.8 ppm C1 from a triplet
to a doublet thus identifying a geminal pair of protons
and its associated carbon atom. Similar effects were

seen for the protons which are attached to the carbons
which resonate at 51.4 ppm C6. It was not clear from

the chemical shifts which of the pair C1 or C6 is adjacent
to the group and only by reference to earlier reports

156 (di—isopropylamides)157 was an

on dialkylamides
assignment possible. From these studies it would seem

that the methyiene carbon cis to the carbonyl group has

the higher field '3C n.m.r. absorption i.e. (C, 48.8 ppm)
and the greater disparity bétween the shifts of the geminal
protons (1A 2.95 ppm; 1B 4.26 ppm). Thus the C6

(51.4 ppm) is trans to the carbonyl group with its protons
at 3.50 ppm and 4.17 ppm. Given the shielding cone of

the carbonyl group it would be expected that the most
deshielded proton éf each geminal pair will be that which
lies closest to the plane of the carbonyl group. The
methylene groups B- to nitrogen also show a similar

phenomenon in their 13C

and 1H n.m.r. spectra. It is
assumed that the carbon which is cis to the carbonyl C2

resonates upfield of C_. and that proton 2B resonates

5
downfield of 5A whereas 2A resonates upfield of 5A. No
definite assignment can be made for 03 and C4 however,

it seems likely that a similar trend will follow and thus
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the resonance of C3 should be up-field with respect to

that of CM'

Of the four cyclopentadienyl protons H and H

o1 51
are known to be deshielded with respect to H3, and HM'

from earlier studies on metallocenes (acetylferrocene).158
In (38) and (41) where the configuration of the carbonyl
is fixed with respect to the cyclopentadienyl ring,

H is expected to resonate downfield from HS' due to

159

2'
the closer spatial proximity of the carbonyl group.

Selective irradiation of H2, collapses HM' to a triplet

and H to a doublet of doublets and hence allows

3!

assignment of H and HM"

30
A crystal structure analysis by X-ray diffraction
was attempted to determine the absolute structure of (41).
Crystals of (41) were grown by solute diffusion using
n-pentane and dichloromethane. The initial rotation
photographs were taken using a Weissenberg camera.
These gave a clear diffraction pattern which suggested
that a suitable crystal had been selected and space-group

determinatiohs were made [Table 5.13]. A data profile

Table 5.13

Cell Parameters

f 9.6998  20.7284  26.4535

Degree 89.90° 89.96°  90.07°

Niggli values| 94.0871 429.666 699.7861

Volume 5318.7930 & - 8 molecules per unit cell

{_______A Orthorombic crystal
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using the Precession method for heavy-atoms was
over a period of twenty-four hours, however due
in the computer program the data profile had no

and was therefore useless. It was also noticed

145

collected
to a fault
access

that the

erystals changed colour from pale clear yellow to an

opaque yellow/white. This was probably due to the loss

of solvent from the cryptand. It is hoped that
attempts at data collection will be carried out

(41) and (38) in sealed capillary tubes.

further

on
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5.2.3.1i) Metallocene cryptands (monomers)

1 1
The 'H and 3C n.m.r. spectra of the other metallocene

cryptands (monomers) [Scheme 5.2] are unlike those of
the rigid ruthenocene and ferrocenel2.2lcryptand

1H and 13C n.m.r. spectra

[(41) and (38)]. The
[Tables 5.14 and 5.15] are broadened and complex at room
temperature and many resonances overlap. In Section
5.2.4. some dynamic phenomenon associated with these
spectra are discussed and rotational energy barriers have
been determihed by variable temperature n.m.r. The
assignments of the spectra at room temperature have been
made on the basis of the earlier analysis of (41) and

(ig) and on the results of the variable temperature

n.m.r. investigation.

In the case of unsymmetrical metallocene cryptands
one would expect a more complex spectrum to result from
the unsymmetrical cryptand bridge. This is best seen
in the ruthenocene and ferrocenel2.1lcryptands [(82) and
(80)] as there is little overlap of 13¢ resonances and
little broadening due to dynamic effects of the 13C
n.m.r. spectra at room temperature. On investigation,
the structure of (§Q) and (§§) offers two time-averaged
forms, [Diagram 5.15] cis and trans, which have sharply
contrasting n.m.r. spectra. Thus the preferred structure
is easily determined at room temperature. From Table
5.15 it can be seen that there are 22 non-equivalent 13C

resonances for (§g), (two carbonyls, ten cyclopentadienyls,

six carbons attached to oxygen and four carbons attached



Diagram 5.15
M = Fe (80) or Ru (82)

0

, 0 Ox
(S i >
<i:;::;7—\N“} i] High Temp. df::}N/c_<::%;::7
N o S ol 0
@_c\\o\ , Low Temp. WL o>

14

Trans. Cis
22 non-equivalent 13C resonances 11 non-equivalent 13C resonances
28 non-equivalent 1H resonances 14 non-equivalent 1H resonances

to nitrogen) and 20’non—equivalent 13C resonances for

‘(§g), two of which have not been observed due to overlap,
(two carbonyls, a total of 14 cyclopentadienyls and carbons
attached to oxygen, four carbons attached to nitrogen).

The 'H n.m.r. spectra of (§9) and (82) [Table 5.14] are
broad and there is much equivalence and only four
resonances are seen. (Two cyclopentadienyl and two methylene
peaks). From the 13C n.m.r. it can be concluded that

(80) and (82) are in a trans configuration at room
temperature. It should be noted thaﬁ this is in agreement
with the proposed structure of (41) and (38) and gives
further evidence for the favourable trans configuration.

In the other unsymmetrical cryptands there is considerable
overlap and broadening in the n.m.r. spectra at room
temperature thus a general assignment has been made as

in the symmetrical cases.
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Scheme 5.2. Metallocene cryptands (monomers)

Ru (72)

@*CO-N&;’LO{? M= e (10

| P
@toﬂ’\ oy M = Ru (76)

Fe (74)

@
o
((‘
O\\/C)
=
111

“III’VUIN 0~ M = Ru (78)

<>-co.N//\\‘o M = Ru (82)
M

g M = Fe (8_0)
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Table 5.15
Table 0.20

130 n.m.r. of metallocene cryptands (monomers) CDC1l, ambient 62.5 MHz

PR

7

I
Fe 3.3(70) | Fe 3.2(74)| Ru 3.2(76)| Ru 3.1(78)| Ru 2.1(82)| Fe 2.1(80)
AssignmenQ‘ 6} 6 6% 8 6 6
170.9 169.2 173.7
C=0 170.5 170.1 168.69 i.r. 168.4 171.3
78.9
78.8
Civ 77.8 83.7 38.1 83.6b 78.1
75.8 73.8
. ~—~
Cor o0 T4.9 72.9 T4.5 TU.Tb TU.7 % 73.5
) 0]
73.6 | o 72.7
«
c3,’4, 72.9 72.1 73.7 74 .0b % 72.3
' 71.8 2 71.0
o . 3
- T71.2 ' 9 70.6
=y 9 o
‘D — 71.8 | 70.’4
o >y
'3 70.7 5 70.9
L al
‘ § 70.3 § 708
OCH, 71.3b % 70.1 72.9b 71.1b § 70.6
S 69.8 | S 69.9 70.2
71.0b g 69.0 71.8b 70.8b 5 69.6 70.1
o 68.6 B 69.4 |” 69.8
pamd W] N
70.1b S  68.4 70.9p 70.0b iy 69.2 (E 69.5
S 68.4 68.9
70.6b 67.6 l 68.2
64.0
69.8b
51.5s 51.6 | 52.3 |
NCH,, 50.4 49.7s | 49.9p 50.8¢c 49.6 , |51.3
L8 .3s u8.8 50.9 l
48.9 47.1s 49.7¢c u8.0 u5 .4

¥22.5 MHz
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5.2.3.11i) Metallocene cryptands (dimers)

The |

H and '3C n.m.r. spectra [Table 5.16, 5.17]

of the metallocene cryptands (dimers) [Scheme 5.3] are
very broad and complex at room temperature and again

many resonances are rendered equivalent by the rotational
phenomena associated with the two amide groups. In most
cases a general assignment has been made at room
temperature, as the cryptands are nearing the coalescence
temperature point (Tc). A more detailed explanation of
the n.m.r. spectra can be seen in Section 5.2.4. on

dynamic n.m.r. as at low temperatures where the rotational

process is slow the spectra become clearer.
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gcheme 5.3, Metallocene cryptands (dimers)

/0
At
CON Nm@ Y D
" M M = Fe (73)
Lo >-con nor-lo >
Ni v B
Lo,
N0
0N/ ‘
<o -CON N-“@ M = Ru (15)
, M | " =
Lo Sy noel o > M re 0
5 O )
Lo _J
0
\/%0/\7
@—CO.N N.OC@ M = Ru (79)
.OC'.o
Q{%\,.T’O V’O{JN
Lo
/\0 O/V
< A M = Ru (8_3_)
0 N.OC
;:O{ @ M = Fe (81)
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5.2.4 Dynamic n.m.r.

5.2.4.i) Introduction

The temperature dependence of n.m.r. spectra can
be used to obtain information about energy barriers for

certain rearrangement pr'ocesses.55’56’57’58

From a
study of the temperature dependence of the n.m.r. spectrum
of the compound the rate constant Kc for the rearrangement

can be obtained at a temperature Tc‘

Consider, for example, the spectrum of an N,N-
dimethyamide in which the two methyl groups are not in
identical environments. When rotation about the COft}N
bond is slow there will be two sharp singlets in the p.m.r.
spectrum (each of relative area equal to three protons)
and two sharp singlets in the c.m.r. spectrum consistent
with the non-equivalence of the two methyl groups. - As
the temperature at which the spectrum is being recorded
is raised the rate of rotation will increase until at
higher temperatures only one sharp singlet will be seen
at a frequency half way between those of the two original
signals. Here both methyl groups will be hapidly
interchanging on the p.m.r. or c.m.r. time scale and
will thus appear to be in identical environments. If
the sample temperature is slowly raised from the "frozen"
condition the peak will initially broaden and then merge
into one broad signal which eventually sharpens up.

The point at which merging occurs is known as the

coalescence temperature (Tc) and here equation 5.1 holds.



Equation 5.1

K = n.Av. VY2
(¢}

Av = the frequency of separation of the two exchanging

signals in the "frozen" condition Hz.

From transition-state theory equation 5.2 also holds
and combining these two expressions leads to equation
5.3 for which the free energy of activation ( Gf) for

the rearrangement process can be calculated.

Equation 5.2

#

Kc = (K.Tc/h) exp(- 4G /R.TC)

Equation 5.3

o
AG" = R.T loge(K.TC.JZ/n .h.Av)

h = Plank's constant K = Boltzmann's constant Tc = K.

Resthicted rotation about the carbon-nitrogen bond in

160’5? of a rate process

amides is the classical example
that can be studied by dynamic n.m.r. Resonance theory
describes the electronic structure of amides by a hybrid
[Diagram 5.16] suggesting a certain amount of double

bond character for the carbon nitrogen bond and therefore
an increase of the rotational barrier over than in simple

#

single bonds, e.g. amines (AG"™ for Me3N 7.5 kcal mol”

1)‘161
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Diagram 5.16

0 0 R, 0
+ / /
Ry N=C - Ry N@c/ /\N—L//
\ ”
h R R R
Since R' and R'' reside in different magnetic environments

(R' being more shielded than R'') in the "frozen" structure
and become time-averaged on rapid rotation it is possible
tovcalculate the free energy of activation (AG£) for

the rotation if the coalescence temperature; Tc = OK,

and the frequency of separation of the two exchanging

signals in the "frozen" condition; (Av = H,) are known.
-3

In the case of the metallocene amide derivatives
there 1s another rotation barrier which can be
investigated by n.m.r. spectroscopy. The rotation barrier
between the cyclopentadienyl ring and the carbonyl group.
When this process is slow on the n.m.r. time scale, the
ortho protons and carbons on the metallocene ring become

non-equivalent. It has sometimes proved possible to

measure both rotational barriers. It would be expected
that these two energy barriers for the rotational
processes should be dependent on each other. For,
increased interaction between the nitrogen lone pairs

and the carbonyl group should reduce the electron donation
of the carbonyl carbon atom and hence lower the degree

of conjugation with the cyclopentadienyl ring.



5.2.4.1i) Discussion

(a) 'Simple' metallocene amides

A series of simple ferrocene and ruthenocene amides
were prepared and variable temperature n.m.r. [Tables
5.20-5.30] were run in order to investigate the dynamic
processes about the bonds of the carbonyl group and thus

calculate AG£

the free energy of activation for these
rotational processes [Table 5.18]. The second objective
was to see if these values would be of the same order

of magnitude as the macrocyclic metallocene amides and

thus show that they have a similar dynamic phenomena.

There are a number of factors which may influence
the free energy of rotation, some of which may be
discounted on close examination of Table 5.18:-

(1) In disubstituted metallocenes the substituent

on the upper cyclopentadienyl ring may sterically hinder
the rotation of the amide on the lower ring since the
cyclopentadienyl rings are separated by approximately
3.32 ! (ferrocene) or 3.68 R (ruthenocene). This is
easily discounted by comparing the values of N,N-
dimethylamido-ferrocene and 1,1' bis(N,N-dimethylamido)
ferrocene since both AG£ values are 14.3 kcal mol—1,
also N,N-diethylamido ferrocene and 1,1' bis (N,N-
diethylamido)ferrocene since both ?alues are again the

#

same (AG” = 14.5 kecal mol"1). Such a result is not

surprising since the cyclopentadienyl rings can freely

# 1

rotate with respect to each other (ferrocene AG” ~0.9 kcal mol™ ',

#

ruthenocene AG" ~ 1.8-4.5 kcal mol'1).



159

(ii) Other factors which may influence the free energy
of rotation for these are, the size and charge density

of the transition metal ions. The size and charge density
seem to be minor factors as a rotation barrier in ferrocene
disubstituted amides and ruthenocene disubstituted amides
seem to be similar (though ruthenocene derivatives are

slightly higher).
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AGﬁ values for simple metallocene amides
Amide derivative A Ferrocene Ruthenocene
Monosubstituted | Disubstituted |Disubstituted
CO.N(CH,) *14.34 *14 .31 ¥14 .55
a6
CO.N(CH2CH3)2 a. 14.50 a. 14.50 No splitting
4 v b. 14.40 b. 14.20 of signals
b
CO.N<::] a. 14.70 a. 15.11
5 b b. 14.80

CO.N No splitting a. 13.28 a. 13.45

of signals

0
\__/
ab
CO.N ) a. 13.70 a. 14.29

b. 13.70 b. 13.72

1

Values are kcal mol~ ' from 13C n.m.r. — *from 1H n.m.r.

I shord] be noledd fnt fase recnlls () ove et soifodid 7o /,};/;)// 700 r’/,g:,,/j(fm/f

:"'G:/r@‘cn/(r* S asses 2 /s cvre é/z/, e f?Zﬁ{’/‘ /o //?//%’/7/ OTinarles Jo M Sovnic

. e
Table 5.19. (S ot 7.

AG°é values for other amides

Amide AG* keal mol™!
H.C0.N(CH,) , 20.6
CH,C0.N(CH,), 18-20
ArCO.N(CH) , 16.45

NH

N2

0
~0

Me
N(Et)
o2
N0

<]

Me 22.5
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Table 5.20

1-N,N-dimethylamido-ferrocene (55)

Variable temperature 1H‘n.m.r'. CDCl3ppm @ 90 MHz

Assignment Temperature °c
-1 30 20 80 270
H 4. 62t |4.62t |4.62t 4 62t
2,5 <O 7Conme,
H3 I 4,31t |4.31t |4.30t |{4.20t Fo
)
Ring 2 4.23s |4.22s |4.22s |4.22s 41:::::>>
Methyl 3.24s |3.19b
3.11b | 3.10s
Methyl 3.03s |3.0Lb
T, = 281% Av = 18.31 Hz
Table 5.21

1,1'-bis(N,N-dimethylamido)-ferrocene (58)

Variable temperature 1H n.m.r. (CDC1,) 90 MHz in ppm
J

Assignment Temperature °c
359 | _15° | -8° | 5° [28° |uo® |60°
Hy o 6.95t | 6.95¢t |6.95t |6.95t [6.95t[6.95t(6.95¢
), 6.58t |6.58t |6.58t[6.58t [6.58t(6.58¢(6.58t | <O 7COMMe,

Methyl 4.76s [U4.76s [4.76b |4.61bsl.61s|4.61s|L.61s
Methy]_ 4.50s | 4.50s |4.50b ” ” 7 7

T = 278% Av = 14.6 Hz
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Table 5.22

1,1'-bis(N,N-dimethylamido)~-ruthenocene (59)

Variable temperature "W n.m.r. (CDC13) ppm @ 90 MHz

163

|
Assignment Temperature °c
-5 | 759 | 12° 13.5° |ambient
Hy o 5.02t [5.02t | 5.02t [5.02t | 5.0t
) ] ) ) ’ co.
Hy 475t | 4.716 | B.69t  [4.72t | 4.7t <:::;::;7 0.NMe,
Methyl |3.22s [3.280 | 3.14b |3.06b | 3.02s <:::fi:>{
, 0.NMe>
Methyl 2.99s |2.99% 2.99 v Z
T = 286.5%K  Av = 21 Hz
Table 5.23

1-N,N-diethylamido ferrocene (56)

13C n.m.r. Variable Temperature CDCl3 ppm @ 22.6 MHz

Assignment Temperatureioc
—41° | -10° -6° 25° | 26.6°
c=0 109.6 - - - 170.2
1pso C1 7.5 7.5 7.5 79.0
C, & 70.3 | 70.2 | 70.2 70.2 | 70.3
Ring 2 69.6B | 69.6B | 69.6B 69.7 | 69.8 <O tonen,
C3 y - - - 69.2 69.2 <i:f%::>>
NCH2 a. 2.3 4o 4B | 42.4 41.6B 41.7B
4o.7 40.7B | 40.7 7 ”
CH3 b. 14.8 14.8B | 14.7 13.8B 13.7B
12.6 | 12.7B | 12.6 ” 2
(a) T = 293%K Av = 36.6 Hz
Eff‘ T = 293K Av = 51.3 Hz
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Table 5.24

1,1'bis(N,N-diethylamido) ferrocene (60)

Variable Temperature 13C n.m.r. CDCl3 ppm @ 22 .6 MHz

T
Assignment]

Temperature °C

-18° | -10°| 7° | 15° | 20° aigzent

Carbonyl

C=0 168.8 [168.9 168.9 [168.9 {169.1 | 169.1
C, 79.8 | 79.8 |80.2 |80.2 |81.3| 81.3
C 5 7.7 | 7127 | 7.7 | 71.7 | 7T1.8 ) 71.8
C3’4 71.4 1.4 (718 | 714 | 714 71.4
CH, a. 42 5s | 42.5s| U2.6s| 42.6b| 41.9b] U1.8s
(CH2) 40.8s | 40.8s| 40.6s| L0O.6D
CHy b. |14.7s | 14.7s| 14.7s| 14.7b| 13.90| 13.9s
(CHy) 12.6S | 12.6s| 12.7s| 12.7b
(a) T, =293% Av = 42.68 Hz
(b) T = 293% av = U7.56 Hz
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TABLE 5.25

1,1'-bis(N,N-pyrolidine amido)ferrocene (66)

13C nmr. Variable Temperature CDCl3 ppm @ 22.6 MHz

Assignment Temperature °c

-18% |-10° |+7° [20° | 30°

Carbonyl C=0 | 168.1 [168.1 |167.9 [168.1 |167.9

C1 78.7 | 78.7 | 78.7 | 79.0 | 79.5
02 5 71.5b| T1.7s| T1.6s
’ 71.5s] T71.5s

Cy 71.4 | 71.5s| 71.2s

NCH2 a 48.0 | 48.0 | 48.0 | 48.0s
47 .4s

7.1 | 47.1 | 47.1 | 47.2s

CH2 b 26.5| 26.5 | 26.5 | 26.8s

25.3b
23.8 | 23.8 | 23.8 | 24.0s

(a) 297% Av

§]

43_.95Hz
(b)  301%K Av

46 .39Hz

a
b
<::::7CQN<:]
Fe ‘
P



v.T. 3¢ n.m.r. of (66) € 22.6 Miz (CDC1,)
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TUBLE 5.26

1,1'-bis(N,N-pyrolidine amididruthenocene (67)

13C nmr Variable Temperature CDCL

ppm @ 22.6 MHz

3
Assignment Temperature °c
-41° -7° 26.6° [ 29° |60°
c=0 166 .37 166.40 | 166.64 [166.7
ipso.1 82.56 82.51 81.96 |83.3 (83.4
2,5 73.46 73.35 73.67 | 73.6 {73.7
2,5 73.19 72.97 | 73.08 |73.0 |73.0
3,4 72.27 72.11 72.38 | 72.4 |72.14
34 '72.11‘ 71.72 71.89 | 71.9 |71.7
NCH) 48.16 w778 | H7-99) Vug splu7.6s
NCIf'2 47.29 u6.g2 | C4T-H0)
cﬁzb 26 .99 26.53 26.92B | 24.1 | 25.5
b
CH,
T, 302% Av = 20Hz
d. b
Co

<

e
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TABLE 5.27

1,1'-bis(N,N-morpholine amido)ferrocene (62)

13C nmr. Variable Temperature CDCl3 ppm @ 22.6 MHz

Assignment Temperature °c

22° [-18° [=10° | +7 | ambient(26°)

Carbonyl 168.7 168.7 168.7 | 168.8 169 .1

C1 ' 79.9 {79.9 {79.9 | 80.1 80.9
C, o 72.0{72.0 |72.0 | 72.1 72.2
C3 ) 71.2171.2 |[7T1.2 | 71.2 71.3
OCH2 66.8| 66.8 |66.8 | 66.9 67.1
NCH2 ' - 47.69 U47.6s|L4T7.6b

451, 5.7,
NCH, 42 .79 L2.70|42.7b
T, = 280%K Av = 112 Hz

o ton
Lo 2>co.N: 0
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TABLE 5.28

1,1'-bis(N,N-piperidine amido)ruthenocene (63)

130 nmr Variable Temperature CDCl3 ppm @ 22.6 MHz

Assignment Temperature °c
-15° | 11° | 20° | 26.6° 60°
Cc=0 167.3 [167.3 |167.4 | 167.45 167.5
ipso C, 82.7 83.2 | 83.4} 83.u8 (78.9)
C2 5 73.9 74.0 4.0 74 .00 4.0
02 5 73.4 [ 73.3 | 73.3 | 73.30 73.2
C3 m 72.5 | 72.5 | 72.5 | 72.49 72.5
Cy y 71.7 |71.8 | 71.8 | 71.78 71.6
OCH, 66.8 |66.9 | 66.9 | 66.96 66.9
e | : . |
N |
‘ NCH2 47.9 45 .7 45 _6b| 45.67b 4s5.7
NCH2 42.6
T = 234% " Aav = 118 Hz
¢




TABLE 5.29
1abbo D

1,1'-bis(N,N-piperidine amido)ferrocene (64)

13C nmr. Variable Temperature CDCl3 ppm @ 22.6 MHz

Assignment Temperature °c _
-33°] 229 -18° {-10° |0 7° 115° | Ambient
Carbonyl CO | 168.3|168.3|168.3 |168.4 n68.4 {168.4 168.4 | 168.5
c, 80.3| 80.3| 80.3 | 80.7 |80.7 | 80.6 |80.7 | 81.4
s 5 7| 1| 1 | 18|78 | 1.8 | 71.8 | 719
G5y T T 71 | 71|71 | 711 (7101 | 7149
NCH,  (a) 48.1| 48.1| 48.1s| U8.2s| 48.0b| LB.Ob}L6.2b| U6.1s
43.5| 43.5| 43.5s| 43.65 44.0b| 44.0b|
Gy (D) | 26.6| 26.6) 26.65] 26.60) | 26.T0)26.1s 26.3s
25.5| 25.5 | 25.5s | 25.5b|
CH, ol.5| 24.5| 245 | 2.6 |2u.7 | 24.7 [2u.7 | 24.8
(a) T, = 288% Av = 103.8 Hz
(o) T =273% = 24.41 Hz

Av
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TABLE 5.30

1,1'-bis(N,N-piperidine amido)ruthenocene (65)

13¢ mmr.  Variable Temperature CDCl3 ppm @ 22.6 MHz

Assignment| Temperature °c
-25° | 5% | 10° | 15° |26.6°] u6° | 56°
Carbonyl 167.1 | - 167.0{167.0} - - -
C, 83.4 | - 8u.2| - | - 84.4 |84.6
C2’5 TU.0 | TH.O| TH.O| 73.9|T4.0 |T7H.0 |TH.O
02,5 73.2 | 73.1 73.0| 73.1|73.1 [73.1 |73.0
C3,4 72.7 | 72.5| T2.6| 72.5(72.5 |72.6 |72.5
C3,4 TITVT71.5 | 7.4 71.4071.4 |71.4 |71.3
NCH,, U8 4 | U6.3 | U47.2| UT7.1[46.5b|U6.3s|46.3
 u3.7|42.9 | 45.8]45.3
CH, | 26.8|26.4| 26.3 26.3‘26.4 26.4 126.4
25.6
CH2 24.5 | 24.8 | 24.7| 24.7|24.7 |24.8 {24.8
T, = 2713% Av = 107.4 Hz
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(b) Cryptands (monomers)

The metallocene cryptands have a similar dynamic
phenomena to the 'simple' metallocene amides. However,
in these larger molecules the molecular motion associated
with the amide groups leads to much more complex spectra

as a result of the larger number of methylene groups.

DIAGRAM 5.17
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The ferrocene[3.3]monomer(zg) has 13C and 1H nmr
spectra which are temperature dependent and are best
explained by the following equilibrium [Diagram 5.17].
On investigation of the structure of (70) and the
implications of the suggested molecular motion on the

130 and L

H nmr spectra, it can be seen that at low
temperatures when the carbonyls are fixed relative to
each other on the nmr time scale, there are only two
possible stereo isomers, a cis and trans form. As
explained for the (38) and (41) (Section 5.2.3), the trans
form should be more favourable since in the cis, the
eclipsed conformation is energetically unfavourable due
to the parallel dipoles of the carbonyl groups repelling
each other. Therefore one would expect to see fourteen
non-equivalent resonances [Diagram 5.17] in the 13C spectra
and four ferrocenyl triplets and the appropriate other
resonances in the 1H nmr spectra [Tables 5.31, 5.32].

As the temperature is raised from -50°C one would expect
to see a simplification of the 13C nmr spectra as there
is now rapid rotation of the carbonyls (fast on the nmr
time scale) which causes coalescence of the same non-
equivalent resonances. At 90°C in the rapidly exchanging
state one would expect to see eight non-equivalent
resonances. One can make a case for this due to the
superimposition of signals as only six 13C signals are
seen at 90°C. From the coalescence temperature of the

-N(CH2) signals AG* can be found for the rotation barrier
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about the amide bond. CO-N av = 51.6 Hz, T_ ~45°C

AG£ - 15.66 k.cal mol™ " + 0.5.

The second dynamic process can be in the variable
temperature 1H nmr. At -50°C the rotation of the
ipsoferrocene~carbonyl bond is slow on the nmr time scale
and four ferrocenyl triplets can be seen each with an
integral of two protons. The typical downfield shift of
these protons H,, 5, ;4 =+ is due to deshielding effect

2',3",4,5
and n withdrawal of the carbonyl function and the o- and

B-deshielding effects can be found: = =-1113,

0t2'
o5, = -0.993, B3, = -0.253, By, = -0.173 .
It is easily seen and expected that the a-positions are
deshielded to a greater degree than the B-positions since
they have a nearer spacial proximity to the carbonyl
function. As the temperature is raised to 0°C the four
triplets broaden into humps and at ambient temperature
the H2, and HS'
singlet with an integral of four. The H3, and HM' protons

resonances have coalesced into a broad

are now seen as two broad humps which eventually coalesce
at a highef-temperature. At 100°C where the ipso-carbonyl
bond rotation is fast on the nmr time scale two sharp
triplets are seen each with an integral of four protons.
The a- and B-deshielding effect values can be found for
these two triplets: o« = -0.783,8 = -0.133 which again shows
that the o« positions are deshielded to a greater degree

than the B positions.

179



TABLE 5.31

Variable temperature 13C nmr of (19) ferrocene( 3.3] monomer

@ 62.5 MHz ppm

Assignment Temperature °c
-60°C |Ambient(30°) 90°
C=0 169.37 170.49 absent due to
long =
ipso C1, 77.31 77 .84 80.10
Car 50 76.37 T4 .94 ~72.75
03',u' 7“’.01 72-90 -
OCH, C 71.64 71.27 171.52%
OCH2 C 71.30 | |
OCH, C 71.08 70.96 71.357
OCH2 C 70.88 ~
OCH2 CH,SV 70.50% 70.09 T7T0.79
NCH2 C8 50.08s 50.43B ]50.148
NCH2 C1 b9, 27s 48.86B
Total signals 14 (8)

¥four superimposed signals

+ . .
superimposed signals

_ o
T, = u5°C

Av

= 51.6 Hz




TABLE 5.32
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Variable temperature 1H nmr of (70) ferrocene| 3.3)monomer ppm

@ 250 MHz
—
Assignment Temperature °c
-50°C 0% ambient 100°C
éppm | inter. 6ppm | inter | 6ppm |inter | éppm | inter
ferrocenyl H | 5.27T| 2. 5.18B| 2. 4 _.92TB| 4 4 ouT| 4
5.15T| 2. 5.08B| 2.
ferrocenyl H| 4.41T| 2. 4.11B| 2. 4 .58TB| 2 4.29T| 4
4.33T| 2. 4_.30B| 2. 4 2uTB| 2
OCH, 4.28 | - uo1r | ] 4.1y T - 4.17T
n
L. 26C 4.10C 4.02 4. 11T
379t | 3.83T | 32 2 | 3.72c| 4
347 | 32 3.6 0 3.88 | | | 3.6uc] 4
3.100 3.2C 3.62 4.45C | 16
NCH2 3.06 3.22B | 4
T
2.53C | ~ 2.66 |~ B
* Total no. 4o 4o 40 Lo
of protons
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From the coalescence temperatures of the H2,, HS' signals

and the H3,, Hu‘ signals Gié can be found for the rotation

barrier about the ipso ferrocene carbonyl band C=CO.

sioHgy Av = 7.2 Hz T_ ~15° aG* 15.3 keal mol™' + 0.5

4.8 Hz T, ~40° G* 16.8 keal mol™! + 0.5

H

H3"H4' Av

The alternative enplanation of the nmr spectra is
that the molecule has static carbonyl groups and that the
two polyether chains interchange. Thus a£ low temperatures
the chains are static on the nmr time scale and at high
temperatures they are seen to be interchanging due to the
coalescence now present in the spectra. This molecular
motion is complex and will be hindered due to the protons
on the bridging chains and is therefore unlikely.

Further evidence comes from variable temperature studies
of the 'simple' metallocene amides where similar dynamic

processes can be seen.

The nmr spectra of (74) are consistent with the
molecular formulae and has a similar temperature dependence
to the other metallocene macrocycles (zg)- Due to the
non-symmetry of the systems the 130 and 1H spectra are
necessarily more complex. There will remain a large portion
of the spectroscopic data - that of the central glycolic
linkages - that will remain unresolved due to its complexity

and the proximity of the chemical shifts.
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DIAGRAM 5.18
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Again, considering the two structures of the monomer

[Diagram 5.18] (Trans or Cis) and the implications of the
suggested molecular structure on the 13C nmr spectra, it

" can be seen that the Trans-form should have 26 non-equivalent
13C resonances, (two carbonyls, ten ferrocenyls, four

carbons bonded to nitrogen and ten carbons bonded to oxygen)
as there is no symmetry in the molecule. The Cis-form
requires 13 non-equivalent 13C resonances (one carbonyl,

five ferrocenyls, two carbons bonded to nitrogen, and five

carbons bonded to oxygen) as there is a plane of symmetry
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through the molecule. From the 13C nmr spectra at ambient
temperature [Table 5.15], twenty clear 3¢ signals are

seen, of which there are two obvious carbonyl signals and
four carbons bound to nitrogen. There are six signals

. which are superimposed thus representing twelve carbon

atoms (these signals are over twice the intensity of any
other signal), thus making a total of 26 13C resonances.
These factors in the spectrum therefore suggest the molecule

has a trans-configuration [Diagram 5.18].

The 1H nmr spectrum at ambient temperature [Table
5.14] is consistent with the general structure [Diagram
5.18] and as expected, it is complex due to the rotation
of amide bondé, the lack of symmetry and close proximity
of the chemical shifts in the aliphatic region thus making

methylene assignments difficult.

At 100°C the |

H nmr is broad and simplified relative

to that at ambient and low temperatures. There are four
ferrocenyl resonances with an integral ratio of 1:1:1:1
representing the four pairs of equivalent protons in the
freely rotating form [Diagram 5.19]. As the temperature

is lowered [Table 5.33] the rotation about the ipso ferrocene-
carbonyl bond becomes slower on the nmr time scale the

number of ferrocenyl resonances increases (100°C & signals,

23°C 6 signals, 0°C 8 signals). At 0°C the molecule appears

'frozen' on the nmr time scale and eight non-equivalent



TABLE 5.33

Variable temperature 1H nmr of (l&) ferrocene( 3.2]monomer

@ 250 MHz TOL. d6/DMS0O.d.6

Assignment ppm Temperature °c

ferrocene region only 0° 230 550 80° 100o
4_.99shm | 4.84b
4.78shm | 4.65b|L4.72b|l 4.71b| 4.69Db
4.65shm
4_.61shm

Ferrocenyl

‘ 4.33shm 4.41b|4.31b| 4.32b | 4.33b
4.27shm 4.38b
4 16shm 4.16b|3.89b| 4.06b | 4.06b
4.02shm | 3.99b 3.98b | 3.99b

DIAGRAM 5.19
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resonances are seen each representing one proton from the
ferrocenyl ring:. This is consistent with the previously
outlined ipso ferrocenyl-carbonyl rotation (70). It is

of interest to compare this molecule with the similar motion
of the ferrocene[3.3jcryptand monomer (70) where, due to

the symmetry of the cryptaﬁd part of the molecule there

are at high temperatures only two non-equivalent ferrocenyl
1H resonances and four at low temperatures. Whereas, in
(74), the different chain lengths of the cryptand confer

four non-equivalent ferrocenyl 1H resonances at high

temperatures and eight at low temperatures.

The ruthenocenel[2.1]cryptand (82) has similar
structural and spectroscopid properties to the_ferrocene
‘analogue (80) [Diagram 5.15]. The low temperature 13C n.m.r.
supports the case of a molecule with a trans configuration

with respect to the cabbonyl groups as twenty-one of the
13C

expected twenty-two non-equivalent resonances are seen

[Table 5.34]7. (One resonance not observed due to overlap).

While in the cis-form only eleven non-equivalent 130

resonances are seen and as the temperature is raised from
o] .
-45~C the N(CH2) resonances broaden and coalescence is seen.

From the coalescence temperature of the -N(CH2)2 signals

#

G” was found for the rotation barrier about the amide bond

CO-N.

# 1

Av = 168 Hz, TC ~ 28°C,  AG® ~ 14.1 Kcal.mol™' + 0.5.



TABLE 5.34

V.T. 13¢ n.m.r. of (82) CDCl3 ppm @ 22.5 MHz

Assignment Temperature °c
-40° ambient
C.0 170.0 s. | 169.2 b.
C.0 169.0 s. 168.4 b.
ipso C1 82.8 82.7
ipso C1 82.0 I
76 .4 TH.7
76.0 73.6
Cyclopentadienyl 75.2 , 71.8
and 74.8 70.9
OCH2 744 70.8
resonances 73.8 - 70.6 c.
73.6 70.0
.72.0 69.6
70.6 69.4
70.2 69.2
68.8 68.14
68.2 67.6
L 66.8 64.0 v
NCH2 52.0 s. 51.6 vb.
NCH,, 50.0 s. 49.6 vb.
NCH,, k9.2 s. 48.8 vb.
NCH2 46.8 s. 48.0 vb.
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The ruthenocenel3.1]eryptand (78) has a similar
dynamic phenomena which can be seen in the variable

temperature 130 n.m.r. [Table 5.35]. A general assignment

TABLE 5.35
V.T. '3C n.m.r. of (78) CDCl., ppm @ 22.6 MHz
Assignment Temperature °c
ambient(i) +450(ii)
CO confirmed by i.r.
cyclopentadienyl (C1,) T4.7 b. T4.5 b.
cyclopentadienyl (C2, 5,) T4.0 b. 73.5 b.
T ?
cyclopentadienyl (C3, 4') 71.9 b. 71.8 b.
b
71.1 b. 70.9 b.
OCH, 70.8 b. 70.7 b.
70.2 b.
70.0 c. 70.0 b.
NCH2 50.8 c.
NCH2 49.7 c. 49.7 b.

was made based on the other metallocene cryptands. However,

in this case, the spectra are broad due to the highly
unsymmetrical nature of the cryptand. No detailed thermo-
dynamic data was obtained since it was not possible to give
a definite assignment to the N-CH2 signals. Theoretically

‘there should be four N-CH2 13C resonances at low temperatures
and two at high temperatures and this clearly has not been

Further n.m.r.

seen. studies were not possible as the cryptand

(78) decomposed before data could be collected.
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(e) Cryptands (dimers)

The ferrocene and ruthenocene[2.2]cryptand dimers
(39) and (42) [Diagram 5.20] unlike the monomers (38) and
(41) do not have a fixed configﬁration and are able to
rotate the cryptand about its horizontal axis. This is
seen in the nmr spectra which are more complex and

temperature dependent.

DIAGRAM 5.20
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The 13C nmr spectrum of (52) at -50°C looks similar
to its monomer (38) and has twelve resonances, five
ferrocenyl, one carbonyl, four different carbons bonded

to oxygen and two different carbons bound to nitrogen.

TABLE 5.36

V.T. 13C nmr data of (39)153 and (Eg)(ThiS work) CDCl3ppm

@ 62.5 MHz. Ferrocene[2.2]cryptand(39)| €22.5 MHz. Ruthenocene[2.2]cryptand(42)
. Assignment | Temperature °c Assignment |Temperature °c
-50° 0°© |23° Bs° -30° [-1°  |5° 56°
C=0 : 168.7 | 170.0. {170.1 [170.0 {C=0 168.4 {168.4 [168.5 | -
CT' 78.0| T79.1 | 79.6 | 80.0 C1, 83.9 | 83.8 | 84.0 {84.0
C.y 75.5 - c
SEERN 73.9b| 73.94 73.36 | © *° 74.30| T4.60| T4.2¢|74.3
Cor g1 72.2 | Cor 5
OCH2 | T2.1 T2.1 72.0 - OCH2
EFCU B TS O30, 73.6b| 73.7c| 73.6c|73.6b
OCH2 69.7 OCH2 71.8b) 71.8b} 71.8b|71.8b
-70.3b| 70.4H 70.6b

OCH2 69.3 69.9 OCH2 70.4b| T70.U4ec| 70.5¢|{T70.3b
C3"u' 69.1 - C3")_|.|
OCH2 65.8 67.0 67.79 - OCH2
NCH u8.5| 49.1 49.3b NCH2 51.3 | 51.4 | 51.3

2 48.0b 51.0b
NCH2 146.8 47.0 | 47.3p NCH2 49.7 50.1 50.5
N-CH,:T _=60°C: Av=158Hz: aG*=15.Tkealmol ™| NCH,:T _=56°:Av=05Hz:AG" =15 .8kealmol™|
C -CO:TC=-1OO:Av=200Hz:AG£=12.1 kcalmol—1

'l'
|




A similar case can be made for (42) since the oxygen-~
methylene signals and the cyclopentadienyl signals are

broad and therefore must represent more than one 13C signal.

The conventional rotation of the carbonyl nitrogen
bohd can be seen in both molecules. At low temperatures
the spectra shows two non-equivalent carbons a to the
nitrogen and in (;2) four non-equivalent carbons bonded
to oxygen. This indicates that the macrocyclic rings in
(39) are in a non-fluxional, co-planar environment relative
to the carbonyl groups on the nmr time scale. As the
rtempenafure is raised the N—CH2 signals coalesce and from
thevcoélescence temperature the :free energy of rotation

was found [Table 5.36].

A second dynamic process caﬁ cléarly be seen in the
variable temperature 130 nmr. of (32); The rotation of
"the macrocyclic amide groups about the ferrocene-carbonyl
bond is slow'on the nmr time scale at -500 aﬁd four cyclo-
pentadienyl carbons are seen. As ﬁhe temperature is raised
the signals coalesce and two cyclopentadienyl signals are
seen (excluding the ipso). Again from the coalescence
temperature the free energy of rotation was found [Table

5.36]. A second value of AG£ was obtained from the variable
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temperature 1H nmr of (39) [Table 5.37]. The cyclopentadienyl

protons are clearly seen to be split into two pairs of

well-resolved absorptions at low temperatures which coalesce



TABLE 5.37

Variable temperature 1H nmr data of (52)153 € 250 MHz

in CDCl,.
Assignment | -80°C ppm CD,C1,/CFCl., | 23°C ppm | 50°C ppm
2¥+2 3
OCH,, 3.68
3.3-4.2b 3.4-4.0b

NCH,, 3.75b
H,, H 4.21

3t A 4350 4.36
Hy, Hs, h.49
He, 4.30

4.63b TN

H,, 4.90
T, = -10°C; AG* & 12 keal.mol™)

into two absorption bands at higher temperatures. The
two values for the free energy of rotation for the
ferrocenyl carbonyl bond were in good agreement:

3¢ a6* = 12.1 keal mol™', 'H aG* = 12 keal mol™'.
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The nmr spectra of the ferrocene[3.3]dimer (Zl) supports
the contention of two independent rotational phenomenon

as outlined earlier for the ferrocene[2.2]dimer (39).

-DIAGRAM 5.21

PP S
é::::>»{'lto\ N\T °

(71)

0\/,0\/ O/
000

The 13C nmr spectrum [Table 5.38] at 52°C shows seven
sharp non-equivalent resonande signals which represent:
three ferrocenyl, three different carbon atoms bound to
oxygen and one carbonyl. . There is‘also a broad resonance
which represents the carbons bound to nitrogen at just
above coalescence, if the temperature were raised further
this signal would become a sharp singlet. As the
temperature is lowered from 52°C‘one would expect to see
the spectrum become more complex as the rotation about
the amide bonds become slow on the nmr time scale. At
31°C the rotation about the CO-N bond has become slow on
the nmr time scale and twébclear resonances can be seen.
This slow rotation also affects the carbon atoms bound
to oxygen at 69.91 ppm as splitting now occurs because

the signals are no longer equivalent. At -30°C the spectrum



is even more complex as the molecule appears frozen on

the nmr time scale. As expected from Diagram 5.21 fourteen
non-equivalent 13C resonances can be explained: oné
carbonyl, two carbon atoms bound to nitrdgen,-one ipso
ferrocene, two superimposed ferrocenyl signals representing
four carbon signals, four sharp carbon bound to oxygen
signals and two superimposed carbon bound to oxygen signals
representing two carbon signals. From the coalescence
temperature of the —N(CHZ-)2 signals AG£ can be_found for
fotation barrier about the amide bond .CO-N.

Tc = SSOC; Av = 126 Hz; AG’é = 15.6 kecal mol"1

The 1H nmr spectra of the ferrpcene[3.3]dimer (71)
[Table 5.39] has very broad regions due to the close
proximity of the central glycolic linkages and thus the
, only factors'worth monitoring are the integrations and
change4in the éyclopentadienyl resonance patterns. At
. -3OOC four ferrocenyl triplets are seen each with.an
integration of foﬁr protons. As the temperéture is raised
to 55°C the four signals coalesce into two sharp triplets
with an integral of eight protons each. The complexity
of the rest of the spectrum decreases as the temperature
is raised due to equivalence caused by the increased speed
of rofation of the amide bonds. From the ferrocenyl proton

#

signals AG™ can be found for the free rotation of the ipso

ferrocene~carbonyl bond.

T, n248°K; Av = 2 Hz; AG* % 13.7 keal.mol™ .
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TABLE 5.38

Variable temperature 13C nmr of (71) ferrocenel[3.3]dimer

@ 62.5 MHz

CDCl3 Temperature °c
Assignment -30° 31°¢C 52°¢C
C=0 169.94 {170.02 | 170.07
ipso C,, 78.73 | 79.83 | 80.23
Car 51 72.30B¥ 72.29 | 72.36
C3',u' . 71.87 71.82
OCH2 70.49% | 70.78 . 70.88
OCH,, 70.21 70.69 70.78
OCH, 69.73 | 69.96

OCH,, 69.49 - 69.91
OCH,, 69.29 69.69

NCH2 " 49 _.28s | 49.73 48 .5B
NCH, 47.66s | 47.72 |

non-

equivalent C (1u)* 8

¥Less than 14 due to superimposed signals.



TABLE 5,39

Variable temperature

1H nmr of (71) ferrocene[3.3]dimer

196

@ 250 MHz
Assignment Temperature °c .
-30°C 0° ambient 55°
ppm inter | ppm [inter | ppm inter | ppm intér
ferrocenyl 4 75T | 4 4y .72 | 8 y. 72T | 8 y 72T | 8
ho72T | 4
ferrocenyl y uuT |y 4L 41B | 8 4.38T| 8 4.38T| 8
4 L2T | U4
OCH2 3.94BT1 16 3.88BT 16 3.85B
OCH2 3.68B 3.67B 3.66B| 64 3.71 6u
: 48 48
OCH2 3.62B 3.63B 3.65B 3.64
NCH,, 3.61B | 3.62B
" Potal no. 80 80 80 80
of protons '
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The nmr spectra of the ferrocenel[3.2]dimer (75) also

supports the contention of two rotational phenomena as

outlined earlier.

N0 .
@T p\o/“\o/c}\'\ Py,

@‘ %/0\__/0\/’ E—@
0o

/7
.

The 1H nmr [Table 5.40] shows the expected simplified
spectrum at high temperatures (SSOC) and one of increased
complexity at low temperatures (-2OOC), The only region
where distinguishable resonance patterns can be seen are
in the ferrocenyl region as in the aliphatic region oﬁly
two broad signals are seen, due to the close proximity
of theichemical shifts; Unlike the.ferrocene[2.3]monomer
(74) only two sharp ferrocenyl triplets are seen at high

temperatures. These two triplets represent the H and

2'5"
H3,4, protons and are in the ratio of 1:1. As the
temperature is lowered and the ipso ferrocenyl-carbonyl
bond rotation becomes slow on the nmr time scale, the two
triplets broaden at ambient temperature into singlets.

As the temperature is lowered further to -20°C these
signals collapse into two sets of four broad singlets each
representing two ferrocenyl protons. This is expected

since the macrocyclic cross-linkage is unsymmetrical and

will cause all the ferrocenyl protons to be non-equivalent.
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TABLE 5.40

Variable temperature "M nmr of ferrocene[3.2]dimer (75)

CDCl, 250 MHz

3
Assignment Temperature °c
-20°C ambient +55°C

Sppm inter| 6ppm inter | 6ppm inter
4.76B 2

ferrocenyl 2'5' 4.73B 2 | L4.69BT 8 4.70T 8
4.69B 2
4.66B 2
4 L42B 2

ferrocenyl 3'4! 4.38B 2 4_.39BT 8 4y, 38T 8
4.36B 2
4.28B 2

OCH2 3.72B 3.72B 56 3.74s |
3.68B 56 3.66B 3.63s 56

NCH, 3.66B ~ 3.62s

TOTAL 72 72 72




TABLE 5.41

Variable temperature 3¢ nmr of ferrocenel2.3]dimer (75)

@ 62.5 MHz
Assignment - Temperature °C
-30°% ambient 52°C
Carbonyl 169.94 169.95 170.04
ipso ferrocenyl 79.36 79.87B
' -80.08s
ipso ferrocenyl 78.58" 79.47B
72.25B 72.41 72.52
71.88 |
71.62 -71.6UB 71.62
(V]
o
Q 71.38
g 70.31 70.64
2 70.13 70.47
9 ‘ _
o 69.77 70.17
o
& 69.59 :
_|_ 69.4B 69.89B
68.95 ,
N—CH2 49.01 49 .56 49.13B
N-CH, b7.14 47.58
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The 13¢C nmr spectra, [Table 5.411 is temperature
dependent and two dynamic phenomena again can be seen.
The first dynamic phenomena, the rotation about the carbonyl
nitrogen bond (CO{) N) is easily seen and explained. At
-3OOC, two sharp signals appear in the N-C region and
these signals represent two pairs of resonancés. As the
temperature is raised to ambient these signals broaden
and eventually converge into one broad hump at 52°C. This
broad signal should represent the coalescence of two pairs

of resonances into a single pair of resonances.

# 1

T = 325°K; av = 118 Hz; AG*® = 15.48 kecal.mol™.

c

From this coalescence temperature and the maximum
spliﬁting of the N-CH2 signals at —30°C AGié can be
calculated for the carbonyl nitrogen rotation barrier.
There is no reason why these N—CH2 resonanceé should ever
reduce to a sharp singlet as the two chaihs of this
cryptand are different in this molecuie and should thus

give at higher temperatures e.g. (110°C) two sharp singléts

again each representing two pairs of resonances.

The second dynamic process, is seen by the splitting
of the ipso ferrocenyl signal and it is not clear what
causes this dynamic phenomena. At 52°C one sharp ipso
ferrocenyl peak is seen. This must represent all four
ferrocenyl signals. At ambient temperature this signal

becomes broad and is possibly the coalescence of two non-
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equivalent ipso signals. At -30°C two sharp signals are
seen and each must represent two pairs of non-equivalent
resonances. A AG£ value can be calculated but what this

value refers to is uncertain.

#

T = 303°K; av = U9;5 Hz; AG"™ = 14.92 keal.mol™ ]

c



5.3 Ion binding

The cation binding properties of (38) were tested
by C.D. Hall et al. at King's College using the Pedersen*
method. The results were in the following unusual sequence:

a2 2+>>K+z0. The order of alkali metal

Ca“*>>Li*>NataMg
binding suggests a small cavity similar in size to
[12)crown-U4 which prefers small alkali metal cations.
However, the very strong binding of Ca2+ which is similar

in ionic size to K¥ which is bound =0 does not follow the
observation of [12]Jcrown-4. This may be due to the fact
that calcium picrate is not very stable in‘aqueous solutions
and may have formed calcium hydroxide and picric acid.

Thus it will be the H' from picric acid that will have

been measured in the macrocycle giving the sequence:

2 2+

HY>Li™>Na*wMg<*>>K*,ca“*10 which is more understandable.

Also in solvents of low dielectric éonstant, ligands with
a large portion of lyophilic character favour complex-

formation with ions of lower charge (Section 1.5).‘ The

2+

relatively strong binding of Mg is unusual because of

the small size and high charge density of Mg2+ and usually

¥*The Pedersen method for testing cation binding properties
with picrates:- A methylene chloride solution of the
macrocycle and agueous metal picrate are mixed. Electrical
neutrality is preserved, so on transfer of a cation from
the aqueous to the organic phase a picrate ion will follow.
This is now detected as it has a amax 378 nm in CH2012.

It is of interest to note that no picrate is transferred
without a CH2012 soluble binding ligand present.

202
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forms much less stable complexes than Na+, (log Ks.Na+>4,

2+<2 for small cryptands). Again this may be

log Ks Mg
a phenomenon of the stability of the picrate and not the
binding properties of the macrocycle. The binding séquence
would be more informative if a run had been made against
picric acid itself. No conclusions can be made from these
observations however a r interaction may be important and
the iron atom has the potential to contribute to the degree

of binding via a similar mechanism by which it~is protonated

in ferrocene to the ferricenium ion.

In this work the binding properties of (39) were
tested with ammonium benzoate via’1H nmr. This has one
major advantage over the Pedersen method as both the anion
and cation can be. detected and the ratioé in the complex
found. 50 mg of (gg) was dissolved in 50 ml of dry
chlotofofm énd to this a U4 molar excess of ammonium benzoate
was added.' The mixture was then stirred for four hours,

1H nmr

after which it was filtéred and evaporated. The
was then run [Table 5.42]. This experiment was also
repeated without (gg) to test the solubility of ammoﬁium
benzoate in chloroform. No ammonium benzoate was detected

1H nmr of the complex clearly shows

in the 1H nmr. The
ammonium benzoate is present in a 1:1 ratio with the

macrocycle. This suggests that the ammonium cation is
in the centre of the macrocyclic rings hydrogen bonded

to the ether linkages and associated with the now positive



TABLE 5.42

1

H nmr of (39) CDC1, @ 60 MHz

(39) (39) + ammonium

Assignment —_ benzoate

ppm inter ppm inter

+

NH), 8.28b ly
ArCO2_ 7.69b 5
H2,5 4. 6Lt 8 4.68t 8
H3,u 4,38t 8 b L2t 8
NCH2 + OCH2 3.7b 48 3.7b 48

molecule is the benzoate anion.
to consider the ammonium cation (diam. 2.68 %) between
two macrocyclic rings each with a diameter of 2.6-3.2 2
separated by 4.08 R, the distance between the upper and
lower cyclopentadienyl rings, since [18]crown-6, with a

diameter of 2.6-3.2 2 binds strongly with the potassium

dation (diameter 2.66 ) -.Chapter 1.

It is not unreasonable

204
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CHAPTER 6: CYCLIC VOLTAMMETRIC STUDIES OF SOME FERROCENE

DERIVATIVES
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CHAPTER 6

CYCLIC VOLTAMMETRIC STUDIES OF SOME
FERROCENE DERIVATIVES

6.1 INTRODUCTION

Cyclic voltammetry175,176,177

~is a simple and
direct method for measuring the formal potential of

a half reaction when both oxidized and reduced forms
are stable during the time required to obtain the

voltammogram (a current potential curve).

The current measured is that between the working
- and auxillafy electrodes. The potential of the working
electrode is adjusted relative to the reference electrode
SO that no current passes between them and there is
negligible potential drop. The potential read from

the voltammogram now corresponds to that between the

wofking and ‘auxillary electrodes.

In cyclic voltammetry, the potential of a small,
stationary working electrode in an unstirred solution
is changed linearly with time between two limits
[Diagram 6.1]. This triangular potential waveform
(a sawtooth) sweeps the potential of the working
electrodes between two values. These are called the
switching potentials and must be within the voltammetric

stability range for the particular solvent being used.
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Diagram 6.1

-out

Pstential )Y vs. Cveik. . Cvergl.

/. electioct o

E J/nish .

The potential of the working electrode as a function

of time

The time scale of the experiment is controlled by the
scan (or sweep) rate. The total potential traversed
can be varied over the range of 102—10_53 though
quantitative experiments are usually restricted to

10-103s.

A supporting electrolyte is required to keep
~the cell resistance low and to reduce the migration
.bf charged reactants and products. The concentration
of the base electrolyte should be at least fifty times

that of the electroactive species under study.

In work with both aqueous and non-aqueous media,
the solvents must be deoxygenated and anaerobic conditions
must be maintained because at potentials negative with
respect to the saturated calomel electrode, oxygen is

reduced and such reductions would interfere with other
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processes under investigation. A simple cyclic

voltammogram is shown in diagram [6.2]. It is

Diagram 6.2. A simple cyclic voltammogram

v

characterized by several important parameters; (EpF)

the peak potential of the forward reaction; (EpR) the
peak potential of the reverse reaction; (ipR) the peak
current of the'reverse reaction; (E%) the half-wave
potential and (Ep%) the half-peak potential. One method
for measuring ip involves the extrapolation of a baseline 
current as shown in diagram [6.2]. The establishment

of a correct baseline is essential for the accurate
measurement of peak currents. This is not always easy,

particularly for more complicated systems.

The shapes of the curves are determined by the
ratio of the ions in solution. At potentials more

positive than the formal electrode potential, the
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concentration of the neutral species at the working
electrode is zero but, the concentration of the oxidised
species is high. As the potential approaches the formal
electrode potential, some of the oxidised ions are reduced
and a current flows, increasing rapidly. At a potential
equal to the formal electrode potential, the two
concentrations are equal and at negative potentials,

there is more neutral species than oxidised, the current
again increases rapidly until there is no oxidised

species present.

When two electroactive species are in the solution
or when the electroactive species is oxidised or reduced
in two steps, two peaks are produced on the reduction

and oxidation half cycles.

The definition of E; has been borrowed from
2

O

classical polarography [Equation 6.1], (E- is the formal

potential relating to the ionic strength of the solution,

D. and D, are the diffusion coefficients and n is the

0 R

number of electrons in the half reaction.)

Equation 6.1

=

(o]
E, = E° + (RT/nF) ln(DR/DO)

1
2

N.B. Because DO- DR’ E; is usually within a few mV

1
z

of E°.

Taking the reduction of oxygen as an example

of a reversible reaction [Reaction 6.1], the ratio of
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the surface concentrations of oxidised (02) and reduced
(02-) constituents as calculated from the Nerst equation
for a given potential differs insignificantly from the
actual ratio. In other words the electron transfer

at the electrode surface is so rapid that equilibrium

Reaction 6.1

conditions are maintained even with a substantial net
current and a .rapidly changing potential. The criteria
of reversibility over a given range of conditions can

be seen in equation [6.2]‘and the values must be

Equation 6.2

independent of scan rate and concentration. The E%

is situated exactly (within 57/n mV) midway between

Epa and Epc' ‘Slow electron transfer at the electrode
surface ("irreversibility") causes the peak separation
to increase. The reduction of oxygen is also diffusion-
controlled (no other process limits the current). The

1
criterion for diffusion is that ipe/v? must be constant

(v, sweep rate). This is true for planar electrodes.
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However, spherical electrodes will show significant
positive deviations (10%) when (D RT/nFvr2)? > 0.1

(r, electrode radius). 1If the reaction is also reversible,
the dimensionless group’ipc in FACO(DOan/RT)% will

equal 0.446 (A, electrode area, C,» concentration of

.the reactant). An irreversible reaction will give as

much as a 50% reduction in the magnitudes of the current

function.

The electron transfer processes are fast for
a thermodynamically reversible system and have no
influence on the shape of the voltammogram. If the
electron transfer processes are slow, the shape of the
voltammogram is affected when the voltammogram is less
steep and the system is said to be irreversible. The
reason for this could be that the electroactive species
diffusing to the working electrode from the solution
are not being reduced or oxidised fast enough at the
electrode sufface. Alternatively the oxidised species
may be reacting to form other products, which are not

reducible.

If a voltammogram is irreversible, its half
wave potential is not equal to the formal electrode

potential.
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6.2 INSTRUMENTATION

Cyclic voltammetry requires (i) a waveform
generator to produce the excitation signal, (ii) a potentio-
stat to apply this signal to the electrochemical cell,
(iii) a current-to-voltage convertor to measure the
resulting current and (iv) an x,y recorder to display

the voltammogram [Diagram 6.3]. The potentiostat ensures

Diagram 6.3

Waveform . Cell
— generator Potentiostat ol

E ontrollled

X Recorder Y Current to voltage
convertor
0 working — auxiliary = reference

that the working electrode potential will not be influenced

by the reaction which takes place.

The reference electrode used in the following
voltammograms was the saturated calomel electrode S.C.E.
(+0.244V). All measurements were made at room
temperature (22 1'2OC) and no correction was made for
temperature variation. (The S.C.E. varies linearly
by 0.5 mV per °C from 20°C to 30°C). Dry, HPLC grade
acetonitrile was used as the solvent for all samples

and this was periodically checked for purity.
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Tetrabutylammonium perchlorate and tetraethylammonium
perchlorate (0.1 M solutions in acetonitrile) were used
as the base electrolytes. The sample solution was
deoxygenated with dry nitrogen befofe each sample was

3

run and 1 em~ platinum working and auxillary electrodes
were used. After each run the S.C.E. was washed and
the working and auxillary electrodes were cleaned by

immersion in concentrated nitrie acid and then washed

and dried.

6.3 RESULTS AND DISCUSSION

The concentration dependence of the cyclic
voltammetry of ferrocene was initially investigated
bvar. E.A. Seddon et al., University of Sussex in order
to estéblish the optimum conditions of the concentration
and scan speed. (Samples of metallocenes prepared in
this thésis were also sent to Dr. E.A. Seddon who ran
. eyelic voltammograms as a blind, to check that the
results obtained on our basic equipment were reasonable).
Solutions of ferrocene at 0.1400, 0.0280, 0.0056 and
0.0011 mols l_1 were run at scan speeds of 250, 100,

50 and 25 mVs~ ! [Table 6.1].



Diagram 6.4

C.V. of ferrocene @ 0.0056 M

: Sweep Rate
i 250 my~|
ii 100 mv™]
iii 50 mv~

iv 25 mV_1
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Table 6.1
Molarity Scan Speed Peak to peak Halfwave
-1 separation potential¥

mols s 1 mvs™ ] nV mV
0.1400 250 490 435

100 330 435

50 270 435

25 216 438
0.0280 250 170 390

100 144 392

50 120 395

25 100 395
0.0056 250 100 4oo

100 80 Loo

50 70 4oo

25 60 4oo
0.0011 250 TU 397

100 54 397

50 50 395

25 46 395

¥versus the standard calomel electrode.

From these results it was seen that the peak-

to-peak separation and current (i.e. height of the peaks),

ﬁaried with the concentration of the ferrocene and with

the scan speed.

The ferrocene solution of concentration

0.0056 M run at 50 mVs™

voltammogram [Diagram 6.4].

produced the optimum cyclic

This represented a compromise

between a reasonable scan speed and acceptable peak-

to-peak separation,

for a one-electron change 57 mV).

(found 70 mV, theoretical value

run on the rather basic apparatus at Bedford College

never produced such an accurate result with regard to

Subsequent voltammograms
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the peak-to-peak separation. However, voltammograms

1

were run with a scan speed of 20 mVs~ ' and the best

peak-to-peak separation was found to be 100 mV.

All voltammograms were run against a reference
which was either ferrocene or tris(2,4-Pentanedionato)
ruthenium(III) [Ru(aoac)3]. The disubstituted ferrocene
complexes were found to have their peaks too close to
those of [Ru/acac)3] for the peaks to be resolved, hence

ferrocene was used as the reference for these compounds.

The oxidation potentials of some metallocenes
were investigated by cyclic voltammetry and the results

may be seen in Table [6.2].

The redox potentials of the substituted ferrocenes
appear to correlate with the electron withdrawing and
releasing propérties of the substituents. This can
clearly be seen in the series: ferrocene, B-ferroceneacrylic
acid and ferrocene propionic acid. One would expect
ferrocene propionic acid to be more difficult to oxidise
than ferfocene due to presence of the electron withdrawing
carboxyl group. However, since this functional group
is two saturated carbons away from the cyclopentadienyl
ring the effect is greatly reduced and only a difference
of 0.01V is seen. The difference between ferrocene
and B-ferroceneacrylic acid is much larger, 0.13V.

This is due to the presence of the double bond which

provides a conjugative pathway between the ferrocene
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moiety and the carboxyl group and therefore gives a

much larger electron withdrawing effect.

The difference between the monocyclic (N-phenyl-
amides) and bicyclic amides 38, 39 0.16V and 0.17V
reflects the sensitivity of the ferrocene oxidation
potential to the nature and orientation of the amide
substitueht. It follows that a change in the redox
potential of the metallocene in a metallocene macrocycle
may be expected Gpon formation of a complex with a metal
ion due to the withdrawal of charge from the host ligand
by the guest cation and any conformational change

involving the amide group.

A séries of chloronated ferrocenes and decamethyl
ferrocene was also prepéred as part of this project
in order to examine the effects of extreme cases of
electron withdrawing and den-.ating groups. Samples
of each of these compounds were sent to the University

of Sussex but as yet no results have been obtained.

In Chapter 7.4 there is a further discussion
of the electrochemical data so far obtained with a view
to their possible correlation with the photoelectron

spectroscopy and ¢ Hammett values for these compounds.
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Table 6.2

COMPOUND E%/V(VS. S.H.E.j
Ferrocene 0.39
1-Acetyl ferrocene 0.6u°
1,1'-Diacetyl ferrocene 0.872
1,-Methyl ferrocene carboxylate 0.64°
1,1'-Dimethyl ferrocene dicarboxylate 0.79%
Ferrocene[ 2.2] cryptand monomer (38) 0.642
Ferrocenel2.2]cryptand dimer (39) 0.63%
Formyl ferrocene 0.68°
B-Ferrocene acrylic acid 0.52b
Ferrocene propionic acid(gé) O.)-lOb
cp. Fe cp. CO.CH,CH,COH 0.62°
1,1'-Ferrocene dicarboxylic acid, morpholide (62) 0.66%
0,0'—(1,1'§£errocenediamido)1,5—diphenoxy—3- o
oxapentane (0.8)
0,0'-(1,1'-ferrocenediamido)~1,8-diphenoxy-3,6-
dioxaoctane3 (0.8)2
Ruthenocene 0.84

a .
Corrected using ferrocene

Pcorrected using Ru(acac)3
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C.V. of solvent/o.1 M EtuNClOu in acetonitrile
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C.V. of ferrocene
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C.V. of ferrocene
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C.V. of 1-acetylferrocene
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C.V. of 1,1'-diacetylferrocene
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C.V. of 1-methylferrocene carboxylate
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C.V. of 1,1'-Dimethylferrocene dicarboxylate

+ 0400 +0:79

v, (vs. s, H.E)

i
tem e,
1
1
A
[N
\

1
Ty
e oy
5 T

—

-
0
T
H
tale
I
H
N}
L
m
T
t
N\

hYi

A1
Lofoois 4
.
| T
P |
O I
8 T

|
]
fecd -
+
1
i

i
]
|
1
e
T
R
|

etk

il

, .\...\A‘“-i.:.,.u.‘ T e —ee
o e e e e
\ T ' [
X g
\ S
i
1
1
1
il
T
]
1
H
i
4
A
IV
T
i
it
1
[
L4
1
\

Py
v

o/
[Rup),) [Flepcqen),)

o/r




226

C.V. of ferrocene[2.2]cryptand (monomer) (38)

(s.SHE).

e

[rpD rr;/ /t”‘??ﬂr/-l

Crepy) ™

Sweep rate 0.02 s~



227

C.V. of ferrocene[2.2]cryptand (dimer) (39)
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C.V. of formylferrocene
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C.V. of ferrocene propionic acid (36)
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C.V. of ruthenocene
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CHAPTER T: PHOTOELECTRON SPECTROSCOPIC STUDIES OF SOME

SUBSTITUTED FERROCENES
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CHAPTER 7

PHOTOELECTRON SPECTROSCOPIC STUDIES
OF SOME SUBSTITUTED FERROCENES

7.1. INTRODUCTION

It is observed experimentally, that electrons
are emitted by materials when they absorb high frequency

178

electromagnetic radiation. The photoionisation that
occurs is usually a one photon to one electron event

which obeys equation T7.1.

Equation 7.1

hv : energy of the photon
T.E. : ionisation energy of the electron
K.E. : kinetic energy of the electron

For any material, there is a minimum energy required
to remove an electron. This is known as the threshold
energy, hvo and is equal to the first ionisation energy

level.

Molecular orbital energy diagrams have a number
of discrete features:
i) a series of occupied energy levels where

e < 0 (0 refers to the vacuum level) i.e. energy

of an electron an o distance from ion.



ii) empty levels having energy € < 0
iii) continuum energy levels with energy e > 0.
If an orbital is fully occupied, the orbital energy

can be defined by equation T7.2.

Equation 7.2

e =T + V_ + R
a

a a a

Ta : The kinetic energy of an electron in orbital a.
Va : The potential energy of an electron in orbital a.
Ra : The repulsive energy of the other electrons in

the system.

If it is assumed that photoionisation occurs
without affecting the other orbitals in the systemn,

then Koopmans has shown that:

If electromagnetic radiation of higher energy than

hvo is used, then the electrons that are emitted will
have various kinetic energies, depending on the orbitals
they oécupied [Diagram 7.1]. Photoionisation thus gives
electrons with a range of kinetic energies. As the
allowed energy levels for a molecule are quantised,

the allowed kinetic energies of the photoelectrons are
discrete. Therefore the kinetic energy distribution

mirrors the electronic energy levels.

235
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Diagram 7.1

Photoionisation Photoelectron spectrum
hv I.E.2 ; —
Free electrons
hy I.E., | —
hv
O ——
hy Electron Signal
-I.E.2 —H— +
Bound electrons
—I.E.1 1 ——%{——

Electron energy

Photoelectron spectroscopy is the determination
of the kinetic energy distribution of the photoelectrons,
using a’monochromatic source of radiation. In gas-phase
studies, this"is usually He-I (21.2 eV) or He-II (40.8 eV)

radiation.

After ionisation, the photoelectrons are passed
through an electrostatic analyser and deflected at angles
dependent on their velocities and then recorded. Thus
a photoelectron spectrum is a plot of the number of
photoelectrons iﬁ:a given time period against the ionisation
energy or the kinetic energy. The main features of
the spectrum can thus be interpreted in terms of molecular
orbital theory [Diagram 7.2]. It should be noted that
there are two types of ionisation energy that can be
seen from a photoelectron spectrum. The adiabatic
ionisation energy, I‘E‘AD is the difference in energy

between the neutral molecule in its lowest electronic,
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Diagram 7.2

Photoelectron spectrum of N, and its interpretation

in terms of molecular orbital diagram

a
| counts/second
3

§

=0

T

W
-
=
|

v

Kinetic energy/eV

~vibrational and rotational state and the ion in its
equivalent state. The vertical ionisation energy, I.E.,
is the difference in energy between the neutral molecule
in its ground state and the ion in a state where the
nuclei are in the same positions as in the neutral

molecule [Diagram T7.3].

Diagram 7.3

Vertical and adiabatic ionisation energy changes

Potential ¢
energy
neutral molecule

I.E.

0 _» internuclear distance
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The vertical ionisation energy is the peak of maximum
intensity in a photoelectron spectrum, while the
adiabatic ionisation energy is represented by the peak

of lowest intensity [Diagram 7.4].

Diagram 7.4

The vertical and adiabatic ionisation energies of a

photoelectron spectrum

I.E I.E.

"AD v
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7.2 THE MOLECULAR ORBITAL BOND SYSTEM FOR FERROCENE

In the solid state, the cyclopentadienyl rings
of ferrocene are staggered [Chapter 3.2] and the molecule
has DSd symmetry. However, in the solution and in the

gas phase, the rings are free to rotate.

The p orbitals (the = molecular orbitals) of
the rings are used for bonding of the cyclopentadienyl
rings to.the iron atom. Since there are five p orbitals
on the ring, there are five molecular orbitals. The
five molecular orbitals for the cyclopentadienyl rihg
are of three types, a (no nodes), e (one node) and es
(two nodess with the e, and e, orbitals being doubly
degenerate. These five 1 molecular orbitals [Diagram

7.5] may be combined in a limited number of combinations

Diagram 7.5

The five molecular orbitals of the cyclopentadienyl ring.179‘

€

anti-bonding

weakly bonding

€1

strongly a
bonding

Atomic orbitals Molecular orbitals
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so that there is symmetry on inversion (g, gerade) or
antisymmetry on inversion (u, ungerade). Thus ten molecular

orbitals are produced [Diagram T7.6].

Diagram 7.6

Ten symmetry orbitals of ferrocene

Cyclopentadienyl Iron atom
rings
[
e
- O % 0 . 8
(+) s d 2 (+) '
p4 Pz
a18 as,
SRRy @ Ky A
] )
. * -o *
R Vo ! @ K
e1g dyz €14 Pll
o * +
) gy by @
®1g | %z ®1u Px
]
(=) (+) 0(&:::;;2 non-bonding: no
Q + ; : suitable metal
(+) (+) orbital
€og dxy €ou
(-) : 0
.‘ V- % (+) @g non-bonding: no
+ ” suitable metal
(+) g/i?)g (+) @g orbital
2
Cog d2 -y e
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The molecular orbitals of the iron atom must
now be considered to see which of them combines with
the orbitals of the cyclopentadienyl rings [Diagram

7.6]. From this a qualitative molecular orbital diagram

for ferrocene can be deduced [Diagram 7.7].

Diagram 7.7

The qualitative molecular orbital diagram for f‘er'r'ocene180’18‘I
Cyclopentadienyl Ferrocene Iron IT
rings

E 3d(a1g7e1gse2g)

Ferrocene has eighteen valence electrons, six
from each cyclopentadienyl ring and six from the iron II

atom. When these eighteen electrons are placed in the
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molecular orbital diagram, they fill the bonding and
non-bonding orbitals while the antibonding orbitals are

left empty.

The photoelectron spectrum of ferrocene can be

seen in Diagram 7.8. This spectrum has been interpreted

Diagram 7.8

The He(I) photoelectron spectrum of ferrocene

eV

as follows: band A is due to the ionisation of the
metal-localised g orbital, band B is attributed to
the ionisation of the essentially non-bonding a1g metal
orbital, bands C and D are due to the ionisation of

the cyclopentadianyl orbitals €14 and e1g. These
assignments imply that the molecular orbitals for
ferrocene may be ordered in the molecular ground state

as follows:

€1g (ep) < ey, (ep) < 1g (3d) < g (34d)
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The discrepancies between the spectroscopically deduced
energy level ordering and those predicted by Hartree-

Fock calculations are thought to arise from relaxation
effects. Whilst little electronic rearfangement ocecurs
upon ionisation of the delocalised ligand =-type

molecular orbitals, the localised metal molecular orbitals

are thought to undergo much reorganisation.

A third set of energy level orderings has been

obtained by electron spin resonance studies of the

ferricenium cations.182’183
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7.3 RESULTS AND DISCUSSION

Photoelectron spectra of a number of ferrocene
derivatives [Table 7.1] were recorded by E.A. Seddon
(University of Sussex) using a modified Perkin-Elmer
PS16 spectrometer fitted with a Helectros lamp which
could provide both He(I) and He(II) radiation. The
first ionisation energies were deduced from the He(I)
spectra, which were calibfated using the helium self-
ionisation line (I.E. = 4.991 eV) and methyl iodide
(I.E. =.9.538 and 10.165 eV). A low pressure of calibrant
gas was mixed with the sample so that a spectrum of
both species was recorded at the same time. Since all
samples were éih stable they were loaded into small
phials énd then inserted into the spectfometer. ‘The
resolution of the ﬁrobe was checked periodically using
Argon. Experimental conditions and resulted are summarised

in Table 7.1.

It can be seen.from the data that as the cyclic
voitammograms (Chapter 6.3), ionisation potentials are
determined by the inductive effects of the substituents
on the cyclopentadienyl rings. One would therefore
expect that in the series: decamethyl ferrocene, ferrocene
and decachloroferrocene, the decamethyl ferrocene should
have the lowest ionisation potential since the electron
donating ability of the methyl groups should destabilize
the ring electrons whereas the electron withdrawing
substituents should stabilize the system. These trends

are reflected in the experimental data [Table T7.1].
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The He(I) P.E.S. of ferrocene
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-acetylferrocene

_The He(I) P.E.S. of 1
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The He(I) P.E.S. of 1,1'-diacetylferrocene
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The He(I) P.E.S. of 1-methylferrocene carboxylate
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The He(I) P.E.S. of 1,1'-dimethylferrocene dicarboxylate
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The He(I) P.E.S. of formylferrocene
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The P.E.S. of ferrocene propionic acid
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The P.E.S. of B-ferrocene acrylic acid
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The P.E.S. of checpCOCHzgzggzﬂ_
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The P.E.S. of 1,1'-dichloroferrocene

cHI
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The P.E.S. of 1,1',2,2'-tet,r'achlor'of‘errocene

HT.
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The P.E.S. of decamethylferrocene

CHT.

eV
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7.4 THE CORRELATION OF OXIDATION POTENTIALS,

IONISATION ENERGIES (AND o HAMMETT VALUES)

The results obtained from the oxidation and
ionisation spectra [Table 7.2] were correlated graphically
[Graph 7.1]. The available data appear to lie on two

distinct lines.

Table 7.2
Compound E,.V(vs SHE) |I.E. eV |Graph 7.1
. z , Point
Ferrocene , ' 0.39 6.95 1
1-Acetyl ferrocene 4 0.64 7.18 2
1,1'-Diacetyl ferrocene - 0.87 74T -3
1-Methyl ferrocene carboxylate ' 0.64 7.10 y
1,1'-Dimethyl ferrocene carboxylate 0.79 7.27 5
Formyl ferrocene - ' 0.68 7.31 6
-Ferrocene acrylic acid 0.52 7.00 7
Ferrocene propionic acid ' 0.40 6.93 8
cp.Fe ¢p COCHZCH2C02H 0.62 71 9
Tt has been suggested by W.C. Neikam184 that if

a straight line is obtained, the free energy change

in solvafion upon oxidation is constant for that range
of compounds and independent of their structure. Since
this is not the case with the results [Graph 7.1], it
seems that for substituted ferrocenes the solvation

energy change is structurally dependent.
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Graph 7.1

Oxidation potential vs ionisation energy for various

substituted ferrocenes listed in Table 7.2

1.0 ¢

E./V
z

Ketones esters

0.97

0.8

0.7]

0.6-

0.57

0.4-

0.31 ‘ ; . . —
6.8 7.0 7.2 7.4 7.6 7.7 I.E./eV
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Two other metallocene systems have been reported

[Cr(arene)2]185

and [Fe(CsRS)(arene)].186 A linear
correlation was found in the chromium study but, the
importance of this was limited due to the restricted
number of derivatives invesfigated. In the iron study
it was found that the oxidation potehtials obtained

in aqueous lithium hydroxide and dimethylformamide
solutions did not correlate with the first ionisation

energies. It was argued that this was due to large

solvation effects.

A mathematical relationship between the first
ionisation energy level and the half-wave potential

may be seen in Appendix 2.

In an attempt to analyse the data further,
a correlation of ionisation energies and oxidation

potentials with ¢ Hammett values was attempted.

Table 7.3
Substituent E, V(vs SHE) | Hammett -
z A op value :‘Graph 7.2

Ferrocene 0.39 0.00 1
1-Acetylferrocene 0.64 : 0.50 2
1,1'-Diacetylferrocene 0.87 1.00 3
1-Methylferrocene carboxylate™ 0.64 0.45 Yy
1,1'-Dimethylferrocene carboxylate] 0.79 ] 0.90 5
Formyl ferrocene ~ ' 0.68 0.42 6
Ferrocenepropionic acid 0.40 -0.17" 7
"taken as a methyl op value *taken as COZEt op value




GRAPH 7.2

Oxidation potentials vs. Hammett op values -
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The oxidation potentials of the substituted ferrocenes
were found to correlate best with the Hammet op values
[Table 7.3] as may be seen in Graph 7.2. This indicates
that there is some relationship between the mesomeric
(resonance) effects of the substituents (which involves
a transfer of charge between the ring and substituent
via the = system) with the oxidation potentials.
Correlations with other Hammett values Op+, Op and

opo proved inconclusive.

A similar analysis was attempted for the ionisation

energy data [Table T7.4].

Table 7.4
Substituent I.E./eV Hammett '

' op value Graph 7.3
Ferrocene 6.95  0.00 1
1-Acetylferrocene 7.18 0.60 2
1,1'-Diacetylferrocene 7.48 1.00 3
1-Methylferroceﬁe carboxylate” 7.10 0.45 y
1,1'-Dimethylferrocene carboxylate+ T7.27 0.90 5
Formylferrocene 7.31 0.42 6
Ferrocene propionic acid” 6.93 -0.17 - 7
1,1'-Dichloroferrocene 7.20 0.46 8
1,1',2,2"'-Tetrachloroferrocene 7.51 “ - 0.92 9
Decachloroferrocene 7.97 . 2.30 10
Decamethylferrocene 5.99 -1.76 11 .
*taken as methyl op value *taken as COzEt op value
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A reasonable correlation was found with the Hammett p
valués [Graph 7.3]. However, when individual series

of functional groups were investigated it Qas found

that the correlation was good. This seems to be
indicative of a substituent effect similar to that
occurring on the ionisation and additional e&idence

for this is being sought from a study of the ferrocene
amides prepared in this thesis. The conclusions drawn
from the Hamﬁett plots should be treated with some caution
due to the limited number of similarly substituted

ferrocenes investigated.
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CHAPTER 8: FUTURE DEVELOPMENTS AND CONCLUSIONS



CHAPTER 8

FUTURE DEVELOPMENTS AND CONCLUSIONS

A general synthetic route to macrocyclic
metallocene cryptands has been established in this thesis
~and a number of properties of these materials have been
investigated. The synthetic approach to these macrocycles
allows alteration of the heteroatom. It is thus possible

to manipulate the ionic preference of the molecule.

266

Such "ion design" gives the.cryptand cavity some structural

recognition with fixed receptor sites of defined dimensions.

This would only give effective inclusion complexes with
specific cations. A wide variety of cryptands containing
different heteroatoms are now known, Chapter 2, and
therefore the synthesis of new metallocene macrocycles

should be relatively easy.

Tri-substituted metallocenes may be prepared
by lithiation or acetylation and thus give the macrocycle
a free functional group which could be utilised in a
number of ways. The formation of polymers, or bond
formation with other functional groups attached to
molecules which are physically active,'(porphyrins,
phenanthrolines) could have numerous abplications as
outlined in Chapter 2. Of particular interest to us
is the attachment of these selective ion-binding cavities
to electrodes and their incorporation into eleétronic |

sensors.
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The detailed n.m.r. investigation of the ferrocene
and rﬁthenocene cryptands (38), (41) and in particular
dynamic n.m.r. studies of these molecgles have given
an insight into the various molecular motions and
conformations of these compounds. Attempts to study

metal ion-binding in the ruthenocene cryptands via 99Ru

and 1O1Ru n.m.r., Appendix 3, have been hampered by

the insensitivity of the ruthenium resonance, the broadness

of the ruthenium lines and the fact that ruthenium

resonates near the low frequency limit of the qurrently
available spectrometer probes. Nonethéless? this would
provide a convenient and direqt method by which any
interaction between the ruthenium atom and a cation

held in the cryptand could be monitored.

The complexation'of these metallocene macrocycles
was also examined by the Peterson method and simple
1H n.m.r.,'Chapter 5.3. It was seen that the ferrocene
2.2]cryptand (38) is selective in its binding properties
and shows a strong preference for complexation with
calcium ions. Similar selectivity has been observed
in ferrocenel 2.2]cryptands containing a longer bridging
chain between the metallocene and cryptand.1go’192
The solid state 1H n.m.r. of ferrbcene complexed inside

a cyclodextrin molecule191

has recently been reported.
This new technique is widely available and should offer
a valuable probe into ion binding in the absence of

solvent.



268

An X-ray defraction study of a single crystal
of ruthenium(2.2])cryptand (41) was attempted, Chapter 5,
but the results merit further.investigation despite

the apparent destability of the crystal.

The cycelic voltammetfy and photoelectron studies
on materials prepared are being continued. In particular
data on the c¢ryptands are being sought for correlation
with electronic interactions between the metallocene
moiety and bound metal ions as determined by other
spectroscopic methods (u.v./vis. spectroscopy). Such
results are crucial for the evaluation of these materials
for use in ion-selective . electrodes and other electro-

chemical phenomenon.
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CHAPTER 9: EXPERIMENTAL



CHAPTER 9

EXPERIMENTAL

Preparation of diazal24]crown-8 and diazal[21]crown-7

(A-G, Scheme 4.10)

A, Dibromotetraethylene glycol

A solution of freshly distilled tetraethylehe glycol
(85.5 g, 0.44 mol) in dry pyridine (53.3.g, 0.68 mol) was
added drop-wise with stirring to a cooled (0°C) solution
of phosphorus tribromide (100 g, 0.37 mol) in dry pyridine
(20 ml). The mixturevwas stirred for four hours and was
then left to stand overnight at room temperature; The
solution was poured onto ice and the organic,phase was
decanted. The organic layer was wéshed with dilute
hydrochloric écid and then dried (MgSOu). The dibromo-
tetraethylene glycol was then purified by fractional

distillation under reduced pressure to give a colourless

270

0il (b.p. 128°C @ 1 mm Hg) (LIT: b.p. 123-125°C @ 0.4 mm Hg).

(LIT: b.p. 156-159°C @ 8 mm Hg).' 02

Yield: 89.1 g (63%)
'H n.m.r. (60 MHz, CDCl;): 63.76 (CH,, 16H, m.).
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B. Tetréethylene glycol diphthalamide

Potassium phthalimide (9.0 g, 0.049 mol)'and
dimethylformamide (30 ml) was heated for one hour at 100°C
with vigorous'stirring. The dibromotetraethylene glypol
(8.9 g, 0.028 mol) was added and the heating and stirring
continued for three hours. -The mixture was then allowed
to cool,‘filteréd and water (50 ml) was added‘to the filtraté
which was theh filtered again. The combined residues were
washed with dilute KOH énd water before extracting with
dichloromethane. (Cére must be taken with the dilute KOH
as hydeolysis ﬁay occur). The extracts were dried (MgSOu)
and evaporated to yield 12.1 g (95%). The tetraethylene
glycol diphthalamidé was then recrystallised from glacial
acetic acid.

Yield: 11.5 g (90%), m.p. 108°C (LIT: m.p. 108-109°c).61

W n.m.r. (60 MHz, CDCl3):8 7.78 (aromatic, H, m.);

5 UH, s.).

§3.55(0CH,,12H, m.); §2.05 (NCH

C. Diaminotetraethylene glycol (1,1-Diamino-3,6,9-

trioxadecane)

Tetraethylene glycol diphthalimide (33 g, 0.073 mol)
was suspended in ethanol (absolute 250 ml) and heated under
reflux. Hydrazine hydrate (25.9 g, 0.518 mol) (50%) was
added and the heating continued for a further two hours.
Then concentrated hydrochloric acid (33.2 ml, 12 m) was
added dropﬁise and the mixture heated for a fﬁrther 30

minutes. The majority of the ethanol was then removed by
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distillation (200 ml) and fhe solution was left to cool and

the precipitate was filtered off. The solution was then

placed in a liquid/liquid extractor and saturated with KOH.

The product was then removed with benzene (48 hr exﬁraction).
The benzene solution was then dried (MgSOu) and evaporated
to-yield the crude émine, 1C.3 g (74%). The amine was distilled
from solid KOH under reduced pressure (b.p. 162-163°C @

2 mm Hg) (LIT: b.p. 11ﬁ-116OC € 0.2 mm Hg)61 (Store over KOH).
Yield: 9.4 g (67%) |

1

Hn.m.r. (60 MHz, CDCl3): 63.24 (OCH 12H, m.); 6 2.40

2 3

(NCH,, 4H, t.); 61.60 (H,N, 4H, s.).

2’

D. 1,11-Ditosyl-1,11-diamino-3,6,9-trioxadecane (3%4)

p-Toluene sulphonylchloride (13.9 g, 0.073 mol) was
suspended in dry pyridine (80 ml) and heated to 60°C with
stirring. The diaminotetraethylene glycol (6.4 g, 0.033 mol)
in dry pyridine (25 ml) was added slowly and the mixture was
left stirring at 60°C for 21 hours. Pyridine (50 ml) was then
removed by distillation and the solution was left to cool
to HSOC and poured onto ice drop-wise with vigorous stirring.
A white precipitate was formed which was filtered off and
air dried. The tosylate was then dissolved in toluene and
further dried in a Dean-Stark apparatus. The toluene was
then evaporated and the crude tosylate was recrystallised
from toluene. |
Yield: 10.9 g (66%) m.p. 92°C.
Analysis; Calculated: N. 5f6%; C. 52.8%;-H. 6.4%.

Found: N. 5.6%; C. 52.7%; H. 6.4%.
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'y n.m.r. (60 MHz, CDCl3): 67.50 (aromatic, 8H, q.);

65.4 (HN, 2H p.s.); 63.55 (OCH 12H, m.); 63.15 (NCH,,

2’

YUH, t.); 62.88 (CH,, 6H, s.).

3,

E. Tetraethylene glycol ditosylate1uu

p-Toluene sulphonylchloride (22.6 g, 0.119 mol) was
suspended in dry pyridine (40 ml) and stirred. Freshly
distilled tetragol (10 g, 0.052 mol) in.dry pyridine (10 ml)
was added slowly. The mixture was stirred for a further
2% hours and then poured dropwise onto ice with very
Vigorous stirring. An oil eVentually formed, which was
quickly separated and taken up in ether.l The ether layer
was washed once with water and then driedA(MgSOu), The éther
was -evaporated leaving an o0il which was tetraethylene glycol
-ditosylate. | |
Yield: 11.94 g (46%)
Analysis; Calculated: C. 52.57%; H. 6.01%

Found: C. 51.70%; H. 6.0% ‘

Ty n.m.r; (60 MHz, CDCl3):‘57.5O (aromatic, QH, q.);
64.10 (OCH,, 4H, t.); 63.50 (OCH,, 12H, b.s.); 62.40

(CH 6H, s.).

3’

F. Ditosyl-diazal24]crown-8°>

‘Sodium (0.22 g, 0.0094 mol) was dissolved in absolute
dry ethanol (15 ml) uﬁder nitrogen. This was then added
to (D) 1,11-ditosyl-1,11-diamino~-3,6,9-trioxadecane
(2.35 g, 0.047 mol) in 50‘ml of dry dimethylformamide over
a period of 15 minutes and stirred for a further 45 minutes

in a 1 litre creased flask under nitrogen. The solution was
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then heated to 100°C. Tetraethylene glycol ditosylate (E)
(2.34 g, 0.0047 mol) in dry dimethylformamide (65 ml) was then
added over a period of 5% hours. The solution was then allowed
to stir overnight 128 hours during which time the-tempefature
fell to 80°C. The solution was then heated to 120°C and
stirred for a further 4 hours. The volume of dimethyl-
formamide was then reduced by evaporation (rotorvapor) taking
the mixture almost to dryness. Ice'(100.g) was then added
which resulted in fhe formationvof an oily sqlid; The»
aqueous layer was decanted and the oil was taken up in
methylene-chloride. The dichloromethane solution was washed
with dilute sodiumhydroxide and then water. After drying
(MgSOu) the dichloromethane was removed by evaporation,
leaving the crude ditosylate diazacrown. This was then
recrystallised from chloroform and ethanol.
Yield: 0.85 g (28%) m.p. 82°C.
Analysis; Calculated: N. 4.25%; C. 54.67%; H. 7.04%

Found: N. 4.19%; C. 54.62%; H. 7.01%
M n.m.r. (90 MHz, CDC14): 67.15 (aromatic, 8H, q.);

63.20 (OCH,, 2UH, b.s.); 62.02 (CHy, 6H, s.); 62.20 (NCH,,8H, t.).

G. Diaza[24]cr‘own-866’15’61

Lithium aluminium hydride (0.135 g, 0.0036 mol) in
(25 ml) dry tetrahydrafuran was stirred under a nitrogen
atmosphere. Ditosyl-diazal[24]crown-8 (0.24 g, 0.00036 mol)
was then dripped into the suspension and refluxed for 26
hours. The suspension was allowed to cool and then worked

up via the Steinhardt method with successive drops of water
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and 15% sodium hydroxide. The white precipitate was filtered
off and washed seﬁeral.times with ether.. The ether was then
dried (MgSOu) and evaporated to yield the product, an
0il (LIT: 0i1).'°
Yield: 0.1 g (79%).
Analysis; Calculated: N. 8.0%; C. 54.8%; H. 9.8%.
Found: N. 7.9%; C. 54.9%; H. 9.8%
"M n.m.r. (60 MHz, CDC15): 63.65 (OCH,, 2UH, b.s.);
8H, t.); 62.32 (HN, 2H, b.s.).

62.80 (NCH,,

H. Triethylene glycolditosyiate1uu

Triethylene'giycol (5 g, 0.033 mol) was dissolved in
(50 ml) dry.byridine and cooled to 0°C. p-Toluenesdlphonyl
chloride (25.1 g, 0.132 mol) was then added slowly with
stirring. The mixture was stirred for a further 4 hours at
0°C and then placed in a fridge at 2°C for 24 hours during
which time a precipitate of pyridine hydrochloride was
formed. The suspension was poured dropwise onto 300 g of
ice with vigorous stirring. The tosylate precipitated as
a white solid which was then filtered and washed with water.
The tosylate was dried and then recrystallised from
petroleum ether 40-60°C.
Yield: 9.4 g (69%).
"M n.m.r. (90 MHz, CDC15): 6 7.65 (aromatic, 8H, q.);

64.13 (OCH,, 4H, t.); 63.64 (OCH,, 4H, t.); 63.51 (OCH,,

2,
bH, s.); 62.40 (CH3, 6H, s.).
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Ditqsyl—diaza[21]crown—76u’65

The same general'method was used as for (F) except
on a second preparation potassium was used instead of sodium
as the cation:
1st Yield: 3.97 g (53.5%)
2nd Yield: 4.31 g (87.9%)
{H.n.m.r. (60 MHz, CDC13): 67.65 (aromatic, 8H, q.);
63;5O,(FH7, 24H, b.s.); 62.38 (CH3,ﬂ6H, s.).

Diaza[2‘|]cr‘own-766’15

The same general method was used as for (G).
Yield: 0.88 g (41%) oil (LIT: m.p. < 20°¢)"°
Analysis: Calculated: N. 9.1%; C. 54.9%; H. 9.9%

Found: N. 9.0%; C. 54.9%; H. 10.0%
M n.m.r. (60 MHZ, ODC13): 63.45 (OCH,, 20H, b.s.);

&2.60 (NCH,, 8H, t.); 62.1 (HN, 2H, b.s.).

27
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Attempted preparation of diazal12]crown-4 (Sdheme 4.11)

N-p-Tosylsulphonyldiethanolamine

A solution of diethanolamine (52.5 g, 0.5 mol) in 2 N
sodium carbonate (500 ml) was heated to 65-70°C.
p-Toluenesulphonylchloride (95.2 g, 0.5 mol) was added slowly
and the reaction mixture was heated with stirring at |
90-95°C for one hour. The reaction mixture was left to
cool and the desired product crystallised. This was then
filtered, washed with water and dried. »The‘product was then

recrystallised from toluene.
147

Yield: 104.4 g (81%); m.p. 100°C (LIT: m.p. 100-101°C)

1H n.m.r. (60 MHz, CDCl3):'57.45 (aromatic, UH, q.);

§.00 (HO, 2H, s.); 63.84 (OCH,,

4H, b.s.); 63.24 (NCH,,

4YH, t.); 62.41 (CH,, 3H, s.).

3’
Tri-p=-Tosylsulphonyldiethanolamine

To a stirred solution of p-toluenesulphonylchloride
(191 g, 1 mol) in pyridine (300 .ml) was added over 40 minutes
diethanolamine (26.3 é, 0.25 mol) at rbom temperature. After
32 hours stirring the reaction'mixtUre was dripped into water
(2 1) and stirred for 2 hours.> The pale yellow.solid is
filtered and washed with water. This is then dried and
recrystallised from methanol to give the product as white
crystals. |

Yield: 96.3 g (67%) m:.p. 78°C (LIT: m.p. 78-79°C) "0

Wonm.r. (to MHz, CDC13):6 7.70 (aromatic, 12H, b.s.);

6u.11‘KOCH', 4H, b.s.); 63.36 (NCH,, 4H, b.s.); 62.43 (CH

2, 3’

6H, s.); 62.39 (CHy, 3H, s.).
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Ditosyl diazal12]ecrown-4

N-p-Tosylsulphonyldiefhanolamine (13.03 g, 0.05 mol)
in dry tetrahydrofuran (250 ml) was added dropwise over 2%
hours to a stirred suspension of sodium hydride (2.53 g,
0.11 mol) in dry tetrahydrofuran (150 ml) and the mixture was
stirred for a further 2% hours at room temperature (N2
atmosphere). Tri-p-tosylsulphonyldiethanolamine (28,5 g,
0.05 mol) in dry tetrahydrofuran (100 ml) was added to the
solution of the dianon and the reaction mixture was stirred
at room temperature for two days. Water (200 ml) was added
to the mixture, the tetrahydrofuran removed by evaporation,
and the product extracted into chloroform. The extract was
dried (MgSOu) and evaporated and the residue purified by
column chromatography.

Yield: No product.

The above method was repeated uSing lithium instead of
sodium hydride:

Yield: No product.
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Ferrocenyl derivatives

Ferrocene was obtained from the Aldrich Chemical Company, Inc.

1,1'-ferrocene dicarboxylic acid

Ferrocene (8.8 g, 0.0473 mol) was dissolved in (200 ml)
dry Oz-free hexane in a 500 ml three necked flask under a
dry nitrogen atmosphere. n-Butyl-lithium (7.5 g, 0.117 mol)
(1.5 m hexane solution) was added to tetramethylethylenediamine
(T.M.E.D.A.) (13.6 g, 0.117 mol) in (20 ml) hexane and left
to stand for 15 minutes in the dropping funnel under a
nitrogen atmosphere. This was then added over a period of
1 hour and the mixture was stirred for 18 hours. The
dilithioferrocene suspension was then injected into a
Coz/ether slush. The dilithium salt was then filtered and

washed with ether (LIT: dimer 98%; monomer 1.8%).59

The ferrocene salt can be converted into the acid by
the addition of water (100 ml) and then dilute acid to -
precipitate the ferrocene écid. This was then filtered and
dried. The traces of ferrocene monocarboxylio acid are
removed by extraction with benzene in a Sohxlet, the
ferrocene dicarboxylic being insoluble ih benzene. This
was recrystallised with glacial acetic acid to .give the
desired product.

Yield: 12.3 g (95%) m.p. 195°C dec (LIT: m.p. 195-205°C dec)>?730
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1,1'-ferrocene dicarboxoyl chloride (26)

Lithium, 1,1'-ferrocene dicarboxylic salt was treated
with an 8 fold excess of oxalyl.chloride in dry dichloromethane.
This was stirred for 1 hour.then refluxed for 30 minutes.

The excess oxalyl chloride and dichloromethane were removed
by evaporation (rqtorvapon) and the residue was extracﬁed
with benzene (Sohxlet 4 hours). The benzene was then
evaporated and the residue was recrystalliéed from dry

hexane.

1

2,5 LH, £.);

Hn.m.r. (60 MHz, CDCl3): 65.05 (ferrocenyl. H

64.75 (ferrocenyl. H UH, t.).

3,4
1,1'-ferrocenedicarboxylate (25)

This was prepared using the method described by A. Bell,
Ph.D thesis, 1979, (56%) with one modification which increased

the yield by 21%.

Ferrocene (1.0 g, 0.0054 mol) in pentane (50 ml) was
lithiated with n-butyl lithium (0.86 g, 0.0134 mol) in the
presence of T.M,E.D.A. to give 1,1'-dilithioferrocene. The
1,1'=-dilithioferrocene suspension was then syringed under
N, into a large excess of dimethylformamide (40 ml) stirred
at -Mso—F.p; After the addition the solution was left at
-45°C for 1 hour and then allowed to warm to 0°C. This was
then added to a large excess of saturated ammonium chloride
(500 m1) at 0°C. The aqueous solution was extracted with

ether. The combined extracts were dried (MgSOu) and

evaporated down to 10 ml. This was washed through a silica
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gel column with ether. Two bands were seen, the first
contained unreacted ferrocene and the second contained

the product. The product was concentrated and recrystallised

from 02-free pentane.

Yield: 1.0 g (77%) m.p. 183°C (LIT: m.p.’183-1840c)15O

"M n.m.r. (60 MHz, CDC15): 69.90 (CHO, 2H, 5.); 6 4.80

(ferrocenyl. H2,5, HH; t.); 64.60 (ferrocenyl. H

3.0 MH, £
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Preparation of decamethylferrocene

2,3,5,6-Tetrahydro-2,3,5,6-tetramethyl-8-pyrone (84)

To a solution of potassium hydroxide (28.1 g in 187 ml
methanol) diethylketone (129 g, 1.5 mol) was added. Lithium
chloride (4.25 g, 0.1 mol) was added and the solution was
warmed to 30°C. Acetaldehyde (196 g, 4.45 mol) was added
very slowly over a period of 5 hours. After 14 hours the
reaction mixture was neutralized with HC1l dil. The organic
layer was separated and washed twice with water (150 ml).
Simple distillation under reduced pressure up to a boiling
point of 100°C @ 16 Torr gave a crude product.
Redistillation through a 20 cm Vigreux-column b.p. 63-69°C

@ 13 Torr yields 60.4 g (26%) (LIT: b.p. 63-69°C @ 13 Tor'r)16u

"M n.m.r. (60 MHz, CDC15): 67.2-6.1 (CH, 4H, c.m.);
63.7-0.8 (CHy, 12H, c.m.)

2,3,4,5-Tetramethyleyclopent-2-enone (85)

p-Toluenesulfonic acid (7.31 g, 0.039 mol) was added
to (84) (60 g, 0.38 mol) in benzene (400 ml). While the
mixture is refluxing the formed water is collected in a trap.
After 20 hours, the elimination of water is complete. The
mixture was neutralised with NaZCO3 solution and the organic
layer was washed twice with water (150 ml). The benzene
layer was separated and dried (MgSOu) and then evaporated.
Distillation under reduced pressure through a 20 cm Vigreux-
column, b.p. 80582°C @ 13 Torr yields 41.45 g (78%)

(LIT: b.p. 79-83°C @ 13 Tor-r*)16u

3 CH, 14H, c.m.).

"H n.m.r. (60 MHz, CDCl;): 63.6-0.8 (CH
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1,2,3,4,5-Pentamethylcyclopentadiene (86)

(85) (12.34 g, 0.089 mol) was treated with methyl-
magnesium bromide (12.79 g, 0.107 mol) in dry ether (100 ml).
The reaction mixture was refluxed for 30 minutes and then
left to cool. Dilute acid was added slowly and the ether
layer was washed twice with water (150 ml). The ether layer
was dried (MgSOu) and evaporated. The tertiary alcohol was
then taken up in benzene (50 ml) and a crystal of iodine
wasAadded resulting with a spontaneous loss of water. The
water was removed andvthe benzene evaporated. Distillation
of the product b.p. 59°C @ 14 mm Hg yields: 9.26 g (76%)

(LIT: b.p. 58.5°C @ 13.5 mm Hg)165

"M n.m.r. (60 MHz, CDC1,): 61.80 (CHg, 15H, 5.)56 1.05
(CH, 1H, s.).

Decamethylferrocene

A solution of ferrous chloride was obtained by boiling
for 5 hours under reflux a mixture of anﬁydrous ferric
chloride (2.16 g, 0.133 mol) with iron powder (0.72 g,

0.013 mol) in tetrahydrofuran (25 ml). This solution was
treated with a solution of lithium-pentamethylcyclopentadienide
obtained by adding butyllithium in hexane (2.38 g, 0.0372 mol)
to a mixture of pentamethylecyclopentadiene (2.74 g, 0.02 mol)
in tetrahydrofuran (25 ml) at -78°C and allowing to warm to
room temperature. The resulting reaction mixture was boiled
under reflux for 24 hours to insure complete reaction.

After cooling to room temperature the solvent was removed.

Direct sublimation of the brown solid (100-140°C @ 0.1 mm Hg)
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gave the desired product.

Yield: 2.3 g (35%) m.p. 292°C (LIT: m.p. 291-295°¢). 180

"M n.m.r. (60 MHz, CDC14): 61.62 (CHy, 30H, s.).



Preparation of decachloroferrocene

1,1'-dichloroferrocene

A solution of 1,1'-dilithioferrocene (0.027 mol) in
hexane was prepared according to the previously described
procedure in this ferrocene section. The 1,1'-dilithio-
ferrocene in hexane was cooled to -78°C and tosyl chloride
(11.5 g, 0.06 mol) was added slowly. The resulting
solution was stirred at -78°C for 1 hour after which time
it was allowed to warm slowly to room temperature. Water
(5.0 ml) was then added and the reaction mixture was
filtered free of solid impurities. The precipitate was
washed with methylene‘chloride and the combined filtrate
was evaporated to dryness. The residue was chromatographed
on a grade II alumina column. Elution with hexane produced
a main band containing 1,1'-dichloroferrocene.
Recrystallization from hexane gave the desired product.

Yield: 5.2 g (75%) m.p. 80°C (LIT: m.p. 80-81°c,'67

75-779¢) 168

e n.m.r. (60 MHz, CDCl3): 64.36 (ferrocenyl. H, 55 UH, t.);
. ’
64.09 (ferrocenyl. H3 s UH, t.).
’

1,1',2,2'-Tetrachloroferrocene

A solution of 1,1'-dichloroferrocene (14.41 g, A
0.057 mol) in hexane (700 ml) was stirred at 23°C while
a solution of n-butyllithium in hexane (57 mol, 0.141 ' mol)
was added followed by the addition of T.M.E.D.A. (16.39 g,

0.141 mol). The reaction mixture was stirred for 50 minutes

28
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and then added over a 40 minute period to a stirred solution
of hexachloroethane (38.61 g, 0.164 mol) in hexane (300 ml).
After the addition was complete, the mixture was stirred
for a further 5 minutes and then filtered through a bed of
alumina. The filtrate was evaporated to dryness and the
residue fractionally sublimed. After removal of the
hexachloroethane, 90°C € 1 mm Hg (LIT: 45°C € 0.25 mm Hg) '0°
the product was sublimed, 140°C € 1 mm Hg (LIT: 120-125°C

@ 0.25 mm Hg). Recrystallization from‘hexane gave
1,1',2,2'-tetrachloroferrocene. This was analeed by G.L.C.
and was found to be pure. |

Yield: 14.6 g (80%), m.p. 141-142°C (LIT: m.p. 141°C)169

"M n.m.r. (60 MHz, CDC1.): &4.40 (ferrocenyl. H. ,, UH, d.);6 4.10
(fervocenyl. H_, 2H, t.7J.
1,1',2,2',3,3'-Hexachloroferrocene

3,W

A solution of 1,1',2,2'-tetrachloroferrocene (4.08 g,
0.013 mol) in dry tetrahydrofuran (T.H.F.) (300 ml) was‘
stirred at 15°C while a solution of n-butyllithium in
hexane (0.079 mol, 32 ml) was added. The reaction mixture
was stirred for 2% hours and thén added ovér a 20 minute
period to a solution of hexachloroethane (24.98 g, 0.106 mol)
in hexane (400 ml). After the addition was complete the
mixture waé stirred for a further 5 minutes and then
filtered through a bed of alumina. The filtrate was
evaporated and the product was fractionally sublimed.
G.L.C. analysis of the product showed there to be penta-
chloroferrocene and heptachloroferrocene pfesent. The
product was recrystallized three times from hexane to obtain
a pure sample of 1,1',2,2',3,3'-hexachloroferrocene.
Yield: 2.52 g (51%), m.p. 192°C (LIT: m.p. 191°c) %%
W on.m.r. (60 MHz, CDCl3); 64,38 (ferrocenyl. HM,S’ UH, s.).
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1,1',2,2',3,3",4 4! _Octachloroferrocene

The experimental procedure.used.was the same as for
1,1',2,2',3,3"-hexachloroferrocene, except that the
lithiation was carried out for 12 hours.

Crude yield: 2.07 g (88%).

After repeated recrystallizations a pure sample by G.L.C.
was obtained: , , |

m.p. 210°C (LIT: m.p. 212°¢c) 169

"M n.m.r. (60 MHz, CDCl,): 64.55 (ferrocenyl. Hg, 2H, s.).

Decachloroferrocene

A solution of 1,1',2,2',3,3',4,4"-0octachloroferrocene
(1.0 g, 0.002 mol) in dry TH? (100 ml) was stirred at 0°C
while a solution of n-butyllithium in hexane (0.006 mol,
2.6 ml) was added. The reaction mixture was stirred at
0°C for 1 hour and then hexachloroethane (U.U6 g, 0.019 mol)
was added. The mixture was stirred for a further 15 minutes
and then filﬁered through a bed of alumina. The filtrate
was evaporated to dryness and the hexachloroethane was
removed by sublimation. The mixture was dissolved in
carbon tetrachloride (25 ml) and Stirred with concentrated
nitric acid for 24 hours. The layers were separated and
the carbon tetrachloride was washed with water and dried
(MgSOu). This was then passed down a column of alumina to
give decachloroferrocene.

Yield: 0.51 g (U45%) m.p. 248-250°C dec (LIT: m.p. 245-

246°C dec.) 169
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Attempted direct synthesis of decachloroferrocene

A solution of pentachlorocyclopentadienyl—lithium173

prepared from hexachlorocyclopentadiene (13.5 g, 0.049 mol)
in hexane (10 ml) and n-butyllithium in hexane (0.049 mol,
32 ml) at -70°C was reacted with ferrous chloride (2.84 g,
0.023 mol). The reaction mixture was stirred for 1 hour and
then left to warm to room temperature. The solution was
then passed through a bed of alumina and the filtrate was
evaporated. Chromatography of the product on an alumina
column yielded none of the desired metallocene but samples
of pentachlorocyclopentadiene and hexachlorocyclopentadiene

were obtained.:

Formyl ferrocene

A mixture of (11.2 g, 0.06 mol) of ferrocene and
(10.7 g, 0.07 mol) of phosphorous oxychloride was heated
to 50°C and (8.1 g, 0.06 mol) of N-methylformanilide was
added dropwise with stirring over 15 minutes. The mixture
was poured onto ice (50 g) and extracted with diethyl ether
for 24 hours in a continuous extractor. The extract was
washed with water, 5% aqueous sodium carbonate solution and
again with water. The washed extracts were dried (MgSOu) and
the ether was removed by distillation. The crude aldehyde
was an oil that solidified on standing.
Yield: 4.6 g (36%).
The aldehyde was recrystallized from a mixture of n-heptane

and methylene chloride.
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Yield: 4.0g (31%), m.p. 124°C (LIT: m.p. 124.5%) 170

" nan.r. (90 MHz, CDC1;): €9.95 (CHO, 1, s.); 64.79 (ferrocenyl. H, .,
2H, t.); 64.59 (ferrocenyl. HS,H’ 2H, t.); 6 4.26 (ferrocenyl. ring, 5H, s.).

Acetyl ferrocene

A mixture of (10.0 g, 0.054 mol) of ferrocene and
(112.2 g, 1.1 mol) of acetic anhydride was stirred and
phosphoric acid (20 ml of 85% (8.7 M) was added dropwise.
The flask was then heated for 30 minutes on a steam bath.
The reaction mixture was poured onto chipped ice (200 g)
and then nedtralized by adding solid sodium bicarbonate.
The orange-brown solid that precipitated was collected and
washed with water until the washings were pale orange.

The crude product was then air dried.

Yield: 22 g.

This was taken up in a minimal amount of toluene and placed
on an alumina column and eluted with light petroleum and

then petroleum, diethyl-ether (1:1). The solvent was removed
and the acetylferrocene was recrystallized from light
petroleum.

Yield: 6.4 g (52%), m.p. 85°C (LIT: m.p. 85-86°C) "7

1

H n.m.r. (90 MHz, CDC13):6 4.77 (ferpocenyl. H 2H, t.);6 4.50

2,5
(ferrocenyl. H3,M’ 2H, t.); 64.20 (ferrocenyl. ring, 5H,s.);6 2.39(CH3,3H,S.).

B-Ferrocenylacrylic acid

Formylferrocene (10 g, 0.047 mol), malonic acid (10 g,
0.096 mol) and piperidine (20 ml) were dissolved in dry
pyridine (150 ml) and heated under nitrogen on a boiling

water bath for 4 hours at 85-90°C. The cooled solution was
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diluted with water and extracted with chioroform. The
chloroform extract was washed with dilute hydrochloric acid
and water. The washed extracts were dried (MgSOu) and

the chloroform was evaporated. The crude product was
recrystallized from benzene to give deep red crystals.
Yield: 6.0 g (50%), m.p. 185°C (LIT: m.p. 186-187°C) 17"

M n.m.r. (90 MHZ, CDCl3):<38.OO (COZH, 1H, s.); 67.50 (CH, 1H,.d.);
66.15 (CH,1H,d.); 6 4.56 (fernocepyl..H2,5,H3,4,MH,2t.); 6 4.26 (ferrocenyl.

ring, 5H, s.).

Ferrocenylpropioﬁic acid36

B-Ferrocenylacrylic acid (5 g, 0.012 mol) was dissolved
in dry ether (50 ml). Ammonia (250 ml) was condensed
onto the solution and a 4 molar equivalence of sodium
(1.1 g) was added in small portions. The solution was
stirred for 1 hour and 10 molar equivalence of ammonium
chloride (6.4 g) was then added. The solution was
again stirred for 1 hour. The ammonia was removed and water
(100 ml) was added to the solution. Dilute HC1l was added
until the solution was acidic. The ferrocenyl acid
was removed by ether extfaction and the extract dried
(MgSOu). The ether was removed by distillation leaving
a crude product. Recrystallization from light petroleum
and chloroform gave the desired product.
Yield: 4.3 g (86%), m.p. 120°C (LIT: m.p. 119-120°¢) 172
" n.m.r. (90 MHz, CDCLg): 64.11 (ferrocenyl., 9H, c.); 62.64 (CHy,

UH, b.s.).
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a-Keto-1,1'~-trimethyleneferrocene 37

B—Ferrocenylphopionic acid (3.5 g, 0.014 mol) was
dissolved in dry methylene chloride (75 ml). This was
added to a magnetically stirred, ice-cooled.solution of
trifluoroacetic anhydride (7 g) in methylene chloride (75 ml).
The mixture was stirred in the dark at 0°C for 5 hours.
The solution was then passed into sbdium bicarbonate solution
and the organic layer separated. The aqueous layer was
washed with ether and the combined organic solution was
washed to neutrality and dried (MgSOu).after the removal
of the solvent. The pure ketone was separated on an
alumina column and recrystallized from petroleun.
Yield: 0.9 g (27%), m.p. 144-145°C (LIT: m.p. 144-145°c)172
" n.n.r. (90 Mz, ODC1,); 64.83 (ferrocenyl. H, 2H, £.): 64.60 "
(ferrocenyl. Hyy, 2H, t.); 64.80 (ferrocenyl. H,, 2H, t.);6 4.03
(ferrocenyl. H3,, 2H, t.); 61.96 (CH2, UH, s.).

[3]Ferrocenophane

a-Keto-1,1'~-trimethyleneferrocene (0.5 g, 0.002 mol)
was dissolved in dry ether (15 ml). Lithium aluminium hydride
(0.112 g, 0.003 mol) and aluminium chloride anhydrous
(0.75 g, 0:.0057 mol) were added to the solution. The
reaction mixture was refluxed for 45 minutes after which
aliquots of methyl formate dissolved in dry ether was added
at 0°C until the effervescence ceased. This was followed
by the addition of sulphuric acid (20%, 75 ml) at 0°c.
The mixture was extracted with ether and the extracts

were dried (MgSOu). The solvent was removed leaving a crude



yellow material. Recrystallization from light petroleum
and ether gave the desired product as red crystals.

Yield: 0.46 g (98%), m.p. 108°C (LIT: m.p. 108-109°C) 172

M n.m.r. (90 Mz, CDC15); 6 4.02 (ferrocenyl. 8H, s.);61.96

(CH2, 6H, s.).

292
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Ferrocene amides

1,1'-bis(N,N-dimethylamido)ferrocene (58)

Excess dimethylamine (100%) (10 ml) was injected into
a solution of 1,1'=-ferrocene dicarboxyl chloride (0.5 g,
0.0016 mol) in dry toluene (50 ml) cooled to 0°C. After
stirring for 10 minutes the mixture was filtered to remove
precipitated dimethylamine hydrachloride, and the solvént
evaporated to yield 0.52 g (100%) 1,1'-bis(N,N-dimethylamido)
ferrocene. This was then passed down an alumina column
with dichloromethane (grade 1) to remové_traces of acid which
may still be present, after dichloromethane (400 ml) was
passed down the column, 1% methanol in dichlorbmefhane was
used to remove the amide from the aluminé. The solvent was
ev§porated and the product recrystallised from chloroform.
Yield: 0.5 g (95%), m.p. 130°C (LIT: m.p. 130°¢C)1°3
Analysis; Calculated: C. 58.58%; N. 8.54%: H. 6.10%

Found: C. 58.58%; N. 8.53%; H. 6.08%

1

H n.m.r. (90 Miz, CDClS): 64.66 (ferrocenyl. H 44, t.);

2,5

- 64.38 (ferrooenyl. H U4H, t.); 63.06 (CH3, 12H, s.).

3,4

General Method

An amine, triethylamine mixture (ratio 2+2.2) in dry
benzene (20 ml) was added to a solution of 1,1'-ferrocene-
dicarbonyl chloride (ratio 1) in dry benzene (SO'ml) and
stirred for 10 minutes. The mixture was then filtered to

remove precipitated trimethylamine hydrachloride and the
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solvent evapbrated to yieldrthe crude amide. This was
dissolved in dichloromethane and put on an alumina column
(grade 1). Dichloromethane (400 ml) was passed down the
column to remove any amine present. Methanol (1%) in
dichloromethane was then passed through the alumina to remove
the amide. The solvent was evaporated and the product

recrystallised from chloroform.

The following amides were all prepared by the general

method outlined above.

1,(N,N-dimethylamido) ferrocene (55)

Yield: 95%, m.p. 110.5°C (LIT: m.p. 111-113°C)163

Analysis; Calculated: C. 60.75%; N. 5.45%; H. 5.84%

Found: C. 60.70%; N. 5.40%; H. 5.80%

"W n.m.r. (90 MHz, CDC13): &4.62 (ferrocenyl. H 2H, t.);

2,5’

6 4.29 (ferrocenyl. H 2H, t.);6 4.22 (ferrocenyl. ring, S5H, s.);

3,4
6 3.10 (CH3, 6H, s.).

1,(N,N-diethylamido)ferrocene (56)

Yield: 9U%, m.p. 124°C
Analysis: Calculated: C. 63.21%; N. 4.92%; H. 6.67%

Found: C. 63.31%; N. 4.90%; H. 6.71%

' n.m.r. (90 Miz, ODC1,): 84.64 (ferrocenyl. H, o, 2H, £.);6 4.32

2,5’
(ferrocenyl. H3,u, 2H, t.);6 4.22 (ferrocenyl. ring, 5H, s.);6 2.54

(CH2, UH, s.); 61.22 (CH3, 6H, s.).
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1,1'-bis(N,N-diethylamido)ferrocene (60)

Yield: 93%, m.p. 59°C
Analysis; Calculated: C. 62.25%; N. 7.30%; H. 7.29%

Found: C. 62.40%; N. 7.30%; H. 7.30%

1

Hn.am.r. (90 MHz, CDClB):é 4 .64 (ferrocenyl. H UH, t.);6 4.36

2,5’
(ferrocenyl. H3’4, L4H, t.); 63.45 (CH2, 8H, s.); 61.20 (CH3, 12H, s.).

Ferrocene-1,-carboxylic acid, morpholide (21)

Yield: 90%, m.p. 112°C
Analysis; Calculated: C. 57.55%; N. 8.95%; H. 5.43%

Found: C. 57.51%; N. 8.95%; H. 5.40%

1H n.m.r. (90 MHz, CDCl3): 64.70 (ferrocenyl. H

2,5,2H,t.M61L45

(ferrocenyl. H3 yo 2H, t.); 64.39 (ferrocenyl. ring, 5H, s.);
? .
6 3.86 (CH,, 8H, b.s.).

Ferrocene-1,1'-dicarboxylic acid, morpholide (62)

Yield: 90%, m.p. 179.5°C
Analysis; Calculated: C. 58.29%; N. 6.80%; H. 5.83%

Found: C. 58.32%; N. 6.83%; H. 5.88%

1
: 2,5’

6 U.40 (fervocenyl. H3 3 UH, t.); 63.66 (CH2, 16H, b.s.).

H n.m.r. (90 MHz, CDCl3): 64.60 (ferrocenyl. H 4H, t.);

Ferrocene-1,1'-dicarboxylic acid, piperidide (64)

Yield: 96%, m.p. 164.5°C
Analysis; Calculated: C. 64.75%; N. 6.87%; H. 6.86%
Found: C. 64.80%; N. 6.89%; H. 6.89%

" nun.r. (90 MHz; CDC13):6 4.58 (ferrocenyl. H UH, t.);6 4.38

2,5’

(ferpocenyl. Hy )\, UH, £.);63.65 (NCH,, 8H, s.); 61.62 (CH,, 12H, s.).

27



296

Ferrocene-1,1'-dicarboxylic acid, dipyrrolidide (66)

Yield: 90%, m.p. 173°C |
Analysis; Calculated: C. 63.20%; N. 7.37%; H. 6.32%
Found: C. 63.24%; N. 7.40%; H.A6.32%

'y n.m.r. (90 Mz, CDCl3): 64,76 (ferrocenyl. H 4H, t.); 64.36

2,5’
(f‘er'rocenyl.’H3 m U, t.); 63.59 (NCHZ, 8H, s.); 61.99 (CH2, 8H, s.).

1,1'-bis(N-ethylamido)ferrocene (53)

Yield: 70%, m.p. 193°C (LIT: m.p. 196°¢) 174

Analysis; Calculated: C. 62.17%; N. 7.25%; H. 7.84%

Found: C. 62.20%; N. 7.26%; H. 7.86%

'y n.au.r. (90 Miz, CDC13): 67.20 (HN, 2H, s.); 64.55 (ferrocenyl. H, 51

UH, t.); 64.35 (ferrocenyl. H 4, t.); 62.80 (CH,, UH, s.);

3,8
61.25 (CHy, 6, s.).

1,1'-bis(N,-phenylamido)ferrocene (43)

Yield: 50%, m.p. 212°C (LIT: m.p. 212°C)" 7"
Analysis; Caléulated: C. 66.17%; N. 7.02%; H. 4.81%

Found: C. 66.17%; N. 7.04%; H. 4.83%
M n..r. (250 MHz, CDCls): 68.69 (HN, 2H, s.); 67.80 (aromatic
H3, UH, d.);67.39 (aromatic H, UH, t.); 67.15 (aromatic Hg, 2H, t.);
( U4, t.); 64.49 (ferrocenyl. H

6U4.67 (ferrocenyl. H LH, t.).

1,1'-bis(N-benzylamido)ferrocene (51)

3,

Yield: 80%, m.p. 173°C
Analysis; Calculated: C. 69.03%; N. 6.19%; H. 5.36%
Found: C. 69.08%; N. 6.21%; H. 5.38%
B nn.r. (250 MHz, CDCl3): 67.21 (aromatic, 10H, c¢.m.); 67.01 (HN, 2H,

t.); 64.57 (CH2, YH, d.); 64.48 (ferrocenyl. H YH, t.); 64.34

2,5’
(ferrocenyl. H3,M’ 4, t.).
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Ferrocene Macrocycles

The General High_Dilution Method

1,11-(1,1'-ferrocenediamido)-3,6,9-trioxaunadecane (31)

1,11-diamino-3,6,9-trioxaunadecane (1.1 g, 0.00572 mol)
freshly distilled from solid KOH was dissolved in dry benzene
(50 ml) cohtaining triethylamine (1.27 g, 0.6126'mol), dried
by distillation from solid KOH. Ferrocene bis acid chloride
(1.78 g, 0.,00572 mol) was dissolved in dry benzene (50 ml).
The two solutions were added dropwise, simultaneously to a
1 litre creased flask containing dry benzene (100 ml).
The two solutions were added over a period of 2 hours during
which time the solution was stirred vigorously under a
nitrogen atmosphere. The stirring was then continued for a
further 17 hours. The solution was then filtered to remove
Et3NHCI, evaporated to dryness and washed through an alumina
column with methylene chloride. The product was then
recrystallised from toluene.
Yield: 1.31 g (53%), m.p. 155-6°C
Analysis; Calculated: C. 55.8%; N. 6.5%; H. 6.1%

Found: C. 56.0%; N. 6.4%; H. 6.2%
M n.m.r. (90 MHz, CDC1 2):67.04 (N, 2H, £.);64.66 (ferrocenyl. H, 5,

UH, t.); 6 .40 (ferrocenyl H3 y U4H, t.); 6 3 71 (CH 0, 12H, b.s.);
53.63 (CHN, 4H, c.m.). -
Mass Spectra: Calculated: M/e: 430; Found: M/e: 430.
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: copland
Ferrocene(2.2]cryptand(monomer) (38) and ferrocene[2.2ﬂdimer)(39)
~

A 1 litre 3-necked creased flask, equipped with a
mechanical stirrer, was flushed withAnitrogen and charged with
dry benzene (100 ml). A solution of 1,1'-bis(chlorocarbonyl)
ferrocene (1.18 g, 0.0030 mol) dissolved in benzene (100 ml)
was placed in a pressure equalised dropping funnel. 1In &
second similar dropping funnel were placed 1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane - (1 g, 0.6038.mol) and
triethylamine (0.85 g, 0.0084 mol) in benzene (JOO ml).

The two solutions were added dropwise, simultaneouély over
a period of 2% hours, with vigorous stirring. The mixture
became orange and deposited a fine precipitate of
triethylamine hydrochloride. When the addition was complete
the mixture was stirred for a further 4 hours and left to
stand overnight. The solids were separated by filtration
and the solvent was then removed to leave an orange
residue. This material was chromatographed on a column of
alumina using méthylene chloride - 0.5% methanol. An
orange band was collected, evaporated and the product
recrystallised from methylene chloride and pentane.
Yield: (monomer) 0.99 g (52%), m.p. 183-184°C
(LIT: 40%, m.p. 183-184°¢c)1°3

Analysis; Calculated: C. 57.61%; N. 5.60%; H. 6.44%

Found: C. 57.34%; N. 5.65%; H. 6.50%
Mass Spectra: Calculated M/e: 500; Found M/e: 500.

" n.n.r. (250 Miz, CDC1,): Teble 5.12.



Further elution of the column using methylene
chloride - 2% methanol produced a second orange band which
was collected, evaporated ahd.the product recrystallised
from methylene chloride and pentane.

Yield: (dimer) 0.29 g (15%), m.p. 244-245°C)
(LIT: 26%, m.p. 2u44-245°¢) 123
Analysis; Calculated: C. 57.61%; N. 5.60%; H. 6.44%
Found: . C. 57.65%; N. 5.47%; H. 6.48%
Mass Spectra: Calculated M/e: 1000, Found M/e: 1000.
M n.m.r. (250 Mz, CDCLy): 84.63 (ferrocenyl. H g, B, ©.);6 4.35

(fgerocenyl. H3 32 8H, t.); 6Hu0-3.4 (CHZ’ 48H, cum.).

299
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Ruthenocene derivatives

35

Ruthenocene

A 500 ml flask was purged with nitrogen and dry
1,2-dimethoxyethane (300 ml) was added followed by sodium
(7.7 g, 0.355 mol) in small pieces. The solution was stirred
and freshly distilled cyclopentadiene (32 mol, 0.388 mol)
was added dropwise. After the evolution of hydrogen had
stopped the mixture was heated and stirred at slightly below
reflux temperature (80°C) for 11 hours. (In the event that
not ali the sodium dissolves, the solution should be cooled
to room{temperature and a little more cyclopentadiene added.

The above procedure should then be repeated.)

Ruthenium trichloride (15 g, 0.067 mol) and ruthenium
powder (2.4 g, 0.024 mol) was added slbwly to the reaction
mixture and heated and stirred at (80°C) for 80 hours. The
mixture Was then allowed to cool to room.temperature and worked

up via one of the following methods:

Method 1 - The cdntents of the flask were evaporated to
dryness and the flask was filled with nitrogen. The residue
was then transferred to a sublimator undér nitrogen and this
was sublimed (0.1 mm, 130°C). The flask was allowed to cool
to room temperature before removing the vacuum and replacing
it with a nitrogen atmosphere. The sublimate was dissolved
in benzene and passed through é 1 x 12" cdlumn of activated

alumina. The solvent was evaporated and the product
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recrystallised from chloroform.

Yield: 8.9g (57%), m.p. 199°C (LIT: m.p. 199°C)3°.

Method 2 - Dry methanol (120 ml) was added very slowly to

the flask and the contents were then evaporated to dryness
and the residue was transferred to a Sohxlet and extracted
with benzene for 48 hours. The benzene‘solution was then
céncentrated and passed through a 1 x 12" column of activated
alumina. The solvent was evaporated and the product
recrystallised from chloroform. .

Yield: 10.1 g (65%) m.p. 199°C (LIT: m.p. 199°C)35
1

H n.m.r. (90 MHz, CDC13): &.75 (HC, 10H, s.).

3¢ n.m.r. (62.5 Mz, CC1,): 6 83.32 (CH, 10C, s.).

The above preparation was repeated using dry
tetrahydrofuran as the solvent and sodium hydride instead
of sodium metal.

Yield: 69%.

Lithium,1,1'-ruthenocene dicarboxylic salt

Ruthenocene (5 g, 0.022 mol) was dissolved in dry
ether (150 ml) and dry tetrahydrofuran (100 ml) in aASOO ml
three necked flask under a nitrogen atmosphere maintained
at -50°C. n-Butyl lithium (8.3 g, 0.129 mol) in hexane
(52 ml) was added slowly to T.M.E.D.A. (15 g, 0.129 mol) in
dry hexane (20 ml) and left to stand for 15 minutes in a
dropping funnel under a nitrogen atmosphere. This was added

to the ruthenocene and stirred at -SOOC for 1 hour. The



mixture was allowed to warm to room temperature and stirred
for a further 24 hours. The dilithioruthehocene_suspension
was then injected into a CO2/ether slush. After thé CO2
evaporated the dilithium salt was filtered and washed with

dry ether yielding the crude lithium 1,1'-ruthenocene

dicarboxylic acid.

The salt may be converted into the acid using the
method described for 1,1'-ferrocenedicarboxylic acid.
Yield: 4.98 g (71%), m.p. 325° dec.

(LIT: m.p: 325°C dec.)>"»36,38

Dimethyl ruthenocene-1,1'-dicarboxylate (27)

Lithium 1,1'-ruthenocenedicarboxylic salt (0.16 g,
0.00047 mol) was dissolved in dry methanol (10 ml).
Dimethylsulphate (0.149 g, 0.00118 mol) in methanol (5 ml)

was added to the salt. The mixture was stirred and refluxed
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for 3 hours. Methanol (10 ml) was then removed by distillation

and the solution was allowed to cool to room temperature.
Ether (30 ml) was then added and the solution was washed
with water (iO ml) and sodium carbonate (10%) (10 ml). The
ether layer was ﬁashed again with water and then dried
(MgSOu). The ether was evaporated and the product was
recrystallised from pet-ether 40-60° as pale yellow/white
fibrous crystals.
Yield: 0.11 g (71%), m.p. 133-134°C
Analysis; Calculated: C. 48.4%; H. 4.1%

Found: C. 48.U4%; H. 4.0%
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1H n.n.r. (60 Mz, bDCl3): 65.17 (ruthenocenyl. H UH, t.);

2,5’

64.73 (ruthenocenyl. H UH, t.); 63.74 (CH3, 6H, s.).

3,

1,1'-Ruthenocene bis acid chloride (28)

Lithium 1,1'-ruthenocenedicarboxylic salt (5.22 g,
0.0153 mol) in dichloromethane (100 ml) was treated with an
excess of oxalyl chloride (15.4 g, 6.1225 mol) in
dichloromethane (40 ml) under nitrogen. The suspension was
stirred for 1 hour then refluxed for 3 hours. The excess
oxalyl chloride and dichloromethane were removed by
evaporation and the residue extracted with toluene. The
toluene was evaporated and the product was recrystallised
from dry hexane: |
Yield: 2.6 g (47%), m.p. 67°C
Analysis; Calculated: C. 40.5%; H. 2.3%

Found: C. 40.5%; H. 2.4%

Hn.m.r. (60 Mz, CDC13): 65.16 (nutheriocenyl. Hy o)
’ .

L BH, £.);

6 4.80 (ruthenocenyl. H3 3 UH, t.).
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Ruthenocene amides

The following amides were all prepared by the general

method outlined in the ferrocene amides section.

1,1'-bis(N,N-dimethylamido)ruthenocene (59)

Yield: 95%, m.p. 149°C
Analysis; Calculated: C., 51.48%; N. 7.51%; H. 5.36%

Found: C. 51.48%; N. 7.50%; H. 5.35%

H n.m.r. (90 Mz, CDC1,): 65.00 (ruthenocenyl. H, 5, b, t.);
50
6 4.70 (ruthenocenyl. HB,M’ UH, t.); 63.02 (CHS’ 12H, s.).

1,1'-bis(N,N-diethylamido)ruthenocene (61)

Yield: 90%, m.p. 154°C
Analysis; Calculated: C. 55.95%; N. 6.53%; H. 6.52%

Found: C. 56.00%; N. 6.56%; H. 6.57%

5 n.m.r.(90 Miz, CDCl3): 65.00 (ruthenocenyl. H, 53 g, t.);
. ]

& 4.72 (ruthenocenyl. H M, t.); 63.55 (CH,, 8H, s.); 61.20

3,4
(CHs, 12H, s.).

Ruthenocene-1,1'-dicarboxylic acid, morpholide (éé),

Yield: T75%
Analysis; Calculated: C. 52.53%; N. 6.13%; H. 5.25%
Found: C. 52.54%; N. 6.17%; H. 5.28%

1 NH, t.);

H n.m.r. (90 MHz, CDCl3): 64.96 (ruthenocenyl. H, 53
H

6 4.76 (ruthenocenyl. H3,4’ UH, t.); 63.74 (CHZ’ 16H, s.).
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Ruthenocene-1,1'-dicarboxylic acid, piperidide (65)

Yield: 70%
Analysis; Calculated: C. 58.30%; N. 6.18%; H. 6.18%
Found: C. 58.50%; N. 6.20%; H. 6.20%
H n.m.r. (90 MHz, CDCl3): 64 .85 (ruthenocenyl. H2’5, UH, t.);
64,62 (ruthenocenyl. H3,4’ 4, t,); 63.58 (NCH2, 8H, s.); 61.60 (CH2,
12H, s.). |

Ruthenocene-1,1'~dicarboxylic acid, dipyrrolidide (67)

Yield: T4%

Analysis; Calculated: C. 56.48%; N. 6.59%; H. 5.64%
Found: C. 56.63%; N. 6.61%; H. 5.78%

5 n.m.r. (90 MHz, CDC13):6 4,96 (ruthenocenyl. H2’5, g, t.);6 4.58

(ruthenocenyl. H3 n UH, t.);6 3.52 (NCH2, 8H, s.);6 1.82 (CHZ’ 8H, s.).

1,1'-bis(N-ethylamido)ruthenocene (5%4)

Yield: 75%, m.p. 169°C
Analysis; Calculated: C. 55.66%; N. 6.49%; H. 7.02%
Found: C. 55.59%; N. 6.42%; H. 6.94%

1H n.m.r. (90 MHZ, CDCl3):6 7.20 (HN, 2H, b.s.); 6 4.96 (ruthenocenyl.
H, -, U4H, t.);6 4.60 (ruthenocenyl. H, ,, LH, t.); 63.25 (CH,, LH, q.);
2,5 ) 3,)4 2 .

61.12 (CHg, 6, t.).

1,1'-bis(N-benzylamido)ruthenocene (52)
’ —

Yield: 72%, m.p. 134°C
Analysis; Calculated: C. 62.76%; N. 5.63%; H. 4.87%
Found: C. 62.70%; N. 5.60%; H. 4.80%
1y n.m.r. (90 MHz, CDCl3): 67.32 (aromatic, 10H, c.); 66.79 (HN, 2H, b.s.);

65.09 (CH2, 4H, b.s.); &4.68 (ruthenocenyl. H, 53 UH, t.);6 4.46

(ruthenocenyl. H, ,, U4H, t.).
3,4
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Ruthenocene macrocycles

Ruthenocenel[ 2.2 )cryptand (monomer) (41) and ruthenocene[2.2]

cryptand (dimer) (42)

A 1 litre 3-necked creased flask, equipped with a
mechanical Stirrer, was flushed with nitrogen and then
charged with dry benzene (100 ml). A solution of 1,1'-bis
(chlorocarbonyl)ruthenocene (1.36 g, 0.00382 mol) dissolved
in benzene (100 ml) was placed in a pressure-equalised dropping
funnel. In a second similar dropping funnel were placed
1,4,10,13-tetraoxa—7,16-diazaoyolooétadecane (diazal18]crown=-6)
(1 g, 0.00382 mol) and triethylamine (0.85 g, 0.0084 mol) in
benzene (100 ml). The two solutions were added dropwise,
simultaneously over a period of 4 hours, with vigorous
stirring. The mixture became pale yellow and deposited a
fine precipitate of triethylamine hydrochloride. When the
addition was complete the mixture was stirred for a further
2i hours. The solids were.separated by filtration and the
solvent was then removed to leave an oily yellow residue.
This material was chromatographed oh a column of alumina
(grade 1) using methylene chloride - 0.5% methanol. A yellow
band was collected, evaporated and the product recrystallised
from methylene chloride and pentane.

Yield: (monomer) 0.78 g (38%), m.p. 204.5°C

Analysis; Calculated: C. 52.83%; N. 5.13%; H. 5.13%
Found: ~C. 56.80%; N. 5.11%; H. 5.11%

Mass Spectra; Calculated M/e: 545; Found M/e: 545.

" n.m.r. (250 Miz, CDC13): Table 5.12.
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Further elution of the column using methylene chloride-

2% methanol prodﬁced a second yellow band. This was
collected, evaporated and recrystallised from methylene
chloride and pentane.
Yield: (dimer) 0:.53 g (26%), oil.
Analysis; Calculated: C. 52.83%; N. 5.13%; H. 5.13%

Found: C. 52.77%; N. 5.15%; H. 5.10%
Mass Spectra: Calculated M/e: 1090; Found M/e: 1090
Ty n.m.r. (90 MHz, CDCl3): 64.95 (ruthenocenyl. H 8H,.t.);6 4.66

2,5’
(ruthenocenyl. H3 Y 8H, t.); 63.8-3.6 (CHZ’ U8H, c.m.).

The general high dilution method was used to prepare

the following ruthenocene macrocycles.

Ruthenocene[3.2 ] cryptand monomer (76) and dimer (77)

(76) Yield: 21%

Analysis; Calculated: C. 52.97%; N.'u.75%; H. 6.11%
Found: C. 53.00%; N. 4.80%; H. 6.20%.

Mass Spectra: Calculated M/e: 589; Found M/e: 589.

' n.m.r. (250 MHz, CDC1;): Table 5.14.

(77) Yield: 56%

Analysis; Calculated: C. 52-97%; N. 4.75%; H. 6.11%
Found: C. 53.04%; N. 4.81%; H. 6.17%

Mass Spectra; Calculated M/e: 1178; Found M/e: 1178.

'H n.m.r. (250 MHz, CDC1,): Table 5.16.



Ruthenocene[3.1] cryptand monomer (78) and dimer (79)

(78) Yield: 27% |
Analysis; Calculated: C. 52.84%; N. 5.14%; H. 5.87%
Found: C. 52.79%; N. 5.09%; H. 5.80%

Mass Spectra; Calculated M/e: 545; Found M/e: 545,

M n.m.r. (90 MHz, CDC1,): Table 5.1h.

(79) Yield: u48%.
Analysis; Calculated: C. 52.84%; N. 5.14%; H. 5.87%
Found: C. 52.75%; N. 5.04%; H. 5.78%

Mass Spectra; Calculated M/e: 1090; Found M/e: 1090

"W n.m.r. (90 MHz, CDC1,): Table 5.16.

Ruthenocene[2.1] cryptand monomer (82) and dimer (83)

(82) Yield: 15% € 60°C and 5% @ 1°C.
Analysis; Calculated: C. 52.51%; N. 5.61%; H. 5.61%
Found: C. 52.50%; N. 5.59%; H. 5.60%

Mass Spectra; Calculated M/e: 499; Found M/e: 499
M nm.r. (90 MHz, CDCl3): Table 5.14.

(83) Yield: 53% €@ 60°C and 40% @ 1°C
Analysis; Calculated: C. 52.51%; N. 5.61%; H. 5.61%
Found: C. 52.53%; N. 5.62%; H. 5.64%

Mass Spectra; Calculated M/e: 998; Found M/e: 998
" n.m.r. (90 Mz, CDC1.): Table 5.16.

308
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Appendix 2

Ruthenium has seven isotopes of which only two

magnetically active: 99Ru, natural abundance 12.7%,

101R

I =5/2 and u, natural abundance 17.1%, I = 5/2.

There are two communications187’188

to date reporting
ruthenium n.m.r. observations which show that both
ruthenium isotopes are satisfactory n.m.r. probes.
We have observed with the aid of Dr. C. Br‘evar‘d18'9
(Bruker Spectrospin Ltd.) 99Ru resonance of ruthenocene
itself on a demonstration Bruker WP200 spectrometer

which provided a useful starting point.

Previous studies were able to establish the
magnetic moments (N) and quadrupole moments (Q) of both
isotopes. (’Ru. N = -0.688151 Ny, Q = 0.077 Barn

101

Ru N = -0.715260 Ny» Q = 0.460 Barn. However, some

of the other basic parameters were changed from the

311

are

communication during the search for a ruthenium resonance

frequency signal. It was found that 99Ru,‘although

lower in natural abundance was much more sensitive than

101Ru.

The first sample investigated using a low frequency

probe on a Joel FX90Q spectrometer was ruthenium tetraoxide

which provided a high concentration of ruthenium nuclei
per molecule. Questionable n.m.r. signals were found

for ruthenium tetraoxide and ruthenocene [Table 11.1].



312

Table 11.1. Ruthenium 99 and 101 n.m.r.

Joel FX909-FT Bruker Mp250 88 Varian FT-80A 187

w w W w w

&6MHz tht .Hz | Hz|6&MHz tht . Hz | Hz |&8MHz Iht Hz

Ruthenium tetraoxide

Ru  [4.132176 4.0 | 14|11.54135¢ 1.0 | 8 [3.778875 | 1.0

10%py |u.632209 13.0 | 2u|12.935341 10.0 |32 |u.235006%| -

Ruthenocene
Ry |u.677716] 475 11.734506| Broad
107ry  |[5.280923 u75 13.151820% -
TH.T™MS 89 MHz 'H.H,0.250. 134741 Mz TH.TMS 79.542111 MHz
¥Calculated

The tetrahedral symmetry of £he rutheniﬁm tetraoxide
molecule leads to a sharp resonance in contrast fo the
ruthenocene resonance which are broad reflecting the

much lower symmetry of this molecule and should be treated

with some caution.

The FX90Q spectrometer insert is not well designed
for the study of insensitive nuclei with long pulse
widths and the probe suffers strong acoustic ringing.
No other spectrometers were available for the study
of ruthenium samples within the University of London

during the course of this project.
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Ruthenium tetraoxide

99Ru n.m.r.
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Ruthenocene

1mRu n.m.r.
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Appendix 3

n.m.r. definitions

t triplet
d doublet

s singlet

c complex
b broad

v very

m multiplet

q .quartet



Appendix 4. The thermodynamic relationship between

the first ionisation energy and the half wave potential

Following the procedure of Buckingham and
Sargesson, the redox half cell in question can be

represented by the following form of the Born-Haber

cycle:
AGT N _
[Fe(0p)2](g) rd [Fe(0p)2 ] + e
(g)
AGO' o"!
solv. : AG
solv.
A4 ZAGo o -
[Fe(CP)ZJ(solv.)__—___$ [Fe(cp)2 ](solv.) + €
where: AG? is the free energy change on ionisation
of ferrocene
' .
AGgolv is the free energy change on solvation
of ferrocene
1
AGgélv is the free energy change on solvation

of'the ferricenium ion
Thus, the overall free energy change for the process
s + -
[Fe(0p)2](solv.)‘___‘—'[Fe(cp)2](solv.) €
is given by:

o _ 0 o"!
ZAGT = AGy + AGsolv. - solv.

and that of:

317
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+ -
[Fe(°p)2](solv.) + e v—“"[Fe(°p)2](solv.)
is given by:

11t ]
26° - ag° ©

0
—ZAGFer+/Fer e solv. ¥ AGsolv.

The overall free energy change for the hydrogen half

cell
+ -1
H + e — 3 H2
is ZAGH+/%H2

Thus, overall, combining the two half cell reactions:

[Fe(°p)2]?solv.) + %H2<————=[Fe(CP)ZJ(solV.) + BT

- o) _ o)
and AG = ZAGFer+/Fer ZAGH+/%H2
Now AG = —ZEOF and z = 1
Therefore o o
o} ZAGFer""/Fer' _ZAGH+/%H
E = F }+ '——F————Z

As E° for the half cell H+/%H2 is defined as 0, then

O 7-
Therefore
o)
gC - ZAGFer+/Fer'
- F
o)

_ AGI + A(AGsolv.)

- F F

0 _ 011 OY
where A(Ac'solv.) - AGsolv. - AGsolv.



For a reversible system:

_ _ 0 RT [Fer®]
By = E=E" + o In - {perT

Therefore:

v o 0
g, = BT 1, [Fer™] . AGp . A(AGsolv.)
z T [Fer] F - F

The ionisation energy of a gaseous atom or ion is the
change in internal energy, AU, at OK which accompanies

the ionisation process.

To convert AUO to AH298:
298
+ - e
AH298 = AU+ S {cp(M ) + cp(e ) - cp(M)} dT
U

I.E. refers to the process M(g) - M?g) + ezg)

If M, M" and e~ are all regarded as ideal monatomic
gases, then their heat capacities are zero at 0K and
5/2R at temperatures above OK.

Therefore: 298

AH AU+ S 5/2R

298 T °Yp
0

AUO + 5/2.R.298

AU + 6.2 (kJ mol™ 1)

o
AHI - TAS

B>
(&)

o
1]

i.e. AG. = AUO + 6.2 - TAS

319

(1)
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As the change in entropy is small and positive, the
TAS term is small and negative.
Therefore:

AGI R AUO

i.e. AG % I.E.

Substituting into equation (1):

o
RT [Fert] A(AGsolv.)

I.E. .
===+ (in kJ) + — 1n FerT * o

F

Q

nNj=

+
I.E. (in eV) + RT 1n {-%l + A(AG

124

o)
solv.)
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